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The phase transformation of hydrogen-free amorphous carbon (a-C) coating on tungsten high speed steel
(SKH2) substrates under repetitive impact testing has been studied. The a-C coated disc was impacted by the
chromium molybdenum steel (SCM420) pin at several different impact loads and impact cycles (up to
100,000) under lubricated conditions. The results show that the sp> fractions of impacted a-C coating
obtained from the surface of impact craters are significantly increased with impact cycles due to decreasing
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1 mjl; 2t test ID/IG ratio. This means that the amorphization of a-C coating also increased after several impact cycles. As for
Raman scattering spectroscopy Fhe full-width at .half m.aximum (FWHM) of .G peak characterizatiqn. it is shown that the ha}rdness Qf
a-C coating impacted a-C coating is higher than the as-received. From the observation of surface roughness using atomic

force microscopy (AFM), it is supposed that increasing sp> fractions and the hardness of the impacted a-C
coating during impact correlate to the reduction of surface roughness. In addition, the tribochemical
reaction to the environment during impact occurred at the mating material, where the transfer layer
adhered, as well as in the wear debris. This is due to the oxidation of ferrum (Fe) to magnetite (Fe30,4) and
hematite (a-Fe,05) phases with predominant peak at about 680 cm™! and 1317 cm ™', respectively. The
formation of Fe;04 and o-Fe,03 phases was revealed from Raman spectroscopy and the existence of oxide
elements was verified by energy dispersive X-ray spectroscopic (EDS) analysis. Increasing the G peak
position, together with a concomitant decrease of their width, it is believed that the structural
transformation from sp® to sp? is taking place within the wear debris and leads to the graphitization
process at a higher contact pressure. It was suggested that the high contact pressure is not just only
corresponding to the applied normal impact load, but it is also exerted by an oil lubricant during impact. A
high contact pressure can significantly reduce the graphitization temperature and substantially accelerate
the graphitization process. However, a significant phase transformation of the transfer layer on the
SCM420 pin does not intensely occur because it is mainly coming from the surface layer of the impacted a-
C coating, where the sp> content increases and no wear debris is observed inside it.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen-free amorphous carbon (a-C), commonly known as
diamond-like carbon (DLC) has attracted great attention for many
applications due to its tremendous properties, such as high hardness,
thermal stability, low friction coefficient and good chemical inertness.
Furthermore, the a-C film showed an excellent wear resistance in dry,
water- and oil-lubricated conditions [1]. The a-C is a disordered
mixture of carbon atoms with sp? and sp hybridizations [2]. The sp>
hybrids confer diamond-like properties like high hardness, high
density, chemical inertness, etc., while sp? hybrids control the
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electronic and optical properties because the 1 states lie closest to
the Fermi level [3].

The phase transformation of DLC due to sliding has been
performed extensively for a decade [4-10]. However, there is still a
lack of information about how the structure will change by repetitive
impacts.

J.X. Liao et al. [6] reported that as the number of the sliding cycles
or the load is increasing, the tribological properties decrease due to
the graphitization of DLC films within a wear track. Y. Liu et al. [7]
showed with evidence that the transfer layer contained a fine
distribution of graphite nano-particles in a distorted diamond-like
structure. Besides, a graphitization process took place within the wear
track region of the coatings probably due to thermal and strain effects
from the repeated friction. A year later, Y. Liu and E.I. Meletis [8] said
that the transformation of DLC to graphite-like may also be facilitated
by shear stresses existing in the surface layer. However, Z.F. Zhou et al.
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Fig. 1. Schematic illustration of a repeated impact tester.

[9] suggested that the structural transformation of DLC coatings
within the wear tracks was mainly due to the formation of a compact
wear debris layer rather than a frictional heating effect. In addition,
according to J.C. Sanchez-Lopez et al. [10], evidence of extended
graphite layer formation was not observed in the transfer film of DLC
after friction test.

In this study, some other degradation also can exist on the a-C
coating during repetitive impacts if the normal impact load is high
enough, such as the propagation of cracks inside the impact craters
and may result in the occurrence of cohesive failure. Moreover, no
adhesive failures of the a-C coating are observed. However, the
discussion about this degradation is beyond the scope of this paper.
The objective of this paper is to discuss the changes in the structure of
the a-C coating by applying different normal impact loads under
repetitive impacts. The structure of the a-C coating is studied by
means of Raman spectroscopy, EDS, AFM and field emission scanning
electron microscopy (FE-SEM).

2. Experimental

The disc specimens were coated with a-C by a physical vapour
deposition (PVD) method. The measured hardness and thickness of
the coating are approximately 25.13 GPa and 2.97 um, respectively.
The SKH2 disc was used as a substrate. The impact test was performed
using a self-developed impact tester.

The impact test rig, as shown in Fig. 1, consisted of a load detector
together with a cam that was designed to impact a-C coated disc with
a SCM420 pin, with a radius of 1 mm under numerous impacts. The
disc was repetitively impacted with a 90° inclination at room
temperature. Kerosene was used as a lubricant. Prior to the impact
test, both disc and pin were cleaned using acetone in an ultrasonic
bath. The load was applied to the disc specimen via a spring system
and was observed by the load detector. In this experiment, the
frequency of the impacts was selected at 10 Hz. The dimensions of
both disc and pin are shown in Fig. 2.

The bonding structures of the wear debris and impact crater
surfaces of the a-C coated disc, as well as the transfer layer on the pin,
were studied using Raman spectroscopy in addition to EDS, AFM and
FE-SEM observations. The Raman spectra were measured at room

$10 R1

«—>
«— » '
”I SKH2 a-C NI SCM420 --
Disc Pin

Dimension in mm

Fig. 2. Dimensions of the a-C coated disc and SCM420 pin.
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Fig. 3. Raman spectra of the as-received a-C coated disc and after impacted at 100,000
impact cycles under different impact loads.

1

temperature and were acquired over the range of 500-2000 cm™ " at

1.1 cm ™! resolution.
3. Results and discussion
Raman spectroscopy is the best way to obtain the detailed bonding

structures of the DLC films [10]. The Raman spectra shown in Fig. 3,
which were taken from the surface layer of the impact craters, exhibit
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Fig. 4. Variation of (a) Raman intensity ratio ID/IG and (b) FWHM with impact cycles.
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Fig. 5. AFM topographic and arithmetic average of surface roughness, Ra under different impact loads and cycles.

a broad asymmetric peak in the range 1400-1700 cm™! and centred
at approximately 1550 cm™!. This confirms that the coatings are
amorphous carbon as reported by other researcher [11]. The G peak
intensity is gradually increased, when compared to the as-received,
after repetitively impacted at several impact loads. This implies that
the amorphization is increased.

In order to obtain quantitative information about the sp* content
in the coatings, Raman spectra are considered a combination of D and
G peaks by the Gaussian curves. The carbon peak is characterized by a
large G peak close to 1550 cm ™! with a broad peak shoulder close to
1370 cm™ . In the case of the amorphous carbon, “G” does not just
mean graphite. The G mode arises from the stretching of any pair of
sp? sites, whether in rings or chains. The D mode is the breathing
mode of sp? sites in rings not chains [12]. The atomic bond structure of
the coatings is characterized by the intensity ratio (ID/IG) and FWHM
values.

Some investigators have reported that the sp> content can be
estimated from the variation of the ID/IG ratio with the sp> fractions

[13-15]. A smaller value of the ID/IG ratio will correspond to higher
sp> content and amorphization.

Further analysis of the structural changes in the impacted a-C
coating with impact cycles, is summarized in Fig. 4. Based on the
graph's trend, the ID/IG ratio decreases with the increasing number of
impact cycles, accompanied by a widening of FWHM for the G peak,
which correlates well to a higher sp® content with the increase of
amorphization. . This also suggests that the mechanical impact will
destroy the larger resulting sp? clusters, which may be reduced in
their organization in the larger stacks of sp? dense planes, therefore,
no longer show any breathing modes.

Due to the difficulty in analyzing the hardness of the impact craters
of the a-C coated discs by using a typical measurement, the Raman
spectrum can provide this information. According to M.A. Tamor and
W.C. Vassell [11], the hardness of amorphous carbon films increases
with an increasing FWHM of the G-line. In addition, the hardness of
the films is dependent on the sp>/sp? ratios of the carbon bonding and
the films with higher sp® should give higher hardness values [16].
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Fig. 6. FE-SEM micrographs of the worn SCM420 pin (a) under different impact loads and cycles and (b) as-received.

From the graph in Fig. 4(a) and (b), it clearly shows that the hardness
of the impacted a-C coating also increases with the impact cycles and
is pronouncedly harder than that of the as-received.

The increase in sp> content and hardness can be correlated to the
reduction of surface roughness [16,17]. This is in accordance with this
study, where the surface of the impact craters is also smoother at the
large impact cycles as shown in Fig. 5. The observation is taken from
the centre of the impact craters after 100 and 100,000 impact cycles,
for each normal impact load. The rougher the surface, the more energy
that has been dissipated during the plastic deformation and the more
significant the indentation size effect (ISE) will be. This can be a cause
of random scattering in hardness values, and their consequential
decrease.

Fig. 6(a) shows the worn SCM420 pins examined from the FE-SEM
micrographs after numerous impacts under different normal impact
loads. The FE-SEM examination of wear scars revealed the transfer of
material from the a-C coating surface to the mating SCM420 pin. Even
after cleaning the pins ultrasonically in acetone to remove the loose
particles and excess oil distributed on its surface, it was observed

that an adherent layer still existed, as indicated by the dark
contrasting material in the FE-SEM micrographs. The micrograph
of the as-received SCM420 pin is shown in Fig. 6(b) for comparison.
The black areas show a transfer layer and verification by EDS analysis
as shown in Fig. 10, where the elemental composition of the carbon
element (C) is slightly increased compared to the as-received.

The Raman spectra of the transfer layer at different impact cycles
under 240 N of normal impact load are summarized in Fig. 7. In the
case of the continuous presence of oil lubricant, the generated debris
have been combined to oil and removed progressively by its
evacuation outside the impact craters, hence, no wear debris is
observed inside it. Therefore, the Raman spectra of wear debris were
only obtained from the debris on the edge of the impact craters as
shown in Fig. 8. The FE-SEM micrograph of the wear debris is shown in
Fig. 9.

Also noticeable in the Raman spectra of both transfer layer and
wear debris is an additional peak at approximately 680 cm™'. The
presence of this feature was never observed in a hydrogenated film,
and always appeared in the spectra of a-C films tested in ambient air
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Fig. 7. Raman spectra of the transfer layer on the worn SCM420 pin under different
impact cycles at a normal impact load of 240 N.

environments [10,11]. However, a sharp peak at approximately
1317 cm ™! of the transfer layer and wear debris, is believed not to
have come from the disordered graphite (D peak). This is because
these two predominant peaks also appeared when the uncoated SKH2
disc, was impacted by the SCM420 pin after several impact cycles.
From Figs. 8 and 9, it is clearly indicated that these peaks are
corresponding to the Fes04 and a-Fe,03 phases, as described by
Liibbe, M. et al. [18].

Firstly, only Fe304 is formed at low impact cycles and not so much
of the a-C phase was detected. However, after several impact cycles,
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the Raman spectrum shows a mixture of Fe304 and a-Fe,;03 phases
and the G peak gradually appeared. Subsequently, the intensity of the
Fe304 and a-Fe,03 peaks is reduced and the spectrum appeared to be
similar to that of the a-C phase. This result shows that the oxidation of
Fe, either in the wear debris/transfer layer or pin surface, occurred
during impacting. The existence of the oxide phase could be
associated with a tribochemical reaction with the environment. It is
well known that the tribochemical reaction of the wear debris with
the environment also takes place during the sliding test as mentioned
before.

To clarify the existence of an oxide element on the transfer layer,
the elemental compositions were analyzed using EDS. The elemental
composition data collected for the transfer layer on the worn SCM420
pin after 100,000 impact cycles under 240 N and compared with as-
received is shown in Fig. 10. The results show that the elemental
composition of an oxide element (O) exists in the transfer layer. This
is consistent with the Raman analysis, as shown in Fig. 7.

A reasonable fit of the data for the Raman spectra of the transfer
layer and wear debris could not be obtained using a single Gaussian
line shape, and it was necessary to include in the fit a second and third
Lorentzian centred at about 680 cm™~! and 1317 cm™', respectively.
However, the broad peak at about 1350 cm ™!, which is probably due
to the disordered graphite (D peak), overlapped with the a-Fe,05
peak at 1317 cm™ . Thus, the D peak is not clearly visible in Figs. 7
and 8. The ratio intensity of the at-Fe,03 peak (namely F peak) to the
G peak (IF/IG) of the wear debris under normal impact loads of 70 N,
160N and 240 N is about 0.78, 0.88, and 0.92, respectively. This
implies that the amount of the disordered graphite phase (D peak) is
slightly increased.

It is proven as shown in the Raman spectra taken from the wear
debris that the G peak has shifted to a higher frequency compared to
as-received. It begins at a 160 N normal impact load. Therefore, it
means that the sp? bonding fraction increases, partial tetrahedral
bonds have been broken and have transformed to trigonal bonds [19].
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Fig. 8. Raman spectra of the wear debris under several impact loads after 10,000 impact cycles.
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Fig. 9. FE-SEM micrograph of the wear debris taken from the edge of impact craters. The
top left micrograph is an impact crater.

With the increasing of the normal impact load, the decrease in the
FWHM of the G peak indicated the removal of a bond angle disorder
and the increasing dominance crystallites [19]. From the analysis
above, the sp? coordinated carbon becomes gradually dominant with
the increasing normal impact load and causes phase transformation
from sp to sp?, which would induce graphitization.

Sufficient temperature rise can promote the transformation of the
thermodynamically meta-stable bonding structure (sp) into the
more stable graphite-like structure (sp?). Experimental observations
show that during numerous impacts, a transfer layer forms on the
worn pin surface. Because the transfer layer is mainly composed from
the a-C coating, the tribological contact is modified from that of
SCM420/a-C to a-C/a-C and significant temperature may result at the
contact due to the low thermal conductivity of DLC. In addition, a
graphitization threshold of the a-C films was reached at 300 °C [20].
However, Z.F. Zhou et al. [9] and T. Haque et al. [21] have stated that
graphitization temperature decreases when contact pressure
increases. The applied normal impact loads were selected to be
70N, 160 N and 240 N, creating initial Hertzian maximum contact
pressures of 7.7, 10.1 and 11.5 Gpa, respectively. The contact
pressure exerted by the counter body on the a-C coating is not just

10

wt %

As-received
SCM420 pin

EC BO BCr OMo

Transfer layer on worn
SCM420 pin

Fig. 10. EDS elemental composition of the transfer layer on the worn SCM420 pin after
100,000 impact cycles under 240 N and compared with as-received.

only corresponding to the applied normal impact load. A high contact
pressure may also be developed by the presence of oil lubricant on the
contact surface of the a-C coating. It was shown both theoretically and
experimentally by H. Christensen [22] that the maximum contact
pressure was significantly larger than the corresponding ones
produced under Hertzian, dry contact impacts. A small increase in
load will produce a large increase in maximum pressure. For this
reason, it seems that graphitization can occur at a high contact
pressure due to low graphitization temperature during impact.

As mentioned earlier, the transfer layer mainly comes from the
surface layer of the impacted a-C coating, where the sp> content
increases. In addition, the wear debris, which has transformed from
the sp® to sp? phase, is accumulated with oil and removed
progressively by its evacuation outside the impact craters. Conse-
quently, the phase transformation of the transfer layer does not occur
in depth as in the wear debris. However, from Fig. 7, a small shift of the
G peak and a widening of its FWHM after 100,000 impact cycles at the
normal impact load of 240 N suggest a high increase in temperature,
while the size of the larger sp? clusters is reduced due to the
mechanical crush of the larger sp? clusters.

4. Conclusions

From the Raman spectrum, the surface layer of the impacted a-C
coating tends to have higher sp> fractions and is harder after several
impact cycles. Furthermore, the mechanical impact may destroy and
reduce the size of larger sp? clusters. The observation of surface roughness
can be correlated to the increase of the sp® content and hardness in the
surface layer of the impact craters. The surface roughness of impact
craters observed from the AFM decreases after several impact cycles.

Other features observed in the Raman spectra of the transfer layer and
wear debris can be attributed to the formation of ferrum oxides by
tribochemical reaction with the environment after several impact cycles.
These peaks approximately centred at 680 cm~' and 1317 cm~! and
evidently came from the Fe;04 and a-Fe,03 phases, respectively.

As the normal impact load and impact cycles are increasing, the
G peak of the Raman spectra, together with the narrowing of its
peak width as shown in the wear debris, is shifting towards higher
frequencies,. This suggests an increasing order and an enlargement
of the sp? cluster. These structural modifications are induced during
the impact test, causing a transformation of the sp> sites into sp?
sites and these are closely related with the graphitization process.

The use of lubricant during the impact contributes to the higher
contact pressure on the a-C coating. Thus it is therefore apparent that
the high contact pressure is not only corresponding to the applied
normal impact load, but also exerted by a lubricant on the a-C coating.
Besides, the high contact pressure can reduce the graphitization
temperature and substantially accelerate the graphitization process.

Although, the phase transformation of the transfer layer does not
much occur as in the wear debris since it is mainly coming from the
surface layer of the impacted a-C coating, where the sp® content
increases and no wear debris is observed inside it.
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