
Wear 374-375 (2017) 113–119
Contents lists available at ScienceDirect
Wear
http://d
0043-16

n Corr
E-m

t.reddyh
journal homepage: www.elsevier.com/locate/wear
"The origins of triboemission – Correlating wear damage with electron
emission

Alessandra Ciniero a,n, Julian Le Rouzic b, Iain Baikie c, Tom Reddyhoff a,n

a Tribology Group, Department of Mechanical Engineering, Imperial College London, London SW7 2AZ, United Kingdom
b Institut P’, CNRS, Université de Poitiers, ISAE-ENSMA, Futuroscope, F-86962 Chasseneuil, France
c KP Technology Ltd., Wick KW1 5LE, United Kingdom
a r t i c l e i n f o

Article history:
Received 18 August 2016
Received in revised form
16 December 2016
Accepted 3 January 2017
Available online 11 January 2017

Keywords:
Triboemission
Alumina
Glass
Fractoemission
Wear monitoring
x.doi.org/10.1016/j.wear.2017.01.013
48/& 2017 The Authors. Published by Elsevie

esponding authors.
ail addresses: alessandra.ciniero11@imperial.a
off@imperial.ac.uk (T. Reddyhoff).
a b s t r a c t

Triboemission – i.e. the emission of photons, electrons and other charged particles that arise from a
sliding contact – may play a key role in tribochemical processes, such as lubricant degradation. However,
the mechanisms that give rise to this type of emission are not well understood. For the first time, we
present spatially resolved measurements of electron emission, obtained as a range materials are worn.
These are obtained from scratch tests, carried out under vacuum conditions (10�5 Torr), in which mi-
crochannel plates coupled to a phosphor screen are used to image electron emission.

The results show that electron emission occurs at specific locations on the worn surface and, de-
pending on the conductivity of the material, these sites remain active and decay with a time constant of
up to several seconds. SEM images of the worn surface at these sites reveal that either surface fractures or
grain defects are present. This suggests that fractoemission mechanisms are at least partially responsible
for triboemission (however, the possible contribution of tribocharging mechanisms are also discussed).
Specifically, this provides evidence to support the theory that triboemission results from the imbalance
of charge on opposing faces of wear cracks and that this generates an electric field sufficient to accelerate
molecular fracture products, which then bombard the surface leading to secondary emission.

The strong geometric correlation between damage topography and electron emission distributions
shows the potential of using this technique to monitoring wear and crack formation in real time and
under high (30x) magnification.

& 2017 The Authors. Published by Elsevier B.V. All rights reserved.
1. Introduction

The emission of particles, (photons electron, protons, positive
and negative ions), that are stimulated by frictional contact be-
tween sliding bodies, is often referred to as “triboemission” [1–3].
Numerous studies have demonstrated that this type of emission
can occur under vacuum conditions, the majority of which mea-
sured spatially averaged signals from optical and electrical probes,
located in the vicinity of a sliding contact [1–7]. These signals
show instantaneous peaks, caused by bursts of emission, with
durations typically less than a few milliseconds. When the prob-
ability density of these events is analysed, Shannon spectral en-
tropies for a 40 ms time window are between 0.23 and 0.26 [8,9],
which suggests partially deterministic mechanisms are re-
sponsible. However, until now, the exact origin of these events is
unclear.
r B.V. All rights reserved.

c.uk (A. Ciniero),
Under ambient conditions, electrons emitted in this way may
be accelerated by the electric field between oppositely charged
surfaces of sliding components, so that they collide with sur-
rounding gas molecules and, through a Townsend discharge pro-
cess, generate plasma [10,11]. Triboemission may therefore dis-
sipate surface charge, and must be closely interconnected with
triboelectrification [12], which itself is a poorly understood, nano-
scale process [13,14].

Triboemission has been suggested as playing a role in im-
portant practical applications. For instance, electrons emitted
during rubbing may cause chemical reactions, which lead to both
lubricant degradation [15,6,16,17] and the formation of protective
boundary films on component surfaces [18–20]. Furthermore, its
links to triboelectrification suggest that an increased under-
standing of triboemission mechanisms will aid the development of
charge generation technologies (e.g. [21]) and the prevention of
hazardous discharge events (e.g. [22]). In addition, since triboe-
mission results from atomic scale events, its measurement may
provide highly detailed, real-time information relating to damage
initiation and wear processes [6,23].

A number of theories have been proposed to account for how
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rubbing can lead to particle emission. These include: i) thermal
emission due to frictional heating [24,20,25]; ii) field emission due
to an accumulation of surface charge caused by triboelectrification
[26]; iii) fractoemission [6]. The last of these is a complex process
that can include thermionic and field emission, but is also believed
to result from strong electric fields due to charge separation be-
tween opposing faces of wear cracks [27]. Due to the difficulty in
obtaining spatially resolved measurements on moving surfaces,
very little direct evidence of these different emission mechanisms
has been acquired under sliding conditions. If more were known
about how triboemission occurs, its role in tribochemical process
could be better understood and optimised.

The current paper reports research using a recently developed
measurement system [12] to spatially resolve emission events as
surfaces are scratched by a single asperity contact. Results are
presented in terms of emission images for different materials in
order to shed light on how intensity and spatial distribution de-
pend on material characteristics. Furthermore, SEM images of the
wear track show how the distribution of emitted particles is
strongly correlated to damage geometry on the sample surface.
2. Test methods

The test apparatus, shown schematically in Fig. 1, simulates a
single sliding asperity contact and uses microchannel plates (MCP)
– i.e. arrays of electron multipliers – coupled to a phosphor screen
to capture spatial distributions of the resulting triboemission. The
asperity contact is produced by loading a 100 mm radius diamond
tip (Synton-MDP Ltd) onto the rotating disc specimen by a 1 mm
diameter steel arm and dead weight loading arrangement, apply-
ing 0.5 N. This setup is located within a vacuum chamber main-
tained at 10�5 Torr by a turbomolecular pump and Pirani gauge
(Edwards Vacuum). The disc is rotated by an external motor, via a
dynamically sealed shaft, to produce a contact sliding velocity of
50 mm/s.

The two MCPs, in a chevron arrangement with an active dia-
meter of 75 mm, are located 10 mm above the sliding contact. The
MCPs are coupled to a phosphor screen, which converts the
multiplied electrons into photon images that are captured by an
external, light shielded, high speed camera (Miro ex2 with Fujian
35mm f1.7 lens) at a rate of 170 Hz. The voltages applied to the
upper and lower MCP and phosphor screen are 0, þ1.5 and þ5 kV,
respectively (note the lower MCP is grounded so as not to influ-
ence the trajectory of charged particle emission).

The MCPs have the following detection efficiencies: i) 0.01–
Disc sample

Phosphor screen
Video camera

Stylus arm

RotationVacuum chamber

MCP
Wear track

Fig. 1. Schematic diagram of test apparatus.
50 keV electrons: 10–85%, ii) 1–50 keV positive ions: 5–85%, iii) UV
radiation 300–1100 Å: 5–15%, iv) UV radiation 1100–1500 Å: 1–5%,
v) soft X-rays 2–5 Å: 5–15%, [28,29]. The system therefore has the
ability to detect the above particles; however, those detected in
this study are expected to be electrons, since positive ions must
have energies above 1 keV due to the biasing of the plates and
photons have considerably lower detection efficiencies. Further-
more, other tests in our lab show a correspondence between MCP
and electrometer charge measurements, which suggest that the
response is not dominated by photon emission.

An encoder on the disc shaft is coupled to a DAQ (NI 6009),
which acquires the disc's angular position and synchronises this
with the camera acquisition. This enables the emission events to
be correlated to the position of the stylus on the specimen surface.
After each test, scans of the specimen surfaces were performed
using a variable pressure SEM (pressure of 60 Pa, 15 kV beam
voltage and a �100 magnification). This method uses a custom
made jig to ensure that the sample is oriented in the same position
in the SEM before and after each test.

Three types of disc specimen materials are tested; pure Al2O3,
Al with a 5 mm thickness Al2O3 oxide layer, produced by anodising
a polished Al specimen, (Metroplating Ltd. UK), and SiO2 glass. The
disc samples have diameter 46 mm and thickness 6 mm and are
cleaned with toluene then isopropanol in ultrasonic bath for
15 min each, prior to each test.

Al2O3 is a HCP crystalline granular insulating material (volume
resistivity 41014 Ω cm). While Al þ Al2O3 specimen is an in-
sulating/conductive composite with a hardness mismatch be-
tween coating and substrate making it prone to cracking failure.
The SiO2 specimen is insulating (volume resistivity 106.5 Ω cm)
and was chosen for its smooth surface (0.007 μm Ra roughness),
which enables identification of surface damage. The nominal Hertz
contact pressure for the interface between each disc specimen and
the diamond tip is 410 GPa and sufficiently high compared to
each material's hardness to cause severe wear.
3. Results and discussion

The average intensity of each phosphor screen image is plotted
as a function of time in Fig. 2 for the scratch tests on Al2O3 and Al
þ Al2O3 layer. As observed by Nakayama et al. [8] and others [1–6],
the emission is characterised by numerous high intensity peaks
representing bursts of emission. It is also evident that the pure
Al2O3 specimen shows a sustained low level of emission, probably
due to charging, which builds for the first 15 seconds of sliding and
remains approximately constant for the remainder of the test
(note sliding starts at t¼5 s). Fig. 2(b) shows only the highest in-
tensity peak of Fig. 2(a). Here, the intensity rises rapidly (over o
10 ms) and then decreases gradually (over �300 ms). This is in
contrast to triboemission measurements by previous researchers
who observed bursts that fall rapidly after their initial rise, even
for tests carried out in alumina specimens [1–3,5,8]. We suggest
that this discrepancy is because previous measurements were
made by single point sensors permanently located close to the
stationary stylus specimen. This means that continued emission
from the moving surface after the contact has passed (i.e. “after-
emission” [27]), was not be detected. Conversely, in this experi-
ment, emission from the whole of the wear track is recorded. Fig. 2
(c) shows the average emission verses time for the scratch test on
the oxidised Al specimen. This shows large emission peaks how-
ever no baseline emission or after emission is observed. The
emission from this specimen, which we attribute to the fracture of
the oxide layer, can be observed in greater detail in Fig. 2(d).

Fig. 3 displays the same average phosphor-screen intensity data
in Fig. 2, but this time plotted against the cycle number and
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Fig. 2. Average phosphor screen intensity vs. time for Al203 specimen (a) complete test, (b) single revolution; Aluminium specimen þ 25 mm Al203 layer (c) complete test,
(d) single revolution.
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Fig. 3. Average phosphor screen intensity as a function of time and disc position.
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angular disc position of the stylus relative to the disc (with each
coloured square representing the average phosphor-screen in-
tensity). The horizontal lines on the figure show that emission is
occurring repeatedly at specific locations of the disc surface (ap-
proximately 90 and 180° for the pure Al2O3 and 50 and 135° for
the Al þ Al2O3) as it rotates. Furthermore, the map of pure alu-
mina test shows vertical lines of gradually decreasing intensity
emanating from these horizontal lines. These correspond to the
after-emission, first shown in Fig. 2(b). The Al þ Al2O3 specimen
on the other hand shows no vertical after-emission.

In addition to providing spatially averaged data, the phosphor
screen images can be viewed individually as the examples in Fig. 4
show. Here, four video frames are presented, each corresponding
to a different time within a specific disc revolution. The upper-left
image shows an initial burst of emission occurring at the scratch
tip. The shape of the emission is linear, suggesting it may originate
from a crack or grain boundary on the specimen. Subsequent
frames show the emission occurring at 0.6, 1.06 and 1.6 s after this
initial event. From this, it can be seen that the emission pattern has
rotated 92°, 213° and 291°, respectively, corresponding to the ro-
tation of the disc. This clear example of continuous after-emission
occurring throughout an entire disc revolution is further shown by
the video file (see Supplementary material) and it is again in
contrast to the discrete, single frame, emission events of the oxi-
dised aluminium specimen tests.

There are two ways in which the phosphor-screen images in
Fig. 4 can be processed. Firstly, they may be averaged to give the
result in Fig. 5(a), where it can be seen that emission intensity is
greatest at the stationary scratching tip and decays along the wear
track. Alternatively, each video frame can be rotated by an angle
corresponding to the amount that the disc has rotated during the
test. If each video frame is processed in this way, then the result
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Fig. 4. Four images of the phosphor screen obtained at different times during a
single revolution during scratch test on Al2O3.

Video 1. Triboemission and after emission phenomena occurring throughout an
entire disc revolution. Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.wear.2017.01.013.
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can be thought of a video in which the disc is stationary while the
contact moves in a circular path around the wear track. This is
possible, since the angular position of the disc is recorded and
synchronised with the camera acquisition. Furthermore, if these
rotated video frames are averaged they can show the variation in
emission of the disc surface with each revolution. The results from
applying this approach to a single rotation are displayed in Fig. 5
(b). This enables the linear emission pattern, first shown in Fig. 4,
to be observed more clearly and confirms that the location of
emission is constant. Furthermore, if emission is caused by da-
mage of the specimen surface, then these images show a new
method of monitoring the evolution of wear in real time. If the
images are averaged without the rotation being applied, the spa-
tial information is lost (Fig. 5(a)).

The results of this rotated average image processing method in
Fig. 5(b) raise the possibility of correlating the recorded emission
patterns with local topography of the specimen surface. With this
aim, SEM images of the disc specimen were taken before and after
testing. Fig. 6 shows one such example, in which the post-test SEM
was taken at the same location on the disc surface where a high
intensity burst of emission occurred. It can be seen from Fig. 6 that
a grain of Al2O3 has been removed from the disc surface at this
location. This mode of tribological failure, termed “pullout”, is well
known for polycrystalline alumina [30] and its occurrence is re-
sponsible for the abrupt change in wear rate experienced by this
material [31].

The disordered granular structure of the polycrystalline alu-
mina, results in a complex wear process and numerous emission
patterns which continually evolve throughout the test (see Sup-
plementary video). An additional complication is that its rough-
ness prevents surface fractures from being identified clearly by
SEM. Therefore, in order to make the comparison between tri-
boemission measurements and surface topography clear, tests
were performed on a smooth (�8 nm Ra roughness) glass speci-
men. And, to further simply the wear process, an artificial scratch
was made by hand on the disc surface using a steel point, prior to
testing. This produced a radial fracture at a known disc location as
shown, prior to testing, by the SEM images in Fig. 7(a) and, post
testing, in Fig. 6(b). The wear track has intersected the long axis of
the defect at approximately 90° so that the diamond tip has con-
tacted only a small section of the crack's length. Fig. 7(c) is a ro-
tated average emission intensity map from the same test. Here, it
can be seen that the emission is concentrated in a single location
on the disc surface. Furthermore, the zoomed in triboemission
image in Fig.7(d) shows a striking similarity to the SEM image of
the wear track at the same location, both in terms of shape and
orientation (being aligned radially on the disc).

Comparing the length scales in Figs. 7(b) and 7(d), shows that
the features of the crack on the phosphor screen have been mag-
nified by �30� . This magnification results from the divergence of
emission depicted in Fig. 1, and is believed to be caused by the
repulsion between the emitted like charged particles as they travel
the 1 cm distance from specimen to MCP. This suggests that the
technique could be developed to monitor wear mechanisms in real
time at high magnification, or more generally that MCPs could be
used to detect defects and crack propagation in stressed compo-
nents. Furthermore, magnification could be increased by extending
the distance between the MCP and specimen surface.

The results presented in this paper suggest that the phenomena
of frictionally stimulated particle emission, referred to as triboe-
mission, is in large part caused by surface fracture. In other words,
triboemission is a subset of fractoemission in which fracture is
caused by sliding wear – a view that is coherent with those of
Dickinson et al. [6] and Miura et al [32]. This conclusion is sup-
ported by the following observations. Firstly, for both pure alu-
mina and glass wear, maximum emission occurred in discrete lo-
cations where fracture has occurred (although it can be seen from
SEM Fig. 7b that electrons are emitted from a region outside the
wear track, the SEM image in 7b shows that fracture and material
removal has also occurred at these locations). Secondly, after-
emission exemplified by the curve in Fig. 2(b) are very similar to
those measured after tensile fracture of alumina composites [27]
(though this may also result from relaxation of excited states).
Thirdly, for the AlþAl2O3 specimen test, fracture is the dominant
failure mode due the stiffness mismatch between substrate and
coating. Fourthly, no after-emission was observed with this spe-
cimen, which is congruent with the charge separation model
(discussed below), since the conductive substrate conducts away
charge from the cracked oxide layer. More generally, this agrees
with Nakayama's and others finding that triboemission increases
with decreasing specimen conductivity [1].

An alternative explanation is that tribocharging, rather than
fractoemission, is the cause of the observed emission – i.e. opposite
charge accumulates on each of the two counter bodies during rub-
bing, and this results in an electric field, that is sufficiently strong at
the sharp edges of defects to cause field emission. This would be in
agreement with work by Nevshupa and co-workers [33,34] and is
supported by previous observations that triboemission is more
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intense when dissimilar materials are rubbed together. However, it is
unlikely that tribocharging is the sole cause of the observed emission
for the following reasons: i) additional tests were run in which the
scratch applied to the glass disc at a location outside (1 mm away
from) the wear track, and, in these cases, no localised emission was
observed while rubbing, ii) Fig. 6 shows that the Al2O3 wear track is
smoother than the unworn surface and it is only after grain pullout
that emission occurs – this suggests that fracture is required to cause
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emission rather than simply a rough surface. It is therefore con-
cluded that the observed triboemission is due to fractomission,
however, emission behaviour is also likely to be influenced by tri-
bocharging and this is the subject of ongoing study.

It follows from this that knowledge of fractoemission me-
chanisms can be applied to triboemission behaviour. This is ad-
vantageous firstly because fractoemission has been studied in
greater detail than triboemission and its mechanisms are better
understood. Fractoemission is believed to result from a charge
separation mechanism [27]: i) fracture causes crack faces with an
uneven distribution of charge between them, either due to pie-
zoelectricity or crystal defects [35], and a high field gradient due to
the small distance between faces ii) fracture products and deso-
rption of volatiles lead to an increased pressure within the crack,
iii) gas discharge takes place within the crack due to pressure and
electric field gradient, iv) electron bombardment of the crack walls
leads to the emission of ions.

One of the motivations for this study is to shed light on the role
of triboemission in tribochemical processes, such as boundary film
formation and lubricant degradation. Assuming that triboemission
is essentially fractoemission that occurs during rubbing, the fol-
lowing conclusions can be drawn. Significant triboemission effects
will only occur in metallic components, if an oxide film or non-
conductive coating is present. Secondly, when a liquid lubricant is
present, its interaction with triboemission will be governed by the
relative rate at which it can ingress into cracks relative to the
crack's velocity (estimates [35] suggest these rates are compar-
able). As argued by Sweeting for fractoemission, if the rate of li-
quid ingression is less than the crack velocity, emission will be
unaffected by the presence of liquid. Therefore, the emitted elec-
trons that we detect will interact with the lubricant and may po-
tentially initiate tribochemical reactions. Conversely, if the liquid
lubricant reaches the fractured surfaces before discharge occurs, it
will be subjected to the crack induced electric field and breakdown
will depend on the liquid's dielectric strength.
4. Conclusions

Triboemission may play a role in tribochemical processes,
however there is uncertainty regarding the mechanisms re-
sponsible. This is mainly because, until recently, measurement
techniques provided no spatial information. To address this, the
current research uses a vacuum tribometer, in which an MCP and
phosphor screen were positioned close to a single sliding asperity
contact to measure the distribution of emitted electrons.

Non-conductive materials, such a glass and alumina, show
sustained after emission once the surface was scratched (this has
only been observed once before, and then at very low levels [3]).
This is in contrast to oxidised aluminium, which shows emission in
discrete bursts, most probably because charged crack faces are
grounded by the conductive metal substrate. It is also shown that
the triboemission characteristics studied are dependent on the
failure mode of the specimens: oxidised aluminium cracking,
alumina grain pullout, and brittle cracking failure of glass. Fur-
thermore, the strong correlation between emission maps and da-
mage topography suggest this technique could be used as a means
of monitoring wear in real time under high magnification.

These results support the model that charge separation be-
tween crack faces is responsible for triboemission (although other
mechanisms, including tribocharging and the enhanced electric
field at sharp crack edges have also been considered), and this has
implications regarding the tribochemical interactions between
surfaces and liquids.
Acknowledgements

This research was supported by the UK Engineering and Phy-
sical Research Sciences Research Council (Grant Number:EP/
L001624/1), with equipment funding provided by the Taiho Kogyo
Tribology Research Foundation. The authors are very grateful to
both and also to Bill Netolicky of Photonis for helpful guidance on
MCP operation.

Data statement

All data and results are made available upon request by email
to the corresponding author or tribology imperial.ac.uk.@

References

[1] K. Nakayama, N. Suzuki, H. Hashimoto, Triboemission of charged particles and
photons from solid surfaces during frictional damage, J. Phys. D. Appl. Phys. 25
(2) (1992) 303–308.

[2] Y. Momose, Y. Yamashita, M. Honma, Observation of real metal surfaces by
tribostimulated electron emission and its relationship to the analyses by XPS
and photoemission, Tribol. Lett. 29 (1) (2008) 75–84.

[3] G.J. Molina, M.J. Furey, A.L. Ritter, C. Kajdas, Triboemission from alumina,
single crystal sapphire, and aluminum, Wear 249 (3–4) (2001) 214–219.

[4] K. Nakayama, Triboemission of charged particles from various solids under
boundary lubrication conditions, Wear 178 (1–2) (1994) 61–67.

[5] D.A. Mazilu, A.L. Ritter, The abrasive wear of alumina: correlation with elec-
tron triboemission, Wear 258 (9) (2005) 1384–1403.

[6] J.T. Dickinson, L. Scudiero, K.Y. Ã, M. Kim, S.C. Langford, Dynamic tribological
probes: particle emission and transient electrical measurements, Tribol. Lett. 3
(1997) 53–67.

[7] G.J. Molina, D.A. Mazilu, M.J. Furey, C. Kajdas, Triboemission sliding contact Si
Ge, (2004) 22–29.

[8] G.J. Molina, M.J. Furey, C. Kajdas, A deterministic-chaos study of electron tri-
boemission outputs, J. Tribol. 129 (3) (2007) 679.

[9] J. Le Rouzic, T. Reddyhoff, Spatially resolved triboemission measurements,
Tribol. Lett. 55 (2) (2014) 245–252.

[10] K. Nakayama, Triboplasma generation and triboluminescence: influence of
stationary sliding partner, Tribol. Lett. 37 (2) (2010) 215–228.

[11] C. Matta, O.L. Eryilmaz, M.I. De Barros Bouchet, a Erdemir, J.M. Martin,
K. Nakayama, On the possible role of triboplasma in friction and wear of
diamond-like carbon films in hydrogen-containing environments, J. Phys. D.
Appl. Phys. 42 (7) (2009) 75307.

[12] K. Hiratsuka, K. Hosotani, Effects of friction type and humidity on triboelec-
trification and triboluminescence among eight kinds of polymers, Tribol. Int.
55 (2012) 87–99.

[13] H.T. Baytekin, A.Z. Patashinski, M. Branicki, B. Baytekin, S. Soh, B.
A. Grzybowski, The mosaic of surface charge in contact electrification, Science
333 (6040) (2011) 308–312.

[14] T.A.L. Burgo, T.R.D. Ducati, K.R. Francisco, K.J. Clinckspoor, F. Galembeck, S.
E. Galembeck, Triboelectricity: macroscopic charge patterns formed by self-
arraying ions on polymer surfaces, Langmuir 28 (19) (2012) 7407–7416.

[15] X. Zhao, B. Bhushan, Studies on degradation mechanisms of lubricants for
magnetic thin-film rigid disks, Proc. Inst. Mech. Eng. J: J. Eng. Tribol. 215 (2)
(2001) 173–188.

[16] K. Nakayama, S.M. Mirza, Verification of the decomposition of per-
fluoropolyether fluid due to tribomicroplasma, Tribol. Trans. 49 (1) (2006)
17–25.

[17] H.S. Park, J. Hwang, S.H. Choa, Tribocharge build-up and decay at a slider-disk
interface, Microsyst. Technol. 10 (2) (2004) 109–114.

[18] H. Spikes, The history and mechanisms of ZDDP, Tribol. Lett. 17 (3) (2004)
469–489.

[19] S.M. Hsu, J. Zhang, Z. Yin, The nature and origin of tribochemistry, Tribol. Lett.
13 (2) (2002) 131–139.

[20] C.K. Kajdas, Importance of the triboemission process for tribochemical reac-
tion, Tribol. Int. 38 (3) (2005) 337–353.

[21] J. Yang, J. Chen, Y. Liu, W. Yang, Y. Su, Z.L. Wang, M. Science, U. States,
O. Engineering, C. Academy, Triboelectrification-based organic film nanogen-
erator for acoustic energy harvesting and self-powered, ACS Nano (2014)
2649–2657.

[22] L. Perrin, A. Laurent, V. Falk, O. Dufaud, M. Traor, Dust and electrostatic ha-
zards, could we improve the current standards? J. Loss Prev. Process Ind. 20 (3)
(2007) 207–217.

[23] S. Morris, R.J.K. Wood, T.J. Harvey, H.E.G. Powrie, Use of electrostatic charge
monitoring for early detection of adhesive wear in oil lubricated contacts,
ASME J. Tribology 124 (2002).

[24] G.J. Molina, M.J. Furey, L. Ritter, C. Kajdas, Frequency analysis and modeling of
charged-particle triboemission from ceramics, Wear 255 (1–6) (2003)
686–694.

http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref1
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref1
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref1
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref1
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref2
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref2
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref2
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref2
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref3
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref3
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref3
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref4
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref4
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref4
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref5
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref5
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref5
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref6
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref6
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref6
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref6
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref7
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref7
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref7
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref8
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref8
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref9
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref9
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref9
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref10
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref10
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref10
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref11
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref11
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref11
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref11
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref12
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref12
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref12
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref12
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref13
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref13
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref13
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref13
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref14
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref14
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref14
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref14
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref15
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref15
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref15
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref15
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref16
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref16
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref16
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref16
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref17
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref17
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref17
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref18
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref18
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref18
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref19
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref19
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref19
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref20
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref20
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref20
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref21
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref21
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref21
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref21
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref21
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref22
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref22
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref22
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref22
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref23
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref23
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref23
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref24
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref24
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref24
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref24


A. Ciniero et al. / Wear 374-375 (2017) 113–119 119
[25] H. Ohuchi, Y. Enomoto, Frictional heat-stimulated exo-electron emission from
alumina sliding surfaces, (no. December 1994), 66 (1995) 1–2.

[26] R.A.Nevshupa and K.Hiratsuka, Fundamentals of Friction and Wear on the
Nanoscale. Berlin, 2007.

[27] J.T. Dickinson, L.C. Jensen, a Jahan-Latibari, Fracto-Emiss. – Role Charg. Sep.,
1112 (1984) (1984).

[28] U. Photonis, Photons MCP mannual, 2016.
[29] J.L. Wiza, Microchannel plate detectors, Nucl. Instrum. Methods 162 (1979)

578–601.
[30] J.L. Ortiz-Merino, R.I. Todd, Relationship between wear rate, surface pullout

and microstructure during abrasive wear of alumina and alumina/SiC nano-
composites, Acta Mater. 53 (12) (2005) 3345–3357.
[31] S.-J. Cho, H. Moon, B.J. Hockey, S.M. Hsu, The transition from mild to severe
wear in alumina during sliding, Acta Metall. Mater. 40 (1) (1992) 185–192.

[32] T. Miura, E. Hosobuchi, I. Arakawa, Spectroscopic studies of triboluminescence
from a sliding contact between diamond, SiO2, MgO, NaCl, and Al2O3 (0001),
Vacuum 84 (5) (2009) 573–577.

[33] K. Nakayama, R.A. Nevshupa, Characteristics and pattern of plasma generated
at sliding contact, J. Tribol. 125 (4) (2003) 780.

[34] R.A. Nevshupa, Effect of gas pressure on the triboluminescence and contact
electrification under mutual sliding of insulating materials, J. Phys. D. Appl.
Phys. 46 (18) (2013) 185501.

[35] L.M. Sweeting, Triboluminescence with and without air, Chem. Mater. 13 (3)
(2001) 854–870.

http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref25
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref25
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref25
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref26
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref26
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref27
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref27
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref27
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref28
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref28
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref28
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref28
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref29
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref29
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref29
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref30
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref30
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref30
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref30
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref31
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref31
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref32
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref32
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref32
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref33
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref33
http://refhub.elsevier.com/S0043-1648(17)30068-6/sbref33

	bm_101947_title
	Introduction
	Test methods
	Results and discussion
	Conclusions
	Acknowledgements
	References




