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 Abstract  The results of observational studies of the emerging graphite film on the steel surface are presented. The 
association – steel pin and graphite element – reciprocating motion was employed. The results show the 
possible mechanism of graphite film formation for the various stages of association work under various 
operating conditions. For a water-impregnated graphite element, the film forming process takes place faster 
than for a dry element.
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 Streszczenie  Przedstawiono wyniki badań obserwacyjnych powstającej warstewki grafitowej na stalowym podłożu. Skoja-
rzenie pracowało w układzie stalowy trzpień poruszający się ruchem posuwisto-zwrotnym po elemencie wy-
konanym z grafitu ekspandowanego. Wyniki badań przedstawiają możliwy mechanizm powstawania warstewki 
grafitowej na poszczególnych etapach pracy skojarzenia, w różnych warunkach pracy. Dla elementu grafitowego 
nasączonego wodą proces formowania się warstewki zachodzi szybciej niż dla elementu suchego. 

INTRODUCTION

Expanded graphite is a very light material with porous 
grains, made as a result of the exfoliation of intercalation 
graphite compounds by the sharp removal of intercalate 
from the structure of the graphite [L. 1]. Intercalated 
graphite, with sulphur compounds, is prepared by 
insertion of graphite into mixture of sulphuric acid 
and an oxidant, which usually is nitric acid [L. 2–5] 
and it is mostly used to obtain expanded graphite. The 
properties of expanded graphite, such as exceptionally 
low density, specific surface area, and high chemical 
resistance, create a vast range of possibilities of its use 
in many fields of technology [L. 6]. Among other things, 
it is widely used in sealing techniques, both dynamic and 
static connections. Tribological properties of expanded 
graphite play a significant role when it comes to motion 
fasteners. There are strong bonds between carbon atoms 
in the layers; however, between the layers the bonds are 
weak. The consequence of the layered structure of the 
graphite and difference in energy of chemical bonds in 
single layers and between layers is significant anisotropy 
of its properties [L. 7] , evincing in easy sliding of surfaces 

on each other. This property is crucial for using motion 
sealing, e.g., for pump stuffing box sealing and for 
associations with reciprocating motion, e.g., in industrial 
fitting. The result of the cooperation of graphite sealing 
with a steel element is the phenomenon of transferring 
the material. It is about transferring the graphite to the 
surface of the metal in a way that, after some time, the 
association can work in a graphite-graphite system. 
Contrary to materials modified with graphite [L. 8, 9] 
the phenomenon of transferring pure graphite to a steel 
surface is not well recognized. The author [L. 10] says 
that graphite, because of its properties, has the ability to 
absorb itself on slippery surfaces and to create motion-
oriented solid layers. However, the nature and the course 
of creating the layer depend on many factors (material 
associations, constraints, environment, etc.). [L. 11–13]. 
The authors [L. 14, 15] observing the steel pins working 
in increased temperature in stuffing box valves in 
association with rings made of expanded graphite have 
noticed the impact of rough pin's surface on a forming 
layer. However, in ambient temperature, it was difficult 
to find the correlation between the developing layer 
and the rough surface of the pin. A large number of 
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physical and chemical factors, which affect the transfer 
of graphite, results in the lack of a theory that would 
comprehensively describe this phenomenon. It is also 
difficult to determine which of the elementary friction 
phenomenon dominates under certain conditions [L. 16].

This paper attempts to present the mechanism of 
the creation of a layer of graphite in conjunction with 
expanded graphite-steel for selected working conditions 
using observational studies.

MOvEMENT STUDIES ASSOCIATED WITH 
EXPANDED GRAPHITE-STEEL

Object of research

The research of material association was performed at 
a position which enabled the co-operation of a steel pin-
element conjunction made of expanded graphite (Fig. 1). 
The pin made from AISI 304 steel with 10 mm diameter 
of the head and Ra = 1.55-1.66 roughness was moving in 
a reciprocating motion on the surface of the graphite of 
1.6 g/cm3 density and 10 mm width. The reciprocating 
motion of the pin was obtained by means of an eccentric 
mechanism. 

Fig. 1. Scheme of analysed friction node
Rys. 1. Schemat badanego skojarzenia

Test conditions

The tests were carried out at 0.25 MPa pressure and with 
an average speed of 25 mm/s (240 cycles per minute). 
The pin was moving on a section 6 mm long. The 
pin's friction surfaces were subjected to observational 
studies under a scanning microscope. Observations 
were conducted with 250x and 500x magnification. 
However, before starting observational studies, analysis 
of chemical composition of the surface using energy 
dispersive microanalyser had been carried out. The pin 
was analysed before the tests, after static load, and the 
appropriate work time of the association. The tests were 
carried out for dry working associations, and in the 
next step, tested elements of the graphite had been put 
into water for 24 hours before the test (Table 1). Three 
attempts were made for each of the research stages.

The movement of the association was perpendicular 
to the machining direction of the pin’s surface 
(roughness).

Table 1.  Research plan of association steel pin-graphite 
element

Tabela 1.  Plan badań skojarzenia stalowy trzpień–element 
grafitowy

State of the 
graphite 

Time of friction

Rest Movement

Dry 0 s
(association 
under static 

load  
for 30 s)

10 
seconds

30 
seconds

5 
minutes

15 
minutes

30 
minutesSoaked 

with water

Results of observational studies

The analysis of the chemical composition of the layer 
carried out in the first stage showed that the material 
from which the layer came into being was coal (Fig. 2).

Fig. 2. Microscopic image of a layer formed on a steel 
surface; a) microscopic SEM images, b) EDS 
spectrum of created layer

Rys. 2.  Obraz mikroskopowy warstewki powstałej na sta-
lowej powierzchni; a) obraz mikroskopowy SEM, 
b) widmo EDS powstałej warstewki

The images essential to the execution of the work's 
goal were made in places that included the area of co-
operation of the pin and the graphite and also on the 
edge where products of wear were removed. Table 2 
compared two exemplary images, i.e. the pin's surface 
with expanded graphite during dry working and after 
soaking the graphite in water.

a)

b)
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Table 2. Photographs of the surface of the pins cooperating with the graphite elements
Tabela 2.  Fotografie powierzchni trzpieni współpracujących z grafitowymi elementami 
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Selected photographs show the subsequent steps of 
forming a graphite layer on a steel pin. After the static 
load, there are visible graphite particles attached to the 
steel pin (a,b). In contrast, after 10 seconds of work, 
lightly "pressed" graphite is noticeable in the inequality 
of the pin's surface (c,d). The next few seconds of work 
show that this was not a permanent fill of inequality, 
since there are smaller amount of big spaces covered in 
graphite visible. This primarily concerns the association 
dry working (e). For graphite elements soaked with 
water, large and thick graphite clusters (f) are visible. 
After 5 minutes of work, there is less free space and the 
zonal structure of the layer for both conditions is visible 
(g and h). After 15 minutes of work, there are noticeable 
differences in the appearance of the pins working in 
association with dry and soaked graphite. In the first 
case (i), the inequalities in the forming layer are still 
visible, while in the second one, the graphite that fills 
the roughness' inequalities of the surface is visible, and 
the "cut" vertices of the roughness (j) are more visible. 
30 minutes of association work with soaked graphite 

elements shows a forming of a local, smooth layer of 
graphite (l) and graphite filling the inequalities (m) which 
cannot be seen in the dry working association (k, ł).

Subsequent photos (Table 3) show and compared 
exemplary images from a place described as the edge 
where the products of wear of co-operating association 
were removed.  

The exemplary process of creating a layer on a steel 
element is shown on Figure 3.

The mechanism of forming a graphite layer on 
a steel surface is about transferring rings of the single 
graphite particles from the surface, which is a result 
of material adhesion of the graphite to the surface of 
the formed layer. The next layers put on the first layer, 
which in the initial phase has been put on a metal surface 
of the pin. Separated from the surface of the rings, 
particles, as a result of the interaction of mechanical ring 
with the pin by the force of adhesion, are attached on 
the pin’s surface, especially in the depressions between 
micro-inequities and on the surface of the slippery layer 
already formed on the surface of the metal pin.  

Table 3. Selected images of the surface of the pin defined as the edge
Tabela 3. Wybrane zdjęcia powierzchni trzpienia określonej jako skraj

 

Fig. 3.  The exemplary process of creating a layer on a steel substrate
Rys. 3. Przykładowy proces powstawania grafitowej warstwy na stalowym podłożu

SUMMARY

In summary of the research on forming the layer during 
co-operation of the steel pin with graphite element, it is 
safe to conclude the following:
• On the surface of the pin a layer is formed that has 

carbon as its chemical component, both during dry 
work and after immersing rings for 24 hours in 
water.

• Already during static load, there are visible traces 
of graphite, which unevenly covers the steel pin. 
After extending the duration of particular stages, 

there are visible changes in the forming layer for 
both working conditions.

• For association with soaked graphite element, it is 
noticeable that there is a faster process of forming 
the layer that fills the inequalities, and the layer is 
smoother.

• Significant differences in the appearance of the 
surface where products of wear are  detached have 
not been noticed, but it should be emphasized 
that the products of wear, being undesirable and 
removed from the association's workplace products, 
are a factor which plays a positive role in this case.
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