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Abstract: The research is focused on the evaluation of mechanical properties of adhesive bonds with
a composite layer of adhesive to increase their service life (safety) under cyclic loading of different
intensities. Cyclic loading represents a frequent cause of adhesive bond failure and, thus, a reduction
in their service life. Waste from the production of coconut oil, that is, coconut shells in the form of
particles, was used as a filler. Coconut shells are in most cases incinerated or otherwise uselessly
incinerated, but they can also be used as a natural filler. Cyclic loading (quasi-static tests) was
performed for 1000 cycles in two intensities, that is, 5-30% (157-940 N) of maximum force and 5-50%
(157-1567 N) of maximum force. The results of the experiment showed a positive effect of the added
filler, especially at an intensity of 5-50%, when the service life of adhesive bonds with a composite
adhesive layer (AB10, AB20, AB30) increased compared to adhesive bonds without added ABO filler,
which did not withstand the given intensity. A more pronounced viscoelastic behavior of adhesive
bonds was demonstrated at an intensity of 5-50% between the 1st and 1000th cycle. SEM analysis
showed reduced wetting of the filler and matrix and delamination due to cyclic loading.

Keywords: coconut shell powder; natural filler; material utilization; secondary product; mechanical
properties; quasi-static test; cracking; SEM

1. Introduction

Adhesive bonding technology is currently one of the promising methods of bonding
structural elements. Bonding has several advantages, such as the production of corrosion-
resistant, light, and rigid bonds, good vibration damping properties or the ability to bond
materials in various industries [1-4]. Adhesive bonding provides not only a connecting
function, but also a supporting function, that is, sealing, clamping, and securing [5,6].
Another advantage of adhesive bonds is the wide range of modifications of adhesives using
different reinforcing phases in the form of particles or short and long fibers of synthetic or
natural origin [7].

Waste, and its production, is a global topic. Natural waste, e.g., from post-harvest lines
of agricultural commodities, etc., is largely incinerated or otherwise disposed of, but reuse of
all materials generated during the processing of agricultural crops can increase the economic
efficiency of the whole process and reduce the negative impact on the environment [8]. The
material use of natural waste as a filler indicates the current research trend in the field of
research of composite materials with a matrix based on polymer material. A number of
prestigious workplaces or scientific journals deal with the application of natural materials
(waste) in specific applications of world industry [9]. Of course, there is an alternative in
the form of composting, etc., but natural waste can be used in other ways, such as filler [10].
By modifying the adhesives with a natural particulate filler, a composite layer can be
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obtained, which can improve the parameters of the adhesive bond in terms of mechanical
properties [11]. Many authors have dealt with the use of various types of shells as fillers in
the field of polymer composites [12-14]. Keerthika et al. [15] state that the coconut shell
filler is used due to its high carbon content and hardness. Orue et al. [16] used walnut shell
as a filler in PLA to investigate its mechanical properties. Ramnath et al. [17] used sea shell
as a particulate filler in the polymer matrix to investigate the mechanical properties of the
resulting polymer composite.

The aim of several research institutes is to increase the efficiency of the use of adhesive
bonds in practice. The main experimental program is to increase the strength of adhesive
bonds [18-20]. Physical and chemical factors (wettability, adhesion and cohesion, aging,
degradation environment) [5,21,22], technological factors (roughness and structure of the
bonded surface or filler) [23-25], and design factors (size of bonded area and type of load
applied) affect the strength of adhesive bonds [26,27]. The resulting properties of the
adhesive bond are given by the synergy of the mentioned factors.

In practice, adhesive bonds are exposed to many complicated loading conditions,
such as polymer matrix cracking, etc. Cracking is a phenomenon of gradual accumulation
of plastic deformation when materials and structures are exposed to cyclic loading with
non-zero medium stress. The accumulation of plastic deformation is an important aspect
of fatigue damage [28,29]. Under monotonic loading conditions, polymeric materials can
withstand a higher stress level compared to alternating loads. As a result of the periodic
nature of the applied load, micro-cracks initiate and propagate at relatively low stress levels
and finally the structure will fracture [30]. For polymeric materials, that is, for adhesive
bonds in the adhesive layer, the response to cyclic loading is primarily viscoelastic, but in
the case of higher values of cyclic loading, cracking can also occur [31]. The viscoelastic
response to cyclic loading is given mainly by the medium stress and its amplitude [32].
Therefore, cracking is one of the key factors in the design of structural elements, which
should be considered when applying adhesive bonds. A better understanding of fatigue
behavior is essential for the application of adhesive bonds in practice [28,29].

The aim of the research was to evaluate the mechanical properties of adhesive bonds
with a composite layer of adhesive with a filler based on coconut shell particles under cyclic
loading with different loading intensities, and the related evaluation of their service life
(safety). Cyclic loading is a common cause of bond failure and, therefore, negatively affects
its service life.

2. Materials and Methods
2.1. Materials
2.1.1. Filler

Figure 1 shows waste from the production of coconut oil, that is, coconut shells.
Coconut shells were crushed to approximately 1 cm (Figure 1A) and dried in a laboratory
oven at 105 °C for 24 h. The shells were then crushed with Retsch MM 400 oscillating mill
(Retsch Verder s.r.o0., Prague, Czech Republic) and sorted into individual fractions by sieve
analysis. The resulting fraction size was determined using a 100 pm mesh screen. The
average particle size was 55 &= 35 pm. Figure 1B presents the final form of filler used to
make the composite adhesive layer.The size of the particulate filler was measured with
Gwyddion program (version 2.49, David Necas and Petr Klapetek, Brno University of
Technology, Brno, Czech Republic). The histogram of the particle size frequency is shown
in Figure 2. Coconut shell contains approximately 33 wt.% lignin, 27 wt.% cellulose, 31 wt.%
hemicellulose, and 0.6 wt.% ash [33,34].

2.1.2. Matrix and Bonded Material (Adherent)

The matrix was a two-component epoxy resin Epoxy 1200 (CHS-Epoxy 324) (Havel
Composites CZs. . 0., Svésedlice, Czech Republic) with hardener P11 (Havel Composites
CZs. r. 0., Svésedlice, Czech Republic). The weight ratio of resin to hardener was 100:7.
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Figure 1. Waste from coconut oil production: (A): pre-crushed coconut shells, (B): natural particulate
filler from coconut shells.
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Figure 2. Histogram of coconut shell filler particle sizes.

Structural carbon steel S235]0 (Ferona a.s., Prague, Czech Republic) with a thickness
of 1.5 £ 0.1 mm, a length of 100 & 0.25 mm, and a width of 25 £ 0.25 mm was used as
adherend. The basic mechanical properties of the steel used are given in Table 1. The
dimensions of the adherent were determined according to the CSN EN 1465 standard [35].
Figure 3 presents a diagram of adhesive bonds, including their dimensions according to
the standard. The adherents were mechanically and chemically treated shortly before
application of the composite layer. The mechanical surface treatment of the adherents was
carried out in a blasting chamber with abrasive Garnet MESH 80, and the chemical surface
treatment was carried out in an acetone bath. The surface of the treated adherents was
subjected to roughness measurement with a Mitutoyo Surftest 301 profilometer (Mitutoyo
Europe GmbH, Neuss, Germany), where Ra = 3.48 £ 0.21 um and Rz = 11.34 £ 0.28 pm.

Table 1. Basic mechanical properties of steel 5235J0 at a temperature of 20 °C [37].

Tensile Strength 340-470 MPa
Yield Strength 225-235 MPa
Elastic Modulus 212 GPa

Elongation 24%
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Figure 3. Scheme of the adhesive bond according to CSN EN 1465 [36].

2.1.3. Production and Types of Adhesive Bonds

The production of adhesive bonds was carried out according to the CSN EN 1465 stan-
dard. The adhesive was applied to the surface of the adherents in an even layer. The filler
was dried in a laboratory oven at 105 °C for 3 h shortly before mixing with the matrix.
Subsequently, the adherents were overlapped according to the above standard, that is
12.5 £ 0.25 mm, and loaded with a weight of 750 g (7.4 N) and left to cure the adhesive
layer at a laboratory temperature of 22 £ 1 °C and a relative humidity of 41 £ 4% for
24 h. Table 2 shows the types of adhesive bonds, the thickness of the adhesive layer, and
their characteristics.

Table 2. Type of adhesive bonds and their characteristics.

Adhrl;zf:eol;fond Ti??l?r?gsg?iz) Characteristics
ABO 31+4 Adhesive bond with adhesive without filler
AB10 349 + 6 Adhesive bg?;iozzlg’lyfilggﬁncentrat10n
AB20 303 + 6 Adhesive bg?tzio\;\/;it;lyfilggﬁncentration
AB30 464 + 8 Adhesive bg?go‘éliglyfig:irgﬁncentration
2.2. Methods

Testing of mechanical properties was performed on a universal testing machine
LABTest 5.50 ST (LABORTECH s. r. 0., Opava, Czech Republic) with AST KAF 50 kN mea-
suring unit (LABORTECH s. r. 0., Opava, Czech Republic) and the evaluation software Test
& Motion (version 4.5.0.15, LABORTECH s. r. 0., Opava, Czech Republic) at a laboratory
temperature of 21 £ 1 °C and a relative humidity of 44 4 4%. The methodology of testing
mechanical properties under cyclic loading, that is, shear strength and strain, consisted
of determining the standard value obtained in the static tensile test (CSN EN 1465) from
7 adhesive bonds marked as ABO at a test speed of 0.6 mm x min~!. The standard value
corresponds to the maximum force, that is, at complete failure of the adhesive bond, and
its value was 3134 N (average value of the maximum force from 7 adhesive bonds). Cyclic
loading (quasi-static test) was performed for 1000 cycles at a test speed of 6 mm x min!
between 5% of the maximum force, that is, 5% = 157 N (lower limit) and 30, 50% of the
maximum force, that is, 30% = 940 N and 50% = 1567 N (upper limit). After the completion
of 1000 cycles, a static tensile test automatically followed until the complete failure of the
adhesive bond at a speed of 0.6 mm x min~!. The static test was performed only when
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the 1000th cycle was completed. Otherwise, the test was terminated. The time delay at the
lower and upper limits was set at 0.5 s. Each test series contained 7 test specimens.

The type of fracture surface failure was evaluated based on ISO 10365 [38].

Statistical evaluation of the performed experiments was performed by analysis of
variance, that is, ANOVA F-test in the program STATISTICA (version 14.0.0.15, StatSoft CR,
Prague, Czech Republic). The statistical dependence on the significance level 0.05 between
the adhesive bond ABO and AB10, AB20 and AB30 was evaluated, when the hypothesis Hy
was established, presenting a statistically insignificant difference between AB0O and AB10,
AB20, and AB30 (p > 0.05). Hypothesis H; rejects hypothesis Hy and presents a statistically
significant difference between ABO and AB10, AB20, and AB30 (p < 0.05).

The composite adhesive layer was evaluated using a MIRA 3 TESCAN GMX SE
electron microscope (Tescan Brno s. 1. 0., Brno, Czech Republic), that is, the interaction
at the filler/matrix interface and the bonded material/composite adhesive layer was
evaluated. The microscopic samples were coated with gold using a Quorum Q150R ES
device (Tescan Brno s. r. 0., Brno, Czech Republic).

3. Results and Discussion

The results of the mechanical properties based on the static shear test are shown
in Figures 4 and 5. Figure 4 presents the strength results of the adhesive bonds. The
adhesive bond ABO (etalon) showed a strength of 10.03 £ 0.71 MPa. With increasing
filler concentration, the static strength of the adhesive bonds decreased. The adhesive
bond AB10 showed a static strength of 9.86 + 0.92 MPa (—1.70% compared to ABO),
AB20 9.74 £+ 0.43 MPa (—3%) and AB30 9.29 MPa (—8%). The results show a negative
effect of increasing the filler concentration on the strength of the adhesive bonds. The
fracture surface of the adhesive bonds AB0O, AB10, AB20, and AB30 showed an adhesive-

cohesive structure.

12
12
11
11
10
10

ABO AB10 AB20 AB30

9

Shear tensile strength [MPa]

9
8

Type of adhesive bond

Figure 4. Shear tensile strength of adhesive bonds in static tensile test.

Statistical testing showed statistically insignificant differences between ABO and AB10
(p = 0.72), AB20 (p = 0.40), that is, the filler concentration did not significantly affect the
static strength of the AB10 and AB20 adhesive bonds. A statistically significant difference
was demonstrated for the AB30 adhesive bond (p = 0.04), that is, the filler concentration
significantly (negatively) affected the static strength of the AB30 adhesive bond.
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Figure 5. Strain of adhesive bonds in static tensile test.

The deformation of the adhesive bonds during the static test is shown in Figure 5.
The adhesive bond ABO showed a deformation of 9.27 + 0.81%. With increasing filler
concentration, that is, adhesive bonds AB10, AB20, and AB30, the deformation decreased.
The AB10 adhesive bond showed a deformation of 8.04 £+ 1.55% (1.5% vs. ABO), AB20
7.09 £ 0.89% (—31%), and AB30 6.90 & 0.63% (—34%). The relatively high deformation of
the adhesive bond AB0 means a reduced resistance to cyclic loading at higher intensities.
This fact has been confirmed by other research [11,36].

Statistical testing showed a statistically insignificant difference between ABO and
AB10 (p = 0.11), that is, filler concentration did not significantly affect AB10 strain. A
statistically significant difference was demonstrated for the adhesive bonds AB20 (p = 0.01)
and AB30 (p = 0.01) adhesive bonds, that is, the filler concentration significantly affected
the deformation of the adhesive bonds AB20 and AB30.

The results of the quasi-static tests are shown in Figures 6 and 7 and Table 3. The
strength results of the adhesive bonds after the quasi-static test are shown in Figure 6. From
the results in Figure 6 shows a decrease in the strength of the adhesive bond ABO after a
quasi-static test with a stress intensity between 5-30% (strength 9.76 + 0.79 MPa) compared
to the static test (strength 10.03 & 0.71 MPa). It follows that the resulting strength of the
adhesive bond ABO was negatively affected by cyclic loading. The strength of the adhesive
bonds under cyclic loading was positively affected by the addition of filler, that is, for the
adhesive bonds AB10, AB20, and AB30. Figure 6 shows an increase in strength after a
quasi-static test of 5-30% for all types of adhesive bonds with a composite adhesive layer,
that is, AB10, AB20, and AB30. For adhesive bonds AB10 there was an increase in strength
compared to ABO by 10.67% to 10.92 £ 0.64 MPa, for AB20 by 15.34% to 11.53 & 0.68 MPa,
and AB30 by 21.88% to 12.49 + 0.71 MPa. These results show that with increasing filler
concentration, the strength of adhesive bonds increases in a quasi-static test with a lower
stress intensity of 5-30%. Statistical testing of experiments with lower stress intensity of
5-30% showed statistically significant differences between the adhesive bond ABO and
AB10, AB20, and AB30 (p = 0.01), that is, the added filler significantly affected the strength
of adhesive bonds with the composite adhesive layer. All types of adhesive bonds, that
is, ABO, AB10, AB20, and AB30, withstood the specified number of 1000 cycles at cyclic
loading with a lower intensity of 5-30%. Statistical testing of experiments with lower stress
intensity of 5-30% showed statistically significant differences between the adhesive bond
ABO and AB10, AB20, and AB30 (p = 0.01), that is, the added filler significantly affected the
strength of adhesive bonds with the composite adhesive layer. All types of adhesive bonds,
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that is, ABO, AB10, AB20, and AB30, withstood the specified number of 1000 cycles at cyclic
loading with a lower intensity of 5-30%. Statistical testing of experiments with lower stress
intensity of 5-30% showed statistically significant differences between the adhesive bond
ABO and AB10, AB20, and AB30 (p = 0.01), that is, the added filler significantly affected the
strength of adhesive bonds with the composite adhesive layer. All types of adhesive bonds,
that is, ABO, AB10, AB20, and AB30, withstood the specified number of 1000 cycles at cyclic
loading with a lower intensity of 5-30%.

14 1
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M AB10
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—
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-

O
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Figure 6. Results of the quasi-static test of adhesive bonds—strength.
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Figure 7. Results of the quasi-static test of adhesive bonds—strain.

The ABO adhesive bond did not withstand the specified 1000 cycles in a quasi-static
test with a higher intensity of 5-50%. The average number of completed cycles was
241 + 25 cycles. From this, the assumption that premature failure of the adhesive bond
can occur even with a relatively low number of completed cycles follows and was con-
firmed [27]. Therefore, the service life of the ABO adhesive bond was low. However, the



Polymers 2022, 14, 1033

8 of 16

added filler positively affected not only the mechanical properties, but also the service
life of adhesive bonds at higher cyclic loading levels, because all adhesive bonds with
composite adhesive layer, that is, AB10, AB20, and AB30, withstood the specified 1000 cy-
cles, as shown in Table 4. Adhesive bond AB10 reached strength 10.81 £ 0.71 MPa, AB20
11.91 £ 1.01 MPa, and AB30 12.03 & 0.63 MPa. Statistical testing could not be performed
due to premature failure of the ABO adhesive bond at 5-50%.

Table 3. Evaluation of cyclic tests of adhesive bonds.

Type of Tvpe of Test Number of Test Samples Number of
Adhesive Bond M (Number of Finished Tests/Total Number of Tests) Finished Cycles
ABO from 5 to 30% (157-940 N) 7/7 1000
from 5 to 50% (157-1567 N) 0/7 241 +£ 25
AB10 from 5 to 30% (157-940 N) 7/7 1000
from 5 to 50% (157-1567 N) 7/7 1000
AB20 from 5 to 30% (157-940 N) 7/7 1000
from 5 to 50% (157-1567 N) 7/7 1000
AB30 from 5 to 30% (157-940 N) 7/7 1000
from 5 to 50% (157-1567 N) 7/7 1000
Table 4. Evaluation of the type of failure of individual types of adhesive bonds.
Type of Characteristics of the 1 2

Adhesive Bond Adhesive Bond Test AF AJCE

Static test 0/7 7/7

ABO Quasi-static test from 5 to 30% (157-940 N) 1/7 6/7

Quasi-static test from 5 to 50% (157-1567 N) 0/7 7/7

Static test 3/7 4/7

AB10 Quasi-static test from 5 to 30% (157-940 N) 7/7 0/7

Quasi-static test from 5 to 50% (157-1567 N) 5/7 2/7

Static test 1/7 6/7

AB20 Quasi-static test from 5 to 30% (157-940 N) 6/7 1/7

Quasi-static test from 5 to 50% (157-1567 N) 6/7 1/7

Static test 0/7 7/7

AB30 Quasi-static test from 5 to 30% (157-940 N) 4/7 3/7

Quasi-static test from 5 to 50% (157-1567 N) 5/7 2/7

1 Adhesive failure; 2 Adhesive/cohesive failure.

When comparing the strength between a quasi-static test with a lower intensity of
5-30% and a higher intensity of 5-50%, it is evident that at a higher intensity there was a
slight decrease in strength compared to a lower intensity for adhesive bonds AB10 and
AB30. AB10 adhesive bonds decreased by 1.07% to 11.91 & 1.01 MPa. For adhesive bonds
AB30 by 3.82% to 12.03 & 0.63 MPa. Thus, the negative effect of a higher value of cyclic
loading is evident, which causes a deterioration of the mechanical properties, that is, the
strength of said adhesive bonds. However, the above conclusions about the decreasing in
strength are not significant.

The results of strain after the quasi-static test are shown in Figure 7. The adhesive
bond ABO showed a strain of 9.27 & 0.81% after the static test. After a 5-30% quasi-static
test, the ABO adhesive bond showed a slight increase to 9.37 £ 1.80%. Adhesive bonds
AB10, AB20, and AB30 showed a significant increase in strains compared to ABO after a
quasi-static test of 5-30%. Adhesive bonds AB10 10.63 £ 1.51%, AB20 11.43 £ 0.99%, and
AB30 13.20 £ 0.44%. Therefore, the percentage increase was approximately from 12 to
29%. Statistical testing showed statistically insignificant differences between ABO and AB10
(p = 0.21), that is, the filler concentration did not significantly affect the strain of the AB10
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adhesive bond. A statistically significant difference was demonstrated for AB20 (p = 0.01)
and AB30 (p = 0.01) adhesive bonds, that is, the filler concentration significantly affected
the strain of said adhesive bonds.

The ABO adhesive bond did not withstand the specified 1000 cycles in a quasi-static
test with a higher intensity of 5-50%. For this reason, the strain could not be quantified.
For adhesive bonds AB10 the strain was 9.82 + 0.74 MPa, for AB20 12.12 + 1.30% and for
AB30 13.07 4= 0.99%. Statistical testing could not be performed due to premature failure of
the ABO adhesive bond at 5-50%.

From Table 3 it can be seen that almost all variants of the adhesive bonds have
withstood the specified number of 1000 cycles. The exception occurred only for the adhesive
bond ABO in the test 5-50%, when the stated intensity of cyclic loading could not withstand
any adhesive bond, that is, the number of completed cycles was 241 £ 25. From the
above result it is possible to observe the fact that the adhesive bond ABO is not suitable
for applications, where higher values of cyclic loading occur. At a higher value of cyclic
loading, the effect of the added filler had a positive effect, that is, adhesive bonds AB10,
AB20, and AB30, when all adhesive bonds lasted a specified number of 1000 of cycles. The
service life of the mentioned adhesive bonds thus increased significantly compared to the
ABO adhesive bond at an intensity of 5-50%. Broughton et al. [39] in their report state that
the upper limit of 50% of the static test is used in the aerospace industry to determine safety
factors in the design of bonded and bolted structures under cyclic loading.

Table 4 shows the evaluation of the type of failure of individual types of adhesive
bonds, and it is evident that the adhesive bonds ABO showed the type of adhesion-cohesion
failure in all types of tests. One adhesive bond showed an adhesive failure of 5-30% after a
quasi-static test, which could be caused by insufficient preparation of the bonded surface.
AB10 adhesive bonds showed adhesion and adhesion-cohesion type failure after static
test, adhesion type failure after quasi-static test with intensity 5-30% and mostly adhesion
failure after quasi-static test with intensity 5-50%. These types of failures were similar for
all types of adhesive bonds with a composite adhesive layer. The adhesive type of failure
means a reduced adhesion of the composite adhesive layer to the bonded material. The low
adhesion of the composite adhesive layer could be caused by insufficient preparation of the
bonded material, an undesirable layer on the surface of the filler, e.g., grease, which affects
the whole structure of the composite layer and, thus, the adhesion to the bonded material.
This problem can be solved by a suitable surface treatment of the natural filler [40—42].
Another reason for the occurrence of adhesive failure in bonds with a composite adhesive
layer, such as AB10, AB20, and AB30, could be the increased thickness of the adhesive layer
compared to adhesive bonds ABO, as shown in Table 2, which showed an adhesion-cohesion
type of failure. The increased thickness of the adhesive layer causes an increase in the
tensile bending moment, and, thus, a decrease in the adhesion at the adhesive/adherend
interface. Grant et al. [43] verified that as the thickness of the bonded layer increases, the
bending stress increases as the bending moment increases. As a result, the strength of the
adhesive bond also decreases. Da Silva et al. [44] found that the optimal thickness of the
bonded layer in terms of mechanical properties is up to 0.5 mm.

Figures 8-10 demonstrate an example of quasi-static curves that present the course
of stress of adhesive bonds AB10, AB20, and AB30 at different cyclic loading intensities,
that is, 5-30% and 5-50%. Figures also show the intensity of viscoelastic behavior. From
Figure 8 it can be seen that for the adhesive bond AB10 the elongation at the cyclic loading
intensity was smaller than at the cyclic loading intensity of 5-50%, as shown in Figures 9
and 10. Gradual elongation of the adhesive bond under cyclic loading means gradual bond
fatigue. These characteristics have been demonstrated for all types of adhesive bonds. It
follows that the higher the intensity of cyclic loading, the sooner the bond will fail, that is,
the mechanical properties and service life of the adhesive bonds are adversely affected, as
demonstrated by research that has addressed higher intensities of cyclic loading up to 70%
of maximum forces [10,11,36].
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Figure 8. Quasi-static curve of adhesive bond AB10 at cyclic loading intensity 5-30%.

4000
3500
3000
2500
2000

1500

Loadingforce (N)

1000

500

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40

Elongation (mm)

Figure 9. Quasi-static curve of AB20 adhesive bond at cyclic loading intensity 5-50%.
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Figure 10. Quasi-static curve of AB30 adhesive bond at cyclic loading intensities of 5-30% and 5-50%.
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The results of the experiments confirmed the positive effect of the filler in the form
of coconut shell particles on the mechanical properties and service life of adhesive bonds
under cyclic loading. In the study by Shahar et al. [45], they state that the natural filler of
kenaf in the form of small particles in the polymer matrix positively affects its fatigue life,
due to the better stress distribution in the matrix and the ability to form good bonds at the
filler/matrix interface. Abdullah et al. [46] reached similar results.

Figure 11 shows a section of an adhesive bond with a filler weight concentration of 20%
of microparticles of crushed coconut shells (designated AB20), which were not exposed to
cyclic loading of the adhesive bond, that is, 0 cycles. Figure 11A shows an overview picture
presenting a section of the adhesive bond. Figure 11A shows the adhesive and composite
cohesive layer of the adhesive bond. Figure 11A shows the porosity inside the adhesive
layer. Figure 11B,C show a good interaction between the adhesive layer and the bonded
material. Figure 11B shows a low interaction (wettability) between the filler and the resin.
This negative phenomenon can also be observed in the other sections of the adhesive bonds
shown in Figures 12-14. The reduced wettability between the filler and matrix could be
due to the coconut oil content of the particulate filler. Hasanah et al. [47] and Gao et al. [48]
obtained coconut shell oil by pyrolysis process, which clearly indicates the presence of oil
in the coconut shell. This factor could be improved, for example, by chemical treatment of
the filler [41].

Layer of adhesive with filler

Adhesive bonded material Adhesive bonded material

Layer of adhesive with filler Filler

‘

N
Porosity

Adhesive bonded material

Nl sEm v 00w WO b me [
G 2.00 ke Dt 30
d: 1 5 aculty of Enginesring . CULS Pragus

Figure 11. SEM images of an adhesive bond with a biological filler based on coconut microparticles—
designation AB20, 0 cycles: (A): adhesive bond (MAG 100 x), (B): adhesive bond with a detailed
view of the adhesive layer and the interaction of the filler with resin (MAG 2.00 k), (C): section of
the adhesive bond with a detailed view of the adhesive layer of the adhesive bond (MAG 2.00 k).

Figure 12 shows a section of an adhesive bond with a filler concentration of 10% of
microparticles of crushed coconut shells (designated AB10), which were subjected to a
quasi-static test from 5 to 30% (157-940 N) for 1000 cycles. Figure 12 shows the distribution
of the filler, as well as its size and geometric shape. Figure 12B,C show a detailed view of
the filler, which was characterized by considerable shape variability and reduced degree
of wetting.

Figure 13 shows a section of an adhesive bond with a filler concentration of 20% of
microparticles of crushed coconut shells (designated AB20), which were subjected to a
quasi-static test from 5 to 50% (157-1567 N) for 1000 cycles. Figure 13 again shows the
distribution of the filler, as well as its size and geometric shape. Figure 13B,C show a
detailed view of the filler, which was characterized by considerable shape variability seen
from a comparison of the two figures and a reduced rate of wettability. The interaction was
particularly poor for irregular particles. This phenomenon was identified in the research of
activated rubber particles in polymer composite materials [49].
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Figure 12. SEM images of an adhesive bond section with a biological filler based on coconut
microparticles—designation AB10, quasi-static test from 5 to 30% (157-940 N), 1000 cycles: (A): ad-
hesive bond section (MAG 500 x), (B): section of the adhesive bond with a detailed view of the
interaction of filler and resin (MAG 5.00 k), (C): section of the adhesive bond with a detailed view
of the interaction of filler and resin (MAG 10.00 k x).
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Poor
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Figure 13. SEM images of an adhesive bond section with a biological filler based on coconut
microparticles—designation AB20, quasi-static test from 5 to 50% (157-1567 N), 1000 cycles: (A): ad-
hesive bond section (MAG 500 x), (B): section of the adhesive bond with a detailed view of the
interaction of filler and resin (MAG 5.00 k), (C): section of the adhesive bond with a detailed view
of the interaction of filler and resin (MAG 5.00 k x).

Figure 14 shows a section of an adhesive bond with a filler concentration of 30%
of microparticles of crushed coconut shells (designated AB30), which were subjected to
a quasi-static test from 5 to 50% (157-1567 N) for 1000 cycles. Figure 14 again shows
the distribution of the filler and its significant difference in the size of the filler and its
geometric shape. Figure 14B does not show damage to the adhesive bonds between the
bonded material and the composite adhesive layer even after 1000 cycles. This delamination
caused by cyclic loading is evident from Figure 14C. This is a single cut with an adhesive
bond. This delamination leads to the initiation of the adhesive-cohesive fracture surface at
the interface of the bonded layer between the adhesive and the bonded material, which is
clearly seen in Figure 14C. The delamination is visible in the lower part of the figure by a
longitudinal section of the adhesive bond (Figure 14C).
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Figure 14. SEM images of an adhesive bond section with a biological filler based on coconut
microparticles—designation AB30, quasi-static test from 5 to 50% (157-1567 N), 1000 cycles: (A): adhe-
sive bond section (MAG 500 x), (B): section of the adhesive bond with a detailed view of the adhesive
layer and the interaction of the bonded material and the composite bonded layer (MAG 15.00 k),
(C): section of the adhesive bond with a detailed view of the adhesive layer and the interaction of the
bonded material and the composite bonded layer with significant delamination (MAG 1.00 kx).

4. Conclusions

The research follows the current trend in the field of polymer composites are fillers
based on natural material (or waste). The material utilization of natural waste as filler
sets the current trend in the research of polymer matrix based composite materials. By
modifying the adhesives with a natural filler based on particles or fibers, a composite
layer can be obtained which can improve the parameters of the adhesive bond in terms
of mechanical properties, increased service life, and, thus, increased safety under cyclic
loading. The results of experiments of adhesive bonds with a composite layer of glue based
on natural waste from the process of processing coconut oil, stressed by cyclic loading
(quasi-static tests) showed:

e  The thickness of the adhesive layer was ABO = 314+ 4 um, AB10 = 349 £+ 6 um,
AB20 =303 &+ 6 um, AB30 = 464 + 8 um;

e  The results of the static shear test showed a reduction in shear strength for all types of
adhesive bonds with a composite adhesive layer, that is, AB10, AB20, and AB30, in the
range from 1.7 to 8% compared to an adhesive bond without ABO filler. Similar results
were achieved by strain, where the decrease ranged from 15 to 34% compared to ABO.
Statistical testing showed statistically insignificant differences between ABO and AB10
(p =0.72), AB20 (p = 0.40) and a statistically significant difference between AB0 and
AB30 (p = 0.04);

e  Adhesive bonds without ABO filler showed approximately 2.8% less strength after
the quasi-static 5-30% test compared to the static test. The adhesive bonds with
the composite adhesive layer, that is, AB10, AB20, and AB30, showed 5-30% higher
strength in the quasi-static tests in the range from 11 to 22% compared to AB0. The
strains increased by 12 to 29%. Statistical testing of experiments with lower stress
intensity of 5-30% showed statistically significant differences between the adhesive
bond ABO and AB10, AB20, and AB30 (p = 0.01);

e  ABO adhesive bonds did not withstand the specified 1000 cycles in a quasi-static test
with an intensity of 5-50%, that is, service life was negatively affected by cyclic loading
of higher intensity. Adhesive bonds with a composite adhesive layer, that is, AB10,
AB20, and AB30, lasted the specified 1000 cycles. Therefore, the added filler had a
positive effect on the service life of the adhesive bonds with the composite adhesive
layer under the cyclic loading;
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e  The experimental results showed an optimum filler concentration of 20 wt.% in terms
of cyclic loading intensity, that is, 5-30% and 5-50%. This concentration of filler
showed an increase in strength in cyclic tests of 5-50% intensity compared with 5-30%
intensity. Therefore, it can be said that not only the durability was increased but also
the mechanical properties were improved. For other types of adhesive bonds with
composite adhesive layer, that is, AB10 and AB30, there is a decrease in mechanical
properties at higher cyclic stress intensity. SEM analysis showed reduced wettability
of the filler and matrix, which was probably due to the coconut oil contained in
the coconut shell filler. Considerable shape variability of the particulate filler was
demonstrated. Delamination caused by cyclic stresses of 5-50% was demonstrated in
the AB30 bonded joint, which led to the initiation of an adhesive/cohesive fracture at
the interface between the adhesive layer and the bonded material.
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