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INTRODUCTION

Plastics and rubbers are widely used materi-
als in the production of various products across 
numerous industries – not only in the automo-
tive sector, but also in construction, packaging, 
toys, and more. Rubber is an elastomeric material 
characterized by its ability to undergo reversible 
deformations ranging from 100% to even 1000%, 
owing to its chemical structure and molecular 
weight. A low glass transition temperature (Tg) 

enables macromolecular chains to move and 
rotate around chemical bonds even at relative-
ly low temperatures. Increasing irregularities in 
polymer chains or the presence of large substitu-
ents – such as in styrene-butadiene rubber (SBR) 
– leads to a higher glass transition temperature.
The development of efficient vulcanization pro-
cesses has significantly boosted the production of
high-quality rubber at relatively low cost. Vulcan-
ization is an irreversible cross-linking reaction in
which curing agents (such as sulfur or peroxides)
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form a three-dimensional network between rub-
ber macromolecules. The chemical and physical 
properties of cross-linked rubber are primarily 
influenced by parameters such as curing time, 
processing temperature, and the presence of fill-
ers. When curing agents are introduced into un-
saturated rubber, they enhance its durability by 
forming a cross-linked structure. As a result, vul-
canized rubber becomes a thermosetting material 
– flexible, insoluble, and infusible – which can-
not be reprocessed. From a recycling perspective, 
this represents a significant disadvantage once the 
material reaches the end of its service life [1–4].

Tires, as one of the primary products of the 
rubber industry, are complex composite materials 
designed to perform under a wide range of envi-
ronmental conditions. Rubber serves as the main 
component in tire manufacturing, typically in the 
form of natural rubber (NR), SBR, nitrile buta-
diene rubber (NBR), or ethylene-propylene-diene 
monomer rubber (EPDM). However, the formu-
lation of tires also includes reinforcing fillers, an-
tioxidants, antiozonants, and preservatives, which 
collectively enhance their resistance to biodegra-
dation, photochemical decomposition, and high 
temperatures [3, 5]. As a result, the disposal and 
recycling of used tires present a significant chal-
lenge – especially in light of the global expansion 
of the tire industry [1].

It is well known that the degradation of poly-
mers, including biodegradation, is a slow process 
that poses significant environmental risks. As a 
result, the disposal of polymer-based waste has 
become a serious environmental concern. Tires, 
which consist of nearly 50% rubber, are among 
the most common polymer products. In 2017, 
global rubber production reached approximately 
26.7 million tons, including 12.31 million tons of 
NR and 14.46 million tons of synthetic rubber [6]. 
Rubber waste can come from a variety of sources, 
such as discarded rubber pipes, belts, and foot-
wear. However, the tire industry – accounting for 
about 65% of global rubber consumption – is the 
primary contributor to rubber waste. Consequent-
ly, rubber recycling is often synonymous with tire 
recycling. Currently, around 1.5 billion tires are 
disposed of worldwide each year. These tires con-
tain up to 50% vulcanized rubber, which, due to its 
complex cross-linked structure, is difficult to recy-
cle or reprocess using conventional methods [6].

Numerous studies have explored the recy-
cling of used tires for energy recovery [7, 8] and 
through pyrolysis processes [9]. In recent years, 

several environmentally friendly recycling tech-
niques have been developed, including triboelec-
tric separation, froth flotation, and laser-induced 
breakdown spectroscopy. Despite their potential, 
these methods tend to be costly, and the properties 
of the recovered rubber – such as purity, particle 
size, shape, and surface morphology – can vary 
significantly [10–12]. Although vulcanized rubber 
waste presents substantial challenges for recycling 
due to its cross-linked structure, it remains a high-
ly durable, strong, and flexible material. These 
characteristics make it a suitable candidate for use 
as a filler in the production of composite materi-
als [6]. A growing body of literature is dedicated 
to the recycling and reuse of rubber recyclates. 
For instance, reference [13] reviews various ap-
proaches to rubber waste management, including 
thermal, mechanical, physical, chemical, and bio-
logical methods. The study outlines the advantag-
es, limitations, and key challenges associated with 
each technique, while also evaluating the potential 
for implementing a circular economy in the rubber 
sector both now and in the future. Recent research 
also emphasizes the complex chemical composi-
tion of vulcanized elastomeric particles common-
ly used in playgrounds and sports surfaces. Nota-
bly, it introduces new data on the presence of trace 
elements and organophosphate esters in used tires 
and EPDM crumb rubber [14].

Mechanical strength tests of composites con-
taining recycled rubber have been previously con-
ducted [15–18]. Given the intention to use these 
materials in structural applications, it is essential 
to determine the allowable stress values, which 
serve as key performance parameters. However, 
in composite materials, these values are often 
difficult to define precisely, and design practices 
typically rely on theoretical models and safety 
factors. Therefore, it becomes necessary to em-
ploy complementary research methods that pro-
vide insight into the failure mechanisms of such 
materials. Previous studies [19–21] have shown 
that conducting static tensile tests in conjunction 
with acoustic emission (AE) monitoring makes it 
possible to identify specific stress levels at which 
increases in parameters such as the number of AE 
events, RMS values, or amplitude occur. These 
characteristic points are associated with structural 
changes in the composite during loading.

The objective of the present study was to deter-
mine the permissible stress values for composites 
incorporating recycled rubber, with particular con-
sideration of the internal structure—specifically, 
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the layering of the rubber-based core. The acous-
tic emission method was employed as a diagnos-
tic tool to support this analysis.

METHODOLOGY

The study utilized a proprietary technology 
for the fabrication of composites based on glass 
fibres and epoxy resin, incorporating recycled 
rubber as an additive. All tested samples were 
produced using EM 1002/300/125 glass mat 
with randomly oriented fibres [22]. This mat, 
composed of E-glass fibres with low alkali con-
tent (< 1%), is well-suited for manual lamination 
processes, offering favorable mechanical proper-
ties and high resistance to environmental condi-
tions. Due to these characteristics, the material is 
commonly used in various industries, including 
shipbuilding (e.g., boats, kayaks, yachts), trans-
portation (e.g., automotive components, trailers, 
containers), and construction (e.g., wall panels, 
bus shelter structures).

The Epidian®6 epoxy resin with Z-1 hardener 
was used to produce the composites. Epidian®6 is 
used, among others, for the production of compos-
ites, chemically resistant coatings, fiber-reinforced 
pipes and adhesives. It is cured at room tempera-
ture with polyamides and amines, and at higher 
temperatures with other hardeners, e.g. acid an-
hydrides. 13 g of Z-1 hardener (aliphatic amine) 

was added per 100 g of resin. To modify the com-
posites, Orzeł-Base rubber recyclate [23] from car 
tires with grains of 0.5–3 mm was used. After pre-
liminary screening, the 0.5–1.5 mm fraction was 
selected as an additive to the composite matrix 
[23]. The chemical composition of the recyclate is 
consistent with the composition of the tire tread. 

The reinforcement to matrix ratio of 40/60 
(weight ratio), 12 layers of glass mat were used. 
Composites with the addition of rubber recyclate 
were designated as K1, K2 and K3 (constant con-
tent of recyclate 5%, different distribution be-
tween layers). The strength values   were referred 
to the K0 composite. The recyclate distribution 
scheme is shown in Figure 1, and the composition 
details are in Table 1.

Each material variant was produced by hand 
lamination using brushes, rollers and moulds of 
dimensions 300 × 900 mm. The composites were 
pressed with a steel sheet (295 × 895 × 6 mm) 
with a pressure force of 675 N onto the mould to 
avoid resin leakage. The flow chart of the materi-
als production is shown in Figure 2. The materials 
contained glass mat, rubber recyclate and Epid-
ian®6 resin. The comparative composite K0 did 
not contain recyclate. The same amount of satu-
rant, pressure, curing time (7 days) and tempera-
ture (22 °C) were used in all variants.

In order to perform static tensile tests on the 
manufactured composite material, specimens 
were prepared in accordance with the PN-EN 

Figure 1. Schematic diagram of the arrangement of the recycled rubber layers in the produced composites [24]

Table 1. Characteristics and description of the composition of research materials [24]

Type of the composite Method of distributing 
the recyclate

Number of layers of 
glass mat

Resin
[%]

Rubber recyclate
[%]

K0 none 12 60% 0%

K1 1 layer 12 60% 5%

K2 2 layers 12 60% 5%

K3 3 layers 12 60% 5%
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ISO 527-4_2000P standard [25]. The tests were 
conducted in full compliance with this standard. 
Composite panel samples were cut using a water-
jet cutting method, ensuring uniform dimensions 
and high precision across all specimens.

The mechanical testing was carried out using 
a Zwick&Roell MPMD P10B universal hydraulic 
testing machine, equipped with TestXpert II soft-
ware for data acquisition and control. To measure 
specimen elongation during the tests, an Epsilon 
3542 extensometer was employed. For selected 
specimens, tensile tests were supplemented with 
AE monitoring using a system provided by Physi-
cal Acoustics Company (PAC). A schematic dia-
gram of the test setup is shown in Figure 3 [26]. 

As part of the AE testing, a specialized mea-
surement setup was used, with the core component 
being a single-channel USB AE Node recorder, 
type 1283, operating within a frequency range of 

20 kHz to 1 MHz. Signals from the sensor were 
amplified using a preamplifier with a bandwidth 
of 75 kHz to 1.1 MHz, enabling effective detec-
tion of diverse AE phenomena occurring in the 
composite material during tensile testing.

Signal detection was performed using an 
AE sensor of the VS 150M type, which operates 
within a frequency range of 100 to 450 kHz. This 
makes it well-suited for monitoring damage in 
layered composite materials. Data acquisition and 
analysis were conducted using AE Win for USB 
software, version E5.30, installed on the control 
computer. The software allowed real-time moni-
toring of AE parameters such as the number of re-
corded events, RMS signal level, amplitude, and 
individual signal energy.

All measurements were carried out in accor-
dance with the applicable standards for acoustic 
emission testing [27–29], ensuring the reliability 

Figure 2. Scheme of the process of manufacturing the K1, K2, and K3 variants – the addition of rubber recyclate 
in the form of a sandwich layer [24]

Figure 3. Diagram of the measuring station [26]



69

Advances in Science and Technology Research Journal 2025, 19(9) 65–79

and comparability of the obtained results. Prior to 
testing, the specimen surface was properly pre-
pared – cleaned and degreased – to ensure opti-
mal contact between the AE sensor and the tested 
material. A coupling gel was applied between 
the sensor and the specimen surface to minimize 
acoustic wave transmission resistance and elimi-
nate potential measurement disturbances. The 
sensor was secured to the specimen using an elas-
tic tape, providing stable positioning throughout 
the duration of the test. This methodology enabled 
real-time recording of acoustic emission signals 
during mechanical loading of the specimen. As 
a result, it was possible to identify characteristic 
load thresholds corresponding to the initiation of 
first damage in composite structure. 

TEST RESULTS

The results obtained during the tests, such as 
the effective value of the AE source signal (AE 
RMS), amplitude and the number of events for 
the material without recyclate and with recyclate 
in different locations, were correlated for compar-
ison. The first of the analyzed parameters is the 
number of events (AE hits). It provides informa-
tion on the number of exceedances of the AE sig-
nal amplitude in relation to the set discrimination 

threshold, and the causes of which are damages 
occurring in it, such as: cracking of the matrix 
and fibers inside the sample, delamination due to 
the addition of recyclate (among others), crack-
ing at the fiber and matrix boundary. The Figure 
4 presents a summary of the results obtained for 
selected samples from each type of tested mate-
rials for the number of events parameter (HITS) 
plotted on the stress-strain diagrams.

Based on the graphs for the number of events, 
their significant increase is visible after adding 
recyclate. During the stretching of the sample, 
even at low stresses, the matrix initially cracks 
together with the recyclate, and the rubber recy-
clate is thus displaced, which is also treated as 
subsequent events. A decrease in the stress values   
indicated by the first increase in the number of 
events (< 40) is visible. Analyzing the effect of 
the distribution of layers, it is noticeable that the 
most favorable in terms of the distribution of the 
number of events is the composite with 1 layer of 
rubber recyclate (K1), while the least favorable 
is the K2 composite with two layers, distributed 
symmetrically. The characteristics of the number 
of events, despite the addition of recyclate, do not 
differ significantly in the case of the K1 and K2 
composites, which seems to be favorable in terms 
of designing structures from these materials. The 

Figure 4. Graph of stress and number of AE hits, as a function of time for a selected specimens: 
(a) K0 – without recyclate, (b) K1, (c) K2, d) K3
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next parameter that will be subject to evaluation 
will be the amplitude (Figure 5).

The Figure 6 shows an example graph for 
sample K0 illustrating the change in signal ampli-
tude and frequency as a function of time.

Visible sudden increase in amplitude in the 
final phase of the test – sample rupture. A very 
high frequency signal (above 500 kHz) was not 
considered. Despite this, however, there is a no-
ticeable increase in signal amplitude at these high 
frequencies for about 80 s of the test, which con-
firms the beginning of the destruction process 

considered in the RMS analysis. At the same time, 
the first changes occurred in the material generat-
ing a signal with a frequency of about 270–300 
kHz (invisible in this view of the graph – visible 
in the graphs after the FFT analysis – Figure 8d).

Analyzing the obtained results from the am-
plitude, it is possible to read unambiguous pa-
rameters for the sample without the addition of 
recyclate and with one of its layers. In the case 
of composites with recyclate in the number of 2 
and 3 layers, unfortunately, the results are not so 
obvious to read, there are increases in amplitude, 

Figure 5. Graph of stress and amplitude as a function of time for a selected specimens: 
(a) K0 – without recyclate, (b) K1, (c) K2, (d) K3

Figure 6. Example graph for sample K0 showing the change in signal amplitude 
and frequency as a function of time
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especially in the case of the K2 and K3 compos-
ites. After analyzing the results obtained from 
the acoustic emission method for 5 samples from 
each plate, it was observed that the most repeat-
able parameter is RMS, which also provides diag-
nostic information. RMS is the effective value of 
a signal (periodic). Since average values   are not 
used when describing periodic wave signals, the 
concept of RMS was introduced. It is a universal 
measure that we use regardless of the specific-
ity of the signal being tested, its frequency and 
shape (wave). In order to precisely determine the 
value, 5 graphs will be presented for each sample, 
the stress values   will be read and entered into the 
table, and then averaged (Figure 7).

Characteristic signal frequencies for the first 
signs of the destruction process (Figure 8) are 
about 270–300 kHz. Based on the analysis con-
ducted using the RMS parameter for 5 samples of 
the composite without recyclate, it can be safely 
stated that these results are actually comparable. 
The stress values   indicating the beginning of sig-
nificant changes in the composite structure are in 
the range of 80–100 MPa, where for 3 samples 
out of 5 it is the same value. This confirms the 

validity of using the acoustic emission method to 
analyze the destruction process and at the same 
time determine the performance parameters for 
the structural composite. The first signs of the 
destruction process generate signals with an ad-
ditional frequency of about 300 kHz (Figure 8). 
Figure 9 shows the stress analysis using the RMS 
parameter for sample K1.

Analyzing the results obtained for the K1 
composite, the stress values   at which significant 
structural changes occur in the composite are in 
the range of 61–66 MPa. These values   can be 
considered comparable considering the technolo-
gy of manufacturing the research materials (hand 
lamination) and the diversity of the obtained ten-
sile strength (UTS) results (Table 2). A decrease 
in these parameters is certainly noticeable in rela-
tion to the K0 composite, without the addition of 
recyclate, but it is obvious, considering the lower 
content of reinforcement in the composite in re-
lation to the material without recyclate. It also 
seems important to pay attention to the charac-
ter of the RMS graphs, which are definitely more 
chaotic and diverse, in contrast to the composite 
without recyclate, which indicates a much greater 

Figure 7. Graph of stress and RMS as a function of time for 5 selected specimens of K0
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Figure 8. Examples of signals, after FFT analysis for the points marked in Figure 8 (Power vs Frequency)

number of events such as, among others, matrix 
cracking, fiber cracking, recyclate displacement 
in the matrix. Figure 10 shows examples of sig-
nals, after FFT analysis for the points marked in 
Figure 9 (Power vs Frequency).

Characteristic signal frequencies for the first 
signs of the destruction process are lower than 
in the case of K0 (visible in the enlarged graph 
– signals with a frequency not higher than 220 
kHz) (Figure 10). Figure 11 additionally shows 
an example graph for a sample of the change in 
the amplitude and average frequency of the signal 
as a function of time.

Figure 12 presents the stress analysis using 
the RMS parameter for the K2 sample. The ob-
tained stress values   are much more diverse than in 
the K1 composite and are in the range of 58 ÷ 68 
MPa. These results are directly related to the na-
ture of the distribution of the rubber recyclate in 
the composite and much greater inhomogeneity 
in the tested material, which is also shown by the 
nature of the RMS (t) graph (Figure 13). Charac-
teristic signal frequencies for the first signs of the 
destruction process are lower than in the case of 

K0 and very similar to K1 (visible in the enlarged 
graph – signals with a frequency not higher than 
270 kHz) (Figure 14).

Low signal amplitude values   in the initial 
phase of the test. Similarly to earlier, signals with 
a frequency above 500 kHz do not carry diagnos-
tic information and are not considered. The graph 
shows that increasing stresses causing material 
degradation generate a signal not only with a high-
er amplitude but also with a higher frequency (as 
shown in the graphs after the FFT analysis – Pow-
er spectrum). Figure 15 shows the stress analysis 
using the RMS parameter for sample K3. Based 
on the obtained results of the values   of the stress-
es in which damage initiation occurs for the K3 
composite, their greater homogeneity and repeat-
ability are noticeable, in contrast to the K2 com-
posite. The values   of the operating stresses are in 
the range of 62–70 MPa, but again, as in the case 
of the other results, the tensile strength for the test-
ed composites and the manufacturing technology 
must be taken into account, which does not allow 
for the production of composites with 100% com-
parable results. The above-mentioned aspects also 
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Figure 9. Graph of stress and RMS as a function of time for 5 selected specimens – K1

Figure 10. Examples of signals, after FFT analysis for the points marked in Figure 10 (Power vs Frequency)
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Figure 12. Graph of stress and RMS as a function of time for 5 selected specimens – K2

Figure 11. Example graph for a sample of the change in amplitude and mean frequency of a signal as a function 
of time for composite K1

directly affect other tested parameters, which can 
be seen from the obtained results.

Similarly to K0, a signal with a frequency of 
about 350 kHz appears (the last graph (d) is an 
enlargement of a fragment of the one on the left) – 
all graphs have the same characteristic frequency 
(Figure 17). Low signal amplitude values   in the 
initial phase of the test. Similarly to earlier, sig-
nals with a frequency above 500 kHz do not carry 

diagnostic information and are not considered. 
The graph shows that increasing stresses causing 
material degradation generate a signal not only 
with a higher amplitude but also with a higher 
frequency (as shown in the graphs after the FFT 
analysis – power spectrum). It is noticeable that 
the signal reaches higher frequencies compared to 
sample K2. Table 2 and Figure 18 present a sum-
mary of the obtained results. 
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Figure 13. Examples of signals, after FFT analysis for the points marked in Figure 13 (Power vs Frequency)

Figure 14. Example graph for a sample of the change in amplitude and mean frequency of a signal as a function 
of time for composite K2

Based on the obtained results of the values   of 
“allowable” stresses in composite materials, it is 
noticeable that despite the earlier values   indicat-
ing better parameters of the K1 composite, com-
parable results are also obtained for the K3 com-
posite. Of the three tested materials, the K2 com-
posite consisting of 2 layers of rubber recyclate 

has the lowest value. This indicates that the more 
even the waste distribution and its location in the 
center of the sample, the more it has a direct im-
pact on the strength parameters.

The results showed that the most favorable 
in terms of the distribution of the number of 
events is the composite with 1 layer of rubber 
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Figure 15. Graph of stress and RMS as a function of time for 5 selected specimens – K3

Figure 16. Examples of signals, after FFT analysis for the points marked in Figure 16 (power vs frequency)
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Figure 17. Example graph for a sample of the change in amplitude and mean frequency of a signal as a function 
of time for composite K3

recyclate (K1), while the least favorable is the 
K2 composite with two layers, distributed sym-
metrically. The characteristics of the number of 
events, despite the addition of recyclate, do not 
differ significantly in the case of the K1 and K2 
composites, which seems to be advantageous in 
terms of the use of these materials as structural. 

The analysis of the amplitude parameter did 
not allow for the reading of unambiguous pa-
rameters for the sample without the addition of 
recyclate and with one of its layers. However, 
there are increases in the amplitude, especially 
in the case of the K2 and K3 composites. Based 
on these and previous studies, it was found that 

Table 2. Summary of obtained stress results from RMS analysis

Sample
σRM S UTS

Sample
σRM S UTS

Sample
σRM S UTS

Sample
σRM S UTS

MPa MPa MPa MPa MPa MPa MPa MPa

K0 - 1 100 130 K1 - 1 63 105 K2 - 1 60 90 K3 - 1 66 100

K0 - 2 100 130 K1 - 2 61 110 K2 - 2 58 103 K3 - 2 70 105

K0 - 3 100 110 K1- 3 64 110 K2- 3 62 97 K3- 3 63 103

K0 - 4 80 115 K1 - 4 66 110 K2 - 4 65 95 K3 - 4 62 97

K0 - 5 80 120 K1 - 5 66 105 K2 - 5 68 97 K3 - 5 63 100
Average 

value 92 121 Average 
value 64 108 Average 

value 62.6 96 Average 
value 64.8 101

Standard
deviation 9.79 8 Standard

deviation 1.90 2.45 Standard
deviation 3.56 4.17 Standard

deviation 2.93 2.76

Figure 18. Summary of the obtained stress results, depending on the arrangement of the recyclate layers 
in the composite
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the most repeatable parameter is RMS. In the 
case of sample K0, the stress values indicating 
the beginning of important changes in the com-
posite structure are in the range of 80–100 MPa. 
These changes constitute the beginning of dam-
age initiation, which leads to further deforma-
tion in the material. In the case of composite K1, 
the stress values at which significant structural 
changes occur in the composite are in the range 
of 61 ÷ 66 MPa. A decrease in these parameters 
is certainly noticeable in relation to composite 
K0, without the addition of recyclate, but this 
is obvious, considering the lower content of re-
inforcement in the composite in relation to the 
material without recyclate [30].

CONCLUSIONS

In this article, a number of parameters from 
the acoustic emission method were analyzed and 
correlated with strength parameters in order to 
assess the effect of the distribution of the rubber 
recyclate layers in the composite. The nature of 
the RMS graphs is much more chaotic and di-
verse, in contrast to the composite without re-
cyclate, which indicates a much greater number 
of events such as, among others, matrix crack-
ing, fiber cracking, recyclate displacement in the 
matrix. For composite K2, the stress values   are 
much more diverse than in composite K1 and 
are in the range of 58 ÷ 68 MPa. Based on the 
obtained results of the values   of the stresses at 
which damage is initiated for the K3 composite, 
their greater homogeneity and repeatability are 
noticeable, in contrast to the K2 composite. The 
values   of the operating stresses are in the range 
of 62 ÷ 70 MPa. Based on the read average val-
ues   of the stresses at which damage is initiated 
in the composite materials, it is noticeable that 
despite the earlier values   indicating better param-
eters of the K1 composite, comparable results are 
also obtained for the K3 composite. Of the three 
tested materials, the K2 composite consisting of 
2 layers of recyclate rubber is characterized by 
the lowest value. In conclusion, the more even the 
distribution of waste and its location in the center 
of the sample, the more it has a direct impact on 
the strength parameters, however, the obtained 
values   are relatively comparable, which allows us 
to state that the main factor influencing the op-
erating parameters is the % content of recyclate 
rubber in the composite. 
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