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Abstract In this work, the characteristics of triboplasma
have been investigated from the point of view of how the
kinds of the stationary partner influence the photon energy
and the plasma distribution. The energy spectrum and two-
dimensional images of the emitted photons were measured
during the sliding of a diamond pin with a tip radius of 1.5
and 3 mm on the three kinds of disk made of Al,O5;, MgO,
and SiO, in dry sliding in air. The results showed that all
the three kinds of solid tested had narrow bands of air-
discharge plasma in the ultraviolet region, demonstrating
that the triboplasma generation does not depend on the
kinds of insulating solids. Triboplasma was distributed
having a ring with one or two tails in all the three kinds of
solid Al,O5;, MgO, and SiO,. The mechanisms of UV,
visible, and IR photon emissions are discussed. The UV
photons are emitted from the ionized plasma gas produced
by discharging of air, while the visible photons are emitted
from the defect and impurity centers excited by the tri-
boplasma-photons, triboplasma-electrons, and frictional
temperature rise together with the photons from the plasma
itself. A 696-nm narrow band appeared only with Al,O3,
and it was attributed to the Cr’" jons excited by the UV
photons and electrons from the triboplasma. The IR pho-
tons should be emitted from the sliding contact by the
thermal emissions consisting of thermoluminescence and
blackbody radiation, as well as from the triboplasma. The
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visible photon emission was strongest at the pair points
facing across the frictional track in Al,O3 and MgO. To
explain the photon emission at the pair points, a new model
has been proposed, in which the visible photons are emitted
from the surface defect and/or impurity centers excited by
the back electrons accelerated with the inverse electric field
caused by the negatively charged patches produced by the
electron bombardment to the diamond surface. The nega-
tive charges on the frictional track repelled the back elec-
trons, so that the back-electrons attack just outside the
frictional track.

Keywords Triboplasma - Photon energy - Diamond -
Aluminum oxide - Magnesium oxide - Silicon

oxide - Luminescence - Photoluminescence -
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1 Introduction

Chemical reactions under lubrication have mainly been
explained so far by frictional temperature rise [1] combined
with catalytic action [2, 3], since a flash temperature was
observed [4]. However, various chemical reactions, termed
tribochemical reactions, remain without being explained by
this traditional mechanism [5]. Several mechanisms have
been proposed to explain the reactions, those caused by
freshly worn surface [6], by the attachment of low-energy
electrons emitted from worn surfaces [7], by the shearing
of molecules [8], and so on, but even so, it is still difficult
to fully explain tribochemical reactions. This is because,
for example, engineering sliding surfaces are in mild wear
regions covered with oxide films or DLC films and number
of low-energy electrons is too small to cause substantial
reactions [9], and the role of shearing reactions is still not
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clear because there is no good tool to investigate in situ the
molecular shearing phenomena inside the sliding contact
area, so a simulation study for this is anticipated [10].

On the other hand, enormous numbers of high-energy
electrons [11], negative and positive ions [12], and high-
energy ultraviolet photons [13, 14] are emitted during
sliding in various solids especially insulating solids. The
phenomena are called “triboemission,” the intensity of
which depends greatly on the electric resistivity of the
sliding partners [13, 14]. Further, the ratio of intensity of
emitted electrons to that of positive ions decreases with the
electric resistivity of a solid approaching the minimum
value of one in insulators, where the same number of
electrons and positive ions are emitted [13, 14]. It was
thereby concluded that plasma is generated in the vicinity
of the sliding contact in insulators, since it is “a highly
ionized gas in which the charge of the electrons is balanced
by the charge of the positive ions, so that the system as a
whole is electrically neutral” [15]. Based on this systematic
work, a model of triboplasma generation was proposed in
1996 [16]. The predicted plasma was discovered in the rear
gap of the sliding contact in dry sliding in 2001 [17] and
then under-oil lubricated sliding conditions in 2006 [18].
As it is known that high-energy state of plasma causes
plasma reactions, triboplasma should be one of the main
causes of tribochemical reactions in insulators and semi-
conductors [19, 20].

Plasma generation has been explained by the discharge
of ambient gas molecules emitting ultraviolet photons
through an electron avalanche process by intense electric
fields caused by tribocharging or triboelectrification
[13, 14, 21]. The size and intensity of triboplasma depend
greatly on sliding conditions [18], gas pressures [22], gas
species [23], and the geometry of the sliding partners [24].
The intensity of triboplasma generation and in turn tri-
boemission intensity, which is emitted from triboplasma,
increase in the order of insulator > semiconductor > con-
ductor (metals) [13, 14]. The energy of electrons emitted
from the sliding contact also increases in this order of
insulator > semiconductor > conductor [11]. This is
because tribocharging or triboelectrification, which cause

Fig. 1 Apparatuses to measure a
energy spectrum (a) and two-
dimensional images (b) of
photons emitted during sliding a
diamond pin against a rotating
disk in air, where OM is optical
microscope, ICCD is intensified
charge-coupled device, PC is
personal computer, TMP is
turbo-molecular pump, and RP
is rotary pump

@ Springer

Diamond pin

triboplasma, increases in this order, i.e., with an increase in
electric resistivity.

Several kinds of tribocharging mechanisms have been
proposed so far. They are (1) work function difference
between contacting solids [25], (2) asymmetric rubbing,
where a smaller sliding partner is heated up more than a
larger partner [26], (3) charging by transfer of protons or
hydroxides [27], (4) wearing down of a neutralized surface
layer to expose an intrinsic charged surface [28], and so on.
As tribocharging or triboelectrification is deeply concerned
with solid species [25], triboplasma generation should also
be deeply concerned with sliding solid species. Generally,
sliding partners are composed of stationary and moving
components as in piston-ring/liner, cam/tappet, shaft/bear-
ings, and so on. So both relative size and type of solid
species of the sliding partner should affect triboelectrifi-
cation and, in turn, triboplasma generation.

In this work the author investigated triboplasma gener-
ation in relation to the kinds of solid of a stationary sliding
partner. The results showed that the photon energy spec-
trum and plasma distribution greatly depend on the kinds of
solid of stationary sliding partners. The mechanisms of
photon emission have been discussed.

2 Experimental Procedures

Figure la shows an apparatus to measure the energy spec-
trum of photons emitted while sliding a diamond pin against
a rotating disk in ambient air in the dark. The diamond had a
tip radius of » = 1.5 mm and the disks were made of single-
crystal aluminum oxide (sapphire, Al,O3), single-crystal
magnesium oxide (MgO), and single-crystal silicon oxide
(quartz, SiO,). The photon energy spectrum was measured
for Al,O3 under a normal force of Fy = 1.0 N in ambient
air at relative humidity of RH = 40%, while it was mea-
sured for MgO and SiO, under Fy = 1.50 N in ambient air
at RH = 72%. All sliding experiments were performed
under a sliding velocity of V = 32 cm/s.

Figure 1b shows an apparatus to measure two-dimen-
sional images of photons emitted while sliding a diamond
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pin with tip radiuses of r = 1.5 and 3.0 mm against the
above mentioned three kinds of rotating disks (Al,Os,
MgO, and SiO,) in dry air, using an ICCD camera after
magnification with an optical microscope (OM). By
inserting filters, which allow passage of UV, visible, 696-
nm, and IR photons between the OM and ICCD camera,
UV, visible, 696-nm, and IR photon images were taken,
which have transmission wavelength regions of 290-—
420 nm, 400-800 nm, 696 + 10 nm, and 800-2500 nm,
respectively. The ICCD camera detects the photon energies
ranging from 200 to 900 nm. All sliding experiments were
performed under V = 32 cm/s and Fy = 0.5 N in dry air
in the dark. The diamond pins used were made of natural
diamond, which contains normally no detectable impurities
by the information from the firm. According to the data
from the firm, the main impurities in the crystal Al,O3
(sapphire) disk were Ba < 0.1, Ca < 0.1, Cr < 2, Cu < 2,
Fe<1, K<1, Mg=0.1, Mn<0.5, Na<1, Si<10,
Sr < 0.1, Ti < 10.6,Zn < 2, Zr < 1 in ppm, whereas those
in the crystal MgO disk were Ca = 20, Si < 10, Al = 130,
Fe = 140, B < 10 in ppm, and those in crystal SiO, disk
were <0.1 ppm for all elements measured. Due to the
information from the firm, the surfaces of the Al,O5; and
MgO disks were finished with mechanochemical polishing
using silica SiO, abrasive particles, whereas the surface of
the MgO disk was finished with ceria, CeO,.

The experimental conditions for measuring the energy
and images are summarized in Table 1.

3 Results
3.1 AlL,O3

Figure 2a shows the spectrum of photons emitted while
sliding a diamond pin with » = 1.5 mm on an Al,O; single-
crystal disk in the ambient air, which is composed of several
narrow bands in the ultraviolet region, a narrow band at
696-nm and weak photon emission in the wavelength region
400-700 nm, and a broad band in the wavelength region
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— h > < > .4—
2 30 a | i
= [ © ~ % (a)Dry sliding in air !
£ 20 ARSI :
3 i ;: 1
> % [
- wn | o !
20 AL R

E 0 ("“ i b : R N R

200 300 400 500 600 700 800 900
) b ' !
5 100 > | o !
S 80 “| o 1 (b)Air discharge plasma |
s e @ !
- 60 o — 1
2 40 e !
E & ! !
1 1
2 2L A |

200 300 400 500 600 700 800 900

Wavelength, A (nm)

Fig. 2 Energy spectrum of photons emitted during sliding of a
diamond pin with a tip radius of r = 1.5 mm on a rotating Al,O5 disk
under Fy = 1.0 N and V = 32 cm/s in ambient air with a relative
humidity of RH = 40% (a) and that emitted from the air-discharge
plasma between a steel needle and a steel flat disk at an electrode
distance of 0.3 mm in ambient air with RH = 40% (b)

other hand, Fig. 2b shows the spectrum of photons emitted
from the discharge of dry air between a steel needle and a
steel plate at an electrode distance of 0.3 mm in the ambient
air with a relative humidity of 40%. It is seen that the photon
spectrum in the UV region in the tribophoton and air-dis-
charge photon completely coincides, confirming that the
triboplasma is generated through the discharging of air in the
gap of sliding contact [13, 14]. The origin of the 696-nm
peaks in Fig. 2a will be discussed below. A narrow band in
the wavelength region 750-800 nm in the air-discharge
plasma is noise.

Figure 3 (top) shows optical microscopic images of the
contact points measured under Fy = 1.0 N after a sliding
experiment in light illumination, while Fig. 3 (middle)
shows the effective two-dimensional images measured
during sliding in the dark, which are displayed by camera

700-900 nm where the peak position is not clear. On the  auto-contrast mode, and Fig. 3 (bottom) shows the
Tabl.e.l Experimental Tip radius, r, Disk Normal Sliding Atmosphere
conditions . .
of diamond force, velocity, V
pin (mm) Fxn
Energy spectrum 1.50 AlLO; 10N 32 cm/s Ambient. air, 40%
1.50 MgO 15N 32 cm/s Ambient. air, 72%
1.50 Si0, 15N 32 cm/s Ambient. air, 72%
Photon image 1.50 Al O3 05N 32 cm/s Dry air
1.50 MgO 05N 32 cm/s Dry air
1.50 SiO, 05N 32 cm/s Dry air
3.00 SiO, 05N 32 cm/s Dry air
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maximum two-dimensional images also measured in the
dark, where weak photon emissions in the peripheral zone in
the effective images are displayed to the maximum level, for
UV, Visible, 696-nm, and IR photons emitted during sliding,
in the tribosystem of a diamond pin with a tip radius of
r=15mm on an Al,O; disk under Fn = 0.5 N and
V = 32 cm/s. The color shows the photon intensity levels in
the order of red > yellow > green > blue > black = 0.
The black area in the bottom figure shows the photon
intensity beyond the red level, which is 10 counts/pixel in all
bottom figures in Fig. 3.

In this sliding experiment, wear was negligibly small, so
the optical images gave a clear circular Hertzian contact
area even after the sliding experiment, as seen in the top
figures. It is seen that triboplasma is distributed in the rear
part of the sliding contact, having an elliptical ring in all
four kinds of images. Only the 696-nm photon image
showed a tailing in the effective images, while all the
maximum images showed a tailing except the UV image.

To know the relative size of the effective and maximum
plasma zone, the effective plasma images were overlapped
onto the maximum ones except for the 696-nm image to
give Fig. 4. For the 696-nm image, the effective and
maximum images are shown in Fig. 4c and d, separately,
without overlapping, because the sizes of both images are
almost the same. In the UV and visible images, the maxi-
mum plasma zone is spread out in a much wider area than
the effective zone as seen in Fig. 5a and b, while in the IR
image, the difference between the effective and maximum
plasma zones is small, with slightly greater size in the
maximum one. One question arises. Does the plasma really
spread to such a broad area expressed by the maximum

Fig. 4 Composite images (a, b,
and e), where the effective
images are overlapped onto the
maximum images, and effective
(¢) and maximum (d), images of
696-nm photons under the same
experimental condition as in
Fig. 3
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Fig. 3 Top figures show optical microscopic images of the contact
after the sliding experiments under light illumination, middle figures
and bottom figures show effective and maximum two-dimensional
images, respectively, of photons emitted during sliding of a diamond
pin with a tip radius of » = 1.5 mm on a rotating Al,O5 disk under
Fn =0.5Nand V = 32 cm/s in dry air in the dark. The color shows
the photon intensity level in the order of red > yellow > green >
blue > black = 0 in the middle and bottom images. The black zone
surrounded by red in the bottom maximum images shows the intensity
beyond the red = 10 counts/pixel

zone as seen in the UV and visible images [24]? As it is
well known that photons with shorter wavelength have a
higher-scattering nature, there is a possibility that the broad
area in the maximum images of UV and visible photons is
the result of the high-scattering nature. However, we need
further work to come to conclusion on this matter.

In this experiment, the plasma ring was not a circle [17]
but an elliptical ring [24] having major axis @ = 100 um

¢ 696 nm
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Fig. 5 Energy spectrum of photons emitted during sliding of a
diamond pin with a tip radius of » = 1.5 mm on a rotating MgO disk
under Fy = 1.0 N and V = 32 cm/s in ambient air with RH = 72%

and minor axis b = 80 pm, elongated a little bit in the
direction of sliding. The UV photon intensity is most intense
at the crossing point of the plasma ring and the wear track,
i.e., at the center of the plasma horseshoe pattern. The gap
distance of the two sliding surfaces at the crossing point was
dr = 3.3 um. However, in the visible, 696-nm, and IR
photons, the emission intensities were high at the two kinds
of pair points facing each other across the wear track at the
sliding contact and the center of the plasma horseshoe. It is
seen that the tailings are originated from the two pair points
in visible, 696-nm, and IR photon images. The photons from
the tailing in 696-nm photons have been thought to be
emitted from the surface atoms excited by the active parti-
cles such as UV photons, and electrons produced in the tri-
boplasma. [13, 14]. This suggests that the tailings in the
visible and IR images are also caused by the same mecha-
nism. The emission mechanism of visible, 696-nm, and IR
photons will be discussed below.

3.2 MgO

Figure 5 shows the energy spectrum of photons emitted
while sliding a diamond pin with a tip radius of
r = 1.5 mm against an MgO single-crystal disk. In this
case, several narrow plasma bands also appeared in the
ultraviolet region, which corresponded to those of the air-
discharge plasma shown in Fig. 2b, demonstrating that gas-
discharge triboplasma is generated also in MgO. However,
no narrow band at 696-nm, which was observed in Al,Os3,
appeared in MgO. Instead of the narrow band at 696-nm,
weak broad bands appeared in both the visible and IR
regions. This means that the narrow band at 696-nm can be
attributed to the solid surface of Al,Os.

Figure 6a shows an optical microscopic image of the
contact under Fy = 0.5 N after the sliding experiment in
light illumination, while the Fig. 6b and ¢ shows the
effective total photon image and composite total photon
image, respectively, during the sliding of a diamond pin
with a tip radius of r = 1.5 mm against an MgO single-
crystal disk under Fy = 0.5 Nand V = 32 cm/s. In Fig. 6c,

Fig. 6 Optical microscopic image measured under Fy = 0.5 N after
the sliding experiment under light illumination (a), effective photon
image (b), and composite photon image (¢) measured in the dark
during sliding of a diamond pin with a tip radius of r = 1.5 mm on a
rotating MgO disk under Fy = 0.5 N and V = 32 cm/s in dry air

the effective image is overlapped onto a greater photon
image, where weak photon emission was displayed at a
given level, enough to show the tailing occurrence. Wear
was very small also in Mg, so a clear contact Hertzian circle
was formed after the sliding experiment, as shown in
Fig. 6a. Itis seen that the photons are emitted intensely from
four strong emission points as observed in Al,O3. The zone
of the four points connected each other surrounding a dark
zone to form a ring. The distance between the sliding con-
tact and the center of the plasma for MgO was @ = 100 pm
as in Al,O;, to also give a gap distance of dr = 3.3 pm.

Figure 7 (above) shows optical microscopic images of
the contact points measured under Fy = 0.5 N after the
sliding experiment in light illumination, while Fig. 7
(below) shows the effective images of UV, visible,
696-nm, and IR photons emitted under the same experi-
mental condition as in Fig. 6. It is seen that the effective
photon images were so weak compared to those in Al,O3
that the plasma ring formation is not clear.

Then, the peripheral weak photon emission zones in
Fig. 7 were displayed to a level sufficient to show the
tailing occurrence for UV, visible, 696-nm, and IR photons
in Fig. 8. The black zones in the center of the images show
the photon emission intensity beyond the red levels in each
image. However, no plasma ring was observed in any of
the images. One of the possibilities for no observation of
rings in these photon images is that they are measured
through the filters, so the photon emission intensity might
not be enough to show the ring. However, we need further
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Fig. 7 Upper figures show optical microscopic images of the contact
before the sliding experiment under light illumination; lower figures
show effective two-dimensional images of photons emitted during
sliding of a diamond pin with a tip radius of r = 1.5 mm on a rotating
MgO disk under Fy = 0.5 N and V = 32 cm/s in dry air

o a Optical

d 696 nm

Fig. 8 Optical microscopic image after the sliding experiment (a),
two-dimensional images of UV (b), visible (¢), 696-nm (d), and IR (e)
photons, emitted during sliding of a diamond pin with a tip radius of
r=15mm on a rotating MgO disk under Fy =0.5N and
V =32 cm/s in dry air

work on this matter. Only the UV and visible images have
strong photon emission regions in the rear part of the
sliding contact. The distance between the contact point and

@ Springer

the local point of the intense plasma generation is
¢ = 100 pm, which is the same value as observed for the
major axis of Al,O3, a = 100 pm.

It is noted that the UV image has a long tailing in MgO.
This is one of the important different points from the
characteristics of Al,O3;, where no tailing was observed.
This suggests that the surface atoms are excited by the
plasma to emit UV photons, as observed in 696-nm pho-
tons in Al,O3, though we do not definitely find new peaks
in the energy spectrum of the UV region in MgO. On the
other hand, the visible, 696-nm, and IR photon emissions
were strongest at the sliding contact, but tailing was
observed only in the visible and IR images. The visible
photon tailing is suggested to be caused also by excitation
due to the bombardment of the active particles in the
plasma. The image of the 696-nm photons at the sliding
contact should be attributed to that in the broad peak in the
visible region, so that the mechanism of emission differs
from that in Al,Osz;. The mechanisms of visible and IR
photons will be discussed below.

3.3 Si0,

Figure 9 shows the energy spectrum of photons emitted
while sliding a diamond pin against a SiO, single-crystal
(quartz) disk. In this solid, the energy spectrum of air-
discharge plasma appeared also in the UV region, dem-
onstrating that triboplasma is generated in this solid.
However, no 696-nm sharp peak appeared in SiO, as in
MgO. This confirms again that the 696-nm sharp peak is a
characteristic of Al,O3. In SiO, a broad band appeared also
in the visible and IR regions, as in MgO. The intensity of
the broad band is strongest in SiO, of all three kinds of
solids, giving an intensity order of SiO, > MgO > Al,Os.

Figure 10 (above) shows optical microscopic images
measured under Fy = 0.5 N after the sliding experiment
under light illumination, while Fig. 10 (below) shows two-
dimensional images of UV, visible, 696-nm, and IR pho-
tons emitted during the sliding of a diamond pin with a tip
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Fig. 9 Energy spectrum of photons emitted during sliding of a
diamond pin with a tip radius of » = 1.5 mm on a rotating SiO, disk
under Fy = 1.0 N and V = 32 cm/s in ambient air with RH = 72%
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Fig. 10 Upper figures show
optical microscopic images of Uv

the contact measured after the -
sliding experiment in light -
illumination and lower figures I
show effective two-dimensional v .
images of photons emitted ——
during sliding of a diamond pin 1
with a tip radius of r = 1.5 mm i
on a rotating SiO, disk under

Fy =05Nand V=32 cm/s
in dry air in the dark

radius of » = 1.5 mm against an SiO, single-crystal disk in
dry air in the dark. The SiO, disk was heavily damaged by
wear as seen in the above figures. This high wear resulted
in a change of contact geometry to give complicated two-
dimensional images of UV, visible, 696-nm, and IR pho-
tons as seen in the figures below. This geometry change
made the plasma ring formation difficult to be distin-
guished in SiOs.

To confirm whether a plasma ring is formed in SiO, or
not, an additional experiment was performed with a dia-
mond pin having a larger tip radius of r = 3 mm sliding
against a SiO, single-crystal disk under Fy = 0.5 N and
V = 32 cm/s in dry air in the dark. Figure 11a and c shows
an optical microscopic image of the Hertzian contact and
wear track measured before and after the sliding experiment
in light illumination, respectively, while Fig. 11b shows a
two-dimensional image of all photons detected during the
sliding in the dark. An elliptical plasma ring was clearly
produced as seen in Fig. 11b in the rear part of the sliding
contact having a horseshoe pattern as observed in Al,Os,
even though the SiO, disk was heavily damaged by wear.
This image demonstrates that a triboplasma ring was also
formed in SiO,, as in Al,03 and MgO. The plasma ring is
elongated in the direction perpendicular to the sliding, in
this case with a = 140 um, while the distance between the
center of the contact and the center of the horseshoe is
¢ = 122 pm, which corresponds to the gap distance,
dr = 2.5 pm. In this work, the value of the tribological gap
distance was observed to be dr = 3.3 pmand dr = 2.5 pum,
respectively, for the tip radii of r = 1.5 and r = 3 mm.

The above figures in Fig. 12a—d show two-dimensional
images measured during sliding in the dark for UV, visible,
696-nm, and IR photons under the same experimental
condition as that in Fig. 11, while the (below) figures in
Fig. 12a—d show optical microscopic images measured after
the sliding experiment in light illumination. It is seen that an
elliptical plasma ring is formed in the case of UV, visible,

c=122pum

‘Wear track

Fig. 11 Top (a) and bottom (c) figures show optical microscopic
image of the contact before and after the sliding experiment,
respectively, under light illumination; middle figure (b) shows
effective two-dimensional image of all photons emitted during
sliding of a diamond pin with a tip radius of r = 3.0 mm on a
rotating SiO, disk under Fy = 0.5 N and V = 32 cm/s in dry air

and IR photons, elongated in the sliding direction, though
no substantial image of the 696-nm photon was observed.
The intensity of the plasma ring images decreased in the
order of UV > visible > IR. It is noted that photons are
emitted also in front of the sliding contact with UV, visible,
and IR photons along the wear track. The reason is not clear.
We need further work on this matter in relation to the wear
track formation. The emission mechanisms of UV, visible,
and IR photons will be discussed below.

4 Discussion

It has been shown above that in all the three kinds of disk
specimens of Al,O;, MgO, and SiO, single crystals,
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Fig. 12 Effective two-
dimensional images (above) of
photons emitted during sliding
of a diamond pin with a tip
radius of r = 3.0 mm on a
rotating SiO, disk under
Fy=05Nand V=32cm/s
in dry air in the dark and optical
microscopic images (below)
measured after the sliding
experiment in light illumination,
for UV (a), visible (b), 696-nm
(c), and IR photons (d)

W;:h-._‘_- .
P .

triboplasma is generated emitting UV photons having a
ring with the different patterns due to discharging of the
ambient air by the intense electric fields of tribocharging.
In the static discharging in parallel electrodes, breakdown
of gas occurs at a spark voltage V inherent to gas. Due to
the Paschen’s law, the relation between the V and pd; gives
a minimum spark voltage (V;),, at which gas sparking takes
place most easily, where p and d; are the gas pressure and
the electrode distance. In the case of air under the atmo-
spheric pressure of 1.0 x 107 Pa, the value d; is 7.5 pum at
the electric field of 4.4 x 10° V/cm for the parallel elec-
trodes [29]. The gap distances dr = 2.5 and 3.3 um in the
dynamic tribocontact in the present study are fitted well to
the electrode distance of ds = 7.5 um in the static air-
discharge plasma [30]. This suggests that at least the same
orders of magnitude as the electric strength of
4.4 x 10° V/em in the static discharge should be generated
also in the gap of sliding contact in the present study.

In this chapter, the emission mechanisms of the 696-nm,
visible, and IR photons will be discussed for the three kinds
of disks of Al,03, MgO, and SiO,, based on the already-
known luminescence mechanisms, since some of the
established luminescence mechanisms seem to be con-
cerned with the origin of the 696-nm, visible, and IR
photon emissions in the present work. Such luminescence
is the photoluminescence (PL), cathodoluminescence (CL),
thermoluminescence (TL), chemiluminescence (Chemi-L),
and fractoluminescence (FL). This is because the UV
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photons and electrons emitted from the triboplasma irra-
diate the disk surface to cause the above PL and CL,
respectively, whereas the frictional temperature rise may
also cause the thermal photon emission such as TL and
blackbody radiation. There is a possibility also that the
reaction of the fresh worn surface with the ambient mole-
cules and the propagation of cracks in the brittle solids in
the process of wear at the sliding contact cause the Chemi-
L and the FL, respectively.

In discussing the CL mechanism below, it is important
to know which solid surface of the pin and the disk charges
negatively or positively due to the tribocharging phenom-
ena, since the electrons attack positively charged surface to
cause the CL. So, the surface potential caused by the
tribocharging was measured using a noncontacting-type
surface potential measuring apparatus (Trek Japan, Electric
voltmeter model 334) [31] and found that the frictional
track surface on the disk of all the three kinds of solid
Al,O3, MgO, and SiO, charged negatively against the
diamond pin in ambient air.

4.1 Luminescence Mechanism in Single Crystal Al,O3

Figure 13a—c shows the spectra of photons emitted while
sliding the diamond pin against the Al,O3, MgO, and SiO,
disks, whereas Fig. 13d shows the spectrum of photons
emitted from the air-discharge plasma. These spectra are
the ones, in which the ordinates of the above Figs. 2, 5 and
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Fig. 13 Energy spectrum of photons emitted during sliding of a
diamond pin on a rotating Al,O5 (a), MgO (b), and SiO, (c) disks in
ambient air with a relative humidity of RH = 40, 72, and 72%,
respectively, under Fy = 1.0 N and V = 32 cm/s and that emitted
from air-discharge plasma between a steel needle and a steel flat disk
at an electrode distance of 0.3 mm in ambient air with RH = 40% (d)

9 were enlarged to see the shape of the spectra in the
visible and IR regions in more detail. The narrow band at
696-nm in the Al,O3 disk in Fig. 13a has been attributed to
a characteristics of the surface of Al,Oj, since the band is
not seen in the spectra of MgO and SiO, disks as seen in
Fig. 13b and c, respectively. However, the precise mech-
anism has not yet been clarified. So the emission mecha-
nism of the 696-nm photons will be discussed below.

The ring of the 696-nm image overlaps to that of the UV
image as seen in the comparison of Fig. 4a with c. This
suggests that the 696-nm photons were emitted from the
surface defect and/or impurity centers excited by the UV
photons from the plasma. On the other hand, various narrow
PL bands near 696-nm, which were attributed to the crt
impurity centers, have been reported in Al,O3 so far under

the irradiation of UV photons. The well-known solid-state
ruby laser emits the PL photons at 694.3 nm (R-line), which
is emitted from the Cr’" impurities doped into the single
crystal Al,Oj3. Further, a strong narrow PL band near the
696-nm due to Cr** impurities was observed at 698 nm in
the nominally pure synthetic sapphire [32] and at ~694 nm
in the ceramic Al,Oj3 prepared from the mixture of Al,O3
and Cr,03 powders [33]. The intensity and the position of
the narrow band changed depending on the Cr>* ion con-
centration [33] and the residual stress, respectively [34]. The
narrow PL Cr’" band appears sometimes in doublet, for
example, at 692.9 nm (R,-line) and 694. 3 nm (R;-line)
[35]. The Cr’* impurities can give a remarkable PL band
even at the concentrations of few parts per million [36]. As
described above, the present Al,O3 disk contains Cr <
2 ppm. So, the narrow band at 696-nm in the present study
seems to be emitted from the Cr** impurities excited by the
UV photons from the triboplasma.

However, the 696-nm photon emission is not strongest
at the crossing point of the plasma ring and the frictional
track, at which the UV photon emission is most intense, but
is strong at the pair points facing each other across the
friction track as seen in Fig. 4c and d.

On the other hand, a narrow band has also been reported
near 696-nm under the electron irradiation. A CL band at
694.4 nm due to Cr’" impurities was observed in nomi-
nally pure monocrystalline corundum (Al,O5) [37]. The
doublet R; and R, narrow bands in PL. were also observed
in CL in a-Al,O5 single ruby crystal doped with Cr’"
(~500 ppm) [38]. These results suggest that the 696-nm
band was also originated from the Cr’* impurities in Al,O5
excited by the electrons from the triboplasma. However,
the Al,O5 disk charges negatively and the diamond pin
charges positively, so that the electrons attack the posi-
tively charged diamond, and no CL narrow band was
reported at 696-nm in diamond.

Then, why the 696-nm photon emission is weak on the
frictional track and strong at the two pair points facing each
other across the frictional track? One of the possible
explanations is as follows. First the electrons emitted from
the negatively charged frictional track surface bombard the
positively charged dielectric diamond pin surface (see
Fig. 14), and then the electrons are accumulated in local
areas of the diamond pin surface to produce strong nega-
tively charged patches (see Fig. 15). The negative patches
generate extremely intense local inverse electric fields
directing from the negatively charged diamond surface
patches to the Al,O5 disk surface. Then the electrons are
accelerated inversely toward the sapphire disk surface.
However, the original frictional surface, at which the
electrons were emitted, is charged negatively, so that the
electrons are repelled from the negatively charged fric-
tional track surface to bombard just outside the track. Then
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Friction track

Fig. 14 Model of electron avalanche process

} Excitation by electron
back-attack

Friction track

Fig. 15 Model of electron back-attack process

the CL photons are emitted from the Cr’" ions excited by
the back electrons at the two pair points. Figure 15 shows
the mechanism of the photon emission from the Cr** ions
excited by the back-electron irradiation at the two pair
points facing each other across the friction track. This is a
possible mechanism why the two pair points were intense
just outside of the frictional track in the 696-nm photon
image in Fig. 4c and d. As the 696-nm photons were also
emitted at the frictional track, both the PL and CL photons
probably contributed to the 696-nm photon emission in the
present study. The length of the tails originated from the
pair points are longer than 200 pm, which corresponds to
the life time 7 > 0.6 ms. Namely the excited Cr>" ion
center has the life time longer than 0.6 ms.

When we compare the spectrum of the tribophotons and
that of the air-discharge photons shown in Fig. 13a and d,
respectively, we notice that the tribophoton emission in the
visible and IR regions are composed of the narrow band at
about 425 nm due to the air-discharge plasma, the low
photon emission in the wavelength region 450-700 nm due
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to the air discharge, the 696-nm photon emission from the
excited Cr>+ ions, and the photon emission in the wave-
length region 700-800 nm, which should be composed of
the low photon emission from the plasma and the tribo-
photon emission which increases with the increase in the
wavelength. The strong photon emission at the pair points
facing each other across the wear track are more clearly seen
in the visible photon image in Fig. 4b. The main visible
photons at the pair points should be due to the 696-nm CL
photons emitted from the Cr’" centers excited by the
electrons.

The photon emission in the wavelength region 700-
900 nm seems to be originated from the thermal emission
probably due to the black body radiation caused by the
frictional temperature rise, combined with the weak photon
emission from the plasma. The two narrow bands in the
wavelength region 700-900 nm in the gas-discharge
spectrum are noises. So, the IR photon emission should be
composed of the thermal emission caused by the frictional
temperature rise at the sliding contact and that emitted
from the plasma.

Fractoluminescence at the sliding contact and chemilu-
minescence [39] can be neglected since the wear of the
Al,O5 disk is negligibly small.

4.2 Luminescence Mechanism in Single-Crystal MgO

The photon energy spectrum in the visible and IR regions
in the MgO disk is composed of a narrow band at about
425 nm due to the air discharging, a broad band in the
wavelength region 450-700 nm consisting of various nar-
row bands peaked at about 530 nm, and a broad band 700—
900 nm peaked at about 870 nm as seen in Fig. 15b. In the
MgO disk, the plasma ring and the two pair points facing
across the friction track were also observed as seen in
Fig. 6. Based on the photon energy spectra in Fig. 13b and
d and the photon images in Fig. 8, the UV, visible, 696-nm,
and IR photon emission mechanisms are discussed below.

The visible photon image in the rear part of the sliding
contact overlaps to the UV image as seen in the comparison
of Fig. 8b with c. This suggests that the visible photons
were emitted from the defects and/or impurities excited by
the UV photons and/or the electrons from the plasma as in
the Al,Oj3 disk.

It is known that deformation of solid produces defect
centers. Walter et al. identified the defects formed by the
deformation of MgO to F™ and F centers, which are the
oxygen ion vacancies containing one and two electrons,
respectively [40], whereas Wertz et al. identified also the
defects formed by the neutron irradiated MgO to the F*
and F centers [41]. The deformation centers emit PL
photons giving bands at about 400 nm and at about 520 nm
in MgO, in which the band at about 400 nm was attributed
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to the F' center, whereas the one at about 520 nm to the F
centers, respectively [42-46]. Dickinson et al. showed that
the intensity of the broad band at around 400 nm increases
in the order of abrasion > polishing > cleaving, i.e., in the
order of the number of the defect formation [47]. On the
other hand, Duley et al. observed a PL band at 560 nm,
which was originated from other source than the F-centers,
a broad PL band at 610 nm originated from Fe+ ions, and
a narrow PL band at 700 nm due to Cr’* impurities [48].
As the present MgO specimen surface was mechanically
polished, the surface outside the wear track should also
have the deformed defect centers in addition to the wear
track surface and the specimen contains also Fe impurities
in 140 ppm as described above. So, the visible photon
emission in the broad band from 400 to 700 nm in the
present work probably is due to the defects of F and F*
centers and Fe impurities excited by the plasma UV pho-
tons. The negligible small content of Cr in the present test
specimen corresponds also well to the negligible photon
emission intensity at 710 nm originated from Cr>" ions.
On the other hand, Llopis et al. successfully took a CL
image of the defects formed by the deformation of MgO
[49], whereas Datta et al. observed the two overlapping CL
bands which peaked at 425 and 488 nm in the wavelength
range 300—650 nm and a broad CL band, which peaked at
466 in the wavelength range 350-600 nm before and after
the deformation of MgO, respectively. In the near IR region,
they further observed a broad CL band consisting of a
number of unresolved peaks in the wavelength range 650—
830 nm in the undeformed MgO, the strongest which was at
726 nm due to Fe impurities [50]. As the present MgO
specimen should have contained the deformed defects on
the surface due to the mechanical surface finishing and wear
and contained the Fe impurities in 140 ppm as described
above, these reports strongly suggest that the two kinds of
pair points across the frictional track seen in Fig. 6 were
originated from the deformed defects and Fe impurities
excited by the electron back attack as observed in the Al,O3
disk, though the two facing points across the frictional track
are not clearly seen in the visible photon image in Fig. 8c.
The visible, 696-nm, and IR photons were most intense
in the sliding contact as seen in Fig. 8c—e. It has been
reported that a broad TL band appeared at about 540 nm
during heating of MgO at above room temperature. The
emission mechanism was suggested to be due to F-type
centers associated with Fe impurity traps [51]. So, the
broad TL band at 540 nm probably contributed to the
strong visible photon emissions at the sliding contact due to
the frictional temperature rise. In the wavelength region
700-900 nm, the photon emission was increased with the
increase in the wavelength as in the Al,Oj; disk. The photon
emission at the sliding contact should also be due to
another thermal emission by the blackbody radiation

caused by frictional temperature rise. The 696-nm photon
emissions at the sliding contact should be a part of the
thermal emission caused by frictional heating.

A strong MgO fractoemission band was reported at
730 nm in the wavelength range 600-900 nm, which was
originated from Cr impurities, as well as weak emission
bands from 400 to 500 nm [52]. However, no strong broad
emission band centered at 730 nm is seen in Fig. 13b, Cr
impurity was negligible and wear also extremely small in
the present specimen. So the luminescence due to the
fractoluminescence at the sliding contact should be
neglected. Chemi-luminescence should also be neglected
because of the negligibly small wear.

4.3 Luminescence Mechanism in Single-Crystal SiO,

The photon energy spectrum in the visible and IR regions
in the SiO, disk is composed of a narrow band at about
425 nm due to air discharge, a broad band from 450 to
700 nm peaked at around 530 nm, and a broad band from
700 to 900 nm, the intensity of which increases with the
increase in the wavelength as in the Al,O5; and MgO disks
as seen in Fig. 13c. No pair points were seen facing each
other across the wear track in all the photon images of the
total, UV, visible 696-nm, and IR photons, whereas
the photon emission is strongest at the crossing points of the
plasma ring and the wear track as seen in Figs. 11 and 12.

The MgO disk was worn out heavily, so that a clear
wear track was formed. This means that a lot of lumines-
cence defect centers were produced along the wear track
due to the Si—O bond scission (=Si—-O-Si= — =Sie +
¢0O-Si=) caused by the wear and fracture of brittle SiO, at
the sliding contact. The =Sie and ®O-Si= are called F'
center and NBOHC (nonbridging oxygen hole center),
respectively. Both the E- and NBOH are the well-known
centers for PL and CL. Oxygen vacancies and interstitial
oxygen atoms should also be created in the two ways in the
wear process, (1) by reconstruction of the two neighboring
E’ centers (=Si—O-Si= — =Sie + ¢0O-Si= —» =Sie +
oSi= + O —» =Si-Si= + O (interstitial)) and (2) knock-
on of the oxygen atom (=Si-O-Si= —» =Si-Si= + O
(interstitial)) [53].

The UV photons were emitted along the wear track
before the sliding contact, in addition to the photon emis-
sion along the wear track after the plasma ring as seen in
Fig. 12a. The UV photon emission before the sliding
contact is difficult to be explained with the air-discharge
mechanism, since the intense tribocharge-electric filed to
cause air discharge is generated in the rear gap of the
sliding contact. Jones et al. observed CL bands in the UV
region at 260 nm (4.77 eV) in crystalline SiO; and 290 nm
(4.28 eV) in amorphous SiO,. These bands were correlated
with the oxygen vacancies in the optical and spin resonance
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measurements [54]. However, it is difficult to find these
bands in Fig. 9. So, we need further work for clarifying the
UV photon emission mechanism along the wear track.

The visible photon image overlapped completely to the
UV one as seen in Fig. 12a and b. This suggests that
the visible photons are emitted by the PL. mechanism due to
the UV photon irradiation and/or the CL mechanism by the
electron irradiation from the triboplasma as in the Al,O3
and MgO disks. Skuja et al. observed PL bands at about
2.65 eV (~468 nm) and 1.9 eV (652 nm) in amorphous
SiO, [55]. The 2.65 band was attributed to triplet-to-singlet
transitions in silicon-related intrinsic defects [56], whereas
the bands at about 1.9 eV to the transition between the two
atomic type 2p orbitals in a lone pair and an unpaired
electron in the NBOHCs of SiO, [57]. On the other hand, a
PL broad band at 530 nm was observed in SiO, prepared
by sol-gel processing under excitation with Art laser
(488 nm). This band was attributed to the defects in SiO,
such as =Si- (E' center) and ¢O-Si=(NBOHC). [57].
These previous reports suggest that the present broad vis-
ible band peaked at 530 nm arose from the defects such as
E’ centers and NBOHCs in SiO, excited by the irradiation
of UV and visible photons emitted from the triboplasma.

On the other hand, some CL bands from the defect cen-
ters in SiO, were also reported in the visible wavelength
region 430-650 nm. They are the bands at about 450 nm
observed in SiO, layer on Si and bulk fused silica [58], at
480 nm in fused silica, and at 460 nm in crystal quartz [59];
at 450 nm in glassy SiO, and at 480 nm in crystalline SiO,
[60]; at near 2.9 eV (430 nm) and 2.5 eV (500 nm) in the
crystal quartz, and at near 2.9 eV (430 nm), 2.5 eV
(500 nm), 1.9 eV (650 nm) in the amorphous quartz [54]; at
450 nm accompanied with bands at 288, 559, and 637 nm in
high-purity silica [61]; at 2.5 eV (496 nm) and 2.8 eV
(442 nm) in quartz [62]. These bands were attributed to the
E’ centers, NBOHCs, oxygen vacancies, and impurities. So,
the broad band centered at 530 nm in the present study is
also attributable to the CL mechanism caused by the bom-
bardment of the electrons from the triboplasma onto the
luminescent centers in the SiO, disk surface.

However, no pair points across the wear track were
observed in the SiO, disk, though the SiO, disk charged
negatively. One of the possible mechanisms to be able to
explain the phenomenon is as follows. In the Al,O; and
MgO disks in which the pair points were observed, the wear
was negligibly and very small, whereas in the SiO, disk, the
disk was heavily worn out to produce wear track as seen in
Figs. 11 and 12. This suggests that the charges on the
frictional track needed to repel the back electrons were
continuously removed away together with the wear debris
in the SiO, disk. This removal of the charges through the
wear process weakens the surface potential on the frictional
track. Then, the high-energy back electrons can easily
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attack the frictional surface, so that no pair points facing
across the wear track were observed in the MgO disk. This a
possible mechanism. We need further work to clarify it.

At the sliding contact, the visible and IR photon emission
intensity was strongest in the SiO, disk as in the Al,O5 and
MgO disks. A TL band at 3.1 eV (400 nm) due to the
impurities was reported in quartz and silica [63], whereas a
luminescence band in the wavelength region 450-700 nm
observed during cutting quartz with diamond-impregnated
saw blade was attributed to blackbody radiation [64]. The
photon emission in the wavelength range of 700-900 nm in
the present study is probably due to the blackbody radiation
caused by the frictional temperature rise and photon emis-
sion from the plasma, as in the Al,O5; and MgO disks. So, the
visible and IR photon emissions at the sliding contact should
also be originated from the thermal emission consisting of
the TL and blackbody radiation due to the frictional heating.

On the other hand, Zinc et al., observed FL bands at 430
and 630 nm during crashing of silica, which were attrib-
uted to the defects of E’ center and other defects produced
by the mechanical action [65]. Kawaguchi observed the FL
bands at 2.7 eV (459 nm) and 1.9 eV (652 nm) during
fracture of silica, where the 2.7 eV band assigned to triplet-
to-ground state relaxation on the oxygen vacancies, or
oxygen deficient centers (ODC: =Si-Si=), whereas the
1.9 eV band was associated with the relaxation of
NBOHCSs [53]. He observed also the FL bands at 2.9 eV
(429 nm) and 2.0 eV (620 nm) in quartz. The 2.9 eV band
was attributed to relaxation luminescence ODC, while the
2.0 eV band was not to NBOHCs but to an impurity center
possibly Na or Li center [66]. So, there is a possibility that
the FL contributed to the visible photon emission in addi-
tion to the thermal emission at the sliding contact in the
present study. Chemiluminescence should be omitted since
Si0O, is so chemically stable to react with air. However, we
need further work for clarifying the photon-emission
mechanism in the sliding contact in the SiO, disk.

As seen in Fig. 13, the photon emission intensity in the
wavelength region 700-900 nm increased in the order of
SiO, > MgO > Al,O;. This trend should be concerned
with the parameters concerned with the frictional temper-
ature rise such as thermal conductivity of these solids. In
the MgO and SiO, disks, the visible photons in the
wavelength region 450-700 nm are emitted from defect
centers produced by deformation, so that the photon
emission intensity in this region should depend on the
extent of the surface deformation caused by wear.

5 Conclusions

To know how sliding solid species of a stationary sliding
partner affects plasma generation, the energy spectrum and
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two-dimensional distribution of photon emission were
investigated during the sliding of a diamond pin with a tip
radius of 1.5 and 3 mm on three kinds of solid species—
sapphire (Al,03), magnesium oxide (MgO), and quartz
(SiO,)—of the stationary sliding partners in dry sliding in
air, and the following conclusions have been drawn.

(1) It has been confirmed that the triboplasma is gener-
ated by discharging of the ambient gas due to the
intense electric field caused by tribocharging without
depending on the kinds of the insulating stationary
sliding partner as observed in the Al,O3;, MgO, and
SiO, disks in the present study.

(2) The emission regions of the visible photon, which
have one or two tailings, overlapped to those of the
UV photons in all stationary solid tested. The visible
photons should be emitted from the defect and/or
impurity centers excited by the UV photons and
electrons from the triboplasma as well as those from
the triboplasma itself.

The visible photon emission in Al,Oj is characterized
by a strong narrow band at 696-nm. The 696-nm band was
attributed to the Cr*" impurities in Al,O5 excited by the
photons and electrons from the triboplasma. The visible
photon emission in MgO should be mainly due to the F and
F' centers, which are the oxygen ion vacancies containing
one and two electrons, and Fe impurities exited by the UV
photons and electrons from the triboplasma. The visible
photon emission in SiO, probably arises from the E’ cen-
ters, NBOHCs, oxygen vacancies excited by the UV pho-
tons, and electrons from the triboplasma.

(3) The visible photon emission was found to be most
intense at the pair points facing each other across the
frictional track in Al,Oz and MgO, in spite of that
the UV photon emission was strongest at the crossing
point of the plasma ring and the wear track. The
photon emission at the pair points in Al,O3 and MgO
was attributed to the cathodoluminescence caused by
the back attack of the electrons, which are acceler-
ated by the inverse electric field caused by the
negatively charged patches formed on the diamond
pin surface by the electron bombardment, to the disk
surface. In this process, the electrons are repelled
from the negative charge of the frictional track, so
that the electrons attack the two pair points just
outside the frictional track avoiding the negative
frictional track.

(4) The IR photon emission should be composed of
thermoluminescence from the defects and impurity
centers and/or blackbody radiation due to frictional
temperature rise at the sliding contact and the photon
emission from the triboplasma itself.

(5) Fractoluminescence should have some roles in the
photon emission at the sliding contact in such
insulating brittle solids as in SiO,, where heavy wear
takes place.
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