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Abstract Graphene nanocrystallites embedded in amor-

phous carbon matrix can bring excellent tribological,

electrical and magnetical properties to the carbon films.

But too large size of graphene nanocrystallite would lead to

degradation of the tribological performance. So it is nec-

essary to clarify the dependence of frictional behavior of

the carbon film on graphene nanocrystallite size. In order to

control the size, different electron irradiation densities

were introduced during film growth in the electron cyclo-

tron resonance plasma sputtering process. Frictional tests

on the films were carried out with a Pin-on-Disk tribome-

ter. The evolution of graphene nanocrystallite size along

with electron irradiation density was examined by trans-

mission electron microscopy and Raman spectroscopy. The

results showed that the graphene nanocrystallite size

increased with increasing of the electron irradiation den-

sity. The film with a graphene nanocrystallite size of

1.09 nm exhibited a low friction coefficient of 0.03 and a

long wear life. When nanocrystallite size increased, the

friction coefficient increased and the wear life decreased.

Observation on transfer film revealed that the nanocrys-

tallite in transfer film grew larger when initial size was

1.09 nm, and changed smaller when initial size was

1.67 nm. The results suggested that embedded graphene

nanocrystallite played an important role in the formation of

transfer film, the initial size of graphene nanocrystallite

strongly affected the frictional behavior of the film, and the

graphene nanocrystallite needed to be controlled under a

certain size in order to keep the good tribological

performance.
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1 Introduction

Carbon films embedded with nanocrystallites, for example

graphite, fullerene, nanotubes and diamonds, have attracted

much attention because when the nanocrystallites are

embedded in the amorphous carbon matrix, the excellent

characteristics of the nanocrystallites enhance the overall

properties of the films. It has been reported that carbon film

embedded with oriented graphitic sheets showed out-

standing directional thermal and electrical properties [1].

Amorphous carbon film containing fullerene clusters

exhibited a high hardness, high elastic recovery [2, 3] and

ultralow friction coefficient [4]. When carbon nanotubes

were embedded in an amorphous carbon matrix, the field

emission current [5], elastic modulus [6] and wear resis-

tance [7, 8] can be increased. Diamond nanocrystallites can

enhance the tribological properties of the carbon film with

impressively low friction and wear [9, 10]. Recently, we

proposed a low-energy electron irradiation technique in

electron cyclotron resonance (ECR) plasma to prepare

graphene nanocrystallite-embedded carbon film, which has

a similar p electronic structure to that of bilayer graphene

[11]. Graphene nanocrystallite-embedded carbon film

shows outstanding electric properties and paramagnetic

behavior, indicating that it has potential for electronic and

spintronic applications [12]. For tribological application,
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the graphene nanocrystallite-embedded carbon films not

only exhibit the potential to achieve low friction at the

early stage of sliding contact [13, 14], but also have a high

tribological thermostability [15]. These excellent charac-

teristics of the films are mainly attributed to the features of

graphene nanocrystallites. It is well known that the low

friction performance of graphene or graphite is derived

from the weak van der Waals bond force between graphene

sheets [16, 17]. However, it has also been noted that when

the size of the graphene nanocrystallite is too large or the

overall structure of the carbon film is graphite, the weak

bond force between graphene sheets also results in a dra-

matic degradation of the tribological performance [15, 18,

19]. This demonstrates that the tribological performance of

the carbon film is closely related to the size of graphene

nanocrystallite. However, the dependence of the frictional

behavior of the carbon film on graphene nanocrystallite

size is not clear.

In this study, in order to understand the effect of

graphene nanocrystallite size on the friction behavior,

different electron irradiation densities were introduced as a

method to control the graphene nanocrystallite size during

film growth in the ECR plasma sputtering process. Detailed

investigations of graphene nanocrystallite sizes of the films

have been carried out to reveal the role of graphene

nanocrystallite in transfer film formation and low friction

behavior.

2 Experiments

2.1 Film Fabrication

Carbon films were deposited on silicon substrates (p-type

\100[) with electron irradiation using an ECR plasma

sputtering system. The detailed description of carbon film

fabrication with electron irradiation was reported in our

previous works [11, 13], which is illustrated in Fig. 1.

Electrons were resonantly accelerated to move around the

magnetic field lines, and their momentums at the magnetic

mirror position (dashed lines in Fig. 1) were zero. Then,

electron irradiation was realized by applying a positive bias

voltage on the substrate, which was located close to the

magnetic mirror position. Silicon substrates were cut into

20 9 20 mm squares and were fixed onto the substrate

holder after cleaning in acetone and an ethanol bath by

ultrasonic wave. The background pressure of the vacuum

chamber was 3 9 10-4 Pa, and argon was inflated to keep

the working pressure at 4 9 10-2 Pa. Before deposition,

the substrates were cleaned by argon ion sputtering for

3 min. Then, argon ions sputtered the carbon target with a

bias voltage of -300 V to provide carbon atoms for the

film growth. During deposition, a low-energy (50 eV)

electron irradiation was realized by applying a positive bias

voltage of 50 V to the substrate [13]. Microwave power

was used to adjust the ionization proportion of argon gas. A

high ionization proportion means high ion and electron

densities. Microwave power was set at 160, 200 and 300 W

to obtain the electron irradiation densities of 30, 65 and

100 mA/cm2, respectively. The corresponding film growth

rates were 4, 8.5 and 13 nm/min. The film thicknesses were

about 200 nm. The substrate temperature rose from room

temperature to 140–300 �C depending on different electron

irradiation densities; the substrate temperature increased as

the electron irradiation density increased, which was

measured by a thermal couple fixed behind the substrate

holder.

2.2 Nanostructural and Tribological Characterizations

The graphene nanocrystallites were observed with a JEM-

2100 transmission electron microscope (TEM) operated at

200 kV. Samples for plan view were prepared by scratch-

ing the film surface with a diamond pencil, then transfer-

ring the flakes onto a copper micro grid. Samples for the

cross-sectional view were prepared by conventional

mechanical polishing followed by ion beam milling. The

sizes of graphene nanocrystallites in carbon films were

measured with Raman spectroscopy. Raman spectra

between 1,100 and 3,500 cm-1 were obtained with a

HORIBA HR800 laser confocal Raman spectrometer using

a 514 nm laser for excitation. The surface morphologies

were measured by atomic force microscopy (AFM) with a

scanning size of 5 9 5 lm.

Frictional tests of the films sliding against a Si3N4 ball

(radius of 3.17 mm) were performed with a Pin-on-Disk

tribometer. The surface roughness of the Si3N4 ball was

3.33 nm measured by AFM. The normal load was 2 N. The

sliding velocity was 26.4 mm/s, corresponding to a

Fig. 1 Schematic illustration of carbon film fabrication with electron

irradiation [11]

430 Tribol Lett (2014) 55:429–435

123



constant disk rotational speed of 180 rpm with a frictional

radius of 1.4 mm. The tests were operated at room tem-

perature and a relative humidity of 40–60 %. The worn

surface morphologies after 5,000 sliding cycles were

measured with AFM. The structures of the worn scars on

the Si3N4 ball surfaces were observed and analyzed with an

optical microscope and Raman spectroscopy.

3 Results

3.1 Characterization of Graphene Nanocrystallite Sizes

Figure 2 shows the TEM images of the carbon films fab-

ricated with different electron irradiation densities. As

shown in Fig. 2a, when carbon film was fabricated with an

electron irradiation density of 30 mA/cm2, graphene

nanocrystallites were distributed uniformly in the amor-

phous carbon matrix. The orientation of graphene sheets

was perpendicular to the substrate in the cross-sectional

plane. The interplanar spacing of graphene sheets was

approximately 0.36 nm. The size of graphene nanocrys-

tallite was about 1–2 nm. The film thickness was 200 nm.

When electron irradiation density increased to 65 and

100 mA/cm2, as shown in Fig. 2b, c, the graphene nano-

crystallite size increased slightly and the film surfaces

became rougher, which will be further discussed in the

following results. The corresponding film thicknesses were

200 and 220 nm.

Raman spectroscopy was used to analyze the variation

of graphene nanocrystallite size, and the spectra are shown

in Fig. 3. Each spectrum consists of a D band, G band and

2D band around 1,340, 1,590 and 2,700 cm-1, respec-

tively. The shape of the three bands became sharper as the

electron irradiation density increased, implying that the

structure of the carbon film became more graphene-like.

The D band and G band were fitted with a Lorentzian line

and a Breit-Fano-Wagner (BFW) line, respectively. The

Raman spectra results are summarized in Table 1, where a

blue shift in the G band position and an increase in the ID/

IG ratio can be observed with the increasing of electron

Fig. 2 TEM images of the carbon films fabricated with electron

irradiation densities of a 30 mA/cm2, b 65 mA/cm2 and c 100 mA/cm2

Fig. 3 Raman spectra of the carbon films fabricated with different

electron irradiation densities (black curves). Blue curves: D band and

G band; red curves: fitting result (color figure online)

Table 1 Raman spectra results of the carbon films fabricated with

different electron irradiation densities

Sample 1 2 3

Irradiation density (mA/cm2) 30 65 100

G band position (cm-1) 1,547.1 1,592.9 1,598.8

ID/IG 0.65 0.99 1.54

La (nm) 1.09 1.34 1.67
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irradiation density. According to the three-stage amorph-

ization [20], the carbon films fabricated with different

electron irradiation densities are in stage 2, ranging from

amorphous carbon type to nanocrystalline graphite type.

The in-plane size of graphene nanocrystallite (La) can be

estimated with the equation:

ID=IG ¼ C kð Þ � L2a ð1Þ
where C (k) is the coefficient related to excitation laser

wavelength. In this study, C (k = 514 nm) is 0.55 nm-2.

The calculated graphene nanocrystallite sizes are also

shown in Table 1. With the electron irradiation densities of

30, 65 and 100 mA/cm2, the graphene nanocrystallite sizes

were 1.09, 1.34 and 1.67 nm, respectively, suggesting that

the graphene nanocrystallite size increased with the elec-

tron irradiation density. The graphene nanocrystallite size

observed in TEM is slightly larger than that calculated

from the Raman spectrum. This is because the graphene

nanocrystallite size calculated from the Raman spectrum is

an average value. During the film growth, the electrons

(50 eV) could exchange sufficient energy with carbon

atoms through inelastic scattering, which brings about the

transformations from sp3 bonds to sp2 bonds and the for-

mation of graphene nanocrystallites [11]. When the elec-

tron irradiation density increased, the energy exchanging

process between electrons and carbon atoms was more

intense and efficient. As a result, more carbon atoms would

be excited to bond with each other in sp2 carbon hybrid-

ization, which could be the reason for the increase of the

graphene nanocrystallite size.

3.2 Surface Morphologies

Figure 4 shows the surface morphologies of the carbon

films. For the film with a graphene nanocrystallite size of

1.09 nm, the surface was smooth with a mean surface

roughness (Ra) of 2.04 nm, as shown in Fig. 4a. When the

sizes were 1.34 and 1.67 nm, the surface roughnesses

increased to 7.63 and 26.2 nm, and numerous micro

asperities with radius of hundreds of nanometers appeared

on the surfaces, as shown in Fig. 4b, c. It has been reported

that the formation of the sp2 cluster leads to surface

roughening [18, 21]. In this study, during the film growth,

the electrons (50 eV) were not effective in smoothing the

surface through the displacement of the carbon atom.

Therefore, the surface roughness increased with increasing

graphene nanocrystallite size.

3.3 Frictional Behaviors

Figure 5 shows the typical friction curves of the carbon

films embedded with different graphene nanocrystallite

sizes. The friction coefficient of the film with a graphene

nanocrystallite size of 1.09 nm was about 0.21 at the

beginning and decreased to a lower value of 0.03 after

about 1,000 sliding cycles. The low friction stage was

stable and wear life of the carbon film was more than

15,000 cycles. For the films with graphene nanocrystallite

sizes of 1.34 and 1.67 nm, the friction coefficients stayed

constant with mean values of 0.11 and 0.16 from the

beginning of the tests. Then, the friction coefficients

showed sudden rises after about 11,100 and 6,300 sliding

cycles, respectively. The sudden rises in the friction coef-

ficient were caused by the failure of the films. Although the

film with graphene nanocrystallite size of 1.67 nm was

about 20 nm thicker than those of the others, the wear life

Fig. 4 Surface morphologies of the carbon films with graphene

nanocrystallite sizes of a 1.09 nm, b 1.34 nm and c 1.67 nm
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of the film was the shortest. The above results indicate that

the friction coefficient increased and wear life decreased

with the increasing of graphene nanocrystallite size.

3.4 Structures of Transfer Films

In order to understand the frictional behaviors of the carbon

films, the structures of worn scars on the Si3N4 ball sur-

faces after 5,000 sliding cycles were observed and analyzed

with an optical microscope and Raman spectroscopy. The

results are shown in Fig. 6. From the optical images,

transfer films can be found on the counter sliding surfaces

of Si3N4 balls for all three carbon films. Similarly, the

graphene nanocrystallite sizes in the transfer films (La,t)

were estimated from the Raman spectra and are indicated

in Fig. 6. Since transfer film thickness was not uniform at

the surface of Si3N4 balls, in order to accurately measure

the nanocrystallite size in the transfer film, at least six

positions were chosen to perform the test, especially at the

positions with different transfer film thicknesses; three

representative positions are marked in Fig. 6. The devia-

tion of La,t was from measurements of the transfer film at

different positions. For the film with a graphene nano-

crystallite size of 1.09 nm, La,t (1.34 ± 0.01 nm) was lar-

ger than La, as shown in Fig. 6a, implying that

‘‘graphenization’’ occurred on the counter sliding surfaces,

which could also be the reason for the decrease in the

friction coefficient during sliding (see Fig. 5) [14, 22]. For

the film with a graphene nanocrystal size of 1.34 nm, La,t
(1.35 ± 0.01 nm) was almost equal to La, as shown in

Fig. 6b. The further increase in the graphene nanocrystal-

lite size of carbon film to 1.67 nm, La,t (1.50 ± 0.10 nm)

became smaller than La (1.67 nm), as shown in Fig. 6c.

The above results imply that the La,t increased with the

increasing of La. Also, friction did not always give rise to

an increase in the graphene nanocrystallite size under such

sliding conditions.

3.5 Worn-surface Morphologies

The worn-surface morphologies of the carbon films after

5,000 sliding cycles were measured with AFM. The results

are shown in Fig. 7. It can be seen that the surface

roughnesses of the three films decreased a lot after sliding.

The surface of the film with graphene nanocrystallite size

of 1.09 nm became very smooth, as shown in Fig. 7a.

However, for the films with graphene nanocrystallite sizes

Fig. 5 Friction curves of the carbon films with different graphene

nanocrystallite sizes

Fig. 6 Optical images and Raman analysis of the worn scars on the

Si3N4 ball surfaces after 5,000 sliding cycles of the carbon films with

graphene nanocrystallite sizes of a 1.09 nm, b 1.34 nm and

c 1.67 nm. The corresponding graphene nanocrystallite sizes in the

transfer films (La,t) were calculated and are indicated in the figure.

The deviation of La,t was from measurements of the transfer film at

different positions
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of 1.34 nm and 1.67 nm, the surfaces were still very rough,

as shown in Fig. 7b, c.

4 Discussion

In order to understand the effect of graphene nanocrystal-

lite size on the frictional behavior of carbon film, a

description was proposed and is illustrated in Fig. 8. For

the carbon film with a graphene nanocrystallite size of

1.09 nm, a transfer film formed on the counter sliding

surface of the Si3N4 ball with wear debris of the carbon

film after sliding (see Fig. 8a, b). The size of graphene

nanocrystallites in the transfer film increased, which may

have been caused by sliding-induced heat [22] or shear-

induced stress relaxation [23] at the contact region. Simi-

larly, we can infer that the size of the graphene nano-

crystallites in the contact surface of the carbon film may

also increase. During the sliding shear process, the graph-

ene sheets would lay parallel to the sliding direction. The

presence of graphene sheets in the sliding surfaces changed

the interactions between the sliding surfaces from strong

covalent bonds to mainly weak van der Waal forces [24],

leading to the friction coefficient decreasing and achieving

a low value of 0.03 (see Fig. 5). For the film with a

graphene nanocrystallite size of 1.34 nm, the graphene

nanocrystallite size in the transfer film was almost equal to

that in the original carbon film (see Fig. 8c, d). Therefore,

the transfer film could easily form with the wear debris of

the carbon film. This may be the reason why a steady

friction stage could be achieved at the beginning of sliding

contact (see Fig. 5). However, the surface of the film was

very rough. After sliding, there were still many large

asperities on the sliding surfaces, which could cause the

occurrence of mechanical interlocking between surface

asperities, resulting in plastic deformation of the asperities

and an increase in the friction coefficient. When the

graphene nanocrystalite size of the carbon film increased to

1.67 nm, the surface became rougher and the plastic

Fig. 7 Worn surface morphologies of the carbon films with initial

graphene nanocrystallite sizes of a 1.09 nm, b 1.34 nm and c 1.67 nm

after 5,000 sliding cycles

Fig. 8 Illustration of the graphene nanocrystallite size effect on the

frictional behavior of the graphene nanocrystallite-embedded carbon

film. Initial contact states of carbon films with graphene nanocrys-

tallite sizes of a 1.09 nm, c 1.34 nm and e 1.67 nm. Steady sliding

states of carbon films with graphene nanocrystallite sizes of

b 1.09 nm, d 1.34 nm and f 1.67 nm. Red line stands for the

graphene sheet (color figure online)
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deformation of the asperities became more serious, leading

to the decrease of graphene nanocrystallite size in sliding

contact (see Fig. 8e, f). These caused the sharp degradation

of the frictional performances of the film (see Fig. 5).

Based on the above analysis, it can be inferred that the

graphene nanocrystallite embedded in the carbon film

played an important part in the formation of the transfer

film and the initial size of the nanocrystallite strongly

affected on the frictional behavior of the film.

5 Conclusion

The effect of graphene nanocrystallite size on the frictional

behavior of carbon film fabricated with electron irradiation

was studied. The graphene nanocrystallite size can be

controlled by changing the electron irradiation density

during film deposition. The carbon film with a graphene

nanocrystallite size of 1.09 nm showed a low friction

coefficient (0.03) and a long wear life. As the nanocrys-

tallite size increased, the friction coefficient increased and

the wear life decreased. The nanocrystallite in transfer film

grew larger when the initial size was 1.09 nm and changed

smaller when the initial size was 1.67 nm. Plastic defor-

mation was considered to be the mechanism for the

decrease in nanocrystallite size in sliding contact, which

resulted in a high friction coefficient and fast wearing out

of the film. This research demonstrated that embedded

graphene nanocrystallite played an important role in the

formation of the transfer film, and the initial size of the

graphene nanocrystallite had a significant effect on the

frictional behavior of the film. The graphene nanocrystal-

lite should be controlled at a certain size in order to

maintain good tribological performance.
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