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Abstract 
 

Enhancement of 

Mechanoluminescence Sensitivity of 

SrAl2O4:Eu2+,Dy3+Composite by 

Ultrasonic Curing Method 
 

Tomas Webbe Kerekes 

Department of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 
 

In this thesis, we present a novel approach to enhance the mechanoluminescent 

(ML) sensitivity of composite made with epoxy resin and strontium aluminate co-

doped with europium ions and dysprosium ions (SAOED) by subjecting it to 

ultrasonic vibration throughout the curing process. Four molds of epoxy/SAOED 

composite were subjected to different ultrasonic frequencies; 200 kHz; 120 kHz; 40 

kHz and control 0 kHz. Tensile strain was applied to the cured specimens and their 

ML reaction was video recorded. The images were analyzed in order to obtain the 

light intensity (LI) variation for generating an ML light intensity change ratio (LICR) 

analysis and minimum measurable strain ML sensitivity evaluation. Scanning 

electron microscopy (SEM) was used to observe the interphase bonding differences 

of each sample and micro-computed tomography (micro-CT) test was conducted to 
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examine the particle dispersion in the composites. The results showed that applying 

ultrasonic vibration during the curing process increased the ML sensitivity of the 

composite by strengthening the interphase bonding. 

 

Keywords: Strontium aluminate, mechanoluminescent, ultrasonic 

vibration, wettability, stress/strain sensor, epoxy/SAOED 

composite. 
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1. Introduction 

 

1.1. Background and motivation 

SrAl2O4:Eu2+, Dy3+ (SAOED) was developed by Matsuzawa et al. in 1996 [1]. It is a 

green emitting phosphor with a long lasting and considerably bright 

phosphorescence [2]. SAOED is a persistent luminescent material (PLM) composed 

of strontium aluminate co-doped with lanthanide ions such as europium ion and 

dysprosium ion [3]. PLMs have developed into a relevant source of multi-functional 

materials with a wide range of applications in several fields [4-6]. It is well known 

that SAOED emits an intense light when it is subjected to elastic-plastic deformation 

or friction [7-10]. Moreover, the intense green  light  can  be  clearly  observed  by  

the naked  eye  in  the  atmosphere [11]. This characteristic has been successfully 

implemented as a sensing technique for structural health monitoring system capable 

of visualizing active cracks; crack propagation or stress concentration indicator [12-

14]; impacts and friction [17]; compression and film pressure sensor [15, 16]. 

Recently, ML has attracted the attention of numerous researchers due to its potential 

application in diverse types of mechano-optical devices [17] and nondestructive 

evaluation [18-21]. Research has been carried out regarding the feasibility to 

implement SAOED in the visualization and measurement of stress distribution in 

solids. Significant progress has been made and diverse concepts were proposed 

regarding the technical implementation of SAOED as a stress and strain full field 
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nondestructive sensing tool such as epoxy/ML composite [7, 8, 22-26]; ML sensing 

film and adhesive ML lamina [5, 27-31];  ML coating sensor [9, 32, 33]; ML sensing 

paint [34, 35]; structural health monitoring crack propagation sensor and concrete 

fracture prediction ML sensor [36, 37]; stress detection through imaging of ML 

distribution [38] and compressed ML powder pellets [39].  

Furthermore, researchers investigated several methods to enhance the LI, 

persistent luminescence (PL) and ML properties of SAOED and epoxy/SAOED 

composites in order to develop a high sensitivity ML sensor by means of  swift heavy 

ion irradiation and co-doping [40-56]; combustion synthetization of submicron and 

nanosized SAOED powder [57, 58]; hollow  microspheres preparation by  using  a  

solvothermal  co-precipitation  method [59] and electron beam bombardment (EBB) 

[60, 61]. However, there is no literature proposing the enhancement of the SAOED 

PL and/or ML properties by means of strengthening the interphase bonding between 

the SAOED particles and the matrix. 

Previous studies reported that the increased wettability between the filler and 

matrix improves the integrated bonding of an interphase [62-69]. One way to achieve 

this is by lowering the interfacial tension between the matrix and fillers. As the 

surface tension of liquid in general higher than that of solid, increasing the surface 

tension of solid fillers generally helps improve wetting and adhesion. Modification 

of surface tension of fillers can be done by dry (gaseous) or wet oxidation [70, 71]; 

electrochemical methods [72-74]; plasma etching or grafting [75-79]; polymer 

coating [80, 81]; chemical treatment [82-85] or high-energy irradiation [86]. Other 
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researches attempted to improve the interfacial bonding by subjecting epoxy/carbon 

fiber and epoxy/aramid fiber composites to ultrasonic vibration [87-89]. While those 

studies implicated that sonication enhanced wettability by reducing the surface 

tension of the epoxy resin, this is not valid as the surface tension of a matter hardly 

changes at the constant temperature. Instead, the enhanced adhesion between the 

fillers and epoxy, in the presence of vibration, may be attributed to the increased 

surface area of fillers and epoxy with direct contact. The sonic vibration may help 

the pinning of viscous epoxy into the rough surface of particles, thus increasing the 

contact area between two phases. This phenomenon is the reason on which this thesis 

is based.  

1.2. Objectives and thesis overview 

This study proposes a novel approach to enhance the sensitivity of epoxy/SAOED 

composite by subjecting the composite to ultrasonic vibration throughout the curing 

process. In regards to the novel approach, we compared ML sensitivities and 

minimum measurable strains for different sonication frequencies. After evidencing 

clearly enhanced sensitivity attributed to the proposed manufacturing approach, 

various characterizations were conducted to explain the phenomenon. ML particles 

dispersions with different ultrasonic frequencies were characterized by micro-CT. 

The interfacial contact between epoxy and SAOED particles was SEM observed. It 

is anticipated that the finding of this research would contribute to the development 

of a super-sensitive ML stress/strain sensor composite capable of measuring small 
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strain values with high accuracy, with the enhanced sensitivity to elastic and plastic 

deformation.  

2. Experimental 
2.1. Materials 

The ML composite was formulated with the weight ratio of 100 epoxy : 10 

SAOED powder. The epoxy resin used was West System® 105 Epoxy Resin®/207 

Special Clear Hardener™ (Gougeon Brothers, Inc.) The mixture of epoxy and 

hardener has a mix viscosity at 760 cps at 22.2°C when tested by ASTM D-2393. 

The cure-to-solid time is 10 to 15 hours and the cure-to-working strength time is 1 

to 4 days. Three different sizes of SAOED were obtained from LumiNova® (Nemoto 

& Co., Ltd.). The particle size was analyzed by the laser diffraction method in 

accordance with ISO 13320 using LS 13 320 Particle Sizing Analyzer® (Beckman 

Coulter Ltd.). The mean particle sizes for three particle types coded as M, F and FF 

were 27.09 μm, 15.45 μm and 3.32 μm, respectively. Figure 1 shows SEM images 

of the SAOED powders. Table 1 shows the detailed size information of SAOED 

particles, and Figure 2 shows the particle size distribution.  

   
Figure 1. SEM images of SOAED powders. (a) M 27.09 μm (b) F 15.45 μm (c) 

FF 3.32 μm. 

(a) (b) (c) 
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In our early study [90], the maximum intensity of green light from SAOED was 

shown at 520 nm wavelength by photoluminescence and mechanoluminescence 

(Figure 3). Characteristics of the stress-free persistence luminescence and 

mechanoluminescence are described in the literature [90-93]. 

 

Table 1. Particle size analysis results of SAOED powder. 

 Mean dia. (μm) Median dia.(μm) S.D. (μm) 𝐝𝟗𝟎 (μm) 

FF 3.328 3.131 2.158 6.381 

F 15.46 12.44 12.42 33.91 

M 27.09 26.28 17.60 51.27 

Note: S.D. stands for standard deviation; d90 is the 90th percentile particle diameter. 

 

 

Figure 2. Particle size distribution of SAOED particles. 
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Figure 3. Mechanoluminescence of SAOED composites [90]. 

 

2.2. Ultrasonic curing treatment (UCT) manufacturing procedures 

The silicone molds are made of Mold Max 30™ (Smooth-On, Inc).The molds 

were bonded on the up side of the metal sheet and the ultrasonic transducers were 

bonded on the down side. The ultrasonic transducers and ultrasonic generators were 

manufactured by Beijing Quanxin Ultrasonic Co. Ltd. 30 W ultrasonic transducers 

of three different frequencies, 40 kHz, 120 kHz and 200 kHz were employed in this 

study. The metal sheets are made of austenitic stainless steel; with its nonmagnetic 

property [91, 92], shields from electromagnetic interference that may affect the 

performance of the ultrasonic transducers. Photos of the UCT setup and detailed 

view of the metal sheets-transducer assembly are shown in Figure 4. 

A weight ratio of 100 epoxy : 10 SAOED was simultaneously mixed and 

degassed  using an impeller mixing machine inside a Lab1st® vacuum chamber 
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(~14.4 psi) for 5 min. Photos of the vacuum chamber and homemade mixer are 

shown in Figure 5.  

  
Figure 4. (a) UCT setup. (b) Metal sheets-transducer assembly. 

 

  
Figure 5. (a) Vacuum chamber and pump. (b) Impeller mixer for 

simultaneous degassing and mixing. 

 

The degassed epoxy/SAOED composite in liquid state was poured into the dog-

bone shaped molds and the ultrasonic generator turned on. Simultaneously a fan was 

turned on over the mold-sheet-transducer assemblies to avoid the creep. Both fan 

and ultrasonic generators were kept running for 7 hour nonstop. Finally, the 

ultrasonic generators were turned off after the 7 hour curing under sonication, then 

the hardened composite specimens were kept in room condition for another 4 days 

(a) (b) 

(a) (b) 



８ 
 

to allow complete cure. A schematic overview of manufacturing process of 

epoxy/SAOED composite is illustrated in Figure 6.  

 

 

 

Figure 6. Schematic overview of epoxy/SAOED composite UCT 

manufacturing. 
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2.3. ML sensitivity test setup and procedure 

Epoxy/SAOED composite dog-bone specimens with a thickness of 3 mm were 

manufactured from each frequency in order to compare their ML sensitivity.  

Specimen dimensions are shown in Figure 7. Manufacturing method is explained in 

Section 2.2. 

 
Figure 7. Dog-bone specimen dimensions. 

 

The specimens were subjected to uniaxial tensile test and their ML reaction was 

video recorded. The images were evaluated using an image processing software 

applying a greyscale range for measuring the PIV (pixel intensity value), and the LI 

variation was analyzed for ML sensitivity analysis and minimum measurable strain 

analysis.  

For ML sensitivity measurement, test procedures from previous literature [90, 93-

95] were employed. Five specimens from each frequency, control 0 kHz; 40 kHz; 

120 kHz and 200 kHz, were irradiated with 2100 cd light for 2 minutes. After that, 
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specimens were placed on the load frame in a complete dark environment and 

allowed to stress-free decay for 5 minutes. Next, the specimens were subjected to a 

maximum strain of 2.7% at 50 μm/s speed using a μTS –Meso-Scale™ (Psylotech) 

load frame with wedge tension-type grips. A Grasshopper 3 4.1MP® (FLIR Systems, 

Inc.) camera was used in conjunction with PTGrey Fly Capture 2® (FLIR Systems, 

Inc.) software for video recording. Figure 8 shows photos of the ML sensitivity test 

setup and a detailed view of the load frame without the dark environment cover.  

 

 

(a) 
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Figure 8. (a) Complete ML sensitivity test setup. (b) ML sensitivity test setup 

without dark environment cover. 

 

The PIV was measured and the mean LI variation from the gauge area (100 mm2) 

of the specimen was analyzed using the image processing software, FIJI ImageJ2® 

[96-98] as shown in Figure 9. A schematic drawing of the experimental setup is 

depicted in Figure 10. 

 

 
Figure 9. Image obtained during ML sensitivity test. 

 

(b) 

Area to analyze   
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Figure 10. ML sensitivity test setup. 

 

2.4. Minimum measurable strain test 

The minimum measurable strain is an important factor for any ML material in 

order to be applied as a strain/stress sensor. From our tests, the ML sensitivity was 

significantly enhanced, and the minimum measurable strain was determined using 

the specimens treated with 120 kHz, which gave the highest ML sensitivity. In order 

to compare the ML sensitivity difference, control 0 kHz specimens were also 

subjected to this test. Tensile displacement was applied with a speed of 10 μm/s. A 

picture was taken every 5 μm of displacement increment. The three particle sizes, M, 

F and FF were examined in this experiment.  The specimens were irradiated for 2 

minutes, and allowed to stress-free decay until the gauge area reached a PIV of 100. 

After that, tensile strain was applied. The environmental setup for irradiation 

intensity, hardware and software setup for this test were the same as described in the 

ML sensitivity test. Results are presented in Section 3.2. 

Light intensity analysis 

Epoxy/SAOED specimen 

Load frame 
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Camera 
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2.5 SEM analysis and micro-CT test 

The surface morphology of the samples was observed using a field-emission 

scanning electron microscope (FE-SEM) J JSM-7800F Prime, Supra 55VP (JEOL 

Ltd.) with prior Pt sputter-coating at 30 mA for 30 sec  using a Sputter Coater 

108auto (Cressington Scientific Instruments Ltd.)The treatment resulted in about ~5 

nm thickness of Pt coating.  

A Skyscan 1275® (Bruker Corp.) scanner was used to perform micro-CT analysis 

in order to examine the particle dispersion in the composite. Image processing was 

conducted by an in-house MATLAB® code. Figure 11 represents the image 

processing flow were noise from the images was reduced applying Gaussian filer, 

Median filter and erosion. This improved the definition of interface between the 

particles. The Otsu’s method was applied to define a proper threshold that discretizes 

the phase of particles and matrix. After binarization by Otsu’s method, the image 

was divided using the watershed algorithm to distinguish the particles. In this 

research, size of the images is 300×600×933 (voxels) and its physical dimension is 

5200 μm × 10400 μm × 17212 μm. 
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Figure 11. Image processing flow of raw image ( 𝐚) → 𝐛) → 𝐜) → 𝐝) → 𝐞) →

𝐟) → 𝐠)). 

 

2.6 Temperature-monitoring during ultrasonic curing  

During the UCT, heat might be generated by the sonicating action [99]. To 

minimize the effect of heat on interfacial bonding integrity between ML particles 

and epoxy resin, and to avoid the already mentioned heat-creep phenomenon, a fan 

was operated during the sonication process. Also, the in-situ temperature of 

composite mixture during the ultrasonic curing was monitored to examine any 

abnormal temperature peaks during the process. Three specimens from each 

frequency setup were monitored, using the equipment of cDAQ 9171 Compact DAQ 

Chassis; NI-9213 CSeries Temperature Input Module; J- Type 482 ℃ thermocouples 

and DAQExpress (National Instruments Corp.) software for data visualization and 

recording. Sampling rate was 0.2 Hz (1 sample every 5 seconds). Recording went on 

for 5 hours and 12 minutes. Figure 12 shows the temperature-monitoring setup. 
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Figure 12. Temperature-monitoring setup. 

 

As seen in Table 2, the results show there was no considerable temperature 

differences among the samples.  
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Table 2. Max temperature and time reached 

 

Frequency 

Thermocouple 1 Thermocouple 2 Thermocouple 3 

Max 

Temp 

Time Max 

Temp. 

Time Max 

Temp 
Time 

0 kHz 34.3 °C 53′ 15" 34.0°C 53′ 10" 34.5 °C 52′ 40" 

40 kHz 33.9 °C 51′ 00" 34.1 °C 50′ 15" 34.6 °C 50′ 45" 

120 kHz 34.5 °C 48′ 50" 34.2 °C 49′ 30" 34.3 °C 48′ 05" 

200 kHz 34.0 °C 47′ 25" 34.3 °C 47′ 30" 35.1 °C 46′ 40" 

 

Figure 13  shows the complete temperature history graph of the 12 thermocouples. 

The temperature profiles and max temperatures obtained were the same in the four 

UCT samples and as expected for any standard epoxy resin curing reaction.  

 

 
Figure 13. Temperature history profile graph of the 4 curing samples ( 3 

thermocouples per sample). 
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3. Results and Discussions 
3.1 ML sensitivity analysis 

The results showed that the ML sensitivity was clearly increased by applying 

ultrasonic vibration during the hardening stage and the sensitivity increments are 

dependent on the sonication frequencies. However, the PL property remained 

unaltered. The four samples showed the same LI values after specimens were 

allowed to stress-free decay for 7 minutes. The graphs in Figure 14, Figure 15 and 

Figure 16 show the average LICR curves of 5 specimens from each group; 0 kHz 

control; 40 kHz; 120 kHz and 200 kHz. Each graph corresponds to a different 

SAOED particle size; M; F and FF.   

 
Figure 14. M size SAOED particles average LICR values. 
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Figure 15. F size SAOED particles average LICR values. 

 

 
Figure 16. FF size SAOED particles average LICR values. 

Table 3 shows the slope (i.e., sensitivity) from the average values of the LICR vs 

engineering strain curves. A higher value means a steeper slope, i.e. a higher ML 

sensitivity. Calculation of the ML sensitivity corresponds to the LICR sections 

between strain 0.005 and 0.025 applying a formula ML sensitivity =

 𝐿𝐼𝐶𝑅 (0.025 − 0.005)⁄ .  The averaged ML sensitivities in Table 3 are also 

compared in the bar graph Figure 17.  
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Table 3. Comparison of ML sensitivity for different frequencies and sizes. 

Frequency M size  F size  FF size  

120 kHz 1.9191 2.9931 4.3000 

40 kHz 1.3500 2.0076 3.1947 

200 kHz 0.8659 1.6129 3.0924 

0 kHz 0.6500 1.4000 3.0848 

 

 
Figure 17. Comparisons of ML sensitivity for different sonication frequencies 

and sizes. 
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(i.e., unit value). We will describe increase percentage of the ML sensitivity for 

different sonication frequencies. For the M particle size, the 120 kHz group showed 

195% increment of ML sensitivity, which is the largest enhancement. The 40 kHz 
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and 200 kHz groups showed 108% and 33 % increases of the ML sensitivity, 

respectively. The 40 kHz group performs almost in the middle of 120 kHz and 200 

kHz. The 120 kHz group has the highest ML sensitivity by a considerable difference. 

For the F particle size, the 120 kHz group also has the highest ML sensitivity 

performance. The120 kHz group showed 114% ML sensitivity increasing percentage 

referring the 0 kHz group. It is followed by the 40 kHz group that shows 43% 

increases of the ML sensitivity. However, 200 kHz group showed 15% increases of 

the ML sensitivity compared to 0 kHz group.  

For the FF particle size, the 120 kHz group also showed the highest ML sensitivity. 

Compared to 0 kHz group, 120 kHz group showed 39% increases of the ML 

sensitivity. However, the 40 kHz and 200 kHz groups showed only 4% and 0.2% 

increases in the ML sensitivity through the section between 0.005 and 0.011 

engineering strain. Interestingly, the 40 kHz group showed a bilinear strain-LICR 

response, kinking at 0.011 engineering strain. The 4 groups show the same ranking 

order regarding LICR performance for the 3 particle sizes. This demonstrates that 

the UCT methods successfully enhances the ML sensitivity property of the 

epoxy/SAOED composite. Moreover, the considerable difference of the 120 kHz 

happens with the 3 particle sizes. Furthermore, the similarity between the 0 kHz 

control and 200 kHz groups also repeats. 

As reported in a recent literature [10], ML sensitivity of the FF size was distinctly 

the highest compared with other sizes. By setting ML sensitivity for M size to a 

reference (i.e., unit value), we also analyzed effects of ML sizes for each of the 
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sonication frequencies. For 0 kHz group, FF and F sizes showed 376% and 115% 

increases of the ML sensitivity, respectively. For 200 kHz group, FF and F sizes 

showed 257% and 86% increases, respectively. For 40 kHz group, FF and F sizes 

showed 137% and 49% increases, respectively. For 120 kHz group, FF and F sizes 

showed 124% and 56% increases, respectively. The particle size-dependence of ML 

sensitivity was reduced under UCT, as the overall ML sensitivity increased with 

application of UCT. 

 

3.2 Minimum measurable strain analysis 

The PL intensity decreases constantly while the specimen is subjected to 

tensile displacement until a certain strain is reached. For this reason, we considered 

that the minimal strain ML reaction occurs at the first indication of LICR downward 

trend counteract. As shown in Table 4, the 120 kHz specimens; the M particle 

specimen showed a minimal strain ML reaction of 9.972x10-4 ; the F particle 

specimen showed a minimal strain ML reaction of 8.547x10-4 and  the FF particle 

specimen showed a minimal strain ML reaction of  7.123 x10-4 . For the control 0 

kHz specimens, the M particle specimen showed a minimal strain ML reaction of 

1.2821 × 10-3  ; the F and FF particle specimens showed a minimal strain ML reaction 

of 1.1396 × 10-3 . The specimens subjected to the 120 kHz frequency UCT method 

require less strain in order to observe ML reaction, compared to the control 0kHz 

specimens. As expected, the sensitivity increases as SAOED particle size decreases. 

In other words, the smaller the particle the less strain is required to observe ML 
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reaction. However, the minimal strain ML sensitivity difference between the 3 

particles sizes is relatively small. It’s worth mentioning that even more specific 

values could be obtained if smaller tensile displacement increments are applied.    

Table 4. Particle size and minimal strain ML reaction. 

SAOED  

particle size 

Minimum measurable 

120 kHz 

Minimum measurable 

0 kHz 

M 0.0009972 0.0012821 

F 0.0008547 0.0011396 

FF 0.0007123 0.0011396 

 

3.3 Fractography for UCT Sonicated Interface Bonding with SEM. 

3.3.1 Fractography after tensile test at room temperature 

SEM images were taken from the fractured cross section area of specimens in 

order to observe the interfacial bonding and dislocation of the SAOED particles and 

epoxy resin. The fracture was induced during the uniaxial tensile test described in 

Section 2.3. Figure 18. shows the images from the 4 frequency specimen groups and 

M 27.09 μm particle size. Focusing on the interfacial bonding, interfacial bonding 

states observed in the images are consistent with the results obtained in the ML 

sensitivity analysis. Physically, higher ML sensitivity and low minimum measurable 

strain are attributed to effective stress transfer from epoxy resin to ML particles.  

Figure 18 (a) and (b) shows a weak interfacial bonding of 0 kHz group. A gap around 

the entire perimeter of the particles can be observed in 0 kHz group. Figure 18. (c) 

and (d) of a 40 kHz specimen show relatively well bonded perimeter around the 
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particle to the epoxy. However, small section of the perimeter presents gaps and there 

is an overall unevenness through the perimeter of the particle. In Figure 18(e) and (f) 

of a 120 kHz specimen, there is minimal gap or no gap all around the perimeter of 

the particles. Moreover, the particle at the center of the Figure 18 (e) remains 

completely bonded to the epoxy although it was severely fractured when pulled by 

tensile loading. In Figure 18 (g) and (h) of a 200 kHz specimen, although no gap can 

be seen through the perimeter of the particles, there are voids left from other particles 

where completely teared out from the epoxy. Furthermore, the surface of these voids 

is porous, possibly as a result of the micro-bubbles generated on the surface of the 

particles due to the strong agitation from the high ultrasonic frequency [87]. 
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Figure 18. SEM of the fractured cross section of M 27.09 μm particle size (a, 

b) 0 kHz, (c, d) 40 kHz, (e, f) 120 kHz and (g, h) 200 kHz. 
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3.3.2 Fractography with slicing action 

A second SEM analysis was performed to specimens machined using a Leica EM 

UC7® microtome in order to obtain a clean-cut surface. 500 nm thickness layer 

samples were obtained by strong mechanical cutting action of the microtome 

diamond knife. Because of brittleness of SAOED particles and extremely thin sliced 

cutting, the SAOED particles are shredded after the microtome process. Moreover, 

because of collection of slices in a small water reservoir immediately after cutting 

and high specific weight of SAOED particles, parts of shredded particles are lost. 

From SEM images, we can directly observe and compare interfacial bonding 

integrity for different UCT frequencies. According to SEM image analysis, 

interfacial bonding integrity states were consistent with the order of experimental 

ML sensitivity. Figure 19 (a) and (b) of a control 0 kHz specimen show shredded 

particles clearly detached from the epoxy. Figure 19 (c) and (d) of a 40 kHz specimen 

indicates small pieces of shredded SAOED particles attached in the detached 

interface. This indicates slightly improved integrity by UCT sonication. However, 

surprisingly as shown in Figure 19, many small pieces of the SAOED particles are 

observed on the detached interface and moreover, SAOED particles are still attached 

with the epoxy resin. This strong evidence from the SEM images is well consistent 

with the highest ML sensitivity of 120 kHz group that is attributed to the effective 

stress-transfer from the epoxy resin to the SAOED particle. However, SEM images 

of the 200 kHz specimen as shown in Figure 19 (g) and (h) show similar interface 

integrity states with 0 kHz group. 
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Figure 19. SEM of the microtome machined samples. F 15.45 μm particle size. 

(a), (b) 0 kHz. (c), (d) 40 kHz. (e), (f) 120 kHz. (g), (h) 200 kHz. 

 

3.3.3 Fractography at cryogenic temperature 

In order to observe bonded interface states between SAOED and epoxy, 

fractography analysis of cross sections fractured at cryogenic temperature is 

performed. Each specimen was submerged in liquid nitrogen for 90 seconds. The 

specimens were immediately fractured by hand once removed from the liquid 

nitrogen. In that way, it could be possible to observe in-tact interface. In this 

opportunity, energy-dispersive X-ray spectroscopy (EDS) was done simultaneously 

while observing the SEM images in order to evidence the particles. This was 

necessary due to the epoxy covering the particles.  
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Images from the fractured cross section area of the 4 frequency cryogenically are 

shown in Figure 21.  

Figure 21 (a) and (b) of a control 0 kHz specimen show an exposed SAOED 

particle surface with epoxy resin attached around its perimeter. Epoxy resin appears 

to be detached from the SAOED surface. Un-fractured SAOED particle is another 

feature from the 0 kHz group, which means relatively low integrity of the interfacial 

bonding. Figure 21 (c) presents a clean cut through a SAOED particle in a 40 kHz 

specimen. From a closed-up of the interfacial part in Figure 21 (d), some gaps from 

slight interfacial debonding are observed through the partial perimeter of the particle. 

At least, this particle is cut through by the fracture action. As shown in Figure 21 (e) 

and (f) of the 120 kHz group, we could observe many small and sharp pieces mostly 

around the perimeter of the particle, which are certainly by the UCT sonication. The 

interface between SAOED and epoxy is clearly distinguished by the different 

fractured surface pattern. Well-bonded interface is also consistent with the highest 

ML sensitivity. Figure 20. 21 (g) and (h) from the 200 kHz specimen show a 

fractured cross section of a SAOED particle. Gaps between SAOED and epoxy by 

the interface debonding are also observed like the 0 kHz and 200 kHz group. 
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Figure 20. SEM of the cryogenically treated samples F 15.45 μm particle size. 

(a), (b) 0 kHz; (c), (d) 40 kHz; (e), (f) 120 kHz; (g), (h) 200 kHz. 

3.4 Dispersions of UCT epoxy/SAOED Composites by Micro Computed 

Tomography 

Micro-CT analysis was done to quantitatively compare the dispersion of composites 

according to the ultrasonic frequency. The morphological properties of the particles 

and their cumulative distributions were estimated in order to quantitatively compare 

the dispersion of composite. 

 

3.4.1 Nearest Neighboring Distance 

Nearest neighboring distance (NND) was defined as the minimum distance a particle 

geometrical centroid from another. The NND i-th value of the particle can be 

expressed as  

 
𝑁𝑁𝐷i = min (∑ √(𝑥𝑘

𝑖 − 𝑥𝑘
𝑗
)

2
3
𝑘=1 ) where i ≠ j (1) 
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 According to the definition of NND, every particle has one NND value and two 

particles that have the nearest distance shares the same NND value. 

 

3.4.2 Quantitative Comparison According to the Ultrasonic Frequency 

Figure 22 shows the specific views of the composites according to the 0 kHz; 40 kHz; 

120 kHz and 200 kHz frequencies. 

 

 
Figure 21. Schematics of the composites according to the ultrasonic frequency. 
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Voxel based models were obtained from the image processing flow, described 

previously. The volume, surface area, geometrical centroid and NND values of every 

particle were computed using the in-house MATLAB® code. 

Table 5. Morphological Properties of the Particles in Composites. 

Ultrasonic 

Wave 

Frequency 

Number of 

Particles 

Particle’s 

Average 

Volume 

Particle 

Average 

Surface 

Area 

Particle 

Average 

NND 

0 kHz 8663 5497.3 3504.3 16.7224 

40 kHz 9790 4511.4 3028.8 15.3443 

120 kHz 10756 4016.4 2678.5 14.7299 

200 kHz 10202 4286.7 2884.3 15.0717 

 

Table 5 shows the Morphological information of the particles in the composites of 

each frequency. The composite subjected to 120 kHz has the highest number of 

particles and the lowest average volume and surface area. This phenomenon suggests 

that for the 120 kHz, the particles has been broken by the ultrasonic pulse of the 

frequency and stress was efficiently applied to the particles.  In addition, the 120 kHz 

frequency has the lowest average NND, indicating that the number of particles 

packed in a same volume was increased due to the influence of frequency pulse. This 

decrease of the average NND results in the increase particle number, i.e. particle 

density. We conclude that the increase of particle density also contributes to the ML 

sensitivity enhancement.  
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The cumulative distribution function of the NND of particles was examined to 

demonstrate the difference of NND and the dispersion of particles for each frequency. 

Figure 23 shows the NND of the particles in composite. The result shows that the 

cumulative probability increases for a same NND value varies from 0 kHz to 120 

kHz and decreases from 120 kHz to 200 kHz. The higher cumulative probability 

value for same NND, the higher number of particle density, followed by 0 kHz, 40 

kHz, 200 kHz, and 120 kHz. However, the number of particle density of the 40 kHz 

and 200 kHz was almost identical.  

 

 
Figure 22. CDF distribution of the particle NND 

 

The probability density function (PDF) of the particle surface area and volume was 

also evaluated to examine the effect on ML sensitivity of the composites, as depicted 

in Figure 24. The PDF of the surface area and volume for minimum to maximum 

value was evaluated and the PDF for small surface area and small volume was 
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examined to show the difference of the particle surface area and the volume for each 

frequency. Results show that the probability density in small volume range (20~200) 

increases in the order of 0 kHz; 200 kHz; 40 kHz and 120 kHz. This implies that the 

particles could been broken due to the ultrasonic pulse, as there are many particles 

in a small volume and surface area region. This result is identical to the ML 

sensitivity analysis in section 3.1. This suggests that ML sensitivity enhancement 

occurs as a result of the smaller volume of particles due to the breaking effect of the 

ultrasonic pulse.  

 

 
Figure 23. Probability Density Function of the Particle Surface Area and 

Volume. 
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3.5 Physical Mechanisms of Interfacial Bonding Augmentation by UCT 

Method 

Sonication of a liquid creates pressure waves in the liquid and microscopic 

bubbles from cavitation [100]. Cavitation effect is the sudden and explosive collapse 

of these bubbles  that can generate ‘‘hot spots’’, i.e. localized high temperature and 

high pressure shock waves, and severe shear force capable of breaking chemical 

bonds. Sonication enhance a variety of chemical and physical processes [99]. The 

nuclei of liquid subjected to ultrasonic frequency will expand or contract if the 

external pressure is made to change, and liquid will evaporate into the partial void 

produced. Although true voids are not present, this is the process generally referred 

to as cavitation, when the pressure changes are sufficiently large and rapid [101]. 

The higher surface release energy of the filler (particles or fibers) due to the 

cavitation resulting in good wetting of the fillers by the epoxy resin, which increases 

the molecular interaction at interface and in turn enhances the load transfer to the 

filler.  Cavitation is likely to force epoxy resin into the interfibril or porous structure 

of the filler and increases the surface bonding, which contributes to increase the 

interlaminar shear strength ( ILSS) [88]. Sonication  decrease the viscosity  and 

surface tension of the resin system, and increase the wettability due to the cavitation 

effect [87]. The group subjected to 120 kHz UCT method showed the highest LICR 

as a result of the relation between frequency and the size of cavitation nucleus 

cavitation [101]. For any assumed nuclear radius an upper threshold in frequency 

must exist above which the conditions for true cavitation can never be realized. An 
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increase in frequency for any given cavitation bubble size will result in the changes 

in bubble radius becoming less violent and finally degenerating into comparatively 

gentle oscillations as the frequency is increased above the resonant value of that 

particular size. Sometimes the change from cavitation to non-cavitation conditions 

will be a gradual one and no precise point can be fixed for the threshold. On the other 

hand, the change can be extremely sharp [102].  For a given cavitation nuclear size 

there is an optimal frequency that generates the most cavitation. On the other hand, 

the group subjected 200 kHz UCT method showed the lowest LICR because the 

effects of ultrasonic cavitation will cease above a certain frequency range as a 

consequence of the limitations in the expansion of the cavitation nucleus. Cavitation 

phenomena will diminish and finally disappear as the frequency is raised. [103]. 

When the ultrasonic frequency exceeded a certain value, the interfacial bonding 

decreased greatly. Under excessive treatment, ultrasonic etching action to the filler 

is so outrageous to produce a weak boundary layer on the fiber surface. This result 

in more micro-bubbles on the surface of the filler due to the stronger agitation action 

of ultrasound, which finally caused the weak point in the interlayer between the filler 

and matrix, and decreased the values of interfacial shear strength (IFSS) [87].  

Due to the direct relation between the frequency propagation and the density of the 

media (epoxy) [104, 105] , different results might be obtain if another brand of epoxy 

resin is used instead of the one used in this research.  
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4. Conclusion and Future Works 
 

4.1 Conclusion  

In this thesis, we present a novel approach to enhance the sensitivity of composite 

made with epoxy resin and strontium aluminate co-doped with europium ions and 

dysprosium ions by subjecting it to ultrasonic vibration throughout the hardening 

phase. Epoxy/SAOED composite in liquid state was poured into four separated 

molds in order to cast dog bone specimens. Three molds were subjected to a different 

ultrasonic frequency, 200 kHz, 120 kHz and 40 kHz for seven hours nonstop while 

the fourth mold was used as control sample with no frequency applied. This process 

was repeated three times using commercial SAOED powders with different average 

particle sizes, 27.09 μm, 15.45 μm and 3.32 μm. Once the curing time was completed, 

the specimens were subjected to tensile strain and their ML reaction was video 

recorded. The images were evaluated with an image processing software using 

greyscale values to measure the variation LI in order to generate a LICR analysis. 

SEM was used to observe the interphase bonding between particles and epoxy and 

micro-CT was implemented to perform dispersion analysis. The following 

conclusions can be drawn: 

I. UCT method successfully enhances the ML property of epoxy/SAOED composite. 

All frequencies, 40 kHz, 120 kHz and 200 kHz generate an effect in the composite 

enhancing its ML property compared to the control 0 kHz specimens. The 120 kHz 
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frequency has the highest effect on the epoxy/SAOED composite while the 200 kHz 

has a minimal effect.  

II. Epoxy/SAOED composite subjected to UCT method has ML property sensitivity 

increase. The 120 kHz specimens ML property reacts at less strain compared to the 

control 0 kHz specimens. 

 III. UCT has no effect on the PL property of epoxy/SAOED composite. The initial 

LI measurement is the almost identical in the 4 frequency groups. After 2 min 

irradiation and 5 min stress-free decay the M particle size has initial LI of 119.0 PIV 

for the 0 kHz and 118.7 PIV for the 120 kHz; F particle size has initial LI of 111.8 

PIV for 0 kHz and 111.6 PIV for 120 kHz; FF particle size has initial LI of 101.9 

PIV for 0 kHz and 102.0 PIV for 120 kHz. This was expected due to the fact that 

trapping system of SAOED PL is result from the piecemeal release of charge carriers 

from trapping centers and their successive combination at a luminescent center. 

Furthermore, the inherent characteristics of the particles size regarding PL and LICR 

prevail despite the UCT. In other words, the larger particle has better PL while the 

smallest particle has a better LICR. This behavior occurs as a result of different 

charge carrier traps levels from different particle sizes and the increase of dislocation 

density in SAOED decreases its stress-free afterglow while increasing its ML. 

IV. ML sensitivity is enhanced in specimens subjected to UCT method due to the 

strengthening of the interfacial bonding. This was observed in the SEMs analyses. 

In addition, ML sensitivity is also enhanced by the particle density increase 
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generated by the breaking effect of the ultrasonic pulse. This was determined in the 

micro-CT dispersion analysis.  

 

4.2. Future Works 

The findings in this research contribute to the development of a super-sensitive ML 

stress/strain sensor composite capable to measure small strain values with high 

accuracy due to the enhanced sensitivity to elastic and plastic deformation. This 

novel technique can be applied to manufacture any kind of solid ML composite 

sensor. Further research should be carried out in order to develop an UCT method 

were the epoxy composite is subjected to different frequencies applied independently 

during specific periods throughout the curing process. Initially the epoxy is in liquid 

state, then enters into gelation state and finally into vitrification state; density of 

epoxy varies during the curing process and due to the relation between density of the 

media and frequency propagation, there is an ideal frequency for each density. 
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국문초록 

초음파 경화 법에 의한 SrAl2O4 : Eu2+, Dy3+ 

복합체의 기계 발광 감도 
 

 

토마스 웨베 케레케스 

기계항공공학부 

서울대학교 대학원 
 

이 논문은 에폭시 수지와 유로퓸 이온 및 디스프로슘 이온 (SAOED)과 

함께 도핑 된 스트론튬 알루미 네이트로 제조 된 복합재의 기계적 발광 (ML) 

감도를 경화 공정 전반에 걸쳐 초음파 진동에 노출시킴으로써 새로운 

접근법을 제시한다. 에폭시 / SAOED 복합체의 4 가지 몰드에 상이한 초음파 

주파수를가 하였다; 200kHz; 120kHz; 40 kHz 및 제어 0 kHz. 경화 된 시편에 

인장 변형을 가하고 그들의 ML 반응을 비디오 기록 하였다. ML 광도 변화율 

(LICR) 분석 및 최소 측정 가능한 변형 ML 감도 평가를 생성하기위한 광도 (LI) 

변화를 얻기 위해 이미지를 분석 하였다. 주사 전자 현미경 (SEM)을 사용하여 

각각의 샘플의 상간 결합 차이를 관찰하고, 마이크로-컴퓨터 단층 촬영 (micro-

CT) 시험을 수행하여 복합재에서의 입자 분산을 검사 하였다. 결과는 경화 

공정 동안 초음파 진동을 가하면 간 결합을 강화시켜 복합재의 ML 감도를 

증가시키는 것으로 나타났습니다.  
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6. Appendices 
 

Appendix A. Experimental results 

 

ML sensitivity results. 
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Temperature history results. 
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Appendix B. SEM images 

 

SEM images of fractured specimens at room temperature 
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SEM images of cryogenic treated specimens. 
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EDS report of cryogenic treated specimens. 
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SEM images of microtome treated specimens. 
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Appendix D. Materials and equipment 

 

 
Transparent epoxy resin and hardener. 

 

 

 
M size SAOED powder at simple view. 
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Silicone mold.  

 

 
Multy-frecuency ultrasonic generator 40 kHz, 80 kHz and 120 kHz. 
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Single high frequency ultrasonic generator 200 kHz. 

 

Homemade ultrasonic generator 40 kHz. 
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40 kHz ultrasonic transducer. 

 

 

 
120 kHz ultrasonic transducer. 
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200 kHz ultrasonic transducer. 

 

 

 
Sputter Coater 108auto Cressington®. 
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Field-emission scanning electron microscope JSM-7800F Prime, Supra 55VP. 
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Micro-CT scanner Skyscan 1275®. 

 

 

 
cDAQ 9171 Compact DAQ Chassis. 
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NI-9213 CSeries Temperature Input Module. 

 

 

 
J- Type 482 ℃ thermocouple. 
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Thermocouples inside silicone mold. 

 

 

 
Thermocouples embedded inside cured epoxy/SAOED specimen. 
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Appendix C. UCT system assembly 

 

 

 
JB Weld®, ultrasonic transducers and metal sheets prior to bonding. 

 

 

 
Metal sheets surface was roughen to improve the bonding efficiency. 
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sltrasonic transducers strongly bonded to the metal sheet. 
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Tin soldering the terminals. Positive (+) WHITE cable. Negative (-) is BLACK 

cable. 

 

 

 

Paper clips of 1 mm thickness are used as separator for the metal sheets. 
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JB Weld® adhesive is applied in both metal sheets in the specific points where the 

bond is meant to be. 

 

 

 

Metal sheets are clamped together for the JB Weld to cure. 
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Supports made of 3D printed angles and wood sticks. 
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