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Load dependent friction behavior of structurally ordered and disordered graphite is measured in ambient and nitrogen 
gas atmosphere. Friction coefficient is significantly less in graphite in order as compared to disorder in ambient atmosphere. 
This behavior is attributed to structural defects in graphite lattice. However, under nitrogen gas, friction coefficient graphite 
is significantly high irrespective of structural order or disorder of graphite. This typical behavior is mainly attributed by 
chemical reactivity of graphite surface which is high in nitrogen gas and not much influenced by structural 
ordering/disordering. In both types of graphite, steep increase in friction coefficient is observed at high load. This is 
explained by reasonable increase in contact area and followed by the Johnson−Kendall−Roberts (JKR) model.  
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Material with layered lattice structure generally 
consists of in-plane covalent bonding and weak inter-
planer van der Waals interaction. Materials with such a 
combination of bonding generally characterize high 
wear resistance and less friction. The bonding in 
graphite exhibits one of the largest anisotropies of any 
solid. Moreover, the nearest-neighbor C=C bonding in 
graphite is considerably stronger than the C-C bond in 
diamond. In contrast, the bonding between the planes is 
weak and exhibits a replica of van der Waals character. 
Weak and strong bonding in graphite yields low and 
high-frequency of lattice vibration1. Such 
characteristics transformed graphite a special class of 
layered material which is technologically important for 
solid lubrication and concurrently it is worth to study 
fundamental properties of friction and interlayer 
interactions2. Carbon is building block of graphite 
consisting four valance electrons and it exists in 
various allotropic forms by adopting sp2 or sp3 bonding 
network. In sp2 hybridization, three of the four valance 
electrons of a carbon atom are assigned to the 
triagonally coordinated orbital to form strong 2D 
covalent bonds3. The fourth π electron, exist in an 
orbital normal to the sp2 hybrids. This bonding 
configuration leads to the formation of the perfect 
graphite lattice in which layers of atoms in hexagonal 
network are stacked in an alternative ABAB….. 

sequence with weak van der Waals force between the 
adjacent layers4,5. In addition to perfect graphite, the 
family of sp2 carbon includes a wide variety of 
materials with different degrees of crystalline 
perfection. One of the important disordered lattice 
structure of graphite exist in the form of “turbostratic” 
phase where parallel sheets of carbon atoms in 
hexagonal network are randomly displaced or rotated 
about the c-axis between two adjacent sheets6,7. In spite 
of diverse physical and chemical properties, the family 
of sp2 carbon generally shows relatively low friction 
and high wear resistance3,8. Such properties are 
contributed by weakly bonded inter-planar graphite 
sheet which easily shears and functions as one of the 
most effective solid lubricants. However, lubricating 
behavior of these materials is not an intrinsic property 
and weakly bonded layered lattice structure alone is not 
only accountable for low friction coefficient; but 
exhibits high friction in vacuum and in inert 
atmosphere because of large number of dangling bonds 
are activated which forms interfacial covalent bonds3,9-

12. In contrast, low friction in graphite is observed in 
humid condition when dangling bonds are 
passivated3,8,13. Load is one of the important factors to 
study on frictional behavior in graphite for the very 
fundamental and technological application interests. 
Therefore, there are researchers who microscopically 
investigated and observed load dependent frictional 
behavior of graphite2,4,14,15. In microscopic scale when 
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very lesser wear regime is activated, the friction of 
graphite is appreciably low, but friction slightly 
increases with increase in normal load might be due to 
the interfacial adhesion and related to electronic-
phononic configuration of interfaces. In macroscopic 
loading condition, few studies shows that the increase in 
friction with loads mainly governed by wear 
mechanism. Most importantly, ultra low friction in 
graphite/graphene is observed in both micro and 
macroscopic loading regime mainly due to effective 
pasivation and electron-phonon coupling12,16. Molecular 
dynamics studies showed formation of well-separated 
graphene-like interfacial layers with large interlayer 
distances, which provides a near frictionless sliding 
plane in amorphous carbon17. However, there is no 
report which shows friction behavior of 
ordered/disordered graphite in mesoscopic loading 
conditions which could be useful for a fundamental 
behavioral understanding and application point of view. 

Therefore, in the present study, friction behavior of 
ordered and disordered graphite is studied in 
mesoscopic loading range in ambient and in nitrogen 
gas atmosphere. Load dependent contact stress is 
obtained to describe friction characteristics. More 
importantly, disordered state in two different graphites 
and surface energy in ambient and nitrogen gas 
medium is considered to explain friction behavior.  
 

Experimental Procedure 
Two graphite samples of size 10×10×5 mm3 were 

used to carry out nano-tribological studies. One sample 
was the ordered crystalline graphite and other was heat 
treated crystalline graphite at 900oC at argon atmosphere 
(surrounding) for five hours. Sample was cooled at 
normal condition thus no quenching was done. Due to 
heat treatment, microstructural defects in contrary to 
ABAB… sequence in crystalline graphite was observed. 
For simplicity of understanding the ordered graphite and 
heat treated disordered graphite is hereby termed as OG 
and DG specimen, respectively. Surface roughness of 
the samples was measured by Dektak make surface 
profilometer in ambient atmosphere. Linear variable 
differential transformer (LVDT) was used to measure 
the 2D displacement of the surface. In this measurement, 
a diamond tip having a radius of curvature of 12.5 µm 
linearly scanned with the force of 30 mg. The 
measurement was taken on the several places of the 
samples and average data was reported. Chemical 
structure of graphite was characterized by Raman 
(make: Renishaw inVia, Model NVIA) at wavelength of 
514.5 nm in the backscattering configuration condition. 

Contact angles of graphite samples were measured by 
sessile drop method with a Kruss Easy Drop apparatus 
using l µL volume of distilled water. The test was 
carried out in ambient and N2 gas medium maintaining 
at 1 atmosphere pressure. During the tribo-test, relative 
humidity in ambient and N2 gas medium was kept 
68±2% and 20±1%, respectively. Frictional behavior of 
these samples was evaluated by a ball-on-disc nano-
tribometer (NTR2, CSM Instrument, Switzerland) 
operating in a circular reciprocating mode. 1/4th of the 
wear track circle is considered in reciprocating mode 
and radius of curvature of wear track circle was fixed at 
0.5 mm. Normal load were varied keeping sliding speed 
as constant as 0.05 cm/s of total sliding distance 50 m. In 
these measurements, stiffness of cantilever in normal 
and tangential direction was maintained 0.56 and 1.16 
mN/µN, respectively. Relating the tangential force, the 
deflection in elastic arm of cantilever is measured by 
LVDT sensor. Steel ball with 1.5 mm diameter with a 
roughness 118±20 nm was used as a sliding probe 
against graphite specimen. Tests were carried out in 
ambient environments keeping relative humidity 
72±2%. Same test was carried out in N2 gas medium at 1 
atmosphere pressure for comparative studies.  
 
Results and Discussion 
Raman spectroscopy 

Raman spectroscopy is an effective way to 
investigate the defect in density and electronic structure 
in carbon materials. In highly crystalline graphite, only 
G band appears at 1580 cm–1 in first order region of 
Raman spectra which corresponds to lattice vibration 
with E2g symmetry18,19. This mode is associated with an 
in-plane coherent de-phasing motion of the carbon 
atoms. In OG sample (Fig. 1a) this band appears at 
1581 cm–1 which is close to the highly crystalline 
graphite. In this sample, full width at half of the 
maximum (FWHM) of G band is observed at 8.2 cm–1. 
Weak feature of additional D band along with A1g 
symmetry appears at 1355 cm–1 as a consequence of a 
double resonance which leads to involvement of 
scattering of the electron by one phonon and one 
defect. In contrast, the intensity of D band becomes 
prominent and shifts to low wave number 1349 cm–1 
with the appearance of one additional D* band at 1616 
cm–1 in DG sample (Fig. 1b). The D* band is bond 
disordered symmetry and induced by the density of 
mid zone phonon states20. This band involving 
graphene layers at the surface of a graphitic crystal, i.e., 
graphene layers which are not directly sandwiched 
between two other graphene/graphite layers. The 
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FWHM of D band is 33 cm–1 in OG and this width is 
found increased to 47 cm–1 in DG sample. The large 
FWHM of D band is generally considered when 
aromatic rings are distorted as a result of the distribution 
of clusters with different dimensions and orders in 
amorphous phases21. Marginal shift to high wave 
number 1584 cm–1 of G band in DG sample is observed 
with FWHM of 21 cm–1. It is reported that increasing the 
Raman shift and FWHM resulted decrease in the degree 
of graphitization22. Broadening of G band is possibly 
contributed by electron-phonon coupling which is 
sensitive to the size and conductivity of materials23. A 
wider distribution of the parameter of sp2 bonding could 
lead to widening of the frequency of E2g in vibrational 
mode. In disordered graphite, large numbers of small 
graphitic crystallites at the edge are considered as the 
most probable origin of the D band24,25. Moreover, 
integrated intensity ratio I(D)/I(G) is widely used for 
characterizing the defect concentration in graphite. This 
ratio is used to measure the degree of disorder in the 
graphite structure which is inversely proportional to the 
average size of the sp2C=C clusters18,19. From this 
analogical point of view, I(D)/I(G) ratio is 0.05 in OG 
sample which determines less defect in the structure of 

the ordered graphite. However, this ratio became 
significantly high to 1.26 in DG sample. This variation 
suggests that large amount of in-plane defect 
concentration is introduced in DG sample after the heat 
treatment. It is noted that, with decreasing the FWHM of 
G band and decrease in I(D)/I(G) ratio which 
determined the lattice ordering in OG sample.  

Raman spectra for both DG and OG exhibits second-
order bands which are equally important for the analysis 
of these bands to investigate ordered/disordered state in 
graphite. In second-order Raman spectrum, mode 
generated at the K symmetry point in the Brillouin zone 
gives rise to the 2D band around 2700 cm–1 26. For 
HOPG sample, 2D band is active due to two phonons 
emission having equal and opposite wave-vectors and 
hence conserve momentum during the process. Since 
zone-boundary phonons does not satisfy the Raman 
Fundamental Selection Rule, they are not seen in the 
first order Raman spectra of defect-free or ordered 
graphite1. Such phonons causes rise to a Raman peak 
at 1355 cm−1 in defected graphite, called D peak. The 
2D band elevated from a splitting in the π-electron 
dispersion and is attributed to strong interaction 
between the basal planes of graphite (Fig. 2a). That 

 
 

Fig. 1 — First-order Raman spectra of (a) OG and (b) DG samples 

 
 

Fig. 2 — Second-order Raman spectra of (a) OG and (b) DG samples 
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shows splitting of 2D band into (2D)1 and (2D)2 
centered at 2697 cm–1 and 2730 cm–1, respectively 
which is described as a characteristic feature of 3D 
graphite lattice1,26,27. These bands are associated with 
contributions from regions near the K and M points of 
wave vector, respectively 28. The harmonics of the 2D 
band at (2D)1 is stronger in OG sample and intensity 
ratio I [(2D)1]/I[(2D)2] as 0.8 confirming ordered 
graphite structure (Fig. 2a). However, slight shift in 
(2D)1 and (2D)2 bands at 2700 cm–1 and 2732 cm–1 are 
observed with increase in I [(2D)1]/I[(2D)2] ratio to 
2.61 in DG sample (Fig. 2b) thus attributing 
disordered structure. For the DG sample, at 2942 cm–1 
an extra higher-order band is observed, which is a 
combination of the G and D modes for disordered 
graphitic structures25,29. The band at 3247 cm–1 can be 
assigned to the first overtone of the D* band25. In 
addition, peak at 2452 cm–1 is attributed to the 
Raman-active first overtone of a Raman-inactive 
graphitic lattice vibration mode at 1220 cm–1 25,30. The 
intensity of the 2D band decreases in DG sample, 
which is attributed to the disorder in c-axis and the 

formation of turbostratic structures18. Because of the 
weak bonding between the (002) basal planes, heating 
and cooling process associated easily destroy ordering 
of the basal planes. All observed second-order Raman 
bands could be attributed to overtones and 
combinations of known lattice vibration modes.  
 

Related frictional behavior 
It is interesting to investigate the frictional 

behavior of graphite containing two different phases, 
viz., OG and DG. Ultra-low friction coefficient is 
observed in OG sample at low load range 0.5 to 80 
mN (Fig. 3a). Increase in normal load resulted rapidly 
increase of frictional value to higher magnitude. 
However, in DG sample (Fig. 3b), the trend of the 
friction coefficient is almost same as compared to OG 
sample but the magnitude of this value is higher at all 
loading range. Same frictional test of OG and DG 
samples are carried out in N2 atmosphere and friction 
coefficient is found to be independent of structurally 
ordered/disordered. The results are shown in Figs 4a 
and 4b. Surface roughness of OG is found 55±4 nm 
which remained same in magnitude after the heat 

 
 
Fig. 3 — Friction behavior of (a) ordered and (b) disordered graphite
measured in ambient condition. Contact angle of the corresponding
graphite specimen is measured in ambient condition  

 
 

Fig. 4 — Friction behavior of (a) ordered and (b) disordered graphite
measured in nitrogen medium. Contact angle of the corresponding
graphite specimen is measured in nitrogen medium 
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treatment in DG sample. Therefore, the effect of 
surface roughness on frictional behavior is simply 
ignored. Two important phenomena, i.e., structure of 
graphite and its mechanical effect could be considered 
to explain this behavior. In the mechanical aspect, two 
factors, i.e., contact area and contact pressure is found 
to be predominating. Contact area of OG and DG 
samples is calculated experimentally (Fig. 5a). 
Results revealed that at low loading range, the contact 
area is slightly increased and steep increase in contact 
area is observed after 80 mN loads. The same trend is 
followed for both the samples but contact area of DG 
sample is higher at all the load range. This is related 
to enhance disordered state of orthromhombic phase 
in the DG sample as evident from Raman and XRD 
results. Considering experimental value of the contact 
area, contact pressure is calculated by Hertz model 
which slightly decreased with normal load up to 80 
mN (Fig. 5b). However, this value steeply decreased 
at higher normal load where the contact area 
increased in a greater extent. The said contact area is 
found more in DG sample and that the reason for 
contact pressure decrease in DG as compared to OG 
sample. The frictional behavior clearly followed the 

trend dictated by contact pressure and contact area. 
Increase in friction coefficient is directly related to 
increasing contact area with load. Understanding of 
this problem by more sophisticated model may be 
referred as JKR (Johnson−Kendall−Roberts), which 
neglects long-range forces outside the contact area but 
considers short-range forces inside the contact region 
that manifested surface energy or work of adhesion31. 
JKR is applicable when contact between probe has a 
large radius and the materials are highly adhesive and 
compliant. In the present case, this model is reliable at 
high loads when contact area is large and frictional 
coefficient is high. In the DG sample, the contact area 
is larger compared to OG sample in the same loading 
range. This possibly explains high magnitude of 
frictional coefficient in DG sample. Overall, the 
friction of DG sample is observed higher at all the 
loads. JKR model is very much effective to explain 
high frictional behavior when contact area increased 
significantly at higher load and friction is in general 
proportional to the contact area.  

Defect concentrations, mainly edge defects and 
elemental carbon is high as evident by Raman analysis 
in DG sample which is directly related to increase of 
dangling bonds in ambient atmosphere and this is the 
governing factor to increase of friction coefficient in 
DG sample. Confirming the role of dangling bonds, the 
frictional behavior of these samples is measured in N2 

atmosphere. It is seen that, the friction coefficient of 
these samples is not varied much with load in N2 
atmosphere. However, in contrary, these variations are 
large in ambient atmospheric conditions. To explain 
the behavior of friction in OG and DG samples in 
ambient and N2 atmosphere, the contact angle of these 
samples are measured in same atmospheric condition. 
Contact angle is high in OG sample which is less in 
DG sample due to high concentration of defects and 
dangling bonds. However, contact angle of both the 
samples are further observed lesser in N2 atmosphere. 
But the difference in contact angle of these samples in 
N2 atmosphere is not significant. This means that 
structural defects do not influence much on the 
behavior of contact angle in N2 atmosphere. Already 
stated the roughness of the graphite does not contribute 
much to influence friction coefficient. It is observed 
that in soft materials, extent of deformation is high 
under the moderate load so that the influence of surface 
roughness is negligible31. Generally, friction force  
Ff is component of adhesion Fa and ploughing force  
Fp, that is  

 
 

Fig. 5 — (a) Contact area and (b) contact pressure of OG and DG
specimen is measured using Hertz model 
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Ff = Fa+Fp … (1) 
 

Moreover, the adhesion force is proportional to the 
shear strength of interface τ and real contact area A: 
 

Fa = τA … (2) 
 

where, τ is influenced by the chemical interaction of 
active atoms and the physical interaction of inert 
atoms by the Van der Waals force, and the real 
contact area is linearly proportional to the normal 
load. However, the ploughing force depends on the 
roughness and hardness of the surface32. Hence, the 
adhesive force will be enhanced with the increase of 
the amount of dangling covalent bonds and ploughing 
force which suppose to increase roughness. However, 
in the present samples, the magnitude of roughness is 
almost similar and this factor may be ignored. But, 
contact area of DG is high compared to OG sample at 
the varying load as stated. Hence, two characteristics 
of the DG sample, large contact area and large 
amount of dangling bonds, cause increase in friction 
coefficient of DG sample.  

From the chemical point of view, high friction in 
DG sample is due to large number of defects and 
elemental carbon which is the key factor to increase 
friction in unsaturated covalent bonds in the sliding 
region. It is confirmed that water and oxygen in the 
atmosphere would react with the dangling covalent 
bonds of graphite to form surface containing various 
oxygenated groups3,33,34. This leads to the passivation 
of dangling covalent bonds and allows graphite to 
maintain a low friction coefficient in ambient 
condition. This mechanism worked very effectively 
when chemical bonds are more saturated in OG 
sample. During sliding, the graphite layers are worn out 
due to shear force developed. Thus, in DG sample 
more active carbon atoms at the newly exposed edges 
are formed. In the case of tribo-test in inert gas, sliding 
of the upper active carbon atoms passed over the active 
carbon atom sites on the lower surface. Then, two 
active carbon atoms combined to form a C–C bond as 
the atoms get enough close to each other. As a result, 
the upper and lower graphite surfaces became 
chemically joined by a C–C bond35,36. The bond breaks 
when shear stress became higher then C–C bonds 
resulting high adhesive force to generate and new 
active carbon atoms are created.  
 

Conclusions 
Ultra low friction coefficient in ordered graphite is 

measured in ambient condition in low load range when 
contact area is not much depend on normal loads. 

However, at higher loading range, contact area 
increased rapidly which is found to be the main reason 
in raising the value of friction coefficient. Magnitude 
of this value is higher in disordered graphite. The tribo-
test is carried out in N2 atmosphere to diminish 
passivation effect which dominates in normal 
atmospheric condition. Regardless of ordered/ 
disordered graphite, the friction coefficient is high and 
not much differs in N2 atmosphere. In this condition, 
high magnitude of friction is explained by high surface 
energy of the graphite samples as evident from contact 
angle. Though the trend of friction is similar as 
observed in ambient condition for both the OG and 
DG, there is a significant difference due to increase in 
area in DG which caused the rise in friction 
appreciably. The effect of surface roughness is 
observed very nominal and negligible in frictional 
behavior of both the OG and DG. In all the cases, 
friction coefficient is found increased rapidly dictated 
by increase in contact area and that is well explained by 
JKR model.  
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