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Abstract: Certain nanoparticles exhibit intense light emission during their elastic deformation, called the phenomenon of 

elastico mechanoluminescence (EML).When ZnS:Mn and SrAl2O4:Eu nanoparticles are deformed in the elastic region by 

the stress initially increasing with time and then attaining a fixed value or by the stress initially increasing and then  

decreasing with time or by the impact stress, then after a threshold pressure, initially the EML intensity increases with 

time, attains a maximum value and later on it decreases with time. For the fixed pressure or slowly decreasing pressure, 

the slow decay time of EML is equal to the lifetime of electrons in the shallow traps lying in the normal piezoelectric  

region of the crystals.In these cases, sometimes, fast decay of EML also appears and it is related to the machine -constant, 

that is, the decay time of strain- rate after the power to the cross-head of the machine is switched off. For the  

fast-deformation caused by impact stress, the fast decay time of EML is controlled by the rise time of impact stress, and 

the slow decay of EML gives the lifetime of retrapped electrons in the shallow traps. For ZnS:Mn and SrAl2O4:Eu 

nanoparticles, the total EML intensity increases quadratically with the applied pressure. The diminished EML intensity of 

SrAl2O4:Eu nanoparticles caused by number of pressings can be recovered by exposing the sample to UV-radiation. The 

tribo ML of ZnS:Mn nanoparticles increases with increasing value of the load placed on the rotating rod inducing tribo 

ML. The EML spectra of ZnS:Mn and SrAl2O4:Eu nanoparticles are similar to their photoluminescence and electrolumi-

nescence spectra. The piezoelectrically-induced detrapping model is found to be suitable for the EML of nanoparticles and 

the expressions derived on the basis of this model are able to explain successfully the characteristics of the EML of 

nanoparticles. The EML of nanoparticles has been found useful in stress sensor and an EML-based safety-management 

monitoring system has been developed. The EML of nanoparticles can be used for the visualizations of stress distribution 

in solids, stress field near crack-tip, quasidynamic crack-propagation in solids and internal defect in a pipe. The EML  

intensity of nanoparticles is so intense that it is able to drive a solar cell system and it can be used as a light-source for 

specific applications. Furthermore, several parameters of nanoparticles can be determined from their EML measurements. 
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1. INTRODUCTION 

Mechanoluminescence (ML) is the phenomenon of light 

emission from a solid as a response to the mechanical stimu-

lus given to it. In other words, ML is a type of luminescence 

induced by any mechanical action on solids. ML can by ex-

cited by grinding, cutting, cleaving, rubbing, shaking, 

scratching, compressing, loading, crushing or impulsive de-

formation of solids. It can also be excited by thermal shocks 

caused by drastic cooling or heating of materials or by the 

shock-waves produced during exposure of samples to laser 

pulses or ultrasonic waves. ML also appears during the de-

formation caused by the phase-transition or growth of certain 

crystals as well as during separation of two solids in contact 

[1]. The physical processes involved in inducing ML in sol-

ids indicate that basically there should be two types of ML, 

namely, deformation ML (DML) and tribo ML (TML). The 

former is produced owing to the physical process induced 

during deformation of solids, whereas the latter is produced 

during the due to the contact phenomena such as triboelec  
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tricity, tribochemical reaction, and tribothermal generation 

induced contact or separation of two dissimilar materials in 

contact. DML depends only on the material under deforma-

tion and is independent of both the material used to produce 

the deformation and the contact phenomenon. TML, on the 

other hand, depends on the nature of the material under de-

formation as well on the material used to produce it, and 

arises solely owing to contact phenomena. DML may further 

be subdivided into three types, namely, elastico ML (EML), 

plastico ML (PML) and fracto ML (FML), in which, the ML 

is induced by elastic deformation, plastic deformation, and 

fracture, respectively. TML may further be subdivided as 

electrically-induced TML, chemically-induced TML, and 

thermally –induced TML, in which TML is induced by elec-

trification, chemical reaction and heat production, respec-

tively. 
The ML was probability first discovered when human 

lived in caves, since many common minerals produce very 
bright light emissions. The first recorded discovery of ML 
was made by Francis Bacon in 1605, who reported it in his 
writings, Advancement of Learning, that “hard sugar being 
nimbly scrapped with a knife would afford a sparkling light”. 
Robert Boyle in 1664 reported that a particular diamond 
when “pressed on with a steel bodkin produced a very vivid 
but exceeding short-lived splendor. “ Waller in 1684 re-
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ported that when substances such as white sugar, loaf sugar, 
and salt gemme (rock salt) were crushed in a mortar, they 
gave such intense light that the sides of the mortar and shape 
of the pestle could distantly be displayed. By the end of the 
1700s, a number of minerals and pottery materials were 
known to exhibit ML. Wedgwood in 1792 reported the ML 
of many substances inducing quartz, diamond and ruby. The 
observation of light emission associated with the rock failure 
in mines and earthquakes have been reported for several cen-
turies. To date, ML has been tested in more than one thou-
sand materials, and certain solids have been found to exhibit 
intense ML. The ML Intensity SrAl2O4:Eu, ZrO2:Ti, 
Ca2Al2SiO7:Ce, europium tetrakis (dibenzoyl methide) 
triethyl ammonium, ditriphenylphosphine oxide manganese 
bromide, impure saccharin, etc. is so intense that it can be 
seen in day light with naked eye. The well known examples 
of tribo ML are the light produced during friction of our 
body with silky cloth, separation of a tape from the substrate, 
movement of mercury on luminescent layers. The appear-
ance of tribo ML in adhesives and other polymers has 
brought it to the attention of mothers using diaper tape, pho-
tographers unrolling film and the many users of duct tape. In 
past, the phenomenon of ML has been reviewed by Meyer et 
al. [2], Walton [3], Molotskii [4], and Chandra [1], where the 
history and other details of ML can be obtained. 

Whereas nearly 50% of all inorganic salts and organic 
molecular solids show ML during their fracture, only a few 
solids exhibit ML during their elastic and plastic deforma-
tion. The examples of intense fracto mechanoluminescent 
materials are: SrAl2O4:Eu, SrMgAl6O11:Eu, Ca2Al2SiO7:Ce, 
ZrO2:Ti, ditriphenyl phosphine oxide manganese bromide, 
europium tetrakis (dibenzoyl methide) triethyl ammonium, 
impure saccharin, cholesterol salicylate, N-acetylanthranilic 
acid, phenanthrene, uranyl nitrate hexahydrate, sucrose, tar-
taric acid, etc. The examples of elastico mechanoluminescent 
materials are:, x or -irradiated alkali halide crystals, 
ZnS:Mn, SrAl2O4:Eu, SrAl2O4:Ce, SrAl2O4:Ce,Ho, 
SrAl2O4:Er, SrAl2O4:Eu,Er, SrMgAl6O11:Eu, SrCaM-
gSi2O7:Eu,SrBaMgSi2O7:Eu,Sr2MgSi2O7:Eu, 
Ca2MgSi2O7:Eu,Dy, CaYAl3O7:Eu,(Ba,Ca)TiO3:Pr

3+
, 

ZnGa2O4:Mn, MgGa2O4:Mn, BaAl2Si2O8:rare earth element, 
BaSi2O2N2:Eu 

2+
,Ca2Al2SiO7:Ce, ZrO2:Ti and ZnS:Mn, Te . 

The rare earth element can be Eu. The elastico ML has also 
been observed in the nanoparticles of ZnS:Mn, SrAl2O4:Eu 
and ZnMnTe. A few polymers and rubbers have also been 
reported to be elastico mechanoluminescent.In addition to all 
the elastico mechanoluminescent materials mentioned above, 
alkaline earth oxides, certain non-coloured alkali halide crys-
tals, certain varieties of rubber and certain metals also ex-
hibit plastico ML. To date, most studies of ML have been 
made on x or -irradiated alkali halide crystals. II-VI semi-
conductors, sugar crystals and SrAl2O4:Eu phosphors [1-6]. 

Although the phenomenon of ML is known for a long 
time, in the past no practical application could be made be-
cause of the low ML intensity of the materials and lack of 
reproducibility. In the recent past, systematic material re-
searches have been done and they have resulted in producing 
a variety of materials that emit an intensive and repeatable 
ML during their elastic deformation without any destruction. 
Among these materials are: ZnS:Mn, MAl2O4:Re (M = alka-
line materials, Re = rare earth metals) and SrMgAl10O17:Eu. 

So far the most promising elastico mechanoluminescent ma-
terials are rare-earth doped alkaline aluminates and the tran-
sition metal ion doped zinc sulphide. In recent years, signifi-
cant experimental studies have been made and remarkable 
upgrading in the intensity of elastico ML has been achieved 
in the SrAl2O4 doped with europium by controlling the lat-
tice defects in the material [6-18]. Significant enhancement 
in the EML intensity of ZnS:Mn nanocrystals has also been 
achieved by improving their crystallinity [19-24]. Rare earth 
doped strontium aluminate phosphors have been found use-
ful in the real-time visualizations of stress distribution in 
solids [6, 25], stress field near crack-tip [26], and quasidy-
namic crack-propagation in solids [27-29]. Xu. et al. [19] 
have explored the idea and developed a successful practice 
of a stress sensor by an artificial skin, that is, self-diagnosis 
thin film has been realized through the fabrication of a high 
luminescent thin piezoelectric film of ZnS:Mn nanoparticles, 
which can reproducibly emit strong visible light upon stress-
ing. The nanoparticles of SrAl2O4:Eu, Dy have also been 
reported to exhibit intense ML [30, 31], Reddy et al. have 
reported intense ML from ZnMnTe nanoparticles 
[32].Chandra et al. [24] have studied the dependence of the 
EML of nanoparticles on different parameters. 

As the ML intensity of certain nanoparticles is higher as 
compared to that of the bulk, and moreover, smaller size of 
crystals in composite or in ML paints may provide high 
space resolution in imaging the stress distribution in solids, 
the study of the elastico ML of nanoparticles is interesting 
and useful. The present paper reviews the experimental 
works on the ML induced by the elastic deformation of 
ZnS:Mn and SrAl2O4:Eu nanoparticles,describes the mecha-
nisms and explores the theory of the elastico ML,whereby a 
good agreement is found between the experimental and theo-
retical results. Furthermore, the importance of the elastico 
ML of nanoparticles is discussed in detail. 

2. EXPERIMENTAL 

2.1. Preparation of ZnS:Mn Nanoparticles 

The film of ZnS:Mn nanoparticles was prepared by Xu et 
al. on various substrates by physical vapour deposition of ion 
plating or a sputtering method [19, 20]. The source material 
of ZnS:Mn was pretreated at 1050

0
C for 3h in a vacuum 

sealed quartz tube before deposition. A highly oriented film 
was achieved by selecting a deposition rate of 2nm/s and a 
substrate temperature of 160

0
C. The chemical composition 

determined by X-ray diffraction pattern showed that the Mn 
amount in the film was the same as in the source material, 
i.e., 1.5 percent. Moreover, the X-ray diffraction pattern 
showed only one strong diffraction peak at 28.49

0 
in the 2  

range of 10
0
-90

0
, which was attributed to the (111) plane of 

ZnS, indicating that the film was highly oriented. Fig. (1) 
shows the highly oriented ZnS:Mn film observed by field 
emission scanning electron microscope (FE-SEM). The field 
emission scanning electron microscope and XRD techniques 
indicate that the ZnS:Mn film was composed of nano-sized 
crystallites with a mean size of 20 nm. 

2.2. Preparation of SrAl2O4:Eu, Nanoparticles 

The nanoparticles of SrAl2O4:Eu can be the synthesized 
using ultrasonic pyrolysis technique[30]. The ultrasonic 
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spray pyrolysis system used consisted of an ultrasonic atom-
izer with 2.4 MHz transducer, a horizontal reaction furnace, 
and an electrostatic precipitator. Strontium acetylacetonate, 
aluminum acetylacetonate and europium acetylacetonate 
were dissolved in deionized water containing desired amount 
of the organic solvents to prepare a starting solution. The 
starting solution was atomized and the mist and water were 
carried into the furnace tube by a 5% H2/Ar carrier gas. The 
carrier gas speed was maintained at 2L/m and the furnace 
temperature was 1300 

0
C. A conventional ultrasonic spray 

pyrolysis was carried out using an aqueous solution of metal 
nitrates as the starting solution. The nanoparticles of 
SrAl2O4: Eu can also can be prepared using polymer-coated 
precursor [31].The morphology and particle size of the sam-
ple were determined using field emission microscopy and 
transmission electron microscopy. The crystal-structure was 
determined by X-ray diffraction (XRD). Fig. (2) shows the 
FE-SEM image of the nanoparticles prepared by the ultra-
sonic pyrolysis method using organic compounds as starting 
materials, and for comparison. Fig. (2b) shows the morphol-
ogy of the sub-micrometer sized particles prepared by a con-
ventional ultrasonic spray pyrolysis of nitrate salts. Fig. (3) 
shows the TEM image and electron distribution pattern of 
the as-prepared nanoparticles. The size of the nanoparticles 
was in the range of 10 nm to 30 nm. The crystal-structure of 
the as-prepared particle was - SrAl2O4:Eu. 

2.3. Measurement of EML 

In ML phenomenon, mechanical energy is given to the 
system and consequently, the light emission takes place. 

Thus, the ML measurements require the mechanical devices 
as well as optical devices. In the past, several techniques 
have been used ,for examples, compression, bending, 
stretching , loading, piston impact, needle impact, cleaving 
and cutting, shaking, air-blast, stretching, grinding, milling, 
laser-shocks, ultrasonic- shocks, thermal -shocks, rubbing, 
separation of two solids in contact ,etc. [1]. Material testing 
machine has been found suitable for exciting the ML in sol-
ids. Fig. (4) gives the measurement devices for non-
destructive ML, whereby the ML measurements can be done 
by compression, tension, bending and shearing of the sam-
ples. Fig. (4a) illustrates the schematic diagram of ML 
measurement device, whereby the simultaneous measure-
ments of the ML-strain and stress-strain curves can be ob-
tained. In this case, stress is applied on to the samples by the 
cross -head of the testing machine and the ML intensity is 
measured by a photon-counting system that consists of a 
photomultiplier tube and a photon counter controlled by a 
computer. In these measurements, the light emitted due to 
ML is guided to the photomultiplier through a quartz glass 
fiber. The ML spectra are recorded using a photon mul-
tichannel analyzer system. The ML images are obtained us-
ing an image intensified charge coupled device (ICCD) con-
trolled by a computer system .Simultaneously the stress and 
strain of the samples can be measured by stress sensor, and 
strain sensor. In addition to compression test, the material 
testing machine can be used for tensile and bending by ex-
changing the sample holder. 

Fig. (4b) shows the schematic diagram of the device 
where the ML in a sample can be excited by impact of a free-
falling ball through a pipe, in which impact velocity can be 
adjusted by changing the height through which the ball is 
dropped and the impact energy can be adjusted by changing 
the weight of the ball and the height through which the ball 
is dropped.  

Fig. (4c) illustrates the schematic diagram of ML meas-
urement device for applying friction (shear stress), in which 
the same instruments as shown in Fig. (4a) can be used for 
measuring the ML intensity and spectra. In this case, the 
mechanical friction is applied by a friction rod under a load. 
The friction rod material and the load can be changed for 

 

Fig. (3). TEM image and electron diffraction pattern of the as-

prepared nanoparticles (after Xu et al., ref. [30]). 

 

Fig. (1). FE-SEM surface image of the ZnS:Mn thin film on glass 

(after Xu. et al. ref. [20]). 

 

Fig. (2). FE-SEM observation of the as-prepared particles prepared 

by ultrasonic pyrolysis method (a) compared with that prepared by 

the conventional process (b) ( after Xu et al., ref.[30]). 
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different levels of mechanical stress applied to the test mate-
rial .As the material is rotated at a controlled speed, as 
shown in Fig. (4c), the friction rod draws a concentric circle 
on the test material. The light emitted due to the ML caused 
by friction is guided to the photomultiplier tube through a 
quartz glass fiber that is 3 mm in diameter whereby the dis-
tance between the glass fiber and the friction tip was set to 
40 mm.  

The elastico ML behavior of SrAl2O4:Eu single particles 
can be investigated by using an atomic force microscopy 
(AFM) equipped with a photon counting system controlled 
by a computer [30]. For studying the pressure dependence of 
the elastico ML of SrAl2O4:Eu nanoparticles, a molding 
which had a diameter of 25mm and a thickness of 10 mm

2
 

was made by mixing 0.2 g of nanophosphors with 4.0 g of 
epoxy resin of epichlorohydrine and by pressing the sample 
using a power press machine with a force gauge [31]. The 
elastico ML was induced by a time-variant compressive load 
using a material testing machine. The ML intensity was 
measured by a photon counting system, and the ML spectra 
were recorded using a spectrometer attached to a photonic 
multichannel analyzer.  

3. MECHANISMS OF THE EML OF NANOPARTI-

CLES  

3.1. Mechanism of the EML of ZnS:Mn Nanoparticles  

As ZnS crystals is non-centrosymmetric [33], the piezoe-
lectrifiction caused by elastic deformation may give rise to 
the light emission [19, 34-38]. The other possibility for the 
occurrence of ML in ZnS:Mn crystals may be the electro-
static interaction between charged dislocations and filled 
electrons traps [1, 4, 39-43]. The dislocation model has been 
found to be suitable for the plastico ML of II-VI semicon-
ductors [1]. It is to be noted that thermodynamic analysis 
suggests that dislocations and stacking faults should be un-

stable in nanoparticles with respect to diffusion to the sur-
face and annihilation. However, such defects may be re-
tained by kinetic factors; for example, association with large 
scale shape features derived from the assembly of smaller 
nanoparticles precursors [44-47], or be trapped at nanoparti-
cles grain boundaries. The existence of dislocations in ZnS 
nanoparticles has also been reported [48, 49].  The following 
experimental facts support the suitability of piezoelectri-
cally-induced electron detrapping model for the elastico ML 
in ZnS:Mn nanoparticles [24].  

(i).  ZnS crystal possesses non-centrosymmetric structure 
[33], hence, piezoelectric origin of elastico ML may 
be possible. 

(ii).  The waveforms of ML induced by application of 
load, release of load, and impulsive deformation of 
ZnS:Mn crystals are similar to the waveforms of the 
piezoelectric charges produced during application of 
load, release of load, and impulsive deformation , re-
spectively [19, 50]. 

(iii).  In dislocation electrostatic interaction model of elas-
tico ML, the bending of dislocation segments causes 
the ML excitation, in which the total ML emission in-
creases linearly with the stress because the bending 
increases linearly with stress [51]. In piezoelectri-
cally-induced electron detrapping model, electrical 
energy which depends on the mechanical energy is re-
sponsible for the ML excitation. As the mechanical 
energy, hence, the stress-induced electrical energy de-
pends quadratically on the stress, the total ML emis-
sion depends quadratically on the applied stress. Prac-
tically, the total emission from elastico ML of 
ZnS:Mn nanocrystals depends quadratically on the 
applied stress, [19], hence, this results supports the 
piezoelectric origin of the elastico ML of ZnS:Mn 
nanocrystals.  

 

Fig. (4). Schematic diagram of the devices used for EML measurements: (a) a material testing machine for inducing EML by compression 

(after Xu. ref. [6]), (b) impulsive deformation technique for inducing EML, and (c) friction technique for inducing tribo ML (after Xu. ref. 

[6]). 
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(iv).  When the plastico ML including elastico ML of 
ZnS:Mn crystals is induced by application of hydro-
static pressure, then intense ML emission is observed 
[52]. As the dislocations cannot move under hydro-
static pressure [53], the part of plastico ML and elas-
tico ML induced by moving dislocations is sup-
pressed, and the observed ML emission may be attrib-
uted to the piezoelectrically –induced plastico ML and 
elastico ML. 

The piezoelectric constant d33 of ZnS crystal is 3.3 x 10
-11

 
Coulomb Newton

-1
 [54]. In the elastic region, the ML emis-

sion in ZnS:Mn starts nearly at 1 MPa (= 10
6 

Newton meter
-

2
). Thus, the piezoelectric charge density will be,  = 3.3 x 

10
-11

 x 10
-6

 = 3.3 x 10
-5

 Coulomb meter 
-2 

. The electric field 
developed near the surface of crystal will be, F = / 0, that 
is, F = 3.7 x 10

6 
Vm

-1
 = 3.7 x 10

4 
V cm

-1
, where 0 = 8.85 x 

10
- 12

 Coulomb Newton meter 
-2

, is the permittivity of the 
space. The dielectric constant of ZnS crystals is 8.8, hence, 
the internal electric field will be nearly one order less as 
compared to the external field on surface of crystals, but the 
luminescence measurement is generally made in terms of the 
external field at the surface of the sample. The piezoelectric 
field of the order of 3 x 10

4 
Vcm

-1
 is not able to cause de-

trapping of electrons from traps and also it may not cause the 
impact excitation of Mn

+2
 centres, where an electric field of 

the order of 10
6 

Vcm
-1

, is needed. The appearance of elastico 
ML in ZnS:Mn nanocrystals indicates that the local electric 
field near Mn

2+
 ions should be higher because of the local 

change in the crystals structure near Mn
2+

 sites, where the 
piezoelectric constant should be higher. The change in the 

local structure near the impurities has been reported by many 
workers [55, 56] and the possibility of the higher piezoelec-
tric constant near the impurity centres has also been reported 
[34, 35]. If there is nearly 3 to 4 times increase in the piezoe-
lectric constant near the Mn

2+
 centres, then the electric field 

of the order of 10
5
 Vcm

-1
 may be produced, which may 

cause sufficient decrease in the trap-depth and subsequent 
electron-hole recombination may release energy non-
radiatively for the excitation of Mn

2+ 
centres. It is to be noted 

that the electric field of the order of 10
5
 Vcm

-1
, may not 

cause the impact excitation of Mn
2+ 

centres. The crystals of 
ZnS:Cu and ZnS:Ag do not show elastico ML because the 
local piezoelectrification near Cu and Ag centres may not be 
sufficient for causing the detrapping of electrons from the 
filled electrons traps. Although, in the past many workers 
[6,19,34-38] have reported the piezoelectric origin of ML, 
primarily on the basis of the similarity between the wave-
forms, spectra, temperature dependence and other character-
istics of ML and EL, no attempt has been made regarding the 
field ionization of traps and impact excitation or ionizations 
of luminescence centres under internal piezoelectric field. 
Chudacek [34] has reported that the piezoelectric field pro-
duced by the deformations of ZnS crystals is less to cause 
ML, and he has suggested that the local piezoelectric filled 
near the defect centres may be higher and it may produce 
ML.  

Fig. (5) shows the schematic diagram for the EML emis-
sion in ZnS:Mn crystals.The mechanism of the elastico ML 
in ZnS:Mn nanoparticles may be understood in the following 
way:  

(i).  The deformation of ZnS:Mn nanocrystals produces 
piezoelectric field because crystal – structure of ZnS 
is non-centrosymmetric [33]. 

(ii).  Because of the decrease in the trap-depth due to the 
piezoelectric field, the detrapping of electrons from 
filled-electron traps takes place, and therefore, elec-
trons reach the conduction band. 

(iii).  The electrons reaching the conduction band may re-
combine with the holes trapped in the defect centres 
or they may jump to the valence band and subse-
quently energy may be released non-radiatively.  

(iv).  The energy released non-radiatively during electron-
hole recombination may be transferred to the Mn

2+
 

ions, whereby Mn
2+

 ions may get excited [57-60]. 

(v).  The de-excitation of excited. Mn
2

ions gives rise to 
the light emission characteristic of the Mn 

2+ 
ions. 

(vi).  As the piezoelectric field is also produced during the 
release of pressure, the ML may also be produced 
when the pressure is released from ZnS:Mn thin film. 
Therefore, the  mechanism of the occurrence of ML 
during the release of pressure should be similar to 
 that for the application of pressure. 

3.2. Mechanism of the EML of SrAl2O4: Eu Nanoparti-
cles 

The appearance of ML only in the piezoelectric- phase of 
strontium aluminate phosphors indicates that the piezoelec-
trification is responsible for the ML of SrAl2O4:Eu [10]. Fig. 
(6) shows the schematic diagram for the EML emission in 

 

Fig. (5). Schematic diagram for the EML emission in ZnS:Mn 

nanoparticles(1-detrapping of electron and its movement in conduc-

tion band, 2-electron-hole recombination, 3- transfer of energy to 

Mn
2+

, ion and excitation of Mn
2+

 ion, and 4- emission of light). 

 

Fig. (6). Schematic diagram for the EML in SrAl2O4 :Eu nanoparti-

cles (1-excitation of Eu
2+

, 2- electron movement in CB, 3-electron 

trapping, 4-electron release, 5-electron movement in CB, 6-

electron-capture at 5d of Eu
2+

, and 7- light-emission). 
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SrAl2O4:Eu crystals. The steps involved in the ML emission 
in SrAl2O4: Eu nanoparticles are as given below: 

(i).  The application of pressure produces piezoelectric 
field in SrAl2O4:Eu crystals because they are non-
centrosymmetric [10] in which the piezoelectric field 
near certain defects centres may be high due to the 
change in the local structure. 

(ii).  The piezoelectric field reduces the trap-depth of the 
carriers. 

(iii).  The decrease in trap- depth causes transfer of elec-
trons from electron traps to the conduction band. 

(iv).  Subsequently, the moving electrons in the conduction 
band are captured in the excited state of Eu

2+
 ions lo-

cated at the bottom of the conduction band, whereby 
excited (Eu

+2
) ions are produced [61-63]. 

(v).  The de-excitation of (Eu
2+

)
*
 ions gives rise to the light 

emission characteristic of the (Eu
2+

) ions. 

4. EXPERIMENTAL RESULTS ON THE ELASTICO 

ML OF NANOPARTICLES 

4.1. Elastico ML of ZnS: Mn Nanoparticles  

Fig. (7) shows that when a load is applied on to the 
ZnS:Mn nanoparticles film coated on to a quartz substrate, 
then initially the EML intensity increases with time, attains a 
peak value and later on it decreases with time [19]. It is seen 
that when pressure is released, then the EML emission also 
takes place. It is evident from Fig. (7) that when the load is 
applied for the second time, then also the EML emission 
takes place during the application and release of the applied 
pressure. This fact shows the reproducibility of EML. Corre-
sponding to the application and release of pressure, two 
EML pulses I and I , respectively are generated during one 
cycle of the applied pressure, and all of which were repro-
ducible as shown in II and II  in Fig. (7) The threshold pres-
sure for the appearance of EML in ZnS:Mn nanoparticles is 
nearly equal to 1 MPa. Fig. (8) shows the plot between the 
log of EML intensity I and (t-tm). From Fig. (8), the fast and 
slow decay times of EML are found to be 1.69 and 5.88 sec, 
respectively. The plot between log I and (t- tmr) for the EML 
induced by release of pressure, is also similar to Fig. (8) 
(where tmr is the time corresponding to the peak of ML inten-
sity versus time curve for the case of release of pressure). 
However, in this case, the value of slope is higher because 
the release of pressure was performed at higher rate. 

Fig. (9) shows that when a small load is dropped on to 
ZnS:Mn nanoparticles film from a low height, then initially 
the ML intensity increases linearly with time, attains a peak 
value and later on it decreases with time [19]. Fig. (10) illus-
trates that, in this case also, the plot between log I and (t-tm), 
is straight line with a negative slope. Fig. (11) illustrates the 
dependence of the EML intensity of ZnS:Mn nanoparticles 
on the falling height of a steel ball. It is evident that both Im 
and IT increase with increasing value of the height through 
which the ball is dropped on to the nanoparticles. The values 
of the fast and slow decay times for the EML excited by the 

 

Fig. (7). EML response of ZnS:Mn nanoparticles coated on quartz 

plate for the compression stress of 500 N, which was applied by 

material testing machine with a cross-head speed of 0.10 mm/min. 

(after Xu et al. ref.[19]. 

 

Fig. (8). Plot of ln I versus (t-tm) for ZnS:Mn nanoparticles for the 

EML induced by application of pressure of 500N. 

 

Fig. (9). ML response of the ZnS:Mn nanoparticles coated on a 

quartz plate to an impact stress applied by a free- falling steel ball 
from a height of 170 mm(after Xu et al., ref. [19]). 

 

Fig. (10). Plot of log I versus (t-tm) for ZnS:Mn nanoparticles 

coated on a quartz plate.  
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impact stress (Fig. 10) come out to be 34.4 and 189 μs sec, 
respectively. 

Fig. (12) shows that, the ML spectra of ZnS:Mn nanopar-
ticles are similar to their photoluminescence and electrolu-
minescence spectra. The peak of the luminescence spectra 

lies at 580 nm, which can be attributed to 
4
T1

6
A1 transition 

of Mn
2+

 ions [19].  

Fig. (13) shows the ML intensity response of the ZnS:Mn 
film to the friction using a plastic rod of 5 mm diameter 
which was made to rotate on the sample surface at a speed of 
130 rpm, under 5N load. Fig. (14) shows that the intensity of 
tribo ML of ZnS:Mn thin film increases with increasing 
value of the load applied on to the rotating rod [19]. The 
tribo ML of ZnS:Mn nanoparticles may be due the tribo-
electrification and /or piezoelectrification. 

Xu. et al., [19] have reported that the EML intensity of 
ZnS:Mn nanoparticles is higher as compared to that of the 
bulk. As the efficiency of the photoluminescence of ZnS:Mn 
nanoparticles is higher as compared to that of the bulk, an 
increase in the EML intensity is expected with reducing size 
of the nanoparticles. In addition, the change in other factors 
of nanocrystalline form as compared to those in bulk may 
also be responsible for the higher EML intensity of ZnS:Mn 
nanoparticles. 

The elastico ML of single nanoparticles of SrAl2O4:Eu 
has been measured using AFM, whereby a proper stress in 
the specified single particle was applied [30]. Fig. (15) 
shows the elastico ML emitted by single nanoparticle. In this 
technique, a cantilever moved along the straight line (A B) 
and the particles in the line were compressed in turn. At the 
same time, the EML signals generated were collected by a 
photon counting system. The EML signals were obtained at 
the moment that the cantilever moved to the nanoparticles 
and compressed them. 

 

Fig. (11). Dependence of the ML intensity of ZnS:Mn nanoparticles 

on the falling height of a steel ball(after Xu et al. ref.[20]). 

 

Fig. (12). Spectra of mechanoluminescence (ML), photolumines-

cence (PL), and electroluminescence (EL) for ZnS:Mn nanoparti-

cles(after Xu et al. ref.[20]. 

 

Fig. (13). Triboluminescence intensity response of ZnS: Mn film to 

the mechanical friction with a plastic rod of 5 mm diameter under 

5N load, and 130 rpm speed,(after Xu et al., ref. [19]). 

 

Fig. (14). Dependence of the Triboluminescence intensity on load 

in the case of friction (after Xu et al., ref. [19]). 

 

Fig. (15). Elastico mechanoluminescence of SrAl2O4:Eu single 

nanoparticles measured by AFM/photon-counting system (after Xu 

et al., ref. [30]). 

 

Fig. (16). EML versus compression time, and force versus com-

pression time curves of SrAl2O4:Eu nanoparticles mixed in epoxy 

resin(after Li et al., ref.[31]).4.2. Elastico ML of SrAl2O4:Eu 

nanoparticles. 
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Fig. (16) illustrates a typical ML response curve of elas-
tico ML of SrAl2O4:Eu nanoparticles [31]. It is seen that the 
ML intensity increases with the increase of applied load, 
showing a maximum value at peak load. Fig. (17) shows that 
the EML intensity increases linearly with the load applied on 
the nanoparticles Fig. (18) shows the plot of log I versus (t – 
tm) for SrAl2O4: Eu nanoparticles. It is seen that the plot is a 
straight line with a negative slope. From Fig. (18), the value 
of the decay time of EML is found to be 3.75 sec. The value 
of the threshold pressure for the EML is very small for 
SrAl2O4: Eu nanoparticles and it lies in the range of 0.10 
MPa.  

Fig. (19) shows the excitation and emission spectra of 
SrAl2O4:Eu nanoparticles [30]. The excitation spectrum has 

a broad band from 270 nm to 400 nm and the peak shifted to 
the blue side compared with a standard sample prepared by 
solids-state reaction process. The EMLspectrum possesses a 
symmetrical band peaked at 515 nm which can be attributed 
to the 4f

6
5d

1 
to 4f

7
 transition of divalent europium. 

5. THEORETICAL APPROACH TO THE ELASTICO 

ML OF NANOPARTICLES 

In the presence of the piezoelectric field the detrapping of 
charge carriers may take place either due to tunneling proc-
ess or due to the thermal ionization of traps owing to the 
reduction in trap-depth caused by the piezoelectric field. If 
Nc is the total number of crystallites in the sample, Nl is the 
number of effective defect centres in a nanocrystallite,  is 
the activation volume near an effective defect centre, that is, 
at the centre at which the piezoelectric field is high, and Nt is 
the concentration of filled electron traps, then the total num-
ber of detrapable traps is nt0 = Nc Nl.Nt . If d0 is the local 
piezoelectric constant near the effective defect centres, then 
for the applied pressure P, the piezoelectric charge Q near 
the effective defect centres is given by, Q = d0P. If the crys-
tal is compressed at a fixed pressing rate P  or strain rate , 
then in the elastic region Q is given by 

   
Q = d

0
P = d

0
Pt = d

0
Y  t  (1) 

where Y is the Young’s modulus of the elasticity of the crys-
tal.  

If Fc is the characteristic piezoelectric field, that is, the 
field needed for reducing nt0 to nto/e caused by the detrapping 
of the filled electrons traps in nanocrystals, then we can 
write the following equation 

 

dn
t

dF
=

n
t

F
c

= Zn
t
 (2) 

where F is the piezoelectric field near effective defect ions, 
nt is the number of filled electron traps at any time t and Z = 
1/Fc. 

Integrating Eq. (2) and taking nt = nt0, for the threshold 
field F = Fth, we get 

  
n

t
= n

t0
exp[ Z(F F

th
)]  (3) 

where nt0 is the total number of the filled electron traps in the 
activation volume Nl.  

Using Eq. (3), the total number of detrapped electrons 
can be expressed as 

  
n

d
= (n

t0
n

t
) = n

t0
[1 exp{ Z(F F

th
)}]  (4) 

In the elastic region, Z(F-Fth) is low, hence, Eq. (4) can 
be written as 

  
n

d
= n

t0
[1 1+ Z(F F

th
)] = n

t0
Z(F F

th
)  (5) 

Now, differentiating Eq. (5), we get  

 
  

dn
d

dt
= n

t0
Z

dF

dt
 (6) 

 

Fig. (17). Dependence of EML intensity on the applied load (plot-

ted on the basis of the data given in Fig.16). 

 

Fig. (18). Plot of log I versus (t–tm) for SrAl2O4: Eu nanoparticles. 

mixed in epoxy resin. 

 

Fig. (19). Excitation and emission spectra of SrAl2O4:Eu nanoparti-

cles (after Xu et al. , ref [30]. 
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As the rate of generation g of electrons in the conduction 
band will be equal to the rate of detrapping of electrons, we 
can write 

  
g = n

t0
Z

dF

dt
 (7) 

If  is the lifetime of electrons in the conduction band, 
then the change in the number of electrons in the conduction 
band can be expressed as  

  
n = g = n

t0
Z

dF

dt
 (8) 

Using Eq. (8), the current j flowing in the crystal can be 
written as 

  
j =  n qv

d
 (9) 

where q is the electronic charge and vd is the drift velocity. 

If μ is the mobility of electrons in the crystals, then Eq. 
(9) can be expressed as 

  
j =  n qμ  F  (10) 

Thus, the rate R for the flow of electrons in the conduc-
tion band in the crystal is given by 

  

R =
j

q
= nv

d
= n μF  (11) 

From Eqs. (8) and (11), we get  

  

R = nv
d
= n

t0
Z  μF

dF

dt
 (12) 

If  is the capture-cross section of the energy state for the 
excited Eu

2+
 ions, and nh is the concentration of hole centres, 

then the rate of capture of electrons moving in the conduc-
tion band by the energy state of the excited Eu

2+
 ions or the 

rate of generation of excited Eu
2+

 ions can be expressed as, R 
=  nh n vd, and the rate of generation of excited Mn

2+
 ions 

can be expressed as 

  

G =  n
h

nv
d
=  n

h
n

t0
Z  μF

dF

dt
 (13) 

If  is the efficiency for the radiative decay of excited 
Mn

2+
 ions, then the ML intensity for the total number Nc of 

nanocrystallites in the sample, can be expressed as  

  
I =  N

c
G =   N

c
n

h
n

t0
Z  μ(F F

th
)

dF

dt
 

or, 
  
I =    N

c
N

l
 N

t
n

h
Z  μ(F F

th
)

dF

dt
 (14) 

where Fth is the thresholds piezoelectric field for the ML 
emission. 

If B is the correlating factor between the piezoelectric 
field F and the piezoelectric charge Q, then, F = BQ, and Eq. 
(14) can be written as  

  
I =    N

c
N

l
 N

t
n

h
Z  μB2 (Q Q

th
)

dQ

dt
 (15) 

where Fth= B Qth  

Case I: EML induced by the stress initially increasing 
with time and then attaining a fixed value 

5.1. Rise of EML Intensity 

From Eqs. (1) and (15), we get 

  
I =    N

c
N

l
 N

t
n

h
Z  μB

2
d

0

2 (P P
th

)
dP

dt
 (16) 

In terms of strain rate, Eq. (16) can be expressed as 

   
I =    N

c
N

l
 N

t
n

h
Z  μB

2
d

0

2
Y (P P

th
)  (17) 

Equation (17) indicates that for a given strain rate the ML 
intensity should increase linearly with the pressure, and for a 
given pressure, the ML intensity should increase linearly 
with the strain rate. 

If P =Pm, at t =tm, then for Pm.>> Pth, from Eq.(16) the 
maximum EML intensity can be expressed as 

   
I

m
=    N

c
N

l
 N

t
n

h
Z  μB

2
d

0

2
PP

m
 (18) 

5.2. Fast Decay of EML Intensity 

When the crosshead of the machine compressing the 
sample stops instantaneously, then the fast components of 
the EML decay does not appear and it appears only when the 
crosshead keeps on moving for some time after tuning off 
the electric power given to it. Thus, the fast decay of EML is 
related to the decrease of the strain rate of the sample with 
time. If m is the time-constant or machine constant for 
stopping the crosshead, then the decrease in strain rate with 
time can be expressed as 

 

   

=
0

exp
t t

m( )
m

=
0

exp (t t
m

)  (19) 

where 
m

/1= , tm is the time at which the electrical 
power to the crosshead is turned off, and 

0
is the strain rate 

at t = tm. 

Using Eq. (19), P and P can be expressed as 

 
   
P = Y

0
exp[ (t t

m
)  (20) 

and, 

   

P = P
m
+

Y
0 [1 exp{ (t t

m
)}]  (21) 

Using Eqs. (17), (19) and (21), the EML intensity for P 
>> Pth, can be written as 

 
  
I = I

m
exp (t t

m
)  (22) 

5.3. Slow Decay of EML Intensity 

During the deformation of the nanocrystals some of the 
detrapped electrons moving in the conduction band get 
trapped at the shallow traps lying in the normal piezoelectric 
region of the crystals where the piezoelectric field is less and 
later on such trapped electrons are thermally released form 
the traps and their subsequent capture in the excited states of 
Eu

2+
 ions gives rise to the light emission. In this case, the 

slow decay of EML intensity is given by 
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I
d  s
= I

0s
exp

(t t
c
)

s

= I
0s

exp[  (t t
c
)]  (23) 

where tc is the time at which the fast decrease of EML inten-
sity becomes negligible, I0s is the EML intensity at t = tc, s = 
1/ , is the lifetime of electrons in the shallow traps lying in 
the normal piezoelectric region of the crystals.  

(iv). Estimation of Im and IT 

If the crystals is compressed at a fixed strain rate for a 
time tm , where the pressure is Pm, then from Eqs. (16) and 
(17), the maximum intensity Im of the EML is given by  

It is evident from Eq. (24) that the ML intensity will be 
maximum for the pressure Pm corresponding to time tm at 
which the cross-head of the machine is stopped. 

Integration of Eq. (16) gives that the total ML intensity 
ITD during the deformation of the sample can be expressed as  

  

I
TD
= Idt

0

t
m
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c
N

l
 N

t
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h
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2
d
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)dP
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or,   
  
I

TD
=    N

c
N

l
 N

t
n

h
Z  μB

2
d

0

2 (P
m

2 2P
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P
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2
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2

2
 (25) 

Equation (25) indicates that the total ML intensity in the 
deformation region should increase quardratically with the 
applied pressure. 

Using Eq. (23), the value of total ML intensity from tm to 

 is given by 

  

I
TPD

= I
m

exp[ (t t
m

)]dt

t
m

 

r, 
 

I
TPD

=
I

m  (26) 

From Eqs. (25) and (26), the total EML intensity is given 
by  
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 (27)  

Case II.EML induced by the stress initially increasing 
and then decreasing with time 

For the increasing portion of pressure, Im and IT are given 
by Eqs. (18) and (27), respectively.For the decay of EML 

intensity after tm, the following two conditions arise: (i) oc-
currence of the detrapping in the localized piezoelectric re-
gion during the decay of piezoelectric charge, and (ii) occur-
rence of the EML decay from the filled shallow traps lying 
in the normal piezoelectric region of the crystals.  

Condition I: Occurrence of the detrapping in the local-
ized piezoelectric region during the decay of piezoelectric 
charge  

 In this case, after tm, the pressure decreases with the rate 
P  , and therefore, the time dependence of pressure can be 
expressed as 

   
P = P t

m
t t

m( ) = P(2t
m

t)  (28) 

where, P tm is the maximum pressure Pm and P  (t-tm) is the 
decrease of pressure with time after tm. 

From Eq. (28), Q is given by 

   
Q = d

0
P = d

0
P(2t

m
t)  (29) 

Now, from Eq. (29), dQ/dt, is given by 

   

dQ

dt
= d

0
P  (30) 

Equation (16) indicates that for Q>>Qth, the EML inten-
sity I is proportional to the product of Q and dQ/dt. Thus, 
Eqs. (29) and (30) give  

   
I = Dd

0

2
P

2 (2t
m

t)  (31) 

where D is the proportionality constant  

As I = Im, at t = tm, we get 
   
Dd

0

2
P

2
= I

m
/ t

m
, and therefore, 

the decay of EML intensity can be expressed as  

  

I
ds
=

I
m

t
m

(2t
m

t)  (32) 

Condition II: Occurrence of the EML decay from the 
filled shallow traps lying in the normal piezoelectric region 
of the crystals  

In the second condition, the decay of EML intensity can 
also be expressed using Eq. (23), where the EML intensity 
will decrease exponentially with time and the decay time of 
EML will be equal to the lifetime of electrons in the shallow 
traps lying in the normal piezoelectric region of the crystals, 
at which the piezoelectric field is less. 

Case III: EML induced by impact stress In the impulsive 

deformation, a small steel ball is dropped on to the film of 

nanoparticles from a low height, so that the impact stress 

remains in the elastic region. If the ball of mass m is dropped 

from height h, then its kinetic energy is  mv
2 

= mgh, where 
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 (24) 
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 is the velocity of ball and g is the acceleration due to grav-

ity. If a fraction f of the elastic energy of impacting ball is 

given to the film and substrate whose total volume is V, then 

the elastic energy will be 
2
V/2Y, where Y is the Young’s 

modulus elasticity. Thus, we can write  

  
fmgh = 0

2V

2Y
  

or,

  
0
=

2 f  mghY

V

1

2

 (33) 

where 0 is the maximum value of the impact stress.  

During the impact of a ball the energy is transferred to 
the sample, substrate and base on which the sample is 
placed, and some of the energy is also transferred into the 
rebounding energy of the ball. Thus, only a fraction of the 
kinetic energy of the ball is given to the sample. For m = 
5.75gm [19, 50], h=17 cm [19, 50], g = 981 cm/s

2
, and Y = 

6.72 x10
11 

dyne/cm
2
 [64], 0 comes out to be nearly 8, 16 

and 22 MPa for f = 0.05, 0.25 and 0.50, respectively. As the 
Young’s modulus of elasticity is less for nanoparticles as 
compared to that of the bulk [65, 66], the theoretically esti-
mated value of 0should be less for the nanoparticles.  

From the comparison of the piezoelectric charge induced 
by impact with that of the statical load, the impact stress to 
for m = 5.75gm and h = 17 cm, comes out to be nearly 9 
MPa [39], and practically this value should be more correct. 
From the stress-strain curve of ZnS crystals, the stress corre-
sponding to the limit of elasticity comes out to be nearly 30 
MPa [39].Thus, the maximum value of the impact stress is in 
the elastic region, and no fracture of the ZnS:Mn film should 
occur due to the impact of a small ball from a low height, 
and consequently, the fracto ML may not appear.  

After the impact, initially the stress increases with time, 
attains a peak value and later on it decreases with time. If r 

=1/ , is the time-constant for rise of stress, then the rise of 
stress can be expressed as [24]  

  
=

0
[1 exp(  t)]  (34) 

In this case, -dQ/dt = d0 d /dt, and Q =d0 , and following 
the procedure described in section 5, case I, Im, ITD, Idf, and 
Ids can be expressed as 
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and, 
  
I

ds
= I

ds

0 exp[ (t t
c

' )]  (38) 

where )/1(
s

= , is the lifetime of electrons in the shal-
low traps,

'

c
t is the time at which the piezoelectric charge 

becomes negligible and 
0

ds
I  is the EML intensity at t = 

'

c
t . 

The expressions derived for the dependence of EML in-

tensity on different parameters are able to explain satisfac-

tory the characteristics of the EML of nanoparticles. The 

values of  and  are determined using Eqs.(37) and (38 ), 

,respectively and they are found to be 0.045 ms
-1

 and 0.013 

ms
-1

 for ZnS:Mn nanocrystals. and SrAl2O4:Eu, respec-

tively.Thus,the value of r =1/ , comes out to be 22.22 ms, 

and the value of s =1/ , comes out to be 22.22 ms. 

6. IMPORTANCE OF THE EML OF NANOPARTI-
CLES 

The elastico ML of ZnS:Mn and SrAl2O4: Eu, Dy mi-

crocrystals or nanoparticles can be used for the following 

purposes: 

6.1. Stress Sensor  

As the ML intensity of ZnS:Mn and SrAl2O4: Eu, Dy 

phosphors mixed in a resin increases with increasing stress 

or the applied pressure, the stress or the pressure can be de-

termined by measuring the EML intensity. As such the EML 

of ZnS:Mn and SrAl2O4: Eu, Dy can be used as stress sensor 

or stress indicator. 

6.2. Real -Time Visualization of the Stress Distribution in 
Solids 

For the measurement of stress distribution using the ML 

technique, SrAl2O4: Eu phosphor of 1.00 g is mixed with an 

optical epoxy resin of 4.00 g to form a composite disc of 25 

mm in diameter and 15 mm in thickness. Stress is applied on 

the sample by a normal material testing machine or by a vise 

with a force gauge [6,7,9]. The distribution of ML intensity 

is detected by an intensified CCD (ICCD) camera. The ML 

intensity of such a stressed sample increases exponentially 

with increasing r/a (where r is the distance from the centre, 

and a is the radius of sample). This is consistent with that 

obtained from the simulation based on elastics, and thus, it 

demonstrates that the EML from stressed SrAl2O4: Eu gives 

the direct view of stress distribution in solids. 

6.3. Real-Time Visualization of the Stress Field Near the 
Tip of a Crack 

For the direct observation of crack tip stress field using 

ML, Sohn et al., [14] prepared the compact test (CT) speci-

men (19 mm x 20 mm x 3 mm) from a mixture of epoxy 

resin and 10wt. % of SrAl2O4:Eu, Dy, Nd, phosphor. An 

acute notch tip of radius 50 μm was introduced into the CT 

specimen using a very sharp blade for providing a crack ini-

tiation point. The specimen was placed on a specially de-

signed CT type loading machine and exposed to 365 UV 

light for 10 minutes and then aged in a dark room for 5 min-

utes for the phosphorescence to relax down to a certain level 

before loading. The notch tip area was photographed at each 

loading step using a digital camera with shutter open. It be-

came possible to investigate the stress field formation in 

front of a stationary crack- tip in terms of ML for a stress 

intensity factor of 1.7 M Pa m
1/2

, whereby the formation of 

circle–shaped stressed area was evident. Such result is ex-

pected from fracture mechanics. 
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6.4. Real-Time Visualization of the Quasidynamic  
Crack-Propagation in Solids 

For studying the dynamic visualization of crack propaga-

tion and bridging stress using the ML of SrAl2O4:Eu,Dy,Nd , 

Kim et al. [27] prepared a disc-shaped CT specimen of di-

mension 26 mm in diameter and 3 mm thickness from a bulk 

SrAl2O4 : Eu0.01, Dy0.01, Nd0.01 ceramic, without mixing ep-

oxy resin. The R–curve was determined where the crosshead 

speed was 1 mm/min and the photography frame speed was 

30 frames /sec. The loading process associated with the ML 

observation was followed by microscopic observation of 

crack wake region using scanning electron microscopy. The 

ML images were taken for the crack propagation time of 0.3 

sec, whereby the crack propagated nearly 6.5 mm. In this 

case, the conspicuous ML emission takes place from the area 

adjacent to the crack plane rather than from the area ahead of 

the crack tip. The more prominent ML in the crack wake 

region provides a good circumstantial evidence for crack 

interface bridging and a diminished stress intensity factor at 

the crack tip. The length of the strong ML region or strong 

bridging effect region, just behind the crack tip grows as the 

crack propagates and the ML intensity also becomes stronger 

as the crack advances. The R–curve was determined using 

ML measurements and it was compared with the best fit 

based on power law bridging stress distribution. The bridg-

ing stress distribution in the crack wake was determined 

from the results of regression fitting used in R–curve. Re-

cently, Kim et al. [28, 29] have also studied the propagation 

of a macro scale crack in other ceramic materials using 

SrAl2O4: Eu, Dy mechanoluminescent paint. 

6.5. Visualization of Internal Defect in a Pipe 

A defect in a pressurized pipe can be visualized by using 

ML sensor [67]. The hoop strain distribution obtained from 

the ML intensity agrees well with that obtained from the 

strain gage measurement and the FEM calculation. It has 

been found that the hoop strain on the defective pipe has 

maximum and minimum values around the defect and the 

maximum hoop strain increases with deepening of the de-

fect. Thus, these results indicate that the location and depth 

of the defect in a pipe can be estimated by using the ML sen-

sor. 

6.6. Determination of the Crack-Growth Resistance and 
other Parameters of Crack- Propagation  

Using the ML technique, crack growth resistance curve 

(R–curve), crack velocity, crack-length dependence of crack-

velocity, crack-tip stress field, bridging stress distribution, 

wake width, etc. can be suitably determined. The ML tech-

nique is much simpler, cheaper and more suited to the detec-

tion of fast cracks as compared to other techniques involving 

complicated and expensive instrumentations [27-29].  

6.7. Novel ML-Driven Photocell System  

Terasaki et al., [68] have successfully demonstrated a 

novel ML-driven photocell system, in which SrAl2O4:Eu, 

microparticles and a commercial silicon solar cell are used as 

light source and a photoelectric converter, respectively. 

6.8. ML Light Source 

From the viewpoint of utilizing a mechanoluminescent 
material as a light source, the surface of the ML material 
should have the most effective photoreaction and there 
should be the strongest photointensity from the ML material. 
Terasaki [69] have reported the preparation method for a 
hybrid material consisting of the ML material (SrAl2O4:Eu) 
and TiO2 photocatalytic nanoparticles. By using the surface 
sol–gel method, they have succeeded in immobilizing the 
TiO2 photocatalytic nanoparticles on the surface of the ML 
material, thus preparing a hybrid material where the nanopar-
ticles took over the original mechanoluminescence and pho-
tocatalysis activities. 

6.9. EML-Based Safety-Management Monitoring System 

An EML-based safety-management monitoring system 
has been developed [70] that includes: (i) EML sensors that 
emit light upon mechanical stimulation, (ii) image sensors 
nodes that monitor the distribution of EML intensity of the 
EML sensors, (iii) wireless photo-detector nodes, (iv) a data-
base for diagnosing the stress anomaly in the structure on the 
basis of the EML intensity, and (v) a network system that 
coordinates the operation of these component. Using this 
system the appearance of a crack that occurs in the concrete 
of bridges and buildings can be visualized, when the EML 
sensors of the system are placed on the structure surfaces. 
The generation and propagation of the crack can be predicted 
by diagnosing the stress anomaly in the structure. Such 
EML-based monitoring system is expected to be useful for 
the inspection and maintenance of various structures includ-
ing those made of concrete. 

CONCLUSIONS  

The temporal, deformation, spectral and other character-
istics of the elastico ML of thin film of ZnS nanoparticles 
and SrAl2O4:Eu nanoparticles mixed in epoxy resin are stud-
ied by elastically deforming the samples using statical, im-
pulsive and friction techniques. The piezoelectrically-
stimulated detrapping model is found to be suitable for the 
EML of nanoparticles. The expressions derived on the basis 
of this model, are able to explain satisfactorily the character-
istics of the EML of nanoparticles. 

For the fixed pressure or slowly decreasing pressure, the 

slow decay time of EML is equal to the lifetime of electrons 

in the shallow traps lying in the normal piezoelectric region 

of the crystals.In these cases, sometimes, fast decay of EML 

also appears and it is related to the machine -constant, that is, 

the decay time of strain- rate after the power to the cross-

head of the machine is switched off. For the fast-deformation 

caused by impact stress, the fast decay time of EML is con-

trolled by the rise time of impact stress, and the slow decay 

of EML gives the lifetime of retrapped electrons in the shal-

low traps. For ZnS:Mn and SrAl2O4:Eu nanoparticles, the 

total EML intensity increases quadratically with the applied 

pressure. The diminished EML intensity of SrAl2O4:Eu 

nanoparticles caused by number of pressings can be recov-

ered by exposing the sample to UV-radiation. The EML 

spectra of ZnS:Mn and SrAl2O4:Eu, nanoparticles are similar 

to their photoluminescence and electroluminescence spectra.  
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The tribo ML of ZnS:Mn nanoparticles increases with in-
creasing value of the load placed on the rotating rod inducing 
tribo ML. The tribo ML may be induced by the triboelectri-
fication and /or piezoelectrification 

The EML of nanoparticles can be useful in stress sensor 
and for the visualizations of stress distribution in solids, 
stress field near crack-tip, quasidynamic crack-propagation 
in solids and internal defect in a pipe. An EML-based safety-
management monitoring system has been developed for 
visualizing the appearance of a crack that occurs in the con-
crete of bridges and buildings. The generation and propaga-
tion of the crack can be predicted by diagnosing the stress 
anomaly in the structure. Such EML-based monitoring sys-
tem is expected to be useful for the inspection and mainte-
nance of various structures including those made of concrete. 
The EML intensity of nanoparticles is so intense that it is 
able to drive a solar cell system and it can also be used as an 
excitation source for specific applications. Furthermore, sev-
eral parameters of nanoparticles can be determined from 
their EML measurements.  

In addition to the mechanical displays, the coating of 
mechanoluminescent materials has opened a new window 
for developing new smart systems and opto-mechanical de-
vices. Conclusively, it may be said that the door of EML 
research on nanoparticles is wide open and it looks very 
promising. 
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