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1. Introduction 

 

Brakes are one of the most important vehicle sys-

tems as they are closely related to safety. However, the cor-

rect design of the working elements (pads and discs) is not 

easy [1, 2]. The friction materials currently used are compo-

sites of about 20 different materials for different purposes. 

During operation, they are subjected to very extreme factors 

- mainly changing temperature and humidity [3]. 

The friction elements of brake systems are subject 

to various types of wear. The most important is abrasive 

wear, i.e. destruction of the top layer of cooperating parts 

that move relative to each other. Loss of the pad material is 

caused by the separation of material particles as a result of 

scratching, micro-cutting and grooving [4]. It is this type of 

wear that was focused on later in the work. The most im-

portant criterion according to which research methods can 

be divided into the determination of abrasive wear parame-

ters is the macrogeometry of the contact between the sample 

and the counter-sample. It is an important design feature of 

machines for measuring the value of the friction coefficient 

and the intensity of wear. The most common solutions are 

[5-7]: 

a) point contact (ball-disk), e.g. Ball-cratering; 

b) line contact (cylinder-disk), e.g. Pin-on-disc; 

c) surface contact (plane-plane), e.g. inertial sta-

tions. 

Two of the above research methods, Ball-cratering 

and Pin-on-disc, were used in this work. The aim of the 

study is to compare the obtained results and check whether 

these methods can be used interchangeably. 

2. Materials and research methods description 

Two test stands were used for the research, which 

are at the disposal of the Faculty of Mechanical Engineering 

of the Białystok University of Technology. They were: 

1) based on point contact and using the Ball - cra-

tering method. It is a method in which the friction pair is a 

cylindrical sample (1 "diameter and 10 mm high) and a ball 

(also 1" diameter) [8]. Fig. 1 shows a diagram of one of 

them, namely the T-20 test rig manufactured in Poland. In 

this device, the test sample 1 is mounted in a holder on the 

vertical arm of the rotary lever, and its mass is balanced by 

a counterweight 7 located at one end of the horizontal arm 

of the lever. At the other end, there is a pan on which a load 

5 is placed, which presses the sample against the counter-

sample 2. The length of the swivel lever arms is the same, 

so the pressing force is identical to the gravity force result-

ing from the pressure of the given load on the pan. The coun-

ter-sample is mounted on the shaft of the electric motor 8 

(with adjustable rotational speed). The strain gauge 4, lo-

cated above the sample holder, allows direct measurement 

of the friction force during the test. As the ball rotates, it 

rubs against the sample, the vertical position of which al-

lows the material to fall freely, thus it does not interfere with 

the measurement [9]. As a result of friction, a crater is 

formed, the measurement of which in two planes allows to 

determine the average diameter and then the frictional wear 

intensity factor Kc in accordance with the Archard equation 

[10] (examples of craters and the method of measuring their 

diameter are shown in Fig. 4). The stand allows to measure 

the friction force in real time, thanks to which you can easily 

calculate the friction coefficient of the friction pair. The re-

search problem may be the point nature of the contact - dif-

ferent than in the vehicle braking system, but it may be com-

pensated by a properly designed experiment. 

2) T11 - Using the Pin-on-disc method. It allows 

for the implementation of linear macrogeometry of the con-

tact between the sample and the counter-sample. This 

method can be used both for testing dry friction, as well as 

under the operating conditions of a lubricant [11, 12]. The 

Pin-on-disc method enables the determination of the aver-

age coefficient of friction of the node and the examination 

of the wear intensity of the friction surfaces. The first pa-

rameter is measured directly during the tests as a function of 

time or number of disk revolutions, while the second is de-

termined on the basis of the mass lost by the sample. The 

necessary data is obtained by weighing the sample before 

and after the test. In the vast majority of solutions, the disk 

rotates in the horizontal plane, although there are devices in 

which the disk is positioned vertically [13]. Due to the sim-

ilarity to the disc brake system, the stands with the horizon-

tal axis of rotation of the disc are good for testing brake discs 

and pads. As in the case of the Ball-cratering method, the 

horizontal positioning of the disc causes the pin to slide over 

loose fragments of the sample torn off during the test. For 

this reason, the same material tested several times may give 

different final results each time [14]. Despite this, the Pin-

on-disc method in this configuration is commonly used to 

test samples taken from brake pads [15-19]. Fig. 2 shows a 

diagram of the Polish production stand used for the tests. 

The test samples were taken from brake pads in-

tended for passenger cars. Three types of brand new pads 

were used and in about 50 % of the wear. Few of samples 

used (before grinding) are presented on Fig. 3. 
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Fig. 1 Diagram of the T-20 test stand: 1 – sample; 2 - coun-

ter-sample (ball); 3 - displacement sensor; 4 - strain 

gauge for measuring the friction force; 5 – load; 6 – 

computer; 7 – counterweight; 8 - electric motor; 9 - 

swivel arm; 10 - base [20] 

 

Fig. 2 Diagram of the T-11 test stand: 1 - fixed pin, 2 - ro-

tating disc; 3 - strain gauge for measuring the friction 

force; 4 - rotational speed sensor; 5 – load; 6 – com-

puter; 7 – counterweight; 8 - motor electric, 9 - swivel 

arm; 10 - body [20] 

 

Fig. 3 Few of the samples taken from brake pads 

 

This gave a total of 6 groups of samples. Four sam-

ples were cut from each group of pads, giving a total number 

of 24. This number allowed for testing each group of sam-

ples three times (three samples were Pin-on-disc, one Ball-

cratering by rotating it around its axis). Samples and exper-

iments were prepared as described in previous articles [21, 

22]. 

3. Results and their analysis 

Direct results recorded by both stands allowed the 

calculation of the values of the coefficients of friction using 

Amontons-Coulomb friction law [23]: 
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where: µ is coefficient of friction i sample (where s=1…24); 

F is measured average friction force of s sample; g is gravi-

tational acceleration; m is loading mass. 

These, in turn, made it possible to calculate the 
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where: z is COF value. Results and calculations are com-

piled in Table 1. 

Table 1 

Tested samples 

Sample 

no. 

Sample group 

no. 

Samples descrition Test method Results, coefficient of 

friction 

Arithmetical average Standard deviation 

1 I Type 1, brand new Pin-on-disc 0.47 0.466 ±0.0251 

2 0.49 

3 0.44 

4 Ball-cratering 0.48;  0.49;  0.45 0.473 ±0.0208 

5 II Type 1, 50 % of 

wear 

Pin-on-disc 0.43 0.41 ±0.0251 

6 0.38 

7 0.41 

8 Ball-cratering 0.44;  0.4;  0.39 0.41 ±0.264 

9 III Type 2, brand new Pin-on-disc 0.37 0.4 ±0.03 

10 0.43 

11 0.4 

12 Ball-cratering 0.39;  0.44;  0.38 0.403 ±0.0321 

13 IV Type 2, 50 % of 

wear 

Pin-on-disc 0.38 0.356 ±0.0208 

14 0.34 

15 0.35 

16 Ball-cratering 0.37;  0.39;  0.33 0.363 ±0.0305 

17 V Type 3, brand new Pin-on-disc 0.56 0.556 ±0.0152 

18 0.57 

19 0.54 

20 Ball-cratering 0.59;  0.57;  0.53 0.563 ±0.0305 

21 VI Type 3, 50 % of 

wear 

Pin-on-disc 0.52 0.503 ±0.0208 

22 0.51 

23 0.48 

24 Ball-cratering 0.49;  0.49;  0.53 0.503 ±0.0230 
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Fig. 4 Results for samples group no. I 

 

Fig. 4 Results for samples group no. II 

 

Fig. 5 Results for samples group no. III 
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Fig. 6 Results for samples group no. IV 

 

Fig. 7 Results for samples group no. V 

 

Fig. 8 Results for samples group no. VI 

 

The chi-square test [24-26] was used to determine 

the influence of the research method on the obtained results. 

In this test, we compare the observed values with the ex-

pected values. The formula for this test is as follows: 

( )
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where: k is number of research methods; r is number of mea-

surements; n is total number of observations; n  is expected 

values; i is test method number; j is measurement number. 

The mean values of the measurements were used 

for the analysis. Ultimately, the data used for the analysis is 

presented in Table 2. 

Table 2 

Data used for analysis 

Test method Arithmetical average COF 

Pin-on-disc 0.466 

Ball-cratering 0.473 

Pin-on-disc 0.410 

Ball-cratering 0.410 

Pin-on-disc 0.400 

Ball-cratering 0.403 

Pin-on-disc 0.356 

Ball-cratering 0.363 

Pin-on-disc 0.556 

Ball-cratering 0.563 

Pin-on-disc 0.503 

Ball-cratering 0.503 

 

For the test purposes, the following hypotheses 

were adopted:  

H0 – the test method does not affect the obtained 

result (Pin-on-disc results = Ball-cratering results); 

H1 – the test method influences the obtained results 

(Pin-on-disc results ≠ Ball-cratering results); 

The calculation results allowed for the determina-

tion of the following values: 

2 13.86294. =  (4) 

To correctly interpret the results, it was necessary 

to calculate the degrees of freedom: 

( 1)( 1),df k r= − −  (5) 

which after substitution gave: 

10.df =  (6) 

Then using the inverse chi-square distribution and 

assuming the confidence level: 

0.05, =  (7) 

value read [27]: 

2

1 ;( 1) ( 1) 18.3070.k r − −  − =  (8) 

Because: 

2 2

1 ;( 1) ( 1) ,k r  − −  −  (9) 

there is no reason to reject the H0 hypothesis. Therefore, it 

should be stated that the influence of the applied research 

method on the obtained results at the confidence level of 

0.95 is not statistically significant. 

4. Conclusions 

Six groups of samples taken from three types of 

brake pads were tested in the study. Each pads group was in 

two different degrees of wear: brand new and 50 % worn. A 

series of tests were made with the use of two tribotesters: 

Ball-cratering and Pin-on-disc. Statistical analysis of the re-

sults allowed to establish that: 

1. The value of the chi-square function is much 

lower than the critical value, which refuted the H1 hypothe-

sis. 

2. No statistical significance was found, proving 

that the quality of the results depends on the choice of the 

research method when testing the friction materials of brake 

pads. 

3. Appropriate (correct) design of the experiment 

allows the above research methods to be used interchangea-

bly while maintaining their high quality. 

4. The above methods, due to their interchangea-

bility, can be used as a way to validate empirical results. 

 

Acknowledgements 

 

This research was partially financed through a sub-

sidy of the Ministry of Science and Higher Education of Po-

land for the discipline of mechanical engineering at the Fac-

ulty of Mechanical Engineering of Bialystok University of 

Technology WZ/WM-IIM/4/2020. 

References 

1. Jaafar, T. R.; Selamat, M. S.; Kasiran, R. 2012. Se-

lection of Best Formulation for Semi-Metallic Brake 

Friction Materials Development. Powder Metallurgy. 

Shanghai, China: InTech. 

2. Darius, G. S.; Berhan, M. N.; David, N. V.; Shahrul, 

A. A.; Zaki, M. B. 2005. Characterization of brake pad 

friction materials. In: Brebbia CA, Alberto A (eds) Com-

putational Methods and Experiments in Materials Char-

acterization II. Southhampton: WIT Press. 

3. Nagesh, S. N.; Siddaraju, C.; Prakash, S. V.; 

Ramesh, M. R. 2014. Characterization of brake pads by 

variation in composition of friction materials, Procedia 

Materials Science 5: 295–302. 

https://doi.org/10.1016/j.mspro.2014.07.270. 

4. Zmitrowicz, A. 2006. Wear patterns and laws of wear - 

a review, Journal of Theoretical and Applied Mechanics 

44(2): 219-253. 

5. Bhushan, B. 2002. Introduction to Tribology, John 

Wiley & Sons Inc., New York. 

6. Hoehn, B. R.; Oster, P.; Tobie, T.; Michaelis, K. 

2008. Test methods for gear lubricants, Goriva i maziva 

42(2): 141-152. 

https://hrcak.srce.hr/23964. 

7. Hussein, M. A.; Mohammed, A. S.; Al-Aqeeli, N. 

2015. Wear characteristics of metallic biomaterials: a re-

view, Materials 8(5): 2749-2768.  

https://doi.org/10.3390/ma8052749. 

8. Osuch-Słomka, E. 2012. Abrasive wear testing of anti-

wear coatings by ball-cratering-method, Tribologia 2: 

59-68. 

9. Cozza, R. C.; Tanaka, D. K.; Souza, R. M. 2009. Fric-

tion coefficient and abrasive wear modes in ball-crater-

ing tests conducted at constant normal force and contact 

pressure ‐ Preliminary results, Wear 267(1‐4): 61‐70.  

https://doi.org/10.1016/j.wear.2009.01.055. 



 322 

10. Osuch-Słomka, E. 2011. Proposed method for deter-

mining the values of tests for the ball-cratering metod, 

Tribologia 240: 161-171. 

11. Kaleli, H. 2016. New universal tribometer as pin or ball-

on-disc and reciprocating pin-on-plate types, Tribology 

in Industry 38(2): 235-240. 

12. Nuraliza, N.; Syahrullail, S.; Faizal, M. H. 2016. 

Tribological properties of aluminum lubricated with 

palm olein at different load using pin-on-disk machine, 

Jurnal Tribologi 9: 45-59. 

13. Kucera, M.; Prsan, J. 2008. Tribologic properties of 

selected materials, Technical Sciences 11: 228-241. 

14. Trzos, M. 2010. The analysis of tribotester influence on 

friction coefficient estimation, Tribologia 6: 123-135. 

https://doi.org/10.2478/v10022-008-0016-x. 

15. Surojo, E.; Jamasri, V.; Malau, M. N. 2015. Investi-

gation of friction behaviors of brake shoe materials us-

ing metallic filter, Tribology in industry 37(4): 473-481. 

16. Gopal, P.; Dharani, L. R.; Frank, D. B. 1994. Fade 

and wear characteristics of a glass fiber reinforced phe-

nolic friction materials, Wear 174: 119-127. 

https://doi.org/10.1016/0043-1648(94)90093-0. 

17. Elakhame, Z. U.; Olotu, O. O.; Abiodun, Y. O.; Aku-

bueze, E. U.; Akinsanya, O. O.; Kaffo, P. O.; Oladele, 

O. E. 2017. Production of asbestos free brake pad using 

periwinkle shell as filler material, International Journal 

of Scientific & Engineering Research 8(6): 1728-1735. 

18. Sugözü, B.; Dağhan, B. 2016. Effect of BaSO4 on 

tribological properties of brake friction materials, Inter-

national Journal of Innovative Research in Science, En-

gineering and Technology 5(12): 30-35. 

19. Nosko, O.; Alemani, M.; Olofsson, U. 2017. Charac-

terisation of airborne particles emitted from car brake 

materials, Proc. 6th World Tribology Congress. 

20. Borawski, A. 2019. Common methods in analysing the 

tribological properties of brake pads and discs – a re-

view, Acta Mechanica et Automatica, 13(3): 189-199, 

https://doi.org/10.2478/ama-2019-0025. 

21. Borawski, A. 2021. Impact of operating time on se-

lected tribological properties of the friction material in 

the brake pads of passenger cars, Materials 14: 884. 

https://doi.org/10.3390/ma14040884. 

22. Borawski, A. 2022. Testing passenger car brake pad ex-

ploitation time’s impact on the values of the coefficient 

of friction and abrasivewear rate using a pin-on-disc 

method, Materials 15: 1991.  

https://doi.org/10.3390/ma15061991. 

23. Yan, W.; O’Dowd, N.P.; Busso, E.P. 2002. Numerical 

study of sliding wear caused by a loaded pin on a rotat-

ing disc, J. Mech. Phys. Solids 50: 449–470. 

https://doi.org/10.1016/S0022-5096(01)00093-X. 

24. McHugh, M. L. 2013. The chi-square test of independ-

ence, Biochemia medica 23(2): 143–149.  

https://doi.org/10.11613/bm.2013.018. 

25. Miller, R.; Siegmund, D. 1982. Maximally selected 

Chi-square statistics, Biometrics 38: 1101–6. 

http://dx.doi.org/10.2307/2529881. 

26. Rakesh, R; Richa, S. 2015. Chi-square test and its ap-

plication in hypothesis testing, Statistical Pages 1(1):69-

71. 

https://doi.org/10.4103/2395-5414.157577. 

 

 

A. Borawski, D. Szpica, G. Mieczkowski 

 

RESEARCH ON TRIBOLOGICAL FEATURES OF 

BRAKE FRICTION MATERIALS - COMPARISON OF 

THE RESULTS OBTAINED WITH THE PIN-ON-DISC 

AND BALL-CRATERING METHODS 

 

S u m m a r y  

 

Brakes are one of the most important systems in 

each vehicle. For this reason, numerous studies are carried 

out in many scientific institutions that allow for better un-

derstanding of friction and wear phenomenon. Therefore, 

the correctness of the obtained results is of great importance. 

Hence, the choice of the research method is not without sig-

nificance. In this paper, it was decided to check how the 

choice of the method will affect the quality of the obtained 

results. The chosen methods were Ball-cratering and Pin-

on-disc. Six groups of samples taken from three different 

types of pads were tested. The pads were both brand new 

and used. The analysis of the results was performed using 

the chi-square concordance test. It was established that at 

the significance level of 0.95, the choice of the research 

method was not statistically significant. Both methods pro-

vide similar high-quality results. 

 

Keywords: mechanical engineering, brake pads, friction, 

ball-cratering, pin-on-disc. 
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