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Research and analysis of the results from the goniometer and tribotester  

using the diamond – derivating coating on piston ring 
 

The elements creating friction pairs are described to be very difficult in terms of determining all optimal parameters in an 

unambiguous manner. The nowadays research on stability of friction pairs is focused on the surface and the top layer of surface. The 

main goal is find new design solutions and materials, achieving a lot of kilometers to main repair in combustion engines. The biggest 

structural difficulties are noticeable in friction pairs where can be observed sliding and returning motion, what is connected with sealing 

function. A typical example of such pair is piston ring – cylinder. Engineers work on defining an additional factor that would be able to 

gain the reduction of tangential force by reducing the friction coefficient in elements of friction pair. Molecular structure and nature of 

the bonds between the molecules presented in the material, result that the free surface energy may be such a factor, because determines 

the tribological properties of the material, what is reflected in the stability of the units. The work carries out of an analysis after research 

on the goniometer in the presence of water and diododomethane that allowed to measure wetting drops on the surface, thanks to which 

can be calculated surface energy. Within this work will be performed study of the energy state of the surface of piston rings with a 

coating including a diamond powder. After analysis on the basis of the collected measurements will be developed conclusion regarding 

the potential relationship between the free surface energy and wearing of the material. 
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1. Introduction 
This article presents the research from the goniometer 

on the newly developed sealing piston ring for an internal 

combustion engine, where the novelty is an innovative –

derivative coating with very good anti-wear properties 

with higher hardness than traditional materials (10–60 

GPa), high adhesion to the substrate, high mechanical, 

physical and chemical stability or coefficient of friction 

below 0.1 [3]. 

Friction pairs are designed from elements, where is very 

difficult to define in unequivocal way all optimal parame-

ters and research on their stability is focused on the surface 

and the top layer of surface. The main goal is find new 

solutions for design and material, thereby achieving so 

many kilometers of mileage to main repair in the case of 

internal combustion engines. 

Due to the big structural difficulties that are noticeable 

in friction pairs where we can observe sliding and returning 

motion that is also connected with sealing function, engi-

neers are currently seeking an additional factor which 

would be able to gain the reduction of tangential force by 

reducing the friction coefficient in elements of friction pair 

during operations. 

Such a factor may be the surface free energy that results 

from molecular structure and nature of the bonds between 

the molecules presented in the material. Components of 

surface free energy (dispersion and polar) determine the 

tribological properties of the material, which is reflected in 

the stability of the units.  

The surface free energy and its components can be ob-

tained thanks to measurement of the wetting angle per-

formed within the goniometer and Owens-Wendt calcula-

tion method [2]. 

Then, the influence of surface free energy was tested on 

the tribotester, checking the wearing of piston samples. 

 

 

2. Research on the goniometer 

2.1. Preparation 

One of the possibilities to calculate the free surface en-

ergy of the element is measurement of wetting angle of the 

wetting drop using special instrument which is goniometer. 

Wetting angle can be measured with the use of the standard 

liquid with known value of the surface free energy and its 

components. This angle has a big meaning for lubrication 

processes and tribological point of view. 

The wetting angle measurement was performed using a 

goniometer from the German company KRUSS GmbH. 

According to the procedure, the free surface energy was 

determined using the Owens-Wendt method, which consists 

in measuring the surface contact angle using drops of 

standard liquids, one polar and the other one – non polar. In 

the research, the used pair of such liquids was water and 

diododomethane. Ten partial measurements were made and 

after that the value of the wetting drops was averaged for 

each sample. During the test were performed constant con-

ditions: the air temperature was 23°C and the humidity was 

at 53% level. These parameters are very important, because 

can have impact on the arranging drops on the tested sur-

face (for example drop can evaporate partially and affect 

the results).  

The measurements were performed on the sample sur-

face that was previously cleaned with alcohol to avoid the 

contamination of the surface and the drop size was 2 μl 

(both for water and diodomethane) to minimize the spread-

ing of the drops under the influence of gravitational forces, 

that can make the wetting angle lower. 

Objects of the research were piston ring samples con-

taining in the coating the inclusion of diamond powder into 

the porous chrome, at the same time creating a diamond – 

derivating coating. For the research on the goniometer were 

prepared samples marked as PP, T-1, T-2, T-3, T-4 and T-5. 
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The sample marked as PP was a comparative sample, 

without diamond powder in the coating – only galvanic 

chromium was applied on the surface. The rest mentioned 

samples marked as T-1, T-2, T-3, T-4 and T-5 contained in 

the coating the inclusion of diamond powder into the po-

rous chromium in various weight amounts with a granula-

tion of 0.52 μm, as detailed in the table below (Table 1). 

 
Table 1. The amount of diamond powder for each sample 

Sample C [%] AL2O3 [%] Cr [%] 

T-1 0.84 0.62 98.84 

T-2 0.89 0.09 99.07 

T-3 0.54 0.09 99.42 

T-4 0.80 0.09 99.15 

T-5 0.49 0.07 99.48 

2.2. Results 

The Table 2 below presents the average contact angle 

for each sample, calculated on the basis of the results ob-

tained during the measurements on comparative sample and 

samples coated with a diamond coating using the pair of 

standard liquids, which were water and diododomethane.  

 
Table 2 Average wetting angle for samples 

  Average wetting angle for 

water 

Average wetting angle  

for diodomethane 

Sample [°] [°] 

PP 75.7 49.1 

T-1 75.9 46.3 

T-2 77.2 46.0 

T-3 73.6 46.2 

T-4 74.0 46.3 

T-5 70.7 36.4 

 

To calculate the surface free energy (γS) was used the 

Owens-Wendt method: 

γS =  γS
d + γS

p
    (1) 

γSL = γS + γL − 2(γS
dγL

d)
1

2 − 2(γS
p

γL
p

)
1

2  (2) 

where: the index ‘d’ indicates the dispersive component of 

the free surface energy, respectively solid material (S) or 

liquid (L), and the index ‘p’ indicates the polar component 

of the free surface energy, respectively solid material (S) or 

liquid (L).  

In addition, it is known that: 

γL(1 + cosΘ) = 2[(γS
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d)
1

2 + (γS
p

γL
p

)
1

2 ]  (3) 

And after transformation the following formula can be  

obtained: 
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To be able to define the value γS of the above equation, the 

measurements of wetting angles (Θ) for two different liq-

uids γL
d and γL

p
 were made and the system of two equations 

was solved (5). Water has the following known values of 

surface free energy and its components: γL= 72.8 mJ/m
2
, γL

d 

= 21.8 mJ/m
2
 and γL

p
= 51 mJ/m

2
, while diodomethan is 

characterized by the following values: γL= 50.8 mJ/m
2
, γL

d 

= 48.5 mJ/m
2
 and γL

p
 = 2.3 mJ/m

2
. 

 Basing on the Żenkiewicz book [4], after the transfor-

mation, the basis for determining the free surface energy 

value is the system of two equations: 

{
(γS

d)
1

2 + 1.53 (γS
p

)
1

2 = 7.80 (1 + cosθ1)

(γS
d)

1

2 + 0.22 (γS
p

)
1

2 = 3.65 (1 + cosθ2)

          (5) 

where: θ1 – water wetting drop angle, and θ2 – diodome-

than wetting drop angle. 

 After the calculations, were obtained the following 

values of dispersion and polar components of free surface 

energy that are presented in the following table. 

 
Table 3. The value of free surface energy and its components 

Sample γs
p
 [mJ/m2] γs

d [mJ/m2] γS[mJ/m2] 

PP 7.92 29.38 37.30 

T-1 7.25 31.13 38.38 

T-2 6.51 31.63 38.14 

T-3 8.53 30.62 39.15 

T-4 8.32 30.66 38.98 

T-5 8.37 35.42 43.79 

 

where: γS – free surface energy [mJ/m
2
], γs

d – disperse 

component of free surface energy,[mJ/m
2
] and γ𝑠

p
 – polar 

component of free surface energy, [mJ/m
2
]. 

The figure below (Fig. 1) presents the chart with the 

components of surface free energy for each sample. 

 

 

Fig. 1. Free surface energy components values for samples 

 

 The measurement results indicate high values of the 

dispersive component which is the derivative of dispersion 

interactions between molecules. At the same time, the very 

small value of the polar component is maintained, that tells 

about the uneven distribution of atoms, hence its value 

should be as low as possible because it affects the phenom-

enon of wetting and formation of the hydration layer on the 

surface of a solid. The total value of the surface free energy 

is also not large. An example to compare, for nitrided steel 

X90CRMOV18, which is an example of material present-

ing good tribological properties, the sum of dispersion 

components (33.01 mJ/m
2
) and polar (5.45 mJ/m

2
) gives 

the value of free surface energy about 38.46 mJ/m
2
, so can 

be assumed that the values are similar and could indicate 
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good properties of a diamond derivating coating. From the 

presented results in the Table 3, the sample T-2 was recog-

nized as potentially the best sample from tribological per-

spective due to the smallest polar component and at the 

same time the value of the dispersion component is relative-

ly slightly different from the others. 

2.3. Comparative research 

 The results obtained within the goniometer research and 

the influence of free surface energy, as well as its compo-

nents, on tribological properties of the piston ring sample 

representing element of friction pair was checked on the 

tribotester due to using it is possible to determine the wear 

characteristics of material. The tested elements on the tribo-

tester device were a sample (roll) performing a rotary mo-

tion and a counter – sample (block) that was stationary, 

giving 100 mm
2
 of contact surface. The samples had the 

same composition of coating and were named in the same 

way: PP, T-1, T-2, T-3, T-4 and T-5. The friction path as-

signed to each sample was about 50 000 meters. 

 Tests on the tribotester were carried out on a continu-

ous, close to the maximum load of the assembly that does 

not occur in reality. Due to the fact that the basic signifi-

cance during research on the tribotester is attributed to the 

loads of the tested friction pairs, including unit pressure and 

linear speed, the linear speed was determined for 1.25 m/s 

(equal to approx. 350 rpm) and a load was set to 5 MPa. 

Thus adopted the low velocity and fairly high load values 

generate extremely difficult conditions in which friction 

pairs can cooperate and resemble those appearing in the 

internal combustion engine in the vicinity of ZZ of the first 

piston ring, at the beginning of the expansion stroke. 

 
Table 4. Average values obtained after tribotester test 

Sample 

Average 

wearing value 

[μm] 

Average friction 

coefficient  

value [–] 

Average 

friction 

force [N] 

PP 39 0.022 11 

T-1 17 0.017 9 

T-2 16 0.014 7 

T-3 20 0.015 8 

T-4 23 0.015 8 

T-5 21 0.031 16 

 

 The different friction coefficients and wearing values 

obtained during tests on the tribotester for each sample 

confirm the differences in the value of free surface energy 

and its dispersion and polar components. Differences in 

surface free energy values for each sample also caused 

differences in the friction coefficient and wearing values of 

the tested material combinations. The following figures 

(Fig. 2 and Fig. 3) show average values of the wearing and 

values of free surface energy depending on the % content of 

C in the composition of the tested samples. 

 The diagram (Fig. 2) presents how the value of average 

sample wearing changed. The research shows that the T-2 

sample was characterized by the smallest mean total con-

sumption (16 μm), the lowest average friction force (7 N) 

and the lowest coefficient of friction (0.014) after 50,000 m 

of the friction path.  

 

 
Fig. 2. Total wear of samples 

 

 

Fig. 3. Relation of free surface energy on the percentage content of C  

 

 The diagram above (Fig. 3) shows how the value of free 

surface energy changes with the change of the % C content 

in the coating composition. This relationship is roughly 

linear and shows that as the content of the diamond em-

bankment increases, the value of this energy decreases. 

3. Conclusion 

The surface free energy determined for the samples was 

at a similar level to that mentioned for steel 

X90CRMOV18, known in terms of tribological properties 

and successfully used in industry [2]. This could indicate 

justified attempts to undertake a new parameter, which is 

surface free energy and its polar components during the 

selection of materials for elements of friction pairs, the 

more so because it assumed characteristic values depending 

on the material composition of coating. 

The energetic state of the surface was determined by the 

measured value of the wetting angle using standard liquids 

in the measurements and on this basis it was possible to 

calculate free surface energy and its components –

dispersion and polar that allow getting information on inter-

facial interactions and surface wettability, which in the 
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other hand shows impact on wearing and tribological prop-

erties. 

It is observed that the differences in values of the wet-

ting angle, describing the wettability of coatings by model 

liquids, are reflected in the total free surface energy. To-

gether with the increase in the content of % C in the com-

position of the diamond coating, polar interactions de-

crease. 

Calculation of the free surface energy value and its dis-

persive and polar components have been carried out using 

piston ring samples of the internal combustion engine. It 

has shown that can affect the selection of material for fric-

tion elements. These considerations were verified during 

wear test performed on the tribotester. 

It was also observed that the average cumulative wear-

ing determined for a PP sample that did not have a diamond 

coating was the largest and was 39 μm. For the sample that 

had a diamond coating with the highest % content of C in 

the composition (0.89%), the wearing was the smallest, 

only 16 μm. Judging by the average values of the friction 

coefficient and values of tangential force, the T-2 sample 

was the best one from tribological point of view. At the 

same time, it had the smallest value of the polar component. 

The obtained results show that on the basis of the sur-

face free energy values and its components, it is possible to 

select the material. As a result of the research work carried 

out on piston ring samples, the best results were obtained 

for the sample designated as T-2, including the smallest 

value of the polar component corresponding to the smallest 

wear of this sample. 

The obtained results on the goniometer and tribotester 

indicate that it is possible to shape the surface wear of dia-

mond – derivating coatings with the determination of free 

surface energy and its components. 

Additionally diamond – derivative coatings are mainly 

characterized by a lower friction coefficient and a much 

greater resistance to wear in comparison to rings that are 

covered by the common super hard coatings. Without a 

doubt, the application of such coatings will have an impact 

not only to extend the life of system piston - ring - cylinder, 

but also will reduce fuel consumption even under the most 

strenuous conditions of work of the unit.  

Solutions to the given research problem is based on the 

results of the goniometer test. It allows acquiring new 

knowledge regarding diamond coatings with a specific 

weight percentage composition. Positive results realized in 

researches pose a real chance to increase the quantities of 

produced rings with diamond coating, for example: sport 

cars, often working in high parameters.  
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