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Abstract A coal tar pitch-derived carbonaceous meso-
phase (CM) was treated in a high energy ball mill
apparatus. The structures for the raw and the as-milled
CMs were characterized by X-ray diffraction and Laser-
Raman spectroscopic techniques. The structural stability
for the as-milled CMs was measured with a differential
scanning calorimetry (DSC) measurement system, and the
frictional behaviors for the CMs were investigated by using
an SRV high temperature friction- and wear- tester. The
results have shown that high energy ball milling leads to a
drop in the crystallinity of the CMs and a decrease in the
size of graphite planar micro-crystals, implying a higher
structural amorphism caused by the high energy ball
milling. Furthermore, the extended ball milling facilitates
the structural amorphous transition for the CMs. In addi-
tion, high energy ball milling results in a lower structural
stability for the CMs, and the stability further decreases as
the ball milling time increases. The CMs display a high
temperature lubrication effect. High energy ball milling is
supposed to have a beneficial effect to the graphitization of
the CMs induced by frictional mechanical action and,
therefore, facilitate the high temperature lubrication effect
to some extent. This effect can be enhanced through pro-
longed ball milling.
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1 Introduction

Carbon-based solid materials have been studied exten-
sively in recent years with the growing interest in their
attractive tribological properties [1]. A variety of carbon-
derived materials, including carbon nanotubes, graphitic
nanoparticles, bulk diamond, chemical-vapor-deposited
(CVD) diamond, diamond-like carbon (DLC), graphite-like
carbon, and carbon nitride (CN,) are now offered at
industrial scales and well adopted and used by industry to
combat friction and wear in applications ranging from
advanced manufacturing and machining to transportation
[2-5].

Carbonaceous mesophase (CM) is a generic name for
solid carbon-rich solubility classes extracted from ther-
mally or catalytically treated residua of either petroleum
asphalts or coal pitches [6]. It is generally categorized as a
member of the transitional carbon family. It is well rec-
ognized that CM is the sine qua non en route to the
graphitization of organics under condensed pyrolysis.
Since its discovery in the 1960s, the CM has been utilized
in a great variety of applications, such as manufacturing
carbon materials of high density and high strength, catalyst
carriers, high specific surface active carbons, and battery
materials [7-9]. In addition, the distinguishing features of
spherical, layered, nematic-like, and graphtizable CM
indicate its potentiality as a solid lubricant in the field of
tribology, especially in the field of high temperature tri-
bology. Cui XH et al. have demonstrated that the CM can
undergo tribo-induced graphitization and, accordingly,
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exhibit a high temperature lubrication effect [10-12].
However, this effect shown by the CM is unsatisfactory
owing to insufficient tribo-induced graphitization.

As a non-equilibrium technique for processing materi-
als, high energy ball milling can lead to the formation of
diversified non-equilibrium structures including amorphous
crystals, nano-crystals, supersaturated solid solutions, and
metastable phases [13—16]. It can be anticipated that high
energy ball milling can make the CM an unstable state of
high energy and non-equilibrium, which will increase the
possibility of its tribo-induced structural transition and,
therefore, facilitate the achievement of satisfactory high
temperature lubrication effects. This article examines the
effect of extended ball milling on the structure and high
temperature frictional behavior of a coal pitch-derived CM.

2 Experimental Details

Raw CM was prepared from coal tar pitch with mean
8.7 um particle size, 0.72 g/lcm® packing density, and
96.8% quinoline insoluble fraction, supplied by Shanghai
Shanshan Tech Company, China. High energy ball milling
of the CM was performed by using a GN-2 type high
energy ball mill (Shenyang Advanced Scientific Instrument
Company, China). In the milling process, a total amount of
1000 mg of the CM powders and 20 GCr15 steel balls with
diameter of 5.0 mm were loaded into the stainless steel
vessel and milled at 120 rpm at room temperature for 50,
80, and 120 h, respectively. In this study, ethanol was used
as the milling medium for preventing the coagulation of the
CM during the milling process.

The tribological experiment was conducted on an
Optimal-SRYV tribotester under a stepwise heating scheme
shown in Fig. 1. A Mo-sprayed coating was used as the
upper specimen, and the mating lower specimen was
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Fig. 1 Stepwise heating scheme
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machined from a *45 plain carbon steel having a nominal
carbon content of 0.45 wt% and a hardness of 36 HRC.

The lubricant used was formulated by adding the CM
powders at 3 wt% into a fully formulated mineral oil-based
SJ/5 W-30 gasoline engine lubricant. Prior to each tribotest
run, the test lubricants were ultrasonically treated for 5 min
to keep a similar state of dispersion of the CM in the bulk
engine oil and, then, approximately 40 puL of the lubricant
was supplied onto the contact area.

The raw and as-milled CMs were characterized by X-ray
diffractometer (D/max-RB, Rigaku, Japan) with a CukK,
(2 = 0.15406 nm) monochromatized radiation source,
operated at 40 KV and 40 mA. Differential scanning cal-
orimetry (DSC) was performed to investigate the structural
stability of the CMs on a Netzsch STA449C instrument at a
heating rate of 20 K/min. Raman spectroscopic examina-
tions of the raw and as-milled CMs as well as the worn
tribo-surfaces were performed with a Renishaw 1000
Raman spectrometer (laser power = 4.8 mW, wavelength
A = 514.5 nm).

3 Results and Discussion

3.1 Effect of High Energy Ball Milling on the
Structures of the CMs

Figure 2 shows that, for the raw CM and the CMs milled
for different times, there exhibit similar X-ray diffraction
patterns, i.e., only a strong (002) diffraction peak and a
weak (101) diffraction peak on the corresponding X-ray
diffraction (XRD) patterns, indicating a low crystallinity
and a predominately disordered structure. The (002) peak
intensity, however, decreases significantly with the
increase of milling time in comparison to that for the raw
CM. It is reported that the relationship between interlayer
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Fig. 2 X-ray diffraction patterns for the raw and as-milled CMs
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Fig. 4 Raman spectra of the raw and as-milled CMs

distance (dyg,) and Bragg diffraction angle (0) is as fol-
lows: dgop = kA/2sinf [17]. Therefore, based on this
formula and the diffraction patterns displayed in Fig. 2, the
interlayer distances (dyy,) for the raw and as-milled CMs
were calculated and shown in Fig. 3. It is reported that the
ordering degree (the degree of graphitization) for carbo-
naceous materials can be evaluated by the interlayer
distance dyp, of the carbon crystals [18]. The interlayer
distance for the ideal graphite is supposed to be 0.3354 nm.
The smaller the dj,, the higher the degree of graphitiza-
tion. Therefore, we can conclude that high energy ball
milling leads to higher structural amorphism for the CM,
and, longer-lasting ball milling facilitates the structural
amorphous transition.

Figure 4 displays the Raman spectra of the raw and as-
milled CMs. The spectral band at about 1590 cm™ !, often
referred to as the G mode, is assigned to “in plane”

displacement of the carbons strongly coupled in the hexag-
onal sheets. When some disorder is introduced into the
graphitic structure, the band broadens and an additional line
is found at about 1370 cm ™", which is referred to as the D
mode [19]. The stronger the D-line peak, the greater the
proportion of the disorder-induced defects in the carbona-
ceous species, while the stronger G-line peak denotes the
abundance of the ordered carbon in the carbonaceous
substances.

It has been generally accepted that the dependence of
the integrated intensity ratio I(G)/I(D) on the microcrys-
talline graphitic planar size (La) shows proportional
behavior [20]. This relationship can be used to obtain
related information on the microcrystalline graphitic planar
size [19, 20].

The relationship is given by

La = 44[1(G)/1(D)] (1)

where I(G) and I(D) are the integrated intensities of the G
mode and the D mode respectively. Based on Eq. 1 and from
the Raman spectra presented in Fig. 4, the microcrystalline
graphitic planar sizes (La) for the raw CM and the CMs
milled for 50, 80, and 120 h were calculated to be 1.63, 1.56,
1.41, and 1.19 nm, respectively. These calculated results
imply that extended high energy ball milling increases the
disordered degree of the CM structure, which is consistent
with the XRD results in Fig. 2.

3.2 Effect of High Energy Ball Milling on the
Structural Stability of the CMs

The continuous heating DSC curves for the raw CM and
as-milled CMs for different milling times are shown in
Fig. 5. An obvious exothermic peak existing on the DSC
curves indicates unstable structures for these CMs. How-
ever, the corresponding temperature and intensity for the
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Fig. 5 DSC curves for the CMs ball milled for different times
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exothermic peak on the DSC curves are heavily dependent
on the ball milling time. Longer-lasting milling leads to
lower exothermic peak temperature and stronger peak
intensity, implying that high energy ball milling decreases
the stability of the CM, and, the longer the ball milling
time, the lower the stability of the CM.

3.3 Effect of High Energy Ball Milling on the High
Temperature Frictional Behavior of the CMs

We investigated the friction coefficient evolution with
temperature under lubrication of lubricant formulations
with the raw CM or the CMs milled for different times and
observed the occurrence of a minimum frictional coeffi-
cient at approximately 340 °C. Table 1 presents the
minimum frictional coefficient when lubricated with as-
milled CMs. Obviously, the minimum frictional coefficient
is affected by the ball milling duration for the CMs. In the
case of the raw CM, a minimum frictional coefficient of
approximately 0.105 can be achieved, whereas the fric-
tional coefficients in the presence of the CMs milled for 50,
80, and 120 h reach their minima of about 0.101, 0.093 and
0.087, respectively, which means that the CM displays high
temperature lubrication effects, and longer-lasting high
energy ball milling can enhance this effect to some extent.

In order to characterize the tribo-induced structures of the
raw and the as-milled CMs, Raman spectroscopic analysis
was conducted on the worn *45 plain carbon steel lower
specimen surfaces when the frictional coefficients had their
lowest values, as shown in Fig. 6. The resultant Raman
spectra clearly show the existence of carbonaceous matter
on the worn lower specimen surfaces lubricated with the
lubricant formulations with the added raw or the as-milled
CMs. However, in comparison to the Raman spectra of the
CMs prior to the tribo-test (Fig. 4), the G modes of the worn
surfaces evidently strengthen, implying the occurrence of
tribo-induced graphitization from the CMs.

Similarly, based on Eq. 1 and from the Raman spectra in
Fig. 6, the microcrystalline graphitic planar sizes (La) of
the tribo-induced structures derived from the raw CM and
the CMs milled for 50, 80, and 120 h were calculated to be
2.68, 3.20, 3.87, and 4.29 nm, respectively. These calcu-
lated La values are remarkably larger than those before
tribo-test, implying that high temperature friction can
promote the ordering transformation of the CM structure.
In addition, after the tribo-test, the La increments for the
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Fig. 6 Raman spectra of the worn lower specimen surfaces

CMs milled for 50, 80, and 120 h were 1.64, 2.46, and
3.10 nm, respectively, which were considerably larger than
that for the raw CM. This indicates that longer-lasting high
energy ball milling is beneficial to the tribo-induced
graphitization of the CMs to some extent, which should be
attributable to the unstable state of high energy and non-
equilibrium for the CM caused by high energy ball milling,
and accordingly the easier structural transformation for the
as-milled CM under high temperature friction action, as
shown by the DSC results in Fig. 5.

In addition, it can be noted that, by comparing with the
case of the raw CM, a lower minimum frictional coefficient
and a more evident high temperature lubrication, and, at
the same time, a larger La increase of the tribo-induced
structures for the as-milled CM has been achieved.
Therefore, it can be supposed that there probably exists a
correlation between the variation in the microcrystalline
planar size (La) for the CM generated by tribo-induction
and its high temperature lubrication effect.

4 Conclusions

a. X ray diffraction and Laser-Raman measurement con-
firm that high energy ball milling leads to lower ordering
crystallinity and smaller microcrystalline graphitic
planar size (La) for the CMs, indicating higher structural
amorphism of the CM resulting from the high energy

Table 1 Minimum frictional coefficient when lubricated with as-milled CMs

CMs as lubricating additives

0 h ball milled

50 h ball milled

80 h ball milled 120 h ball milled

Minimum frictional coefficient 0.105

0.101

0.093 0.087
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ball milling. The extended ball milling facilitates the
structural amorphous transition for the CMs.

b. High energy ball milling results in a lower structural
stability for the CMs, and the structural stability will
further decrease as the ball milling time increases.

c. The CMs display a high temperature lubrication effect.
The high energy ball milling can facilitate the tribo-
induced graphitization of the CMs to some extent, and,
therefore, enhance the high temperature lubrication
effect. This effect can be enhanced through prolonged
ball milling.
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