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Abstract: Mechanoluminescent materials have the property of emitting light when they are 

mechanically deformed. The paper deals with the potential use of these active substances to 

reveal interparticle contact force networks in granular media under mechanical loading. 

Preliminary uniaxial tensile tests were first performed on two types of longitudinal specimens 

for comparison purposes: pure epoxy resin and epoxy resin containing mechanoluminescent 

powders. Stress-strain curves showed that the powder acted as a reinforcement, but 

fractographic analysis by SEM revealed that debonding occurred between the epoxy matrix 

and powder grains during mechanical loading. Various two-dimensional cohesionless 

granular systems were then studied, using mechanoluminescent cylinders subjected to 

compression. Whereas uniaxial tensile tests featured homogeneous light emission, localized 

mechanoluminescence intensities were revealed in the contact zones between cylinders. The 

study shows that mechanoluminescent materials open perspectives for the identification of 

interparticle contact intensities in granular media. 

 

Keywords: granular material; mechanoluminescence; confined compression; interparticle 

contact; luminescence 

 

 



Introduction 

 

Granular materials are omnipresent in our everyday life and in many industrial fields. They 

are composed of grains with a wide variety of particle sizes and shapes, as well as of 

constitutive materials. Let us cite sands, soils and rocks in civil engineering; cereals, sugar 

and rice in the agro-food processing industry; or raw materials for preparing medical drugs in 

the pharmaceutical industry. Granular materials feature complex mechanical behaviors that 

differ from common solids, liquids, and gases [1]. Their macroscopic response is governed by 

the interaction forces transmitted through the contacts between particles. A highly 

inhomogeneous network of interparticle forces is a unique characteristic of discrete media 

subjected to a macroscopic loading [2]. This explains the wide range of phenomena observed 

in these materials. The influence of parameters such as particle size and shape [3–5], 

coefficient of friction [6], surface energy [7] and composition of mixtures [8] on the contact 

force network has mainly been investigated by means of numerical simulation. Some 

experimental approaches are also available, in particular full-field measurement techniques. 

 

In the last few decades, non-contact full-field measurement techniques have widely spread in 

the mechanics of materials community, leading to important insights into the mechanical 

behavior of materials at a local scale. Indeed the use of cameras with suitable image 

processing provides a large amount of data, either at the surface of the tested material or 

inside the matter, complementary to macroscopic quantities from load cells or extensometers 

for instance. Images are captured at different stages of the mechanical loading, usually 

starting from the unloaded state as a reference configuration. Raw data at each pixel or voxel 

are related to a physical quantity depending on the camera sensor, in the visible, infrared or 

X-ray ranges for instance. Quantitative thermomechanical analysis is then possible by image 

processing, providing data such as displacements, strains, stresses or temperatures. Full-field 

measurement techniques have been carried out for various types of material, but applications 

to discrete media remain relatively scarce compared with continuous media. This can 

primarily be explained by the specific loading devices that are usually required for 

cohesionless materials, making instrumentation by cameras a more complex process. 

Secondly, the intrinsically three-dimensional (3D) nature of media such as sands requires 

measurements in the bulk, limiting the number of techniques available: X-ray tomography 

combined with volumetric digital image correlation [9-11], computerized X-ray tomography 

[12, 13], flash X-ray shadowgraphy [14], magnetic resonance imaging [15, 16], radar-based 



sensing [17] and positron emission particle tracking [18]. The carbon paper method can be 

also considered as a measurement technique in the bulk, as it provides contact pressures in 

sections of 3D granular materials [19]. 

 

Despite their limitations, surface measurements have been advantageously employed for the 

analysis of two-dimensional (2D) granular systems, for instance composed of cylinders placed 

in parallel (thus forming so-called Schneebeli materials [20]). Optical imaging is usually 

combined with digital image correlation (DIC), such as in the particle image velocimetry 

(PIV) technique, in order to measure the in-plane particle displacements and then the 

corresponding strains of the granular organization [21-23]. Strains in deformable particles can 

be also assessed by DIC, see for instance Refs [24-29]. It is possible to extract interparticle 

forces by combining experimental strain data with Granular Element Method or Finite 

Element Method [27-29]. Stress fields can be also obtained from certain full-field 

measurement techniques. Shear stresses can be measured by photoelasticimetry using 

particles made of birefringent materials [30-41]. It is possible to identify contact force 

networks by processing the photoelastic data [42]. Beyond measurements in the visible range, 

infrared (IR) thermography has been employed to measure hydrostatic stress fields in granular 

materials by Thermoelastic Stress Analysis [43-45]. It is possible to reveal thermoelastic 

couplings [45] as well as material self-heating, which can mainly be attributed to interparticle 

friction [46-48]. In the present study, another physical principle is employed to provide 

information on the mechanical response of granular systems at the local scale: 

mechanoluminescence. 

 

Mechanoluminescence is a physical phenomenon occurring in particular crystalline materials 

that are able to emit visible light in response to mechanical stimuli such as grinding, cutting, 

striking or friction [49, 50]. The term can also refer to luminescence induced by elastic 

deformation, plastic deformation or fracture, depending on the magnitude of mechanical 

solicitation. Accordingly, mechanoluminescent (ML) materials can be used as sensors for 

structural damage, fractures and deformations [51-53]. Most ML materials correspond to 

inorganic compounds that are constituted of an oxide host lattice doped with lanthanide ions 

[54-56] or more rarely with transition metal elements [57]. Among them, SrAl2O4:(Eu
2+

,Dy
3+

) 

(designated by SAO-ED in the following) was reported as the one exhibiting the strongest ML 

intensity, emitting green light upon mechanical stress [58, 59]. Several explanations have 

been proposed in the literature concerning the origin of mechanoluminescence [58]. The most 



accepted hypothesis for SAO-ED is that, upon UV excitation, electrons of Eu
2+

 are first 

“trapped” in crystal defects due to oxygen atom vacancies; then mechanical deformation 

causes the de-trapping of these electrons from deeper traps to shallow traps and then to the 

conduction band leading to the radiative recombination of charge carriers and thus green light 

emission. SAO-ED is known to exhibit a long afterglow in the green wavelength range after 

photonic excitation, mainly in the ultraviolet-visible range [60]. It is worth nothing that most 

of the above-cited references (Refs [49-58]) show images of a ML cylinder subjected to radial 

compression, presented as a typical case of heterogeneous distribution of stress/light. Note 

also that publications on ML materials are mainly in the communities of optics, physics, 

chemistry and material science. However, Kondo et al. recently employed a ML coating to 

visualize load transmission in planar granular assemblies made of glass beads [61]. They used 

SAOE particles mixed with an epoxy resin in paint form. Experimental methodology 

consisted in the preliminary photonic excitation of the ML coating before applying 

mechanical loading to the granular system. 

 

In the present work, SAO-ED ML powder grains were incorporated in transparent epoxy resin 

to form cylinders with different diameters for compression tests, as well as dumbbell-like 

specimens for preliminary tensile tests. The epoxy matrix was utilized to transfer stress to the 

powder during mechanical loading. The objective of the study is to demonstrate the 

potentiality of ML materials to reveal interparticle contact intensities in 2D cohesionless 

granular materials. The paper is organized as follows. The next section describes the material 

elaboration, experimental mechanical set-up, and image processing procedure. Then 

preliminary tests in uniaxial tension until specimen rupture are analyzed. Finally, results of 

compression tests involving a few ML cylinders with different numbers of interparticle 

contacts are discussed in the perspective of future applications to larger numbers of particles. 

 

 

Materials and methods 

 

Material elaboration 

 

SAO-ED ML powder, purchased from Honeywell, was incorporated into a two-component 

epoxy resin (RenLam CY 296 and Ren HY 516) with a powder-to-epoxy mass ratio of 1:19. 

The resulting viscous composite was poured into a mold with blind holes of different 



diameters (14 mm, 17 mm and 20 mm): see Figure 1a. It is worth noting that the elaboration 

was quite tricky. First, obtaining a homogeneous viscous epoxy-powder mixture required 

vigorous mixing. Second, removal from the two-part mold after curing was difficult. Lastly, 

the SAO-ED ML powder is relatively expensive (some hundreds of euros per kilogram). 

Therefore, after preliminary tests, it was decided to first pour the viscous epoxy-powder 

mixture to a depth of 5 mm, and then to carefully add pure epoxy to a depth of 45 mm, 

producing cylinders of 50 mm in length: see Figure 1b. Finally, curing was performed in an 

oven at 80°C for 2 hours in order to speed up the polymerization process to obtain solid 

cylinders. At the end of the elaboration procedure, only one end of each cylinder (the last 5 

mm) was ML. 

 

 

Insert here Figure 1: Material elaboration: a) mold for cylinders; b) cylinders used to create 

granular systems; c) mold for dumbbell-like specimens; d) non-ML and ML dumbbell-like 

specimens used for uniaxial tensile tests. 

 

As indicated in the introduction section, photonic excitation of SAO-ED ML powder in the 

ultraviolet-visible range is also possible. Figure 1b shows the light emission of the cylinders 

after homogeneous stimulation by natural light. Photoluminescence characterization was also 

performed with a Jobin-Yvon set-up consisting of a Xenon lamp operating at 400 W and two 

monochromators (Triax 550 and Triax 180) combined with a cryogenically cold charge-

coupled device (CCD) camera (Jobin-Yvon Symphony LN2 series). Figure 2 shows the 

emission spectrum recorded at room temperature upon ultraviolet excitation at 365 nm, 

exhibiting a strong and broad emission band centered around 540-550 nm (green). Note that 

the emission spectrum is the same from photonic or mechanical excitation, both for the 

powder alone and for the epoxy-powder composite specimens 

 

Insert here Figure 2: Emission spectrum of the epoxy-(SAO-ED) composite recorded at room 

temperature upon ultraviolet excitation (365 nm). 

 

Longitudinal specimens with dumbbell-like geometry were also prepared: see Figure 1c. The 

specimens’ gauge zone was 2.15 mm in thickness and 9.9 mm in width. The useful length was 

equal to 110 mm, see Figure 3a. Non-ML (pure epoxy) and ML (epoxy-powder composite) 



specimens were prepared. Figure 1d shows homogenous light emission in ML specimens after 

homogeneous excitation in the visible range. 

 

Experimental set-up 

 

Various mechanical configurations were considered during the study. First, ML and non-ML 

longitudinal specimens were tested in tension for comparison purposes. Figure 3a shows a 

specimen placed in the grips of the uniaxial testing machine used (±20 kN Zwick). A clip-on 

extensometer with gauge length of 50 mm was employed for strain measurement. The 

mechanical loading consisted of successive load-unload cycles with increasing maximum 

force Fmax, until specimen failure: see Figure 4a. To avoid bending in the specimen, the 

minimum force of each cycle was strictly positive (10% of the maximum force). A waiting 

time of 30 min was respected between each cycle in order to reduce residual luminescence. 

No excitation of the ML specimens occurred between the different mechanical cycles. For 

practical constraints, the loading phase was force-controlled whereas the unloading phase was 

displacement-controlled, with a rate of 5 N/s and -0.02 mm/s respectively. 

 

Three configurations involving cylinders, all 50 mm in length, were also considered: 

 Figure 3b presents a schematic view of a single ML cylinder subjected to radial 

compression. The cylinder was 20 mm in diameter. The objective of the test was to 

analyze the light emission caused by the stress flow between the top and bottom 

contacts; 

 Figure 3c shows a picture of three cylinders subjected to confined compression. 

Different diameters were used (14 mm, 17 mm and 20 mm) to potentially distinguish 

distinct light intensities at the two cylinder-cylinder contacts; 

 Figure 3d shows the case of a granular media containing 15 cylinders, among which 3 

are ML (14 mm, 17 mm and 20 mm in diameter). The other cylinders were composed 

of high-density polyethylene (HDPE), 10 mm in diameter. The objective of the test 

was to show that ML properties can be used to potentially investigate contact 

intensities in granular media. Although the number of cylinders here was small, it is a 

first step before future applications to large numbers of particles. 

Mechanical loading consisted of displacement-controlled load-unload cycles with increasing 

maximum force Fmax (negative) and a waiting time of 30 min between each cycle, see Figure 

4b. 



 

Finally, Figure 3e shows an overall view of an experiment. The tests were performed in the 

dark (shutters closed and light off 30 min before the beginning of mechanical loading). Black 

boards and curtains were also placed in the close environment of the observed zone to limit 

parasitic light. It can be noted that the preparation of a test is quite delicate. Indeed, all the 

different aspects of the test must be completely planned and implemented before turning off 

the light: placement of the tested material in the testing machine, loading and acquisition 

conditions, protection against parasitic light such as computer screens, doors closed, etc. The 

next section addresses image acquisition conditions and post-processing. 

 

Insert here Figure 3: Experimental set-up: a) uniaxial tensile test on a longitudinal specimen; 

b) schematic view of the radial compression of a ML cylinder; c) confined compression of 

three ML cylinders; d) confined compression of a granular system composed of ML and non-

ML cylinders; e) overall view of an experiment. 

 

Insert here Figure 4: Mechanical loading applied: a) for longitudinal specimens; b) for 

granular systems. 

 

Acquisition conditions and image processing 

 

Luminescence can be analyzed using a videocolorimeter, which provides the variation over 

time of the emission spectrum at each pixel. For the present study, whose objective is to 

identify interparticle contacts, a simpler acquisition system was employed, namely a Fuji X-

T20 CMOS camera. The focal length of the lens used was equal to 52.5 mm and the aperture 

was opened at F-stop F/2. The size of the pixel projected on the observation plane was 57 m. 

For all the tests in the study, the shutter speed was set to 0.5 s and images were acquired at a 

frequency of 1 Hz during mechanical loading. These values resulted from a compromise 

between measurement resolution and number of images over the loading duration, while 

considering practical constraints in terms of the duration of the acquisition and recording of 

each image by the camera. Image acquisition began four seconds before starting the loading. 

The first images were used to define the reference state. Temporal synchronization between 

image acquisition and mechanical loading was performed manually with a precision of 1 s 

(due to the image acquisition frequency) using the times at maximum loading and maximum 

light emission. Figure 5a shows an example of an image taken at 300 N for the ML 



longitudinal specimen. The specimen appears in green. Photographs were then converted to 

greyscale, as performed for instance in Ref. [62]. Matlab software was used for this purpose 

using the rgb2gray command, leading to pixel values between 0 (black) and 1 (white). The 

analysis below is based on the change in light intensity with respect to the reference 

configuration. The reference image was built by averaging three images captured just before 

starting the new load-unload cycle. The reference image was then subtracted from all the 

current images during loading. The output data obtained are named “change in light intensity” 

or simply “light emission” in the following. Displacements of the physical points during 

mechanical loading were not taken into account in the processing. 

 

Insert here Figure 5: ML longitudinal specimen: a) image taken at 300 N; b) distribution of 

light intensity of the reference image, taken before mechanical loading; c) distribution of light 

intensity at 300 N; d) distribution of change in light intensity. 

 

Some complementary information can be given about the image processing. The considered 

zone of interest was located between the two parts of the extensometer in contact with the 

specimen (see Figure 5a). For this zone, Figures 5b and c show the distribution of light 

intensity for the reference configuration and for a current image (here at 300 N) respectively. 

The standard deviations of these distributions are equal to 0.0113 and 0.0186 respectively. 

The former value is smaller than the latter thanks to the averaging operation performed to 

build the reference image. The standard deviation of the change in light intensity (difference 

between current image and reference image) is equal to 0.0198: see Figure 5d. It can be noted 

that the signal-to-noise ratio is low: the mean increase in light intensity is about 0.04 between 

the current and reference images, which is only twice the measurement resolution (0.0198). 

Some negative changes in light intensity can be noted in Figure 5d (see tail of distribution), 

which can be explained by the measurement noise. 

 

The same analysis was performed using the green component alone, for comparison purposes 

with the use of the greyscale. It appeared that the measurement resolution was slightly worse 

(0.0251) than using the greyscale (0.0198). This can be explained by the fact that the blue 

channel also contains useful signal. Indeed, the spectrum in Fig. 2 shows light emission lying 

between 470 nm and 580 nm: blue (typically 460-500 nm) is thus also involved, contrary to 

red (typically 620-700 nm). Although the weight of the blue is lower than that of the green in 

the definition of the greyscale (0.2989 × red + 0.5870 × green + 0.1140 × blue), the former 



plays a non-negligible role. Finally, we note that the green channel was used in Kondo et al. 

in Ref. [61], while the greyscale was used by Du et al. in Ref. [62]. 

 

 

Preliminary uniaxial tensile tests 

 

Before considering granular systems, preliminary information can be obtained from the 

mechanical response in uniaxial tension of the longitudinal specimens. Figure 6 shows the 

stress-strain curves obtained for a non-ML specimen (Figure 6a) and a ML specimen (Figure 

6b). The strain was calculated from the extensometer, while the stress is the ratio of the force 

to the initial cross-section area. The following comments can be made from these graphs. The 

maximum stress is higher for the ML specimen than for the non-ML specimen (14.1 MPa to 

be compared to 11.3 MPa), while ductility is lower (maximum strain of 1.06% to be 

compared to 1.26%). Stiffness is also globally higher for the ML specimen. Clearly, the ML 

powder acted as a mechanical reinforcement. 

 

Insert here Figure 6: Mechanical response in uniaxial tension for successive loadings with 

increasing maximum force: a) specimen without ML powder, i.e. pure epoxy specimen; 

b) ML specimen. 

 

Figures 6a and b also reveal that the stress-strain curves are non-linear, and that residual 

strains progressively appeared at each load-unload cycle, both for ML and non-ML 

specimens. Figure 7 provides information obtained by SEM fractography analysis. Figure 7a 

shows pure epoxy using secondary electrons (SE) in order to inspect the topography of the 

specimen’s fracture surface. The image features classic brittle failure mechanisms: smooth 

fracture surfaces with river lines with the same orientation. Figures 7b and c show SE images 

at the same magnification for the ML specimen. Numerous ML grains are visible. This is 

confirmed by Figure 7d, which shows a backscattered-electron (BSE) image of the same zone 

as in Figure 7c, in order to reveal differences in composition and/or crystallographic structure. 

A strong contrast is observed between ML grains (bright) and epoxy (dark). It can also be 

noted that most of the ML grains are at the extremity of the lines with same orientation. This 

can be explained by the fact that grains are potential fracture initiation zones. Using SE and 

BSE, Figures 8a and b provide magnifications of the red rectangle indicated respectively in 

Figures 7c and d: matrix/grain debonding can be observed. Debonding is probably due to the 



large difference in stiffness between the two components, leading to incompatible strains at 

the interfaces. As a general comment, the stress transfer from the epoxy matrix to the ML 

grain is probably low during the loading in tension of the specimen, limiting the potential 

light emission of the powder. Finally, let us note that the mean distance between the ML 

grains was about 100 m. As the size of the pixel projected on the observation plane was 

smaller (57 m), a 5×5 mean spatial filter was applied to the images in the following, leading 

to a spatial resolution of the maps equal to 5×57 = 285 m. 

 

Insert here Figure 7: Fractography analysis by SEM of the longitudinal specimens: a) non-ML 

specimen; b) to d) ML specimen. Secondary electrons were used for images a to c whereas 

backscattered electrons were used for image d. 

 

Insert here Figure 8: Fractography analysis by SEM of the ML longitudinal specimen. Images 

a, c and d were obtained using secondary electrons whereas image b was obtained using 

backscattered electrons. 

 

Figure 9 shows the variation in the average light emission for the different loading stages of 

the ML specimen (see Figure 4a). It can be seen that light emission is not linear with respect 

to the applied force. For smaller forces, light emission is very low. Negative values are even 

measured, which can be explained by the measurement resolution of the change in light 

intensity between current and reference images (see Section “Acquisition conditions and 

processing of the images”). Then light emission increases progressively and tends to be linear 

for the highest forces: see D, E, F in the graph. A yield force FML could be defined, separating 

non-detectable and detectable light emission, although its value is difficult to identify 

(between 50 and 100 N). Note that the curves tend to be linear, with the same slope, when the 

force exceeds the maximum force reached during the previous loading stage. This observation 

could be explained by the need to apply a higher force level in order to mechanically de-trap 

electrons in deeper traps. Indeed, for lower mechanical stimuli, only electrons captured in 

shallow traps will be released to produce ML. Another explanation could the powder-matrix 

debonding that probably occurred during the previous loading stage. Stress transfer from 

epoxy matrix to ML grains might thus be weaker until higher force levels (accompanied by 

additional debonding) are supported by the specimen, contributing to the shifts in force 

between the points D, E and F. Figure 9b shows different fields of light emission in the zone 

of interest of the specimen. The distributions are homogenous, as expected for a homogeneous 



tensile test. However, the signal-to-noise ratio is low, leading to numerous negative values for 

A, B and C in particular. It can be noted that the variation in light emission is not the same 

over each cycle: the curves in Figure 9a do not superimpose. This could be the consequence 

of damage at the interfaces between the epoxy matrix and ML grains, which progressively 

reduces the stresses transferred to the grains at each load-unload cycle. Finally, although the 

present study is focused on light emission during loading, some comments can be advanced 

concerning the unloading stage. Figure 10 shows the variation in light emission during a 

whole loading-unloading cycle for Fmax = 140 N. Light emission decreased during the 

unloading stage, but residual light was present at the end of the cycle. This is why a waiting 

time should be respected before starting a new measurement. This constraint could be 

removed by applying continuous ultraviolet irradiation, as explained in Ref. [63], to overcome 

the drawback of afterglow time. 

 

Insert here Figure 9: Light emission during the loading stages in uniaxial tension: a) variation 

in average light emission for the different loading stages of the ML specimen; b) maps of light 

emission at the maximum force of each loading phase in the zone of interest of the specimen. 

 

Insert here Figure 10: Light emission during a loading-unloading cycle (for Fmax = 140 N) of 

the longitudinal ML specimen in uniaxial tension. 

 

 

Compression test on a single cylinder 

 

Before considering a granular system involving several particles, the present section aims at 

analyzing the light emission of the considered ML material during a heterogeneous test, 

namely the radial compression of a cylinder (see Figure 3b). Figure 11a shows the distribution 

of light emission for three loadings: Fmax = -500 N, -600 N and -700 N. A “light tunnel” is 

clearly evidenced between the upper and lower contacts, with light concentrations in the 

contact zones. Moreover, light emission magnitude increased with loading. Figure 11b 

presents the average light emission over two small zones close to the contacts during the 

loadings: it is worth noting that the results nearly superimpose, contrary to the uniaxial tests 

presented in the previous section. This could be explained by less damage being caused at the 

matrix/grain interfaces in the case of compression. Similarly to the uniaxial tensile tests, a 

yield force could be defined, separating non-detectable and detectable light emission, 



although its value is also difficult to identify (about -300 N). Note, however, that uniaxial 

tensile tests revealed ML specimens about 30% stiffer than non-ML specimens, see Fig. 6. In 

the case of cylinders of which only a part is ML (5 mm, for a total length of 50 mm), the 

external pressure applied to the ML part can be considered as also about 30% greater than that 

applied to the non-ML part. 

 

The question of the type of stress involved in mechanoluminescence has already been 

discussed in the literature from comparisons with finite element simulations. For instance, 

Refs [50, 64] compared simulated maps of various stress components with maps of light 

emission. A similar approach was adopted in the present study: Figure 12 shows the results of 

a finite element simulation for purposes of comparison with the experimental results. 

Simulation was performed under the hypothesis of plane stress. Isotropic linear elasticity was 

assumed, even though non-linearity was evidenced in uniaxial tension (see Figure 6b), for the 

sake of simplicity. Three types of stress are mapped and compared with the light emission 

distribution in Figure 11a-I. It can be claimed that the light emission is not related to the 

hydrostatic stress. Indeed, the distribution of the sum of principal stresses features a diabolo 

pattern (see orange color) contrary to the experimental image. Light emission appears to be 

related to the shear stress, as noted in Refs [50, 64], although it could be also attributed to the 

Von Mises stress. 

 

Insert here Figure 11: Radial compression of a ML cylinder: a) maps of light emission for 

three loadings: Fmax = -500 N, -600 N and -700 N; b) variation in average light emission over 

two small zones close to the contacts during the loadings. 

 

Insert here Figure 12: Radial compression of a cylinder: comparison between finite element 

simulation and experimental result. 

 

 

Granular systems under confined compression 

 

Two granular systems involving more than one cylinder and more than two contacts per 

cylinder are now analyzed. The objective is to distinguish distinct light emissions at the 

interparticle contacts as a consequence of distinct contact forces (expected especially in 

polydisperse granular systems). First, Figure 13a presents the light emission map obtained by 



applying a vertical compression force Fmax of -700 N to the three ML cylinders shown in 

Figure 3c. In the following, cylinders 14 mm, 17 mm and 20 mm in diameter are indicated by 

S (small), M (medium) and L (large) respectively. It can be noticed that the light emission at 

the S-M contact is greater than the light emission at the S-L contact. This result is quite 

logical. Indeed, the normal of the S-M contact is slightly better aligned with the vertical 

applied force than the normal of the S-L contact: more force is transferred from S to M than 

from S to L. Moreover, stresses tend to increase when the dimensions decrease, everything 

else being equal. In addition, the stress flow is more clearly evidenced in the smallest cylinder 

(S). Figure 13b shows the variation in mean light emission in the contact zones as a function 

of the applied vertical force. Data were extracted as the average values over the small blue 

zones on either side of the contact (see image). It can be observed that the light emission of 

the S-L contact (in red) is lower than that of the S-M contact (in black), even if there are 

significant fluctuations over the course of the loading. A change in slope can be noted in the 

graph at about -450 N. It could be due to a yield separating non-detectable and detectable light 

emission as indicated above. But, similarly to the situation of figure 3-d in Ref. [62] in a 

different context, the first slope could be related to a tribology effect (triboluminescence) 

accompanying the formation of the (frictional) contact between the cylinders. Figures 13c and 

d show zooms in the S-L and S-M contact zones respectively, for two external force levels 

(Fmax = -500 N and -700 N) using the same color scale as in Figure 13a. Clearly, the higher 

the applied external vertical force, the greater the light emission. As a conclusion, 

mechanoluminescence appears to provide coherent qualitative information about contact 

stress intensity between the cylinders. 

 

Insert here Figure 13: Confined compression of three ML cylinders: a) light emission under 

Fmax = -700 N, b) variation in average light emission in the cylinder-cylinder contact zones 

during compression as a function of the vertical force until Fmax = -700 N, c) close-up of the 

contact zone between small-medium cylinders, d) close-up of the contact zone between small-

large cylinders, 

 

As a final case, Figure 14 considers a more complex configuration of fifteen cylinders, among 

which three are ML (see “Experimental set-up” section and Figures 3d and e). Figure 14a 

shows the reference image considered to measure changes in light intensity. Two comments 

can be made regarding this image: 



 non-ML cylinders are slightly illuminated by the ML cylinders due to the residual 

luminescence of the latter. This means that at any time, the measured light at a given 

ML material point is the sum of its own light emission due to the local stress and of 

the light coming from the immediate ML environment. Suitable image processing 

should be considered to remove the part due to the surrounding ML light, but this is 

out of the scope of the present study. Note, however, that in this context the fact that 

only one end of the ML cylinders (the last 5 mm) was actually ML is expected to be 

advantageous, by reducing the light in the entire set-up; 

 several contacts can be identified from this image. For instance, cylinder S is in 

contact with 6 cylinders, while cylinders M and L are both in contact with 4 other 

cylinders. However, this does not mean that all the contacts transfer forces under 

macroscopic loading. Similarly, although two cylinders appear to be in contact with 

the horizontal top plate, it is not possible to know a priori how the loading is 

distributed between them. Indeed, any infinitesimal difference in the location of these 

two cylinders with respect to the plate leads to large variations in the distribution of 

forces. Some responses can be obtained from the light emission at the contacts, as 

explained in the next paragraph. 

 

Figure 14b shows the distribution of light emission for a vertical force of -1500 N. The 

following comments can be made concerning this figure, in which non-ML cylinders are 

numbered from #1 to #12 for identification purposes: 

 although cylinder S was in contact with six cylinders, it was actually subjected to three 

active contacts. By “active contact”, we mean a contact that transfers significant 

forces. There was a strong light emission at the contacts with cylinders #11, L and M. 

No light emission was detected at the contacts with cylinders #6, #7 and #10, meaning 

that the corresponding forces are below the yield force separating non-detectable and 

detectable light emission; 

 the non-detection of forces between S and #6 and between S and #7 is probably due to 

the orientation of the corresponding contact normals: the latter were nearly 

perpendicular to the macroscopic vertical force. The non-detected force between S and 

#10 is probably due to the fact that cylinder #10 was not “really” in contact with the 

horizontal plate. In other words, cylinders #10 and #11 were not perfectly aligned with 

the horizontal top plate: the latter touched “first” cylinder #11. Thus cylinder #10 did 

not transfer significant force to cylinder S; 



 the four contacts of cylinder L were all accompanied by light emission. Main force 

transfer is observed through opposite contacts L/S and L/#1, while L/#5 and L/#2 

contact force intensities were weaker; 

 cylinder M featured three active contacts (M/S, M/#3 and M/#8), although the fourth 

contact (M/#7) was accompanied by weak light emission. However, surface defects 

prevent further analysis (see for example the small black area in the center of the 

cylinder). 

This example opens perspectives for the experimental analysis of granular materials with 

larger numbers of particles, as discussed in the conclusion section. 

 

Insert here Figure 14: Confined compression of fifteen cylinders among which three are ML: 

a) reference configuration; b) light emission under -1500 N. 

 

 

Conclusion 

 

The study showed that mechanoluminescence is a physical phenomenon that could be used 

advantageously for the micromechanical analysis of granular materials: 

 mechanoluminescence could be used to evidence the so-called “strong” network in 

granular systems. Let us recall that the distribution of interparticle contacts is usually 

split into a strong network and a weak network as a function of the contact force 

intensity [45]. The strong network supports the main part of the externally applied 

loading, while the role of the weak network is only to sustain system equilibrium. 

Identifying the strong network is useful for the understanding of the mechanical 

response of granular materials; 

 it is well known that the contact force network is strongly impacted by any slight local 

fluctuation in the material properties of the particles, and in their shapes and 

dimensions, as well as in the boundary conditions, making it difficult to compare 

experimental results with simulation results using discrete element methods at a local 

scale. Mechanoluminescence appears to be a simple way of identifying active 

contacts, information that could then be implemented in simulations. 

Although the number of cylinders in the present study was small, applications to much larger 

numbers of particles can be envisaged. 
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Figure 1 Material elaboration: a) mold for cylinders; b) cylinders used to create granular 

systems; c) mold for dumbbell-like specimens; d) non-ML and ML dumbbell-like specimens 

used for uniaxial tensile tests. 

  



 

 

Figure 2 Emission spectrum of the epoxy-(SAO-ED) composite recorded at room 

temperature upon ultraviolet excitation (365 nm). 

  



 

 

Figure 3 Experimental set-up: a) uniaxial tensile test on a longitudinal specimen; 

b) schematic view of the radial compression of a ML cylinder; c) confined compression of 

three ML cylinders; d) confined compression of a granular system composed of ML and non-

ML cylinders; e) overall view of an experiment. 

  



 

 

Figure 4 Mechanical loading applied: a) for longitudinal specimens; b) for granular systems. 

  



 

 

Figure 5 ML longitudinal specimen: a) image taken at 300 N; b) distribution of light intensity 

of the reference image, taken before mechanical loading; c) distribution of light intensity at 

300 N; d) distribution of change in light intensity. 

  



 

 

Figure 6 Mechanical response in uniaxial tension for successive loadings with increasing 

maximum force: a) specimen without ML powder, i.e. pure epoxy specimen; b) ML 

specimen. 

  



 

 

Figure 7 Fractography analysis by SEM of the longitudinal specimens: a) non-ML specimen; 

b) to d) ML specimen. Secondary electrons were used for images a to c whereas backscattered 

electrons were used for image d. 

  



 

 

Figure 8 Fractography analysis by SEM of the ML longitudinal specimen. Images a, c and d 

were obtained using secondary electrons whereas image b was obtained using backscattered 

electrons. 

  



 

 

Figure 9 Light emission during the loading stages in uniaxial tension: a) variation in average 

light emission for the different loading stages of the ML specimen; b) maps of light emission 

at the maximum force of each loading phase in the zone of interest of the specimen. 

  



 

 

Figure 10 Light emission during a loading-unloading cycle (for Fmax = 140 N) of the 

longitudinal ML specimen in uniaxial tension. 

  



 

 

Figure 11 Radial compression of a ML cylinder: a) maps of light emission for three loadings: 

Fmax = -500 N, -600 N and -700 N; b) variation in average light emission over two small 

zones close to the contacts during the loadings. 

  



 

 

Figure 12 Radial compression of a cylinder: comparison between finite element simulation 

and experimental result. 

  



 

 

Figure 13 Confined compression of three ML cylinders: a) light emission under Fmax = -700 

N, b) variation in average light emission in the cylinder-cylinder contact zones during 

compression as a function of the vertical force until Fmax = -700 N, c) close-up of the contact 

zone between small-medium cylinders, d) close-up of the contact zone between small-large 

cylinders, 

  



 

 

Figure 14 Confined compression of fifteen cylinders among which three are ML: a) reference 

configuration; b) light emission under -1500 N. 

 

 


