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1. Introduction  

The material combination expanded graphite - 

steel is widely used in sealing technology, both in dynamic 

and static joints [1, 2]. This popularity results from the 

properties of expanded graphite, such as extremely low 

density, specific surface and high thermal resistance [3 – 

7]. Not without significance are the tribological properties 

of graphite, which in the case of movement joints 

determine the proper functioning of the combination. Tests 

[8] of selected tribological properties of the mentioned 

combination showed that there is a noticeable difference 

between the coefficient of static and kinetic friction, which 

can significantly affect the operation of machines and 

equipment, especially those working in the system of 

motion and rest. This influence may be unfavorable, e.g. 

when it is the cause of vibrations resulting in disturbances 

in the movement of rubbing elements, the so-called stick ̶ 

slip phenomenon, which is characteristic for graphite [9, 

10]. Launch of a machine can also be difficult, especially if 

the contact time between the cooperating surfaces is 

longer. Then the processes of atoms diffusion at 

elementary contact surfaces intensify, which results in an 

increase in the strength of adhesion joints with time [11]. 

The source literature [12, 13] presents numerous studies on 

the said tribological phenomenon occurring in the 

polymer-steel combination. Graphite in these studies is 

often an additive to the polymer, which is introduced in 

various forms and quantities [14 – 16]. In general, 

published research results [17 – 19] indicate that graphite, 

as an additive, improves resistance to wear of the 

cooperating material, lowers the temperature of friction 

vapor, stabilizes the friction coefficient and reduces noise. 

The amount of graphite introduced as an additive is 

important - too much graphite can worsen the friction 

conditions for a given combination. In practice, there is 

also a combination of expanded graphite - pure or with 

additives - cooperating with a steel element. There is little 

research into such combinations. The author [20] has 

shown in her research that the coefficient of friction 

decreases with the increase in the density of graphite 

material. The situation is the opposite when the numbers of 

combination work cycles increases. At that time, an 

increase in the friction coefficient was noted. These studies 

concern kinetic friction, whereas problems occur when 

launching the graphite-steel combination, i.e. for static 

friction, which is what the manufacturers and users of seals 

say about. Therefore, it is necessary to recognize the 

phenomenon of static friction occurring in the above-

mentioned combinations. Knowledge of this issue will 

enable better design and selection of seals for given 

applications in the future, which will allow, among other 

things, to eliminate start-up problems. It is important 

because the tested seals often work in the motion-rest 

system.  

The aim of this work is to determine the value of 

static friction coefficient for selected graphite materials 

cooperating with a steel mandrel for various load values 

and number of work cycles. 

2. Test object 

Four commercial graphite materials were selected 

for tests and characterized in Table 1. These are graphite 

rings with dimensions 40x25x10 mm.        

Table 1  

Characteristics of graphite materials selected for testing 

 

The counter-sample is made of stainless steel with 

a hardness of 40 HRC in the form of a mandrel with a 

diameter of 25 mm and a roughness of Ra = 0.98÷1.12 µm. 

The device on which the tests were carried out allows to 

conduct sliding friction tests in a reciprocating motion 

(Fig. 1). 
 

 
 

Fig. 1 Test stand used to determine the static friction force 

in reciprocating motion; 1 – sample (graphite ring), 

2 – counter-sample (steel mandrel), Fn – contact 

force, Vs – mean velocity 

Graphite name Description Density, g/cm3 

 Grafmet 950  Pressed ring made of 

pure expanded graphite 

of industrial purity. 

1,8 

Grafmet 950 TF Pressed ring made of 

pure expanded graphite 

of industrial purity with 

PTFE additive. 

1,4 

Grafmet 950 TF as above 1,8 

Grafmet 950 I Expanded graphite 

rings laminated with 

austenitic steel foil.  

2,4 
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During the test, the sample in the form of a ring, 

attached to the holder, was pressed against the steel sample 

with Fn force. The system that moved the counter-sample 

consisted of two trolleys lying on top of each other, with 

bearings so that they could move in the same direction. 

The slip force Ft(t) was recorded at a frequency of 100 Hz 
with a strain gauge sensor. To determine the static friction 

values Fst, the following procedure was used: 

– selecting the "peak" of static friction force (Fig. 2); 

– calculation of the average value from selected peaks 

(for example, for 500 cycles we obtain 1000 values of 

static friction force - 500 peaks in one direction and 500 

peaks during friction in the other direction); 

– determination of the static friction coefficient µst. 
 

 
 

Fig. 2 An exemplary diagram of the friction force Ft 

recorded during the experiment. Peaks at the 

beginning of cycle are the values of a static friction 

force 

During the tests, the graphite sample was pressed 

by Fn force onto a metal counter-sample by a pneumatic 

pressure actuator. The average pressure value p was 

determined as: 

 

,nF
p

dl
  (1) 

 

where: Fn is normal force; d is counter-sample diameter; l 

is sample width. 

3. Movement tests of the combination 

3.1. Test conditions 

 

The test conditions are shown in Table 2. Before 

starting the appropriate measurements, the test pair of 

materials was broken in until the expanded graphite sample 

touched the entire surface to the steel counter-sample. The 

experiment was repeated 3 times for each set of materials. 

New graphite samples were prepared each time. The steel 

counter sample was cleaned with ecetone each time. After 

each of the three series of tests, the samples were weighed. 

The measurements were made with an accuracy of 0.01 g. 

The results are summarized below.  

 

4. Results and discussion 

4.1. Unite pressure   

 

As a result of tribological cooperation between 

the steel mandrel and selected graphite rings, it was noted 

that the static friction coefficient decreases with increasing 

pressure (Figs. 3 – 6).  

For selected materials, the friction coefficient at 

pressures equal to 5 MPa slightly increases. The highest 

instability of measurements occurs at pressures of 

0.5 MPa, especially for Grafmet 950 material. The excep-

tion is Grafmet 950 TF 1.8, which is characterized by high 

stability (standard deviation - 0.001). Moreover, this mate-

rial showed the lowest value of the static friction coeffi-

cient for the tested pressures. 

Table 2  

Test conditions for the test of expanded graphite - steel 

Stage 
Unite pressure 

p, MPa 

Number 

of cycles 

Mean speed 

Vs, mm/s 
Breaking-in 1 100 

20 

 

1 0.5 

1 

500 

1500 

3000 

2 2.0 

1 

500 

1500 

3000 

3 5.0 

1 

500 

1500 

3000 
 

 
 

Fig. 3 Static friction coefficient dependence on unite 

pressure for selected material sets (No. of cycles 1) 

 

Fig. 4 Static friction coefficient dependence on unite pres-

sure for selected material sets (No. of cycles 500) 
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Fig. 5 Static friction coefficient dependence on unite pres-

sure for selected material sets (No. of cycles 1500) 

 
 

Fig. 6 Static friction coefficient dependence on unite pres-

sure for selected material sets (No. of cycles 3000) 

 

4.2. Work cycles 

 

Friction coefficient tests were performed for the 

following number of work cycles: 1, 500, 1500 and 3000. 

The lowest friction coefficient was found for Grafmet 950 

FT material with a density of 1.8 cm3/g (Figs. 7 – 9).  

 

Fig. 7 Static friction coefficient dependence on the number 

of work cycles for selected material sets for 0.5 MPa 

pressure 

 

With the increase in the number of work cycles, 

the coefficient for the above material increased, e.g. from 

0.13 to 0.17 at 2 MPa pressures. In general, with the in-

crease in the number of work cycles, the coefficient in-

creases. For example, for Grafmet 950 TF 1.4 material 

from 0.2 to 0.4 at 0.5 MPa pressures. Pure expanded 

graphite at the lowest pressures of 0.5 MPa showed a lack 

of stability. 

 

 

Fig. 8 Static friction coefficient dependence on the number 

of work cycles for selected material sets for 2 MPa 

pressure 

 

Fig. 9 Static friction coefficient dependence on the number 

of work cycles for selected material sets for 5 MPa 

pressure 

4.3. Density 

 

Two identical Grafmet 950 FT materials, but with 

different densities of -1.4 and 1.8 g/cm3, were selected for 

the tests. The obtained results show the influence of the 

density of the tested samples on the static friction coeffi-

cient (Fig. 10). A decrease in the friction coefficient is 

visible for the material with higher material density, which 

is confirmed by the tests performed by [12]. 
 

 
Fig. 10 Static friction coefficient dependence on the pres-

sure for Grafmet TF rings with a density of 1.4 and 

1.8 g/cm3, respectively 

4.4. Mass loss of graphite samples 

 

Results of mass consumption of material samples 

for various graphite materials after 3000 cycles are pre-

sented in Fig. 11. After each series of tests, i.e. 3000 cy-

cles, the samples were weighed. Then, for each set, the 

volumetric wear of samples was determined depending on 

its density. The lowest wear was recorded for Grafmet 

950TF 1.8 and the highest for pure graphite - Grafmet 950. 
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Fig. 11 Changes of samples mass of selected material sets 

after 3000 cycles for individual series 1, 2, 3   

4.5. Layer 

 

After the test of the material combination in a 

given series, the mandrel and rings were subjected to mac-

roscopic examination with the naked eye. The research 

allowed for a preliminary assessment of the surface struc-

ture (Table 3).   The  following  pictures  were taken with a 

Table 3  

Surface macrostructure of steel mandrels and graphite 

rings after 3000 cycles 

Set of 

materials 
Steel mandrel Graphite ring 

Grafmet 

950 

  

Grafmet 

950TF 

1,8 

  

Grafmet 

950TF 

1,4 

  

Grafmet 

950 I 

  

commercial camera in RAW format (a 105 mm Nikkor 

lens, exposure time 1/640 seconds, f/11 aperture, ISO 200, 

tripod). 

The appearance of both the mandrel and the rings 

differed for the tested sets of materials (Table 3). Analyz-

ing the presented photos, it can be noticed that the ring 

made of pure graphite Grafmet 950 was characterized by 

the highest wear, the fragments of the ring were torn out. 

In addition, the layer formed on the surface of the steel 

mandrel is uneven over the entire surface. The material 

with the lowest coefficient of friction - Grafmet 950 TF 1.8 

- produced a smooth surface on the steel surface. 

5. Summary and conclusions 

The results obtained during tribological research 

allowed to formulate the following conclusions and obser-

vations: 

 it was found that the difference in the static friction 

coefficient was noticeable for the tested sets of 

materials; the ring made of expanded graphite with 

PTFE and density of 1.8 g/cm3 had the lowest static 

friction coefficient;  

 the influence of the load on the static friction 

coefficient is noticeable; with the increase of the load, 

the coefficient decreased; with low pressures - 0.5 MPa 

- a high instability of the friction coefficient value is 

noticeable (especially for pure graphite); 

 with the increase in the number of the combination 

work cycles, the static friction coefficient increases, 

especially at 0.5 MPa load;  

 the highest mass wear of rings made of pure expanded 

graphite was observed; at the load of 5 MPa, the rings 

were significantly damaged; for rings made of graphite 

with PTFE and density of 1.8 g/cm3 the consumption 

was the lowest; 

 it should also be noted that a layer on the steel surface 

of the combination, which is characteristic for the 

interaction between steel and graphite, is also 

noteworthy; the layer resulting from the interaction of 

graphite with PTFE with a density of 1,8 g/cm3 with a 

steel mandrel is thinner and smoother when compared 

to the other rings; the literature is not clear on the 

factors influencing its formation and the tribological 

processes occurring during its formation, which 

encourages further research in this direction. 
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A. Rewolińska, K. Perz, G. Kinal  

EXPERIMENTAL TESTS OF STATIC FRICTION CO-

EFFICIENT FOR SELECTED MATERIAL COMBINA-

TIONS OF EXPANDED GRAPHITE - STEEL USED IN 

SEALING NODES   

S u m m a r y 

The paper presents the results of static friction co-

efficient tests of selected material sets used in sealing 

nodes. Four graphite materials were tested - pure expanded 

graphite, expanded graphite with the addition of PTFE 

plastic of different densities (1.4 and 1.8 g/cm3) and ex-

panded graphite laminated with austenitic steel foil - 

matching the steel surface. The combinations operated in a 

reciprocal movement. The measurements were made at 

different unit pressures (0.5, 2 and 5 MPa) and for different 

work cycles (0, 500, 1500 and 3000). On the basis of the 

results obtained, it was found that both the load and the 

number of work cycles have a significant influence on the 

value of the static friction coefficient of the tested materi-

als. Not without significance is also the density of selected 

graphite materials. It was found that expanded graphite 

with PTFE and density of 1.8 g/cm3 was characterized by 

the lowest static friction coefficient in comparison with 

other materials. It is also worth noting the fact of a layer on 

the steel surface of combination which promotes the for-

mation of stick-slip phenomenon. 

Keywords: expanded graphite, PTFE plastic, static friction 

coefficient, density, sealing. 
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