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(57) ABSTRACT

The purpose of the present invention is to provide: a sliding
member having a lubricating film formed on the sliding sur-
face thereof, and capable of exhibiting friction-reducing per-
formance; and a friction reduction method for the same. To
that end, the present invention entails coating the sliding
surface with a titanium nitride-based material (for example,
titanium carbon nitride, titanium nitride, or titanium alumi-
num nitride), adding a molybdenum dithiocarbamate with
molybdenum in the amount of 600-1000 ppm to diesel engine
oil, setting the arithmetic mean roughness of the sliding mem-
ber to 2-10 nm, and upon converting the Sommerfeld number
viscosity to Pa-s, the speed to s™', and the load to mean
Hertzian stress (Pa), then the lubrication conditions for use
are within the range of 2.12365x107'° to 5.94500x107"°.
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SLIDING MECHANISM AND FRICTION
REDUCTION METHOD FOR THE SAME

TECHNICAL FIELD

[0001] Thepresent invention relates to a sliding mechanism
comprising one sliding member (for example, a shaft) and the
other sliding member (for example, bearing), and both mem-
bers are lubricated by a lubricant, and friction-reducing tech-
nique in such a sliding mechanism.

BACKGROUND ART

[0002] When an iron series material such as steel is used as
a sliding member, it has conventionally been known that an
organic molybdenum lubricating oil additive such as molyb-
denum dithiocarbamate (MoDTC) which is a friction reduc-
tion agent exhibits low friction properties when it is added to
a lubricant.

[0003] Here, in a lubricant (for example, engine oil) actu-
ally used in industry, various additives are contained. For
example, an extreme pressure agent represented by zinc
dialkyldithiophosphate (ZnDTP) or a detergent-dispersant
forms a lubricating film at the sliding surfaces as in the lubri-
cant. Therefore, the lubricating oil to which an organic
molybdenum lubricating oil additive has been added cannot
sufficiently form a lubricating film at the sliding surfaces.

[0004] That is, various kinds of additives other than the
additives for the lubricating oil compete for forming the lubri-
cating film, so that even when the organic molybdenum lubri-
cating oil additive is added, there are cases where the effects
cannot be obtained or the effects cannot sufficiently be exhib-
ited.

[0005] Inparticular, since diesel engine oil contains a deter-
gent-dispersant with a large amount, the phenomenon mark-
edly occurs that the effects cannot be obtained or the effects
cannot sufficiently be exhibited, although the organic molyb-
denum lubricating oil additive is added,

[0006] As the other prior art, for example, a technique in
which zinc dialkyl dithio compound and a lubricant are mixed
has been proposed (see Patent Literature 1).

[0007] However, an objectof sucha prior artis to reduce the
friction coefficient in the range of a low to medium tempera-
ture, and it does not intend to solve the above-mentioned
problems.

CITATION LIST

Patent Literature

[0008] Patent Literature 1: Japanese Patent Application
Non-examined Publication Gazette No. 1998-219267 (JPA
1998-219267)

SUMMARY OF INVENTION

Problems to be Solved by the Invention

[0009] The present invention has been proposed in view of
the problems of the prior art as mentioned above, and an
object is to provide a sliding member in which a lubricating
film is formed at the sliding surfaces whereby friction-reduc-
ing property can be exhibited.
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Solution to Problem

[0010] The inventors have intensively studied, and as a
result, they have found that molybdenum dithiocarbamate
(MoDTC) is added even to a general diesel engine oil, and at
least one of the sliding members is coated by a titanium
nitride-based material (for example, titanium carbon nitride,
titanium nitride or titanium nitride aluminum), a friction coef-
ficient is reduced under certain conditions whereby low fric-
tion performance can be exhibited.

[0011] The present invention has been created based on
such a fact.
[0012] The sliding mechanism of the present invention is

characterized in that it is used under the lubricating condi-
tions in which a Sommerfeld number (S=viscosityx
speed-+load) is in the range 0f 2.12365x107'° t0 5.94509x10~
19 upon converting the viscosity thereof to Pa-s, the speed to
s~! and the load to mean Hertzian stress (Pa), at least one
sliding surface of the sliding members made of a steel mate-
rial is coated by a titanium nitride-based material, diesel
engine oil to which molybdenum dithiocarbamate (MoDTC)
is added with molybdenum in the amount of 600 ppm to 1000
ppm is interposed between the sliding members as a lubricant,
and that an arithmetic mean roughness of the sliding members
is in the range of 2 to 10 nm.

[0013] A method for reducing a friction of a sliding mecha-
nism of the present invention comprises

[0014] a step for coating a titanium nitride-based material
to at least one sliding surface of the sliding members made of
a steel material,

[0015] a step for adding molybdenum dithiocarbamate
(MoDTC) with molybdenum in the amount of 600 ppm to
1000 ppm to diesel engine oil,

[0016] a step for setting the arithmetic mean roughness of
the sliding member(s) to 2 to 10 nm, and

[0017] astep for setting the lubrication conditions in which
the Sommerfeld number (S=viscosityxspeed+load) is in the
range of 2.12365x107'° to 5.94509x10~*° upon converting
the viscosity thereof to Pas, the speed to s~* and the load to
mean Hertzian stress (Pa).

[0018] Inthe present invention, said titanium nitride-based
material is preferably titanium nitride aluminum (TiAIN).

[0019] It is also preferred that said titanium nitride-based
material is titanium nitride and the arithmetic mean rough-
ness of the sliding member(s) is 2 to 4 nm.

[0020] Orelse, said titanium nitride-based material is pref-
erably titanium carbon nitride.

Advantageous Effects of Invention

[0021] According to the present invention having the
above-mentioned constitutions, friction performances are
markedly lowered although it has a sliding surface coated by
a titanium nitride-based material (for example, titanium car-
bon nitride, titanium nitride or titanium nitride aluminum)
which increases a friction coefficient in a general diesel
engine oil.

[0022] Here, by setting the lubricating conditions in the
range as mentioned above, it has been confirmed that good
lubricating performances can be performed in the region of a
boundary friction at which a lubricating film is formed
between the sliding members. That is, according to the
present invention, although it is diesel engine oil containing a
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large amount of a detergent-dispersant, when molybdenum
dithiocarbamate (MoDTC) is added thereto, the effect can be
sufficiently exhibited.

BRIEF DESCRIPTION OF DRAWINGS

[0023] FIG.1Thisis aconceptual drawing ofa ball-on-disk
type high-frequency reciprocating rig being used in Experi-
mental Examples.

[0024] FIG. 2 This is a figure showing friction coefficients
of eight kinds of samples used in Experimental Example 1
comparing to each other.

[0025] FIG. 3 This is a figure showing wear amounts of
eight kinds of samples of Experimental Example 1 by com-
paring to each other.

[0026] FIG. 4 This is a figure showing results of Experi-
mental Example 2 and showing a relation-ship between the
lubricating conditions and the friction coefficients.

[0027] FIG. 5 This is a figure showing friction coefficients
of eight kinds of samples of Experimental Example 6 by
comparing to each other.

[0028] FIG. 6 This is a figure showing wear amounts of
eight kinds of samples of Experimental Example 6 by com-
paring to each other.

[0029] FIG. 7 This is a figure showing friction coefficients
of eight kinds of samples of Experimental Example 10 by
comparing to each other.

[0030] FIG. 8 This is a figure showing wear amounts of
eight kinds of samples of Experimental Example 10 by com-
paring to each other.

DESCRIPTION OF EMBODIMENTS

[0031] In the following, the embodiments of the present
invention are explained by referring to the attached drawings.

[0032] As the embodiments of the present invention, in a
bearing structure, for example, one of the sliding members is
a shaft, and the peripheral surface (the sliding surface) of said
shaft was coated by titanium carbon nitride (TiAIN) which is
a titanium nitride-based material according to the physical
vapor deposition (PVD) technique. The arithmetic mean
roughness of the shaft surface was made 5.0 nm.

[0033] On the other hand, as the other sliding member, a
bearing (at least inner race) was made from high-carbon
chromium bearing steel (SUJ2).

[0034] As a lubricant, diesel engine oil of Japanese Auto-
motive Standards Organization “DH-2”, to which molybde-
num dithiocarbamate (MoDTC) with molybdenum in the
amount of 700 ppm had been added, was used.

[0035] Such bearing was used under the sliding conditions
(mixed lubricating region) of the Sommerfeld number of
2.12365x107'°. Here, the Sommerfeld number is a numerical
value in which the viscosity is converted to Pa-s, the speed to
s~*, and the load to mean Hertzian stress (Pa).

[0036] As aresult, such bearing was markedly decreased in
the friction coefficient as compared with the case where the
sliding both members are high-carbon chromium bearing
steel (SUJ2), lubricating with diesel oil (DH-2) to which no
molybdenum dithiocarbamate (MoDTC) had been added and
used under the sliding conditions (mixed lubricating region)
of the Sommerfeld number of 2.12365x107"7.
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Experimental Example 1

[0037] Experimental Example 1 was carried out by using a
ball-on-disk system high-frequency reciprocating rig
(HFRR) as shown in FIG. 1.

[0038] InFIG. 1, aball 20 made of high-carbon chromium
bearing steel (SUJ2) was placed on a plate shaped substrate
10 (arithmetical mean roughness: 5.0 nm), and the substrate
10 and the ball 20 were lubricated by diesel engine oil.
[0039] InFIG. 1, the arrow P is a load loaded to the ball 20,
and the arrow F is a direction of acting the friction force.
[0040] With regard to the load P, it was set to 1000 g or 400
g so that the lubricating conditions in Experimental Example
2 mentioned below are aligned as equal intervals as possible.
[0041] The substrates 10 were categorized in two cases in
one of which cases the substrate is constituted by high-carbon
chromium bearing steel (SUJ2) and in the other one of which
cases titanium nitride aluminum was coated on the ball 20
side (sliding surface side) of high-carbon chromium bearing
steel (SUJ2).

[0042] With regard to the lubricant, two kinds of diesel
engine oils {diesel engine oil (hereinafter referred to the
reference “CD”) with the American Petroleum Institute stan-
dard of “CD”, and diesel engine oil (hereinafter referred to the
reference “VDS-4 (DH-2)”) which is “VDS-4” according to
the original standard of Volvo group to which the applicant
belongs, and is “DH-2” according to Japanese Automotive
Standards Organization: both are general diesel engine oils}
were used. Also, they were categorized in two cases in one of
which cases molybdenum dithiocarbamate (MoDTC) with
molybdenum in the amount of 700 ppm had been added and
the other one of which cases no molybdenum dithiocarbam-
ate (MoDTC) had been added.

[0043] Experiments were carried out in total of eight kinds
of samples (No. 1 to No. 8 in the following Table 1) by
combining the substrate and the lubricant.

[0044] The combinations of the material of the substrate 10
and the lubricant are shown in Table 1 below with regard to
eight kinds of the respective samples.

TABLE 1
Ball Disk Lubricating oil
test test piece Friction
No piece Substrate Coating Kind controller
1 SUJI2 sunR — CD —
2 SUJI2 sunR TiAIN CD —
3 SUJI2 sunR — CD MoDTC
4 SUJI2 sunR TiAIN CD MoDTC
5 SUJI2 sunR — VDS-4 —
(DH-2)
6 SUJI2 sunR TiAIN VDS-4 —
(DH-2)
7 SUJI2 sunR — VDS-4 MoDTC
(DH-2)
8 SUJI2 sunR TiAIN VDS-4 MoDTC
(DH-2)

[0045] The test results of Experimental Example 1 using
the ball-on-disk system high-frequency reciprocating rig
(HFRR) as shown in FIG. 1 are shown in FIG. 2.

[0046] The horizontal axis of FIG. 2 shows a friction coef-
ficient p and the vertical axis shows the sample No.

[0047] In FIG. 2, when Samples No. 1 and No. 2, and
Sample No. 5 and Sample No. 6 are compared to each other,
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it can be understood that, in either of two kinds of diesel
engines, if no molybdenum dithiocarbamate (MoDTC) is
added, the samples (No. 2 and No. 6) in which titanium nitride
aluminum has been coated to the substrate 10 are larger
friction (u is large) and inferior in the lubricating perfor-
mances to the samples (No. 1 and No. 5) in which titanium
nitride aluminum has not been coated to the substrate 10.
[0048] From the results, it can be understood that the lubri-
cating performance is lowered when titanium nitride alumi-
num has been coated in the case (general case) where molyb-
denum dithiocarbamate has not been added to diesel engine.
[0049] To the contrary, the results of Sample No. 4 and No.
8 are compared with the results of other samples in FIG. 2, it
can be understood that the friction becomes markedly small
(u is markedly small) and the lubricating performances are
remarkably improved when molybdenum dithiocarbamate
(MoDTC) has been added to the diesel engine and the sub-
strate 10 has been coated by titanium nitride aluminum.
[0050] That is, from Experimental Example 1, it could be
confirmed that the friction becomes markedly small (u is
markedly small) and the lubricating performances are
remarkably improved when molybdenum dithiocarbamate
(MoDTC) has been added to the diesel engine and one of the
sliding members is coated by titanium nitride aluminum.
[0051] Inother words, from Experimental Example 1, even
when a general diesel engine oil which contains a large
amount of a detergent dispersant is used as a lubricant, it can
be estimated that the detergent dispersant does not inhibit the
diesel engine oil to which molybdenum dithiocarbamate
(MoDTC) has been added to form a lubricating film, and a
lubricating film of the diesel engine oil to which molybdenum
dithiocarbamate (MoDTC) has been added is formed and
exhibited the lubricating performances, whereby the friction
coefficient 1 is lowered.

[0052] Incidentally, low friction performances when the
conventionally known molybdenum dithiocarbamate
(MoDTC) has been added are clear by comparing Samples
No. 1 and No. 3, No. 5 and No. 7 to each other.

[0053] FIG. 3 shows wear amounts generated at the sub-
strate 10 side, after Experimental Example 1 was carried out,
by comparison.

[0054] At the vertical axis of FIG. 3, a width (mm) of wear
scar generated at the substrate 10 side, and at the horizontal
axis, Sample No. is shown. Here, the width (mm) of wear scar
generated at the substrate 10 side is proportional to the wear
amount.

[0055] InFIG. 3, when the samples (No. 2, No. 4, No. 6 and
No. 8) in which titanium nitride aluminum has been coated
are compared with the samples (No. 1, No. 3, No. 5 and No.
7) in which it has not been coated, the wear amounts are
clearly lowered.

[0056] From FIG. 3, it is clear that the wear resistance is
improved when titanium nitride aluminum is coated.

Experimental Example 2

[0057] InExperimental Example 2, a lubricant to which no
molybdenum dithiocarbamate (MoDTC) is added (in FIG. 4,
it is shown as VDS4 (DH-2): “DH-2" is a standard of Japa-
nese Automotive Standards Organization) and a lubricant to
which molybdenum dithiocarbamate with molybdenum in
the amount of 700 ppm has been added (VDS4 (DH-2)+
MoDTC) were prepared. The lubricant {VDS4 (DH-2)} used
with regard to FIG. 4 is a usual diesel engine oil.
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[0058] A substrate constituted by a high-carbon chromium
bearing steel (SUJ2) to which no titanium nitride aluminum
has been coated and a substrate (TiAIN) to which titanium
nitride aluminum has been coated were prepared.

[0059] Asaresult, the following fourkinds of samples were
prepared.
[0060] No. 2-1 (plot “A” in FIG. 4): Combination of a

lubricant {VDS4 (DH-2)} to which no molybdenum dithio-
carbamate has been added and a substrate (SUJ2) to which no
titanium nitride aluminum has been coated.
[0061] No. 2-2 (plot “A” in FIG. 4): Combination of a
lubricant {VDS4 (DH-2)+MoDTC} to which molybdenum
dithiocarbamate has been added and a substrate to which no
titanium nitride aluminum has been coated.
[0062] No. 2-3 (plot “@®” in FIG. 4): Combination of a
lubricant {VDS4 (DH-2)} to which no molybdenum dithio-
carbamate has been added and a substrate (TiAIN) to which
titanium nitride aluminum has been coated.
[0063] No. 2-4 (plot “o” in FIG. 4): Combination of a
lubricant {VDS4 (DH-2)+MoDTC} to which molybdenum
dithiocarbamate has been added and a substrate (TiAIN) to
which titanium nitride aluminum has been coated.
[0064] By changing the lubricating conditions, low friction
performances were compared in the same manner as in
Experimental Example 1.
[0065] The lubricating conditions were determined in the
range of a mixed lubrication region using the Sommerfeld
number as a standard.
[0066] The Sommerfeld number S is a non-dimensional
amount like S=viscosityxspeed+load.
[0067] Theresults of Experimental Example 2 are shown in
FIG. 4. In FIG. 4, the vertical axis shows a friction coefficient
1, and the horizontal axis shows the Sommerfeld number S.
[0068] In FIG. 4, the term regarding the viscosity in the
Sommerfeld number S is converted into “Pa-s”, the term
regarding the speed into “the frequency (s-1)” and the term
regarding the load into “the mean Hertzian stress (Pa)”,
whereby it is obtained.
[0069] At the vertical axis of FIG. 4,
[0070] the numeral A is the portion where the Sommer-
feld number $=2.12365x1072°,
[0071] the numeral B is the portion where the Sommer-
feld number S=9.03526x1072°,
[0072] the numeral C is the portion where the Sommer-
feld number $=2.12365x107"°,
[0073] the numeral D is the portion where the Sommer-
feld number $=3.6141x107'°, and
[0074] the numeral E is the portion where the Sommer-
feld number S=5.94509x107°.
[0075] Experimental Example 2 was carried out with
regard to the lubricating conditions corresponding to the
Sommerfeld numbers S shown by the numerals A to E, the
lubricating conditions in which the Sommerfeld number S is
larger than that of the numeral E and the lubricating condi-
tions in which the Sommerfeld number S is smaller than that
of the numeral A.
[0076] As mentioned by referring to FIG. 2, when the case
(general case) where molybdenum dithiocarbamate is not
added to the lubricant, the lubricating performances are low-
ered when chromium nitride is coated. On the other hand,
when molybdenum dithiocarbamate is added to the lubricant,
the friction becomes markedly small (i is markedly small)
and the lubricating performances are remarkably improved
when titanium nitride aluminum is coated.



US 2013/0266246 Al

[0077] InFIG. 4, in the range of the Sommerfeld numbers
S shown by C to E, the friction coefficient L (plot “o” in FIG.
4) of the sample No. 2-4 is lower than the friction coefficient
u (plot “A” in FIG. 4) of the sample No. 2-1, the friction
coefficient i (plot “A” in FIG. 4) of the sample No. 2-2 and the
friction coefficient u (plot “@” in FIG. 4) of the sample No.
2-3, so that it could be confirmed that the low friction perfor-
mances in the combination of the lubricant to which molyb-
denum dithiocarbamate had been added and the titanium
nitride aluminum coating has been exhibited.

[0078] According to the experiment carried out by the
inventor, when the Sommerfeld numbers S is smaller than
“2.12365%107'%” (in FIG. 4, the left side region than the
portion shown by the numeral C), the friction coefficient
w(plot “A” in FIG. 4) of the sample No. 2-2 is lower than the
friction coefficient p (plot “o” in FIG. 4) of the sample No.
2-4.

[0079] That is, according to the experiment carried out by
the inventor, the lubricating conditions in which low friction
performances have been confirmed in combination of the
lubricant to which molybdenum dithiocarbamate had been
added and the titanium nitride aluminum coating were only
the region in which the Sommerfeld number S was larger than
“2.12365%1071%” (the right side region than the numeral C in
FIG. 4).

[0080] Itcan beestimated that if the Sommerfeld number S
is smaller than *“2.12365x107'°”, the properties in the cat-
egory of dry friction causing solid contact would be strongly
reflected than that in the category of boundary friction at
which the lubricant forms a lubricating film.

[0081] InFIG. 4, as clearly seen from the comparison of the
plot at the numeral C, the plot at the numeral D and the plot at
the numeral E, the difference between the plot (o) of the
sample No. 2-4 and the plots (A, A and @) of the samples No.
2-1, 2-2 and 2-3 is small.

[0082] According to the experiment carried out by the
inventor, in the region of the Sommerfeld numbers S larger
than “5.94500x107'°” (the right side region than the numeral
E in FIG. 4), the difference between the plot (o) of the sample
No. 2-4 and the other plots (A, A and @) of the samples No.
2-1, 2-2 and 2-3 is smaller.

[0083] In other words, according to the experiment carried
out by the inventor, the lubricating conditions in which low
friction performances have been confirmed in combination of
the lubricant to which molybdenum dithiocarbamate had
been added and the titanium nitride aluminum coating were
the region in which the Sommerfeld number S was smaller
than “5.94509x1071°” (the left side region than the numeral E
in FIG. 4).

[0084] If the Sommerfeld number S is larger than
5.94509%1071”, it would be belonging to the category of the
so-called “fluid friction™, so that it can be estimated that the
low friction performances in combination of the lubricant to
which molybdenum dithiocarbamate had been added and the
titanium nitride aluminum coating could not be performed.
When it belongs to the category of the fluid friction, a suffi-
cient amount of the lubricant exists between the sliding sur-
faces but no lubricant film is formed.

[0085] From Experimental Example 2, it can be confirmed
that the low friction performances in combination of the
lubricant to which molybdenum dithiocarbamate had been
added and the titanium nitride aluminum coating are per-
formed in the range of the Sommerfeld number S 0£2.12365x%
107"7=8=5.94509x107"°.
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Experimental Example 3

[0086] By using the lubricant (VDS4 10W30+MoDTC) to
which molybdenum dithiocarbamate had been added and the
substrate (TiAIN) on which titanium nitride aluminum had
been coated, whether the low friction performances are per-
formed or not was tested in the same conditions as in Experi-
ment Example 1 except for making the Sommerfeld number
S “2.12365%107'” and changing the amount of the molyb-
denum dithiocarbamate (MoDTC) in the range of 500 to 1100
ppm with molybdenum amount of to each 100 ppm.

[0087] Experimental results of Experimental Example 3
are shown in the following Table 2.

TABLE 2

MoDTC added amount (ppm)

500 600 700 800 900 1000 1100

Low friction X A o o o o o
performance
[0088] In Table 2, “o” shows that the low friction perfor-

mances were confirmed as compared with the case where no
molybdenum dithiocarbamate had been added. “x” shows
that no low friction performance was confirmed.

[0089] In Table 2, the low friction performances were
shown by “A” when the added amount of molybdenum dithio-
carbamate (MoDTC) is set to 600 ppm in the molybdenum
amount. This means that the low friction performances were
performed but they were inferior to the low friction perfor-
mances in the cases of 700 to 1000 ppm in the molybdenum
amount.

[0090] It was confirmed by Experiment Example 3 that if
the added amount of molybdenum dithiocarbamate is a little,
the friction decreasing effect was insufficient and it should be
added 600 ppm or more as the molybdenum amount.

[0091] InTable2,the friction coefficient i in the case where
the added amount of molybdenum dithiocarbamate was 1000
ppm in terms of the molybdenum amount and the friction
coefficient |1 in the case where the added mount was 1100 ppm
in terms of the molybdenum amount were not so different
from each other. It has been well known that the charac-
teristics of the friction-lowering effect by the lubricant and
the added amount of molybdenum dithiocarbamate cannot be
obtained in increasing the friction-lowering effect if the
added amount of molybdenum dithiocarbamate exceeds a
predetermined value, and from Experiment Example 3, it can
be confirmed that such a predetermined value is 1000 ppm or
so in terms of the molybdenum amount.

[0092] In other words, from Experiment Example 3, the
friction-lowering effect can be confirmed with the added
amount of molybdenum dithiocarbamate with of molybde-
num in the amount of 600 to 1000 ppm without causing
increase in the cost.

Experimental Example 4

[0093] By using the lubricant { VDS4 (DH-2)+MoDTC} to
which molybdenum dithiocarbamate had been added and the
substrate (TiAIN) on which titanium nitride aluminum had
been coated, whether the low friction performances are per-
formed or not was tested in the same conditions as in Experi-
ment Example 1 except for making the Sommerfeld number
S 2.12365x107'°”, adding an amount of the molybdenum
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dithiocarbamate (MoDTC) with molybdenum in the amount
of 700 ppm and changing the arithmetic mean roughness of
the substrate 10 in the range of 1 to 4 nm to each 0.5 nm.

[0094] Experimental results of Experimental Example 4
are shown in the following Table 3.
TABLE 3
Arithmetic mean roughness

1.0 1.5 2.0 2.5 3.0 3.5 4.0

Low friction — — o o o o o
performance
[0095] In Table 3, “c” shows that the friction coefficient

was confirmed to be sufficiently low, and “~” shows that
measurement of the friction coefficient could not be carried
out.

[0096] Ifthe arithmetic mean roughness of the substrate 10
is smaller than 2 nm, If the arithmetic mean roughness of the
substrate 10 is smaller than 2 nm, it is estimated that a lubri-
cant condition is in the category of fluid friction, and that
measurement of the friction coefficient cannot be carried out
by the device as shown in FIG. 1 in such the lubricant condi-
tion.

[0097] Inother words, it can be confirmed by Experimental
Example 4 that the lubricant does not belong to the category
of the boundary friction which forms the lubricating film
between the sliding members otherwise the arithmetic mean
average roughness of the substrate 10 is 2 nm or more.

Experimental Example 5

[0098] By using the lubricant { VDS4 (DH-2)+MoDTC} to
which molybdenum dithiocarbamate had been added and the
substrate (TiAIN) on which titanium nitride aluminum had
been coated, whether the low friction performances are per-
formed or not was tested in the same conditions as in Experi-
ment Example 1 except for making the Sommerfeld number
S 2.12365x107'°”, adding an amount of the molybdenum
dithiocarbamate (MoDTC) with molybdenum in the amount
of 700 ppm and changing the arithmetic mean roughness of
the substrate 10 in the range 0f 8.0 to 11.0 nm to each 0.5 nm.
[0099] Experimental results of Experimental Example 5
are shown in the following Table 4.

TABLE 4

Arithmetic mean roughness

8.0 8.5 9.0 9.5 10.0 10.5 11.0

Low friction o o o o o X X
performance
[0100] In Table 4, “c” shows that the friction coefficient

was confirmed to be sufficiently low, and “x” shows that the
friction coefficient was large.

[0101] Ifthe arithmetic mean roughness of the substrate 10
is larger than 10.0 nm, it can be estimated that it could not
operate as a sliding member because unevenness of the sur-
face is large.

[0102] Inother words, it can be confirmed by Experimental
Example 5 that the sliding members do not operate in the
condition in which the lubricant forms a lubricating film
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between the sliding members, otherwise the arithmetic mean
average roughness of the substrate 10 is 10.0 nm or less.
[0103] Next, the second embodiment of the present inven-
tion is explained.

[0104] Inthe second embodiment, in the bearing structure,
for example, one of the sliding members is a shaft, and tita-
nium nitride (TiN) was coated on the peripheral surface (slid-
ing surface) of said shaft by the physical vapor deposition
(PVD) technique.

[0105] The arithmetic mean roughness of the shaft surface
was made 3.0 nm.

[0106] On the other hand, as the other sliding member, a
bearing (at least inner race) was made from high-carbon
chromium bearing steel (SUJ2).

[0107] As a lubricant, diesel engine oil of Japanese Auto-
motive Standards Organization “DH-2" to which 700 ppm of
molybdenum dithiocarbamate (MoDTC) had been added in
terms of a molybdenum amount was used.

[0108] Such bearing was used under the sliding conditions
(mixed lubricating region) of the Sommerfeld number of
2.12365x107'?. Here, the Sommerfeld number is a numerical
value in which the viscosity is converted to Pa-s, the speed to
s, and the load to mean Hertzian stress (Pa).

[0109] As aresult, such bearing was markedly decreased in
the friction coefficient as compared with the case where the
sliding both members are high-carbon chromium bearing
steel (SUJ2), lubricating with diesel oil (DH-2) to which no
molybdenum dithiocarbamate (MoDTC) had been added and
used under the sliding conditions (mixed lubricating region)
of the Sommerfeld number of 2.12365x107°.

Experimental Example 6

[0110] Experimental Example 6 was carried out by using a
ball-on-disk system high-frequency reciprocating rig
(HFRR) as shown in FIG. 1.

[0111] Here, Experimental Example 6 was carried out in
the similar conditions as in Experimental Example 1 except
that the ball 20 side (sliding surface side) of the high-carbon
chromium bearing steel (SUJ2) was coated by titanium
nitride in some cases.

[0112] With regard to eight kinds of samples (No. 1 to No.
8 in the following Table 1) used in Experimental Example 6,
combinations of the substrate 10 and the lubricant are shown
in the following Table 5.

TABLE 5
Ball Disk Lubricating oil
test test piece Friction
No. piece Substrate Coating Kind controller
1 SUJI2 sunR — CD —
2 SUJI2 sunR TiN CD —
3 SUJI2 sunR — CD MoDTC
4 SUJI2 sunR TiN CD MoDTC
5 SUJI2 sunR — VDS-4 —
(DH-2)
6 SUJI2 sunR TiN VDS-4 —
(DH-2)
7 SUJI2 sunR — VDS-4 MoDTC
(DH-2)
8 SUJI2 sunR TiN VDS-4 MoDTC
(DH-2)
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[0113] The test results of Experimental Example 6 are
shown in FIG. 5.

[0114] The horizontal axis of FIG. 5 shows a friction coef-
ficient p and the vertical axis shows the sample No.

[0115] In FIG. 5, when Samples No. 1 and No. 2, and
Sample No. 5 and Sample No. 6 are compared to each other,
it can be understood that, when titanium nitride is coated to
the substrate 10, the friction is remarkable (u is large) and the
lubricating performances are inferior as compared to the case
where no titanium nitride is not coated.

[0116] To the contrary, the results of Sample No. 4 and No.
8 are compared with the results of other samples in FIG. 5, it
can be understood that the friction becomes markedly small
(u is markedly small) and the lubricating performances are
remarkably improved when molybdenum dithiocarbamate
(MoDTC) is added to the diesel engine and the substrate 10 is
coated by titanium nitride.

[0117] When molybdenum dithiocarbamate (MoDTC) has
been added to the diesel engine and when the substrate 10 is
coated by titanium nitride, even when a general diesel engine
oil which contains a large amount of a detergent dispersant is
used as a lubricant, it can be estimated that the detergent
dispersant does not inhibit the diesel engine oil to which
molybdenum dithiocarbamate (MoDTC) has been added
from forming a lubricating film, and a lubricating film of the
diesel engine oil to which molybdenum dithiocarbamate
(MoDTC) has been added is formed and the lubricating per-
formances are exhibited, whereby the friction coefficient p is
lowered.

[0118] Incidentally, in FIG. 5, when the samples No. 1 and
No. 3, and No. 5 and No. 7 are compared to each other, low
friction property where molybdenum dithiocarbamate
(MoDTC) has been added can be confirmed.

[0119] FIG. 6 shows wear amounts generated at the sub-
strate 10 side after Experimental Example 6 was carried out
by comparison.

[0120] At the vertical axis of FIG. 6, a width (mm) of wear
scar generated at the substrate 10 side, and at the horizontal
axis, Sample No. is shown. Here, the width (mm) of wear scar
generated at the substrate 10 side is proportional to the wear
amount.

[0121] InFIG. 6, when the samples (No. 2, No. 4, No. 6 and
No. 8) in which titanium nitride has been coated are compared
with the samples (No. 1, No. 3, No. 5 and No. 7) in which it
has not been coated, the wear amounts are clearly lowered.

[0122] From FIG. 6, it is clear that the wear resistance is
improved when titanium nitride is coated.

Experimental Example 7

[0123] In Experimental Example 7, a lubricant to which no
molybdenum dithiocarbamate (MoDTC) is added (VDS4
(DH-2): “DH-2” is a standard of Japanese Automotive Stan-
dards Organization) and a lubricant, to which molybdenum
dithiocarbamate with molybdenum in the amount of 700 ppm
has been added (VDS4 (DH-2)+MoDTC), were prepared.
Said lubricant {VDS4 (DH-2)} is a usual diesel engine oil.
[0124] A substrate constituted by a high-carbon chromium
bearing steel (SUJ2) to which no titanium nitride has been
coated and a substrate (TiN) to which titanium nitride has
been coated were prepared.

[0125] In Experimental Example 7, the following four
kinds of samples were prepared.
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[0126] No. 7-1: Combination of a lubricant {VDS4 (DH-
2)} to which no molybdenum dithiocarbamate has been
added and a substrate (SUJ2) to which no titanium nitride has
been coated.

[0127] No. 7-2: Combination of a lubricant {VDS4 (DH-
2)+MoDTC} to which molybdenum dithiocarbamate has
been added and a substrate to which no titanium nitride has
been coated.

[0128] No. 7-3: Combination of a lubricant {VDS4 (DH-
2)} to which no molybdenum dithiocarbamate has been
added and a substrate (TiN) to which titanium nitride has been
coated.

[0129] No. 7-4: Combination of a lubricant {VDS4 (DH-
2)+MoDTC} to which molybdenum dithiocarbamate has
been added and a substrate (TiN) to which titanium nitride has
been coated.

[0130] By changing the lubricating conditions, low friction
performances were compared in the same manner as in
Experimental Example 6.

[0131] The lubricating conditions were determined in the
range of a mixed lubrication region using the Sommerfeld
number as a standard in the same manner as in Experimental
Example 2 of the first embodiment.

[0132] The term regarding the viscosity in the Sommerfeld
number S is converted into “Pa-s”, the term regarding the
speed into “the frequency (s-1)” and the term regarding the
load into “the mean Hertzian stress (Pa)”, whereby it is
obtained.

[0133] The Sommerfeld numbers S were set in the same
manner as in Experimental Example 2 of the first embodi-
ment,

[0134] S=2.12365x107%°,

[0135] S=9.03526x1072°,

[0136] S=2.12365x107"7,

[0137] S=3.6141x107"°, and

[0138] S=5.94509x107*°.

[0139] InExperimental Example 7, experiment was carried

out under the lubricating conditions larger than the Sommer-
feld number S of $=5.94509x1071°.

[0140] The results of Experimental Example 7 were the
same as the results (see FIG. 4) of Experimental Example 2 of
the first embodiment.

[0141] That is, at the Sommerfeld numbers S of “2.12365x
10717, “3.6141x107'%” and “5.94509%x107'°”, the friction
coefficient 1 of the sample No. 7-4 was lower than the friction
coefficient p ofthe sample No. 7-1, the friction coefficient pof
the sample No. 7-2 and the friction coefficient p of the sample
No. 7-3, so that it could be confirmed that the low friction
performances in the combination of the lubricant to which
molybdenum dithiocarbamate had been added and the tita-
nium nitride coating. When the Sommerfeld number S was
smaller than “2.12365x107"°”, the friction coefficient p of the
sample No. 7-2 was smaller than the friction coefficient p of
the sample No. 7-4.

[0142] From the results mentioned above, the lubricating
conditions in which the low friction performances in combi-
nation of the lubricant to which molybdenum dithiocarbam-
ate had been added and the titanium nitride coating has been
confirmed are only the region in which the Sommerfeld num-
ber S is larger than “2.12365x107"°”,

[0143] Itcan beestimated that if the Sommerfeld number S
is smaller than “2.12365x107'°”, the properties in the cat-
egory of dry friction causing solid contact would be strongly
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reflected than that in the category of boundary friction at
which the lubricant forms a lubricating film.

[0144] In Experimental Example 7, in the region of the
Sommerfeld number S larger than “5.94509x1071°>, the dif-
ference between the friction coefficient p of the sample No.
7-4 and the friction coefficients n of the samples No. 7-1, No.
7-2 and No. 7-3 was extremely small.

[0145] In other words, in Experimental Example 6, the
lubricating conditions in which low friction performances
have been significantly confirmed in combination of the lubri-
cant to which molybdenum dithiocarbamate had been added
and the titanium nitride coating were the region in which the
Sommerfeld number S was smaller than *5.94509x107°”.
[0146] If the Sommerfeld number S is larger than
5.94509%1071”, it would be belonging to the category of the
so-called “fluid friction™, so that it can be estimated that the
low friction performances in combination of the lubricant to
which molybdenum dithiocarbamate had been added and the
titanium nitride coating could not be performed. When it
belongs to the category of the fluid friction, a sufficient
amount of the lubricant exists between the sliding surfaces
but no membrane is formed.

[0147] From Experimental Example 7, it can be confirmed
that the low friction performances in combination of the
lubricant to which molybdenum dithiocarbamate had been
added and the titanium nitride coating are performed in the
range of the Sommerfeld number S of 2.12365x10~!°=S=5.
94509-107"°.

Experimental Example 8

[0148] By using the lubricant (VDS4 10W30+MoDTC) to
which molybdenum dithiocarbamate had been added and the
substrate (TiAIN) on which titanium nitride aluminum had
been coated, whether the low friction performances are per-
formed or not was tested in the same conditions as in Experi-
ment Example 1 except for making the Sommerfeld number
S “2.12365%107'” and changing the amount of the molyb-
denum dithiocarbamate (MoDTC) with molybdenum in the
amount in the range of 500 to 1100 ppm to each 100 ppm.
[0149] From the results of Experimental Example 7, as in
Experimental Example 3 (see Table 2), the amount of the
molybdenum dithiocarbamate of 500 ppm in the molybde-
num amount did not show the friction-lowering effect. The
amount of the molybdenum dithiocarbamate of 600 ppm in
the molybdenum amount showed the friction-lowering effect
but it was inferior to the friction-lowering effects in the cases
of'the molybdenum amounts of 600 ppm to 1000 ppm. It was
confirmed that the amount of the molybdenum dithiocarbam-
ate should be 600 ppm or more in the molybdenum amount.
[0150] Thefrictioncoefficient pin the case where the added
amount of molybdenum dithiocarbamate was 1000 ppm in
the molybdenum amount and the friction coefficient p in the
case where the added mount was 1100 ppm in the molybde-
num amount were not so different from each other, and it was
confirmed that the friction-lowering effect by the lubricant
and the added amount of molybdenum dithiocarbamate can-
not be obtained in increasing the friction-lowering effect if
the added amount of molybdenum dithiocarbamate exceeds
1000 ppm in the molybdenum amount.

[0151] From Experiment Example 8, the friction-lowering
effect can be confirmed with the added molybdenum dithio-
carbamate with molybdenum in the amount of 600 to 1000
ppm without causing increase in the cost.
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Experimental Example 9

[0152] By using the lubricant {VDS4 (DH-2)+MoDTC} to
which molybdenum dithiocarbamate had been added and the
substrate (TiN) on which titanium nitride had been coated,
whether the low friction performances are performed or not
was tested in the same conditions as in Experiment Example
1 except for making the Sommerfeld number S “2.12365x
107", adding an amount of the molybdenum dithiocarbam-
ate (MoDTC) with molybdenum in the amount of 700 ppm
and changing the arithmetic mean roughness of the substrate
10 in the range of 1.0 to 5.0 nm to each 0.5 nm.

[0153] Experimental results of Experimental Example 9
are shown in the following Table 6.

TABLE 6

Arithmetic mean roughness

1.0 1.5 2.0 25 3.0 35 40 45 5.0

Low friction — — o o o o o X X
performance
[0154] In Table 6, “c” shows that the friction coefficient

9

was confirmed to be sufficiently low, shows that measure-
ment of the friction coefficient could not be carried out and
“x” shows that the friction coefficient was large.

[0155] Ifthe arithmetic mean roughness of the substrate 10
is smaller than 2 nm, it is estimated that a lubricant condition
is in the category of fluid friction, and that measurement of the
friction coefficient cannot be carried out by the device as
shown in FIG. 1 in such the lubricant condition.

[0156] Inother words, it can be confirmed by Experimental
Example 9 that the lubricant does not belong to the category
of the boundary friction which forms the lubricating film
between the sliding members otherwise the arithmetic mean
average roughness of the substrate 10 is 2 nm or more.
[0157] Onthe other hand, if the arithmetic mean roughness
of the substrate 10 is smaller than 4.0 nm, it can be estimated
that it could not operate as a sliding member because uneven-
ness of the surface is large.

[0158] Inother words, it can be confirmed by Experimental
Example 9 that the sliding members do not operate in the
condition in which the lubricant forms a lubricating film
between the sliding members, otherwise the arithmetic mean
average roughness of the substrate 10 is 4.0 nm or less.

[0159] Next, the third embodiment of the present invention
is explained.
[0160] Inthethird embodiment, inthe bearing structure, for

example, one of the sliding members is a shaft, and titanium
carbon nitride (TiCN) was coated on the peripheral surface
(sliding surface) of said shaft by the physical vapor deposition
(PVD) technique. The arithmetic mean roughness of the shaft
surface was made 5.0 nm.

[0161] On the other hand, as the other sliding member, a
bearing (at least inner race) was made from high-carbon
chromium bearing steel (SUJ2).

[0162] As a lubricant, diesel engine oil of Japanese Auto-
motive Standards Organization “DH-2”, to which molybde-
num dithiocarbamate (MoDTC) with molybdenum in the
amount of 700 ppm, was used.

[0163] Such bearing was used under the sliding conditions
(mixed lubricating region) of the Sommerfeld number of
2.12365x107'?. Here, the Sommerfeld number is a numerical
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value in which the viscosity is converted to Pa-s, the speed to
s~*, and the load to mean Hertzian stress (Pa).

[0164] As aresult, such bearing was markedly decreased in
the friction coefficient as compared with the case where the
sliding both members are high-carbon chromium bearing
steel (SUJ2), lubricating with diesel oil (DH-2) to which no
molybdenum dithiocarbamate (MoDTC) had been added and
used under the sliding conditions (mixed lubricating region)
of the Sommerfeld number of 2.12365x107*°.

Experimental Example 10

[0165] Experimental Example 10 was carried out by using
a ball-on-disk system high-frequency reciprocating rig
(HFRR) as shown in FIG. 1.

[0166] Here, Experimental Example 10 was carried out in
the similar conditions as in Experimental Example 1 and
Experimental Example 6 except that the ball 20 side (sliding
surface side) of the high-carbon chromium bearing steel
(SUJ2) was coated by titanium carbon nitride in some cases.
[0167] With regard to eight kinds of samples (No. 1 to No.
8 in the following Table 7) used in Experimental Example 10,
combinations of the substrate 10 and the lubricant are shown
in the following Table 7.

TABLE 7
Ball Disk Lubricating oil
test test piece Friction
No. piece Substrate Coating Kind controller
1 SuJ2 Suj2 — CD —
2 SuJ2 Suj2 TiCN CD —
3 SuJ2 Suj2 — CD MoDTC
4 SuJ2 Suj2 TiCN CD MoDTC
5 SuJ2 Suj2 — VDS-4 —
(DH-2)
6 SuJ2 Suj2 TiCN VDS-4 —
(DH-2)
7 SuJ2 Suj2 — VDS-4 MoDTC
(DH-2)
8 SuJ2 Suj2 TiCN VDS-4 MoDTC
(DH-2)
[0168] The test results of Experimental Example 10 are

shown in FIG. 7.

[0169] The horizontal axis of FIG. 7 shows a friction coef-
ficient p and the vertical axis shows the sample No. In FIG. 7,
when Samples No. 1 and No. 2, and Sample No. 5 and Sample
No. 6 are compared to each other, it can be understood that, in
either of two kinds of diesel engines, if no molybdenum
dithiocarbamate (MoDTC) is added, the samples (No. 2 and
No. 6) in which titanium carbon nitride has been coated to the
substrate 10 are larger friction (i is large) and inferior in the
lubricating performances to the samples (No. 1 and No. 5) in
which titanium carbon nitride has not been coated to the
substrate 10.

[0170] From the results, it can be understood that the lubri-
cating performance is lowered when titanium carbon nitride
is coated in the case (general case) where molybdenum
dithiocarbamate is not added to diesel engine.

[0171] To the contrary, the results of Sample No. 4 and No.
8 are compared with the results of other samples in FIG. 7, it
can be understood that the friction becomes markedly small
(u is markedly small) and the lubricating performances are
remarkably improved when molybdenum dithiocarbamate
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(MoDTC) is added to the diesel engine and the substrate 10 is
coated by titanium carbon nitride.

[0172] When molybdenum dithiocarbamate (MoDTC) has
been added to the diesel engine and when the substrate 10 is
coated by titanium carbon nitride, even when a general diesel
engine oil which contains a large amount of a detergent dis-
persant is used as a lubricant, it can be estimated that the
detergent dispersant does not inhibit the diesel engine oil to
which molybdenum dithiocarbamate (MoDTC) has been
added from forming a lubricating film, and a lubricating film
of'the diesel engine oil to which molybdenum dithiocarbam-
ate (MoDTC) has been added is formed and the lubricating
performances are exhibited, whereby the friction coefficient
is lowered.

[0173] Incidentally, in FIG. 7, when the samples No. 1 and
No. 3, and No. 5 and No. 7 are compared to each other, low
friction property where molybdenum dithiocarbamate
(MoDTC) has been added can be confirmed.

[0174] FIG. 8 shows wear amounts generated at the sub-
strate 10 side after Experimental Example 10 was carried out
by comparison.

[0175] At the vertical axis of FIG. 8, a width (mm) of wear
scar generated at the substrate 10 side, and at the horizontal
axis, Sample No. is shown. Here, the width (mm) of wear scar
generated at the substrate 10 side is proportional to the wear
amount.

[0176] InFIG. 8, when the samples (No. 2, No. 4, No. 6 and
No. 8) in which titanium carbon nitride has been coated are
compared with the samples (No. 1, No. 3, No. 5 and No. 7) in
which it has not been coated, the wear amounts are clearly
lowered.

[0177] From FIG. 8, it is clear that the wear resistance is
improved when titanium carbon nitride is coated.

Experimental Example 11

[0178] In Experimental Example 11, a lubricant to which
no molybdenum dithiocarbamate (MoDTC) is added (VDS4
(DH-2): “DH-2” is a standard of Japanese Automotive Stan-
dards Organization) and a lubricant, to which molybdenum
dithiocarbamate with molybdenum in the amount of 700 ppm
has been added (VDS4 (DH-2)+MoDTC), were prepared.
Said lubricant {VDS4 (DH-2)} is a usual diesel engine oil.
[0179] A substrate constituted by a high-carbon chromium
bearing steel (SUJ2) to which no titanium carbon nitride has
been coated and a substrate (TiN) to which titanium carbon
nitride has been coated were prepared.

[0180] In Experimental Example 11, the following four
kinds of samples were prepared.

[0181] No. 11-1: Combination of a lubricant {VDS4 (DH-
2)} to which no molybdenum dithiocarbamate has been
added and a substrate (SUJ2) to which no titanium carbon
nitride has been coated.

[0182] No. 11-2: Combination of a lubricant {VDS4 (DH-
2)+MoDTC} to which molybdenum dithiocarbamate has
been added and a substrate to which no titanium carbon
nitride has been coated.

[0183] No. 11-3: Combination of a lubricant {VDS4 (DH-
2)} to which no molybdenum dithiocarbamate has been
added and a substrate (TiCN) to which titanium carbon nitride
has been coated.

[0184] No. 11-4: Combination of a lubricant {VDS4 (DH-
2)+MoDTC} to which molybdenum dithiocarbamate has
been added and a substrate (TiCN) to which titanium carbon
nitride has been coated.
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[0185] By changing the lubricating conditions, low friction
performances were compared in the same manner as in
Experimental Example 10.

[0186] The lubricating conditions were determined in the
range of a mixed lubrication region using the Sommerfeld
number as a standard in the same manner as in Experimental
Example 2 of the first embodiment and Experimental
Example 7 of the second embodiment.

[0187] The term regarding the viscosity in the Sommerfeld
number S is converted into “Pa-s”, the term regarding the
speed into “the frequency (s-1)” and the term regarding the
load into “the mean Hertzian stress (Pa)”’, whereby it is
obtained.

[0188] The Sommerfeld numbers S were set in the same
manner as in Experimental Example 2 of the first embodi-
ment and Experimental Example 7 of the second embodi-
ment,

[0189] S=2.12365x107%°,

[0190] S=9.03526x1072°,

[0191] S=2.12365x107"7,

[0192] S=3.6141x107'°, and

[0193] S=5.94509x107"7.

[0194] In Experimental Example 11, experiment was car-

ried out under the lubricating conditions larger than the Som-
merfeld number S of $=5.94509x107"°.

[0195] The results of Experimental Example 11 were the
same as the results (see FIG. 4) of Experimental Example 2 of
the first embodiment and Experimental Example 7 of the
second embodiment.

[0196] That is, at the Sommerfeld numbers S of “2.12365x
107197, “3.6141x107*°” and “5.94509x1071°", the friction
coefficient 1 of the sample No. 11-4 was lower than the
friction coefficient p of the sample No. 11-1, the friction
coefficient p of the sample No. 11-2 and the friction coeffi-
cient 1 of the sample No. 11-3, so that it could be confirmed
that the low friction performances in the combination of the
lubricant to which molybdenum dithiocarbamate had been
added and the titanium carbon nitride coating. When the
Sommerfeld number S was smaller than “2.12365x107'°”,
the friction coefficient p of the sample No. 11-2 was smaller
than the friction coefficient p of the sample No. 11-4.

[0197] From the results mentioned above, the lubricating
conditions in which the low friction performances in combi-
nation of the lubricant to which molybdenum dithiocarbam-
atehad been added and the titanium carbon nitride coating has
been confirmed are only the region in which the Sommerfeld
number S is larger than “2.12365x107'°”,

[0198] Itcan beestimated that if the Sommerfeld number S
is smaller than *“2.12365x107'°”, the properties in the cat-
egory of dry friction causing solid contact would be strongly
reflected than that in the category of boundary friction at
which the lubricant forms a lubricating film.

[0199] In Experimental Example 11, in the region of the
Sommerfeld number S larger than “5.94509x107°”, the dif-
ference between the friction coefficient p of the sample No.
11-4 and the friction coefficients p of the samples No. 11-1,
No. 11-2 and No. 11-3 was extremely small.

[0200] In other words, in Experimental Example 11, the
lubricating conditions in which low friction performances
have been significantly confirmed in combination of the lubri-
cant to which molybdenum dithiocarbamate had been added
and the titanium carbon nitride coating were the region in
which the Sommerfeld number S was smaller than “5.94509x
107197,

Oct. 10, 2013

[0201] If the Sommerfeld number S is larger than
5.94509%1071”, it would be belonging to the category of the
so-called “fluid friction™, so that it can be estimated that the
low friction performances in combination of the lubricant to
which molybdenum dithiocarbamate had been added and the
titanium carbon nitride coating could not be performed.
When it belongs to the category of the fluid friction, a suffi-
cient amount of the lubricant exists between the sliding sur-
faces but no membrane is formed.

[0202] From Experimental Example 11, it can be con-
firmed that the low friction performances in combination of
the lubricant to which molybdenum dithiocarbamate had
been added and the titanium carbon nitride coating are per-
formed in the range of the Sommerfeld number S 0f 2.12365x%
107"°<8=5.94509x107"°.

Experimental Example 12

[0203] By using the lubricant (VDS4 10W30+MoDTC) to
which molybdenum dithiocarbamate had been added and the
substrate (TiCN) on which titanium carbon nitride had been
coated, whether the low friction performances are performed
or not was tested in the same conditions as in Experiment
Example 1 except for making the Sommerfeld number S
“2.12365%107'" and changing the amount of the molybde-
num dithiocarbamate (MoDTC) in the range of 500 to 1100
ppm in the molybdenum amount to each 100 ppm.

[0204] From the results of Experimental Example 12, as in
Experimental Example 3 (see Table 2) and Experimental
Example 7, the amount of the molybdenum dithiocarbamate
with molybdenum in the amount of 500 ppm did not show the
friction-lowering effect. The amount of the molybdenum
dithiocarbamate of 600 ppm in the molybdenum amount
showed the friction-lowering effect but it was inferior to the
friction-lowering effects in the cases of the molybdenum
amounts of 600 ppm to 1000 ppm. It was confirmed that the
amount of the molybdenum dithiocarbamate should be 600
ppm or more in the amount of molybdenum.

[0205] Thefriction coefficient i in the case where the added
amount of molybdenum dithiocarbamate was 1000 ppm in
the molybdenum amount and the friction coefficient p in the
case where the added mount was 1100 ppm in the molybde-
num amount were not so different from each other, and it was
confirmed that the friction-lowering effect by the lubricant
and the added amount of molybdenum dithiocarbamate can-
not be obtained in increasing the friction-lowering effect if
the added amount of molybdenum dithiocarbamate exceeds
1000 ppm in the molybdenum amount.

[0206] From Experiment Example 12, the friction-lower-
ing effect can be confirmed with the added amount of molyb-
denum dithiocarbamate of 600 to 1000 ppm in the molybde-
num amount without causing increase in the cost.

Experimental Example 13

[0207] By using the lubricant {VDS4 (DH-2)+MoDTC} to
which molybdenum dithiocarbamate had been added and the
substrate (TiN) on which titanium nitride had been coated,
whether the low friction performances are performed or not
was tested in the same conditions as in Experiment Example
10 except for making the Sommerfeld number S “2.12365x
107'*”, adding an amount of the molybdenum dithiocarbam-
ate (MoDTC) with molybdenum in the amount of 700 ppm
and changing the arithmetic mean roughness of the substrate
10 in the range of 1 to 4 nm to each 0.5 nm.
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[0208] Experimental results of Experimental Example 13
are the same as the experimental results of Experimental
Example 4 of the first embodiment (see Table 3).

[0209] That is, if the arithmetic mean roughness of the
substrate 10 is smaller than 2 nm, it is estimated that a lubri-
cant condition is in the category of fluid friction, and that
measurement of the friction coefficient cannot be carried out
by the device as shown in FIG. 1 in such the lubricant condi-
tion. In other words, it can be confirmed by Experimental
Example 13 that the lubricant does not belong to the category
of the boundary friction in which the lubricating film forms
between the sliding members, otherwise the arithmetic mean
average roughness of the substrate 10 is 2 nm or more.

Experimental Example 14

[0210] By using the lubricant { VDS4 (DH-2)+MoDTC} to
which molybdenum dithiocarbamate had been added and the
substrate (TiAIN) on which titanium carbon nitride had been
coated, whether the low friction performances are performed
or not was tested in the same conditions as in Experiment
Example 1 except for making the Sommerfeld number S
“2.12365%1071°”, an amount of the molybdenum dithiocar-
bamate (MoDTC) 700 ppm in terms of the molybdenum
amount and changing the arithmetic mean roughness of the
substrate 10 in the range of 8.0 to 11.0 nm to each 0.5 nm.
[0211] The results of Experimental Example 14 are the
same as the experimental results of Experimental Example 5
of the first embodiment (see Table 4).

[0212] That is, if the arithmetic mean roughness of the
substrate 10 is larger than 10.0 nm, the low friction perfor-
mances were not performed. It can be estimated that it could
not operate as a sliding member if unevenness of the surface
is large.

[0213] Inother words, it can be confirmed by Experimental
Example 14 that it cannot act as the sliding members which
operate in the condition of the boundary friction in which the
lubricant forms the lubricating film between the sliding mem-
bers, otherwise the arithmetic mean average roughness of the
substrate 10 is 10.0 nm or less.

[0214] The above-mentioned embodiments are merely
shown as examples and do not intend to limit the technical
scope of the present invention.

[0215] For example, in the embodiments shown in the
drawings, the ball 20 which is an opposite member of the
substrate 10 the sliding surface of which has been coated by
chromium nitride is made of a high-carbon chromium bearing
steel (SUJ2). However, according to the experiments carried
out by the inventor, when the ball 20 is constituted by a
ferrous material in which the carbon amount is 0.15 to 0.55%
by weight, hardening and tempering treatments has been
carried out and carbonizing treatment has been carried out,
the same results as in those shown in the drawing, Experi-
mental Example 1 and Experimental Example 2 can be
obtained.

[0216] Accordingly, the ferrous material in which the car-
bonamount is 0.15 to 0.55% by weight, hardening, tempering
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and carbonizing treatments have been carried out may be used
in place of the high-carbon chromium bearing steel (SUJ2).
[0217] Also in the embodiment, the bearing is exemplified
but it is as a matter of course that the present invention can be
applied to the other sliding members.

EXPLANATION OF REFERENCE NUMERALS

[0218] 10...10

[0219] 20...20

[0220] P...Load

[0221] F ... Direction to which the friction acts

1. A sliding mechanism characterized in that it used under
lubricating conditions of a Sommerfeld number in a range of
2.12365x107*° t0 5.94509x107'?, upon converting a viscos-
ity thereof to Pa-s, a speed to s™*, and a load to mean Hertzian
stress (Pa), at least one sliding surface of sliding members
made of a steel material is coated by a titanium nitride-based
material, diesel engine oil to which molybdenum dithiocar-
bamate has been added with molybdenum in an amount of
600 ppm to 1000 ppm is interposed between the sliding mem-
bers as a lubricant, and an arithmetic mean roughness of the
sliding member(s) is in the range of 2 to 10 nm.

2. The sliding mechanism according to claim 1, wherein
said titanium nitride material is titanium nitride aluminum.

3. The sliding mechanism according to claim 1, wherein
said titanium nitride material is titanium nitride and an arith-
metic mean roughness of the sliding member(s) is 2 to 4 nm.

4. The sliding mechanism according to claim 1, wherein
said titanium nitride material is titanium carbon nitride.

5. A method for reducing friction of a sliding mechanism
characterized in that it is used under lubricating conditions of
a Sommerfeld number in a range of 2.12365x107*° to
5.94509x107*°, upon converting a viscosity thereof to Pa-s, a
speed to and a load to mean Hertzian stress (Pa), at least one
sliding surface of sliding members made of a steel material is
coated by a titanium nitride-based material, a diesel engine oil
to which molybdenum dithiocarbamate has been added with
molybdenum in an amount of 600 ppm to 1000 ppm is inter-
posed between the sliding members as a lubricant, and an
arithmetic mean roughness of the sliding member(s) is in the
range of 2 to 10 nm.

6. The method for reducing friction according to claim 5,
wherein said titanium nitride material is titanium nitride alu-
minum.

7. The method for reducing friction according to claim 5,
wherein said titanium nitride material is titanium nitride and
an arithmetic mean roughness of the sliding member(s) is 2 to
4 nm.

8. The method for reducing friction according to claim 5,
wherein said titanium nitride material is titanium carbon
nitride.



