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1. Introduction
In recent years, the automotive industry is facing different challenges related to the weight reduction of the vehicles.
On one hand, there is the strengthening of the environmental and safety regulations that suggest decreasing the weight
of the vehicles by using lighter and more efficient materials. On the other hand, there is the increasing customer
demand for higher performances and more luxury and safety features with a consequent weight addition. In this
contest, adhesive bonding acquires great importance since it represents a lighter and cheaper solution, see Chang et al.
(1999), Belingardi and Chiandussi (2004), Rudawska (2010) and Rudawska et al. (2019), in some cases, with respect
to traditional fasteners. Adhesives permit to join component made of materials that are difficult or even impossible to
join in other ways and they are able to join substrates made of different materials, such as composite materials with
metals, see Belingardi et al. (2016) and Casalegno et al. (2018).
Although they offer some advantages, they cannot be easily separated. Lu et al. (2014) and Banea et al. (2013)
reported some of the most traditional methods to separate adhesives joints such as: using chemical solvents, mechanical
cutting or heat treatment. The use of heat and chemicals could damage the components (or substrates) because they
can be aggressive not only for the adhesive but for the components as well. In this specific case, these techniques
cannot be used for the reuse but only for recycling. Mechanical cutting is also complicated and it cannot be applied to
many applications because, usually, the bondline of automotive components is included in the inner part of the
components that have to be bonded. However, even though these techniques can work, in some case, it is very
complicated to have a very clean surface in the bonding area of the adherends and they cannot be re-bonded easily.
For this reason, most parts of the bonded components in automotive industries need a very complex procedure in order
to be dismantled. Lu et al. (2014) and Banea et al. (2013) reported also many complex methods and new technologies
that could separate mechanical adhesive joints but, even in this case, the surface of the adherends are not clean.
The possibility to dismantle components in the automotive industry is very important. In Europe, particularly, the
Directive 2000/53/EC (2000), even called end-of-life vehicles (ELV) Directive and the Directive 2005/64/EC (2005)
have set targets aiming the increase of the reusability, recoverability and recyclability of vehicle materials and
components. Because of these directives, automotive industries must produce a detailed report for each model that
show the existing techniques that they can use to dismantle components in order to recycle, reuse or recover those
components. Automotive industries are required to achieve the recyclability of materials and components to a
minimum of 85% by an average weight per vehicle and the reuse and recovery of components to a minimum of 95%.
In this scenario, the development of disassembling technologies is crucial to reach the percentages of recyclability and
reuse set by the directive. These Directives encourage automotive companies to find new approaches for the reuse and
recycling of automotive vehicles before the adoption of new materials.
In the last decades, innovative technologies have been introduced and studied in automotive industries and research
centers to find a feasible solution to these problems, see Banea (2019). Verna et al. (2013), Banea et al. (2015) and
Ciardiello et al. (2018) have presented a technology that uses electromagnetic induction systems that activates
magneto-sensitive nanoparticles embedded in adhesives. The sensitivity of these particles to the electromagnetic field
has been used by Verna et al. (2013), Ciardiello et al. (2017) and Vattathurvalappil and Haq (2019) for rapidly
increasing the temperature of thermoplastic adhesive allowing for the separation of joints with greater easiness and
without damages. Banea et al. (2015) have used the same technology to heat metallic substrate in order to increase, by
conduction, the temperature of thermally expandable particles. These particles are able to reduce the resistance section
of the adhesive allowing for a separation of the joints. Severijns et al. (2018) have used the same technology for curing
epoxy adhesives.
In electromagnetic induction process, an inductor is used to increase the temperature of a workpiece, usually a
metallic component. Inductor works as a primary of an electric transformer and the conductive material as a secondary
one. The electromagnetic field is generated by a coil that is the final element of the inductor and gives also the the
shape of the electromagnetic. The temperature increase of the particles, in the case of iron oxide nanoparticles, is
mainly due to the hysteresis losses and the Neel and Brown relaxation phenomena, see, Moskowitz et al. (1997),
Bayerl et al. (2014), Suwanwatana et al. (2006). It is strictly linked to the dimension of the nanoparticles, in fact,
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particles with a size smaller than 50 nm exhibit superparamagnetic behavior that leads to a more rapid increase of the
temperature, as Ghazanfari et al. (2016) have reported.
As shown by Ciardiello et al. (2016), this is a promising technology to separate adhesive joints when nanomagnetite
particles (Fe3O4) are embedded with hot-melt adhesives and coupled with electromagnetic induction systems.
Although the separation times are short and can meet the industry requirements the mechanical properties need to be
investigated because the introduction of particles in an adhesive matrix can lead to a reduction of the mechanical
properties. In this work, the mechanical behavior of a polyolefin thermoplastic adhesive has been studied with a single
lap joint. Three different adhesive thicknesses and six overlaps have been investigated on the pristine adhesive and on
the same adhesive modified with 10% wt. The effect of the overlap and adhesive thicknesses have been studied only
for the single lap joints prepared with the pristine HMA and HMA_10% since they showed a relatively significant
difference compared to HMA_3% and HMA_5%. Furthermore, the effect of three weight percentages on the single
lap joint test (3%, 5% and 10% wt.) was evaluated at a fixed overlap and thickness. The separation tests carried out
with an electromagnetic induction system are presented for all the SLJ configuration. Visual inspection of the fractured
SLJ specimens was presented as well together with the scanning electron microscope (SEM) analysis.
Nomenclature
HMA
HMA_3%
HMA_5%
HMA_10%

Adhesive joints prepared with the pristine hot-melt adhesive
Adhesive joints prepared with the hot-melt adhesive modified with 3% wt. of iron oxide particles
Adhesive joints prepared with the hot-melt adhesive modified with 5% wt. of iron oxide particles
Adhesive joints prepared with the hot-melt adhesive modified with 10% wt. of iron oxide particles

2. Materials and methods
Mechanical tests were carried out on Single Lap Joint (SLJ) specimens prepared with three different adhesive
thicknesses (0.5, 1.0 and 1.5 mm) and 6 overlaps (12, 18.5, 25, 31.5, 37 and 50 mm). On the other hand, separation
tests were carried out only on three adhesive thicknesses (0.5, 1.0 and 1.5 mm) and three overlaps (12, 18.5, 25 mm)
that are the specimen where a cohesive separation was observed in the mechanical tests. The adhesive thicknesses
where chosen based on the analysis of a low tailgate used in the automotive industry and bonded with the hot-melt
adhesive used in this work. The mean thickness is close to 1 mm but there are also some parts where the adhesive
thicknesses reaches 0.5 and 1.5 mm. The mechanical properties of this adhesive at a fixed overlap and thickness were
already studied in Ciardiello et al. (2018) together with the effect of the environmental conditioning of the joints
prepared with the pristine and nanomodified adhesives. Furthermore, Ciardiello et al. (2017) and Ciardiello et al.
(2018) studied the mechanical properties of this adhesive under dynamic conditions.
The joints used for the experimental tests were obtained by bonding substrates made of a polypropylene copolymer
with 10% in weight of talc (Hifax CB 1160 G1, by Lyondell-Basell Industries). The substrates used in this work are
100 mm long, with a cross-section of 20 mm x 3mm. These substrates were bonded with a polyolefin-based HMA
(Prodas, by Beardow Adams) a copolymer of polypropylene and polyethylene. The nanomodified adhesives were
prepared by using a hot plate for melting the pristine adhesive and by adding iron oxide particles with an average size
smaller than 50 nm (Fe3O4, by Sigma-Aldrich) with three different weight concentrations (namely 3%, 5% and 10%).
This mixing procedure has been widely used in literature by Verna et al. (2018), Ciardiello et al. (2018) and Koricho
et al. (2016). The particles have been chosen because nanomagnetite with a particles size smaller than 50 nm exhibit
superparamagnetic behavior. Mechanical, thermal and chemical characterization of this pristine adhesive coupled with
PP substrates can be found in Koricho et al. (2016). The characteristic values that are interesting for this work are the
temperature at which this adhesive starts to degrade, that is 210 °C, the melting temperature that starts at 124 °C and
ends at 150 °C, the open time that is 30 s and the density that is 0.98 g/cm3.
Tensile tests were carried out on the substrate at 100 mm/min, which is the same speed adopted for the SLJ tests.
This rate was chosen according to the Fiat Chrysler Automobile (FCA) standard on hot melt adhesive reported in
Verna et al. (2018), Ciardiello et al. (2018) and Koricho et al. (2016). The mechanical tests were conducted using an
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Instron 8801. Two tabs were bonded to the extremities to avoid the misalignment of the SLJ specimen. The main
properties of the substrates are reported in Table 1.
Table 1. Mechanical properties of the substrates
Initial yield [MPa]

Max. tensile stress [MPa]

E [GPa]

νelastic

15.1

20

1.90

0.4

Each substrate was cleaned with isopropyl alcohol in order to remove possible residuals from the specimen before
the joints preparation. This is the procedure adopted by automotive industries to bond this adhesive. The joint
preparation was performed with a hot-melt gun and an assembly device which permits the regulation of the adhesive
thickness joint, as reported by Verna et al. (2018), Ciardiello et al. (2018) and Koricho et al. (2016). The thickness
and the overlap of each joint were measured and it was found to be constant along the joint length, with a variation
smaller than 0.03 mm.
Separation tests have been carried out to rate the speed of the dismounting process. The analysis has been conducted
by using an electromagnetic inductor. The inductor used for this analysis was Heasyheat by Ambrell, with a maximum
power of 10 kW and a frequency range from 10 to 400 kHz. The value of the current, frequency and the shape of the
magnetic field have been chosen based on the outcomes of the work done by Ciardiello et al. (2019) in order to
minimize the separation time. In this specific case, a power of 5.9 kW and a frequency of 317 kHz were used. For
each test, a weight of 0.5 N was applied to the lower substrate of the SLJ in order to submit the joint to a constant load
and cause joint separation (by part sliding) when the adhesive reaches its melting temperature. The separation process
is shown in Figure 1 where the SLJ specimen is inserted inside the solenoid coil. These images have been recorded
with an IR camera. Figure 1 (a) displays the start of the heating process, in fact, the temperature of the modified
adhesive start to heat while the adherend temperature is low. Figure 1 (b) shows the sliding phase of the lower adherend
that is connected to the 0.5 N weight. In this case, the adhesive is melted and the lower substrate is sliding. It is
noticeable that part of the heat generated by the particles has been also transmitted to the adherend. Five replications
have been carried out for the assessment of both mechanical and separation tests.

Fig. 1. (a) Initial phase of the heating process; (b) final sliding.

Scanning electron microscope (SEM) analysis was carried out using a Carl-Zeiss EVO50. An electronic high
tension of 20 kV was used together with secondary emission signal. The specimens were properly coated with gold in
order to have better images.
3. Results and discussion
3.1. Single Lap joint tests
Figure 2 shows the typical load-displacement curves of SLJ tests for the four adopted adhesive formulations,
namely HMA_3%, HMA_5% and HMA_10% for an overlap of 25 mm and an adhesive thickness of 1 mm. The
adhesive joint prepared with the pristine HMA is represented by the blue curve that is the lowest curve in the diagram.
As illustrated, the increase of the particles weight content leads to an increase of the adhesive maximum loads and to
a more ductile behavior of the modified HMAs, as can be noted by the larger tails on the right part. Representative
curves of the SLJs prepared with HMA_3% and HMA_5% show that the values are almost superimposed in these two
cases. The initial trends of the curves are equal for all the adhesive compositions. The increase of the maximum loads
of the nanomodified adhesives could be due to the micro agglomerates that have been shown in the previous section.
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These agglomerates lead to a toughening of the bondline that resulted in an increase of the maximum load and shear
strength.

Fig. 2. Representative curves of SLJ tests for the three different adhesive compositions

Table 2 reports the maximum mean loads and shear strength calculated on the five replications for the case for the
adhesive overlap of 25 mm and thickness of 1 mm. This Table illustrates that there is a percentage increase of 5.1%,
5.5% and 7.2% over the pristine adhesive for HMA_3%, HMA_5% and HMA_10% respectively. The standard
deviations are very similar.
Table 2: Summary of the maximum adhesive shear strength
Pristine
HMA

HMA_3%

HMA_5%

HMA_10%

Average maximum
load [N]

835.55

878.15

881.45

895.14

Average shear
strength [N]

1.67

1.76

1.76

1.79

Standard Deviation
[N]

22.52

20.27

30.84

16.66

െെ

5.10

5.50

7.20

Percentage increase
[%]

All the fracture surfaces of the SLJ specimens were evaluated after the test by means of visual inspection. Figure
3 (a) shows the three typical failures of adhesive joints. The first representation illustrates the cohesive failure, where
the failure occurs within the adhesive layer. The second representative failure is called adhesive failure and it presents
a complete separation between the adhesive layer and the substrate. Finally, substrate failure is shown.
As shown also by Koricho et al. (2016), the typical adhesive failure of these adhesive with polypropylene substrates
or components is both cohesive and adhesive. This failure surface was obtained also by Ciardiello et al. (2017) in
which a degrease process that uses sandpaper was used. Even in this work, the fracture surfaces present both cohesive
and adhesive areas. In particular, the area very close to the edge presents an adhesive failure while the inner part is
cohesive. This is particularly evident in Figure 3 (b) that shows a representative fracture surface a SLJ prepared with
HMA_5%. The red lines illustrate the zones where the fracture was adhesive. In the remaining part, the separation
was cohesive.
Figure 3 (c) displays representative fracture surfaces of the joints prepared with HMA, HMA_3%, HMA_5% and
HMA_10% at a fixed thickness and overlap, respectively 1 and 25 mm. The cohesive zones are recognizable by the
colors that are slightly clearer when compared to the zones where the separation was adhesive. Figure 3 (c) illustrates
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that the introduction of nanoparticles increases the size of the cohesive fracture zone and it is worth to note that the
size of cohesive fracture areas increases with the particle weight concentration.

Fig. 3: (a) Representations of SLJ failure modes; (b) fracture surface of HMA_5%; (c) representative fracture surfaces of HMA, HMA_3%,
HMA_5% and HMA_10%.

Figure 4 illustrates the representative load-displacement curves of the SLJ tests prepared with pristine HMA and
HMA_10% for three different overlaps 12, 18.5 and 25 mm and the three adopted adhesive thicknesses: 0.5 mm shown
in Figure 4 (a), 1.0 mm in Figure (b) and 1.5 in Figure (c). The three Figures show that the curves are very similar for
all the joint configurations. In all the cases, the values of the maximum loads related to the joints prepared with
HMA_10% are higher than the ones prepared with HMA. Although the sustained values are different (increasing with
the overlap lengths), the trends of the pristine adhesive curves are very similar to each other as well as for the adhesive
joints prepared with HMA_10%. The maximum loads for all the three different overlaps are not only increased but
they are moved rightward in the diagram and then the loads decrease more slowly for the curves with a lower overlap.
Furthermore, Figures 4 (a), (b) and (c) show that the increase of the adhesive thickness leads to lower loads and higher
displacements. Figure 4 (a) displays a different trend for the curve related to the joint prepared with an overlap of 25
mm, a thickness of 0.5 mm and with HMA_10%. In this case, a large deformation of the substrate was observed by
visual inspection that is shown in Figure 5.

Raffaele Ciardiello / Procedia Structural Integrity 24 (2019) 155–166
Raffaele Ciardiello/ Structural Integrity Procedia 00 (2019) 000–000

161
7

Fig. 4: Representative curves of SLJ tests for 12 mm, 18.5 and 25 overlaps and the three different adhesive thicknesses: (a) 0.5 mm, (b) 1.0 mm
and (c) 1.5 mm

Figure 5 shows the fracture surfaces of the lap joints prepared with pristine HMA and HMA_10% respectively for
the six different analyzed overlaps and thicknesses. As depicted in the previous section, Figure 2.17, the cohesive
surfaces for the joints prepared with HMA_10% present a larger area than the ones prepared with HMA. Generally,
the lower overlaps present a larger cohesive area compared to the bigger one. The SLJ specimens prepared with the
overlaps of 12 and 18.5 mm and the thicknesses of 0.5 and 1.0 mm present a mostly cohesive zone while in the other
ones, the adhesive failure mode is larger. The SLJ specimen prepared with a 0.5 mm thickness and 25 mm overlap
presented a deformation of the substrate that led to an adhesive failure and also to a different trend of the curve, as
seen in Figure 4 (a).

Fig. 5: Fracture surfaces of the SLJ prepared with HMA and HMA_10%

Figure 6 shows the effect of the adhesive thicknesses and overlaps on the maximum average adhesive load and
strength for the SLJ prepared HMA and HMA_10%. As expected the maximum sustained load increases for larger
overlaps decreases for thinner adhesive thicknesses. Figure 6 (b) shows that the trends of the maximum loads for the
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adhesive joints prepared with HMA_10% are very similar to the joints prepared with HMA. Comparing the two
diagrams, it is evident that the maximum sustained loads are larger for the case of HMA_10%.
It is noticeable, that the values of the maximum loads for the joints prepared with HMA and an overlap of 12 mm
are closer compared to the ones prepared with HMA_10% and the same overlap. Furthermore, the increase of
maximum load for the modified adhesive is more evident for the overlaps of 18.5 mm and 25 mm. The tendency lines
in both Figures (a) and (b) show that the strengths are almost constant for a fixed thickness. The only one that shows
a change of curvature is the tendency line of the SLJ prepared with HMA_10% and with a thickness of 0.5. The reason
is due to the change in the failure mode. The values of the standard deviations are reported in the error bars of both
Figures 2.18 and 2.19 and the scatter is very limited. For both cases, the values of the shear strengths for the shortest
overlap are higher compared to the larger ones since the resistance areas are higher due to the fact that the central part
of the overlap (reduced in this case) is a zone with low stress, see Boursier et al. (2018), Scattina et al. (2011).

Fig. 6: Effect of the adhesive thicknesses and overlaps on the maximum load and strength for the pristine HMA (a) and HMA_10% (b).

Figure 7 reports the representative curves for the overlap lengths that leads to a failure of the substrates for joints
prepared with the pristine HMA, Figure (a), and HMA_10%, Figure (b). The curves are at a fixed adhesive thickness,
that is 1 mm. The curve related to the overlap of 25 mm has been also added to have a direct comparison with a curve
where the failure was mainly cohesive. The SLJ specimens prepared with 31.5, 37 and 50 mm overlap lengths and an
adhesive thickness of 1.0 mm, lead to substrates failure for both HMA and HMA_10%. These curves have been
reported in order to show that these curves are very close to the tensile test made on PP substrates, see Koricho et al.
(2016). The curves for both the cases of HMA and HMA_10% are very similar when substrates deformation occurs.
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Fig. 7: Comparison of representative curves of adhesive joints prepared with 25, 31.5, 37 and 50 mm overlaps: (a) for HMA; (b) for HMA_10%

3.2. Separation tests
The sensitivity of nanomodified adhesives to electromagnetic fields have been widely studied by Ciardiello et al.
(2019). The work studied the effects of current, power, frequency and shape of the electromagnetic field on the
separation time of the joints. This study was carried out on the same masterbatch of the adhesives studied in this work.
Based on that main results of Ciardiello et al. (2019), the separation tests were conducted by using all the parameters
that minimize the separation time that is: highest frequency, highest power (and current) and a solenoidal coil that
maximize the electromagnetic field in the center. Figure 8 summarizes the main results obtained by the separation
tests. In particular, Figure 8 (a) reports the separation times that were obtained with the three different adhesive
overlaps and thicknesses. Figure 8 (a) is separated into two parts because of the different scales related to the separation
times. The main point of this figure is that the separation time does not change significantly with the overlap as shown
by the bars on the left side of the figure and by the standard deviations reported by the error bars. On the other hand,
the separation time is highly sensitive to the adhesive thickness. In fact, the separation time of the joints prepared with
a thickness of 0.5 mm is 400% higher than the case with a 1.0 mm thickness. However, Ciardiello et al. (2019)
explained that this is due to the higher interfacial strength of the adhesive joint with a thickness of 0.5 mm compared
to the ones of 1.0 and 1.5 mm, as shown in the mechanical properties section. In fact, the analysis conducted with a
thermal camera and reported in that study has shown that the substrate temperature of the joint prepared with a
thickness of 0.5 mm before the separation was very high compared to 1.0 and 1.5 mm. This was connected to the
small weight used for initiating the sliding of the lower substrate when the adhesive was melted. This behavior explains
the higher separation time as well. Figure 8 (b) shows the results of the separation tests of adhesive joints prepared
with the three adhesive compositions. As expected, the lowest separation times are related to the adhesive joints
prepared with HMA_10%. Furthermore, HMA_10% present also the lowest standard deviation. This is related to the
dispersion of the particles. In fact, HMA_3% and HMA_5% presented some areas with a lower presence of particles
that need to be melted by conduction, as shown by Ciardiello et al (2019). Figure 8 (c) displays a representative
separation surface of the SLJ after the dismounting operations. In all the analyzed cases, the separation was cohesive.
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Fig. 8: (a) separation time for different overlaps and thicknesses; (b) separation time for different adhesive compositions; (c) representative
separation surface after induction heating.

3.3. Scanning electron microscope analysis
A complete study of the particle distribution of iron oxide particles within this hot-melt adhesive mixed with the
mixing method adopted in this work has been presented in Ciardiello et al. (2018) and Ciardiello et al. (2019). These
studies were carried out on the same masterbatch and showed that the mixing method used in this work offers a
uniform distribution of the particles however it is not able to completely separate the small nanoparticle aggregates
that tend to form clusters with an average length of 0.78 μm. Although a comprehensive study of the microscopy
analysis has been reported in the cited studies for all the three adhesive compositions, a representative SEM image
has been reported in order to show the presence of the agglomerates and the distribution of the particles. Figure 9
shows the presence of these agglomerates fir HMA_10% that are represented by the whiter spots. However, the
presence of the clusters was found also in HMA_3% and HMA_5% as shown in Ciardiello et al. (2019). Furthermore,
the case of HMA_3% and HMA_5% displayed some areas where the presence of the particles was lower that led to a
higher separation time as reported in the previous section.
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Fig. 9: Representative SEM image of HMA_10%

4. Conclusion
This paper presents a comprehensive study of the mechanical properties of reversible plastic joints. These joints
can be dismounted by means of induction heating that is able to heat iron oxide particles embedded in the adhesive
matrix. In particular, this work provided the mechanical behavior of adhesive single lap joints prepared with a pristine
polyolefin adhesive and three different weight concentrations of iron oxide nanoparticles, 3%, 5% and 10%. Three
different thicknesses and six overlaps were analyzed prepared with HMA and HMA_10% to study the mechanical
behavior of adhesive joint in many configurations. Furthermore, the separation tests were carried out taking into
account the results presented by Ciardiello et al. (2019) in order to minimize the separation time and evaluate the
possibility to use this technique in manufacturing processes. The main outcomes of this work are summarized below.




The mechanical properties of modified adhesives were evaluated with different configuration and
compared with the pristine adhesive in order to understand whether this adhesive can be used for
automotive application. As anticipated in the introduction of this work, the addition of nanoparticles can
lead to a detrimental effect of the mechanical properties in some cases. However, all the analyzed cases
present a higher value of the modified adhesive compared to the basic HMA both on the maximum load
and the ductile behavior. The increase of the mean value of the modified adhesive over the pristine one is
around 5% for the adhesive modified with 3% and 5% wt., while it is of 7% for HMA_10%. Mechanical
results conducted on different overlaps and thicknesses showed that the mean maximum loads of the
modified adhesive are higher of the pristine ones in all the cases. The increases are more evident for the
joints prepared with an adhesive thickness of 0.5 mm where the increase of the modified adhesive over
the pristine adhesive was around 20%. This increase is lower for the joint prepared with 1.0 mm thickness
where the increase was around 10% higher and 7% for the joint prepared with a thickness of 1.5 mm.
The separation tests reported in this work confirmed the results obtained by Ciardiello et al. (2019). This
work shows that the separation time does not change significantly with the overlap. On the other hand,
the separation time is highly affected by the adhesive thickness. The separation time of the joints prepared
with a thickness of 0.5 mm is 400% higher than the case with a 1.0 mm thickness. However, this could be
connected to the higher adhesive strength of the adhesive prepared in this configuration and to the low
used weight to start the sliding when the adhesive melts. The separation tests conducted on adhesive joints
prepared with HMA_3%, HMA_5% and HMA_10 showed that the lowest separation time is recorded for
the joints prepared with HMA_10%.
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SEM analysis carried out on HMA_10% was reported despite a compressive study on the same
masterbatch was presented in Ciardiello et al. (2019). This work confirmed that the particles tend to form
small clusters that are uniformly distributed in the matrix.
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