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In order to estimate the wear process of diamond-like carbon (DLC) films, a ball on disk test and a micro laser 
Raman spectroscopy are employed in this study. DLC films are deposited on high-speed tool steel 
(JIS-SKH51) surfaces by a plasma based ion implantation and deposition (PBII&D). After the ball on disk test 
with a steel ball (JIS-SUJ2) as an indenter, a mapping measurement using micro laser Raman spectroscopy 
has been accomplished against both the wear surface of the DLC films and the surface of the indenter. As a 
result, obvious changes in the structure of the DLC films originating from the contact interface between the 
substrate and the indenter are observed. This is like to be caused by the graphitization of the DLC films. On 
the other hand, except for the preceding descriptions, the Raman spectra are almost same to each other and 
there are no changes in the structure of the DLC films. This means that the effects of the sliding on the 
changes in the structure can be neglected. In addition, the carbon compounds and the solid solutions of carbon 
and iron included in the substrate and the indenter hardly influence the Raman spectra with or without sliding.  
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1. Introduction 

Recently, the scientific and technological interest 
towards hard amorphous hydrogenated carbon coatings 
(Diamond-Like Carbon; DLC) has been continuously 
increasing because of their extraordinary properties such 
as high mechanical hardness, low friction and high wear 
resistance. These properties are promising for a wide 
range of applications which require low-friction 
coefficient and high wear-resistance1-5). On the other 
hand, variety of coating procedures of DLC films, 
which include physical vapor deposition (PVD), 
chemical vapor deposition (CVD), magnetron sputtering 
(MS), arc ion plating (AIP) and so on, have made deep 
understanding about the wear processes of DLC films as 
the film structure, mechanical properties, tribological 
properties etc. are mainly dominated by the coating 
procedures and conditions. Since the tribological 
conditions according to customer’s usage are special 
and widely different and there are no standards 
established, a method for investigating the tribological 
properties by the industries6-9) and the means for 
estimating the tribological properties of DLC films are 
difficult to select. In addition, there are a few papers to 

discuss the relations between the tribological 
phenomenon and the changes in the structure of DLC 
films although there are many papers to discuss the 
friction and wear performance of DLC films. Therefore 
it is very important to study the changes in the structure 
of the DLC films during sliding. 

In this study, DLC wear process has been estimated 
from the measurements of micro laser Raman 
spectroscopy. The change in the structure of DLC films 
by a sliding test can be analyzed by the Raman 
spectroscopy with focused laser beam of about 5 µm in 
diameter. It is considered that the estimation by the 
Raman spectroscopy as one of the standard methods is 
effective in order to clarify the DLC wear process. 

2. Experimental setup 

A high-speed tool steel corresponding to SKH51 in 
accordance with the Japanese Industrial Standards (JIS) 
is used as the substrate. The substrates are polished to a 
mirror-like surface using diamond powder. The 
deposition of DLC films is accomplished by the plasma 
based ion implantation and deposition (PBII&D) system 
with a single feed-through10,11). The schematic 
illustration of PBII&D is shown in Fig.1. Both the radio 
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Fig.1 Schematic illustration of PBII&D 

 

 
Fig.2 Schematic illustration of ball on disk tester 

 

 
Fig.3 Results of sliding test 

 
frequency (RF) and the negative bias voltage (HV) are 
driven as the high frequency pulses. The applied RF 
power, the RF duration, the pulse frequency and the HV 
are fixed at 500 W, 20 µs, 1 kHz, and 20 kV respectively. 
The gas pressure of CH4 as a precursor is fixed at 1.0 Pa. 
The HV pulse frequency and width are 2 kHz and 10 µs 
respectively. The PBII&D process time is 3 hrs. The 

 
Fig.4 Optical image of the DLC films after sliding 

30000 revolutions  

 
Fig.5 Optical image of the ball indenter surface after 

sliding 30000 revolutions 

 

thickness and indentation hardness of the DLC films is 
0.37 µm and 17.6 GPa respectively. 

A sliding test of the DLC films is accomplished by 
the ball on disk tester shown in Fig.2. A steel ball, 
corresponding to JIS SUJ2, with 6 mm diameter is used 
as the indenter. The applied load, the revolution speed 
and the radius of revolution are 1.0 N, 100 rpm, and 3 
mm (a tangential speed is about 31.4 mm/s) 
respectively.  

In order to analyze the wear process, micro laser 
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Raman spectroscopy is employed against the worn 
surface after the sliding test. The incident laser 
excitation is 532 nm provided by a doubling-YAG laser 
source. The polarized spectra are recorded in the range 
of 1000-2000 cm-1 of Raman shift with the spectral 
resolution of less than 2.0 cm-1. The laser spot size is 
about 5 µm, where the laser power decreased by the 
filters is 25 µW, and an objective lens with a magnifying 
power of 100 is used to focus the light on the worn 
surface.  

3. Results 

3.1. Sliding test 
Fig.3 shows the results of the sliding test as a change 

in the friction coefficients. The tests for 10000 and 
30000 revolutions are compared. From the results, the 
result of 10000 revolutions lies on the result of 30000 
revolutions. The friction coefficients gradually increase 
in the revolutions at the first stage (~13000 revs.), then 
the coefficients decrease at the second stage 
(13000~18000 revs.), and finally the coefficients take 
approximately constant values at the third stage 
(18000~30000 revs.). The wear tracks originating from 
the steel ball indenter contacts with the substrate start to 
grow at the second stage. Fig.4 shows the optical image 
of the DLC films after a sliding of 30000 revolutions. 
The wear tracks on the substrate can be observed clearly. 
The wear particles can also be observed around the wear 
tracks. Fig.5 shows the optical image of the wear on the 
steel ball indenter after a sliding of 30000 revolutions. 
The hard wear (point N in the figure) and the adhered 
wear particles (points O and P in the figure) can be 
observed. In case of 10000 revs., the wear tracks of the 
substrate and the hard wear of the indenter can not be 
observed although the adhered wear particles can be 
observed. 

3.2. Micro Laser Raman Spectroscopy 
A mapping measurement using micro laser Raman 

spectroscopy is accomplished against both the wear 
tracks of the DLC films and the surface of the indenter. 
The measurement points of the wear tracks and the 
surface are indicated schematically from the points (A) 
to (M) in Fig.4 and from the points (N) to (Q) in Fig.5. 
The mapping step is 5 µm and 30 scans are achieved at 
each measurement points.  

Figs.6 and 7 show the results of the Raman spectra 
at from (A) to (F) and from (H) to (M). They are typical 
DLC spectra. Usually the Raman spectra of DLC films 
are characterized by the G peak around 1550 cm-1 and 
the D shoulder peak around 1350 cm-1. On the other 
hand, the G peak around 1570 cm-1 and the D peak 
around 1390 cm-1 in the spectra shown in Figs.6 and 7 
can be observed. These results mean that the DLC films 
used in this study must be the hydrogenated DLC films 
because the G and D peaks of a conventional 
hydrogenated DLC films shift towards a higher 
wavenumber, which corresponds to the decreased 

 
Fig.6 Results of the Raman spectra from (A) to (F) 

 

 
Fig.7 Results of the Raman spectra from (H) to (M) 

 

 
Fig.8 Results of the Raman spectrum at (G) 
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(a) The Raman spectrum at (N) 

 

 
(b) The Raman spectrum at (O) 

 

 
(c) The Raman spectrum at (P) 

 
(d) The Raman spectrum at (Q) 

Fig.9 Results of the Raman spectra at the surface of 
the indenter after sliding 30000 revolutions 

 

 
Fig.10 Schematic illustration of the sliding interface 

 
diamond like characteristics of the films1,12-14). All of the 
Raman spectra shown in Figs.6 and 7 are almost same 
to each other. Consequently, it is possible to consider 
that there are no changes in the structure of the DLC 
films due to the sliding. In contrast, obvious changes in 
the Raman spectrum at (G) peaks are observed as shown 
in Figs.8. This will be caused by the occurrences 
originating from the contacts between the substrate and 
the indenter during the sliding test15,16). 

The Raman spectra at (N) and (O) are shown in 
Figs.9a and 9b, respectively. Although the detected 
intensity is different, the shapes of these spectra are 
almost same as compared to that at (G). This means that 
each spectrum is coming from the same structure of the 
subjects. On the other hand, Raman spectrum at (P) 
shown in Fig.9c is similar to the spectra shown in Figs.6 
and 7. Comparing the spectrum at (O) with that at (P) 
the structure of the wear particles is found to be 
obviously different to each other, i.e., the particles at 
(O) are dominantly derived from the contact area 
between the substrate and the indenter, and from around 
the contact area, while the particles at (P) are 
dominantly derived far from the contact area. There are 
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no Raman spectra originating from the carbon 
connections at (Q) as shown in Fig.9d. Therefore the 
influence of both the carbon compounds and the solid 
solutions of carbon and iron in the indenter can be 
disregarded in the Raman spectra. 

4. Discussion 

Fig.10 shows the schematic illustration of the sliding 
interface. During sliding at the third stage 
(18000~30000 revs.) as shown in Fig.3, it is possible to 
consider that two contact interface occur, i.e., the 
interface (α) between the DLC film and the indenter, 
and the interface (β) between the substrate and the 
indenter. From Figs.6, 7 and 9c, the structure of the 
DLC films never changes at the interface (α), even 
though the shape of the DLC will change from the films 
to the particles by the sliding. In contrast, obvious 
changes in the structures shown in Figs.8, 9a and 9b are 
observed at the interface (β), which are likely to be 
caused by the contacts between the substrate and the 
indenter. In order to consider the origins of the obvious 
changes, two possibilities are discussed as follows in 
this study. 

Compositions of both the substrate and the indenter 
may be influenced by the sliding that affected the 
Raman spectra because both the substrate and the 
indenter include carbon compounds and solid solutions 
of carbon and iron17). In this study, the sliding tests for 
the substrate and the indenter without the DLC films are 
accomplished under the same test conditions described 
previously. There are no Raman peaks originating from 
the carbon connections. Consequently, the influence of 
the change in the structure of both the substrate and the 
indenter by the sliding in the Raman spectra shown in 
Figs.8, 9a and 9b can be disregarded. 

From Figs.8, 9a and 9b, the Raman spectra will 
indicate severe degradation of the structural properties 
of the DLC films. In order to investigate the changes in 
the structure and the thermal stability of the DLC films, 
annealing test of the DLC films is accomplished in this 
study. Fig.11 shows the results of the Raman spectra 
after this test. The tests annealed for 1 hr are conducted 
in an atmosphere of oxygen and in vacuum, and are 
holding for 1 hr. From the figure, the changes in the 
structure of the DLC films are never observed until 673 
K. The change occurs at 973 K (in vacuum), where as in 
an atmosphere of oxygen the DLC films get 
decomposed to COx gas at 973 K. The Raman spectrum 
at 973 K in vacuum is similar to that as shown in Fig.8, 
9a and 9b. Generally, the Raman spectra of the 
hydrogenated DLC films is composed of two broad 
band, disordered aromatic (D shoulder peak, ~1350 
cm-1) and symmetric stretching mode of graphite (G 
peak, ~1550 cm-1)1,12-14). At high annealing temperature 
of more than 673 K, the enhanced mobility of atoms 
may cause the relaxation of compressive stress in the 
films and the desorption of hydrogen atoms from the 

 
Fig.11 Results of the Raman spectra after annealing 

 
films, thus inducing an increase of the order of 
sp2-bonded clusters, i.e., graphitization. As a result of the 
graphitization, the D and G peak curves tend to be 
separated as distinct peaks are indicative of the more 
graphite materials18-20). The presence of the separated D 
and G peaks shown in Figs. 8, 9a, 9b and 12 indicates 
the graphitization of the DLC films. Since one of the 
origins which induces the graphitization of the DLC 
films is high temperature of more than 673 K as 
mentioned above, it will be possible to consider that the 
flash temperature and the friction heat at around the 
contact interface (β) during the sliding as shown in 
Fig.10 contain the temperature of more than 673 K and 
the subordinate friction heat21,22). On the other hand, no 
change in the structures as shown in Figs.6, 7 and 9c 
means that the flash temperature and the friction heat at 
the contact interface (α) is less than 673 K. In addition, 
the friction coefficients at the third stage (Fig.3) being 
lower than those of the first stage, will be caused by the 
graphitization of the DLC films.  

In addition to the friction heat, shearing stress 
imposed on the DLC films and wear debris are likely to 
correspond with the transformation of the structure23), 
however, in order to discuss the origin in detail, it is 
necessary to investigate and analyze the behaviors in the 
future works.  

5. Conclusion 

In this study, DLC films are deposited on high-speed 
tool steel (SKH51) surfaces by PBII&D method. A 
sliding test of the DLC film is accomplished by the ball 
on disk tester and then the worn surface is analyzed by 
micro laser Raman spectroscopy. The results obtained 
are summarized as follows: 
(1) Except for the Raman spectra originating from 
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around the contact between the substrate and the 
indenter during the sliding, the Raman spectra from 
the other areas are almost same and this fact implies 
no changes in the structure of the DLC film. These 
mean that the effects of the sliding on the change in 
the structures can be neglected.  

(2) Obvious changes in the structures of the DLC films 
are observed from the Raman spectra originating 
from around the contacts between the substrate and 
the indenter. This will be caused by the 
graphitization of the DLC films during the sliding. 

(3) The carbon compounds and the solid solutions of 
carbon and iron included in the substrate and the 
indenter hardly influence the Raman spectra with or 
without the sliding. 

From the above results the relations between the 
change in the friction coefficients and the change in the 
structures of the DLC films are identified and have been 
estimated in this study. 
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