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Abstract

Deformation-induced luminescence of ZnS:Mn phosphors dispersed in polyester resin is inves-
tigated using pin-on-disc triboluminescence measuring system and impact testing device. The
results shows the emission quantity increases with higher applied force and striking energy; the
relationship is expressed in linearity. In addition, several factors such as the volumetric con-
tent of phosphors, friction coefficient and contact geometry are found to effectively influence
on light emission behavior of the composite. By employing contact mechanics, it allows us
to elucidate their contribution and inter-correlations. Therefore, the luminescence is strongly
suggested to be expressed as a function of applied stress where the relationship is found to
be in non-linear fashion. Alternative theoretical model is also proposed on the basis of ther-
modynamics and energy conservation. As the phosphors is deformed, the electrons is more
energetic due to the piezoelectric enthalpy and thus deliberate form shallow traps. Possibility
of finding excited electrons in conduction band is approximated by Fermi-Dirac distribution
function and might be quantified as the shift of Fermi level. Theoretical expression is given as
A
[
exp
(
Bσ2)−1

]
where σ is applied stress; the function is in good agreement to the observed

results.
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Chapter 1

Introduction

Luminescence is an optical phenomenon ascribed to a photonic emission from substances. The

behavior can be typically recognized in natures; ranging from organic/inorganic compounds to

living organisms which has a particular characteristics and properties. For humans, it is result-

ing into a drastic wide spectrum of applications depending on the type of emissions and the pur-

pose of usages, such as light/photon sources (x-ray tubes, fluorescent light bulbs, white/colored

LEDs and LASERs), scientific characterizing equipments and detectors (XRF, ESCA, scintil-

lator, etc.) or leisure products (radium dials, glowsticks). Of course, luminescence is generally

referred to a visible light emission behavior, that is 380nm < λemit < 730nm. If the emitted

photons are specifically contributed to sub-atomic levels, it is rather termed as fluorescence.

Of all types of luminescence, mechanoluminescence is referred to a visible light emission

from a solid upon an external mechanical excitation. It may be further categorized into elastico-

, plastico- and fractoluminescence, according to the types of deformation. Although ‘tribolumi-

nescence’ linguistically means an emission as the consequence of rubbing against two bodies,

the definition is partly contradict to that of IUPAC which being defined as “luminescence result-

ing from the rubbing together of the surface of certain solids. It can be produced, for example,

when solids are crushed” [1]. This is likely to cause an interchangeability among those terms

in many literatures.

To avoid confusion, hereafter, in the thesis, ‘triboluminescence’ will be referred to the fol-

lowing definition unless otherwise mentioned:

Definition 1. Luminescence as a consequence of two interacting surfaces in relative motion.

The probably first scientific report of mechanoluminescence is attributed to an observation
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from Sir Francis Bacon, a British scholar, in Novum Organum mentioned that [2],

“It is well known that all sugar, whether candied or plain, if it be hard, will sparkle

when broken or scraped in the dark.”

The phenomenon has also been demonstrated as an blue light spark emitted during crush-

ing of sugar crystals, especially for Wint-O-Green Lifesavers R⃝ candy. In general, the results

suggested that the emission spectra from a single-crystal sucrose and the candy composed of

two components: a near-ultraviolet photons from a gaseous discharge, probably N2, during the

fracture of the surface which resembles a lightning storm and a thermoluminescence and/or

fluorescence after fracture. It is believed that the discharged photons are responsible for the

characteristic luminescence of sucrose. Full description on experimental procedures are dis-

cussed elsewhere [3–5].

In addition to sugary substances, heretofore, several kinds of inorganic compounds have

been discovered to exhibit a stress-induced light emission such as coloured alkali halides,

doped ZnS, doped ZnAl2O4, SrAl2O4:Eu, SrAl2O4:Eu,Dy or BaAl2Si2O8:rare-earth elements

[6–13]. Nonetheless, the practical application of mechanoluminescent materials has not been

currently established due to very short emission period, in order of hundred milliseconds, yet

the prospective use is suggested as the novel nondestructive techniques for damage detections

and structural health monitoring systems [9, 14].

1.1 Band theory on electrical properties and luminescence in

crystalline materials

For an isolated atom, energy levels where electrons being occupied are discretized as described

by the notable Rutherford-Bohr model. Those quantized states, so-called orbitals, contribute to

the characteristic spectral lines for individual element. Such energy levels should be multiplied

as a number of atoms increases, however, according to Pauli exclusive principle stating that two

identical fermions, e.g. electrons, are not able to simultaneously occupy the similar quantum

state, an infinitesimally energy splitting takes place and gives rise to broader spectral bands.
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With the presence of a periodically arrangement in crystalline solids, i.e. symmetries, a

representative diagram of the allowed energy states at different k-vectors, called as electronic

band structure, are therefore obtainable. Another important parameter describing the number

of states at a certain energy level which usually shown along with the band structure diagram

is ‘Density of states (DOS)’. Recently, a quantum mechanic calculation is employed to gen-

erate those diagrams by solving for the solutions of the Schrödinger equations with multiple

intra- and inter-atomic interactions. Details of the methods are extensively discussed in many

textbooks such as [15].

Bound electrons preferred to occupy in lower energy states in which are named valence

bands while high-energy empty levels are called conduction bands where the delocalized elec-

trons are relatively mobile and contribute to an electric conductivity, mainly in metals and

n-type semiconductors. It should be note that positively charged holes are also considered as

carriers in p-type semiconductors where those fermions are dominant.

The region between the valence band maximum (VBM) and the conduction band minimum

(CBM) where energy states are not available is called as forbidden gap, bandgap or energy

band; its value also shared the identical terminology. Such energy gap is generally used to

determine the electric conductivity of condensed solids. Insulators are likely to possess consid-

erably large bandgap than that of conductive materials. The explicit criteria is not, nonetheless,

well defined.

When the crystals are subjected to the external energy sources such as irradiation or electric

field, bounded electrons are being excited. In semiconductors, an electronic transition into

conduction bands is possible if the providing energy is sufficiently absorbed. It consequently

generates holes in the valence bands; this process is called absorption or excitation. As lower

energy is more preferable, the excited electrons will recombine with holes and release stored

energy which is then called relaxation process. If a transformation into a lattice vibration

does not occur, photons are therefore emitted and being referred to radiative emission. The

mentioned processes are schematically illustrated as figure 1.1.

By introducing defects into the crystals, intermediate quantum states can be emerged within

forbidden gap whose locations depend on the type of imperfections; it is beneficial for alter-

3



nating an electric properties of semiconductors. Under certain circumstances, the radiative

energy levels, attributed to doping elements, which produce visible wavelength of photons are

generated. Crystal field theory is usually used to describe the conditions that allows the ap-

pearance of the states. The different in the atomic electrostatic fields, due to a substitution of

dopants in cation sites of the host crystals, results in further splitting of the spectral bands of

the impurities. The behavior have been studied by Japanese researchers, Tanabe and Sugano,

whom successfully determined the influence of the crystal field strength on the energy splitting

of various electronic configurations. As the reference, Tanabe-Sugano diagrams for transition

elements are fully provided in the second chapter of [16].

1.2 Characteristics and applications of zinc sulfide

Zinc sulfide is one of the famous IIb-VIb semiconductors which has been widely employed

in fields of optic-relating applications, for instance, cathode-ray tube phosphors, thin-films

electroluminescence (TFEL) devices, UV-filtered coating layer or optoelectronic devices [13,

16–18] arising from its promising optical and electrical characteristics as a direct-type large

value of bandgap [16, 19].

It naturally has two allotropes: a cubic modification, called sphalerite (β ) and a polymor-

phic hexagonal structure named wurtzite (α). They possesses the identical Zn-S coordinate

geometry of tetrahedral pattern. According to an equilibrium phase diagram of Zn-S binary

system, displayed in figure 1.3, the cubic structure is more thermodynamically stable at room

temperature where a phase transformation congruently takes place at about 1,720◦C. Piezoelec-

tric properties should be existed since both crystal structures are non-centrosymmetric.

Calculated electronic band structure of cubic ZnS is illustrated in figure 1.4 where s-orbitals

of Zn2+ cations contribute to the bottom of the conduction bands while the top of the valence

bands mainly composes of p-orbitals from sulfur anions [20].

The luminescence properties of doped ZnS was unintentionally discovered by Théodore

Sidot, a French chemist, since 1866 during his experiments on the crystal growth via sublima-

tion process. Later, the emission behavior has been confirmed and verified with the copper-
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activated ones of which exhibited a phosphorescence. Further details relating to the history of

the luminescent doped ZnS phosphors is mentioned elsewhere [16]. In addition to the fact that

Mn-doped ZnS produced the most intense emission among other primitive compounds [13],

it is likely to be less expensive, effortlessly to be prepared by conventional processes such as

ion plating [21] or sputtering technique [17] and commercially available comparing to other

synthesized complex luminophors. Therefore, ZnS draws our attention for investigating the

luminescence produced by deformation of this alloy system.

Selected important optical, crystallographic properties and mechanical-related coefficients

of ZnS employed throughout the thesis are summarized in table 1.1.

1.3 Literature reviews on the history in mechanically driven

emission behavior of ZnS phosphors

Despite the stress-induced emission has been discovered for decades, the proposed mechanisms

for this phenomenon are very limited, especially for mathematically expressions. Extensive

systematical experiments on ZnS crystals had not been fully established until 1960s. Alzetta

et. al [22] reported that Mn-doped hexagonal ZnS luminophors exhibit luminescence when a

hydrostatic pressure was abruptly imposed and released whereas the intensity decays exponen-

tially once the pressure was maintained constant. Moreover, they also found that the integral

quantities of emitted light increases with higher magnitude of applied pressure as the following

relationship where k is a constant and ∆P is the applied pressure,

I = exp
[
k (∆P)2

]
. (1.1)

Since the emission could be observed regardless of electrical conductivity of pressurized

hydraulic fluids, they thus suggested that the stress-induced luminescence should not be at-

tributed to the triboelectrical field generated on the crystal surface by friction in which pro-

posed by Lenard [23]. Also, the cleavage of crystals is likely to be improbable explanation due

to non-destructive deformation.
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Excitation of triboluminescence by elastic and plastic deformation and by fracture of var-

ious single crystals had been studied by Alzetta et. al (1970). Transverse force, exerting on

the center of specimens which freely supported at its ends, was applied and caused bending

deformation at different loading rates. Details of the experimental setup are given in [7]. The

emission behavior is able to be detected in the elastic deformation region in Mn-doped ZnS,

Mn-doped NaCl and X-ray irradiated colored alkali halides. For Mn-activated ZnS phosphors,

the intensity monotonously increases with the degree of elastic deformation. At the onset of

plastic deformation, light peaks suddenly appear. They found that the maximum of emission

peak coincides with the region where the second derivative of force with respect to bending

deformation, i.e. an abrupt change in applied force. The influence of loading rate was also

investigated as the emission intensity is qualitatively proportional to the rate of deformation

whereas the total amount of emitted light is found to be moderately invariant: the energy con-

servation is likely to be occurred.

Later, USSR scientists were conducting intensively investigation on strain-induced emis-

sion of monocrystalline hexagonal ZnS crystals undergoing uniaxial compressive stress. In

case of pure samples, the emission could only be taken place when the applied stress was

greater than the elastic limit. The luminescence waveform is a series of discontinuous light

pulses which mainly constitutes of a broad 3.56 eV emission peak, it is suggested to be an attri-

bution of oxygen impurities [24]. The number of flashes non-linearly increases with increasing

applied stress and contributed to the change in the dimension of specimen. As the deformation

corresponding to single luminescence pulse is significantly larger than that of the lattice con-

stant, they concluded that the emission is a consequence of a motion and a multiplication of

the dislocations. They however emphasized that the observations should not be considered as

triboluminescence or an emission produced by friction as reported in [7].

Taking into consideration the nature of dislocations in ZnS phosphors of which inherently

being charged, the external electrical environments are obviously to show the significant role

on the emission behavior. According to the results observed by S.I. Bredikhin and S.Z. Shmu-

rak (1975) [25], an electric field applied on (101̄1) faces of the crystal of where highly charged

dislocations are moving toward strongly causes a change in the total number of light flashes
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generated during plastic deformation as well as a remarkable reduction in the pulses occurs

when the polarity in which promoting the emission was reversed. They concluded that the phe-

nomenon called as electroplastic effect (EPE) is likely due to a consequence of the applied field

that either enhancing or hindering a mobility and a multiplication process of the dislocations,

in other words, it is identical to a modification of mechanical behavior.

Yu.A. Osip’yan and V.F. Petrenko (1975) examined the influence of electrical boundaries

on the mechanical properties of sphalerite ZnS single crystals [26], whose the crystallographic

orientation was prepared to be equivalent to those of [24] and [25]. In addition to the hardening

and softening caused by applied electric field, they also reported of interesting observations as

a plastic flow stress of the specimen is lowered when (1̄1̄2) and its parallel face were short-

circuited; the decrease is independent of the methods and the electrode metals used in the

experiments and the deformation induces an electric current flow, in order of picoamperes, in

the external circuit in which linearly proportional to the rate of deformation. The current is

suggested to be a leakage of the charges emerging onto the surface into an electrometer whose

impedance are drastically smaller than that of the crystal.

Manganese- and copper-activated microtwinned ZnS phosphors mainly exhibited pulse-

like emission behavior as same as of which produced in the pure crystal. The studies from

S.I. Bredikhin and S.Z. Shmurak deduced that there is a potential difference developed across

the surfaces of the sample as a result of an accumulation of charged partial dislocations during

the deformation. Luminescence is produced when the generated field strength overcomes the

breakdown threshold; it is analogous to electroluminescence. The voltage drops to zero as

photons emitted and the process then starts over. This observation gives an explanation for

pulses-like luminescence. In fact, the emission can be induced by an additional stimulation of

short-wavelength photon (N2 laser at λ ≈ 340 nm) even if the threshold voltage is not attained.

Light-assisted luminescence is nonetheless described as a result of electroplasticity due to an

observation of an abruptly change of birefringence upon the illumination [27].

In addition, a stationary continuous waveform is then observed in the activated crystals

whose spectral lines and temperature-dependency resemble those of photoluminescence [28].

Such luminescence is explained as a consequence of the electric field being emanated inside
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the space near the core of charged dislocations. The luminescence centers (C) are excited

by an interaction with moving dislocations (D); the equation of excitation process is given as

C+ = C+ h. Tunneling of electrons (e) from the impurities levels into conduction bands are

therefore allowed in the presence of the field. Consequently, the excited carriers can radia-

tively recombine with holes produced earlier and release the energy by photonic emission. A

schematic equation is shown as the following:

[D]+ [C]→ e+[C+],

e+[C+]→ [Ċ]+hν .

So far, in spite of the fact the results obtained from above experiments are remarkably

pursuant and strongly supportive to the concept of an correlation between luminescence and

charged dislocations. However, there are several disadvantages on these mechanisms: the im-

probable explanation for the emission reported in [22] since dislocation lines are immobile

under hydrostatic pressure, the inconsistency of the fact whether the luminescence can occur

under the elastic deformation region and the electrical short-circuit condition and the unavail-

ability to a mathematical expression given for the relationship between the luminescence inten-

sity and the applied stress.

Qualitative investigations were initiated by B.P. Chandra and J.I. Zink to derive a dynamic

expression for time- and impact velocity- dependence of the triboluminescence intensity of sin-

gle crystalline tartaric acid (C4H6O6), sugar, ammonium tartrate (C4H12N2O6), lithium-sulfate

monohydrate (Li2SiO4·H2O) and citric-acid monohydrate (C6H8O7·H2O) [29]. A relationship

between the maximum intensity and the velocity was, experimentally and empirically, non-

linearity whereas the total emission was found to be saturated at the certain speed, all expres-

sions and derivation can be found in the literature. They suggested that the excitation source

of triboluminescence in the crystals is due to the motion of cracks and the creation of freshly

new surfaces. Despite the pioneer explicit formulations, the possibility of using the equations

for the case of deformation-induced emission of ZnS crystals had not been confirmed.
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Although researches on the topic of stress-stimulated emission behavior of various kinds of

materials continued and found out that such luminescence also being observed for the case of

elastic deformation [8, 13, 17, 21, 30–34], any perspicuous expression and the detailed mech-

anism particularly for explaining elastico-mechanoluminescence of phosphors was not com-

pletely developed and studied, in consequence of that, the proposal of dislocation-associated

emission was being accepted.

Eventually, the exact theoretical models describing a relationship between the intensity of

luminescence and the mechanical stress or strain in elastic deformation region for irradiated

alkali halides, doped strontium aluminate and Mn-incorporated ZnS nanoparticles were estab-

lished in [35], [36] and [10], respectively. Derivation of the analytical expressions is basically

performed in the similar manner to which being used in [29]. In fact, discrepancies in the final

formulations among those models are due to the dissimilarity of assumptions utilized in during

development.

In case of coloured alkali halide crystals, F-centers corresponds to electrons trapped into an-

ion vacancies [37] of which creating during a bombardment of energized particles. Such centers

are responsible for the luminescence. As the point defects are able to be regarded as sources

of electrons, that is energetically unstable if being excited [38], it possible to hypothesize the

excitation of F-centers are caused by an interaction with a dislocation bending which occur-

ring elastic deformation [6, 39] or its motions when the applied stress exceeds the proportional

limit of the crystals [6]. In fact, the excitation also occurred in doping luminescence centers

as well [6, 39]. According to the definition described in [37, 38], for pure irradiated crystals,

F-centers might be able to be stimulated into the excited states, for instance, by an optical ab-

sorption so that the subsequent de-excitation is responsible for fluorescence or photon emission.

Meanwhile, the mechanism proposed in [35] suggests that the transition of electrons from the

interactive F-centers into dislocation band is a consequence of comparable thermal activation

energy (kT = 0.026 eV) to the potential barrier (about 0.1 eV) which is the energy difference

between the ground states of the interactive and the non-interactive F-centers. Electrons are

then captured into dislocation bands and then transfered to hole centers which subsequently

causes an emission.
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Some faults of the latter theory are listed here: (i) there is no description on the kind of

centers of where holes being occupied and (ii) it is still questionable whether the thermal energy

at room temperature is sufficient to surmount the activation and provides a significant transition

of carriers since exp(−Ea/kT ) = exp(−0.1/0.026) = 2.14%. Details on the mathematical

derivation, the final expressions and explanation can be found in [35].

On the other hand, the situation should be different in SrAl2O4-based and ZnS-based phos-

phors. In the first proposed mechanism for strontium aluminate crystals [36], the mechanolu-

minescence is explained in respect to the following processes:

Mechanism for doped SrAl2O4 and its derivatives.

1. Piezoelectric field is produced in the doped crystals by the application of external pres-

sure which is due to the non-centrosymmetric.

2. The field causes a reduction in the trap-depth of hole traps (T).

[T+]
field−−→ [T] + ⊕

3. Holes are generated in the valence band and the traps are then occupied by electrons.

4. Detrapped holes recombine with (Eu1+)* ions and therefore produce the excited (Eu2+)*.

(Eu1+)* + ⊕→ (Eu2+)*

5. Characteristic emission is a result of the de-excitation of (Eu2+)* ions.

(Eu2+)* → (Eu2+) + hν

Although the important equations are selectively shown on which the conclusions are de-

duced, one can pursue a full process of the development of mathematical expressions in the

original article,

P(t) = P0 [1− exp(−ζ t)] , (1.3)

Imax(P0) ∝

 [exp(αP0)−1] if P0 is high.

(P0) if P0 is low.,
(1.4)
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Id f = Imax exp
(
−(t − tm)

τ f

)
, (1.5)

Id f = Imax exp
(
−(t − t0)

τr

)
, (1.6)

where ζ is a machine constant, α is a coefficient, tm is the time when the maximum intensity

attained, t0 is the time when fast decaying process are negligible, τ f is a lifetime of the trapped

holes and τr is a lifetime of detrapped holes in shallow traps which will be released and cause

an emission.

According to equation 1.4, the maximum intensity should be proportional to the applied

pressure at low stress while a non-linearity may appear for undergoing in moderate deforma-

tion. Additionally, the distinctive properties of stress-activated emission of strontium aluminate

doped with rare-earth elements, and probably its derivatives, are also mentioned;

• Emission spectra from mechanoluminescence (ML) is identical to that of photolumines-

cence (PL).

• The ML intensity increases with time and reaches the peak value Imax at tm even the

applied load reaches the designated value and kept constant.

• For a post-deformation period, the intensity decreases exponentially with time at two

different rates: the fast decay is corresponding to the lifetime of the trapped holes in the

compound and a characteristic lifetime of holes in shallow traps is responsible for the

slow decay process.

• Piezoelectrification may contribute the emission since the luminescence also observed

during unloading of stress which resemble to the generated voltage signal in PZT [40].

The proposed mechanism had been postulated for explaining of mechanoluminescence on

manganese-associated zinc sulfide because of the piezoelectricity in both compounds. Al-

though the physical concept and the mathematically deriving processes are intimately identical

to that of [36], some differences are distinguishable. In the latter case, electrons are regarded as
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mobile carriers and the localized electric field was suggested be sufficiently intense to yield a

transition of electrons of which is due to the local change of the host crystal structure adjacent

to those impurities [41]. The following steps are proposed to be as a mechanism of mechano-

luminescence in ZnS,

Mechanism for doped ZnS phosphors.

1. Piezoelectric field is produced in doped crystals by the application of external pressure

which is due to the non-centrosymmetric.

2. The generated field reduces the trap-depth of filled electron traps which allows electrons

to be tunneled into the conduction band.

3. A recombination of the excited electrons and holes in which located either in defects or

valence band may non-radiatively occur.

4. Non-radiative energy may be responsible for the excitation of Mn2+ ions.

5. Characteristic emission is a result of the de-excitation of (Mn2+)* ions.

In previous research [10], an emission peak intensity, an integral quantity of the luminance

and a decaying characteristic functions are different from those aforementioned in particular

manner since the rate of deformation is taken into consideration. Therefore, a quadratic re-

lationship between the total intensity to the designated applied stress is expected whereas a

linearity of the peak emission to the stress is influenced by the deformation rate.In contrast, an

effectiveness of the instruments and mechanical response of the specimen turns out to govern

the rate of fast-decaying of the luminescence while the slow-decaying process depends on the

relaxation of surface charges generated by piezoelectric effect.

Imax =

 k1P2
0

k1P0 if the deformation rate, i.e. dP/dt, is constant.,
(1.7)

Itotal ≡
∞∫

tc

Idt = k2P2
O, (1.8)
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Id f = Imax [exp(−(ζ + γ)(t − tm))] , (1.9)

Ids = Imax [exp(−(γ)(t − tm))] , (1.10)

where k1 and k2 are a proportional constant containing the influence of (i) localized piezoelec-

tric coefficient and (ii) efficiency of radiative emission of Mn2+ centers, ζ = 1/τm is a machine

constant and γ = 1/τq when τq is a time constant of the relaxation process of surface charges.

So far, it can be generally seen that the luminescent intensity, both of the maximum and

the integral value, should transiently increase with higher loading stress with the specified

relationship depending on several measuring conditions and/or other physical parameters, e.g.

the rate of deformation, the magnitude of the applied force or temperature.

1.4 Current research themes relating on the mechanolumi-

nescent phosphors

1. Proposal of explanatory mechanisms and mathematical expressions

As aforementioned in section 1.3.

2. Improvement of new high-performance phosphors and its synthesizing process

In spite of the availability and inexpensiveness of doped ZnS phosphor, its thermal sta-

bility, emission intensity and persistence, i.e. a period of luminescence being observed

after removal of the excitation source which is often measured as the lifetime, are likely

to be inferior to doped monoclinic SrAl2O4, the improvement of the luminescent prop-

erties of ZnS becomes remarkably incomprehensive. Other host crystals being inves-

tigated are ranging from the chemically-synthesized metal complexes such as tetrakis

(dibenzoylmethide)-triethylammonium to the complexed mixture of oxides, including

alloyed-SrAl2O4, alloyed-silicates (SrCaMgSi2O7, for example), alloyed-aluminates or

alloyed-titanates. Further lists can be found in [9, 11, 14, 42].
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3. Development of acquisition setups and measurements

Apart from typical compression or frictional tests, the deformation may be introduced

to samples by different methods such as a direct impact [31, 43, 44], a three-points

bending [45], a cyclic loading [46, 46] or a torsion [47].

4. Identification and proposal of practical applications

Mechanical parameters are able to be estimated by converting the deformation into other

measurable forms such as electrical output (strain gauges and transducers), a change of

optical birefringence (a photoelastic effect) or a positional difference of laser-reflecting

method, however, each technique has unique benefits and disadvantages which governing

the suitability for specific uses. By using of mechanoluminescent-based technique, it may

applicable to services of which require a visual detection without wiring connection.

1.5 Objectives and scopes of the study

Despite the claims that the proposed empirical relationships are in accordance to various ob-

servations, in fact, it seems that B.P. Chandra and his colleagues have been currently attempt-

ing to revise their mathematical models for elastic deformation-induced emission behavior of

IIb-IVb semiconductors and doped strontium aluminate crystals which results in several litera-

tures recently published [11, 48–53]. Oddly, only the definitions and assumptions on particular

functions and parameters with some mathematical treatments are selected to be intemperately

modified while the overall underlying concept remains merely unchanged. For instance, an

idea of the decrement of piezoelectric charges is utilized in [49–51] instead of considering the

time constant of excited electrons in conduction band [11, 48] without any explanation or

supporting evidence.

Of course, theoretical formulations should be changed due to the differences in analytical

approaches, however, it is quite doubtful whether the assumptions using in dissimilar models

are considerably interchangeable or equivalent.

Since the emission is a characteristic property to phosphors, the influence of its volume

fraction (demonstrated in [34, 44, 45, 54, 55]) as well as the presence of multiple crystallo-
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graphic phases on the emission intensity should be importantly taken into consideration during

development of the theoretical models for the case of a composite containing non-emittable

components.

Moreover, at the present time, a specialized mechanoluminescence measuring setup is not

commercially available, most researches are relying on a simple combination of mechanical

testing machines and the optical detectors; these approaches may be acceptable for whose

configuration does not cause a significant blockage of light path. However, the tribolumines-

cent emission is likely to be probed by sensors locating adjacent to a non-transparent sliding

pin [13], an optical obstruction is unavoidable and may result in the error for quantitative anal-

yses, therefore, it is essential to develop the customized measuring instrument which is most

suitable for the experiments.

In summary, the objectives of the study are addressed as below,

1. Understanding a relationship between deformation-induced luminescence of ZnS:Mn

and mechanical stimulations, i.e. forces or stresses.

2. Proposal of alternative mechanism for elastico-triboluminescence of Mn-doped ZnS phos-

phors embedded in polymer matrix as a consequence of piezoelectric coupling energy.

3. Demonstration of the applicability of theoretical expressions modeling for the composite

of non-luminescent transparent polymeric matrix and phosphors.

1.6 Organization of the thesis

Chapter 1 Introduction: Fundamental of phosphors, the properties of luminescent

doped ZnS crystals, a chronicle of development of mechanism and mathematical formu-

lations, the current research themes on for mechanoluminescence as well as the objectives

of the study are given here.

Chapter 2 Construction of triboluminescence acquisition instrument: The chap-

ter includes basic principles regarding to the construction of pin-on-disc tribolumines-

cence system and its validation test.
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Chapter 3 Estimation of mechanical behavior of phosphor-embedded compos-

ite: Analytical methods utilized for an estimation of mechanical properties of particulate

composite of luminophors/polymeric matrix and contact stresses exerted during sliding

motion are discussed.

Chapter 4 Influence of applied loads on triboluminescence behavior of the par-

ticulate luminescent composites: Experimental observation of triboluminescence at dif-

ferent loading conditions and volume fractions of phosphor are shown in the chapter.

Chapter 5 Mechanoluminescence and its correlation to impact energy and con-

tact geometry: Additional experiment to investigate the effect of different contact ge-

ometry on mechanoluminescence by means of impact testing.

Chapter 6 Mechanism and its mathematical expressions of stress-induced lumi-

nescence of ZnS:Mn phosphors: A logical flow of thoughts which give rise to theoret-

ical expressions on the basis of piezoelectricity are discussed.

Chapter 7 Applicability of the proposed mechanism and discussions: Obtained

experimental results are quantitatively analyzed using the proposed theoretical models.

Physical explanation for individual parameters appeared in the models are also men-

tioned.

Chapter 8 Conclusions: General conclusions deduced from the study are given in

this chapter.
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Figure 1.1: Schematic diagram of a process of excitation and radiative emission when subjected
to an irradiation.

Figure 1.2: Two allotropes of ZnS (a) cubic sphalerite, space group of F4̄3M and (b) hexagonal
wurtzite, space group of P63MC. Green shaded region represents tetrahedral coordinate of the
structures.
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Figure 1.3: Zn-S phase diagram. (Reprinted from [56])

Figure 1.4: The electronic band structure of sphalerite ZnS calculated by KORRINGA-KOHN-
ROSTOKER method. (Reprinted from [20])
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Table 1.1: Summary of related optical, physical and mechanical constants of crystalline ZnS at
room temperature.

Corresponding parameters Cubic sphalerite (β ) Hexagonal wurtzite (α)

Lattice constant (Å) a = 5.4093 a a = 3.820 a

c = 6.260 a

Bandgap (eV) 3.66 b 3.87 ⊥c b

Effective mass
m∗

e /m0 0.34 b 0.28 ⊥c b

m∗
h/m0 -

0.49 ⊥c b

1.4 ∥c b

Young modulus (GPa) 83.8 c 90.622 d

Poisson ratio 0.28 c 0.415 d

Dielectric constant (/ε0)
ε11 8.37 e 8.7 f

ε33 - 8.7 f

Elastic stiffness (GPa)

C11 104.0 g 124.2 d

C12 65.0 g 60.1 d

C13 - 45.5 d

C33 - 140.0 d

C44 46.2 g 28.6 d

C66 - 32.0 d

Elastic compliance (GPa−1)

s11 1.8817 x 10−2 c 1.112 x 10−2 f

s12 -0.709 x 10−2 c -0.456 x 10−2 f

s13 - -0.14 x 10−2 f

s33 - 0.847 x 10−2 f

s44 2.2173 x 10−2 c 3.44 x 10−2 f

s66 - 3.14 x 10−2 f

Piezoelectric strain constants (pC N−1)

d14 3.18 h -
d13 - -1.134 f -
d33 - 3.235 f -
d15 - -2.802 f -

a Reference [16].
b Reference [57].
c Reference [58].
d Reference [59].
e Reference [60].
f Reference [61].
g Reference [62].
h Reference [63].
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Chapter 2

Construction of triboluminescence
acquisition instrument

In tribological researches, a performance of hard-coatings and lubrications is commonly eval-

uated by a rate of wear, a morphology and character of wear tracks or a friction coefficient.

Those parameters, however, depend greatly on various factors such as types of materials and

its counterparts, operating modes (pin-on-disc or ball-on-disc, for instance) and experimental

conditions, it therefore makes such experiments extremely delicate and complicated [1].

To measure tribological quantities, a tribometer is used for introducing abrasion onto the

surface of specimen and measuring the frictional force in which estimated from the deflection

of the elastic arm. While the wear rate and track morphology are subsequently observed by

scanning electron microscope or profilometer, the coefficient of friction µ can be determined as

the ratio between the measured lateral force f and the applied load W, a magnitude of normal

force can be either assumed to equal to a weight of mass blocks or determined by the same

manner to that of used for friction force determination, depending on machine configurations,

µ =
f

W
. (2.1)

Hence, an observation of triboluminescence can be carried out by an installation of optical

measuring equipments onto a tribometer.

Figure 2.1 illustrates a schematic drawing of the designed triboluminescence measuring

system which mainly composed of three segments: (i) a mechanical loading mechanism (ii) a

load determination circuit and (iii) optical measuring systems.
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2.1 Mechanically loading mechanism [2, 3]

Machine frame consists of two thick steel plates with 4 supporting pillars. Sample stage is an

assemble of bearing-supported aluminum plate which driven by conveyor belt connecting to a

speed-controllable motor. Sliding pin attached to an elastic arm is stationary relative to a rota-

tion of the mounted sample; it resembles a pin-on-disc operational tribometer. A horizontality

of the system is determined by a tabular spirit level.

By controlling a tensional force in a threaded cable, the exerting normal load is then ad-

justable without interfering an optical isolation of the system.

2.1.1 Elastic beam

For a high-accuracy determination of friction coefficient, the frictional and the normal applied

force are simultaneously recorded during the experiments. Dimensions of the designed beam

are given in figure 2.3, it is made of poly (methyl methacrylate) (PMMA) thermosetting poly-

mer with young modulus of about 3.2 GPa at room temperature [4].

Bending strains were measured by miniature general-purpose strain gauges with resistance

of 120 Ω (KFG-2-120-C1 series). For normal force determination, a single gauge was attached

to top surface of loading section of the arm at a distance of 15 mm horizontally away from

a fulcrum which corresponding to a position of a bearing pin. The friction force is evaluated

from two gauges connected-in-series attached on the side of the beam section which a sliding

pin is mounted. For the latter configuration, each gauge was 15 mm horizontally away from

the fulcrum and ± 10 mm from a vertical neutral axis of the beam; a minimization of the error

attributed to the strain produced by twisting is expected.

Normal load

According to a free body diagram of the arm represented in figure 2.4, it can be seen that a

magnitude of force acting on the specimen equals to that of provided from the cable. Also,

one can express the internal moment mN = W ×L. at the center of the gauge as the following

equation where L (97.5 mm) is a distance from the gauge to a location where the cable attached
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and W is a tensional force,

Compressive stress and strain at the center of the gauge can be therefore described as

Eq. 2.2a and Eq. 2.2b accordingly, where M is an internal moment, y is a distance from its

neutral axis to the top surface, I is a second-moment of inertia and b (10 mm) and h (30 mm)

is a width and height of the cross-section respectively,

σN =
My
I

=
mN · (h/2)
(bh3/12)

=
6WL
bh2 , (2.2a)

εN =
WL
E

· 6
bh2 . (2.2b)

Frictional load

It is possible to consider the arm subjected to the lateral force as a simple cantilever beam

due to a restriction of horizontal displacement at the bearing pin. Regarding to figure 2.5 and

the identical approaches, one can derive formulations for the stress and strain occurring at the

center of the beam where b is 30 mm and h is 5 mm. Coefficient of friction is denoted by µ ,

m f = µW ×L, (2.3a)

σ f =
My
I

=
m f · (h/2)
(bh3/12)

=
6 µWL

bh2 , (2.3b)

ε f =
µWL

E
· 6

bh2 . (2.3c)

For a single-active gauge configuration, the output voltage from strain ε is expressed as

the following equation where v is an excitation voltage in Wheatstone bridge and G is a gauge

factor of the gauge; the value is 2.14 for KFG-2-120-C1.

∆Vbridge ≈
ε · v ·G

4
(2.4)
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2.1.2 Sliding pin

Soda-lime glass rod was chosen as a sliding pin material since it can be used as a direct waveg-

uide for a transmission of the emitted photons to the optical measuring equipments during

experiments which may avoid a light blockage by the components. Two difference ends of

the stylus were intentionally prepared: (i) a round hemispherical end (ϕ ≈ 5 mm) utilized as

a focusing lens being coupled to the optical fiber probe and (ii) a sharp tip with a diameter

of 825 µm was manually formed by grinding process in order to intensify the contact stress

exerting on the sample surface. Both ends were fine-polished with 0.3 µm alumina suspension

to prevent any surface scattering loss. Figure 2.6 is an image of the contacting end taken by an

optical microscope.

2.2 Strain amplifying circuit

The strain gauge signal is amplified by an amplifying circuit that constructed from operational

amplifying ICs. The amplified signals are measured by a multichannels GL900, GraphtecTM data

logger, simultaneously with the signal of photomultiplier tube.

2.2.1 Electronic circuit diagram

Figure 2.7 provides an electrical diagram of the constructed circuits. Strain gauge (SG1 and

SG2) is connected to Wheatstone bridge composing of 3 constants 1%-tolerance resistors (Rb)

as dummy gauges, the value is 120 Ω and 240 Ω for the normal force and the frictional force

determination, respectively. Additional fixed 3 kΩ resistor (Rn4) and a 10 kΩ potentiometer

(VR1) were connected to the bridge for balancing and adjusting the output signal [5]. Dry-cell

alkali battery at about 1.50 V was used as the excitation source to minimize high-frequency

input noise.

A ratio of the output to the input signal is called gain and generally adjusted by resistors

(Rg) using in the amplifying circuit. Characteristic equation for calculating the gain is given

in the datasheet. For a LT1167 high-precision instrumentation op-amp (Linear Technology,
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United States) utilizing in the circuit, the equation is given by,

A = 1+
4.94×104

Rg
. (2.5)

In this study, an amplifying circuit are constructed from two cascading op-amps for better

bandwidth performance. The total gain is a arithmetic multiplication of the gain in each stages,

i.e. Atotal = ∏i Ai. Dual-supply configuration was utilized for expanding the working range; a

theoretical voltage difference span should be 18 volts (±9Vcc, also supplied by dry-cell batter-

ies). Nonetheless, it is impossible to reach the expected rails due to the properties of LT1167

op-amp.

2.2.2 Evaluating and validating test of the circuit

To achieve high-accuracy, an equivalence of 4-probes measurement was carried out to calculate

resistance value using a KeithleyTM 2000 multimeter, at different constant DC currents in which

supplied by a AdvantestTM R6142 DC voltage/current generator. The testing configuration is

illustrated as figure 2.8. A resistance is a reciprocal of the slope determined form the plot of

response voltages. Table 2.1 shows the results with calculated value of gain factors.

Introducing the gain factor into Eq. 2.4, the applied normal load and friction force can be

calculated from measured voltages by using the following equations, respectively.

W =
2E bN h2

N
3vGLAN

·∆VN (2.6a)

µW =
2E b f h2

f

3vGLA f
·∆V f . (2.6b)

A coefficient of friction can be calculated by dividing Eq. 2.6b with Eq. 2.6a,

µ =
b f h2

f AN

bNh2
NA f

·
∆Vf

∆VN
(2.7)

To verify a reliability of the circuit, the friction coefficient of 100% polyester resin were

measured and compared to the reported literature value. Disc samples with diameter of 30 mm

were prepared by casting process of a generic polyester resin mixed with 4wt% of methyl ethyl
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Table 2.1: Determined values of gain resistors using in each amplifying circuits and their cor-
responding gain factors.

Normal force Frictional force

Rg1 (Ω) 50.889 466.832
A1 971.735 106.820

Rg2 (Ω) 465.674 466.832
A2 107.083 107.331

Atotal 1.0406×105 1.1465×104

ketone peroxide which subsequently cured in evacuated atmosphere to avoid bubble formation.

Hardened sample was abraded with 800 grit abrasive paper. Preparation methods are also

used for fabricating the composite. Three experimental sets were conducted for individual

conditions.

By assuming that the error produced from LT1167 is negligible or identical for both circuits,

the determined coefficient should be compared. As shown by red circles in figure 2.9, the cal-

culated coefficient is found to be load-independent at the value of about 0.4, it is considerably

consistent to the reported value from low PV-limit test of about 0.55 [6]; a dissimilarity is sug-

gested to be due to the difference in preparation technique. The results are also presented along

with the values determined from a DPM-951A commercial strain amplifier (Kyowa Electronic

Instruments, Japan) which also shows an adequate coherency.

For evaluating the accuracy of LT1167 op-amps, the bending strain of normal loading arm

calculated from the self-constructed circuit are plotted against the values of which determined

from the commercial amplifier at the identical applied forces, i.e. a relative displacement of a

linear feed-through that used in a cable pulling mechanic. The plot uses the averaging values

from three experimental tests. As depicted in figure 2.10, a linear relationship indicates an ex-

cellent accuracy of the circuit constructed from two operational amplifiers whereas its precision

can be illustrated by the slope of fitting curve which is close to a unity. In spite of the fact that

the obtained strain is found to be about 7% smaller than those of measured by the commercial

available amplifier, it is considerably acceptable for quantitative measurement.

It has been experimentally proven that an self-constructed amplifying circuit with dual pre-

cision operational amplifier ICs provides a satisfactory performance in reliability, consistency
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and accuracy compared to the commercial one.

2.3 Optical measuring systems

Voltage-output type H10723-20 photomultiplier tube (Hamamatsu Photonics, Japan) and a

C10083-CA high-sensitivity spectrometer (Hamamatsu Photonics, Japan) are used as the opti-

cal measuring systems of the triboluminescence acquisition setup. Voltage signal from photo-

multiplier tube will be analyzed as the intensity-relating optical quantity while the spectrometer

is employed for an observation of spectral characteristics of the emission.

2.3.1 Mathematical treatments for quantitative analysis

Due to a wave-particle duality, it is possible to consider an electromagnetic wave with a wave-

length of λ as a photon packet containing the energy of E = hc/λ where h is Planck’s constant

(6.626×10−34 J s) and c is a speed of light (≈ 3×108 m s−1).

Although there is only a specific spectral range of photons around 380–730 nm which is

perceptible to human; it is named as visible light, the typical photodetectors are sometimes

capable to detect a wider range of wavelength of radiation. Therefore, the spectral response of

optical sensors are always described as ‘radiant sensitivity’ and ‘luminous sensitivity’ referring

to its most sensitive wavelength and for the full-range of visible light, accordingly.

A number of incident photons per second is defined as n = dN/dt at a wavelength of λ

where N is the number of those photons. Radiant flux Φr of the given photon energy of E can

be expressed as Eq. 2.8 which also named as the optical power due to a similarity of dimension,

Φr(E) = n · hc
λ

=
dN
dt

·E. (2.8)

On the other hand, the luminous flux ψ , using the unit of lumens (lm), requires additional

correcting factor relating to the typical sensitivity of human eyes,

ψ(E) = km · v(E) · dN
dt

·E, (2.9)
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where km = 683.002 lm W−1 is a conversion coefficient from the radiant quantity to the lumi-

nous one and v(E) is the eye sensitivity as a function of wavelength of light, standardized by

International Commission on Illumination (CIE) in 1931 [7].

Despite the sensitivity is originally described as a function of wavelength, in the study, it

was converted into a photonic energy-dependent expression.

For a broad-spectral emitted light, a probability of observation of each wavelength p(E)

needs to be taken into consideration which can be depicted by a normalized TrL spectrum.

Thus, the luminous flux is given as follows,

ψ(E) = km · v(E) · p(E) · dN
dt

·E. (2.10)

Total luminous flux is a summation of the flux within TrL emission whose spectrum are

ranging from E1 = hc/λ1 to E2 = hc/λ2, .

ψ̂ =
ψ(E2)

∑
ψ(E1)

ψ(E)≈
∫ E2

E1

ψ(E)dE

=
∫ E2

E1

km · v(E) · p(E) · dN
dt

·EdE

= km · dN
dt

·
[∫ E2

E1

v(E) · p(E) ·E dE
]
. (2.11)

Due to the resemblance to Gaussian function of p(E) and v(E), a numerical calculation is

required for determining of an integral value of Eq. 2.11 as an area under p(E) · v(E) ·E curve

plotted against E illustrated in figure 2.11 for known emission character. The constant Ē is

interpreted as an effective energy of photon.

Luminous sensitivity LS of photomultiplier tube is determined for a given controlling volt-

age supplied to the detector. Therefore, a measured PMT voltage Vpmt can be estimated by the

following equation which is proportional to a flux of incoming photons.

Vpmt = LS · km · Ē · dN
dt

. (2.12)
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Integration of Eq. 2.12 yields,

∫ t=t

t=0
Vpmt dt =

∫ N=N

N=0
LS · km · ĒdN = LS · km · Ē ·N. (2.13)

Applying the mean-value-theorem, 1
b−a

∫ b
a f (x)dx = Fave where Fave is the mean value of

f (x) on the interval [a,b], an expression for estimating the number of photon emitted from

deformation occurring in a period of time ∆t from the average PMT voltage V̄pmt is given by,

V̄pmt = LS · km · Ē · N
∆t

. (2.14)

In conclusion, a triboluminescence measuring setup has been successfully designed and

constructed which allows us for further investigating on the emission behavior of ZnS:Mn

crystals due to sliding deformation. Also, it is possible to approximate the number of emitted

photons from measured voltage signal of photomultiplier tube.
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Figure 2.1: Schematic diagram of triboluminescence acquisition system.
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Figure 2.2: Photograph of the final version of triboluminescence acquisition system constructed
and being employed throughout the study.
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Figure 2.3: Drawing with dimensions of elastic arm using for determination of forces.
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(a)

(b)

(c)

Figure 2.4: Free body diagram (a), Shear-moment diagram (b) and the internal moment along
with a cross-section (c) of the beam for normal load determination. W represents the tensional
force acting on the cable.
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(a)

(b)

Figure 2.5: Free body diagram (a) and the internal moment along with a cross-section (b) of
the beam for frictional force determination where µ is a coefficient of friction.

Figure 2.6: An optical image of the contacting end of the stylus using in the study which
manually prepared by grinding process.
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Figure 2.7: Electronic diagram of constructed amplifying circuits by high-precision instrumen-
tation operational amplifier ICs.

Figure 2.8: V-I plots of individual gain resistors determined by an equivalent 4-probes mea-
surement: (a) & (b) and (c) & (d) are resistors used in the amplifying circuits for the normal
and the frictional force determination, accordingly. All plots are in accordance to Ohm’s law.
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Figure 2.9: Friction coefficients of pure polyester resin. Red and green circles represent the
value determined from self-constructed circuit and a commercial strain amplifier, respectively.
The reported values are shown as dotted lines for comparison [6].

Figure 2.10: Comparison plot of the bending strain measured from the constructed amplifying
circuits with respect to those of evaluated from a commercial amplifier.
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Figure 2.11: Comparison plots of the normalized TrL of ZnS:Mn, the CIE-1931 luminosity
sensitivity, and the product of those functions for estimating the number of emitted photons.
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Chapter 3

Estimation of mechanical behavior of
phosphor-embedded composite

Due to the fact that a mechanoluminescence is rather relating to the exerted stress, for sliding

contact, it is less realistic to utilize the applied force as a representative of the stress since

the apparent contact area increases with higher load. Determination of contact stresses from

experimental parameters will be discussed in the chapter.

3.1 Morphology and phase identification of the phosphors

Manganese-doped ZnS phosphors were provided by Kojundo Chemical Laboratory, Japan with

doping concentration of 0.5 at%. Appearance and size distribution of as-received particles were

observed using a JOEL JSM-7000F field-emission scanning electron microscope whereas a

phase identification was performed using a Bruker AXS D8-Advance X-ray diffractometer.

According to XRD diffraction patterns, Fig. 3.1(b), a hexagonal wurtzite is a predominant

structure with nearly random orientation. Crystallite size of the phosphor is about 65 nm,

calculated from (002) diffraction plane using the well-known Debye-Scherrer formula. As-

received powders show pebble-like appearance with an average size of 4.68 ± 1.95 µm shown

in Fig. 3.1(a). Stacking fault is responsible for strip lines on the surface of particle. A presence

of the hexagonal at room temperature contradicts an equilibrium phase diagram of ZnS-MnS

[1]; it might be due to rapid cooling after heat treatment required for producing luminescent

doped ZnS [2, 3].
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3.2 Sub-surface stress fields under a sliding contact

3.2.1 Hertzian elastic contact theory and contact area determination [4]

According to the observations of interference fringes of two glass lenses by Heinrich Hertz,

a shape of contact region is generally ellipse. Besides of a uniform distribution of force over

contact region, he suggested that an applied pressure p is rather expressed as a function of the

x-y coordination which being maximized at the center of the area,

p = p0

{
1− (x/a)2 − (y/b)2

}1/2
. (3.1)

For a circular contact patch, having a = b, the pressure distribution can be given in a spher-

ical coordinate where r is a radius of the circle,

p = p0

{
1− (r/a)2

}1/2
. (3.2)

For the bodies whose radius of curvature R1 and R2, the relative curvature R′ can be given

as,
1
R′ =

1
R1

+
1

R2
. (3.3)

Giving the elastic moduli of each component as E1 and E2, it allows us to describe the

effective young modulus as the following equation since the exerting stress on both bodies are

identical,
1
E ′ =

1−ν2
1

E1
+

1−ν2
2

E2
. (3.4)

Thus, for the compressive loading force W , a radius of contact circle a can be written as,

a =

(
3WR′

4E ′

)1/3

. (3.5)

For a static contact between a sphere and a plane, illustrated in figure 3.2, a circular contact

is created whose diameter 2a is governed by a magnitude of applied force and the mechanical

and geometrical parameters of two bodies [4–7]. Suffices p, s refer to the sliding pin and the
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sample, respectively, where d is a tip diameter, E is elastic modulus, ν is Poisson ratio and W

is an applied load,

a =

[
3
8

dp

(
1−ν2

p

Ep
+

1−ν2
s

Es

)]1/3
3
√

W

= ka
3
√

W . (3.6)

Since the pin is made of soda-lime glass, the value of Ep and νp is reported as 70.0 GPa

and 0.23, accordingly [8]. On the other hand, the physical parameters of composite materials

are controlled by volume fraction of reinforcements.

3.2.2 Determination of mechanical properties of the composite

Poisson ratio

It can be approximated from a simple mixture rule as the difference in Poisson ratio of com-

mon engineering materials are considerably small where v f refers to a volume fraction of ZnS

phosphors.

νc = v f νZ +
(
1− v f

)
νM. (3.7)

Young modulus

(A) Boundaries of the moduli of the composite [9] Let us consider a continuous unidirec-

tional fibrous composite. For the case that a deformation direction is parallel to an alignment of

the reinforcement, the total load is shared on each phases and consequently yields Eq. 3.8 which

is in turns analogous to a rule of mixture; the relationship is also known as Voigt model whereas

the so-called Reuss Model describes the behavior of transverse loading scenario (Eq. 3.9). It

is worth mentioning that the calculated vale from both models is approximately identical when
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the modulus of the matrix is close to that of reinforcement.

Ec = EZ (vZ)+EM (1− vZ) (3.8)

1
Ec

=
vZ

EZ
+

1− vZ

EM
. (3.9)

Although those expressions are usually regarded as an upper- and lower-boundary of the

modulus of the composite, respectively, the calculated values are not satisfactory for the pre-

diction on particle-embedded composites.

(B) Infinitely diluted particulate composite [10] The elastic moduli of an infinitely dilute

concentration of spheroidal particles in the composite are given as,

Gc

GM
= 1+

[
15(1−νM)(GZ −GM)

2GZ (4−5νM)+GM (7−5νM)

]
v f (3.10)

Kc

KM
= 1+

[(
3KM +4GM

3KM

)(
3KZ −3KM

3KZ +4GM

)]
v f (3.11)

where G is shear modulus, K is bulk modulus and ν is Poisson ratio while subscripts c, M and

Z refer to the composite, the matrix and the particles accordingly. Volume fraction denotes as

v f .

Taking into account the isotropy of particulate composite, an elastic modulus E can be

expressed as,

Ec =
9KcGc

3KC +Gc
. (3.12)

Inserting Eq. 3.10 into Eq. 3.12 yields,

Ec

EM
= 1+[10β1 (1+νM)+β2 (1− sνM)]v f (3.13)

where β1 and β2 are given as:

β1 =

[
α1 (EZ/EM)−α2

2α3 (EZ/EM)+α4

]
(3.14)

β2 =

[
α2 [(EZ/EM)−α5]

(EZ/EM)+2α6

]
. (3.15)
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In above equations, α’s are functions of Poisson ratio of the components which are de-

scribed as follow;

α1 =
1−νM

1+νZ
(3.16)

α2 =
1−νM

1+νM
(3.17)

α3 =
4−5νM

1+νZ
(3.18)

α4 =
7−5νM

1+νM
(3.19)

α5 =
1−2νZ

1−2νM
(3.20)

α6 =
1−2νZ

1+νM
. (3.21)

If the matrix phase is incompressible, that is νM = 0.5, Eq. 3.13 can be simplified as Eq. 3.22

which is only valid for low volumetric content.

Ec

EM
= 1+

{[
15(EZ/EM)−10(1+νZ)

6(EZ/EM)+6(1+νZ)

]
−
[

(1−2νZ)

3(EZ/EM)+4(1−2νZ)

]}
v f . (3.22)

Differentiation of the equation with respect to the volume fraction yields,

dEc = Ec

[
15EZ −10Ec (1+νZ)

6EZ +6Ec (1+νZ)
− (1−2νZ)Ec

3EZ +4Ec (1−2νZ)

]
dv f . (3.23)

Integration of the increment of reinforcement phases with the limit of Ec → EM at vF → 0

produces,

(
Ec

EZ

)[
MEM −3EZ(P+Q)

MEc −3EZ(P+Q)

](N+53)/46[ MEc −3EZ(P−Q)

MEM −3EZ(P−Q)

](N−53)/46

= exp(2.5v f ).

(3.24)
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where

M = 46(1+νZ)(1−νZ) (3.25)

P = 4−23νZ (3.26)

Q =
√

3
(
23ν2

Z −138νZ +82
)

(3.27)

N =
833−736νZ

46Q
. (3.28)

In fact, an increment of actual volume fraction of dispersed particles should be described as

dv f /(1− v f ). Upon the integration with similar limit as the previous, one can write a relation-

ship of an effective modulus of the particulate composite to the volume fraction,

(
Ec

EZ

)[
MEM −3EZ(P+Q)

MEc −3EZ(P+Q)

](N+53)/46[ MEc −3EZ(P−Q)

MEM −3EZ(P−Q)

](N−53)/46

=
(
1− v f

)−2.5
.

(3.29)

Although the models are in excellent agreement to other reported experimental results, it is

substantially difficult to be used in practice as a numerical approach is required.

(C) Brick-wall model [11] W.F. Hosford has proposed an alternative less-complex model as

a superimposition of the uniaxial stressed continuous fibrous composite composing a network

frame of matrix with thickness t reinforcing by columns of alternating layers of hard-phase

cubes at length of 1− t and matrix phase. Geometrical illustration of the model is shown in

figure 3.3. In fact, this expression has not taken into account the influence of packing efficiency

and distribution of particle sizes. Alphabetical suffix Z and M denotes reinforcement (ZnS) and

matrix (polyester resin) accordingly while the direction corresponds to numeric suffices.

One can express a volume fraction v f of particles as a function of matrix thickness as,

v f = (1− t)3. (3.30)

Considering that the load is applied in 1-direction, the effective modulus of stack-like
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columns is identical to the Ruess model,

1
E ′ =

1− t
EZ

+
t

EM
. (3.31)

Hookes’s law yields,

ε1M =
1

EM
[σ1M −νM (σ2M +σ3M)] , (3.32)

ε2M =
1

EM
[σ2M −νM (σ1M +σ3M)] , (3.33)

ε3M =
1

EM
[σ3M −νM (σ1M +σ2M)] . (3.34)

which can be also implemented on the reinforcement phase.

Due to the symmetry, the stress acting in 2-direction is required to equal to that of 3-

direction, i.e. σ3M = σ2M and σ3Z = σ2Z while the 1-direction stress equals in both phases,

that is σ1 = σ1Z = σ1M,

ε2Z =
1

EZ
[(1−νZ)σ2Z −νZσ1]

ε2M =
1

EM
[(1−νZ)σ2M −νMσ1] (3.35)

For more realistic approximation, a condition of ε2Z = ε2M is assumed as well as the force

balance in 2-direction in which yields σ2M =− t
(1−t)σ2Z ,

σ2B

[{
1−νM

EM

}
+

{(
t

1− t

)(
1−νZ

EZ

)}]
=

(
νM

EM
− νZ

EZ

)
σ1

σ2M

σ1
=

[
νM

EM
− νZ

EZ

]
/

[(
1−νM

EM

)
+

(
t

1− t

)(
1−νZ

EZ

)]
(3.36)
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Inserting Eq. 3.36 into Eq. 3.32, it yields,

ε1M

σ1
=

(
1

EM

)[
1−2νM

(
σ2M

σ1

)]
(3.37a)

ε1Z

σ1
=

(
1

EZ

)[
1−2νM

(
σ2M

σ1

)(
t

1− t

)]
. (3.37b)

Equation 3.37a and Eq. 3.37b are not only the representative of constrained young moduli

of each component in the reinforcement columns but also being able to estimate the stress

exerting on individual component.

Substituting above expressions into Eq. 3.31,

E ′ = 1/
[

t
ε1M

σ1
+(1− t)

ε1Z

σ1

]
. (3.38)

Cross-sectional area of the columnar reinforcements equals to (1− t)2 while 1− (1− t)2 =

t(2− t) is for matrix structure. Therefore, it is possible to calculate the total modulus of such

composite by the Reuss model,

Ec = (1− t)2E ′+ t(2− t)EM. (3.39)

Comparison of the mentioned models Figure 3.4 illustrates a comparison plot of the pre-

dicted effective Young moduli by various models. Physical constants of phosphors are listed in

table 1.1 whereas the elastic modulus and Poisson ratio of the resin is 4.0 GPa and 0.4, respec-

tively [12]. It can be seen that both the modified diluted model and the brick-wall model are an

intermediate value within the boundaries up to moderate concentration. At a volume fraction

of 22.28%, one of volumetric contents using in the experiments, a brick-wall model predicts

the young modulus of the composite about 27% higher than that of obtained from Eq. 3.29.

According to the results, a prediction from the brick-wall model is likely to be acceptable

with an expense of calculation procedures so that the approach is adopted for determining the

modulus of the particulate composite in this study.

Substituting Eq. 3.39 and Eq. 3.7 into Es and νs of Eq. 5.2, the contact radius at different

phosphor composition can be determined. It is obvious that the radius will be increased with
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lower effective young modulus which consistent to the stiffness of the composite.

Table 3.1: Calculated mechanical parameters of the composite with different compositions
using in this study.

v f = 5.57% v f = 22.28%

Ec (GPa) 5.063 8.802
νc 0.401 0.403
Ka (m N−1/3) 36.105 30.556

3.2.3 Stress distribution under contact surface

Sub-surface stress fields are the analytical solutions of a semi-infinite plane problem whose

boundary stresses, within a contact circle of diameter 2a, are given by Eq. 3.40 where µ is a

macroscopic coefficient of friction and W is an applied load [4, 6],

σzz =− 3W
2πa3 (a

2 − x2 − y2)1/2, (3.40)

τzx =−3µW
2πa3 (a

2 − x2 − y2)1/2. (3.41)

The former condition is a contribution of the normal load whereas the tangential force pro-

duces the latter surface boundary. It can be seen that the normal contact pressure is maximum

at the center of the circle which generally denoted as Pmax =
3W

2πa2 . Consequently, the maximum

tangential surface shear stress is Qmax = µPmax

Full description of the explicit equations for three-dimensional stress fields developed under

a circular contact with a presence of frictional force can be found elsewhere [6]. On the loading

axis, the stress functions are reduced into following equations [6] where ν is a Poisson ratio,

ζ = z/a is a dimensionless depth and superscripts N and T namely refer to a contribution of

normal load and tangential force.
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σN
xx = σN

yy

= Pmax

[
(1+ν)

(
ζ tan−1(1/ζ )−1

)
+

1
2(1+ζ 2)

]
,

σN
zz = Pmax

[
− 1

1+ζ 2

]
, (3.42)

τT
xz = µPmax

[
−1+

3
2
(
ζ tan−1(1/ζ )−1

)
− ζ 2

2(1+ζ 2)

]
.

It is more convenient to express the resultant stress functions as a scalar equivalent stress

defining as σeqv =
√

3J2 where J2 is the second deviatoric stress invariant. This term is also

known as von Mises stress in which corresponds to an equivalent uniaxial stress scenario.

J2 =
1
6
{
(σxx −σyy)

2 +(σxx −σzz)
2 +(σyy −σzz)

2}+ τ2
xy + τ2

yz + τ2
zx. (3.43)

Using symbolical computation, a more compact expression of equivalent stress along the

loading axis is given by Eq. 3.44. The first term on the right hand side is depicted as a blue line

in figure 3.5 whereas a red curve illustrates a contribution of frictional force. It is noteworthy

mentioning that the stress at just beneath surface should be obtained from an extremely small

value of ζ since tan−1(1/0) is undefined. In addition to normal loads, such stress also increases

as a consequence of frictional force.

(
σeqv

Pmax

)2

=
1
4

(
2(1+ν)(ζ tan−1(1/ζ )−1)+

3
ζ 2 +1

)2

+
3
4

(
3 ζ tan−1(1/ζ )− ζ 2

ζ 2 +1
−2
)2

µ2

(3.44)

= Ā2
0. (3.45)

Coordinate-independent sub-surface stress under a hemispherical domain of r ≤ a can be

approximated by an average value of σeqv/Pmax within considering range. In other words, a

uniform equivalent stress exerting beneath an interface is assumed. Hence, a total deformation

volume for one cycle of rotation approximately equals to a half volume of torus (doughnut-like

ring) whose major and minor radii R and r corresponds to the radii of the wear track and that of
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contact region respectively. Volume of such geometric shape is given as 1
2(2π2Rr2) = π2Rr2.

By introducing frictional force to the contact, a maximum shear stress, that is
√

J2, increases

as its position shifts toward to the interface and tangential force direction as shown in Fig. 3.6 [6,

7]. This therefore results in a distortion of stress contours. Nonetheless, a symmetrical stress

distribution is still comparatively assumable for a small confined domain with moderate friction

coefficient.

3.2.4 Prediction on the relationship of TrL intensity, applied force and

contact stress

An equivalent stress is proportional to the maximum Hertzian contact pressure so that it is able

to express as a function of applied force W and contact radius a. Substitution of Eq. 5.2 into

such expression yields,

σeqv = k1W 1/3 (3.46)

Similarly, it is possible to describe the deformation domain of one sliding cycle as,

Ω = k2 π2 R W 2/3. (3.47)

Applying Eq. 3.46 and Eq. 3.47 in Eq. 6.28, one can obtain,

V̄pmt = k3 W 2/3
[(

exp(k4 W 2/3)
)
−1
]

(3.48)

≈ k5 W 4/3. (3.49)

The resulting correlation suggests that the emission intensity may increase with applied

normal load in approximately linear relationship.

3.3 Summaries

By utilizing a modified Hertzian contact theorem, it is possible to evaluate a magnitude of

exerting stress as von Mises uniaxial stress caused by sliding deformation when all relevant
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parameters are given. This approach results in more appropriate variable in which can be used

for investigating a correlation between triboluminescent intensity and mechanical deformation.

Flowchart for evaluating a sliding contact stress of the particulate composite

1. Determination of mechanical properties of the composite

• Employing Eq. 3.7 to calculate an effective Poisson ratio.

• Using Eq. 3.39 to evaluate an effective young modulus.

2. Evaluating the contact radius by Eq. 5.2.

3. Obtaining the friction coefficient from experiments.

4. Calculating Ā0 in range of 0 < ζ ≤ 1 from Eq. 3.44.

5. Finding Pmax for each loading condition using the calculated radius.

6. Multiplying Ā0 to Pmax to convert normal load to the equivalent stress.
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(a)

(b)

Figure 3.1: (a) SEM image and (b) XRD diffraction patterns of ZnS:Mn particles. The cubic
and hexagonal phase is assigned as zb and w respectively.
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Figure 3.2: A geometrical illustration and coordinates of a sphere-plane sliding contact prob-
lem.

Figure 3.3: Schematic illustration of the Brick-wall model proposed by W. F. Hosford. Hard
particles A in the shape of cubes are separated by a soft matrix B of thickness of t.
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Figure 3.4: Composite Young Moduli determined by various models.
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Figure 3.5: Comparison plots of an equivalent stress contributed by the normal load, the tan-
gential force and the combination of both applied forces.
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Figure 3.6: (a) A coordinate of the analysis where the frictional force exerting in +x-direction.
(b-d) contour lines of

√
J2/Pmax at various friction coefficients where dotted lines represent the

hemispherical domain. With greater of the coefficient, the sub-surface maximum shear stress
increases and its location moves toward the surface. (Reprinted from [7])
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Figure 3.7: An overall deformation domain of a sphere-plane sliding contact can be viewed as
a half of ring torus.
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Chapter 4

Influence of applied loads and volume
fraction on triboluminescence behavior of
the particulate luminescent composites

4.1 Introduction

Triboluminescence (TrL) is a light emission phenomena by an external mechanical excitation,

particularly for sliding contact; it is interchangeably called as mechanoluminescence (ML).

Regardless of excitation source, a color of the emission from phosphors is an attribution of a

level-splitting of doping elements as the result of crystal field effect [1]. Although ML has been

discovered in various types of inorganic compounds for decades, i.e. doped ZnS, ZnAl2O4:Mn

or rare-earth doped SrAl2O4 [2, 3], its mechanism is still debatable.

At the present time, there are two empirical theories explaining on the phenomenon. The

first theory, established by S.I. Bredikhin et. al whom investigated the emission behavior of

single crystals of doped ZnS, concluded that a motion of charged partial dislocations due to a

plastic deformation introduces the electrical charges on the surface of the crystals. A surface

electroluminescence pulse consisting of a characteristic emission band of Mn centers at 585 nm

may be produced either by overcoming the breakdown voltage [4] or electron tunneling caused

by sufficiently strong electric potential near the core of charged dislocations [5].

Later, B.P. Chandra and his colleges contended that such explanation is not suitable since

the emission was also observed on the hydrostatically compressed Mn-doped ZnS phosphors

[6], they therefore suggested that the observed luminescence is likely to be attributed to a piezo-

electric field [7] and/or a triboelectricity [8] which allows electrons to be tunneled. Despite a
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concise relationship of ML intensity and the applied pressure, others physical parameters, e.g.

a volume fraction of the luminescent particles, phase composition or mechanical properties of

the individual components, have not been taken into consideration for the case of composites.

In this chapter, the influence of external applied forces and volume fraction on frictional

deformation-induced emission of ZnS:Mn/polyester resin composite is investigated by utilizing

the constructed triboluminescence acquisition system mentioned in chapter 2.

4.2 Experimental procedure

4.2.1 Sample preparations

Samples were fabricated from an unsaturated polyester resin and ZnS:Mn powders, provided

by Kojundo Chemical Laboratory, Japan, at 0.5 at% manganese concentration. Morphology

of as-received phosphors are pebble-like particles (Fig. 3.1(a)) with an average size of 5 µm.

According to XRD diffraction patterns, a hexagonal wurtzite structure with nearly random

orientation, as shown in and Fig. 3.1(b), respectively. Two volumetric contents of ZnS:Mn,

denoted as v f , were prepared at 5.57 and 22.28 vol%. A moderate amount of the catalyst,

i.e. methyl ethyl ketone peroxide, at 4% of the total mass was used for preventing particle

sedimentation. The mixture was cast into a cylindrical polypropylene mold with a diameter of

30 mm and cured in an evacuated desiccator for 24 hours. To reproduce the identical surface

roughness, the sample was polished with a 800-grit abrasive paper prior to each measurement.

4.2.2 Measurements and characterizations

Constructed triboluminescence measuring instrument is pin-on-disc model utilizing a soda-

lime glass rod as sliding pin to maximize photon detection. Contact end was sharpened into

a spherical tip at diameter of 825 micrometers. Triboluminescence intensity was measured by

a Hamamatsu H10723-20 photomultiplier tube and its spectra were monitored using a Hama-

matsu C10083-CA spectrometer. Normal load is adjustable by applied cable tension. Exerting

forces and friction coefficient were determined from the deflection of elastic arm that is made

of poly(methyl methacrylate) using strain gauges. Amplified gauge signals and photomultiplier

60



voltage were simultaneously recorded by a Graphtec GL900 multichannel data-logger.

Applied normal force was simultaneously measured with friction force as the deflection

of strain-gauge attached elastic arm in which is made of poly(methyl methacrylate) polymer.

Strain gauge signals were separately amplified by two cascaded LT1167 precision instrumen-

tation operational amplifiers. All output voltages were recorded by a Graphtec GL900 data-

logger. Three measurements were conducted for each loading and ZnS:Mn concentration con-

ditions.

Loading conditions were from 0.25 to 2.00 N with constant rotational speed and track di-

ameter of 90 RPM and 15 mm, respectively. Wear track morphologies were observed using a

JEOL JSM-7000F field-emission scanning electron microscope.

4.3 Results and Discussions

4.3.1 Triboluminescence characteristics

Observed TrL emission spectrum (Fig. 4.2(a)) exhibits a broad peak at wavelength of 585 nm

resembling to those of photoluminescence [9] and electroluminescence [10, 11] This suggests

that stress-induced luminescence of the composite is originated solely from the phosphors.

While a peak intensity tentatively increases with applied normal loads, its position is found to

be force-independence implying that intermediate energy levels of Mn centers are not be influ-

enced by external excitation. The observations are in good agreement with the report on a cyclic

loading rate-independent emission spectrum of ZnS:Cu,Mn embedded in polydimethylsiloxane

matrix [12].

Typical time-dependent TrL intensity and measured friction coefficient is are illustrated

in Fig. 4.3. Luminescence is immediately observed as sliding started with an obvious fact

that higher loading force produces stronger intensity without causing a significant change in

friction coefficient. The value of friction coefficient is about 0.3–0.4 regardless of phosphor

concentrations and normal loads which is within the reported range of pure polyester resin [13].

Triboluminescence intensity is considerably high at the early stage and followed by rapid

convergence to a certain equilibrium value. Intense emission at the beginning is likely to be
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due to a deformation of asperities. An average value of PMT voltage deduced from the second

rotation, that is ∆t = 0.67 second, is used to represent a total intensity in order to avoid any

error contributed by surface roughness or stick-slip.

4.3.2 Correlation of tribological behavior and mechanical properties of

the composite

Large oscillations in friction coefficient are observed after particular sliding distance on condi-

tions with moderate normal load (for constant phosphor content) or low volume fraction (for

constant applied force), clearly seen in Fig. 4.3b and Fig. 4.3c. a stick-slip that manifesting in

a low-stiffness contacting system with insufficient lubrication and subjected to rapid change in

tangential force [14, 15] which is consistent with wear track observations.

An improvement in stiffness of the composite due to volumetric content can be demon-

strated by the reduction of track width. It reduces from about 100 µm to 80 µm for the case of

v f = 5.57% and v f = 22.28% respectively which is in very good agreement to the calculated

value at loading force of 2.00 N. Scuffing marks in which perpendicular to sliding direction

are also the indicator of an abrupt change in exerting friction on contacting surface [14]. This

observation evidences aforementioned stick-slip phenomenon.

An average value of PMT voltage deduced from the second cycle is used as the total emis-

sion intensity to avoid an overestimation due to surface roughness or stick-slip.

4.3.3 Relationship of TrL intensity and external parameters

Figure 4.5 shows that the emission intensity is likely to be proportional to applied normal loads

which is considerably consistent to previous reported results [2, 16]. The result is compara-

tively in accordance with the predicted TrL intensity-applied force relationship mentioned in

section 3.2.4. Additionally, more intense luminescence response is apparently achievable by

higher content of phosphors as a consequence of the direct increase in emission probability.

As discussed earlier, the mechanical properties of particulate composite is greatly governed

by phase concentration so that a volumetric content of ZnS:Mn should therefore exhibit an

62



additional influence on triboluminescence behavior via controlling mechanical responses.

By following the procedures given in section 3.3, a correlative plot of TrL intensity and

equivalent stress is obtained as shown in Fig. 4.6. Luminescence intensity increases nonlin-

early with the stress which is distinctive from the plot using applied force as variable. This

suggests that the correlation might be reported differently even with identical experimental

conditions. Likewise a similarity between emission intensity and stress distribution, the results

hence signify that the most appropriate comparative parameter is rather apparent stress.

Nonlinearity of the luminescence and the stress within elastic limit has reported previously

such as empirical suggestion by G. Alzetta et. al as exp(k∆P2) where ∆P is a magnitude of

applied pressure [6] or a quadratic function proposed by B. P. Chandra et. al developing based

on a concept of piezoelectric field-induced detrapping model [7, 17–21].

Considering the current accepted theory, a total TrL intensity is proportional to stress

squared, i.e. I = k0σ2, where k0 is a factor which is independent of ZnS:Mn volume frac-

tion. Despite a good linearity when zero loading condition is omitted as depicted in Fig. 4.7,

a slope of the fitting curve from different phosphor contents is not identical where a ratio of

determined slopes is intriguingly close to a ratio of volume fractions. This implies that not

only is the mechanical properties improved but also the emission probability of the composite

is directly increased by higher volumetric concentrations.

4.4 Summaries

Influence of the applied normal loads on the emission behavior of ZnS:Mn/polyester resin

composite due to sliding deformation has been investigated. Luminescence is an attribution to

phosphors whose emission wavelength is not affected by external force. Triboluminescence in-

tensity strongly depends on an amount of the luminescent phase incorporated in the composite

and the stress acting on the bodies which can be controlled by an external normal loading con-

dition or an internal mechanical properties of the composite. In addition to an approximately

linear increment of emission intensity with applied forces, such relationship of tribolumines-

cence and exerting stress is likely to be described as a nonlinear exponential growth.
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Figure 4.1: A composite specimen of ZnS:Mn particles and polyester resin.

(a)

(b)

Figure 4.2: (a) Emission spectra of triboluminescence of ZnS:Mn phosphors whose peak in-
tensity (b) tentatively increases with higher applied normal load.
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(a)

(b)

(c)

Figure 4.3: Typical pattern of emission behavior comparing to the measured friction coefficient
of (a) W = 0.50 N and v f = 22.28%, (b) W = 2.00 N and v f = 22.28% and (c) W = 2.00 N
and v f = 5.57%.
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(a)

(b)

(c)

Figure 4.4: SEM images of wear track of (a) v f = 0.0%, (b) v f = 5.57% and (c) v f = 22.28%.
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Figure 4.5: Triboluminescence intensity is strongly controlled by either of volumetric content
of ZnS:Mn particles or external loading force.

Figure 4.6: A correlative plot of triboluminescence intensity and the determined equivalent
stress shows nonlinear relationship.
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Figure 4.7: Total emission intensity is proportional to equivalent stress squared of (a) v f = 5.57% and (b) v f = 22.28%.
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Chapter 5

Mechanoluminescence and its correlation
to impact energy and contact geometry

5.1 Introduction

As discussed in the preceding chapters, a visible light emission of substances being subjected

to a mechanical stimulation is known as mechanoluminescence (ML) which can be found in

several types of doped inorganic sulfides/oxides or organic compounds such as ZnS [1–3],

ZnAl2O4 [4], SrAl2O4 [5–8], CaZnOS [9] or Europium tetrakis(dibenzoylmethide)triethyl-

ammonium [10, 11]. Although this behavior has not been fully implemented in any commercial

product yet, the potential application is suggested as a modern visual force/stress sensor that

might be applicable for an earthquake detection or a structural health monitoring [12, 13].

Comparing with other non-complex mechanoluminescent crystals, zinc sulfide doped with

manganese is one of the excellent candidate phosphors due to its inexpensiveness, the relatively

superior ML performance [1] and the outstanding reproducibility [2, 14]. Mechanoluminescent

spectrum of ZnS:Mn exhibits a broad peak centering around 585 nm that is similar to the

emission caused by photo-excitation [15] or external electric field [16, 17]. It is an attribution

to the characteristic 4T1 →6A1 energy transition of substitutional manganese centers [18, 19].

One of the frequently cited model for mechanoluminescent property has been developed

based on the principle of piezoelectric field-associated electron detrapping mechanism by B.P.

Chandra and his colleagues. Total and peak intensity are likely to increase non-linearly with

the applied pressure or stress in which might be able to express as a simple quadratic rela-

tionship [14, 20, 21]. Besides, luminescent quantity is also suggested to be related to the
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deformational energy, i.e. 1
2

σ2

E where σ and E refer to the stress and an elastic modulus, ac-

cordingly [14].

On the basis of energy conversion, a proportionality between ML intensity and the dropping

distance or the square of impact velocity is therefore expected for impulsive deformation tests.

In spite of a favorable prediction using above mentioned expression on the projectile-based

experimental results [9, 22–24], in fact, a direct correlation between the impact energy and the

applied stress is less realistic and partly validates since there are not only the exerting force but

also the mechanical properties and geometrical parameters of contacting solids governing the

response internal stress [25, 26].

Hence, the objective is to investigate the effect of impact energy and a contribution of

contact geometry on mechanoluminescent intensity of ZnS:Mn phosphors using an impulsive

impact testing equipment.

5.2 Experimental procedure

The specimen was fabricated as a composite material of a transparent unsaturated polyester

resin and a commercial ZnS:Mn at doping concentration of 0.5 at%, purchased from Kojundo

Chemical Laboratory (Saitama, Japan), at 20% volume fraction of the phosphors. A curing

process of resin was initialized using 5.0 wt% of methyl ethyl ketone peroxide for 15 minutes

before incorporating with the particles to ensure uniform distribution. The mixture being casted

into an aluminum crucible was fully cured at 50◦C for 4 hours and resulting in the final shape

of a circular disk at a diameter of 8 mm and thickness of 4 mm (Fig. 5.1(a)).

A schematic drawing of the experimental setup is depicted in Fig. 5.1(c) which composes

of three main components: (I) a machine frame made with two thick stainless steel plates sep-

arating by four M8 stainless steel screw rods, (II) an 10 mm-thick aluminum see-saw lever

(Fig. 5.1(b)) installed with a striking pin and (III) an impact hammer constructed from a stain-

less steel block attached on a 6 mm-diameter stainless steel rod at a distance L of 180 mm

from the fulcrum. A rest mass m of the hammer including its arm is measured to be 41 g

so that the potential energy can be calculated using mgLsinθ at different impacting angles
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(θ = 15◦,30◦,45◦,60◦ and 90◦). The specimen was attached onto the upper machine frame

using a two-side adhesive tape.

Two striking pins with different tip diameters Φtip of 0.77 mm and 2.18 mm were made

out of a 6 mm-diameter fused silica rod. A length from the tip to another side is 5 mm. Each

pin was secured into a 6-mm diameter socket on the individual lever by a cyanoacrylate-based

strain-gauge adhesive. Emitted photons were introduced onto a large photosensitive area S6967

Si PIN photodiode (Hamamatsu Photonics, Japan) through a concentric 5 mm through-hole for

maximizing the optical aperture. The sensor, locating 8 mm away from the pin, and cables

were permanently bonded to the bar using a standard Araldite R⃝ epoxy to improve the stability

of structure and electrical connections.

The photodiode operated in a photovoltaic mode so that the diode current IPD is proportional

to the incident light flux with low noise background. The electrical current was converted into

measurable voltage using a transimpedance amplifier circuit of OPA2134 operational amplifiers

(Texas Instrument, United States) as illustrated in Fig. 5.2. Amplified voltage Vout equals to

R f × IPD where R f refers to a feedback resistor. It is important to notify that a 1± 1% MΩ

resistor was used in place of 4± 1% MΩ for the conditions of (a) Φtip = 0.77 mm, θ = 60◦

and (b) Φtip = 0.77 mm, θ = 90◦ to avoid a saturation of the signal near the supplied rails. The

output voltage was recorded using a GL900 data logger (Graphtec, Japan). Ten measurements

were conducted for each of conditions. Prior to the consecutive experiment, the sample was

polished by 1,200-grit abrasive paper to remove the previous indentation.

Total emission intensity It is determined from an area under the transient ML response curve

using Eq. 5.1 where ∆T is an integration time of 10 ms,

It =
∫

Idt
∆T

. (5.1)

5.3 Results and Discussions

Figure 5.3(a) shows a typical transient ML response of ZnS:Mn phosphors which exhibits a

pulse-like emission containing two distinguishable peaks. Such waveform has been observed

in previous researches and suggested to be due to the change of applied stress during load-
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ing/unloading process [6, 14, 27]. Thus, it is highly possible that an impression and an removal

of the pin produces the primary and the secondary peak respectively.

C.N. Xu et. al emphasized a similarity of ML patterns to the electrical outputs of PZT

piezoelectric crystals during the increase and the decrease of applied stress [2]. In this study,

the first peak intensity is always higher than that of the secondary in which contradicts to

their observation so that the luminescent level may correlate to a relaxation of the plastic- and

the elastic deformation energy respectively. Further investigations are needed to verify such

correlation.

When the pin with smaller diameter (Φtip = 0.77 mm) was used, two-peaks emission be-

havior starts to be unobservable; a number of experimental tests showing such pattern is less

than 70%. At relatively high impulsive energy (> 60 mJ), ML emission pattern becomes a

single-peak pulse as shown by a dotted-curve in Fig. 5.3(b). Fractoluminescence might be ac-

count for the phenomenon since the applied energy is totally dissipated for a creation of new

cleaved surfaces.

Time required to observe the first peak and the interval period are approximately constant

at 200± 45 µs and 2.4± 0.8 ms respectively, regardless of the impact energy or tip diameter.

While the first decay curves are found to be incapable of being perfectly fitted by either mono-

or biexponential function, the second decaying behavior considerably follows the first-order

exponential decay. Rise time, the first- and the second decay constant, are also independent

to the external parameters with an average value of 40± 8 µs, 0.7± 0.3 ms and 1.1± 0.3 ms

accordingly. The decay constant is in good accordance with the reported value measured by

photoluminescence spectroscopy [17, 28].

It is noteworthy to mention that a restriking of the pin is not responsible for two-peaks

emission behavior. It is not only because of a substantial short interval between separated

peaks, time but also the appearance of additional low-intensity pulse detected in several tens of

milliseconds after the first pulse (Fig. 5.3(c)).

The correlation of the maximum and the total ML intensity to impacting energies are shown

in Fig. 5.4 and Fig. 5.5 accordingly. It is obvious that the higher energy introduced to the

luminescent material, the more emitted photons are generated. For a large tip radius (Fig. 5.4(a)
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and 5.5(a)), both luminescence quantities increase linearly with the applied energy, on the other

hand, such linearity is only observed at the limited range, i.e. ≤ 40 mJ, in case of small tip

diameter as seen in Fig. 5.4(b) and 5.5(b).

According to the conservation of momentum, that is
∫

Fdt ≈ Fave∆t = m
∫

dv, an average

force Fave can be treated as the constant at particular impact energy in case that the observed

time parameters are invariant. Due to an identical length of the pin-to-fulcrum and the striker-

to-fulcrum, it is reasonable to consider that an exerting force is equivalent to that of generated

by a direct impact on the pin if the mechanical loss is negligible.

By taking the interval time as ∆t, the estimated average force is ranging from 16.33 to

32.10 N which is likely be sufficient to induce plastic deformation since the pin diameter and

forces are comparable to the ball diameter and minor load of Rockwell superficial hardness

testing [29].

As the dissipated energy of plastic deformation is also proportional to the square of the

stress (see Eq.3.2.32–Eq.3.2.34 in [30]), it is difficult to conclude that the elastic deformation is

a predominant responsible for the observed linear relationship, in which being suggested in [14,

20, 21]. In this study, the plastic deformation is therefore strongly accounted for impulsive-

induced light emission.

It is important to mention that such linear tendency still supports the quadratic relationship

of mechanoluminescence and the applied stress or energy.

Stronger ML intensity caused by a reduction of tip radius at the similar applied energy

signifies a contribution of contacting geometries. In contact mechanics, a circular region is

created under a sphere-plane contacting configuration with the radius given by [25, 26],

a =

[
3
8

d
(

1−ν2
1

E1
+

1−ν2
2

E2

)]1/3
3
√

F , (5.2)

where d is a diameter of sphere, ν is a Poisson ratio, E is an elastic modulus and F is a normal

force. Subscript 1 and 2 refer to each contacting solids.

Inserting Eq. 5.2 into the maximum surface pressure, that is σH = 1.5F/(πa2), the Hertzian

stress boundary condition and its corresponding internal stress is proportion to d−2/3 and there-
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fore yields,

σ2(d1)

σ2(d2)
=

(
d2

d1

)4/3

. (5.3)

Equation 5.3 is calculated to be 4.00 for the tip geometries used in this study which is

reasonably close to a ML intensity ratio considering in range of ≤ 40 mJ, i.e. 3.36 and 4.57

for the peak and the total emission respectively. The result suggests that it is more appropriate

to express mechanoluminescent behavior as a function of the stress rather than the energy as

the influence of contact geometrical parameter are taken into consideration. In other words, a

deformation with concentrated stress distribution is essential for producing ML effect.

It is reasonable to suggest that an application of high impact energy on the confined area

can cause the fracture of ZnS:Mn particles so that a fractoluminescence emerges in addition

to a non-destructive emission. Such luminescence should therefore yield higher ML intensity

than that of the prediction.

5.4 Conclusions

It has been demonstrated that it is not only the magnitude of applied energy but also the geo-

metrical parameters of contacts in which determine the intensity of mechanoluminescence of

ZnS:Mn dispersed in polyester resin matrix. The results therefore signify a significant correla-

tion between ML effect and exerting stress.
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(a) (b)

(c)

Figure 5.1: (a) Composite specimen of ZnS:Mn and the resin, (b) The loading lever with a
striking pin and the photodiode in which coupled at the back of the bar and (c) a schematic of
an impact testing setup using in the study where PD denotes the photodiode.
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Figure 5.2: A current-to-voltage converting circuit using OPA2134.
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Figure 5.3: (a) Time-dependent ML intensity of ZnS:Mn subjected to impulsive load and (b)
the emission characteristics observed at different experimental conditions. Both (a) and (b)
share the same horizontal scale and (c) a small pulse observing after the first emission.
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Chapter 6

Mechanism and its mathematical
expressions of stress-induced luminescence
of ZnS:Mn phosphors

6.1 The electromechanical coupling energy and its constitu-

tive relations [1–3]

When the material is subjected to the external force, it will response to the action in sense of

deformation. The mechanical stress σi j and strain εi j are the measurement of force per unit area

and deformation of a deformable body, respectively. They are usually described as the second-

rank tensor. The constitutive relation between stress and strain tensors can be established by

generalized Hooke’s law in tensor expression as Eq. 6.1,

σi j = ci jkl εkl and εi j = si jkl σkl (6.1)

where ci jkl is a forth-rank stiffness tensor whereas si jkl is called elastic compliance tensor.

Dielectric refers to the materials that are susceptible to the electric field. As non-zero

charges are created, it results into a field-induced internal polarization. This behavior usu-

ally occurs in the materials containing polarity. In analogy to mechanical actions, it is possible

to express such connections in terms of the response electric displacement D upon the applied

field E, or vise versa, as shown in Eq. 6.2 where χ0 is a space permittivity = 8.854 × 10−12 F

m−1 and κi j is the electric susceptibility,
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Di = χ0 (1+κi j)E j = χ0 χr E j = χi j E j. (6.2)

For certain types of dielectric crystals that do not contain centrosymmetricity, they can also

produce internal polarization as the consequence of mechanical application. This phenomenon

is known as piezoelectricity. Therefore, a total electric displacement of piezoelectric material

is written as Eq. 6.3 where dikl is third-rank piezoelectric strain tensor,

Di = dikl σkl +χi j E j. (6.3)

Due to the non-centrosymmetricity of ZnS crystals, either of cubic or hexagonal modifica-

tion, one should expect the piezoelectric response from the compound [4].

According to the principle of energy conservation and the first law of thermodynamics, an

increment of the internal energy per unit volume of the closed system dU equals to a summa-

tion of the thermal energy δQ and total thermodynamic works δW . Importantly, an identical

sign convention is employed on both terms, i.e. the energy in which added into the system is

positive,

dU ≡ δQ+δW. (6.4)

If these proceeding assumptions are held: (i) an insignificant heat gain/loss, (ii) a pure

elastic deformation and (iii) an absence of phase transformation, the system can be considered

as the reversibly adiabatic where the entropy change dS is zero; δQ ≡ T dS = 0, hence, the

external works will solely contribute to the increase of the internal energy of the system.

The change of the internal energy density is therefore a summation of the fundamental

works done by the elastic deformation and the electrical field polarization,

dU ≈ δW = σi j dεi j +Em dDm. (6.5)

By integrating the preceding expression, the total internal energy density being stored in
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the infinitesimal volume is described as Eq. 6.6,

U =
1
2

εi j σi j +
1
2

Em Dm. (6.6)

Let us consider the mechanical strain εi j and the electric field Em as independent variables.

Hence, the definition and the exact differential of the thermodynamic potential called electric

enthalpy H is given as Eq. 6.7a and Eq. 6.7b, respectively,

H =U −Em Dm, (6.7a)

dH = σi j dεi j −Dm dEm. (6.7b)

A definition of the strain and the electric displacement as a partial derivative of H is ob-

tainable as following where a superscript denotes a variable which being kept constant. It is

noteworthy to state that ∂εi j/∂ε ji = 0 when i ̸= j,

σi j(εi j,Em) =

(
∂H
∂εi j

)E

, Dm(εi j,Em) =−
(

∂H
∂Em

)ε
. (6.8)

Applying Eq. 6.3 and Eq. 6.7a into Eq. 6.6, one can derive the final form of the electric

enthalpy density of which the electromechanical coupling effect is included [5]:

H =
1
2

cE
i jkl εi j εkl − eni j εi j En −

1
2

χε
nm En Em, (6.9)

where eni j is piezoelectric stress coefficients which are defined as dnkl ckli j.

The linear constitutive equations of piezoelectric materials can be established from the def-

inition of the stress and the electric displacement (Eq. 6.8) with Eq. 6.9.

σi j = cE
i jkl εkl − ei jn En (6.10a)

Dm = emkl εkl + χε
mn En. (6.10b)

Explicit expressions of the coupling-associated internal energy density is therefore de-

scribed in Eq. 6.11 where UEl , UDi and UCp is the elastic, dielectric and piezoelectric energy
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density namely,

1
2

σi j εi j =
1
2

cE
i jkl εkl εi j −

1
2

ei jn En εi j =UEl −UCp, (6.11a)

1
2

Dm Em =
1
2

emkl εkl Em +
1
2

χε
mn En Em =UCp +UDi. (6.11b)

According to IRE standard [2, 6], a piezoelectric coupling coefficient k2 is defined as a ra-

tio of the squared of interaction energy density and the product of stored elastic and dielectric

energy densities. In spite of the fact that the coefficient is also considered as a ratio of the

dissipated work to the supplied energy which is proposed by IEEE standard [5], those defini-

tions refer to identical physical meaning as the ratio of applied energy in which be mutually

transformed into another energy form;

k2 =
U2

Cp

UEl UDi
=

e2
i jn

cE
i jkl χε

mn
. (6.12)

Taking into account an equilibrium condition, a net force exerting on continuum body

should be zero; σ̃i j, j +bi = 0 where σ̃i j, j is the applied mechanical force and bi is called body

force. The divergence of the electromechanical coupling stress (Eq. 6.10a) is therefore given

as,

cE
i jkl εkl, j − ei jn En, j = 0. (6.13)

Equation 6.13 suggests that the force resulting from the coupling effect is the body force

and its magnitude equals to that of pure mechanical deformation.

For a homogeneity of electric displacement inside the continuum, that is Dm,m = 0,

emkl εkl,m + χε
mn En,m = 0. (6.14)

Inserting Eq. 6.12 and Eq. 6.14 into Eq. 6.13, it is possible to express the equilibrium state

of the force inside the coupling interaction-associated continuum medium; the emerging body

force cE
i jkl k2 εkl, j is recognized as the contribution of piezoelectricity and can also related to
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the depolarizing-field effect [2]:

cE
i jkl εkl, j + cE

i jkl k2 εkl, j = 0. (6.15)

The force field inside non-piezoelectric materials whose k2 = 0 is therefore identical to that

of externally applied stress whereas the additional force emerges corresponds to its piezoelec-

tric properties.

For the case of zero electric field, an amount of coupling energy due to piezoelectric effect

can be described as a function of the stress where βnm = χ−1
nm . It should be noted that En in the

equation is regarded as the deformation-induced electric field.

H pz = eni j εi j En

= dnkl σml En

= dnkl σml βnm Dm

= dnkl σml βnm dmi j σi j

= βnm dmi j dnkl σi j σkl. (6.16)

Constitutive equations of piezoelectric effect of hexagonal ZnS crystals, corresponding to

P63M space group, are given as following,



σ1

σ2

σ3

σ4

σ5

σ6

D1

D2

D3



=



c11 c12 c13 0 0 0 0 0 −e13

c12 c11 c13 0 0 0 0 0 −e13

c13 c13 c33 0 0 0 0 0 −e33

0 0 0 c44 0 0 0 −e15 0

0 0 0 0 c44 0 −e15 0 0

0 0 0 0 0 c66 0 0 0

0 0 0 0 e15 0 χ11 0 0

0 0 0 e15 0 0 0 χ11 0

e13 e13 e33 0 0 0 0 0 χ33





ε1

ε2

ε3

ε4

ε5

ε6

E1

E2

E3
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Let us consider an applied uniaxial stress exerting perpendicular to the basal plane of

wurtzite ZnS phase, its corresponding enthalpy density can be expressed as the following equa-

tion. A crystallographic orientation distributing factor α is introduced for the case of poly-

crystalline sample. Validity of the presumption of uniaxial stress and the determination of

distribution parameter will be further discussed in the proceeding chapter.

H pz ≈ α β33 d2
33 σ2

33. (6.17)

Due to a polycrystallinity of ZnS phosphors as depicted by XRD diffraction patterns (see

Fig. 3.1(b)), it is important to employ an approach to transform into a single crystal-orientation.

According to the coordinate transformation using rhombohedral lattice system, a hexagonal

structure can be converted into the corresponding cubic, and vise versa. The schematic of their

relationship is illustrated in Fig. 6.1. Transformation matrices can be found in [7, 8].

Orthogonality of cubic structure allows subsequent vectorial operation and therefore an

inner product of ⟨111⟩ and ⟨hkl⟩ direction of corresponding cubic lattice can be performed to

determine a spatial orientation of particular diffraction plane with respect to the basal plane of

hexagonal structure. It is important to notify that there is no restriction that a calculated ⟨hkl⟩

of corresponding cubic lattice have to follow the selective rules of reflection.

In order to take into consideration XRD intensity, an additional factor α is defined as fol-

lowing equation where Īi =
Ii

∑ Ii
is a relative intensity and ψi is an inner product of ⟨111⟩ and

⟨hkl⟩ of i-th peak,

α = ∑
i

Īiψi. (6.18)

According to the diffraction results being summarized in table 6.1, α equals to 0.3574 in

this study.
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Table 6.1: Corresponding value of required parameter for α determination.

(hkl)-Hexagonal (hkl)-Cubic Īi (a.u.) ψi Īiψi

w(100) c(2̄ 1 1) 0.318 0.000 0.000

w(002) c(1 1 1) 0.203 1.000 0.203

w(101) c(1̄ 1 1) 0.186 0.333 0.062

w(102) c(1̄ 2 2) 0.040 0.577 0.023

w(110) c(1̄ 0 1) 0.102 0.000 0.000

w(103) c(1̄ 5 5) 0.052 0.728 0.038

w(200) c(2̄ 1 1) 0.0107 0.000 0.000

w(112) c(2̄ 1 4) 0.0623 0.378 0.024

w(201) c(7̄ 5 5) 0.0138 0.174 0.0024

w(203) c(5̄ 7 7) 0.0124 0.469 0.0058

α = 0.3574

6.2 Contribution of deformation to the electrical properties

of semiconductors

An influence of deformation on electrical characteristics of semiconductors has been investi-

gated for decades. An increase of anisotropic DC conductivity of plastically deformed CdS and

ZnS single crystals was observed along with the reduction of the optical transmittivity spectra

near absorption edge. The conductivity increased with the degree of deformation, but decreased

with higher temperature. The phenomenon is interpreted as the result of dislocations that may

introduce energy levels, e.g. acceptor sites, within the band gap [9, 10].

The behavior is also observed in other types of systems such as TiN [11], n-GaN [12, 13],

GaAs [14], multilayered GaN-AlN-GaN [15, 16], heterostructure of AlxGa1−xN/GaN [17] or

ZnO nanowires [18, 19], leading to the application of strain sensors or strain-effect transistors.

The theoretical model used for explaining a change of resistivity of elastically deformed

semiconductors is Shockley theory that considers the flow of carrier at p-n junction. For an

89



ideal Schottky diode, the thermionic emission current I is given as,

I = SA∗T 2 exp
(
− qϕB

ηkT

)[
exp
(

qV
ηkT

)
−1
]

(6.19)

where S, ϕB, A∗ and η are the effective Richardson constant, the Schottky barrier height (SBH),

the area of Schottky diode and the ideality factor in which is close to a unity, respectively. An

influence of stress on SBH was illustrated by a linear relationship between the logarithm of

current and the applied stress [14].

Considering n-type semiconductor connected to metallic electrode, a partial neutralization

of piezoelectric polarization charges at the interface may result into the shift of Fermi level and

consequently the change in Schottky barrier height. Of course, the polarity of polarization also

plays an important role in controlling the resistivity of the crystal, that is the negatively surface

charges will result in a reduction of the barrier height.

Although the modified Shockley theory and the proposed mechanism share a mutual con-

cept of the shift of Fermi level of the semiconductor, the main differences are likely to be (i)

the considering circuitry or electrical boundary and (ii) the localization of Fermi level change.

In other words, the polarized surface charges due to piezoelectricity are recognized as an

additional built-in electric field and consequently increase the electrostatic potential energy of

carriers at the interface for a close-circuit situation whereas our proposed model is considering

the contribution of stored piezoelectrical energy caused by the deformation in an open-circuit

connection.

6.3 Excitation process of stress-induced luminescence

Unlike photoluminescence that required an excitation photon with energy greater or equals to

the bandgap of luminophors, among of three possible mechanisms for electroluminescence of

doped ZnS, the so-called Poole-Frenkel emission refers an injection of electrons from their

traps under the electric field of 108 V m−1 [20].

As mentioned in the first chapter, B.P. Chandra et. al suggested a reduction of electron

trap depths is caused by localized high piezoelectric constant. The concept of trap ionization
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was referenced to [21]. The cited article written by I. Chudáček however mentioned that a

pressure-induced electric field strength of ≈ 106 V m−1 is not sufficient to cause a direct ion-

ization of the recombination centers. Therefore, the local electric field enhancement caused

by lattice distortion should be responsible for such excitation and produce triboluminescence.

The estimated field strength was about 108 V m−1 at the applied pressure of about 1 GPa.

A number of researches about the effect of mechanical deformation on to the trap depth

of doped ZnS is quite limited. By using thermoluminescence measurement, J.W. Hook III and

H.G. Drickamer [22] reported that the activation energy of high temperature green glow peak

increases with higher applied pressure. The emission is assigned to a recombination of Cl−-

associated traps that locate below the conduction band and Zn vacancies. The authors therefore

postulated a similarity of trap depths and the energy difference of donor states and conduction

band minimum. Pressure-dependent trap depth was observed in the literature [23, 24].

Despite of a consistency in the required field to cause an emission, it thus lacks of scientific

evidence to support the possibility of trap reduction by piezoelectric field.

Associated piezoelectric enthalpy generated from a spherical crystallite with diameter of d

can be approximated by Eq. 6.20,

H pz
total =

(
β33 d2

33 σ2
33
)(1

6
π d3

)
. (6.20)

Considering the extreme scenario where the energy produced inside a 60-nm crystallite is

entirely transferred to a single electron. Also, the applied uniaxial stress of 100 MPa is assumed

to perfectly exert along c-axis. It turns out to be about 1.97 × 10−19 J, that is 1.23 eV. Direct

excitation are not able to take place as the value is considerably smaller than the bandgap of

ZnS.

On the other hand, the estimated energy is significantly close to shallow donor trap depth

in which reported as 0.2–0.4 eV [23, 24]. This signifies that an excitation is likely to be the

consequence of high energetic electrons deliberated from electron traps near the conduction

band edge and a piezoelectric enthalpy is responsible for stimulation of electrons.
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6.4 Determination of carrier population in semiconductors

Let us assume a homogeneous energy distribution and zero temperature gradient, inside an

infinitesimal unit volume with the electromechanical coupling energy H pz, it constitutes of n

electrons whose thermal energy equals kT . Therefore, a probability of finding the energy level

Ei being occupied is governed by Fermi-Dirac distribution, as expressed in Eq. 6.21 where E f

is called chemical potential or Fermi level, k is Boltzmann’s constant (1.381 × 10−23 J K−1)

and T is a temperature. Noting that E f gives F(Ei) = 0.5 at temperature of 0 K,

F(Ei) =
1

1+ exp
(

Ei−E f
kT

) . (6.21)

Taking a negligible thermal energy into account, that is Ei − E f ≫ kT , the distribution

function is simplified as,

F(Ei)≈ exp
(
−

Ei −E f

kT

)
. (6.22)

Net population of electrons occupying in conduction band where its minimum edge is Ec

can be approximated by Eq. 6.23,

n0 ≡
∞∫

Ec

F(Ei)g(Ei)dE

≈ Nc exp
(
−

Ec −E f

kT

)
. (6.23)

where g(Ei) is a density of state of the level Ei that equals 1
2π2

(
2me
h̄2

)3/2√
Ei −Ec for bulk

material, Nc = 2
(

mekT
2π h̄2

)3/2
, me is an effective mass of electron and h̄ = h /2π is reduced Planck

constant.

A change in number of free electrons population in the perturbed system with Fermi level

of E f +ϕ can be estimated from the following equation,

∆n0 = n0

[
exp
(

ϕ
kT

)
−1
]
. (6.24)

According to a definition of chemical potential as the partial derivative of thermodynamic
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potential with respect to the mass of constituents in the adiabatic closed system [25, 26], a

piezoelectric-associated enthalpy density can be regarded as an effective energy distributed to

the infinitesimal domain containing a charged particle and responsible for the shift of Fermi

level caused by deformation. The model is very analogous to an explanation for the improve-

ment of electrical conductivity in n-type doped semiconducting materials.

The increase of energetic electrons are suggested to be accounted for the shift of Fermi

level rather than their kinetic energy, i.e. a change in kT , in which might be portrayed by hot

electrons [20]. This is mainly due to a lack of appropriate approach to estimate the amount of

energy being given to individual electrons.

6.5 Contribution of piezoelectric enthalpy to light emission:

A proposal of alternative mechanism of triboluminescence

Population of free electrons in conduction band of host crystals increases by deformation.

Hence, the change of electrons concentration can be expressed as Eq. 6.25 by considering

that the shift of Fermi level is proportional to the electrical enthalpy, i.e. ϕ = γH pz,

∆n∗ = n0

[
exp
(

γ α β33 d2
33

kT
σ2

33

)
−1
]
. (6.25)

where γ is an energy-transferring coefficient and n0 is an electron concentration of the stress-

free ZnS crystals being reported as about 1×1015 cm−3 at room temperature [27, 28].

On the assumption of homogeneous energy distribution, an increase of electrons inside

domain Ω containing phosphors at fraction of v f can be approximated by,

Ne ≈ v f ·Ω ·n0

[
exp
(

γ α β33 d2
33

kT
σ2

33

)
−1
]
. (6.26)

For a recombination process of excited electrons and holes taken place at the luminescence
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centers produces photon with an efficiency of η ,

Npht = η ·Ne

= η · v f ·Ω ·n0

[
exp
(

γ α β33 d2
33

kT
σ2

33

)
−1
]
. (6.27)

Final expression for PMT output signal in which relating to TrL intensity and the sliding

shear stress can be achieved by inserting Eq. 6.27 into Eq. 2.14,

V̄pmt = LS · km · Ē · 1
∆t

·η · v f ·Ω ·n0

[
exp
(

γ α β33 d2
33

kT
σ2

33

)
−1
]

(6.28)

⇓

y(x) = A
[
exp
(
Bx2)−1

]
.

Due to the first-degree approximation of exp(x) is x + 1, the formulation is reduced to

y ≈ Cx2 for the case that the applied stress is low. This is similar to a correlation of the total

intensity and the applied pressure proposed by B.P. Chandra et. al [29–33].

6.6 Summaries

Alternative mechanism for triboluminescence of ZnS:Mn phosphors with the mathematical

expression of the emission intensity and the stress which including the contribution of volume

fraction and multiple crystallographic orientation of ZnS crystals are fully developed based on

a perspective of the electromechanical coupling energy. The process of triboluminescence are

as the following where its schematic is shown in Fig. 6.3,

1. As doped ZnS phosphors are subjected to the deformation, a piezoelectricity-associated

enthalpy is produced.

2. Due to an energy conservation, the electric enthalpy contributes to an increase of stored

potential energy of electrons.

3. Detrapping of electrons from shallow traps takes place so that the concentration of free

electrons in conduction band increases.
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4. Holes will be captured by the luminescent centers while the excited electrons tend to

return its lower energy state.

(Mn2+) + ⊕→ (Mn3+)*

5. The excited electrons recombine with holes captured in the centers.

(Mn3+)* + e− → (Mn2+)*

6. The emission of photon is an attribution of de-excitaion of the centers.

(Mn2+)* → (Mn2+) + hν .

The total emission intensity is found to be non-linearly increased with the applied stress as

expressed by A
[
exp
(
Bx2)−1

]
where a pre-exponential A contains characteristic parameters

of the photodetectors and the composite as well as an efficiency of photon conversion of lumi-

nescent centers whereas a piezoelectric response of ZnS crystals is described in B-factor. Its

approximation is a simple quadratic relationship for low applied stress.
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Figure 6.1: Hexagonal (blue) and cubic (red) structures mutually share a rhombohedral cell
(green). Diagonal of the mutual lattice corresponds to a close packing direction of either hexag-
onal or cubic, that is ⟨0002⟩ and ⟨111⟩, respectively.

Figure 6.2: Orthogonality of cubic lattice allows us to determine a component of close-packed
direction from any given direction.
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Figure 6.3: Schematic of the proposed mechanism of triboluminescence behavior as a consequence of piezoelectric coupling energy.
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Chapter 7

Applicability of the proposed mechanism
and discussions

Despite of an excellent experimental results indicating the importance of contact geometry on

mechanoluminescence of ZnS crystals, it is unfortunate to conduct further analysis since there

is no appropriate approach to determine a magnitude of exerting force during impact. There-

fore, this chapter mainly focuses on the results from sliding deformation experiment (Chapter 4)

7.1 Reiteration of the proposed mechanism of tribolumines-

cence of ZnS:Mn

It is well demonstrated that a deformation-induced emission is rather relating to applied stress.

To calculate the stress exerting in particulate composite and contact geometries, young modulus

is required to be firstly determined for given volumetric concentration of phosphors as well as

Poisson ratio. As the stiffness increases by addition of particles, a contacting radius reduces

and consequently results into higher maximum Hertzian contact pressure. Equivalent stress,

so-called von Mises stress, along loading axis can be an approximation of the apparent stress

as friction coefficient is provided. By the assumption of symmetry and homogeneity of stress

distribution within a hemispherical domain whose diameter equals to the contact radius, it is

therefore possible to consider the determined equivalent stress as exerting uniaxial stress due

to a geometry of sliding contact.

Deformation of non-centrosymmetric ZnS:Mn crystals results into a generation of an elec-

trical enthalpy so that the internal energy increases. According to a thermodynamic definition
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of Fermi level as the partial derivative of the enthalpy with respect to the mass of constituents,

it is possible to regard those electromechanical coupling energy as a shift of Fermi level. A

change of electron concentration in conduction band can be approximated from Fermi-Dirac

distribution function.

Recombination of excited electrons and holes takes place at energy levels produced by dop-

ing Mn2+ ions, resulting in a characteristic yellow emission. Taking into account the efficiency

of luminescence centers, a number of emitted photons should be proportional to a total number

of excited electrons. With all information of emission spectrum of ZnS:Mn, deformation time

and a control voltage on photomultiplier tube, a signal of the detector is able to determine a

number of photonic emission.

7.2 Interpretation of factors and coefficients associating in

the model

Luminous sensitivity, LS This is a conversion factor of the photomultiplier tube. Electrons

produced by photoelectric effect are multiplied by dynode stages in which connected to pos-

itive voltage. A multiplication factor (also known as the gain of detector) is manipulated by

controlling voltage supplied into a terminal of the tube as illustrated in Fig. 7.1 [1]. According

to the certificate of performance issued by the manufacturer (Fig. 7.2), the sensitivity at con-

trolling voltage of 1.0 volts is 3.17 × 108 V lm−1. To avoid higher background noise, a low

controlling voltage of 0.6 volts was used which yields corresponding luminous sensitivity of

3.17×108 × 2.519×104

2.139×106 = 3.73×106 V lm−1.

Maximum sensitivity of human eyes, km The parameter equals to 683 lm W−1 which is

related to a conversion coefficient from the radiant quantity to the luminous one standardized

by International Commission on Illumination (CIE) in 1931 [2]. It has a physical meaning of a

luminous power which is equivalent to a unity radiance power emitted from a monochromatic

emission at λ = 555 nm.
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Effective photonic energy, Ē This term represents an effective energy possessed by a single

photon emitted from a non-monochromatic radiation. As mentioned in section 2.3.1, It is

defined as an integration of a product of two Gaussian functions, depicted in Fig. 2.11, and

subjected to be changed with different emission spectra. The constant is numerically calculated

as 0.308 eV per photon for the characteristic emission of ZnS:Mn phosphors.

Time period, ∆t This denotes a deformation time which can be calculated from a rotational

speed so that ∆t = 60
RPM for one rotation.

Electron-photon conversion coefficient, η The coefficient illustrates an conversion effi-

ciency of Mn2+ centers, that is its quantum efficiency.

Volume fraction of the phosphor, v f A direct contribution of volume fraction on emission

behavior is indicated by the parameter. Linear relationship between PMT voltage and the frac-

tion has been reported by S. Someya et. al [3, 4].

Deformation volume, Ω It equals to π2Rr2 where R and r corresponds to a radius of wear

track and that of contacting region, respectively. The parameter is rather variable since the

contact radius is a function of applied load and mechanical properties of the assembled bodies.

Stress-free electron concentration, n0 A carrier concentration of annealed ZnS deposited

film is reported to be about 1×1015 cm−3 at room temperature [5, 6].

Energy transferring factor, γ The coefficient is suggested to be the characteristic constant

of the material indicating a comparative efficiency of changing in Fermi level by external stim-

ulations.

Crystallographic orientation distribution factor, α This coefficient is introduced for elim-

inating the effect of polycrystallinity of phosphors. As discussed in the preceding chapters,

the applied stress and the piezoelectric polarization are considered to occur perpendicular to
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the basal plane of wurtzite phase. This parameter is a summation of the weighted (111)-

components. In this study, a value of α is calculated to be 0.3574.

7.3 Determination of energy transferring factor and photon

conversion efficiency

Defining two new variables V ∗ and B:

V ∗ =
V̄pmt

(LS · km · Ē) ·
(
v f ·Ω · 1

∆t

)
·n0

, (7.1)

B = γ ·
α β33 d2

33
kT

·10−12. (7.2)

where 10−12 is required for units consistency since the stress is expressed in scale of MPa.

Rearrangement of Eq. 2.12 yields,

ln
(

V ∗

η
−1
)
= Bσ2

eqv. (7.3)

To satisfy boundary conditions, a value of η should be less than a unity and produces a

linear fitting curve between ln
(

V ∗

η −1
)

and σ2
eqv with y-intercept at zero whereas a slope of

the plot can be used for determination of energy transferring factor. As shown in Fig. 7.3, the

most satisfactory η is found as 0.2396 whereas the transferring coefficient is calculated to be as

0.3332 at room temperature. Values of βnm and di j of wurtzite ZnS can be found from table 1.1.

Although the Fermi level shift due to piezoelectric-associated energy is theoretically rea-

sonable and experimentally proven as aforementioned, there is no reported parameter which

allows us for comparing with the determined transferring coefficient γ . On the other hand, an

electron-photon conversion efficiency η is interestingly in good agreement with reported inter-

nal quantum efficiency of ZnS:Mn nanocrystals with an average size of 30 Å at 18% [7]. This

also emphasizes an applicability of the theoretical model proposed to be useful for determina-

tion of luminescence characteristic of piezoelectric phosphors.

103



7.4 Summaries

It has been demonstrated that the proposed mechanism of triboluminescence of ZnS:Mn as the

result of electromechanical coupling energy shows an excellent applicability in broad defor-

mation conditions. Main advantages of the models compared to other proposed mechanism

are (i) all constants and parameters appearing in the expressions are calculable with concep-

tualized physical meaning and (ii) the influence of volume fraction of phosphors and multiple

crystallographic orientation have been taken into consideration. On the other hands, a major

disadvantage of the theory is its relatively complex than others. Electron-photon conversion

factor determined from the model is found to comparable with the reported internal quantum

efficiency of Mn2+ centers.
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Figure 7.1: PMT gain as a function of control voltage. The red line represents a gain obtain-
ing at a controlling voltage of 0.60 volts whereas the value of 1.0 volts corresponding to the
reference value is illustrated in blue. (Reprinted from [1])
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Figure 7.2: A certificate of H10723-20 PMT performance issued by Hamamatsu Photonics.
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Figure 7.3: Comparative plot between ln
(

V ∗

η −1
)

and σ2
eqv using for determination of electron-

photon conversion factor and energy transferring coefficient.
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Chapter 8

Conclusions

Triboluminescence of ZnS:Mn phosphors dispersed in polymeric material has been investi-

gated on different methods: sliding deformation and impact testing. Because the commercial

testing equipment is not designed for measuring the properties, it is important to develop such

acquisition setups.

For a pin-on-disc triboluminescence measuring apparatus, it composes of three major sec-

tions: a mechanical loading mechanism, a load determination circuit and the optical measuring

systems. Friction coefficient and a magnitude of normal forces can be simultaneously de-

termined from a deflection of poly(methyl methacrylate) elastic arm. Voltage signals from the

gauges are amplified by the cascaded operational amplifier ICs. This setup is used to investigate

the influence of applied normal load, volumetric content of ZnS:Mn and frictional conditions.

On the other hand, an impact testing method is employed for observing the effect of contacting

geometries and impacting energy by utilizing different radius of glass pins and striking angles,

respectively.

Stronger luminescence can be achieved by a) higher mechanical force/energy, b) reducing

of contact area, c) increasing phosphor content in the composite and d) higher coefficient of

friction. The results shows a linearity between total emission intensity and applied force/energy.

It is important to notify the aforementioned conditions are accounted for high exerting stress.

Influence of phosphors content can be explained as a direct increase of light-emittable do-

main and an indirect governing factor on the effective mechanical properties of the composite.

The latter can be confirmed by a noticeably change in track width and damages for different

volumetric content of ZnS:Mn particles in the composite.
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Modified Hertzian contact mechanics indicates the fact that there is not only a magnitude of

force but also the mechanical properties and friction coefficient which govern the sub-surface

stress. The von Mises stress which estimated from the response fields is assigned as a uniax-

ial compression. Luminescence quantity is found to be nonlinearly increased with the applied

stress, however, the results are inconsistent to a simple quadratic; it is likely to resemble expo-

nential function.

Taking into account a non-centrosymmetry of ZnS crystals and a conservation of energy

principle, a piezoelectricity is responsible for the electromechanical coupling energy genera-

tion and therefore produces more energetic electrons. It is possible consider that the excited

particles may deliberate from their shallow traps into conduction bands. Likewise a doping ef-

fect in semiconductors, the increment of electrons population in conduction band suggestively

corresponds to the shift of Fermi level so that Fermi-Dirac distribution function can be em-

ployed for estimating the electron distributing probability and their population in conduction

band of host crystals.

The process of triboluminescence proposed in the study are shown as follows:

1. Piezoelectricity-associated enthalpy is produced during the deformation of phosphors.

2. Electric enthalpy contributes to an increase of stored potential energy of electrons.

3. Electrons possibly escape from shallow traps and therefore increase the population of

free electrons in conduction band.

4. Luminescent centers may capture holes from valence band while the excited electrons

tend to return its lower energy state.

(Mn2+) + ⊕→ (Mn3+)*

5. The excited electrons recombine with holes captured in the centers.

(Mn3+)* + e− → (Mn2+)*

6. The emission of photon is an attribution of de-excitation of the centers.

(Mn2+)* → (Mn2+) + hν .
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Mathematical model developed based on above mechanism is given as A
[
exp
(
Bx2)−1

]
where a pre-exponential A includes the following factors: a detector efficiency, a spectral dis-

tribution, a volume fraction, and internal efficiency of luminescent centers while a piezoelectric

property and crystallographic orientation of ZnS host crystals can be comprehended by an ex-

ponent coefficient B. Interestingly, its first-order approximation becomes a quadratic function

which is consistent to the most frequently cited model.

To our knowledge, this is the first research in fields of mechanoluminescence that employs

contact mechanics for direct calculation of the apparent stress. In spite of the fact that the

theoretical model is relatively difficult to be implemented, it allows us for better understanding

a correlation between stress-induced luminescence and external stimulation. Main advantage

over the current model developed by B.P. Chandra et. al is a straightforward approach for

determination of excited electron population in conduction band using well-know Fermi-Dirac

distribution function.

However, the proposed theory is still incapable to explain an emission behavior of non-

piezoelectric phosphors and a requirement of UV-irradiation prior to the measurement in doped

SrAl2O4. Also, it is not suitable for describing time-dependence emission behavior due to an

intensive application of statistic thermodynamics, solid-state physics and contact mechanics.
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