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Abstract 

Friction and wear rate behaviour of dual phase steel discs (DP600) as a function of 

sliding speed (0.05 – 3.75 m/s), and contact frequency (0.6 – 16.5 Hz) have been 

studied under unidirectional ball-on-disc dry sliding conditions. The coefficient of 

friction (COF) and wear rate exhibit not only a highly dependence on the sliding speed, 

but also on the contact frequency which appears to be the key factor determining the 

wear behaviour of the DP600 even at constant sliding speed. The wear mechanism is 

mainly oxidative. The validity of Garcia-Ramil-Celis model is demonstrated for 

discontinuous sliding contacts at contact frequencies below 7 Hz. However, above 7 Hz, 

the disc behaves as if it were subjected to a continuous sliding contact. 
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1. Introduction 

Traditionally, normal contact load and sliding speed are considered the most important 

parameters in tribological systems. These parameters are commonly used to construct 

contact wear maps, which are a useful tool to predict the conditions under which a 

tribosystem can operate safely [1].  

Wear maps have been experimentally and theoretically constructed for systems based 

on technological important materials, such as steel sliding versus steel [2], steel versus 

nitrided steel  [3], and also aluminium alloys versus steel  [1,4]. In those wear maps, a 

small variation in contact pressure, and/or in sliding speed, may result in a significant 

transition between the two distinct wear mechanisms. 

Wear mechanism occurred in dry sliding tests have been classified in literature [5-8] 

into different types. All these classifications are strongly related to the previous 

classifications proposed by Burwell et al. [5], with seven wear types, and Archard et al. 

[9], with only two. Tabor [7] just distinguished three types: adhesive, non-adhesive, and 

a mixture of both. The author discussed the nature of the atomic forces at the interface 

but also the way the interface deforms under the action of a pull-off force (for adhesion) 

or a tangential force (for sliding), and how the bond itself ruptures under shearing. 

Ludema [6] defined scuffing, namely the roughening of surfaces by plastic flow 

whether or not there is material loss or transfer. Whilst Quinn [8] established mild and 

severe wear as the two main mechanisms of wear.   

Oxidative wear is a form of mild wear, one of the two basic classifications for non-

lubricated sliding wear firstly proposed by Archard et al. [9]. While mild wear is 

characterised by oxidised wear debris generation and smooth oxidised wear surfaces. 

This type of wear clearly involves a reaction with the environment, in particular with 

oxygen [10]. Moreover, the oxidative wear mechanism occurs when sliding surfaces are 

subjected to thermal oxidation. The heat is externally provided with a heat source, or 

internally by the frictional heat produced in the sliding contact.  

The mild oxidative wear model proposed by Quinn [10-14] for a tribosystem comprised 

by a pin sliding against a disc, takes place in two successive steps. Initially, the 

asperities on both surfaces the body (pin) and the counterbody (disc) oxidise as a 

consequence of a high local rise in temperature due to friction. The oxide layers formed 



at these asperities usually grow following a parabolic trend or linear growth law [15]. 

Then, when locally a critical oxide thickness is reached at the asperities, the oxide layer 

breaks off and a new oxide layer is generated on the freshly exposed metallic surface. 

Thus the expression for the volumetric wear loss in a pin, W, leads to as follows:  

  
              

     

 

 
                                                                                                          

where d is the asperity contact area average diameter, Ac the oxidation activity factor, Q 

the Arrhenius activation energy for oxidation, R the gas constant, Tf the local 

temperature at the asperity, F the normal load, L the sliding distance,   the critical oxide 

thickness,   the density for the material tested, v the sliding speed, and H the hardness 

for the material tested. 

Once the oxide layer is broken off, the oxide particles formed from the layer may 

agglomerate to generate a protective layer establishing equilibrium between formation 

and delamination or fragmentation of the layer [16, 17]. When performing wear tests 

using a pin/ball-on-disc configuration, the pin itself -or the ball- is under continuous 

contact with the disc, and consequently, as the contact load and the sliding speed are 

considered the controlling operational wear parameters which best define the wear test 

conditions for a wide range of materials, the material of the pin would become fully 

characterized. However, when the aim is the characterisation of the wear rate or wear 

mechanism of the disc material the contact varies since the disc and the ball are not 

equivalent in a pin/ball-on-disc wear tests.  

Garcia et al. [18] developed a novel approach to sliding ball-on-disc wear tests 

considering that, from the viewpoint of the disc, each part of the wear track is in 

discontinuous contact with the counterbody. The authors found that the contact 

frequency, defined by the rotation frequency of the disc, became the most influencing 

parameter on the wear rate of TiN coated steel discs when tested in a pin/ball-on disc 

configuration. The role of the contact frequency was also later confirmed in ball-on-disc 

wear tests on tool carbon steel discs sliding against corundum [19]. The need of 

considering contact frequency on tribocorrosion systems has been also pointed out in 

recent mathematical models for sliding wear in both gaseous and aqueous environments 

[20], In nuclear pressurized water reactors (PWR), some tubular components wear 



damage have been found to be also sensitive to the activation or latency time (inverse of 

the contact frequency) resulting from vibrating contacts [21].   

Wear studies are found in almost all industrial sectors due to the relevance of a surface 

failure, which can negatively alter the performance of industrial facilities, shorten their 

service life and comprising safety issues [22]. Over the last decades, huge efforts have 

been made to develop materials of high wear properties to achieve optimal performance 

with maximised service life.  

One of these new materials with improved properties is the microstructure-strengthened 

steel [23], namely DP steels. The unique combination of mechanical properties such as 

strength, ductility [24, 25], toughness, good formability and excellent surface finish [26] 

makes them to one of the most important recent advances in high strength low alloy 

steels (HSLA).  

Dual phase steels are considered  as light steels with high strength [27], consisting of 

about 75-85% continuous ductile ferrite matrix phase with the remainder being mainly 

hardened martensite islands randomly distributed [28]. Moreover, they are known for 

being widely used in the automotive industry due to the need for improving fuel 

efficiency [29-31], with its subsequent energy saving and environmental protection 

[32].  

Although some researchers [33-43] have worked on the tribological aspects of DP 

steels, there is still a need to develop a more comprehensive understanding of their 

friction and wear behaviour, taking into account the specific characteristic of the 

interaction of these steels in discontinuous sliding contacts.  

The present work focuses on the role of the contact frequency as an operational wear 

parameter in ball-on-disc tests operating under dry sliding conditions. The wear tests 

were, conducted on high strength DP steel disc materials sliding against corundum 

balls. The friction behaviour and the wear evolution of these DP steel discs were 

carefully analysed at specific sliding speeds and rotation frequencies  

2. Experimental 

A commercial high strength low carbon dual phase steel, namely DP600, was used in 

this work. The chemical composition of this DP600 steel is given in Table 1. The as-



received material was an industrially processed, cold-rolled sheet with a hardness of 230 

± 5 HV1 kgf and a thickness of 1.5 mm. Subsequently, this sheet was machined into discs 

with an outer diameter of 120 mm. The average surface roughness of the steel specimen 

is 0.386 µm (Ra) approximately. High purity (99.9%) corundum balls with 3 mm of 

diameter and surface roughness of 12.83 nm (Ra) were selected as counterbody due to 

its high wear resistance and its chemical inertness.  

Tribological characterisation was conducted using a unidirectional ball-on-disc UMT-2-

Bruker tribometer. In this configuration, the corundum ball was loaded on top of the 

disc. This set-up facilitates the third body interaction since it limits the ejection of the 

debris from the contact area in comparison to other configuration where the disc is 

loaded on top of the pin/ball. Wear tests were carried out at a steady contact load of 2 N 

for 2000 total number of cycles. These tests were performed under ambient conditions 

without lubrication. The room temperature was 25±2 ºC and the relative humidity of the 

surrounding atmosphere was 40% RH approximately. Previously to wear testing, all the 

specimens were degreased with suitable solvents and dried by blowing cold air on to 

them. 

In order to independently study the effect of linear sliding speed, and/or rotation -or 

contact- frequency on the wear rate for the DP600 discs, a thoroughly design of the 

experimental parameters were used. Notice that the sliding speed (linear speed), v, at a 

given contact frequency (angular speed), f, varies by adjusting the wear track diameter, 

D, in the case of pin-on-disc or ball-on-disc sliding tests. These three operational 

parameters are related to as follows: 

v=π·f·D                                                                                                                            (2) 

Whereby, series of ball-on-disc wear tests were conducted at a given constant sliding 

speed but at different rotation speeds by modifying the wear track diameter to adjust the 

Eq. (2). In addition, series of ball-on-disc wear tests were carried out at a fixed rotation 

speed but at different sliding speeds, once again modifying the wear track diameter. In 

this sense, the sliding speed was varied between 0.1 and 3.75 m/s and the track diameter 

ranged within an interval from 12 to 75 mm. Thus the contact frequency studied in the 

present work varied between 0.6 and 16 Hz.   



The volume wear loss of the disc was determined by optical confocal profilometer, 

Sensofar PLµ2300. The volume wear loss was calculated from the average of the cross-

sectional area measured at four different locations along the wear track, and multiplied 

by the wear track length. The wear rate, as a function of the different experimental 

conditions, was obtained by dividing the volume wear loss per unit load and sliding 

distance.  

 Visual examinations -made by optical microscope Olympus Gx51- of the counterbody 

corundum ball after the wear tests completion show that the wear can be considered 

negligible (Fig. 1); as expected due to the notably higher hardness of the corundum,  

approximately 2060 HV, in comparison with the steel disc. The amount of debris in the 

contact area between both bodies –ball and disc- is small and not adherent. However, 

this small amount of debris could behave also as a solid lubricant and, consequently, 

diminish and/or even avoid wear in the hardest body of the tribopair.    

The worn surfaces were examined by field emission gun scanning electron microscopy 

(FEG-SEM, Hitachi S-4800) equipped with energy dispersive spectroscopy (EDS) 

facilities. Moreover, the wear debris were collected and analysed by SEM, EDS and X-

ray diffraction (XRD). XRD analyses were performed using a Co-Kα monochromatic 

radiation, with a wavelength of λ= 1.789 Å. 

3. Results  

3.1. Worn surfaces and wear debris 

Fig. 2 (a)-(b) show SEM images of the wear tracks formed on the DP600 disc during the 

dry sliding wear tests at a contact frequency of 1.20 Hz and a sliding speed of 0.1 m/s, 

and at a contact frequency of 16 Hz and a sliding speed of 0.9 m/s, as the representative 

behaviour of the results obtained at low and high contact frequencies/sliding speeds, 

respectively. Wear tracks are characterised by surface deformation in form of smooth 

longitudinal grooves running parallel to the sliding direction. SEM images also reveal 

that the wear mechanism is mainly oxidative in both cases, although at 16 Hz and 0.9 

m/s, larger oxidised areas along the wear track are observed. 

The EDS spectra of the worn surfaces along the tracks at these two contact frequencies 

are plotted in Fig. 3 (a), i.e. 1.20 Hz and 0.1 m/s, and Fig. 3 (b), i.e. 16 Hz and 0.9 m/s. 



Both spectra show the presence of Fe, O and C species, indicating thus that the DP600 

worn surfaces have been oxidised during the dry sliding wear process.  

Higher magnifications of the scanning electron micrographs, in Fig. 4-5, show the wear 

debris produced at these contact frequencies and sliding speeds, 1.20 Hz and 0.1 m/s, 

and 16 Hz and 0.9 m/s, and their respective EDS spectra. At the lowest contact 

frequency, Fig. 4 (a)-(b), the wear particles seem to be predominantly comprised by 

irregular fine particles of equiaxed shape of approximately 0.2 - 4 µm, size. The EDS 

spectrum (Fig. 4 (c)) of this debris consists of Fe, O and C species, showing the 

presence of oxidised compounds. 

The debris collected at 16 Hz and 0.9 m/s, Fig. 5 (a)-(c), shows a similar appearance, 

fine equiaxed particles. Nevertheless, the difference in size with regard to the debris 

collected at low contact frequencies is clearly observed. The size of the debris particles 

varies from 0.1 to 1 µm.  

EDS analysis corresponding to the fine equiaxed wear debris produced at high contact 

frequency (i.e.16 Hz) shows similar composition to those produced at low contact 

frequency (Fig. 5 (d)-(e)). Sliding wear at 16 Hz and 0.9 m/s produces wear oxidised 

debris, with the presence of Fe, O and C species.    

The oxidative wear mechanism involved in these dry sliding wear tests is further 

confirmed by the XRD diffractograms. Fig. 6 shows the XRD diffractograms of the 

collected debris generated at low and high contact frequencies, respectively. At 1.20 Hz 

(Fig. 6 (a)), the XRD diffractogram reveals two phases, namely hematite (Fe2O3) and 

alpha-iron (α-Fe), whereas at 16 Hz XRD analysis determines that the main wear debris 

constituents are magnetite (Fe3O4) and α-Fe, (Fig. 6 (b)). 

The nature of the iron oxide formed at both low and high contact frequencies can be 

explained according to the basis of the sliding temperature. Several authors  [11, 44], 

based on the static oxidation experiments, reported that the type of oxidised wear debris 

retrieved from dry sliding wear tests on low alloy steels were directly related to the 

temperature. According to the authors, for experiments conducted without external 

heating, the predominant oxide at temperatures below 450 ºC is Fe2O3; at temperatures 

ranging from 450ºC to 600 ºC, it is Fe3O4; whereas, at temperatures greater than 600ºC, 

FeO is the predominant oxide in the debris.  



A theoretical estimation of the flash temperature, Tf, for the different sliding speeds 

studied (Fig. 7) has been calculated according to the equation given by Lim and Ashby 

[2], defined as: 
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where          stand for normalised load and sliding speed, respectively;   
   is the 

effective equivalent temperature for metal (650 K approximately, based on calculations 

made in Appendix 4 [2]),   the dimensionless parameter for bulk heating (general order 

of 1), µ the coefficient of friction and N is the total number of contacting asperities. 

Here, Tb denotes the bulk temperature which, in turn, is obtained by the following 

expression: 

      
    

             
                                                                                                         

where To is the sink temperature for bulk heating (in the present case, 298 K).   

According to Lim and Ashby [2], the normalised load on the sliding interface,   , and 

the normalised sliding speed,     are defined in terms of: 

   
 

    
                                                                                                                          (5)  

   
   

 
                                                                                                                             (6) 

In these formulations F is the normal load at the interface, An the nominal area of 

contact (7.1·10
-6 

m
2
, approximately), Ho the hardness value of the dual phase steel, v the 

sliding speed, ro the radius of the ball (1.5 mm) and a is the thermal diffusivity of the 

metal (about 1.09·10
-5

 m
2
/s).   

Requiring, in addition, that N is expressed as: 

   
  
  
 
 

                                                                                                                          

where    the radius of an asperity (with a value about 10
-5

 m  [2]). 

The flash temperatures obtained at low contact frequencies (e.g. 1.20 Hz/0.1 m/s), and 

high contact frequencies (e.g. 16 Hz/0.9 m/s)) are thus in agreement with those 



described in literature [11, 44], i.e. below 450ºC, and between 450ºC and 600ºC, 

respectively. And the range of the temperatures obtained for the experimental conditions 

are, therefore, also in agreement with the type of oxides present in the wear debris. 

 

3.2 Effect of contact frequency and sliding speed on coefficient of friction   

The influence of the rotation speed on the wear behaviour of the DP600 steel disc was 

studied by performing wear tests at several sliding speeds keeping constant the contact 

frequency by the adjustment of adequate wear track diameters. The influence was then 

determined by calculating the wear rate of the dual-phase steel discs and the dynamic 

COF.   

Two distinct wear stages can be easily distinguished in all the COF curves examined. 

Initially, a very short (less than 5% of the total sliding time) and steep running-in stage 

is observed, where the COF rapidly increases up to reach a constant value. This second 

stage where the COF hardly varies corresponds to steady state stage (Fig. 8). The results 

presented in the following discussion are representative of the steady state stage, thus 

the effect of the running-in on the wear rate has not been taken into account.   

The dependence of the COF as a function of the contact frequency performed at six 

fixed sliding speeds, between 0.1 and 2 m/s, is presented in Fig. 9. It can be noticed that 

the COF decreases as the contact frequency increases for each given constant sliding 

speed, e.g. a noticeable change occurs at 0.6 m/s, where the COF values vary from 0.61 

to 0.51.  

On the other hand, an overview of the COF behaviour as a function of the sliding speed, 

at nine fixed contact frequencies, between 1 and 16 Hz, is given in Fig. 10. A clear 

correlation of the COF with the sliding speed can be detected. Initially, comparing the 

data sets for the fixed contact frequencies from 1 to 7 Hz, a steep increase in the COF 

concurrently with the sliding speed takes place. The COF values significantly vary 

between 0.4 and 0.62. Whilst from the fixed contact frequency of 7 Hz onwards, a 

distinct dependence emerges. In this case, the COF slightly decreases with the sliding 

speed. Moreover, even for data obtained at each given constant contact frequency, a 

strong dependence on the COF with the sliding speed is observed.  The lower the fixed 

contact frequency, the higher the variation in the COF with the sliding speed is 



exhibited. For instance, at 1 Hz, the COF values range from 0.40 to 0.54, or also at 2 

Hz, where the COF values vary between 0.50 and 0.60. Conversely, the higher the 

steady contact frequency, the lower the variations in the COF with the sliding speed.  

 

3.3 Effect of contact frequency and sliding speed on wear rate   

In an attempt to clarify the possible combined role of contact frequency and sliding 

speed on the DP600 steel, the wear rate of the discs tested at six fixed sliding speeds is 

presented in Fig. 11, and at nine steady contact frequencies in Fig. 12. 

Fig. 11 shows that relationship between the wear rate and the contact frequency for each 

data set obtained at a fixed sliding speed is inversely proportional. The decrease in wear 

rate is less abrupt as the given sliding speed grows. Wear rate ranges from 7.2·10
-4

 to 

4.11·10
-4

 mm
3
/N·m at 0.1 m/s, and from 10.55·10

-4
 to 5.99·10

-4
 mm

3
/N·m at 2 m/s.  

Conversely, the dependence of the wear rate on the sliding speed at nine fixed contact 

frequencies, Fig. 12, shows a more complex behaviour. Initially, for fixed contact 

frequencies comprised from 1 to 7 Hz, the wear rate shows a strong dependence with 

the sliding speed. The wear rate exhibits an abrupt increase with the sliding speed for 

the contact frequencies ranging from 1 to 2 Hz, and then from 3 to 7 Hz, this 

dependence starts to attenuate with the sliding speed. These results indicate that, for 

contact frequencies below 7 Hz, the wear rate depends on the sliding speed, although 

they do definitely not follow an inverse reciprocal relationship as it might be expected 

from Quinn’s model for oxidative wear [10, 12, 13].  

However, at contact frequencies above 7 Hz, the wear rate behaves differently with 

increasing sliding speed. The wear rate gradually decreases as the sliding speed 

increases. In this case, the data displayed at steady contact frequencies higher than 7 Hz 

exhibits the expected behaviour from the Quinn’s model.   

It can also be observed that the wear rate values measured remain below 21.1·10
-4

 

mm
3
/N·m. In particular, at the low contact frequency range, e.g. 1Hz, the wear rate 

increases from 2.39·10
-4

 to 11.2·10
-4

 mm
3
/N·m.  Whilst at 16 Hz, the highest contact 

frequency tested, the wear rate diminishes from 13.1·10
-4

 to 5.99·10
-4

 mm
3
/N·m.  



As aforementioned, the Eq. (2) directly relates the sliding speed and the contact 

frequency by adjusting the wear track diameter, i.e. the length of the wear track, π·D. 

Therefore, a given total sliding length leads to a different number of cycles in function 

of the wear track diameter. In other words, for a given sliding distance the ball passes a 

different number of times over each point on the track depending on the wear track 

diameter. Consequently, one might think that the number of cycles or number of 

interactions between the ball and each point of the wear track can be a possible 

parameter which determines the wear rate along the total sliding distance. At this point, 

it may be thus interesting to calculate the wear rate as the wear volume loss per unit 

contact load and per number of cycles, in order to clarify that effect.  

The newly defined wear rate is thus represented as a function of the contact frequency 

(Fig. 13) and also as the sliding speed (Fig. 14). Noticed is the similar wear behaviour, 

regardless the wear rate definition, i.e. expressed per total sliding distance (Fig. 11-12) 

or per number of cycles (Fig. 13-14).   

It can be observed in Fig. 13 that the wear rate tested at six fixed sliding speeds 

decreases as the contact frequency increases. This diminishing is gradually smoother as 

the given sliding speed grows, as occurs in Fig. 11. The wear rate evolution as the 

sliding speed increases at nine fixed contact frequencies is presented in Fig. 14. 

Likewise as observed in Fig. 12, the wear behaviour is more complex. Firstly, the wear 

rate steeply increases when the fixed contact frequencies vary between 1 and 7 Hz. 

Then at 9 Hz the wear rate attenuates its evolution with the sliding speed. Finally, at 

contact frequencies above 9 Hz, the wear rate gradually decreases with increasing the 

sliding speed.  

Therefore, the wear rate seems to depend on the contact frequency and on the sliding 

speed. However, it does not rely on the number of cycles, i.e. the wear track diameter.  

3.4 Validity of the Garcia-Ramil-Celis model for discontinuous sliding contact events 

on DP600 steels    

In the present work, the wear rate values obtained differ from those found in the 

literature due to the fact that in most of the work published, the rotation speed was 

chosen as a constant when performing tests at different sliding speeds. In these cases, a 

change in the sliding speed also causes variation in the contact frequency. As a result, it 



is then not possible to distinguish the effect of sliding speed and contact frequency on 

the wear rate of the disc made of the material under study. 

As was previously observed, the results presented in Fig. 12 do not follow a consistent 

inverse reciprocal relationship between the wear rate and the sliding speed in the entire 

range for the fixed contact frequencies given, as is expected from Quinn’s mild 

oxidation wear model (see Eq. (1)), since below 7 Hz the wear rate increases with 

increasing sliding speed.  

Moreover, the effect of the contact frequency on the wear rate, experimentally 

determined in the present work (Fig. 11), is hardly explained via Quinn’s model when it 

is applied to the disc.  

This model was developed in order to describe the wear of a pin, which is in continuous 

sliding contact with a disc. However, as can be seen in the literature, this model has 

been widely applied indistinctively for the counterbody –the pin or ball-, in continuous 

contact, or the specimen -the disc- which are in discontinuous sliding contact with the 

ball. 

In order to overcome this limitation, Garcia et al. [18] proposed a modification to 

Quinn’s model to explain the wear behaviour for discontinuous sliding contact events. 

This new model is thus applicable to the wear of the discs in pin/ball-on-disc wear tests.    

It should be noticed here that either Quinn’s or Garcia’s model have been developed 

assuming oxidative wear of single-phase materials. Tyagi et al. [45] proposed an 

extension of Quinn’s model for materials with two phases, studying specifically dual-

phase steels and considering several possibilities about the kinetics of the oxidation, the 

critical thicknesses of the oxide layers and the probabilities of their removal. The 

authors concluded that the two phases, ferrite and martensite, usually have the same 

oxidation behaviour and also similar critical thicknesses for oxidative wear. 

Consequently, Quinn’s model and its subsequent modifications for oxidative wear, e.g. 

Garcia et al. [18], are assumed to be also applied for two phase materials. 

The expression for the volumetric wear loss of a disc material, W, in Garcia-Ramil-Celis 

model [18] leads to the following:  

  
             

     

 

 
                                                                                             (8) 



where   is the critical oxide thickness, ρ the density, f the contact frequency, H the 

hardness of the material tested, F the normal load applied, L the sliding distance, R the 

gas constant, Tf  the local temperature in the asperities, Ac the activity factor, and Q the 

Arrhenius activation energy for oxidation.  

Moreover, the authors stated a simplification of the equation for disc surface flash 

temperature, Tf, in discontinuous contact with a pin or ball, by computing the heat 

transmission equation (see Appendix A, [18]): 

     
 
                                                                                                                       (9) 

where   contains all the parameters not related to either sliding speed or contact 

frequency. 

Fig. 15 shows the obtained data from Fig. 11, i.e. wear rate as a function of the contact 

frequency, simulated with Eq. (8) and, using expression (9) for Tf. A suitable fit is given 

for the wear rate of the DP600 steel disc material. This fit relies on two parameters, 

which are kept fixed for the sliding speeds, namely: 

   
  

    
 
 

 
              

 

  
                                                                                                      

The P1 and P2 parameter values chosen for the fitting process were those found which 

best describe the experimental data, generating a curve closely resembled to them. 

Using these values, an iterative procedure started. Similar P1 and P2 values were 

obtained for all the fixed sliding speed range tested. Therefore, P1 y P2, can be 

considered as a constant. 

Subsequently, the two constant values obtained for P1 and P2 from fitting the data in 

Fig. 15 were also used to simulate the experimental data displayed in Fig. 12, for each 

of the contact frequencies. In this sense, Fig. 16 presents the assessed predicted data and 

the experimental values (Fig. 12) for the wear rate of the disc material as a function of 

the sliding speed. Initially, below 7 Hz (Fig. 16 (a)), the predicted data fit the 

experimental data properly. From 7 Hz onwards (Fig. 16 (b)), these theoretical data 

visibly mismatch with the experimental data.  

The wear rate values exhibited as a function of the sliding speed for fixed contact 

frequencies above 7 Hz are expected to be in better concordance with the wear 



behaviour exposed in Quinn’s model, due to the inversely reciprocal wear behaviour of 

the DP600 steel disc material shown in Fig. 12.  Therefore, a new fitting procedure was 

carried out, using Eq. (1), i.e. Quinn’s model expression for volumetric wear loss, and a 

different expression for the flash temperature.  

Based on Cowan and Winer work [46], the flash temperature expression for a pin/ball in 

elastic contact sliding against a disc leads to as follows: 

         
 

 
  

 

 
 
   

                                                                                                              

where µ is the coefficient of friction, k the thermal conductivity, E the Young’s 

modulus, R the pin/ball radius, F the load applied, and v the sliding speed.  

The flash temperature, therefore, is directly dependent on the sliding speed. This 

expression was specifically proposed for permanent contact conditions, typically 

prevailed on pins/balls for pin/ball-on-disc wear tests, respectively.  

Fig. 17 thus presents the wear rate values shown in Fig. 12, but only focused on the 

fixed contact frequencies range from 9 to 16 Hz, whose experimental data are on this 

occasion fitted by Eqs. (1) and (11). It can be noticed that the simulated data, estimated 

via Quinn’s model, fit the experimental data properly and better than using the Garcia-

Ramil-Celis model.  

The Arrhenius activity factor, Ac, and the activation energy value, Q, have to be treated 

as adjustable parameters, chosen to fit data wear rate [2]. The Arrhenius constant, can 

be calculated from the fit parameter P1, assuming a certain critical thickness for the 

oxides obtained, , the hardness, H, and the density, ρ, of these oxides; and from  the 

debris diameter [18]. On the other hand, the activation energy values can be obtained 

from the fit parameter P2. In the present work, either the wear mechanism behaviour  or 

the type of debris generated on the DP600 steel disc material make the Arrhenius 

activity factor difficult to calculate. Moreover, the uncertainties about   (Eq. (9)) 

complicate the estimation of the activation energy factor. 

4. Discussion 



The prior results suggest that the contact frequency of the counterbody with a given part 

of the wear track on the disc seems indeed to be a key parameter affecting the COF and 

the wear rate. 

In the present work, under sliding wear conditions, DP600 steel exhibits a mild 

oxidation wear, showing a change in the nature of the oxide grown during sliding as a 

function of sliding speed and contact frequency. The two main types of oxidised debris 

collected are Fe2O3 and Fe3O4. This variation in the iron oxide form is attributed to a 

significant change in the temperature [47, 48]. The oxide Fe2O3 retrieved is the expected 

oxide found when a low temperature below 450ºC is reached. Whilst, Fe3O4 is an oxide 

usually found when the temperature range reached during sliding is between 450ºC and 

600ºC [11, 40, 41, 44, 49].  Kayaba et al. [50] similarly supported these results by 

associating a reduction in the COF and the wear rate with increasing the temperature 

with the variation in the iron oxide from Fe2O3 to Fe3O4.  Several authors [51, 52] 

assumed that the diminishing in the COF and the wear rate at elevated temperatures is 

related to the formation of Fe3O4 which is thought to behave as a better solid lubricant 

than Fe2O3 due to its ability to adhere more strongly to the surface. 

The demonstrated role of the contact frequency when studying the wear behaviour for a 

disc leads to the idea that the influence of the sliding speed on the type oxide grown is 

probably overshadowed by the contact frequency effect, due to its effect on the friction 

energy, and thus on the local contact temperature.  

At this point it should be recalled that, as it is well-known in unidirectional pin-on-disc 

or ball-on-disc wear tests, the heat originated by friction contact at the pin/ball asperities 

is continuously generated due to these asperities are assumed to always be in contact 

with the disc asperities during the test. On the contrary, the frictional heat at the disc 

surface is only generated per rotation, i.e. during the time in contact time between the 

asperities from the disc and the counterbody. This frictional heat is generated at any 

point of the disc along the pin/ball trajectory and can be simulated as a square wave 

function [18], where the frictional heat, q, per unit of nominal contact area, An, per 

second is defined as follows [53]: 

  
   

  
                                                                                                                        (12) 



µ being the coefficient of friction, F the normal load, v the sliding speed, and Ar the real 

contact area.   

When the pin/ball slides against the disc, the ffriction turns into heat at their interfaces, 

and also tends to flow through both bodies, in varying ways, depending on their thermal 

properties. The resulting rise in temperature make then modify the mechanical and 

metallurgical properties of the sliding surfaces, and it makes them oxidize, thus 

influencing the wear rate [2]. 

It should be noticed that the literature is somewhat ambiguous on the application of 

Quinn’s mild oxidation wear model in the case of unidirectional pin or ball-on-disc 

sliding wear tests. The contact conditions prevailing at the pin or ball surface, and at the 

disc surface are indeed different. At a macroscopic level, the pin or ball surface is in 

permanent contact with the disc during the sliding. Conversely, each segment of the 

wear track on the disc is only loaded for a limited time in between successive contact 

events. Therefore, the wear rate for a given material is thus different, depending on 

whether the material acts as disc or pin/ball material [18]. 

Likewise, in Garcia-Ramil-Celis model, the elapsed time in between successive contact 

events is more important than the contact time duration for these events. Furthermore, 

the time required to reach the critical oxide thickness depends on the contact frequency, 

which is expressed as the inverse of the elapsed time in between two contacts at a given 

point. 

The disagreement between the experimental and the fitting performed using Garcia-

Ramil-Celis model above 7 Hz (Fig. 16 (b)) may be related to the apparent contact 

frequency at a specific point of the wear track on the DP600 steel disc. In this work, 

therefore, it is assumed that the frictional heat at the disc surface is only generated 

during the contact time in between the asperities from the disc and the pin/ball, 

following a square wave function and depending on an inverse reciprocal relationship 

between the elapsed time and the contact frequency.  

As the contact frequency increases, the elapsed time in between two successive 

frictional heat inputs notably decreases to such an extent, that the square wave function 

which describes the heat generated by friction, tends to convert into a type of constant 

linear function.  



On account of this, by increasing the contact frequency, the elapsed time decreases 

during the contact intervals between the ball and a certain point of the disc. As the test 

runs, a certain temperature, defined by a compromise between the constant energy input 

and the heat diffusion, is reached. As a result each point of the disc starts to heat up 

under a condition that becomes close to a continuous contact similar to the condition 

observed by the ball. At this point, the wear rate behaviour is more similar to the 

predicted behaviour in the Quinn’s model for continuous sliding contact events of two 

bodies in frictional sliding movement, which is clearly observed in Fig 16, where the 

experimental data fit correctly with the theoretical data simulated via Quinn’s model.  

5. Conclusions 

The friction and wear behaviour of the DP600 steel discs sliding against corundum balls 

have been evaluated at several sliding speeds while maintaining the contact frequency at 

a steady value; but also at various contact frequencies thus keeping the sliding speed 

constant. These experimental conditions allow us to demonstrate that the wear rate of 

DP600 steel discs relies not only on the sliding speed of the ball on the disc, but also on 

the contact frequency.  

The wear mechanism of the DP600 is mild oxidation wear. The nature of the iron oxide 

debris is a function of the sliding speed and the contact frequency. At low contact 

frequencies the predominant oxide is Fe2O3, while at high contact frequencies the oxide 

formed is mainly Fe3O4.  

The COF diminishes with the contact frequency. The COF behaves distinctly with the 

sliding speed. Initially, the COF increases with the increase of the sliding speed, and 

then the COF decreases gradually with the increase of the sliding speed.  

The wear behaviour is, however, more complex. For the contact frequencies below 7 

Hz, the wear mechanism suitably fit Garcia-Ramil-Celis model as a consequence of the 

discontinuous sliding contacts. On the other hand, for contact frequencies above 7 Hz, 

the wear mechanism is visibly in concordance with Quinn’s model.  

The present work demonstrates the importance of considering the contact frequency as 

an independent parameter, together with the contact load and the sliding speed, when 

wear features for materials that are subjected to discontinuous sliding contacts are tested 

and/or described.  



In pin/ball-on-disc wear tests, the pin/ball and the disc have to be considered differently. 

Consequently, this necessary distinction between the bodies of the tribological pair –

pin/ball and disc- should always take into account whether the contact conditions are 

continuous and discontinuous due to the ball is in continuous contact with the disc, but 

conversely each given point of the disc wear track is in discontinuous contact with the 

ball. 
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Figure captions 

Fig. 1. Representative optical micrograph of the corundum surface at the contact area 

when slides against a DP600 steel disc, magnification x200. 

Fig. 2. SEM images of wear tracks morphology on the disc after sliding tests performed 

at (a) 1.20 Hz, 0.1 m/s, 13.26 mm of radius; (b) 16 Hz, 0.9 m/s, 8.95 mm of radius. 

Fig. 3. EDS spectra of wear tracks on the disc after sliding tests performed at (a) 1.20 

Hz, 0.1 m/s, 13.26 mm of radius; (b) 16 Hz, 0.9 m/s, 8.95 mm of radius. 

Fig. 4. (a)-(b) SEM images and (c) EDS spectrum taken from debris collected after 

sliding tests performed at 1.20 Hz, 0.1 m/s, 13.26 mm of radius. 

Fig. 5. (a)-(c) SEM images and (d)-(e) EDS spectra taken from debris collected after 

sliding tests performed at 16 Hz, 0.9 m/s, 8.95 mm of radius. 

Fig. 6. XRD diffractograms of debris generated after sliding tests performed at (a) 1.20 

Hz, 0.1 m/s, 13.26 mm of radius and (b) 16 Hz, 0.9 m/s, 8.95 mm of radius. 

Fig. 7. Theoretical estimation of flash temperature values measured on the discs.  

Fig. 8. Evolution of coefficient of friction as a function of sliding time. 

Fig. 9. Coefficient of friction recorded between DP600 steel discs sliding against 

corundum balls as a function of contact frequency at six fixed sliding speeds. 

Fig. 10. Coefficient of friction recorded between DP600 steel discs sliding against 

corundum balls as a function of sliding speed at nine fixed contact frequencies. 

Fig. 11. Wear rate (per total sliding distance) of DP600 steel discs sliding against 

corundum balls as a function of contact frequency at six fixed sliding speeds. 

Fig. 12. Wear rate (per total sliding distance) of DP600 steel discs sliding against 

corundum balls as a function of sliding speed at nine fixed contact frequencies. 

Fig. 13. Wear rate (per number of cycles) of DP600 steel discs sliding against corundum 

balls as a function of contact frequency at six fixed sliding speeds. 

Fig. 14. Wear rate (per number of cycles) of DP600 steel discs sliding against corundum 

balls as a function of sliding speed at nine fixed contact frequencies. 



Fig. 15. Experimental data displayed in Fig. 10 fitted by Eqs. (8) and (9). 

Fig. 16. Experimental data presented in Fig. 11 fitted by Eqs. (8) and (9): (a) 1Hz-7 Hz, 

(b) 9 Hz-16 Hz; based on fitting parameters derived from the fitting in Fig. 14. 

Fig. 17. Experimental data presented in Fig. 11 fitted by Eqs. (1) and (11); from 9 Hz 

to16 Hz. 

Table captions 

Table 1. Chemical composition of DP600 dual phase steel (% wt.) 
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Figure 10 
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Figure 14 
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Figure 16 
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Figure 17 
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Table 1 

 C Si Mn Cr Ni Mo Al Nb V Fe 

DP600 0.122 0.38 0.91 0.021 0.045 <0.01 0.043 <0.005 <0.01 Balanced 

 

 


