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INTRODUCTION

AE has become one of the most promising 
techniques applied in health monitoring [1–3] 
and failure detection [4–6]. The main advantage 
of this method is that it let to indicate the onset 
of propagation at the beginning of failure [7–9]. 
Acoustic waves are connected with strain energy 
release and emitted as a result of material failure 
[10]. During crack propagation the energy con-
tinues to release [11]. However, AE refers to fre-
quencies over 20 kHz and up to 1 MHz so that 
they cannot be heard by humans [4]. Based on 
the literature AE is one of the most reliable tech-
niques to monitor damage happened inside vari-
ous types of polymer materials during different 
kinds of fracture tests [12–14]. AE technique is 
widely used in the case of various specimens, e.g. 
made of laminates [8, 9] or adhesively bonded 
metals [14]. The range of frequencies of the emit-
ted elastic waves are different in case of various 
materials and conditions and may also vary in 
case of damage types occurred [1, 3, 13, 15–17]. 

Based on the literature many defects occurred in-
side materials can be referred to specific ranges of 
AE frequencies, e.g. 63 kHz was correlated with 
matrix cracking whereas 213 kHz was assigned to 
fiber breakage in glass/epoxy laminates [4].

Acoustic emission signals are registered us-
ing piezoelectric sensors due to conversion of 
stress waves released inside material. This sig-
nals are known as hits (events) [1, 15]. Number 
of hits is one of the most important AE param-
eters. Other useful parameters are: number of 
counts, peak amplitude value, rise time (RT), 
duration, threshold, AE frequency (fAE) and AE 
energy (EAE). Threshold need to be set in order 
to distinguish the signal from noise. Counts mean 
the value of times the threshold is crossed by a 
waveform while amplitude is rising, as indicated 
in Figure 1. AE energy means the energy regis-
tered during elastic waves release. Rise time is a 
period of time during which the amplitude rises 
until it gains its maximum value. Time duration is 
a time between the first and the last time when a 
waveform meets the threshold line [6]. Moreover, 
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amplitude is described as the maximum ampli-
tude of a hit [18].

AE analysis is based on applying useful sig-
nal analysis tools such as fast fourier transform 
(FFT) and WT, which helps to interpret the re-
sults. FFT let to decompose the obtained signal 
into sine and cosine functions in frequency do-
main showing signal components frequencies and 
amplitudes [19]. However, no information is giv-
en by FFT on when in time a particular frequency 
of event occurred. While FFT is based on using 
analysis of waves, WT analyzes wavelets which 
are “small waves” with their energy focused in 
time [11]. Hence, WT is a solution to get the more 
accurate information because it is also localized 
in time [20, 21]. WT has become an important 
analysis tool used for structure of signal analysis 
[22]. Moreover it can be also applied to inhomo-
geneous functions [11].

Cured epoxy resins are applied in contempo-
rary engineering as coatings or adhesives. More-
over, they are also widely used as fiber reinforced 
polymer (FRP) composites’ matrices [23, 24]. It 
is crucial to evaluate the mechanical behavior of 

cured epoxies because they are generally quite 
brittle and have relatively low fracture toughness 
[25, 26]. Damage monitoring, especially using 
AE can help to detect damage just after it initiates 
and prevent further catastrophic failure. Although 
cured epoxy resins have some disadvantages such 
as their brittleness they are characterized as ma-
terials with excellent adhesive properties, tolerant 
to changing environmental conditions, resistant 
to corrosion as well as to different chemical con-
ditions [27–31].

The main goal of the prezented work was to 
test adhesive material during DCB test, which is 
a mode I fracture test. However, it would not be 
possible to open a specimen using testing ma-
chine if a specimen is made of adhesive mate-
rial only. Thus, aluminum flat bars were used as 
a stiffening elements which helps to conduct the 
experiment. Note that bonded joints between test 
material and aluminum flat bar surface must be 
strong enough. However, the aim of the research 
is to test adhesive layer only, not the adhesive-
flat bar joint. Hence, the adhesive layer was quite 

Figure 1. Schematic view of acoustic emission signal and its parameters [2]

Figure 2. Schematic view of DCB specimen
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thick and stiffening elements (aluminum flat bars) 
were just used to support the test.

The paper presents an adaptation of ASTM 
D5528-13 Standard [32] to monitor polymer fail-
ures. Figure 2 shows a schematic 3D model of a 
specimen used for DCB testing. All dimensions 
are indicated. During the test AE was used to reg-
ister the parameters of elastic waves.

In the paper [33] the technological aspects of 
the joint were discussed, in particular the method 
of controlling the gap and the various adhesive 
products used to join the parts. The design pro-
cess consisted of determining the geometry of the 
adhesive bond basing both on available adhesive 
models as well as real life testing and the techno-
logical solutions applied.

EXPERIMENTAL PROCEDURE

Specimens preparation

The paper investigates the AE signals emit-
ted during fracture of DCB specimens made of 
two layers of aluminum flat bars and internal 
epoxy layer placed between them. Specimens di-
mensions (in relation to Fig. 2) were as follows: 
specimen length l = 210 mm, pre-crack length a 
= 65 mm, width b = 25 mm, thickness h = 8 mm, 
wherein the thickness of cured epoxy resin was 
equal to 4 mm. Aluminum flat bars with a thik-
ness of 2 mm made of alloy EN-AW 6060/6063 
with modulus of elasticity and modulus of rigid-
ity equal to 69 GPa and 26 GPa, respectively were 
used to prepare the specimens. During the test it 
was crucial to make the crack propagates directly 
inside of polymer and prevent the propagation 
goes near or into the surface of aluminum flat bar. 
To ensure that adhesive properties of the flat bar 

surface are good enough, before use their interior 
sides were firstly treated by sand paper P150, then 
sandblasted and finally degreased three times us-
ing Loctite 7063.

Two kinds of epoxy materials were fabricat-
ed at laboratory conditions. Material symbols (I, 
II) and material designations were assigned and 
given in Table 1. Two types of epoxy resins as 
well as two types of curing agents were selected: 
Epidian 53 epoxy resin (E53) cured with Z1 cur-
ing agent and Epidian 5 epoxy resin (E5) cured 
with PAC curing agent. In both cases the proper 
amount of curing agent was added to a weighed 
epoxy resin, which was expressed as a percentage 
of a total weight of resin. According to that, Z1 
curing agent was added to E53 in the amount of 
10% of a total weight of E53 wheras PAC curing 
agent was added to E5 in the amount of 60% of a 
total weight of E5. In both cases the mixtures of 
epoxy resin and curing agent were prepared by the 
same technique. Firstly, a three-minute blending 
process was conducted using a mechanical mixer 
with rpm set to 1130. Then a vacuum chamber 
with a pump was used to remove the air bubbles 
from the mixture. After this the blend was ready 
to fill the space between aluminum flat bars.

In order to prepare DCB specimens with a 
layer of cured epoxy resin thick on 4 mm and 
long on l-a = 145 mm (as indicated in Fig. 2) a 
specific steel counter-form was produced, as pre-
sented in Fig 3a. Then the counter-form was filled 
with the mixture of dual-component silicone rub-
ber and catalyst. By this way, the form to produce 
DCB specimens was fabricated, as shown in Fig 
3b. Each of the two recesses had the following 
dimensions given in mm: 210 × 25 × 8.

To get the appropriate length and thickness of 
polymer, rectangular aluminum pieces thick on 
4mm were placed between flat bars. The 3D mod-
el of a specimen taken out of the form is shown 
in Fig 4. After curing and 72-hour acclimatization 
aluminum pieces were removed.

Moreover, based on previously conducted 
preliminary examinations, besides pre-cracks the 
notches deep on 20–30 mm were additionally cut 

Table 1. Polymer materials symbols and designations
Material symbol Material designation

I E53/Z1/100:10

II E5/PAC/100:60

Figure 3. View of (a) the counter-form; (b) the form finally used for specimens preparation
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with emphasized deepening, as visible in Figure 5, 
to get a right direction of propagation. This way of 
specimen preparation induced that cracks propa-
gated inside the polymer material as assumed. Pre-
viously taken examinations on specimens made of 
flat bars without sandblasting or with a notch cut 
not so deep as 20–30 mm proved that this way of 
preparation was not sufficient to make the crack 
goes right inside the polymer. Therefore, addition-
al examination on aluminum flat bar surfaces was 
conducted to analyze surface parameters.

Surface analysis

In Fig. 6 the microscopic views of alumi-
num flat bars surfaces are presented. Keyence 
VHX-5000 with magnification of x500 was used 
to take the pictures. Three different types of top 
layer preparation were considered: no treatment, 
treatment using P150 sand paper and sandblast-
ing. Fig. 6a shows a surface non modified while 
Figs 6b-c shows surfaces having a modified 
physisorptive layer. As it can be seen there are 

Figure 4. 3D model of a DCB specimen: 1 – top aluminum flat bar; 2 – bottom aluminum flat bar; 3 – front 
aluminum piece; 4 – rear aluminum piece; 5 – adhesive layer (cured epoxy resin)

Figure 5. View of notches cut in DCB specimens: (a) material I; (b) material II
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characteristic machining traces depending on a 
treatment, which was applied to eliminate a top 
layer dirtiness.

Moreover, 3D T8000 RC-120-400 device 
produced by Hommel-Etamic which is generally 
used for measurement of contour, roughness and 
topography let to analyze the selected 2D and 3D 
roughness parameters of aluminum flat bars sur-
faces. Measuring tip with radius of 2 µm was used 
during the research. The following 3D roughness 
parameters were analyzed: Sq – root mean square 
value of the 3D profile datums, Sp – maximum 3D 
profile peak height and Sz – maximum 3D profile 
height. The isometric views of analyzed surfaces 
are shown in Figure 7. Based on the conducted 
research of selected roughness parameters and 
analysis of results it can be noticed that surface 
development is at appropriate level in the case of 
samples presented in Figures 7b–c. However, the 
right level of surface development is necessary to 
prepare the DCB specimens correctly. Influence 
of sandblasting treatment on geometrical devel-
opment of the surface is significant. It was ob-
served that all analyzed roughness parameters is 
five times higher than in case of surfaces with no 
treatment. Roughness parameters after sandblast-
ing are as follows: Sq = 2.30 µm, Sp = 15.2 µm 
and Sz = 29.6 µm. However, it can be inferred 
that both coated abrasive tool and sandblasting 

treatment let to eliminate dirtiness in physisorp-
tive layer efficiently. 

Furthermore, PGX goniometer equipped with 
dedicated software was used to determine surface 
free energy (SFE). All examinations took place at 
ambient temperature 19–21 °C and relative hu-
midity 45–50%. Measurements of contact angle 
were conducted minimum ten times on every 
specimen using both water and diiodomethane. 
Firstly, measuring plate was checked horizontal-
ly by optical contour. Liquids used to determine 
contact angles were placed on the surfaces auto-
matically by goniometer – as a drop with constant 
volume of 5 µl. For calculations the following 
values of surface free energy and its components 
were taken: water SFE γw = 72.8 mJ/m2, polar 
component of water SFE γp

w = 51.0 mJ/m2, dis-
persive component of water SFE γd

w = 21.8 mJ/
m2, diiodomethane SFE γd = 50.8 mJ/m2, polar 
component of diiodomethane SFE γp

d = 2.3 mJ/
m2, dispersive component of diiodomethane SFE 
γd

d = 48.5 mJ/m2. In Figure 8 some exemplary 
photos of measuring liquids used to determine 
contact angles and surface free energy. Moreover, 
mean values of contact angles for water and diio-
domethane were presented for three types of flat 
bar surfaces. In Figure 9 surface free energy and 
its components (dispersive and polar) is shown 
for three different top layer preparation.

Figure 6. Microscopic view of flat bar surfaces: (a) no treatment, (b) after P150, (c) after sandblasting

Figure 7. 3D contour diagrams of flat bar surfaces: (a) no treatment, (b) after P150,  
(c) after sandblasting; with three selected highness parameters given



398

Advances in Science and Technology Research Journal 2025, 19(2), 393–406

Figure 8. Mean values of contact angles for water: (a) no treatment, (b) after P150, (c) after sandblasting; mean 
values of contact angles for diiodomethane: (d) no treatment, (e) after P150, (f) after sandblasting

Figure 9. Surface free energy (SFE) for three types of flat bar preparation
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Conducted analysis clearly proves that sand-
blasting treatment positively affects on a top layer 
energetic state of aluminum alloy. Mean value of 
surface free energy for all types of surface prepa-
ration is almost at the same level and equals to 
about 59 mJ/m2. However, it is worth to notice that 
in comparison to other preparation methods, in 
the case of specimens after sandblasting treatment 
there is a lower scatter of results which is visible 
in a size of error bars. The lower the scatter of SFE 
results is the more homogeneous energetic state of 
the surface we have. It is one of the most neces-
sary conditions in the case of adhesive technology.

In Figure 10 the selected 2D roughness pa-
rameters (Rz – maximum height of the roughness 
profile, Rt – total height of the profile) as well 
as SFE polar component are presented. As vis-
ible, mean value of SEF polar component is at 
the same level in all three cases and equals about 
15 mJ/m2. However, after coated abrasive tool 
(P150) and sandblasting treatment the scatter of 
results is much lower than in the case of no treat-
ment. Values of roughness parameters are higher 
in the case of coated abrasive tool and sandblast-
ing treatment while reach the highest values for 
specimens after sandblasting – almost eight times 
higher than in the case of no treatment specimens. 

Higher roughness parameters values are advanta-
geous for geometric surface development. Thus, 
above described analysis let to conclude that the 
best preparation method of aluminum flat bar is a 
sandblasting treatment.

Test procedure

DCB tests were conducted using the Auto-
graph AGS-X 5kN universal testing machine 
manufactured by Shimadzu Corporation. Before 
the tests, piano hinges were bonded at both sites of 
each sample. Then, quasi-statical vertical loading 
was applied to DCB specimens with crosshead’s 
speed equal to 1 mm/min. Currently, AMSY-5 
system produced by Vallen Systeme GmbH was 
used to acquire acoustic emission parameters. 
The view of a loaded specimen for material I is 
presented in Figure 11. During examination the 
threshold was set to 0.05 mV (34 dB). All data 
was registered on computer’s hard drive.

The AE system consisted of master unit 
equipped with ASIP-2 – 18-bit resolution analog 
to digital transducer with band width 1.6 kHz – 
2.4 MHz and sampling frequency set to 10 MHz, 
AEP-4 pre-amplifier with 34 dB of gain and 
piezoelectric sensor 1045S manufactured by Fuji 

Figure 10. Polar component of surface energy versus two selected roughness parameters
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Figure 12. Microscopic view of a fracture surface after DCB test

Figure 11. View of a loaded DCB specimen

Ceramics Corporation, which let to register the 
signal frequency up to 1.3 MHz. AE sensor was 
attached in 30 mm distance from sample’s end. 
After the completion of data acquisition dedicated 
Vallen software was used to conduct the analysis.

RESULTS AND DISCUSSION 

Based on the material properties of exam-
ined epoxies it was expected that fracture of DCB 
specimens would be brittle for the two material 
types. Although material II consisted of PAC cur-
ing agent is more compliant than material I, in 
all cases brittle fracture occured that happened 
suddenly and was accompanied by a loud fracture 
sound. Microscopic views analysis of fracture 

surfaces after the DCB test shows that there are 
some phenomena which are characteristic for 
brittle fructure: cracks going out of pores and so-
called „river patterns”, which are defined as ofsets 
on a cleavage plane. Single cracks were observed 
near the notch surface, whereas in the middle of a 
fracture surface „river patterns” appeared. Micro-
scopic view of a fracture surface for material II is 
presented in Fig. 12.

During DCB tests hits, counts, amplitudes, 
frequencies (fAE) as well as values of peak force 
(PMAX) and corresponding energy (EAE) were 
stored on computer’s hard drive. In the next three 
figures (Figs. 13–15) mean values of energy and 
amplitude, number of hits and counts, as well as 
force and frequency were plotted, respectively. 
As it can be seen in Fig. 13 energy of emitted 
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Figure 13. Mean values of AE energy and amplitude for the two tested materials

Figure 14. Mean values of hits and counts for the two tested materials

elastic waves was very small and comparable for 
both materials. Mean values of EAE for material 
I and II were equal 0.287 nJ and 0.305 nJ, re-
spectively. The scatter of EAE results was quite 
high, however the full range of EAE values for 
all samples did not exceed 0.6 nJ and were ac-
curately in the range of 0.04–0.57 nJ. Moreover, 

mean values of amplitude were also compara-
ble in case of both tested materials and equal to 
90.45 dB for material I and 99.9 dB for material 
II. It is worth to note that the amplitude value of 
99.9 dB was the maximum value that could be 
registered by system. As it is presented in Fig. 
14 mean value of number of hits and counts was 



402

Advances in Science and Technology Research Journal 2025, 19(2), 393–406

Figure 15. Mean values of maximum force and AE frequency for the two tested materials

equal to 9.5 and 115.5 respectively for material 
I whereas it was equal to 24 and 784 for ma-
terial II, respectively. It can be concluded that 
both parameters were much greater in the case of 
material II. The number of counts for material II 
was over five times of counts for material I. The 
number of hits for material II was about 150% 
greater than for material I.

Mean values of acoutic emission frequency 
versus maximum force were plotted in Fig. 15. As 
it is visible in the graph mean value of fAE for ma-
terial I and II was equal to 117.5 kHz and 45 kHz, 
respectively which means that the difference was 
of 2.6 times. Mean values of maximum force reg-
istered for material I and II were comparable and 
equal to 55.95 N and 63.7 N, respectively which 
means that no differences can be noticed based 
only on a force analysis. Based on the conducted 
analysis it can be concluded that each of the two 
tested materials presented different behavior in 
terms of emitted acoustic signals. However, the 
most reliable parameters seem to be hits, counts 
and acoustic emission frequency because in the 
case of them the differences between materials 
were the most visible as well as the scatter of re-
sults was very low in most cases. Hence, above 
mentioned parameters are better candidates to in-
detifying failure inside tested polymers and give 

more accurate results than acoustic emission en-
ergy, amplitude and peak force which let to get an 
overall classification of the problem but without 
distinguishment to a particular material.

Based on data analysis of the results present-
ed in Figs. 14–15 it can be concluded that number 
of both hits and counts were higher for material II 
in comparison to material II whereas AE frequen-
cy was lower for material II. Thus, the increase 
of hits and counts is related to a decrease of fre-
quency. This is in a good agreement with authors’ 
previously conducted research [34] on compact 
tension specimens made of the same epoxy ma-
terials. This proves that the results and described 
tendency represent material characteristics which 
does not depend on the testing method.

Furthermore, a WT tool was used to get 
some additional information on selected mea-
surement points. An example of hit analysis in 
the case of specimen made of material II is pre-
sented in the next three graphs. Amplitude time-
course is shown in Figure 16. It is visible that 
the hit lasted over 80 µs. In the figure thresh-
old is indicated as horizontal lines at 0.05 mV. 
Moreover, the counts can be observed as a num-
ber of points when waveform crossed the tresh-
old. Wavelet Transformation was applied to cre-
ate diagrams of WT coefficients for material II 
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Figure 16. Amplitude timecourse for a hit

Figure 18. Numerical results for fracture analysis

Figure 17. (a) Diagram of WT coefficients at linear scale; (b) 3D representation of WT coefficients
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specimen, as presented in Figure 17a by linear 
scale. It can be noticed that the time duration 
while the hit reaches peak frequencies started at 
30 µs and lasted tens of µs. Moreover, in Figure 
17b the 3D representation of WT coefficients 
is shown. It can be concluded that peak ampli-
tude value taken from the FFT plot corresponds 
well with the color maps presented in Figure 
17. Furthermore, numerical simulation of frac-
ture was also conducted using a finite element 
method (FEM). Abaqus software version 2020 
was employed and the material data of the ad-
hesive material was based on the material tests 
presented in [35]. As for the specimen model, it 
consists of two stiffening elements and the test 
material between these elements. The two stiff-
ening elements consist of 3400 C3D8R solid el-
ements each. The adhesive material model was 
also made based on C3D8-type solid elements 
and with 5850 finite elements. In order to obtain 
a crack in the longitudinal symmetry plane of 
the element, the finite element mesh was densi-
fied in the area of failure initiation and propaga-
tion (Fig. 18). In addition, a crack initiation ele-
ment was introduced to represent the notch cut 
(cf. Fig. 5). For the chosen material, the maxi-
mum force reached a value of nearly 46 N. The 
finite element mesh structure and the resultant 
crack are shown in Figure 18.

As it can be seen in the Figure 19, the nu-
merical characteristic of the studied material is 
linear in the first phase, i.e. before reaching the 
maximum force. The maximum load is 60 N with 

the displacement of 0.34 mm, and it decreases 
until the total failure occurs. The consecutive 
drops in force values, after the peak value, rep-
resent small crack tip jumps. The sudden drop in 
force value is present at the displacement value 
of 0.44 mm which is accompanied by a signifi-
cant crack length increase. After that, the force 
value is remarkably lower.

CONCLUSIONS

Based on the research it can be inferred as 
follows:
1.	Acoustic emission used for damage monitoring 

of selected epoxies let to determine different 
results in case of each tested material whereas 
maximum forces registered were aproximately 
at the same level. Thus, this proves that acous-
tic emission is a valuable technique that let to 
obtain more comprehensive results than in the 
case of pure mechanical testing. Each of AE 
parameters registered during the test show that 
its value reacted to the material failure. How-
ever, hits, counts and AE frequency were dis-
tinguished as the ones giving the most accurate 
results in case of tested materials. Further-
more, these three parameters can help to relate 
the failure with a particular material because 
their values varied in case of material I and II, 
whereas other AE parameters had their results 
at comparable level for both materials.

2.	Number of both hits and counts was higher 
in the case of more compliant material II (E5/
PAC/100:60) in comparison to material I (E53/
Z1/100:10) whereas AE frequency was lower in 
the case of material II. This trend observed after 
DCB test is in a good agreement with authors’ 
previously conducted CT test. DCB test can be 
succesfully conducted not only to composite 
laminates but also to cured epoxy resin used as 
matrices in FRP composites. However, a spe-
cial procedure is required to prepare specimens 
properly: flat bars surfaces which help to initiate 
the cracking goes inside the thick adhesive layer 
must be sandblasted that provides geometric 
surface development at demanding level. It was 
proved by analysis of roughness parameters and 
surface free energy.

3.	Wavelet transform was found as a promissing 
tool to localize frequency in time and it will be 
the aim of authors’ further scientific research.

Figure 19. Force-displacement characteristic of resin 
DCB specimen
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