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Abstract 

Specimens of ferritic-pearlitic, fully ferritic and austempered ductile irons, as 

well as aluminium bronze, quenched and tempered steel and case hardened 

steel were studied by pin on disc testing under mixed-boundary lubrication 

conditions. The aim was to determine their tribological behaviour at two 

different contact pressures. The weight loss of the samples (pins and discs) 

was determined when possible and the wear coefficient was calculated for all of 

the tests. In addition, optical microscopy observations of the wear scars were 

performed and hardness profiles of the pins were taken from underneath the 

worn surface into the bulk. The study has shown that, at the lower contact 

pressure of 50 MPa, ADI outperformed all of the other materials in showing the 

lowest total wear coefficient for all of the tribo-pairs (pin + disc), and also for 

all individual samples (pin or disc), except for the ferritic-pearlitic ductile iron 

pin when paired against quenched and tempered steel. At the higher contact 

pressure of 1 GPa, ADI outperformed bronze when paired against case 

hardened steel, and showed a valuable increase in wear resistance when 

paired against itself. At 50 MPa the increased wear resistance of ADI is 

attributed to a higher initial hardness and slightly larger deformation 

hardening, while at 1 GPa the better properties are attributed not only to a 

higher hardness but may also in a small part be due to the deformation 

induced transformation into martensite. 
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1 Scope of Work 

The project consisted of testing the wear resistance of tribo-pairs of different 

ferrous alloys, especially austempered ductile iron, and comparing it with the 

wear behaviour of commonly used materials. Lubricated pin on disc testing was 

the selected technique. The following work is the first in a series of tests and 

gave valuable information as to which material tribo-pairs are the best suited 

for a specific application.  
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2 Introduction 

Ductile Iron is a ternary ferrous alloy based mainly of Fe, C and Si. The 

concentrations of carbon usually vary from 3,5 to 3,8%, while those of silicon 

range between 1,8 and 2,8%. Both C and Si and the rest of the alloying 

elements affect in different ways the properties of the material, which is why 

the selection of the composition depends on both the casting and mechanical 

requirements. Ductile Iron differs from grey iron in the morphology of the 

graphite that nucleates in the matrix. While grey iron exhibits flake like 

graphite morphology, ductile iron presents spheroidized graphite nodules. 

Nodule formation is controlled by both the purity of the alloy and the addition 

of certain spheroidizing agents. Figure 1 shows the Fe-C diagram (without Si) 

for carbon contents common in cast irons [1]. 

 

Figure 1 Fe-C diagram (without Si) showing typical carbon content in cast iron. 

Ductile irons come in a wide variety depending on the microstructure of the 

matrix. Through different heat treatments, it is possible to obtain ductile irons 

CAST IRON 
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with properties resembling those of high strength steels. The advantage is that 

ductile iron is not only cheaper, but it can be easily cast and machined, thus 

providing considerable improvements in part manufacturing [1]. 

2.1 Austempered Ductile Iron (ADI) 

Lately the most studied heat treatment that can be performed to ductile Iron is 

austempering. Austempering consists of two main steps. The first step consists 

of austenitizing at a temperature that can vary between 840 and 930 °C. Since 

austenitizing is a diffusive process, the time strongly depends on the 

temperature used, but also on the matrix structure, since the diffusion 

distances for carbon into solid solution of the austenite to be formed are much 

shorter in a pearlitic matrix (from its cementite to its ferrite) than from 

graphite nodules to a ferritic matrix. Since the austenitizing temperature 

determines the initial carbon content of the austenite, a higher temperature in 

this step improves the austemperability (avoiding formation of mainly pearlite 

during subsequent cooling) but also delays the formation of the desired aus-

ferritic matrix in the second step. Once the austenitizing phase is complete, the 

material is quenched to a temperature that ranges between 220 and 440 °C, 

and then this temperature is maintained to allow the microstructure to trans-

form isothermally. Finally the part is quenched to room temperature [1-2]. 

During the isothermal transformation of the austempering process, the 

austenite can undergo a two-stage reaction process. In the first (desired) 

stage, ferrite needles nucleate and grow into the austenite grains, enriching 

the surrounding austenite with carbon, and thus increasing its stability due to a 

decrease of the starting temperature for martensitic transformation (Ms). The 

transformation continues until a metastable equilibrium is reached, where 

ferrite and austenite fractions remain almost constant. The microstructure 

obtained is often referred to as ausferrite, and consists of a mixture of 

acicular ferrite and high carbon stabilized austenite.  
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This microstructure exhibits a unique combination of high strength and good 

ductility and toughness, which has caused the use of ADI in industrial 

applications to rise considerably in the last years. The ausferritic 

microstructure is not unique to ADI, since it has been found that some high-

silicon steels subjected to similar heat treatments also exhibit this type of 

microstructure, such as ausferritic steels [2]. The silicon present in these steels 

and in cast irons delays or prevents the formation of carbides, like in bainite.  

As mentioned above, the austenite formed in the first stage of the reaction is 

metastable and, at prolonged times at the austempering temperature, it can 

decompose into ferrite and additional carbides. This reaction is to be avoided, 

as it can result in impairment of the mechanical properties. Usually 

austempering times of approximately one to two hours provide the best 

mechanical properties, although this also depends on the composition of the 

material [1, 3, and 4]. 

As was mentioned before, the ausferritic microstructure of ADI does not only 

provide an exclusive combination of tensile and fatigue strength, ductility and 

toughness, but also exhibits good wear resistance and machinability while 

offering design flexibility and low cost. Not only does it outperform pearlitic 

ductile irons, but compares favourably to various forged steels, as can be seen 

in Table 1. Furthermore, ADI’s strength to weight ratio and relative cost per 

unit of yield strength are amongst the lowest of all engineering materials, 

including aluminium [1]. 



Lulea University of Technology 2008 

9 

 

Table 1. Comparison of Mechanical properties of ADI, pearlitic DI and forged steel [1]. 

Mechanical Property Forged steel 

Grade 

150/100/7 

ADI 

Pearlitic D.I. 

Yield Strength (MPa) 520 830 480 

Tensile Strength (MPa) 790 1100 690 

Elongation, % 10 10 3 

Hardness, (HBW) 262 286 262 

Impact Strength (J) 55 165 175 

ADI’s combination of high strength and ductility implies excellent fracture 

toughness. In Table 2 it is shown that ADI has better KIC values than nearly all 

other ductile irons, and matches and in some cases those of quenched and 

tempered steels. According to the ratio of KIC to yield strength, which is a 

measure of the size of a flaw that a material can tolerate when subjected to a 

constant load at a fraction of its yield strength. ADI has equal or greater flaw 

tolerance than pearlitic ductile iron or quenched and tempered steels.  
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Table 2. Comparison of mechanical properties of ADI, conventional and austenitic DI 

and quenched and tempered steels [1]. 

Alloy Heat treatment 
Yield Strength 

(MPa) 
KIC (MPa√√√√m) 

ADI grade A-2 

850°C, 1 h; salt quench to:   

260°C 1205 73,5 

430 C 745 74,5 

ADI grade B-5 

850°C, 1 h; salt quench to:   

260°C 1029 75,2 

400°C 756 76 

ADI grade C-1 
850 C, 1 h; salt quench to:   

300°C 1151 86 

ADI grade C3 

850 C, 1 h; salt quench to:   

300 C 1200 78,2 

400 C 910 59,4 

Ferritic D.I.  270-330 42,8-48,3 

Pearlitic D.I.  430-485 27,1-48,3 

Ni Resist (austenitic)  324 64,1 

AISI 4140 
870 C, 1 h, oil quenched, 

tempered at 280 C 
1587 55 

One of the most attractive characteristics of ADI is its wear resistance. 

Austempering at different temperatures can provide ADI with a very high wear 

resistance. One concept is to use low austempering temperatures, which cause 

ADI to have high hardness values and small volumes of retained austenite [4]. 

This combination of phases in the microstructure gives ADI a good wear 

resistance but reduces its bulk ductility. Another concept is based on the fact 

that the initial hardness has little effect on wear.  

It has been reported that the initial hardness does not considerably affect wear 

resistance, but it is instead affected by the quantity and quality of retained 

austenite [4]. When subjected to deformation, the high carbon content 

retained austenite exhibits a strain induced phase transformation into 

martensite in the surface zone [5-7].  
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Martensite is a metastable ferrous phase that possesses elevated hardness 

and, as such, exhibits very good wear resistance, therefore, ADI parts 

subjected to wear usually present a considerable surface hardening, while 

maintaining bulk toughness and ductility. Figure 2 shows a microhardness 

profile from an abraded ADI piece, where surface hardening can be clearly 

seen. This surface hardening has the benefit of allowing that, as the hardened 

surface is worn, the untransformed austenite that is revealed continuously 

transforms into martensite, granting ADI unique wear resistance properties. 

 

Figure 2. Microhardness scan of an abraded ADI surface [1]. 

2.2 Tribology and Wear 

The word tribology derives from two Greek words, “tribos” (rubbing) and 

“logos” (science), so that a literal translation would be the science of rubbing. 

This concept is rather young with serious work starting about 30 years ago.  
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It is defined as the science and technology of interacting surfaces in relative 

motion and of related subjects and practices [8]. 

Tribology is a multidisciplinary science, involving concepts of chemistry, 

physics, metallurgy, mechanics and engineering. Even though the word 

tribology is rather new, mainly because man has only recently started to 

concern himself with the troubles of wear and friction, the concept is as old as 

civilised life. The sole invention of the wheel is by itself an attempt of man to 

reduce friction in the translationary motion. Friction is one of the most 

important forces in our lives. 

When two surfaces interact within a given environment, the result consists of 

two main manifestations: 

1. There is an energy dissipation that results from the resistance to motion, 

and it is indicated by the friction coefficient. This is in turn manifested as 

a heat release at the contact and a small but sometimes significant 

noise. 

2. During the interaction, both surfaces are to some extent modified from 

their initial state. Surface roughness may increase or decrease, physical 

properties may change or some material might be lost in the wear 

process. 

The economic considerations of wear are very obvious. Not only industrial 

applications, but every day activities are subjected in some extent to wear. It 

is not strange that presently, so much effort is put to minimising wear and 

friction. Machinery depends so much on tribological contacts that even if a very 

small amount of money is saved on each contact, the sum of all these savings 

can be enormous for a whole nation. With this in mind, it’s not strange that 

half of the world’s energy production is dedicated to overcome friction in some 

form. 
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The solutions tribology has to offer are wide and start by selecting materials 

for a tribo-pair that provides the friction and wear properties desired. Also, 

applying chemical films on the surface may help improve the behaviour of the 

tribo-pair. The use of pressurised fluids as lubricants to maintain a protective 

layer is very common in industry. In some cases where the amplitude of 

movement between the surfaces is low, the use of elastomers bonded to the 

surfaces has proven to be a viable solution. One of the most widely applied 

solutions consists of interposing rolling elements, such as balls, cylinders and 

the like between the surfaces. Finally one of the newest ways to counter wear 

is the use of magnetic bearings capable of carrying load without mechanical 

contact [8]. 
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3 Literature Review 

The literature consulted for this project regarded mainly two areas: the 

deformation induced transformation of austempered ductile iron and its wear 

behaviour and properties. However, all the publications about tribological 

behaviour of ADI regarding sliding wear that were studied, concern dry sliding 

wear, and no current research was found about lubricated sliding wear of ADI 

during the realization of this work.  

3.1 ADI’s martensitic transformation 

Aranzabal et al. have found that for the austempered ductile iron studied, a 

short austempering time deteriorates the mechanical properties due to the 

presence of untempered martensite, formed during cooling after austempering 

by martensitic transformation of any austenite not sufficiently enriched in 

carbon from adjacent formation of ferrite. Excessively long austempering times 

produce a similar trend due to the appearance of ferrite and carbides (bainite) 

from the decomposition of carbon stabilized austenite. They found that for 

austenite volume fractions >25 %, proof strength depends mainly on the 

austenitic phase and the toughness is controlled by its stability. These 

materials showed a TRIP (Transition Induced Plasticity) effect that increased 

ductility [5]. 

Daber et al. determined that for austempered ductile iron containing 1,5 wt. % 

of nickel and 0,3 wt. % of molybdenum, the austempering process can affect 

the strain-hardening behavior of ductile iron. In samples subjected to 

conventional austempering, the amount of strain-hardening increased with 

increasing the austempering temperature. However if a low-high stepped 

austempering is used, the strain-hardening effect was only present in samples 

exposed to a short first step [6].  
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Wu et al. determined that in ADI subjected to micro-jet impact treatments, an 

increased time leads to an increase in hardness due to the transformation of 

austenite into martensite reaching values of 600-640 HV (25 g) [3].  

Gregorutti et al. studied the effects of sub-zero cooling on the microstructural 

stability of ADI. The results showed that the martensitic transformation takes 

place mainly at the unreacted austenite located in the last-to-freeze zones of 

the samples austempered at the highest temperatures. The reacted austenite 

in the bulk of all the samples remained unchanged for all the samples [2]. 

3.2 Dry sliding wear of ADI 

Guang-Xi Lu et al. compared a laser hardened and austempered Cu-Mo ADI 

with a heat treated steel under dry sliding. They have found that the 

austempered and laser hardened iron present a very good wear resistance, 

probably due to transformation of austenite into martensite during wear [9]. 

Haseeb et al. compared the tribological properties of quenched and tempered 

and austempered ductile iron under dry sliding. They have found that the ADI 

has far better wear resistance than the quenched and tempered ductile iron, 

and that this is more pronounced at higher test loads. Hardness measurements 

revealed that the hardness of the ADI increased during the test while the 

quenched and tempered iron hardness decreased [10]. 

Lerner et al. studied the wear resistance of ADI under dry sliding and abrasive 

wear conditions. They have found ADI to greatly outperform pearlitic ductile 

iron, aluminium bronze and leaded tin bronze, showing a wear resistance at 

least three times higher. ADI was second only to fully martensitic ductile iron. 

In the tests performed, the steel shafts running against the ADI and quenched 

DI showed no significant increase in wear. The authors suggest that due to the 

excellent wear properties and the low friction coefficients, ADI has a great 

potential for dry sliding applications [11]. 
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Ahmadabadi et al. have found that by using successive austempering, first at 

375°C and later at 315°C, the mechanical and wear properties of ADI can be 

improved. This was attributed to the combination of higher and lower bainite in 

the microstructure and to the higher carbon content of the retained austenite. 

The authors have also determined that specimens with a lower nodule count 

have a better wear resistance than specimens with a higher nodule count [12]. 

Zimba et al. have found that the austempering process improves considerably 

the wear properties of unalloyed ADI. Friction coefficients have been found to 

decrease by a factor of 10 from the “as cast” ductile iron, and the specific wear 

rate (volume of material removed) has been reduced by several orders of 

magnitude. The samples studied showed no dependence of the wear resistance 

on the load applied, which is believed to be due to the martensitic transforma-

tion taking place, however it is likely that if the loads are increased sufficiently, 

at some point massive yielding and thus massive wear of the specimen would 

take place [13]. 
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4 Experimental Procedure 

In this study several pin on disc tests were performed using different material 

combinations. A total of six (6) materials were used, and their properties and 

treatments are described below. 

4.1 Material Description 

4.1.1 Steel Q&T (Abbreviated “St”) 

Quenched and Tempered Steel, 42CrMoS4+QT in SS-EN 10083-1 (4140 in 

ASTM A29; former “SS142244-04” in Sweden). 

Mechanical Properties 

Re = 550 MPa; Rm = 800-950 MPa; A5 = 13%; Z = 50%; H = 245-290 HBW. 

4.1.2 Ductile Iron F-P (abbreviated “FP”) 

Ductile Iron of conventional ferritic-pearlitic (≈50-50%) grade, 

ISO1083/JS/500-7 in ISO 1083:2004 or EN-GJS-500-7 in SS-EN 1563:1997 

(80-55-06 in ASTM A536; earlier “SS 140727-02” in Sweden). 

Mechanical Properties 

Re = 320 MPa; Rm = 500 MPa; A5 = 7%; H = 170-230 HBW. 

4.1.3 Bronze (abbreviated “Br”) 

Ni-Al Bronze with 10% Al, 5% Fe, 5% Ni, bal. Cu: CC333G-GZ/GC in SS-EN 

1982 (UNSC95500 in ASTM, earlier “SS 145716-15” or “JM7-15” in Sweden). 

Mechanical Properties 

Re = 260 MPa; Rm = 590 MPa; A5 = 10%; Z = 50%; H > 170 HBW. 
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4.1.4 Case Hardened Steel (abbreviated “CH”) 

16NiCrS4 in SS-EN 10084 (4320 in ASTM A29, earlier “SS 142511-08” in 

Sweden); case hardened to 700-720 HV (case depth: 1,0-1,2 mm). 

4.1.5 Ductile Iron with 3,7% Si (abbreviated “DI”) 

Ductile Iron of new Si-solution strengthened (3,7% Si) 100% ferritic grade: 

ISO1083/JS/500-10 in ISO 1083:2004 (known as “SS 140725-00” in Sweden 

since 1998). 

Mechanical Properties 

Re = 360 MPa; Rm = 500 MPa; A5 =10%; H = 185-215 HBW. 

4.1.6 Austempered Ductile Iron (abbreviated “ADI”) 

Austempered Ductile Iron (ADI) with an ausferritic matrix: 

ISO 17804/JS/900-8 in ISO 17804:2005 or Grade 900/650/09 in ASTM 

A 897M-06. 

Mechanical Properties 

Re = 600 MPa; Rm = 900 MPa; A5 = 8%; H = 280-340 HBW;  

Re compr. = 700 MPa; Rm compr. = 1450 MPa;  

Hertzian pressure fatigue (N = 107 cycles) strength = 1100 MPa. 
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4.2 Lubricants 

Two different lubricants were used; for the higher Hertzian pressure level 

(~1 GPa) the lubricant used was Agrol Rotogear 580, intended for high wear 

performance and features extreme pressure additives and a viscosity of 580 

cSt at 40°C. For the lower Hertzian pressure level tests (~50 MPa), except for 

test F (in which the previous oil was used), the lubricant was a hydraulic fluid, 

Statoil HydraWay Bio SE 32-68, having a viscosity of 36 cSt at 40°C. 

4.3 Tribological pairs 

Table 3 shows the nine (9) different pairs used in the pin on disc tests 

performed. 

Table 3. Tribological pairs used in the pin on disc tests. 

Test Pin Disc Oil 

A FP St BIO SE 32-68 

B Br St BIO SE 32-68 

C DI St BIO SE 32-68 

D ADI St BIO SE 32-68 

E Steel ADI BIO SE 32-68 

F DI ADI Rotogear 580 

G Br CH Rotogear 580 

H ADI CH Rotogear 580 

I ADI ADI Rotogear 580 
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4.4 Pin on disc tests 

The pin on disc tests were performed according to the ASTM standard 99-05a 

for pin on disc wear testing, using a pin on disc machine, model Phoenix TE 67. 

A picture of the testing apparatus can be seen in Figure 3. 

4.4.1 Sample Preparation and Geometry 

The pin geometry is cylindrical with 8 mm diameter (7,93-7,95 mm) and can 

be between 35-68 mm long. In order to reach the desired contact pressures of 

50 MPa and 1 GPa with the available load cell of 1000 N, the pin diameter had 

to be reduced in the contact end to 5 mm and 1,1 mm, respectively, for 

lengths comparable to the reduced diameters. 

Load cell

Oil bath and 
heating elements

Pin holder

Disc holder

 

Figure 3. The Phoenix TE 67 Pin on disc test machine. 

The disc geometry is also cylindrical. However the different manufacturing 

processes of each material prevented all of the discs from being machined with 
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similar dimensions. Hence the ADI discs had a diameter of 62 mm and the Q&T 

steel discs had a diameter of 75 mm, while the CH steel discs had a diameter 

of 85 mm to make use of the ground and case hardened surfaces on the 

components they were taken from. The thickness was approximately 8 mm for 

all of the discs. 

The disc surfaces were prepared using a Buehler Phoenix 4000 sample 

preparation system. The discs (except CH) were ground down to a surface 

roughness of approximately 0,16 µm, which was equivalent to grinding with a 

600 grit sand paper. The same preparation was performed for the pin end 

surfaces. 

In order to obtain parallel and perpendicular surfaces on the pins and discs, a 

new sample holder was made to fit the grinding station used. This part can be 

seen in Figure 4. 

 

Figure 4. Sample holder used for pin and disc surface preparation. 

4.4.2 Test Parameters 

Every test performed started with a “run-in” period. This was done to allow the 

surfaces to establish a better contact and remove any major irregularities that 
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may significantly affect the result of the tests. The “run-in” consisted in loading 

the pin with 200 N for 10 minutes after the oil bath had been heated to 45 °C. 

The intended sliding speed was 100 mm/s, to correspond with typical 

maximum sliding speeds. However, the lowest recommended speed of the 

testing machine was 60 rpm, which would have given the intended sliding 

speed for a mean testing radius of 16 mm (from centre of pin to centre of 

disc). Such a small test radius was not possible to use on the CH steel discs, 

since their ground and case hardened surfaces had a minimum radius of 28 

mm. Therefore a test radius of 32 mm was chosen for the CH steel discs 

resulting in a sliding speed of 126 mm/s, see Figure 5.  

It is also important to note that during trial tests, test I (ADI-ADI) was 

performed at 1 GPa while test D (ADI-St) was performed at 50 MPa. These 

trials were done with a testing radius of 24 mm, since at 40 rpm this radius 

gives the intended velocity 100 mm/s. While this velocity resulted in a friction 

coefficient at 1 GPa that indicated operation in mixed-boundary lubrication 

regime, this radius resulted in very low friction coefficients and negligible wear 

at 50 MPa. In view of this, the radius was reduced to 18 mm for the 50 MPa 

tests, giving a sliding speed of 75 mm/s. This sliding speed ensured mixed-

boundary lubrication for all tests at 50 MPa. 

In the tests performed, it was desired that the predominant lubrication mode 

was boundary lubrication. According to the literature, this lubrication 

mechanism is present when the dynamical friction coefficient reaches a value 

above 0,1. From trial tests using various parameters, the friction coefficients 

were found to be in the range of 0,06-0,1, indicating a mixed-boundary 

lubrication regime.  

It was also observed that, during the initial tests, the temperature of the oil 

bath, even without heating increased from 24 °C to 41 °C. It was considered 

that such a change in temperature would affect significantly the oil viscosity 
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and alter the friction coefficient during the test. To avoid this change in 

viscosity, all tests were carried out at a temperature of 45 °C. 

Another issue to take into account is that, as mentioned before, for the CH 

steel discs, the test radius used was 32 mm while for ADI and Q&T steel discs 

it was 18 mm at 50 MPa and 24 mm at 1 GPa. This change in the test radius 

affects the sliding speed and the total distance, and any comparison between 

these tests must be done carefully, which is why the results are compared in 

terms of the wear coefficients. This change in the radius was necessary since 

only an outer ring at the surface of the CH steel discs was case hardened, and 

thus it was possible only to test a small part of the surface. Figure 5 shows the 

different geometry of the test discs. 

 

Figure 5. Different disc geometries and test radii. 

Finally regarding the test time, the initial time of 14 hours, equivalent to a 

5000 m sliding distance, was increased to 20 hours (~7000 m) because the 

weight loss obtained for the pins at both contact pressures on the preliminary 

tests was very small. A compilation of the test parameters used in the pin on 

disc tests is shown in Table 4. 

Table 4. Test parameters for Pin on disc tests. 

ADI Q&T Steel CH Steel 

r=32 mm 
r=18 mm 
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Testing Radius 

-18 mm for 
tests A-F 

 
-32 mm for 
tests G-H 

 
-24 mm for 

 test I  

RPM 40 

Velocity ~0,1 m/s 

Load 1000 N 

Load time 
10 minutes -
20 hours 

Contact pressure 

~50 MPa for 
tests A-F 

 
 ~1 GPa for 
tests G-I 

Temperature 45 °C 

4.4.3 Pin on disc test results 

To denote each test in an efficient way, the pin material designation is followed 

by a dash and then the disc material designation (see section 4.1). For 

example test A, abbreviated FP-St, indicates that the test consisted of a 

ferritic-pearlitic ductile iron pin sliding on a disc made of quenched and 

tempered steel. 

The friction coefficient was measured at ten-second intervals. Also 

temperature, load and friction force were monitored but are not shown in the 

present report. It’s important to mention that the temperature control was 

very accurate, staying within +/-1 °C of the test temperature selected, which 

was 45 °C.  

Both the pin and disc specimens were ultrasonically cleaned in heptane for five 

minutes before and after the tests. After cleaning, the pins were weighed in a 

high precision balance for a total of three (3) times, and from these values an 
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average weight was calculated. Then the weight loss was simply calculated 

subtracting the two mean values. 

The worn disc surfaces were analysed in the WYKO NT1100 3-D Topometer to 

determine wear scar depth and shape, in order to estimate the total volume 

loss. A total of four (4) measurements were taken at different positions along 

each wear scar. The cross-sectional area of the scar was calculated for each 

measurement, and then an average of these cross-sections was used to 

calculate the wear volume. 

Results are shown as bar graphs comparing steady state friction coefficient and 

wear coefficients for each of the tests, with a view to compare and determine 

which of the tribo-pairs offers the best wear properties, as determined in the 

pin on disc test. 

4.5 Surface roughness and wear scar measurements 

The surface roughness of the pins and the surface roughness and wear scars of 

the discs were studied using a Wyko NT1100 3-D Topometer. The instrument is 

based on the principle of Vertical Scanning Interferometry (VSI), where light 

reflected from the specimen’s surface combines with light reflected from a 

reference surface, resulting in the formation of interference fringes. The 

interference pattern formed during vertical scanning through the focus range 

contains information about the relative height of every point at the surface of 

the specimen. With this information, the software generates a 3-D image of 

the surface. The Wyko NT1100 is shown in Figure 6. 
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Figure 6. Wyko NT1100 3-D Topometer. 

Based on the recorded dataset, the instrument is also capable of providing any 

cross-sectional XZ or YZ profile of the surface with profile width in the third 

direction (Y or X) selectable up to the whole measured area. The vertical 

resolution of this instrument is very high (3 nm) since it is based on light 

interference, but it is also a very rapid method since it measures the whole 

area with vertical scanning rates between 1-6 µm/s. It is therefore an ideal 

instrument for measuring depth and width of wear scars resulting from the pin 

on disc tests. The software also allows calculation of a vast number of other 

surface parameters, as well as powerful image processing. 

3-D Topometer 

Image Processing 

Software 
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5 Results and Discussion 

5.1 Steady state friction coefficient 

The results obtained for the friction coefficients are shown in Figure 7. It can 

be seen that the values range from 0,06 ~ 0,10. This range is typical for the 

mixed-boundary lubrication regime, as was mentioned in Chapter 4.4.2. 
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Figure 7. Steady state friction coefficients for tests A-E (50 MPa; Bio SE 32-68)  

and test I (1 GPa; Agrol Rotogear). 

By comparing tests D (ADI-St) and E (St-ADI), an interesting effect can be 

noted. When the material selections in the pin and the disc are swapped the 

friction coefficient is considerably reduced. The main reason for this is the large 

difference in material hardness. The steel used had a bulk hardness of 260 HV 

(50 g) while the ADI hardness was 350 HV (before surface transformation; 

even higher afterwards). When the harder material is used as a pin, asperities 

A B C D E F I 
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and edges more easily plough into the softer material of the disc, thus causing 

higher frictional forces thereby increasing the friction coefficient. However if 

the softer material is used as a pin, the edge effects are greatly reduced and 

consequently the friction coefficient decreases considerably. 

Tests G (Br-CH) and H (ADI-CH) were not accurate due to problems with the 

calibration of the testing apparatus, as well as with the machine’s velocity 

control. Especially in these tests, the rotating speed of the machine was not 

stable and fluctuated between +/- 10 rpm from the set point of 40 rpm. 

Therefore an accurate measurement of the steady state friction coefficient was 

not possible and that is why these values have not been shown. 

5.2 Wear Coefficient Calculations 

Due to the difference in sliding distances in some of the tests and in order to 

better understand the wear resistance of the materials, the material loss 

results for pins and discs are presented in the form of wear coefficients. The 

wear coefficient is a quantity that presents the volume of material lost per unit 

of sliding distance times the load applied. The expression used to calculate the 

wear coefficient is shown in Equation 1: 

(1) 

The wear coefficient calculations have been separated into two groups, tests 

performed at 50 MPa and at 1 GPa Hertzian contact pressures, respectively. In 

both cases, two measurements were performed on each sample. Wear 

coefficients for pins and discs are presented separately due to differences in 

magnitude caused by vastly longer sliding distance for the pins. However both 

quantities are closely related for wear properties of a tribo-pair. Representative 

3-D Topometer results for each wear scar can be observed in Appendix 1, and 

examples of the calculations can be seen in Appendix 2. 

)()(.

)(.
3

NLoadmDistSliding
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k

×
=



Lulea University of Technology 2008 

29 

 

5.2.1 Contact pressure 50 MPa 

In Figure 8 the wear coefficients calculated from pin weight losses in all of the 

50 MPa tests (A-F) using the hydraulic oil Bio SE 32-68 are shown.  
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Figure 8. Wear coefficients calculated from the weight losses of the pins at 50 MPa. 

It can be seen that bronze (test B) showed the highest wear coefficient 

compared to all the ferrous materials. Further, all the ferrous materials 

exhibited similar wear characteristics. 

The wear results for test F (DI-ADI) vs. test C (DI-St) revealed that when a 

fully ferritic ductile iron pin was tested against the ADI disc using oil with EP 

(extreme pressure) additives, the pin weight loss was about four times lower 

compared to an identical iron pin tested against the steel disc using hydraulic 

oil as lubricant. The improved pin wear resistance may be due to the mating 

A B C D E F 
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disc material being ADI (instead of Q+T steel) and/or due to the EP additives 

in the gear oil. 

In Figure 9, the wear coefficients calculated from the wear scars in the discs 

are shown for all of the 50 MPa tests (A-E) using the hydraulic oil Bio SE 32-68 

and for test F using the Agrol Rotogear oil with EP additives. 

0.00E+00

1.00E-06

2.00E-06

3.00E-06

4.00E-06

5.00E-06

6.00E-06

7.00E-06

8.00E-06

FP-St Br-St DI-St ADI-St St-ADI DI-ADI

W
e
a

r 
C

o
e

ff
ic

ie
n

t (
m

m
3
/N

.m
)

 

Figure 9. Wear coefficients calculated from wear scars in the discs at 50 MPa. 

It is important to note that although the bronze pin showed considerable wear 

in comparison with all of the ferrous material pins, the material loss of the Q+T 

steel disc sliding against the bronze pin (test B) was slightly lower than for the 

Q+T steel discs in the tests with pins of as-cast ductile irons (tests A & C).  

However, the use of an ADI pin (test D) reduced the Q+T steel disc weight loss 

to a level about four times lower, showing not only a good wear resistance by 

itself but also enhancing the wear resistance of Q+T steel as a pairing material.  

A B C D E F 

Negligible 
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In both tests where the disc material was ADI, the disc material loss at 50 MPa 

was so low that it could not be accurately measured even by using the Wyko 

3D Topometer, partly because the grinding grooves from the sample prepara-

tion were not completely removed during the test, showing that the wear 

depth was lower than the deepest grinding grooves, see Figs. 15-16.  

One interesting fact is that the specific wear coefficients of pins are about one 

to two orders of magnitude lower compared to those of the mating disc 

specimens. The main reason for this could be that, during the tests, the edge 

effect of the pin might have led to an increased material removal from the disc, 

thus resulting in the inevitably higher disc wear. However, in case of tests E 

(St-ADI) and F (DI-ADI) the disc wear was negligible, which can be explained 

by the fact that this disc material has a higher hardness value than the Q&T 

steel used in tests A-D, thus nearly eliminating the edge effect and resulting in 

a very low disc material loss. This didn’t happen with tests A-D, possibly 

because the hardness of the pins and discs were similar, making the edge 

effects more pronounced in these cases. 

Another reason might be the fact that, as mentioned before, the disc volume 

loss is only a very rough estimate based on only four measurements on the 

wear scar done with the Wyko 3-D Topometer.  

5.2.2 Contact pressure 1 GPa 

The graph presented in Figure 10 shows the wear coefficient calculated from 

the material loss of the pins in the three tests performed at 1 GPa. Firstly it is 

necessary to emphasize that the tests G (Br-CH) & H (ADI-CH), involving the 

use of case hardened steel (CH) discs, did last for only 10 minutes (instead of 

20 hours). The reason was that the CH discs were not polished (since this was 

considered to reduce the thickness of the hardened case too much) in order to 

obtain a surface roughness of 0,16 µm, and therefore their roughnesses (and 

hardnesses) were very high compared to the other discs used in this project. 
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As a consequence, the wear rates of the pins increased dramatically at the 

high hertzian pressure of 1 GPa, and the sliding distances had to be reduced by 

two orders of magnitude in order to avoid complete wear-down of the pin.  
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Figure 10 Wear coefficients calculated from the material losses of the pins at 1 GPa. 

Figure 10 also shows that for the case hardened steel discs (CH), the ADI pins 

exhibit a much higher wear resistance than the bronze pins. The wear 

coefficient is an order of magnitude lower for ADI and this shows a promising 

result for further applications. Furthermore, the use of an ADI-ADI pair 

presents an even lower wear coefficient. However, it must be taken into 

account that the ADI discs were smoother, and surface preparation of the 

samples has a very high influence on the results of wear testing. It's 

recommended that further research is performed with smooth ADI-CH and 

ADI-ADI pairs to determine which one provides the best wear properties. 

G H I 
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Due to short test duration for tests G and H (10 minutes), the wear scars 

obtained in these tests were so shallow that they could not be differentiated 

from the machining grooves (Figure 17). This made calculations of the disc 

wear coefficients impossible, and therefore, only the pin wear coefficient has 

been presented for these tests.  

For test I (ADI-ADI) the wear coefficient of the disc was calculated to be 4,05 * 

10-8 mm3/m*N, but it's not shown in any graph since there is no other disc 

wear coefficient at 1 GPa to compare it to. Disc wear coefficient values for tests 

G and H were not calculated since a clear cross-section of the wear scar could 

not be obtained with the Wyko 3-D Topometer. Furthermore, accurate weight 

loss measurements were not possible due to the large weight of the disc 

specimens. In view of this it is very important that new tests for these pairs be 

conducted but with a better surface finish of the case hardened steel discs. 

5.3 Wear scar stereomicroscope observations 

With the aid of the stereomicroscope it was possible to obtain images of the 

different wear scars present in the discs. Stereomicroscope imaging was useful 

because it helped to characterize qualitatively the amount of damage present 

in the discs' surfaces. In some cases it was also possible to see that material 

cracking had occurred. As before, the tests were divided in low contact 

pressure (50 MPa) and high contact pressure (1 GPa) tests, and their relation 

is discussed afterwards. 

5.3.1 Contact pressure 50 MPa 

Figures 11-16 present the stereomicroscope images taken at the wear scars on 

discs from the 50 MPa tests. All images were taken with the same 

magnification of 20X. This means that for Figures 11-16 only the outermost 

half of the wear scar is presented, while in Figures 17 & 18 the whole width of 

the wear scar can be seen.  
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Figure 11. Wear scar present in steel disc for 

test A (FP-St).  

 

Figure 12. Wear scar present in steel disc 

for test B (Br-St).  

 

Figure 13. Wear scar present in steel disc for 

test C (DI-St). 

 

Figure 14. Wear scar present in steel disc 

for test D (ADI-St). 

 

Figure 15. Wear scar present in ADI disc for 

test E (St-ADI). 

 

Figure 16. Wear scar present in ADI disc 

for test F (DI-ADI). 
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In Figures 11-14 the material in the disc was Q+T steel. As can be seen, the 

wear damage present in all of these discs is quite similar, perhaps with the 

exception of test D with ADI pin (Figure 14). In all cases scratches can be 

clearly observed in the full width of the scar. For test D, not only scratches but 

also either cracking or smearing of particles can be seen.  

It is likely that pin particles might have been smeared into the discs surface, 

especially since for test D the wear coefficient was the lowest of all the Q & T 

steel discs tested, see Figure 9. Cracking of the disc would indicate a higher 

amount of wear damage to the disc, but since the volume loss was lower than 

for other tests and no cracking was observed in any of them, it is more likely 

that the damage observed might be due to smearing of pin particles, which 

would also account for a lower volume loss of test D compared to the rest, 

although it has not resulted in any excessive wear of the ADI pin, see Figure 8. 

As shown by the hardness results in Figure 19, despite steel exhibits a work 

hardening effect throughout the tests, so do also to a much greater extent ADI 

and bronze (and to a lesser extent the as-cast ductile irons). Therefore the 

hardness gap remains even as the test continues, resulting in increased wear 

of the softer surfaces. 

Figures 15 and 16 present the wear scars in tests E and F. Both discs were 

made of ADI. It's necessary to remember that test E (St-ADI) was done with 

the same oil as tests A-D (hydraulic oil), while test F (DI-ADI) was performed 

using gear oil with EP additives.  

The first aspect that stands out in both figures is the very low wear present in 

the ADI discs in comparison with the Q&T steel discs. Apart from a few 

scratches, most of the damage can be classified as slight plastic deformation. 

The grinding grooves from the sample preparation are still present below the 

wear scars, and this is qualitative evidence that the discs have suffered very 

low material loss.  
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This was confirmed by the negligible wear coefficients indicated in Figure 9. 

The main reason may, at least at the lower contact pressure of 50 MPa, be the 

lower pin hardnesses (in Q&T steel or DI) in comparison to the ADI discs, thus 

reducing edge effects as was mentioned previously. 

Despite the use of different oils, both ADI discs present similar amounts of 

very limited wear damage. As was mentioned previously, more research is 

needed to determine whether the main reason for the improved wear 

resistance of the pin was due to the counter material being ADI (instead of 

Q+T steel) or due to the EP additives in the gear oil. 

5.3.2 Contact pressure 1 GPa  

Figures 17 and 18 show wear scars present in tests H and I. For test G (Br-CH) 

the discs did not show clear evidence of any wear scar and is therefore not 

presented, but the weight loss of the bronze pin at 1 GPa against case 

hardened steel was comparable to the bronze pin weight loss against Q&T steel 

at 50 MPa, despite the much shorter test duration (10 min vs. 20 h) in the 

former case.  

 

Figure 17. Wear scar present in the ADI 

disc for test H (ADI-CH). 

 

Figure 18. Wear scar present in the ADI 

disc for test I (ADI-ADI). 
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From the images shown above, it's possible to observe clearly that the wear 

damage of the ADI disc in test I (Figure 17) is higher than the wear damage of 

the CH disc in test H (Figure 18). This can be seen by studying the grinding 

grooves. While the wear scar of test I (with shallow wear depths <5 µm in the 

middle and wear scar slope being only 0,5º towards the middle, according to 

Figure 25 in the Appendix 1) does not show any remaining grinding grooves 

inside the wear scar, the disc in test H does. The difference in wear depth can 

be explained by both the very different sliding durations (test H lasted for 

about 10 minutes while test I lasted for 20 hours), and by the higher hardness 

of the CH disc. 

5.4 Pin Hardness Measurements 

In an attempt to characterize further the wear process during the tests 

performed, the pins were cut longitudinally and hardness profiles were 

measured from the vicinity of the worn surface into the bulk of each pin. These 

measurements were made in order to establish the amount of hardening in 

each pin material. The measurements were made at about 20 microns below 

the surface and from there on every 50 µm up to a distance of 500 µm from 

the surface, then every 300 µm until approximately 1000 µm and finally, every 

500 µm until 2000 µm. These measurements intended not only to characterize 

the amount of hardening but also its depth. 

In Figure 19 the hardness profiles of the pins from tests A-E are presented. 

These tests were all performed at a contact pressure of 50 MPa. As can be 

seen, ADI has a considerably higher hardness than the rest of the pin 

materials, presenting a bulk hardness of about 320-340 HV (50g), while the 

rest of the materials range between 200-250 HV. The higher hardness of ADI 

could explain its higher wear resistance in comparison to the other materials. 
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Figure 19. Pin hardness profiles for tests A-E at 50 MPa. 

The surface hardening effect due to the plastic deformation present in all of the 

materials is nearly the same. As can be seen in Figure 19 the hardening in 

every case ranges between 50 and 70 HV from which can be concluded that, at 

50 MPa, all the materials experience similar work hardening under the test 

conditions used. It is possible to note that the ADI hardening is slightly higher 

than the rest of the materials which could also contribute to its better wear 

resistance. 

As has been mentioned before, ADI may experience an additional surface 

hardening due to deformation induced martensitic transformation. However, 

for 50 MPa contact pressure, it can be concluded from the hardness values that 

this transformation does not occur, at least at the measured depths. It has 

been reported that the hardness of the martensite resulting from this 

transformation is around 600 HV, which is far higher than the hardness 

encountered for the ADI used in the test which was about 400 HV.  
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However, the current measurements started at a distance of about 20 microns 

below the surface. As has been reported, the surface hardening due to 

martensitic transformation occurs in a very shallow depth under the stressed 

surface, showing a rapid hardness decrease from 600 to 500 HV at a depth of 

10 microns and to 470 HV at a depth of 30 microns [1]. In order to obtain a 

better resolution in these measurements and to ensure whether transformation 

into martensite has occurred or not, it would be necessary to perform hardness 

measurements using some other technique like a Nanoindenter. Since the 

equipment available did not provide the necessary accuracy in these measure-

ments, the only hardening that could be observed in these samples was most 

likely the result of plastic deformation.  

In Figure 20 the hardness profiles of the ADI pins tested at 1 GPa are 

presented. It is possible to see that the hardening resulting from the pin on 

disc tests is higher in this case.  
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Figure 20. Pin hardness profiles for ADI pins in tests H-I at 1 GPa. 
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This is to be expected since the contact pressure was considerably higher. It 

can be seen that the maximum hardness values measured are about 450 HV, 

which is still considerably lower than the hardness of martensite. It is therefore 

concluded that at the depth the measurements were taken, the hardening 

shown in the samples is mainly due to plastic deformation, while any 

transformation to martensite may be only to a very limited extent. Also in this 

case, it would be necessary to use more precise techniques to determine if the 

martensitic transformation has really occurred. 
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6 Conclusions 

The friction and wear behaviour of various material pairs has been studied 

under lubricated sliding conditions, and the following conclusions have been 

made: 

I. The friction coefficients of all tests were very similar, being in the range of 

0,06 to 0,1 indicating that the tests were performed in mixed-boundary 

lubrication regime.  

II. The use of ADI has not only showed an improvement in wear resistance in 

comparison to the other material, but also an improvement in the wear 

resistance of Q&T steel when paired against ADI.  

III. Due to its high wear rate, the use of bronze is not recommended; 

however, considering the wear characteristics of mating Q&T steel parts, 

bronze is a good choice only second to ADI. 

IV. After comparing the wear rates of ADI and bronze at 1 GPa, it is clear that 

the ADI provides better wear properties when paired against case 

hardened steel. Moreover, the use of ADI paired against itself may provide 

even better wear properties than the aforementioned pairs. 

V. For the 50 MPa tests it has been seen that a higher initial hardness and a 

slightly higher amount of deformation hardening may be the reason for 

the better performance of ADI. 
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7 Scope for Further Work 

The tests performed have been a first approach to the wear behaviour of the 

materials studied. It has shown important evidence that the use of ADI may 

bring an improvement, but before any final action is taken, further and more 

thorough testing should be performed.  

As a first step, since the case hardened steel was not in good surface 

conditions and due to the calibration problems that the machine presented, 

these tests should be repeated to obtain reliable data. 

As a second step, it is necessary to further study the ADI-ADI, ADI-CH steel 

and ADI-Q&T steel pairs, since they have given the best results in the tests 

realized in this project. The test method for this step should include rolling-

sliding wear, since it better simulates gear contacts. 
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Appendix 1 

The following pages show the wear scar measurements obtained with the 3-D 

Topometer. Only discs where a wear scar measurement was possible are 

presented, and only one representative wear scar picture per test is shown.  

It should be noted that all scar profiles shown are very flat, with a small angle 

(0,5º-2,3º) from the unworn initial disc surface (red in upper images) to the 

bottom in the middle of the wear scar. Furthermore the angle is smallest for 

the two ADI discs: 0,6º at 50 MPa in Figure 24, and 0,5º at 1 GPa in Figure 25.  

 

Figure 21 Wear scar profile for test A (FP-St) at 50 MPa;depth 50 µm & slope 1,1º.  
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Figure 22 Wear scar profile for test B (Br-St) at 50 MPa;depth 70 µm & slope 1,6º.  
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Figure 23 Wear scar profile for test C (DI-St) at 50 MPa; depth 90 µm & slope 2,3º.  
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Figure 24 Wear scar profile for test D (ADI-St) at 50 MPa; depth 25 µm & slope 0,6º. 
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Figure 25 Wear scar profile for test I (ADI-ADI) at 1 GPa; depth 4,8 µm & slope 0,5º.  
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Appendix 2 

Wear scar volume calculations 

Two different methods were used in the calculations of the wear scar volume. 

For tests A-D the volume was calculated by measuring the inner (Di) and outer 

(Do) diameter of the wear scar with a caliper and then multiplying by the 

average depth (t) measured with the Wyko 3-D Topometer according to 

equation 2: 

( ) tDDV io ×−= 22

4

π
                                  (2) 

Once the volume loss for each of the discs was obtained, the wear coefficient 

could be obtained using equation (1) presented in Chapter 5. Once all the 

coefficients were obtained an average wear coefficient was calculated and this 

is the value that was presented in the graphs. 

For test I, since the wear scar showed a cross section that resembled a 

triangle, which was quite different from the tests A-D, the method used to 

calculate was slightly different. By means of a caliper, the outer and inner 

diameters of the wear scar were measured. From these two values a mean 

diameter was calculated in order to obtain a perimeter (P). Finally the volume 

of the wear scar was obtained by multiplying the perimeter by the average 

area of the wear scar cross section (AXS) measured with the 3-D Topometer, 

according to equation 3: 

xsAPV ×=                                      (3) 
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Example 1 

For Figure 21 (test A) the following calculations were made. Similar 

calculations were done for tests A-D. All dimensions are in mm. The depth 

value of 0,047 mm was the average value calculated for this sample. 

( ) 322
35,25047,0307,39

4
mmV =×−=

π
  

Nm

mm

Nm

mm
k

×
×=

×
= −

3
6

3

1009,4
10005428

35,25
 

Example 2 

For Figure 25 (test I) the following calculations were done. The average cross 

sectional area of 0,0025 mm3 was obtained from the four measurements done 

to this sample and not only from the cross sectional area shown in Figure 25. 

32
37,00025,04,148 mmmmmmV =×=  

Nm

mm

Nm

mm
k

×
×=

×
= −

3
8

3

1021,5
10007116

37,0
 




