Chapter 4
Triboluminescence

Roman Nevshupa and Kenichi Hiratsuka

Abstract This works seeks to summarize recent advances in experimental studying
of triboluminescence—defined here as the light emission when a material is sub-
jected to rubbing, scratching, rolling, impacting or other mechanical agitation—and
elucidate the basic mechanisms whereby triboluminescence is excited.

4.1 Introduction and Brief Historical Survey

Triboluminescence (TL) is defined by the Oxford English Dictionary as the emission
of light from a substance caused by rubbing, scratching, or similar frictional contact
[1] or, more generally, as the quality of emitting light at interacting surfaces in relative
motion. It should be noted that the substance referred to in this definition may include
both the materials of the contacting bodies and the surrounding gas or liquid, e.g.,
atmospheric air and lubricating oil.

The art of making fire by rubbing two wooden sticks together is a prehistoric
example of how light emission can be produced by friction first due to incandescent
radiation and then due to chemical reaction of wood oxidation [2]. Also tribolumines-
cence can naturally occur when frictional contact is composed of dielectric materials
susceptible of intensive frictional electrification. In this case triboluminescence is
usually manifested by a shine or lightning around the frictional contact and is related
to electrical discharge with gas or liquid. This phenomenon can be observed during
precise turning of glassy polymers by a diamond tool in dry air [3], in which process
weak glowing occurs around the cutting tool near the cutting edge as well as at the
rake surface of the tool (see Fig.4.1).
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Fig. 4.1 Side view of the chip direction
turning process of

polycarbonate, showing light
emission

(ve = 1m/s, f =5pum/rev)
(reprinted from [3] © 2004,

with permission from CIRP)
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Luminous signals in the atmosphere such as glowing, light flashes and lightning,
which result from fracture and slippage of rocks in earthquake-prone regions, are
also attributed by many researchers to triboelectricity and triboluminescence [4-7].
These signals, which occur prior to, concurrently or after severe earthquakes, are a
supreme manifestation of triboluminescence which can be observed on the Earth.
Even more tremendous are the lightnings and sprites in volcanic plumes and dust
devils in planets of our solar system and in the atmospheres of brown dwarfs and gas
giant planets outside of our solar system [8]. Triboelectric charging of dust particles
is frequently invoked as a mechanism for spectacular lightning discharges in dust
clouds of silicate planetary regolith analogues [9].

Though the oldest records on systematic studies of triboluminescence comes from
the beginning of the seventeenth century, the TL must surely be observed before [10].
Bearing in mind that the triboluminescence frequently accompanies triboelectrifica-
tion, this phenomenon could probably be noticed since the remote antiquity, from the
works on electrostatics of Thales of Miletus dated back to the sixth century BC. The
knowledge on the triboluminescence developed in the period from the 17th century
to the third quarter of the 20th century was reviewed from various perspectives by A.
Walton. A comprehensive literature survey on mechanically induced luminescence
for the period 1968—1998 can be found in [11].

The word triboluminescence was coined by Wiedeman in 1888 to denote the light
emission resulting on fracturing materials [10]. In its long history triboluminescence
was applied to various luminescent processes, some of which, at first sight, have
little in common, e.g., emission during breaking of adhesive bonds [12, 13]; shaking
of mercury in a glass vessel [14]; rapid crystallization of certain substances [15];
collapse of small gas bubbles in a liquid [16]; excitation of a laser-induced shock
wave in solids [17]; elastic and plastic deformation of solids, scratching, milling and
fracture [10, 18]. Though the forms of mechanical action significantly differ between
these processes, many of them rely on quite similar physico-chemical reactions
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(see Sect.4.2). As a natural consequence of the diversity of the forms of mechanical
action, in literature, the name triboluminescence is concurrently used as a synonym
of fractoluminescence, crystalloluminescence, sonoluminescence and piezolumines-
cence, all of which are different forms of mechanoluminescence [19]. In this work
we endeavour to adhere to the original signification of triboluminescence as defined
by the Oxford Dictionary, therefore, this chapter is focused principally on those tri-
boluminescence phenomena which are directly related with tribological interaction
between solids.

Even though the triboluminescence has been studied for centuries, this phenom-
enon still remains something of an enigma at the conceptual and theoretical levels.
Triboluminescence is intimately related to both friction and wear and all three require
an understanding of highly nonequilibrium processes occurring at the molecular level
[20]. These processes significantly differ depending on the tribological conditions,
environment and materials. Furthermore, it is important to understand how all these
elements come together producing synergetic coupling on different length and time
scales.

Triboluminescence has great potential for the development of advanced materials,
for example, the materials capable of sensing and imaging the stress intensity and
distribution under applied load [21, 22]. The TL can be used, as well, for remote
diagnosing of failures of space and vacuum mechanisms [23]. In medicine, the TL
and triboemission from biological tissues have been applied for early diagnosing of
cancer and other diseases [24, 25].

4.2 Basic Processes and Activation Mechanisms

During long time it was believed that frictional heating is the dominant mechanism
for many tribophysical and tribochemical phenomena including triboluminescence.
This belief was induced by the empirical evidence coming from the observation
of heat generation in heavily loaded joints and brakes. Nevertheless, as early as
1792 Saussure demonstrated that in certain cases light could be obtained under such
conditions that a pure temperature radiation was altogether unlikely [15].

The obvious contradiction related to the fact that frictional heating is weak or
negligible under mild and light frictional conditions, and that the net temperature
increase under these conditions is not sufficient to initiate TL was overcame by
introducing the flash temperature [2] and magma—plasma concepts [26]. The main
idea behind these concepts is that heat generation occurs on sub-micrometric zones
of real contact, called hot spots, under almost adiabatic conditions. It was suggested
that, while the total generated heat is quite low, the instant temperature increase on
the minute hot spots can be sufficiently high to produce melting, thermionic electron
emission, triboplasma and triboluminescence [27]. Though these hypothesis have
been proven for high speed and relatively heavy-loaded contacts, there is still a lot
of debates about the existence of hot spots and the extent of the temperature increase
on them in lightly loaded and microscopic tribocontacts as well as under low sliding
velocities [28].
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In the studies of energy dissipation at sliding of various amorphous carbon coatings
using molecular dynamic simulation it was found that the temperature increase on the
hot spots was less than 300 °C even under severe sliding conditions: contact pressure
in the range 7.6-56 GPa and sliding velocity 90.2ms™! [29, 30]. The temperature
flashes were extremely short-time, in picosecond range, and subnanometer size.
These findings corroborated that the mechanism which can confidently be ruled out
is that the average mechanical energy fed in per atom of a material under such sliding
conditions is sufficient to excite an atom directly into emitting visible or UV light
[10, 15]. Different excitation mechanisms of triboluminescence must exist.

Various authors suggested that at a tribocontact mechanical energy is not con-
verted instantaneously and fully into Joule heat. Though the major part of mechanical
energy is converted into heat, there exist de-excitation pathways in which energy is
transferred to different forms [31]. Deformation, bonds breaking and stress-induced
chemical transformations resulting from quasi-adiabatic energy release excite vari-
ous energy-rich states [ 18, 32—-36], whereas subsequent de-excitation of these excited
states promotes cascade of multiple emission processes. Radiation and radiationless
de-excitation can lead to luminescence, emission of electrons and ions, chemical
transformations, generation of electric and magnetic fields and so on. Collision of
the emitted particles and photons with atoms and molecules can lead to the secondary
excitation and decay processes and so on [37]. Thus, energy dissipation at the slid-
ing contact is an extremely complex process involving a large variety of elementary
physical processes and chemical reactions. These processes include incandescent
radiation [36, 38], molecular deformation and direct mechanical excitation of elec-
tronic levels in mechanically affected zones [18, 36]; space charge generation due
to cleavage, contact electrification [12, 36, 39, 40]; piezoelectric effect [21]; recom-
bination of charged particles, holes and radicals [18, 21]; electric discharge through
surrounding gas or liquid [10, 15, 39]; electroluminescence [10, 26]; photolumines-
cence [41]; cathode- and ionoluminescence [42]; resonance radiation from excited
particles [10]; phase transformation [36]; gas adsorption and chemical reactions
[26, 36]; unpinning and annihilation of dislocations, defect stripping, motion of
charged dislocations [39]; and others.

In an exhaustive study involving 23 different materials and aimed at distinguishing
the major possibilities for excitation of mechanoluminescence obtained by grinding
the crystals in a glass tube, Sweeting [43] found two clearly distinct mechanisms
of mechanoluminescence: (i) luminescence that requires a discharge through air or
other surrounding gas and (ii) luminescence which comes from the processes within
the crystal, possibly the release of energy from recombination of energetic defects.
Some of the materials presented parallel action of both mechanisms. In addition,
three separate modes were observed for the first excitation mechanism: excitation of
the surrounding gas by electron bombardment; excitation of the photoluminescence
of the material by electron bombardment; and excitation of the photoluminescence
of the material by absorption of the ultraviolet (UV) emission of the excited gas.

Recently, rare-earth complexes have drawn the attention of many researchers since
mechanoluminescence of these materials can be induced by mechanical deforma-
tion without fracture and without electric discharge. During deformation the strain
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energy excites the filled traps to release holes to the valence band. The holes then
excite rare-earth ions and return to the ground state by emitting light [44]. Another
material that can repeatedly emit light without destruction is zinc sulphide doped
with transition metal ions. Non-destructive mechanoluminescence materials are very
promising candidates for the development of smart damage sensors capable of real-
time detection of the magnitude and location of deformation within the material.

A number of experiments coupled to theoretical modelling have made great
advances in unifying apparently diverse phenomena relative to mechanical activation
of physical and chemical reactions and provided a crucial benchmark for mechanisms
and behaviour of mechanoluminescence under elemental mechanical actions such as
fracture, grinding or cohesive detachment [10, 15, 18, 21, 36, 40, 43]. Varentsov and
Khrustalev [45] summarized these findings in a generalized scheme of the emission
phenomena and chemical reactions occurring when solids are subjected to an exter-
nal mechanical influence, mainly in form of deformation or fracture. This scheme is
shown in Fig. 4.2 by black boxes and lines. The boxes highlighted in yellow designate
various luminescence phenomena. This scheme was further developed by introduc-
ing other non-intuitive processes involved in the mechanical energy dissipation at
frictional contact (blue boxes and lines). Excitation of metastable states just by con-
tacting without deformation and fracture, e.g., due to contact electrification, is one of
these processes. These new processes are specifically relative to frictional mechanical
interaction and have not been considered within the framework of mechanoemission
and mechanochemistry.

For tribo- and mechanoluminescence, a common basis underpins the behaviour
on atomic and nanometer scale (Fig.4.3b). However, as a natural consequence of a
complex tribological behaviour characterized by synergism of processes and self-
organization of structures across time and length-scales of several orders of mag-
nitude, TL is a much more complex phenomenon than elementary mechanolumi-
nescence. In the mechanoluminescence studies, in which the materials are usually
milled, ground, strained or fractured, the geometry of interfaces is highly irregular,
while the contact interactions and interface processes have a random character. In
contrast, when the wear rate is low, the macroscopic geometry of tribological con-
tacts in machines and in the nature is usually well-defined and stable or quasi-stable
in time (see Fig.4.3a). The overall geometry of a tribocontact keeps stable despite the
fact that in each instant new surfaces come into contact [37]. Quasi-stable distribu-
tion of physical parameters (pressure, electric field, temperature, and so on) around a
frictional contact associated to its temporal and geometric stability creates favourable
conditions for spontaneous formation of complex, self-organized and thermodynam-
ically steady dissipative structures, which can occur at significant distances from the
real contact zone. This explains why the triboluminescence phenomena can span the
length scales from the quantum to the astronomical one, while the mechanolumi-
nescence related to fracture or milling usually does not occur beyond microscopic
scale.
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Fig. 4.2 Schematic drawing of some physical processes and chemical reactions involved in the
mechanical energy dissipation at frictional contact and relevant triboemission and triboluminescence
phenomena. Black boxes and lines correspond to the generalized scheme of the emission phenomena
and chemical reactions occurring when solids are subjected to an external mechanical influence
(reprinted from [45] © 1995, with permission from the Russian Academy of Sciences and Turpion
Ltd). The boxes highlighted in yellow designate various luminescence phenomena. The boxes and
lines highlighted in blue indicate the processes which are specifically related to frictional mechanical
interaction and which have not been considered within the framework of mechanoemission and
mechanochemistry
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4.3 Experimental Techniques for Studying Triboluminescence

Triboluminescence occurs as aresponse of a system to the introduction of mechanical
energy at a frictional contact. Thus, an experimental set-up for measuring the TL
should necessarily have two main subsystems: (i) the tribological device for produc-
ing relative motion of two solids under controlled velocity and loading conditions
and (ii) the optical system for measuring the intensity and spectral characteristics of
the emitted light in different spectral ranges and on various time scales.
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Fig. 4.3 a Classifications of contact configurations of four types of sliding-motion tribometers
(reprinted from [46] © 2011, with permission from Elsevier). b Length scales of traditional
mechanoluminescence and triboluminescence processes

Though in the past several experimental techniques for measuring the TL have
been developed, only few of them can be considered as true tribological systems,
i.e., the systems where two surfaces slide and/or roll past each other [39, 44, 47, 48],
while most of other devices are aimed at grinding, milling, fracturing or straining
the material being studied [18, 49, 50]. The reason for that relies on the misleading
use of the term triboluminescence instead of deformational luminescence or fracto-
luminescence.

Simultaneous scanning of both the friction force being a measure of the rate of
mechanical energy dissipation and the TL is essential to reveal common mechanisms
lying behind these processes. However, it is not an easy task because in the laboratory
tests the TL occurs directly in the buried interface or in the close proximity to the
contact zone, typically at the distance below 1 mm from it. If both solids being in
frictional contact are non-transparent in the spectral range of interest for the TL study,
the emitted photons can only be collected from the sides of the contact zone. In case
one or both solids are transparent in this spectral range, the TL can be recorded either
from the side or through the transparent solid.

The necessity to focus the optical system on a tiny luminescent zone buried in
the interface rules out the tribometer configurations in which the contact zone is not
stationary. This is why a pin-on-disk configuration with a stationary pin and rotating
disk has been normally used in most of the TL studies. Schematic drawing of a typical
experimental system with a pin-on-disk configuration aimed at the TL measurement
through a transparent disk is shown in Fig. 4.4a. Light from the luminescent zone at
the frictional contact passes through the quartz disk (Fig. 4.4b), a sapphire viewport
and is condensed by lenses of an optical microscope. The light beam can be directed
to a high-sensitive camera (in this case CCD) or to a spectrometer for the analysis
of the spectral characteristics. Quartz and sapphire have been chosen because of the
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Fig. 4.4 a Schematic drawing of a pin-on-disk set-up in which spatial distributions and spectro-
scopic characteristics of the TL can be studied. Light passing through the quartz disk is measured
from the opposite side of the contact by an optical microscope combined with a CCD camera and
a spectrometer. b Photograph of the quartz pin and quartz disk. ¢ Schematic drawing of the exper-
imental vacuum tribometer with a pin-on-disk configuration in which the TL is measured from the
side using a photomultiplier tube (PMT). Electric impulses at the anode of a PMT were acquired by
a multichannel scaler (MCS). Surface potential was measured by an electrostatic voltmeter using
an electromechanical (EM) sensor. d The twin-ring tribometer with a chemiluminescence analyzer.
Photons passing through a filter are detected by a photomultiplier. Charges induced on the surfaces
by rubbing are measured by an electrometer through an air probe electrodes which were set at the
farthest end of the specimens without contacting them. (a) and (b) reprinted from [47] © 2006,
with permission from Elsevier; (c) reprinted from [51] © 2003, with permission from American
Institute of Physics; (d) reprinted from [52] © 2012, with permission from Elsevier

transmission in the ultraviolet (UV) and visible (vis) ranges. The disk and the pin
are placed inside a vacuum chamber, so both the gas pressure and the composition
can be controlled. By introducing specific optical filters in the optical path of the
microscope the TL can be studied in different spectral ranges.

Another example of a TL pin-on-disk system in which the emitted photons are
measured from the side is shown in Fig.4.4c. In this system light is condensed by a
lens which is used also as a viewport of a vacuum chamber and guided to a photo-
multiplier tube (PMT). The output signal of the PMT is acquired by a multichannel
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scaler (MCS). The PMT can operate in either current mode or pulse count mode. In
the pulse count mode, nanosecond resolution of the TL signal can be achieved.

The disadvantages of the pin-on-disk configuration are related to asymmetric slid-
ing conditions: different wear rate of the disk and the pin, extremely large difference
in the area of the contact zone on the pin and on the disk, dissimilar adsorption
conditions and so on [52]. These shortcomings have been removed in the twin-ring
tribometer (Fig. 4.4d) [46]. In addition to the sliding motion this tribometer allows to
do pure rolling or rolling/sliding with controlled slip ratio. Due to symmetrical con-
figuration the surface charge can be measured on both surfaces and simultaneously
with the TL.

4.4 Characteristics of the TL

4.4.1 Spatial Distribution of the TL at a Tribological Contact

K. Nakayama and his research group were probably the first who succeeded to
measure two-dimensional spatial distribution of the TL at a sliding contact. They
used a pin-on-disk tribometer situated in the ambient air [39, 53, 54] or in a vacuum
chamber [54-56] and intensified CCD camera equipped with CaF; lenses transparent
in UV, vis and IR ranges.

Figure 4.5a shows the unfiltered pseudo-colour image of in plane spatial intensity
distribution of the TL taken through the disk. The images represent integrated TL
intensity in approx. 12 disk revolutions. TL completely surrounded the contact zone
and spread out to the distances up to 200 wm from the centre of the contact in the
direction of the relative disk motion (shown by the arrow). The total TL was the
most intensive in the zone situated behind the contact at a distance of approx. 50 pm
from its centre. Figure4.5b shows the intensity distribution of the TL intensity in
UV range. For the total TL and UV TL the shape of the intensity distributions were

Observed
contact

[, 200 pm > Observed contact 100 pm 100 pm

Fig. 4.5 Two-dimensional spatial distribution of the TL at the sliding contact of a diamond pin
(radius of curvature 300 wm) and a sapphire disk in ambient air. a unfiltered pseudo-colour image;
b band-filtered pseudo-colour image of the TL in the range 290-420nm; ¢ band-filtered pseudo-
colour image of the TL in the range 720-2800nm; d enhanced image from (c). A circle in each
figure denotes the size and position of the nominal contact area determined visually using optical
microscopy (reprinted from [54] © 2003, with permission from ASME)
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quite similar, although small variation in shape can be ascribed to the fluctuations of
the TL in time [39] since the images in Fig. 4.5 were acquired sequentially. The total
luminescent power was also quite similar in both cases. That was taken as indicating
that the TL arose mainly from the excitation of nitrogen from the surrounding air.
Spectroscopic measurements generally corroborated this hypothesis (see Sect. 4.4.2).

The TL intensity in IR range was low (Fig.4.5¢) and exhibited unexpected distri-
bution. Figure4.5d presents the enhanced image of the IR TL from Fig.4.5c. Apart
from IR radiation at the contact area that can be ascribed to the frictional heating there
were two lateral branches aside from the friction track protruding from the contact
zone in the direction of disk rotation. The shape of the IR TL intensity distribution
was defined as an open circle or a horseshoe. The most surprising was the fact that
IR Iuminescence on the zones of the branches was much more intense than on the
friction track behind the contact although these branch zones had not been in contact
with the pin. These findings suggested that the gas discharge at a friction contact can
be an important channel of energy dissipation and a source of the surface/gas heating
inside and outside the friction track.

Miura et al. [53] found that the TL can also occur in front of the sliding contact.
This luminescent zone, designated ¥ in Fig. 4.6, situated at a distance from the centre
of the contact almost twice larger than the luminescent zone f behind the contact.
Nitrogen excitation in electrical gas discharge was identified as the main mechanisms
of the TL in the zones P and Y since most of the light was emitted in the UV range.
Other regular and irregular patterns of the TL intensity distribution were described
by various authors, e.g., four strong emission points connected each other and sur-
rounding a dark zone just behind the contact to form a ring, elongated tails, irregular
strips aside the friction track which spanned for more than hundred micrometres
behind the contact and so on [55, 57, 58]. The characteristics of some of these TL
features and the reasons of their occurrence are discussed in the following sections.

The size and the shape of the luminescent zone strongly depended upon the sur-
rounding gas pressure. Figure 4.7 shows a series of pseudo-colour images of the TL
under various pressures of dry air [55]. While the gas pressure decreased from the

contad area (0)" L diskromtion ()
e

a Y

B
& & o®

Y B
blac:0 bladk: 0 bladc: 0
red: 1100 counts [arb. units]  red: 70 counts [arb. units] red: 70 counts [arb. unitg]

Fig. 4.6 a unfiltered pseudo-colour image of the TL during sliding in air; b band-filtered pseudo-
colour image of the TL in the range 610-780nm; ¢ band-filtered pseudo-colour image of the TL
in the range 300-420nm. The size of all images is 250 x 300 jwm?. Red colour corresponds to the
maximum intensity indicated in each figure. A circle shows the position and the size of the contact
area (reprinted from [53] © 2001, with permission from American Institute of Physics)
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Fig. 4.7 Unfiltered pseudo-colour images of the TL obtained during sliding of a diamond pin on
a sapphire disk under various pressures of dry air (reprinted from [55] © 2004, with permission
from Elsevier)

atmospheric to 600 Pa the size of the luminescent zone expanded more than six-fold.
It deserves special attention the fact that when the gas pressure decreased below
10kPa the zone of the maximum TL intensity shifted from the position behind the
contact (B) to lateral positions aside the contact zone designated hereinafter §. When
the gas pressure further decreased below 600Pa the TL zone rapidly shrank. The
luminescent zones B, ¥ and § disappeared below 20Pa, whereas weak light emis-
sion could be observed solely at the contact zone (zone o in Fig.4.6). Though the
expansion of the luminescent zone with the decreasing gas pressure followed by its
collapse resembles typical behaviour of gas discharge, e.g., glowing discharge in a
tube [59] or corona [60], the behaviour of the TL is much more complex because of
the complex geometry and the configuration of the electric field.

4.4.2 Effect of the Ambient Gas and the Material of the
Counterbodies on Spectral Characteristics and Intensity
Distribution of the TL

When the TL of insulating materials occurs in air, important part of light emission
comes from lightning as indicated by the characteristics lines of N, discharge in the
TL spectrum [54, 57, 61]. Nakayama and Nevshupa [54] studied the TL spectra for
diamond pin—sapphire disk configuration in various gas and compared the obtained
TL spectra with the glowing discharge spectra of the same gases. They found that the
TL emission spectra in air, Np, Oy, He and CHy were very similar to the spectra of
the glowing discharge, although the proportion between various peaks was slightly
different (compare, for example, Figs.4.8a and b, 4.9a and d). In H; the glowing
discharge spectrum had one strong line Hy, = 656.279 nm, which, however, was not
found in the TL emission spectrum. In ethane and propane neither the TL nor the
glowing discharge spectra had any noticeable feature.
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Fig. 4.8 a The TL spectrum
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Apart from the emission corresponding to the gas discharge a line at approximately
696 nm was observed in all TL spectra with exception for ethane and propane, but
not in the glowing discharge spectra of the same gases (Figs.4.8 and 4.9a). This line
was only found when sapphire disk was used in the test (Fig.4.9a—c). In accurate
study Nakayama [57] confidently demonstrated that this line should be attributed to
the 2E metastable state luminescence of Cr impurities in sapphire (694.5nm). Also
he showed that the irregular stripes on the sides of the friction track in the images
of the TL spatial distribution corresponded to this luminescence component. These
stripes began at the lateral branches of the TL and spanned more than 100 um behind
the contact zone [55, 57]. While the intensity of the gas discharge luminescence
stabilized after 2-3 min, the intensity of the induced luminescence from sapphire
slowly increased in time and reached a steady value after 7 min that corresponded
to approximately 1,100 disk revolutions [54]. Though the excitation mechanism for
the secondary luminescence from sapphire is not clear yet, both the gas discharge
luminescence and mechanical activation should be ruled out since the luminescence
occurred outside the friction track and the origin of the luminescent zones did not
coincide with the zone of the maximal discharge luminescence. This luminescence
can probably be excited by electron [43, 57] or ion [42, 62] bombardment.

The ease of gas discharge increases as the pressure decreases, but it decreased
again when the density becomes too low and the mean free path of electrons becomes
too large for sustaining the discharge. In high vacuum the gas discharge is sup-
pressed and the light emission occurred mainly from the contact zone. This explains
the observed behaviour of the spatial distribution of the TL (Fig.4.7). Miura et al.
[62] studied spectral characteristics of light emitted from the contact zone in high
vacuum for different pin materials. For diamond pin and quartz disk configura-
tion they observed three broad bands at 400, 630 and 900 nm. The measured bands
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Fig. 4.9 Effect of material of the disk (a)—(c) and the pin (e)—(h) on the spectral characteristics of
the TL. a A natural diamond pin and a synthetic sapphire disk; b a natural diamond pin and a MgO
disk; ¢ a natural diamond pin and a crystal SiO; disk; d spectrum of the luminescence of glowing
discharge in air; e a synthetic fused silica pin and a synthetic sapphire disk; f a MgO single crystal
pin and a synthetic sapphire disk; g a NaCl pin and a synthetic sapphire disk; h a natural diamond
pin and a synthetic sapphire disk. a—c¢ measured in ambient air; e~h measured in vacuum (103 Pa).
(a)—(d) reprinted from [57] © 2010, with permission from Springer Science and Business Media.
(e)—(h) reprinted from [62] © 2009, with permission from Elsevier

significantly differed from the theoretical Planck’s distribution and did not depend on
the sliding conditions. These findings led the authors to the conclusion that thermal
radiation was not the dominant mechanism of the luminescence excitation. The band
at 900nm (Fig.4.9h) was caused by fractoluminescence of diamond. In addition to
the broad band at 900 nm another weak band between 350 and 650 nm was observed
during diamond abrasion (Fig.4.9h). For the ionic crystals studied in [62] the TL
emission spectra were very similar to the corresponding fractoluminescence spectra
and were related to electronic excitation of vacancies or impurities during abrasion.
For quartz, the band at 630nm (Fig.4.9¢e) was ascribed to fractoluminescence of
non-bridging oxygen hole centres. Broad band in the TL emission spectrum of MgO
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(Fig. 4.9f) was attributed to the emission of Mn and Cr>T impurities and was similar
to thermoluminescence and photoluminescence spectra of MgO.

4.4.3 Effect of Friction Type and Humidity on the TL
and Triboelectrification of Polymers

Despite a number of works on triboluminescence of ceramics, only limited researches
have been carried out in the field of polymers. Nowadays, polymers are used for
numerous machine parts and the TL phenomena can have undesired effect on their
operation life, safety and reliability. As polymers can be easily charged during fric-
tion, triboluminescence is likely to occur wherever polymers are in rubbing contact.
However, not much attention has been paid on the TL of polymers since the TL usu-
ally occurs in the UV range, while if the TL is visible, its effect is often neglected.
The gas discharge associated with the TL from polymers releases charged particles
and photons of extremely high specific energy.

The mechanism of Triboelectrification (TE) is essential for the process of the
TL. However, it is difficult to measure how much charge has been generated. This
is because the measured charge on each surface reflects the resultant charge after
the recombination of charges as a result of the discharge between them as well as
charge leakage through the bulk or on the surface. However, charge can be measured
when the gas discharge is suppressed and the materials of high electrical resistance
are used. The twin-ring tribometer (Figs.4.3a and 4.4d) is the most appropriate for
this purpose, because it enables the sequential measurements of both the TE and the
TL. Additionally, this test rig has the advantage of realizing the rolling and sliding
contacts by just reversing the rotation direction of one specimen. The following
results are obtained from this apparatus.

Figure4.10 compares the charging processes of polyamide (PA66) and polyte-
trafluoroethylene (PTFE) in sliding and rolling contacts together with the associated
photon emission. Sliding or rolling occurred in the period between 25 and 75 s of the
data records. During sliding the TL intensity was two orders of magnitude higher
than during rolling, whereas the saturation charge in both experiments was almost
the same. It should be mentioned that during the first revolution of the cylinders in
the sliding test the discharge did not occur, therefore the measured surface charge
reached the maximum. In rolling friction, the surface charges gradually increased
with time. These clearly indicated that the charge accumulation rate during slid-
ing was higher than during rolling. This fact can be attributed to the multiple real
contacting of the same surface zones during sliding. The decrease in the TL inten-
sity during sliding which is seen in Fig.4.10a can be related to the gradual transfer
of PTFE onto PA66, which would transform the rubbing pair from PA66/PTFE to
PTFE/PTFE. Therefore, the charging rate per contact/separation on similar material
decreased leading to the corresponding decrease in the TL intensity.
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Fig. 4.10 TE and TL processes during sliding (a) and rolling (b) between PA66 and PTFE.
(reprinted from [52] © 2012, with permission from Elsevier)

The fact that the TL from the sliding contact of polymers reached its maximum
soon after the onset of rubbing indicated that the luminescence could not be attributed
to the frictional heating. Rather, photon emission was triggered by the electron emis-
sion which could be caused by the following two mechanisms: fracto-emission and
field emission. In contrast to rolling friction, sliding friction produces continuous
fracture of the material in the contact zone. Therefore, electrons can be emitted from
the fractured surface. Frictional electrification contributes to the build-up of a strong
electric field which can induce field electron emission.

Environmental humidity is one of the most influential factors in triboelectrification
[63], which would then give rise to the change in TL. Figure 4.11 shows a typical result
of the effect of humidity on the TE and TL from the rubbing between acrylonitrile
butadiene styrene (ABS) and PTFE. When relative humidity (RH) increased from 0
to 58 % the TL intensity also increased. This process was associated with the increase
in the surface charge that was especially intensive between 10 and 58 %. However, the
saturation charge on both polymers at 10 % RH was higher than at both 0 and 58 %.
The relationship between the charging rate/saturation charge and photon amount led
to the conclusion that TL rate is determined by the charging rate per one frictional
contact and not by the saturation charge on the surface. It is worth mentioning that
almost no TL could be observed at 0 % RH, although the leakage rate is expected to
be the lowest. This finding can be due to the limited number of charge carrier which
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Fig. 4.11 Effects of humidity on the triboelectrification and triboluminescence in the rubbing
between ABS and PTFE at various relative humidity: a 0 %, b 10 % and ¢ 58 % (reprinted from [52]
© 2012, with permission from Elsevier)
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Fig. 4.12 a The effect of the Ar pressure on the total TL intensity and behaviour patterns (reprinted
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inhibits a subsequent discharge between surfaces. This means that charges have to
be carried by ions (H30" and OH™) generated from the adsorbed water [64]. On
the other hand, when the relative humidity increased to a certain value, the surface
charge decreased due to discharge and recombination.

4.4.4 Behaviour of the TL on Different Time Scales

Gas pressure is an important external parameter not only for the intensity and spatial
distribution of the TL related to the gas discharge, but also for its behaviour on
various time scales [42, 51]. In the experiments with a diamond pin—sapphire disk
configuration four behaviour patterns of the TL time series depending on the Ar gas
pressure were distinguished (Fig. 4.12a) [42]: at p < 20 Pa the TL was of low intensity
with sparse irregular bursts. In the range 20Pa < p < 300Pa the TL had a regular
pattern consisting of a series of groups of almost equally spaced bursts (Fig.4.12b).
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The period between the bursts varied from 20 to 40 ms, whereas the groups of the
bursts appeared synchronously with the disk rotation. In the range 300Pa < p <
10kPa, uniform emission with irregular bursts occurred. At the pressure higher than
10kPa only weak uniform emission was observed. The appearance of burst with the
frequency of 33 Hz is puzzling since the typical frequencies of the gas discharge
oscillation is three to four orders of magnitude higher.

Density distribution functions of the PMT output time series on the number of
photon counts per time bin are shown in Fig.4.12c. The distributions have either
exponential-like or the bell-shaped distributions, or the combination of both (see, for
example, Fig.4.11d). The exponential-like distribution component was ascribed to
the burst TL mode, while the bell-shaped one was attributed to the uniform mode.
From the analysis of the density distribution function it was found that the uniform
mode increased in intensity when the gas pressure decreased from 100kPa to 300 Pa
and vanished below 300Pa. The burst mode also increased with decreasing gas
pressure and reached maximum at 170 Pa. Then it decreased, but not totally vanished.

4.5 Modelling Approach

Electric gas discharge being an important excitation mechanism for the TL still
remains poorly understood. From the point of view of electrostatics, pin-on-disc
configuration can be considered as an extreme case of a point-to-plane gap with
a point being in contact with a plane. In the case of insulating electrodes the gas
discharge, referred to as barrier or silent discharge, is likely to be a very complex
process because of the displacement field and very low mobility of charges in the
electrodes [65]. Furthermore, in contrast to traditional barrier discharge being driven
by alternating feeding potential, the polarities of the pin and the disk are rather
stable [42, 51].

When embarking on a study of electric gas discharge at a sliding contact the first
question which should be addressed is related to the configuration and the strength of
electric field. Bearing in mind the constrain geometry and possible alteration of the
electric field by introducing conductive measuring electrodes, direct measuring of
the electric field in a gap around the contact zone is not a trivial task. The electric field
can be roughly estimated if the rate of the charge generation is known. The latter was
determined from the surface potential on the disk measured in high vacuum when
the gas discharge is hindered (Fig.4.13a) [66]. For the sliding contact composed of
a diamond pin (» 1000 pm) and a sapphire disk under the normal load 0.96 N and
sliding velocity 4.4cms™! (1rps) the rate of the charge generation was 3.39 x 10711
A. Then, taking into account the geometry of the friction zones on the pin and the
disk and assuming that, in this rough and ready approach, the charge leakage through
the solid and on the surfaces can be neglected, the configuration of the electric field
was modelled using finite elements method (Fig.4.13b).

The negative charge on the disk had no effect on the radial component of the
electric field, which was dominant, and only minor effect on the axial component.
It was concluded that concentrated positive charge on the pin controlled the overall
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configuration of the electric field. This can explain the experimental finding that
the gas discharge occurred even from the disk which had a 5nm thick conductive
Al coating [67]. The electric field was highly non-uniform that contrasted with the
common believe and other models based on the assumption of near symmetric bipolar
configuration of the electric field in the gap [57, 68]. Such configuration of the electric
field with a highly stressed anode and a low-field cathode is typical for positive corona
discharges.

The strong and negative axial component of the electric field near the contact zone
provided necessary conditions for the emission of triggering electrons through a field
emission mechanism. An analysis of impact ionization and secondary processes at
various gas pressures [42] showed that the corona model provided plausible explana-
tions for the experimentally observed TL behaviour (Sect. 4.4.4) consisting of various
combinations of two main modes. It was shown that when the region of electron col-
lision ionization coincides with both the regions of the secondary processes and
triggering electron emission, the TL emission is uniform. At lower pressures the first
two regions decouple leading to the instability of the gas discharge and appearance
of bursts.
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