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ABSTRACT

Many dynamic engineering systems have interferences and interactions that causes wear under friction effect.
Carbonaceous materials, such as polycrystalline graphites, are of great interest in engineering systems due to
their inherent lubricant properties and their versatility as a material for applications in the areas of mechanics,
transportation, energy systems and sensitive technologies. In this work the tribological behavior of three
identical pairs, pin-on-disc, of commercial polycrystalline graphites were evaluated, in a controlled environ-
ment at 20 °C and 50 % RH. Results of tribological behavior were correlated considering the prevalence of
basal plane, identified by polarized light optical microscopy, as a function of the tribological behavior, meas-
ured by tests with pin on disc tribometer. The results showed that the coefficient of friction behavior is di-
rectly related to the basal plane mosaic domain and the extension of the damage generated on this plane due
to the contact between the tribological pair. The materials studied presented an increase in the friction coeffi-
cient values, 0,10; 0;13 and 0,23 with increasing area of the basal plane mosaic domain, respectively 55; 64
and 81% respectively.
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1. INTRODUCTION

The solid carbon materials are typically formed by monolayers of stacked graphenes. In this structure each
carbon is bonded to three other carbon atoms by covalent bonds, sp” hybridized type, similar to the benzene
molecule, which juxtapose. The basic structural unit of a graphitic material is its unit cell, as shown in Figure
1. The interplanar distance (dog,) between two consecutive layers of graphene by the ¢ axis is ideally 0.3354
nm, being the interactions between layers effect by Van der Waals forces [1, 2]. Due to its inherent layered
structure and lubricating characteristics, graphite is widely used in tribological systems. Graphite is a material
used in the areas of mechanics, transportation, energy systems and sensitive technologies. The lubricity of
graphite is not an intrinsic property, the presence of gases such as water vapor in the friction region contrib-
ute to its lubricating characteristic [1, 2]. In vacuum environments (10 Pa), the coefficient of friction can
reach values between 0.4 and 0.5 [3].

Under normal environmental conditions of humidity (20 °C/ 30 % RH) the coefficient of friction of
graphites is low (0.1 to 0.3) [4, 5, 6]. The basal planes are preferably and substantially oriented parallel to the
surface. Carbon materials and graphites are low surface energy solids and when they are exposed to each
other damages can occur, dangling bonds, into the basal plane, and as a consequence, higher surface energy
regions are exposed resulting in enhanced surface adhesion [5, 6, 7]. The friction and wear are reduced if
these regions are neutralized by the action of active gases such as water vapor. This lubricating action of hu-
midity can be explained as a result of the interaction of the third body formed in the wear process. The inter-
action of a third body and the moisture form a lubricating film by physical adsorption phenomena. This effect
decreases the interaction between the contact faces, reducing the adhesion between them and consequently,
results in a decrease in the friction coefficient [5, 6, 7].

The graphite tribological behavior has been the focus of many studies on its performance as lubricant
in different conditions of controlled atmosphere [4, 5, 6, 7]. In environments with presence of active gases,
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such as oxygen or water vapor, the coefficient of friction results in values between 0.1 and 0.3. Under inert
gas atmosphere, the graphite coefficient of friction becomes as low as 0.02, after slow stabilization of about 2

basal plane

Figure 1: The hexagonal structure of graphite monocrystal [5]

hours exposure. This behavior was due to the passivation of the regions where there have been rupture of
bonds in the basal plane, for the first case, and by insertion of gases between the basal planes, for the second
case [8, 9]. As a final result taking both cases is the formation of lubricating films that controls the friction
and wear mechanism. Thus, in a rich moisture environment, low coefficient of friction for graphite is ob-
tained when the basal plane becomes preferentially oriented parallel to the load surface and is covered with a
lubricating film.

This work investigates the tribological behavior of extruded polycrystalline graphite, considering the
influence of domain of their basal planes, determined by optical microscopy, on the coefficient of friction
behavior.

2. MATERIALS AND METHODS

2.1 Materials

Commercial polycrystalline graphites were used in this work: two samples from the SGL Carbon Group
(HLM 85 and HLS) and a graphite sample manufactured by TOKAY Carbon (FE 250). These materials are
identified respectively as HLM, HLS and FE. The main featured characteristics of the graphite were provided
by the manufacturers, as shown in Table 1.

Table 1: Technical specifications* of the graphite, typical values, provided by manufacturers.

MATERIAL DENSITY GRAIN SIZE YOUNG'S
(g/Cm3) (mm) MODULUS (GPa)
HLM 85 1.75 maximum 0.8 11.0%*
HLS 1.81 maximum 0.8 15.9%%*
FE250 1.75 average 0.8 not reported

* Standard deviation was not provided
**parallel to the longitudinal direction of the grain
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2.2 Methodology

The characterization of these materials was performed by the determining the optical domain, perpendicular
interaction and vertices, porosity, frictional coefficient (1) and hardness. The graphitization index (g) and
interplanar distance were determined by X-ray diffraction (XRD). The methods are described below.

2.2.1 Optical Microscopy (OM)

The characterization of samples of graphite was performed by OM using an Olympus microscope with BMH
with digital camera of 640 x 480 pixels and 24-bit.

The determination of the optical domain of graphites was performed by analyzing the optical activity
of a typical section of the sample. The samples were sectioned, resin mounted, grinded and polished. The
samples were analyzed by polarized light. The polarized light allows the characterization of carbonaceous
materials through its interaction with the basal planes of graphite, which have random formation. In graphites
clusters of graphitic domains having different directions will be found in their bulk structure. These random
positions interact differently with the polarized light, giving rise to a reflective behavior displayed by a mul-
ticolored surface [10]. This allows the observation of mosaic optical domains by analyzing the surface by
isolating the areas of interest. The percentage of the isolated areas in relation to the total area can so be calcu-
lated. The calculation of these areas was performed by image analysis using the /mage J software. Colored
mosaic patterns in graphites are mainly represented by the blue and yellow colors, which are associated with
the orientation edges of the basal plane positioned at £45° (vertex) in relation to the polished surface of the
sample. In addition, the pink color also appears which is associated with the perpendicular direction of the
basal plane in relation to the incident light of the microscope. These plans in pink color are identified as iso-
tropic mosaic planes [10, 11, 12].

The quantification of pores was also obtained by means of quantitative image analysis, by using the
Image J software [12]. Pores were identified by enhancing contrast of the micrograph e by binarization of the
image using 256 shades of gray.

2.2.2 Determination of tribological behavior

The sliding test was conducted using a pin-on-disc tribometer. The pin and disc were machined in order to
provide the tribological pair. Care was taken to machine and assembly the contact surfaces both in the direc-
tion of extrusion. Figures 2 illustrate schematically the equipment set up.

The tribological test was carried in order to found the coefficient of friction between the pin and the
disc (), as calculated according to Equation 1

Fat

{-
f Fn

ey
Where: Fat = frictional force and Fr = normal force ()

Pin-on-disc tests were performed at a tangential velocity of 0.34 m.s”, normal force of 38.3 N, and
relative humidity at 50 £ 2 % and room temperature of 20 + 2 °C. The sliding distance was 200 m. All pins
were assembled to describe a circle of 21 mm diameter on a contact area of 7 mm?. The test conditions were
selected according to the operational limitations imposed by the tribometer, and data (pressure values be-
tween 1 and 15 MPa) found in the literature for trials with pin and disc [13,14, 15, 16, 17].
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disc

Figure 2: a) Pin and disc tribometer set up apparatus, b) assembly detail pin-on-disc

2.2.3 Hardness

Literature data from the manufacture’s were compared in this work by measuring the Rockwell R hardness,
using a 1/2 inch sphere under load of 140 kgf., according to the methodology described in ASTM D785 -
Method B [18].

2.2.4 X-Ray Diffraction (XRD)

X-ray diffraction analyzes were carried out on the X Pert Pro MPD of Panalytical equipment. The X-rays
were obtained using the copper tube and Ni filter. The wavelength of the incident beam was 0.1541 nm. A X-
ray diffractogram is obtained from characteristic planes of the material from which the interplanar spacing
dgo> 1s taken, which calculation is obtained by Equation 2 [19].

A

d = —
002 2sen8ygo

(@)
Where: A is the wavelength of the incident rays, 0y, = Bragg angle for the 002 plane.

Once dy, is determined it is possible to calculate the graphitization degree (g) from the reference values
assigned to the amorphous carbon (0.3340 nm) and from the interplanar spacing from the unit cell of graphite
(0.3354 nm), as shown in Equation 3 [20].

_ [ 0,3440—dgpq ] 100
0,3440 —0,3354]

3

3. RESULTS AND DISCUSSION

3.1 Optical Domain and XRD

Figure 3 shows typical micrographs obtained by polarized light optical microscopy over the cross section of
FE graphite. The colors are a result of interaction from the surface of graphite and the polarized light. Isola-
tion of colors related to the plane orientation of the FE graphite was done by using the /mage J software.
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Figure 3: Typical optical Microscopy (OM) of FE graphite analyzed under polarized light. a) surface under polarized
light b) and d) interaction of polarized light with basal plane oriented in +45°, c) perpendicular interaction of polarized
light with the basal plane.

The HLS graphite presents the highest percentage (~ 81%) of isotropic mosaic domains among the
graphite samples studied. HLM graphite exhibits an isotropic mosaic domain of ~ 64% and the FE graphite a
value of ~ 55%. This indicates that the physical contact between the faces of pin and disc will take place
preferably perpendicular to the basal plane.

Table 2 shows a summary of results related to the characterization of the graphite samples. Interesting to
note that the higher the percentage of optical perpendicular domain related to the basal plane, the higher is
the Rockwell hardness measured. This indicates that higher percentage mosaic plain domain is related on the
higher modulus (Table 1). A higher percentage of pores is found for the FE graphite (~21 %) which is a func-
tion of the grain size (Table 1) and results in a lower density. The higher percentage of mosaic domains relat-
ed to the basal plane results in a higher density and higher modulus for HLS graphite.

Table 2: Data from characterization of the resulting graphite samples

Pores Basal plane Optical Domain (%)
i Hardness
Material Rockwell . . . d(%)
code . npn Perpendicular | + 45 ° interaction,
o Diametro R : -
%o Feret (um) interaction vertex (yellow
M (pink) and blue)
HLM 10.7 £ 0.8 16.4 +0.6 86+ 1.0 64.5+4.6 355+3.7 69.8
HLS 647+ 1.1 | 153+£0.7 105+1.0 809 +5.2 19.1 +4.2 79.1
FE 14.08+ 0.5 | 20.8+0.5 82+ 1.0 55.1+4.7 44.1+49 58.1

3.2 Coefficient of Friction

Figure 4 shows graphs of the coefficient of friction, p, as a function sliding distance for tribological pairs.
Figure 4a shows the tribological behavior at the beginning of sliding process and Figure 4b shows de tribo-
logical behavior after steady state stage of the coefficient of friction.
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Figure 4: Evolution of friction coefficient of the pin and disc sample pairs and record the HLS samples, HLM and FE: a)
Detailing the contact from beginning 0 to 2.0 m, b) behavior graphic until 200m.

The friction coefficients from tests for the graphite studied, with values between 0.10 and 0.23, they
are in agreement with the literature. The low values are attributed to the formation of a lubricating film in
between the contact surfaces [6, 7, 8, 9, 10]. The COF for the graphites samples (higher sliding distance) are
quite different from each other. The tribological behavior of HLS graphite shows that stabilization of COF
occurs at much higher sliding distance (40 m) in relation to HLM and FE graphites (5 m), 0.10 and 0.13, re-
spectively. HLM sample shows trend of continuous increase in the coefficient of friction.

The differences in the frictional behavior observed among the HLS sample, the FE and HLM samples
can be explained by the wear progress on the basal plane. The sliding movement occur predominantly in the
perpendicular position to the basal plane, mainly in the HLS sample, which can generates a stronger bonding
strength between pin and disc, due to the evolution of damage caused to the connections of these planes.
Consequently, an increase on the friction coefficient is noticed.

Figure 5 correlates the basal plane mosaic domain, which is perpendicular to the frictional movement
between the tribological pair, in relation to the average friction coefficient, shown in Figure 4b. The greater is
the contact between the pairs at the basal plane region, the higher is the resulting coefficient of friction.
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Figure 5: Coefficient of friction behavior as a function of relative proportion of the basal plane mosaic domain (%)
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3.3 Hardness and Stiffness

The tribological behavior of the materials is directly related to the hardness and stiffness of a material. A low
hardness material can undergo plastic deformation and leads to the generation of wear debris formed during
the process of friction. Wear debris acts as a third body in the friction process. In addition, low hardness ma-
terials are more likely to form a solid lubricant film in contact with moisture, which results in stability to the
friction process [20]. A continuous lubricant film cannot be formed if the wear debris fraction is too low,
because the material hardness is high and has low plasticity. This feature should also be taken into considera-
tion in order to explain the longer stabilization behavior observed in the case of HLS, considering the stiff-
ness and hardness values found in the specifications from the manufacturers, Table 1, and hardness tests per-
formed on the graphite samples, Table 2.

4. CONCLUSION

- The average coefficient of friction results found for the three samples of commercial graphite HLS, HLM
and FE were 0.23; 0.13 and 0.10, respectively.

- The coefficient of friction is directly related to the domain of the basal plane, perpendicular to the friction
plane. The higher is the amount of basal planes oriented perpendicular to the sliding pin the higher is the co-
efficient of friction of the pair.

- The plasticity of residues formed during the sliding couple of materials influences directly the behavior of
the lubricant film, which can be analyzed by the hardness or the stiffness of the material.
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