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Abstract
Previously triboplasma was discovered in the rear gap of the sliding contact. Recently, the temperature of the triboplasma 
was successfully measured and demonstrated that the triboplasma is the non-equilibrium low-temperature plasma. During 
the course of the temperature rise distribution measurement of the triboplasma, flow of the triboplasma was observed. In this 
article, the triboplasma flow behaviors were investigated by measuring the triboplasma temperature rise distribution using 
a highly sensitive microscopic infrared camera. The measurement was performed in the tribosystem while a diamond pin 
with a tip radius of 4 mm slides on a sapphire disk with the wear track diameter of 40 mm in dry sliding in the ambient air 
under the normal forces of FN = 1 N and 2 N and the disk rotational velocities of ω = 10, 20, 50, 100, and 155 rpm, which 
correspond to the sliding velocities of V = 0.021, 0.042, 0.105, 0.21, and 0.324 m/s, respectively. In the experiments, the pin 
and disk specimens were warmed to raise the negligibly small temperature rise of the rear plasma tail region to the infrared 
camera imaging detection level by transferring the specimen’s heat to the plasma. Two types of plasma flows have been 
observed. One of them is a lamellar flow under the rotational velocity region of ω ≦ 10 rpm (V ≦ 0.021 m/s). This laminar 
flow transits to the turbulent one under ω ≧ 20 rpm (V ≧ 0.042 m/s). At the lamellar flow region, the triboplasma flows in 
the direction of sliding. However, at the turbulent flow region, the plasma flow direction shifts clockwise from the sliding 
line to the direction of disk rotation. The flow angle between the sliding line and the plasma flow one increases with the 
rotational velocity due to the centrifugal forces by disk rotation.
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1 Introduction

Triboplasma was discovered in the rear gap of the sliding 
contact in 2001 [1]. The triboplasma is the plasma gener-
ated by the relative motion of the mating two surfaces, i.e., 
by rubbing. The rubbing causes first tribocharging, which 
generates intense electric field in the gap of sliding con-
tact. Then the electric field accelerates the electrons which 
are emitted from the negatively charged surface of the two 
mating rubbing surfaces. The accelerated electrons inter-
act with the air molecules producing additional electrons 
leading to the electron avalanche process in the gap of the 
sliding contact to generate plasma, i.e., the triboplasma. The 

mechanism of the triboplasma generation has been described 
in detail using the most recent model of the triboelectro-
magnetic phenomena, which embrace triboplasma genera-
tion, triboemission of electrons, negative and positive ions, 
radicals and photons, tribocharging and post emission of 
electrons and photons, in the previous article [2].

Based on the temperature level, plasma is classified into 
two groups, i.e., the high-temperature plasma [3, 4] and 
the non-equilibrium low-temperature plasma [5–7]. Very 
recently, temperature of the triboplasma was successfully 
measured in the tribosystem of a diamond pin sliding on 
a rotating disk. The experiment showed that the maximum 
temperature rise of the plasma was so small of 0.69 °C, 
which demonstrated that the triboplasma is the non-equilib-
rium low-temperature plasma [8]. This is because the maxi-
mum temperature of the plasma gas including ions, radi-
cal and neutral molecules are so small of 0.69 °C, but the 
energy, i.e. the temperatures, of the electrons should be so 
great as reported previously [9]. The measured temperature 
distribution showed also that the triboplasma temperature 
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rise depends on the tribocharge distribution on the frictional 
track, since the tribocharge-induced electric fields accelerate 
the electrons which generate the plasma gas. [2].

As the smaller specimen moves on the mating surface, 
triboplasma gas originated at the sliding contact should flow 
through the rear contact gap toward the exit. This plasma gas 
flow gives the tailing to the triboplasma. However, no work 
on the triboplasma flow behavior has been reported so far.

In the present article, the flow behaviors of the tribo-
plasma were investigated by measuring the triboplasma tem-
perature rise distribution, since the previous report showed 
that the triboplasma temperature rise distribution clearly 
showed the image of the triboplasma distribution. The tri-
boplasma temperature rise was only 0.69 °C as described 
above even at the center of the triboplasma inside of the 
rear gap, whereas the temperature rise at the plasma tail-
ing region was too weak to be detected for imaging by the 
infrared camera. Then, in the present experiments, the pin 
and disk specimens were warmed to increase the negligibly 
small temperature rise of the rear plasma tail region to the 
infrared camera detection level by transferring the speci-
men’s heat to the plasma. Then we succeeded to measure the 
triboplasma flow image. Two types of flow were observed, 
i.e., the lamellar and the turbulent flows [9, 10]. Further, the 
plasma flow direction was found to shifts to the direction of 
the disk rotation by the centrifugal forces.

2  Experimental Procedure

Triboplasma flow characteristics were investigated by meas-
uring the temperature rise distribution images using the pin 
and disk specimens warmed by hot air stream before the 
sliding experiments. These warmed specimens are called 
the warmed specimens from now on. For comparison, the 
temperature rise distributions were also measured for the 
specimens having the room temperature without warming. 
These specimens are also called the non-warmed specimens.

Figure 1 shows a schematic representation of the appa-
ratus to measure the triboplasma temperature rise distri-
bution above the ambient one, △T, using the microscopic 
high accuracy infrared camera (IRC) (FLIRATS Co. Ltd. 
SC7600-BB). The sensitive wavelength of the camera was 
from 2.5 μm to 5.0 μm. The temperature rise of the tribo-
plasma generated in the gap of the sliding contact and the 
vicinity were measured while sliding a diamond pin with 
a tip radius of R = 4 mm on a sapphire disk (single crystal 
 Al2O3) with a diameter of 50 mm and the thickness of 1 mm 
under dry sliding in a room temperature of TR = 26 °C, in the 
ambient room air with the relative humidity of HR = 20%. 
The diamond pin was embedded into the cylindrical Ti 
bar having a diameter of 2 mm and an included angle of 
120° to avoid the magnetization of the pin observed such 

as Fe. The side image of the temperature rise distribution 
was measured from the horizontal direction with an angle 
of several degrees from the sapphire disk surface as seen in 
Fig. 1a, whereas the plane image was measured vertically 
through the sapphire disk as seen in Fig. 1b. The resolu-
tion of the IR camera was 15 μm/pixel and the integration 
time (exposure time) was 2.35 ms. The friction experi-
ments were performed under the normal force FN = 1 N for 
the side image and FN = 2 N for the plane image, respec-
tively, and the rotational velocities of ω = 10, 20, 50, 100, 
and 155 rpm, which correspond to the sliding velocities 
of V = 0.021, 0.042, 0.105, 0.21, 0.324 m/s, respectively, 
under the wear track diameter of 40 mm. The maximum 
Hertzian contact pressures under FN = 1 and 2  N were 
Pmax·1N = 952 MPa and Pmax·2N = 1200 MPa, respectively, 
whereas the mean Hertzian contact pressures under FN = 1 
and 2 N were Pmean・1N = 634 MPa and Pmean·2N = 800 MPa, 
respectively. They were calculated using the material param-
eters of diamond and sapphire. Young’s modulus of diamond 
and sapphire is Edia = 1050 GPa and Esap = 335 GPa, respec-
tively, whereas Poisson ratio of diamond and sapphire is 
νdia = 0.1 and νsap = 0.25, respectively. The test specimens 
were cleaned with the solvents of n-hexane, ethanol, and 
then acetone in an ultrasonic bath. The adsorbed solvents 
molecules were then removed from the pin and disk speci-
men surfaces by hot air stream.

3  Results and Discussion

3.1  Laminar Flow Under ω ≦ 10 rpm (V = 0.021 m/s)

3.1.1  Side and Plane Images of the Lamellar Flow

Figure 2a, b shows the typical side and plane images of 
the temperature rise distribution, △T, measured by the IR 
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Fig. 1  Pin-on-disk tribometer installed with an infrared camera, IRC: 
a side image measurement, b plane image measurement
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camera from the side-ward and the vertical-ward thorough 
the sapphire disk in the tribosystem of the non-warmed 
diamond pin sliding against the non-warmed sapphire 
disk at the sliding time of t = 0.1  s under ω = 10  rpm 
(V = 0.021 m/s) and FN = 1 N and FN = 2 N, respectively. 
However, Fig. 2c, d shows those images measured, under 
the same sliding conditions, for the warmed specimens 
at t = 1.0 s. In Fig. 2a in the non-warmed specimens, no 
plasma flow image is seen in the rear outside region of 
the contact gap, though Fig. 2b suggests the existence of 
weak plasma flow. On the other hand, in Fig. 2c, d in the 
warmed specimens, the triboplasma is clearly flowing out 
of the rear gap along the wear track. Front plasma is some-
times generated in the front outside of the sliding contact 
as seen in Fig. 2a, but not in Fig. 2c and d. This is because 
the front plasma is generated only when enough charges 
remain even after consuming the main charges for generat-
ing the rear plasma [7].

Figure 3 shows the triboplasma temperature rise dis-
tribution in the non-warmed specimens under ω = 10 rpm 
(V = 0.021 m/s) and the temperature rise profile along the 
a-b-c line. The temperature rise image in the non-warmed 
specimens shows no plasma flowing out as described 
above, but the temperature rise profile shows clearly that 
the plasma is flowing out of the rear gap for the distance of 
△l = 0.8 mm. The plasma temperature rise of △T = 0.15 °C 
inside the gap decreases first steeply and then gradually to 
the ambient room temperature of △T= 0.00 °C. This means 

that the imaging level of the IR camera is not enough to give 
the plasma image in the tailing region under △T < 0.15 °C.

To get the plasma tailing image, i.e., the plasma flow-
ing image, we tried to raise the small temperature rise 
of △T< 0.15 °C to the image detection level of the IR 
camera by warming the pin and disk specimens to transfer 
their heat to the plasma. Figure 4 shows the side image of 
the temperature rise distribution in the warmed specimens 
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Fig. 2  Typical side and plane images of the temperature rise, ΔT, distributions above the room temperature in the non-warmed specimens (a, b) 
and those in the warmed specimens (c, d), respectively, under ω = 10 rpm (V = 0.021 m/s)
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Fig. 3  Side image of the temperature rise, ΔT, distribution and the 
temperature rise profile along the a-b-c line in the non-warmed speci-
mens at t = 0.1 s under ω = 10 rpm (V = 0.021 m/s) and FN= 1 N
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under ω = 10 rpm (V = 0.021 m/s) and the temperature 
rise profile along the a-b-c line. The temperatures of the 
pin, the sliding contact, and the disk were raised from the 
ambient temperature of △T = 0.00 °C to △Tpin= 0.47 °C, 
△Tcontact=0.50 °C, and △Tdisk=0.60 °C, respectively. The 
heat of the warned specimens transferred to the plasma 
inside the specimen gap and raised the plasma tempera-
ture from the △Tplasma = 0.15 °C of the non-warmed speci-
mens to the △Tplasma=0.43 °C of the warmed specimen by 
0.28 °C. The warmed plasma temperature rise decreases 
first gradually and then rather steeply with the distance 
from the end of the specimen gap. The temperature 
rise profile shows smooth temperature decrease and the 
plasma flow image also has smooth surface. These fea-
tures demonstrate that the plasma flow under ω = 10 rpm 
(V = 0.021 m/s) is the lamellar one.

The plasma flow size in the warmed specimens is much 
greater than that in the non-warmed specimens. This is 
probably due to that the plasma measured in the warmed 
specimens by the temperature rise measurement contains 
non-plasma gas where the electrons, ions, and radicals have 
already ceased because of their short life. However, it is 
difficult to distinguish the plasma region and non-plasma 
region in the temperature measurement technique. Then, in 
this report, we call the whole plasma flow region detected in 
the warmed specimens the plasma flow region.

Figure 5 shows the plane image of the temperature rise 
and the temperature rise profile along the a-b-c-d line in 
the warmed specimens under ω = 10 rpm (V = 0.021 m/s). 
The temperature rise in the a-b region shows the combined 
temperature rise of the plasma and the warmed pin surface, 
whereas the temperature rise in the c-d region shows plasma 
temperature rise itself, which decreases gradually with the 
distance to the rear direction of the sliding. The plasma 
image shows that the plasma is flowing out along the wear 
track. The linear flow shows also that it is a lamellar flow.

It is clear that the temperature rise distribution image 
of the plasma measured for the warmed specimens under 
ω = 10 rpm (V = 0.021 m/s) give the plasma flow image. 
Namely, we can investigate the plasma flow behaviors using 
the warmed specimens. Then the plasma flow behaviors are 
investigated using the warmed pin and the disk specimens 
for other rotational velocities.

3.1.2  Time Dependence Nature of the Lamellar Flow

Figure 6 shows the time dependence of the side images of 
the plasma temperature rise distribution in the warmed test 
specimens under ω = 10 rpm (V = 0.021 m/s) and FN = 1 N 
at t = 0.01 to 5.0 s, where the time of one disk revolution, 
t1rev, is 6.0 s. It can be seen from Fig. 6 that the plasma 
size and intensity are steeply growing from t = 0.01 s, reach-
ing a maximum at t = 1.50 s and then decreases with time, 
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Fig. 4  Side image of the temperature rise, ΔT, distribution and the 
temperature rise profile along the a-b-c line in the warmed specimens 
at t = 1.0 s under ω = 10 rpm (V = 0.021 m/s) and FN= 1 N
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Fig. 5  Plane image of the temperature rise, ΔT, distribution and the 
temperature rise profile along the a-b-c-d line in the warmed speci-
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i.e., with the sliding distance. After reaching the maximum 
in size and intensity at t = 1.5 s, the plasma density also 
decreases. This time dependence nature of the temperature 
rise distribution, i.e., plasma distribution, is caused by slid-
ing of the pin on the tribocharge distributed wear track sur-
face as reported previously [2].

3.2  Turbulent Flow Under ω ≧20 rpm (V = 0.042 m/s)

3.2.1  Side and Plane Images of the Turbulent Flow

Figure 7a, b shows the typical side and plane mages of the 
temperature rise distributions in the warmed specimens 
under ω =20 rpm (V = 0.042 m/s), whereas Fig. 7c, d shows 
those under ω = 50 rpm (V = 0.105 m/s), respectively. It is 
clearly seen in Fig. 7a, c that the plasma is flowing out of the 
contact gap not in the lamellar flow, but in the turbulent one 
which flows out in a swirl. The plane images in Fig. 7b, d 
show also that the plasma flow is the turbulent one spreading 
rectangular to the sliding direction. The center of the plasma 
flow under ω = 20 rpm (V = 0.042 m/s) seems to be almost 
on the wear track. However, the center of the flow under 
ω = 50 rpm (V = 0.105 m/s) is not on the wear track, but it 
shifts clockwise by an angle of about α = 5° to the disk rota-
tion direction. This shift must be caused by the centrifugal 
forces caused by the rotation of the disk specimen.

Figure 8a, b shows the side images of the temperature 
rise distributions and the temperature rise profiles along the 
a-b-c-d-e–f-g lines under ω = 20 rpm (V = 0.042 m/s) (a) and 
ω = 50 rpm (V = 0.105 m/s) (b), respectively. The images 
and the profiles in Fig. 8a, b show clearly the character-
istics of the turbulent flow of the plasma which is whirl-
ing. The temperature rise at “c “and “e” under ω = 50 rpm 
(V = 0.105 m/s) has the negative values of △T = − 0.13 °C 
and − 0.16 °C, respectively. Namely, the temperatures of 
these regions are lower than the ambient one. These negative 
temperature rises must be caused by the local adiabatic air 
expansion caused by the turbulent flow.

Figure 9a, b shows the side images of the temperature 
rise distributions and the temperature rise profiles along 
the a-b-c-d-e lines under ω = 100 rpm (V = 0.21 m/s) and 
ω = 155 rpm (V = 0.324 m/s), respectively, showing that 
the plasma flow is also the turbulent flow in both ω = 100 
(V = 0.21 m/s) and 155 rpm (V = 0.324 m/s). In 100 rpm 
(V = 0.21 m/s), the plasma is stretched to the rear direction, 
whereas the plasma under ω = 155 rpm (V = 0.324 m/s) is 
shorter than that in ω = 100 rpm (V = 0.21 m/s) suggesting 
that the plasma tail is torn off by the higher disk rotation 
(higher sliding velocity).

Figure 10a, b shows the plane images of the temperature 
rise distributions and the temperature rise profiles along 
the a-b-c-d lines under ω = 20  rpm (V = 0.042 m/s) and 
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50 rpm (V = 0.105 m/s), respectively, whereas Fig. 11a, b 
shows those under ω = 100 rpm (V = 0.21 m/s) and 155 rpm 
(V = 0.324 m/s), respectively. In all those figures, the temper-
ature rises in the a-b regions show the combined temperature 
rises of the warmed triboplasma and the warmed pin speci-
mens, whereas that in c-d region shows the warmed plasma 
temperature rise, as described above. The combined temper-
ature rise profiles in the a-b gap regions are not smooth but 
rough suggesting that the plasma flow is not the lamellar but 
the turbulent one even inside the gap. Whereas the warmed 
plasma temperature rise profiles in the c-d regions are also 
rough showing the turbulent flows to the rear outward. Com-
parison of these plane images shows that the angle between 
the sliding direction and the plasma flow direction increases 
clockwise to the direction of the disk rotation with the rota-
tional velocities. 

3.2.2  Time Dependence Nature of the Turbulent Flow

Figure 12a, b shows the time dependence natures of the side 
images of the plasma temperature rise distribution in the 
warmed specimens under ω = 20 rpm (V = 0.042 m/s) with 
t1rev = 3.0 s and those under ω = 50 rpm (V = 0.105 m/s) 
with t1rev = 1.20 s, respectively. It is clearly seen in both 
time dependence natures of 20 (V = 0.042 m/s) and 50 rpm 
(V = 0.105 m/s) that the plasma flows are the turbulent one 

as described above. In 20 rpm (V = 0.042 m/s), the size 
and intensity of the plasma flow increases from t = 0.01 s, 
reaching the maximum at t = 1.50 s and then decreases 
to the minimum at the end of the first cycle of t = 3.00 s, 
at which the second cycle of the rotation starts. The time 
dependence of the plasma flow behavior in the first cycle 
is repeated in the second cycle, though the side image at 
the end of the second cycle at t = 6.00 s is not given. This 
is because the tribocharge distribution on the wear track 
surface does almost not change with the repeated slid-
ing, i.e., it is almost independent of the repeated sliding. 
Therefore, the time dependence nature of the triboplasma 
generation is almost independent of the repeated sliding 
cycle. This independence of the time dependence nature 
of the plasma generation is also clearly observed under 
50 rpm (V = 0.105 m/s) in Fig. 12b.

Figure 13a, b shows the time dependence natures of the 
triboplasma flow behaviors measured by the side images 
of the temperature rise distribution in the warmed speci-
mens under ω = 100  rpm (V = 0.21  m/s) and 155  rpm 
(V = 0.324 m/s), respectively. It is also seen in these figures 
that the time dependence, i.e., sliding distance dependence 
of the triboplasma flow behaviors in the first cycle is cor-
rectly repeated in the second cycle. In the higher rotational 
velocity of 155 rpm (V = 0.324 m/s), the front plasma is 
generated showing that the tribocharge is not completely 
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℃
）

0.01 s 0.20 s 0.40 s 0.60 s 0.80 s 1.00 s 1.20 s

1.40 s 1.60 s 1.80 s 2.00 s 2.20s 2.40 s1.20 s

(b) 50 rpm
1st cycle 

2nd cycle  

0.500℃

0.000℃
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1.00 s 1.50 s 2.00 s 3.00 s

4.00 s

2.50 s

3.50 s 4.50 s3.00 s

(a) 20 rpm
1st cycle 

2nd cycle  

∆T
  (
℃
）

Fig. 12  Time dependence of the side images of the temperature rise, ΔT, distributions for the warmed specimens under ω = 20  rpm 
(V = 0.042 m/s) with t1rev= 3.0 s (a) and those under ω = 50 rpm (V = 0.105 m/s) with t1rev= 1.2 s (b)
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consumed by the rear triboplasma generation and some 
charges remained to generate the front plasma [7].

Figure 14 shows the time dependence characteristics 
of the plane images of the temperature rise distribution in 
the warmed specimens under ω = 100 rpm (V = 0.21 m/s) 
with t1rev = 0.6 s. The plasma is flowing out of the gap of 
the disk and pin, where the plasma flow is first great at 

t = 0.01 s, decreases to the minimum at t = 0.30 s, and then 
increases to the end of the first cycle, at which the second 
cycle starts. The time dependence characteristics are also 
correctly repeated in the second cycle. The kinds of time 
dependence nature of the plane image of the triboplasma 
generation were observed in other rotational velocities of 
10, 20, 50, and 155 rpm.

(b) 155 rpm
0.20

-0.05

∆T
 (℃
）

0.01 s 0.05 s 0.10 s 0.15 s 0.20 s 0.38 s0.30 s

0.38s 0.43 s 0.48s 0.53 s 0.58 s 0.68 s 0.76 s

2nd cycle

1st cycle 

2 mm

(a) 100 rpm
1st cycle 0.25

0.01 s 0.10 s 0.20 s 0.30 s 0.40 s 0.50 s 0.60 s

-0.00

∆T
 (℃
）

0.60s 0.70 s 0.80 s 0.90 s 1.00 s 1.10 s 1.20 s

2nd cycle  

2 mm

Fig. 13  Time dependence of the side images of the temperature rise, ΔT, distributions for the warmed specimens under ω = 100  rpm 
(V = 0.21 m/s) with t1rev= 0.6 s (a) and those under ω = 155 rpm (V = 0.324 m/s) with t1rev= 0.38 s (b)
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Fig. 14  Time dependence of the plane image of the temperature rise, ΔT, distribution for the warmed specimens under ω = 100  rpm 
(V = 0.21 m/s) with t1rev= 0.6 s
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3.3  Effect of Rotational Velocity on the Plasma Flow 
Characteristics

Table 1 summarizes the plasma flow characteristics under 
various rotational velocities, including the side and plane 
temperature rise images, the angle between the wear track 
and the plasma flow direction, α, and the time of one revo-
lution of the disk rotation, t1rev. It can be clearly seen in 
the side images that the plasma flow is lamellar under 
V = 0.021 m/s (ω = 10 rpm), which turns to the turbulent 
one under V = 0.042 m/s (ω = 20 rpm) and over. The tur-
bulent plasma flow becomes more violent and the flow is 
stretched, elongated, and torn off to the rear ward with the 
increase of the rotational velocity, i.e., with the pin sliding 
velocity. You can see that the plasma is also generated in 
front of the sliding contact as clearly seen at ω = 155 rpm 
(V = 0.324 m/s) and also scarcely in 20 rpm (V = 0.042 m/s) 
in the side images. Most of the tribocharges produced at 
the sliding contact are consumed for generating the great 
rear plasma. However, part of the tribocharge remains on 
the wear track surface without full consumption at the rear 
plasma generation. The remained charges come to the front 
gap of the sliding contact by rotation of the disk. By this 
remained tribocharge, the front triboplasma is generated as 
described above.

On the other hand, the plane images show that the plasma 
flows along the wear track in the lamellar flow under 10 rpm 
(V = 0.021 m/s), the direction of which shifts to clockwise to 
the disk rotation direction under the higher rotational veloci-
ties of 20 rpm (V = 0.042 m/s), 50 rpm (V = 0.105 m/s), 
100 rpm (V = 0.21 m/s), and 155 rpm (V = 0.324 m/s) in the 

turbulent flow regime. The angle between the plasma flow 
direction and the wear track, α, increases with the rotational 
velocity to reach the value of α = 48° at ω = 155 rpm. The 
increase of the value of α must be caused by the increase of 
the centrifugal forces expressed by F = mrω2, where m is the 
mass of plasma, r is the wear track radius, and ω is the rota-
tional velocity. The vales of α at 50, 100, and 150 rpm was 
the experimentally measured one, but those at 10 and 20 rpm 
is the one calculated from the centrifugal force because their 
experimental values were too small to be measured.

The tribosystem of the head-disk-interface (HDI) in the 
hard-disk drives (HDDs), where the head made of  Al2O3/
TiC composite coated by DLC film slides against the rotat-
ing magnetic disk coated with DLC film, is almost in the 
same situation as that of the present experimental condi-
tion where the insulating diamond pin slides on the insulat-
ing rotating sapphire disk in dry sliding in the ambient air. 
The contact of the DLC film on the head sliding against 
the DLC film on the magnetic disk causes tribocharging to 
generate the triboplasma, the intensity of which is a function 
of the electric resistivity nature of the DLC film [11, 12]. 
In the case of the hydrogenated DLC film, the intensity of 
the triboplasma increases with the hydrogen content of the 
DLC film, since the electric resistivity increases with the 
hydrogen content [12]. Frequent contacts of the head and 
the rotating recording disk should take place at the so small 
gap of 1 ~ 2 nm under so high rotating velocities of the disk 
of about 7000 rpm to generate triboplasma in HDDs. The 
generated triboplasma itself should cause decomposition of 
the perfluoropolyether lubricating film coated on the rotat-
ing disk for preventing the wear of the DLC film under the 

Table 1  Side and plane images, 
the angle between the wear 
track and the plasma flow 
direction, α, and the time of one 
revolution, t1rev, under various 
rotational and sliding velocities, 
ω, V 
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4.5 s
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contact pressure of 1 ~ 2 GPa at the asperity contact [13] in 
HDDs [14], whereas the triboplasma flow transition from the 
lamellar to the turbulent flow should take place at the start 
and stop of the operation of HDDs, leading to the problems 
in the stability of the HDI. The triboplasma flow behav-
iors can be investigated in various situations including the 
HDDs using the warmed specimens by a microscopic sensi-
tive infrared camera.

4  Conclusions

The flow characteristics of the triboplasma were investigated 
by measuring the temperature rise distribution of the tri-
boplasma generated in the gap of the sliding contact in the 
tribosystem where the warmed diamond pin slides against 
the warmed sapphire disk in the ambient air in dry sliding 
using a microscopic infrared camera, and the following con-
clusions have been drawn.

(1) The triboplasma flows out of the sliding contact in the 
two kinds of flow types: the lamellar flow and the tur-
bulent flow. The lamellar flow takes place at and below 
the sliding velocity of V = 0.021 m/s (ω = 10 rpm). This 
lamellar flow transits to the turbulent flow at and above 
the sliding velocities of V = 0.042 m/s (ω = 20 rpm). 
The turbulent flow becomes more violent as the disk 
rotational velocity increases.

(2) The plasma flows out along the wear track at and 
below the low rotational velocity of ω = 10  rpm 
(V = 0.021 m/s). However, with the increase of the 
rotational velocity, the plasma flow direction shifts 
clockwise to the direction of the disk rotation at and 
above ω = 20 rpm (V = 0.042 m/s) due to the centrifu-
gal forces. The angle between the sliding direction and 
the plasma flow direction increases with the rotational 
velocity.

(3) The size and the strength of the plasma flow changes 
with time. They increase with time to reach the maxi-
mum and then diminish. This time dependence nature 
is almost independent of the repeated sliding. This is 
because the plasma distribution is a function of the 
non-uniform tribocharge distribution, which is almost 
independent of the repeated sliding on the wear track 
surface.

(4) The temperature rise distribution measurement using 
the warmed test specimen by the microscopic infrared 

camera is a useful technique to investigate the tribo-
plasma flow behaviors.
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