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Abstract

The flexible DLC film is one of the novel techniques to deposit the DLC film on polymer materials such as rubber and resin,
which does not cause any peeling-off of the film even with the deformation of the substrates. It was found that the DLC film
deposited by modulated RF plasma-CVD has the features of (1) small friction, (2) small wear (less than Teflon), (3) high water
repellency (90

v
contact angle for pure water), (4) good insulation characteristic (surface resistance on the order of 1012 X cm), (5)

less peeling-off due to expansion and contraction of the polymer material, and (6) deposition at lower temperatures (below 80
v
).

This new DLC film is applied to the rubber seal ring (O-ring) for zoom lens system of 35 mm compact cameras. The flexible DLC
technique is expected to expand itself and to create wider applications of DLC films.
# 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

As diamond-like carbon (DLC) has the lowest fric-
tion coefficient among various coating materials and its
aggressiveness toward other materials is much less, its
practical use has progressed in the field of sliding parts,
etc. However, the DLC products so far developed are
limited to polymer materials with high hardness such as
metals and ceramics because of the high internal stress
peculiar to DLC. In addition, because of recent environ-
ment issues, requirements have a risen from users for
improvement in friction and wear of polymer materials
such as resin and rubber with less oil and powder.
This paper reports the formation of a flexible DLC

thin film, which is adherent even when polymer materi-
als such as resin and rubber are deformed, its various
characteristics, and its applications.
2. Characteristics of DLC

Among various thin film coating materials diamond-
like carbon (DLC) has features such as the lowest fric-
tion coefficient, high hardness, superior wear resistance,
and less damage in the counterparts. Because of these
features, many types of DLCs have been developed
and are easily available in the global market. The
character of DLC is between diamond and graphite.
Fig. 1 shows these structures. Historically, in the early
70s, amorphous pure carbon film deposited using ion
Fig. 1. Comparison of carbon-containing materials structures and

methods of forming.
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beam deposition was the first DLC, which was called
‘‘i-C’’ [1]. After that, hydrogen-containing (hydro-
genated) amorphous carbon film deposited using
ionized beam of hydrocarbon gas was developed in the
late 70s [2]. Radio frequency plasma assisted chemical
vapor deposition (RF-PCVD) was also developed for
hydrogenated amorphous carbon film. Non-hydro-
genated amorphous carbon film is also deposited using
cathodic arc physical vapor deposition (CA-PVD),
cathode sputtering or laser ablation. In the middle 80s,
metal containing amorphous carbon film was
developed using simultaneous sputtering of metal and
carbon targets [3]. In the 90s, plasma immersion ion
implantation and deposition (PIII and D) method was
developed for hydrogenated amorphous carbon film.
Thus, many types of amorphous carbon, which are

classified as DLC, have been developed and have been
put in practical use. However, each DLC shows differ-
ent characteristics such as friction coefficient, electric
conductivity, the degree of transparency, and so on,
according to the hydrogen and/or metal content and
sp3/sp2 ratio. Hence, today’s DLC market is, so to
speak, in a state of confusion. Generally, film proper-
ties are strongly depended on the film contents. Also,
film contents are strongly depended on the source
material and the principle of deposition process. So, we
must use each DLC properly taking the essential infor-
mation given above into consideration.
Many researchers have tried to clarify why DLC

shows such low friction coefficient and good tribologi-
cal properties. In the early stage of such research, it
was reported that graphitization of DLC could have
been the reason [4]. Graphite itself is a solid lubricant
material. During friction, DLC is thought to be trans-
formed or decomposed to generate thin graphite layer
at the sliding surface of DLC. Recently, it was found
that the highly hydrogenated DLC showed extremely
low friction coefficient in ultra-high vacuum or in dry
nitrogen [5–7]. These results indicate that hydrogen,
which is contained in DLC, plays an important role
during friction [8,9]. Fukui and his co-workers investi-
gated the surface of DLC (a-C:H) after friction test in
ambient air using the time-of-flight secondary ion mass
spectroscopy, and they found the evidence of hydro-
carbon material which was generated during friction
[10]. This ‘‘friction polymer’’ or ‘‘transferred layer’’ is
thought to act as the lubricant material during friction.
Hydrogen in the DLC film also affects the film hard-
ness and so on.
The content of diamond-like (sp3) C–C bonding

state is also the essential parameter of DLC [11]. The
higher the sp3/sp2 ratio in the DLC, the higher the
hardness and transparency of DLC. Using CA-PVD,
relatively high sp3/sp2 ratio can be obtained, and such
DLC is called tetrahedral amorphous carbon (ta-C).
On the other hand, graphite-like carbon film with
relatively low sp3/sp2 ratio, which is called amorphous
carbon (a-C), is obtained using conventional cathode
sputtering. Recently, unbalanced magnetron sputtering
(UBMS) has been widely used to deposit DLC [12].
Generally, graphite cathode and inert gas, such as
argon, are used to deposit the a-C film. But, in many
cases, some kind of hydrocarbon gas, such as acety-
lene, is simultaneously used to deposit the a-C:H film.
Furthermore, metal carbide cathode, inert gas and
hydrocarbon gas are used to deposit the metal contain-
ing a-C:H film. Therefore, UBMS is a useful technique
to obtain the various kinds of DLCs including multi-
layered or composite structured DLCs. Some kinds of
metallic or non-metallic additives produce unique
properties. Silicon containing a-C:H shows very low
friction coefficient under dry (no-oil) condition [13].
Tungsten containing DLC, such as WC/C, shows
lower internal stress, hence thick coating more than
3 lm can be obtained. But, also the film hardness is
generally low, it is possible that the wear resistance
property tends to fall down.
Attractive features of DLC film are (1) abrasion

resistance (Vickers hardness is 1500–2500), (2) low
friction coefficient. (without lubrication l is 0.05–0.2),
(3) lower aggressiveness to counterparts (damage to the
other party polymer material is suppressed), (4) separ-
ability (decreased cohesion and fusion to soft metals
as aluminum and copper), (5) super-smooth film
(smoothness of polymer material is not degraded),
(6) it is possible to use this film up to 250

v
C in the

stationary state. Because of these features, DLC film
has been applied to (1) moldings of IC lead bending
and fabrication to increase repairability, (2) machine
parts such as video tape guide shafts, rotating axis
parts, hot water tap mixture [14], etc. to increase slip-
ping ability and wear resistance, (3) transport equip-
ment parts such as transport rails, silicon wafer
transport arms and guides, etc. to increase slipping
ability, wear resistance, and to improve particle preven-
tion. Such DLC features and these applications could
help improve friction and wear of polymer materials
such as resin and rubber.
3. Adjustment of flexible DLC to polymer material

Oil and fat are added to improve the surface
lubricity of polymer materials such as rubber and resin.
When oil and fat run dry, however, drawbacks such as
gradual increase in the friction coefficient arise. For
instance, car windshield wipers become noisy in 6
months. Components and products made of rubber
also tend to cling to the other materials used in their
construction. Elimination of such oil and fat additives
that cause such bad effects would be benefited. Coating
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polymer materials such as rubber and resin make the
best use of the features of DLC.
Three issues have to be resolved (1) low heat resist-

ance of the polymer materials such as rubber and resin,
(2) pollution of the polymer material surface by oil, fat,
resin, and oxidation prevention agents, etc., and (3)
transformation of the polymer materials. To resolve
these possible problems: (1) a processing method is
developed by using the amplitude-modulated radio
frequency (RF) plasma chemical vapor deposition
(CVD) method which enables coating at lower tem-
perature (below 80

v
C) and does not allow the proces-

sing temperature to rise any higher [15,16]. (2) To
prevent the pollution, the polymer surface needs to be
clean. However, lengthy washing by solvent causes
extraction out of fat and oil that are contained in rub-
ber in order to mix with carbon black. Cleaning in a
short time cannot sufficiently remove the pollution. The
polymer surface can be cleaned by plasma. (3) To pre-
vent the transformation, the film should be flexible
enough to absorb the polymer material transformation.
We have modified the DLC film structure to permit
expansion and contraction. Hardness of this film is
lower than that of usual DLC films (1500 or higher
Vickers hardness). Because of the above-mentioned
characteristics of this film, it is named ‘‘Flexible DLC
(Japanese trade mark)’’.
4. Deposition device and processing method

We used RF plasma-CVD method for this experi-
ment. Use of the modulated RF plasma process
enables a decrease of particles [15,16]. A frequency of
13.56 MHz was used. While the substrate is on the
high frequency electrode, the electrode is water-cooled
to suppress any temperature rise up in the polymer
material. In the deposition process, the surface con-
tamination is first removed by H2 plasma cleaning at
the basic vacuum level of the chamber and then a flex-
ible DLC film is formed by an CH4 plasma. The
plasma cleaning is effective in removing oil and fat as
well as parting agent on the substrate surface. How-
ever, it is necessary to fully consider possible damages
given to the polymer material by cleaning before deter-
mining the gas to use and its conditions. In other
words, depending upon the characteristics of each
polymer material, it is necessary to properly use the
spatter cleaning, which uses gases like Ar, generally
used as plasma cleaning, and the chemical etching,
which uses activated gases like F, O, H, etc. In general,
surface of the polymer materials like resin and rubber
easily changes when hit by high-energy ions. Occasion-
ally, their original characteristics are deteriorated as a
result. In order to minimize the damage to the polymer
material, H2 plasma cleaning was adopted which has
larger chemical etching effect.
5. Evaluation of film characteristics

The film thickness was measured after masking the
polymer material surface, by a surface difference meter
(type Dekata3000st Sloan). For friction measurement,
a round trip sliding type friction instrument was used
(Type Heidon-14D manufactured by Shinto Science).
The material of ball (diameter was 8 mm) was made
from aluminum. The load weight was 0.1 N. Ball speed
was 10 mm/s. For wear measurement, a pin on disk
type friction instrument (Type FPD-2DE600HVG (S),
Tokyo Testing Machine Mfg.) was used. The material
of ball (diameter was 8 mm) was SUJ-2 (bearing steel).
The load used was 0.5 N. Ball speed was 0.1 m/s. Slid-
ing distance was 1.0 km.
For evaluation of insulation characteristics and

water repellency, a voltage examination method (JIS K
6911) and a contact corner measurement device using
pure water (manufactured by Kyowa Kaimen Kagaku)
were used.
6. Results and discussion

6.1. Deposition rate

Fig. 2 shows the dependency of the deposition rate
on polymer materials. We found that, while the depo-
sition rate of general DLC was 0.5–1 lm/H on a met-
allic substrate such as silicon, the deposition rate
became about two to three times faster when the flex-
ible film was formed on polymer material. It was also
found that, while a thick film greater than 1 lm on
metal was likely to flake off due to the larger film
stress, the internal stress became small and therefore
Fig. 2. Deposition rate of flexible DLC on polymer materials.
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thicker film deposition up to some 5 lm could be made
when flexible DLC was formed on polymer material.

6.2. Friction coefficient

Fig. 3 shows the dependency of the friction coef-
ficient on polymer material. It is difficult to measure
the friction coefficient of the soft surface of the poly-
mer material such as rubber and resin. Here, the fric-
tion coefficient was measured with a light load of 0.1 N
in order not to greatly distant the polymer material. To
compare the friction coefficient of the polymer material
with those of general polymer materials, a piece of
glassy material was also measured beside the polymer
materials. As a result, it was found that four of spin-
dles used this time corresponded to one of the friction
coefficients used in general.
The friction coefficient of the polymer material

before the coating process indicated a value from 1 to 6
depending on the polymer materials. On the contrary,
the friction coefficient measurements after the coating
process showed one or less for all the polymer materi-
als tested and all of them were virtually identical. It
was found that this value was in the same range as
Teflon, often used as a low friction polymer material.

6.3. Wear characteristic

PTFE is used to decrease the friction coefficient of
sliding parts since its friction coefficient is as low as 0.2.
For similar purpose, heat-resistant silicon and fluorine
rubber are processed by print coating. However, Teflon
is worn out very fast as its graphitized structure is the
same as graphite. Fig. 4 shows the wear characteristics
of Teflon material and Teflon material coated with
flexible DLC film. The conditions for measurement
included a ball of SUJ-2 (bearing steel), a load of
0.5 N, sliding speed of 0.1 m/s, and sliding distance of
1 km. The measurement showed that the wear out vol-
ume of the flexible DLC film coated Teflon polymer
material was as low as 1 mm3, which corresponds to
about 1/9 of that of the unprocessed Teflon polymer
material.

6.4. Film hardness

Measurement of the flexible DLC film hardness on
the polymer materials is very difficult as the polymer
material itself is deformed. Therefore, measurement
was performed by using a super-minute hardness meter
[17]. Head of the super precision diamond was pushed
into 20 places of the center part of the grain of DLC,
and the hardness of the average was evaluated. As a
result, the value of 0.1GPa was obtained. It was a
value that surpassed expectations, and this hardness
value was not without regard to the influence of the
radical material.

6.5. Surface morphology of flexible DLC

Two scanning electron microscopy (SEM) photo-
graphs, Fig. 5, show the surface of the flexible DLC
deposited on silicon rubber sheets. ‘‘A’’ is a film thick-
ness of 10 nm, and ‘‘B’’ is a film thickness of 1 lm. For
the case of the 10 nm film thickness, grains of 10–20
lm are seen. This is the reason why the flexible DLC is
not flaked off even if the polymer material does expand
and contract. These cracks can be controlled by chan-
ging the deposition condition. The cross section photo-
graph confirmed that thicker the film became, the edge
side of the grain became more stressed.

6.6. Electrical resistance

Surface resistance of a flexible DLC film deposited
on a silicon rubber sheet was measured. With a film
thickness of 1 lm and an applied voltage of 500 V, the
Fig. 4. Wear rate of flexible DLC on Teflon sheet.
Fig. 3. Friction coefficient of flexible DLC on polymer materials.
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insulation resistance was 1 2� 1012 X cm. This shows
that the films have excellent insulation characteristics.
6.7. Water repellency

Water repellency measurements were made on poly-
urethane rubber sheets, one unprocessed and the other
was coated with flexible DLC film. While the unpro-
cessed substrate showed a contact corner of about 80

v
,

the DLC film coated sample showed a better repel-
lency, 90

v
.

6.8. Gas permeability

Use of ‘‘polyvinyl chloride’’ is now prohibited
because of its dioxin generation. Polyethylene is used
as a substitute, however, its gas permeability character-
istics are poor. Therefore, multi-layer coating is now
being studied. Moreover, the practical use of the DLC
coating over inside surface of containers is beginning
for the following reasons: (1) to keep clean the inside
surface of PET bottles like cans and glass bottles for
the purpose of material recycling and (2) to improve
the gas permeability characteristics. This process is
used to introduce acetylene into the container and to
deposit a DLC film inside of the container by using
microwave radiation. Fig. 6 shows O2 and N2 gas per-
meability characteristics for the flexible DLC film that
was deposited on polyethylene. Improvements on O2

permeability by lowering permeability by 1/4 or less
are obtained by choosing the optimum thickness of
DLC film.
7. Conclusion

It was found that the DLC film has the features of
(1) small friction, (2) small wear (less than Teflon), (3)
high water repellency (90

v
contact angle for pure

water), (4) good insulation characteristic (surface resist-
ance on the order of 1012 X cm ), (5) less peeling-off
due to expansion and contraction of the polymer
material, and (6) deposition at lower temperature
(below 80

v
C).

The flexible DLC film applied to polymeric materi-
als, enabled a concept by clacking DLC film, has
expanded its applications to an area very familiar in
our daily life such as ‘‘O’’ rings and gaskets of 35 mm
cameras [18]. New applications to other fields other
than sliding are also being developed. Coating the
inside surface of PET bottles to lower gas permeability,
and recycling of used materials are examples. Because
of its superior characteristics in bio-compatibility and
Fig. 5. Surface morphology of DLC films on silicon rubber determ-

ined by scanning electron microscopy: thickness is (a) 10 nm, (b) 1 lm.
Fig. 6. O2 and N2 gas permeability of a flexible DLC film deposited

on polyethylene.
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chemical stability, application of DLC to the medical
area is being developed in Europe.
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