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Abstract

In this work, a thermoplastic adhesive used by automotive industries for bonding plastic
components has been modified with iron oxide nanoparticles to ease the dismounting process. Two
different processes have been considered for the joint dismounting, namely the already studied
electromagnetic induction and an innovative microwave heating process. Besides the mentioned
heating activation process, a full experimental plan has been designed that includes two different
weight percentages (5% and 10%) of the nanoparticles and two alternative mixing methods: hand-
mixing and extrusion methods. The mechanical performances and the separation tests have been
assessed by using single lap joints. The adhesive joints prepared with the nanomodified adhesives
and with the hand-mixing method presents a slightly larger value of the maximum strength due to
the presence of small agglomerates that have been observed with scanning electron microscope
analysis. On the other hand, the extrusion method gave a very uniform distribution of the particles
within the adhesive matrix. Microwave and induction heating tests conducted on both the single lap
joint and the adhesive itself showed that the joint separation and the melting of the adhesive are
possible by using both adhesives prepared with the two mixing methods.

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 are increasing customer demands 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 [1-4] in some
cases, with respect to traditional fasteners. Adhesives permit to join components 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 [5, 6].

Although they offer some advantages, they cannot be easily separated. Lu et al. [7] 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 reuse but only for recycling.
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Mechanical cutting is also complicated and it cannot be applied in many cases because, usually, the
bondline of automotive components is included in the inner part of the components that have to be
bonded, and therefore not easily accessible. However, even though these techniques can work, in
most of the cases, it is very complicated to have a very clean surface in the bonding area of the
adherends so that they cannot be re-bonded easily. For these reasons, most of the bonded
components in automotive industries need a very complex procedure in order to be dismantled.
Banea et al. [8] reported also many complex methods, laborious methods and new technologies that
could separate mechanical components but, even in these cases, the resulting surfaces of the
adherends are not clean.

The possibility to dismantle components in the automotive industry is very important both for repair
and for recycling purposes. In Europe, particularly, the Directive 2000/53/EC [9], even called end-
of-life vehicles (ELV) Directive and the Directive 2005/64/EC [10] 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 shows 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 centres to find a feasible solution to these problems. Some studies [11-14]
have presented a technology that uses electromagnetic induction systems that activate magneto-
sensitive nanoparticles embedded in adhesives. The sensitivity of these particles to the
electromagnetic field has been used by [12, 14, 15] for rapidly increase the temperature of
thermoplastic adhesive allowing for the separation of joints with greater easiness and without
damages. Banea et al. [13] 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. [16] have used the same technology for curing epoxy adhesives.

In the 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 the shape of the electromagnetic field is given by the shape
of the coil. 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 [17-19]. It is
strictly linked to the dimension of the nanoparticles, in fact, particles with a size smaller than 50 nm
exhibit superparamagnetic behaviour that leads to a more rapid increase of the temperature, as
Ghazanfari et al. [20] have reported.

As shown by [21], 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. The addition of particles in adhesive and polymers in research coupled heating systems
have been used for different purposes, such as for fast curing of adhesives and epoxy resins or for
increasing the mechanical properties of the polymers [21-24]. A promising technology that can be
used for the separation of the adhesive joints by taking advantage of the addition of particles is the
use of microwave as heating process. The main sources of microwave heating are two effects:
dipolar polarization and conduction. The advantages over induction heating process are a
controllable distribution of the electric field, rapid heating and high penetrating radiation and a
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lower amount of applied external power compared to electromagnetic induction systems [25]. The
principle developed in the work presented here is to take advantage of the electrical conductivity
properties of iron oxide particles, dispersed into the adhesive matrix, and to use a microwave
process to melt the HMA in order to obtain joint separation. According to [26, 27], the presence of
these particles also has a beneficial effect on the fracture toughness and mechanical properties of
the thermoplastic material.

In this work, microwave technology has been used for the separation of the adhesive joints by
taking advantage of the sensitivity of Fe3Os particles to this technology. To the author’s best
knowledge this technology coupled with the use of these particles has never been used for the
separation of adhesive joints. The factors that have been considered for the experimental plane
related to the mechanical tests are the mixing methods, hand mixing and extruded, and the particle
concentrations, 5% or 10%. Furthermore, separation tests have been carried out by taking into
account three different factors of the experimental plan: mixing methods (extruded and hand-
mixing), the percentage of particles (5% and 10%) and the separation process (microwave and
induction heating). The mentioned factors have been considered for the statistical analysis, namely
analysis of variance (ANOVA), in order to assess the factors that significantly influence the
responses, maximum mechanical load and separation time.

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
eventually lead to a reduction of the mechanical properties [13]. In this work, the mechanical
behaviour of a polyolefin thermoplastic adhesive has been studied through the mechanical
characterisation of single lap joints. Furthermore, the effect of two weight percentages of
nanoparticles (5% and 10% wt.) on the single lap joint performance was evaluated at a fixed
overlap length and adhesive layer thickness, while two different mixing methods were adopted:
hand mixing method and extrusion method. The first one gave good results in some preliminary
activities related to the induction heating system. Here, the performance in the separation process
was studied also with respect to the mixing methods. The separation tests carried out with a
“traditional” electromagnetic induction system and with the innovative microwave process show
that both the technologies are able to separate the adhesive joints. Visual inspection of the separated
SLJ specimens both separated by mechanical separation tests display that the separations are
completely cohesive for both mechanical properties and separation tests. Field-emission scanning
electron microscope (FE-SEM) analysis shows that the extrusion method led to a more uniform
dispersion of the particles compared to the hand mixing method.

2. Materials and methods

The adhesive joints used for the experimental tests were obtained by bonding adherents made of a
polypropylene copolymer with 10% by weight of talc, (Hostacom CR 1171 GIA G14008, by
Lyondell-Basell Industries, Houston, United States). Rectangular adherends, 100 mm long with
cross-section 20x3 mm, were used as substrates for the experimental tests.

The substrates were bonded with Prodas, a polyolefin-based HMA by Beardow Adams (Milton
Keynes, United Kingdom), a copolymer of polypropylene and polyethylene. A detailed description
of the chemical and mechanical properties of this adhesive has been carried out by Koricho et al.
[28]. The nanomodified adhesive was prepared by adding two weight concentrations of iron oxide
particles 5% and 10%, and by using two different methods: hand-mixing and the extruder method.

The hand-mixed compound was prepared using a procedure commonly adopted in the literature for

HMAs [12, 28, 29]. Pellets of HMA were melted together at 190 °C on a hot plate. At 190 °C, the

viscosity of this adhesive is low enough to easily mix the particles into the adhesive by means of a
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glass rod. The iron oxide particles were added gradually and mixed together with the adhesive.
Then the modified adhesive was cooled before the use by means of a hot-melt gun.

The extrusion method consists of two different phases:

1. Preparation of a masterbatch of HMA and iron oxide particles with the same technique
described for the hand-mixing method.

2. Extrusion of the masterbatch by means of a Haake MiniLab Extruder (Thermo Scientific) at
100 °C and mixed for 10 minutes (time needed to reach a constant value of the mixing
torque) at a speed of 120 rpm. The choice of the speed and temperature was aimed to
maximize the torque that is acting on the modified adhesive since this is positive for the
particle dispersion.

Mechanical tests and separation tests conducted with electromagnetic induction heating were
carried out on the Single Lap Joints (SLJ). The joint preparation was performed by using a hot-melt
gun and an assembly device, which can control the adhesive layer thickness and the overlap length
of the joint, as done in [30]. Single lap joints were prepared by using a fixed overlap length of 15
mm, with a substrate width of 20 mm, as shown in [31]. This configuration was chosen because it
led to the relatively high value of the shear strength value and to a totally cohesive failure surface.
All the substrates were cleaned with isopropyl alcohol before the joint preparation.

The SLJ tests were conducted at a constant displacement rate of 100 mm/min, as done in [12, 28,
29, 31], using an Instron 8801 servo-hydraulic machine. At least, five bonded joints were tested for
both the pristine and modified adhesives, for the statistical validity of the results.

The sensitivity of the nanomodified adhesives to the microwaves was analysed using a CEM
Discover Microwave. The magnetron frequency of this microwave is 2450 MHz with a maximum
power output of 300 W. This microwave equipment is very useful for the experimental analysis
since it has the possibility to work with an open chamber that allows the direct control of the
temperature of the specimen by means of an infrared camera (IRtech radiamatic Timage). A
preliminary analysis showed that the intensity of the microwaves was not constant in the chamber
of the CEM. For this reason, square samples of adhesive modified with iron oxide particles were
tested at different positions (heights) in the chamber until the point that led to the most rapid
increase of temperature was found at 63 mm from the bottom of the chamber. This height was used
for the whole experimental activity carried out in this work. The power of the microwave was set to
its maximum (300 W) for all the measurements related to the microwave in order to minimise the
heating time.

Separation tests by induction heating were carried out by using the inductor Heasyheat by Ambrell,
with a maximum power of 10 kW and a frequency range from 10 to 400 kHz. A more extensive
study on the influence of the current and frequency of this system with respect to the modified
adhesives used in this work is reported in [31]. In this study, a power of 7.4 kW and a frequency of
270 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. This separation system has been used in different works
[12, 28, 31].

Unfortunately, the same tests cannot be performed in the same way for the microwave tests, due to
the limited size of the chamber and thus a different procedure was found. To this end, preliminary
tests at the microwave have been carried out on the modified adhesives alone in order to study the
temperature-time curve. Afterward, the separation tests were carried out by cutting the substrates of
the SLJ in its transversal direction in order to lean the SLJ on the Teflon stage. The specimen cut
was necessary due to the limited size of the microwave chamber. As shown by [28], this adhesive



starts to melt at 124 °C and it is completely melted at 155 °C. For this reason, the separation was
performed by using the time needed to reach 160 °C.

The temperature was measured by an IR camera. This camera has a high thermal sensitivity (80
mK) and an image acquisition rate of 80 Hz. The Preliminary tests at the microwave instrument
were conducted on two different adhesive weights: 0.204+0.05 g and 0.40+0.05 g corresponding to
SLJ specimens with 0.5 and 1 mm of thickness, respectively, and with a fixed width and overlap, 20
and 15 mm respectively. The samples were placed in the centre of the chamber on a Teflon stage.
The IR camera allows measuring the temperature of the external surfaces of the adhesive or of the
adherend. In particular, the temperature of the upper part of the adhesive, in the case of the
microwave, while the temperature of the bondline edge in the case of the induction system. The IR
camera was calibrated by using a thermocouple and black paint as described in [31]. Three tests
were carried out for each sample.

The temperature-time curves obtained by exposing the adhesive alone to microwave were used to
establish the time needed to melt the adhesive with 1 mm thickness (160 °C). Subsequently, the
SLJs prepared with 10% of iron oxide particles and with the extruded and hand mixing method
were exposed to microwaves for the same time. Thus, 10% HM was exposed for 50 s and 10% E
were exposed for 40 s to microwave. The shape of the specimens and the microwave chamber does
not allow for the control of the temperature. For this reason, only the separation surfaces of these
joints are reported in Section 3.4.

FE-SEM analysis was carried out with a Zeiss SUPRA40. An accelerating voltage of 10 kV was
used together with secondary emission signal. The specimens were properly coated with a gold
layer of 10 nm to avoid any charging effect and to have clear images. The energy dispersive X-ray
spectrometry (EDS) associated with SUPRA40 was used to establish that the clearer elements
visible in SEM images are Fe;O4 particles.

3. Results and discussion

In the following sections, HMA refers to the pristine hot-melt adhesive. 5% HM and 5% E refer to
the adhesive modified 5% wt. of iron oxide particles and prepared with the hand-mixed method and
extruded method, respectively. 10% HM and 10% _E refer to the adhesive modified with 10% wt.
of iron oxide particles and with the hand-mixed method and extruded method, respectively.

3.1 SEM Analysis

In this section, pictures from the SEM analysis of the modified adhesives are shown. The iron oxide
particles are recognisable by the clearer and rounded spots within the dark matrix. Figure 1 shows
two different magnifications of the adhesives modified with 5% wt. for the hand-mixed composition
HM (Figure 1a and 1b) and the extruded one E (Figure 1c and 1d). In particular, the first line of the
figure shows respectively a lower (left hand) and a higher (right hand) magnification of the hand-
mixed adhesives HM, while the second line the same magnifications for the extruded ones E.

SEM images of the compounds prepared with the hand-mixed method HM present distinguishable
agglomerates that are visible in both lower and larger magnifications. Blue arrows were used to
indicate some of the agglomerates in the Figure la, while the Figure 1b shows with a higher
magnification a large agglomerate and also a smaller one in order to show how the particles can be
recognised in the adhesive matrix. The clearer large spot in the centre of Figure 1b is not an
agglomerate but an irregularity (in particular an outward relief) of the adhesive matrix surface. This
was verified with the Energy-dispersive X-ray spectroscopy (EDS) associated with SEM, but not
reported here. The largest particle size found in 5% HM is close to 10 um and it is shown in Figure
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la, as evidenced by the scale of the first image. The higher magnification, Figure 1b, shows that
there are some small areas where the dispersion of the particles is not very uniform. On the other
hand, the images related to the adhesive compounds prepared with the extruder, Figure 1c, and 1d,
display a more homogenous dispersion of iron oxide particles within the adhesive matrix. This
behaviour is mainly due to low shear mixing achievable with hand mixing, unable to exfoliate and
disperse the iron oxide particles within the polymer matrix [32].

Figure 1: SEM images of 5% HM and 5% _E, with two different magnifications

Figure 2 shows the SEM analysis conducted on the adhesive compositions 10% HM and 10% E.
This analysis confirms the results conducted on 5% HM and 5% E. 10% HM presents some
agglomerates that are visible in Figures 2a and 2b, some of them are shown with the blue arrows.
Furthermore, as showed for 5% HM, both the images related to the adhesive compounds prepared
with the extrusion method display a homogenous dispersion of the iron oxide particles within the
adhesive matrix even if there are some small agglomerates, Figure 2d, that are limited compared to
the hand mixing method.

Overall, the extrusion method gives a very uniform and good dispersion despite some small
agglomerates compared to the hand mixing method. The agglomerates have been measured by
using the digital image correlation software of the SEM used. The adhesive 5% HM present a huge
agglomerate that is 10 um while the other ones were found between 2 and 3 um. The adhesive
5% _E presents some smaller agglomerates with a size between 0.3 and 0.4 pm. On the other hand,
10% HM displays some bigger agglomerates that are between 3 and 4 um. 10% _ E presents few
agglomerates between 0.2 and 0.3 um.
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Figure 2: SEM images of 10% HM and 10%_E, with two different magnifications

3.2 Mechanical tests

Figure 3 reports representative load-displacement curves obtained for the SLJ tests performed with
the five different adhesive formulations. In this figure, the mechanical behaviour of SLJ prepared
with the pristine HMA is compared with the SLJ prepared with the HMAs modified with hand-
mixing method and the extruder. This figure shows that the initial slopes of the modified adhesives,
representative of the stiffness of the adhesive joint, do not change significantly. Figure 3 shows also
that the values of the maximum load for 5% HM and 10%_ HM are slightly higher than the pristine
one while 5% E and 10%_ E present slightly lower values compared to the pristine hot-melt
adhesive. The slightly higher load of the joints prepared with the hand mixing method could be due
to a toughening effect of the bondline as a consequence of the relatively large presence of particles.
Furthermore, all the modified adhesives present a more ductile behaviour compared to the
unmodified adhesive.



600

— Pristine

500
5% NE
400 10% NE
— 5% E
£ od
T 300 ===10%E
]
[}
200
/
[
|
100
]
]
]
!
0 1
0

2.5 5 7.5 10 12.5 15
Displacement [mm]

Figure 3: Mechanical test results of the neat and nanomodified adhesives modified with both the
manual mixing and extrusion methods

The five repetitions that have been done for each of the performed SLJ tests do not put in evidence
significant scatter in the curves so that the ones reported in Figure 3 can be considered fully
representative of the structural behaviour.

Figure 4 reports the average maximum loads, the average strengths and their standard deviations for
the adhesive joints modified with the hand-mixing and extrusion method. Figure 4 confirms the
trend visible in Figure 3. The mean maximum values do not change significantly compared to the
pristine adhesive. The largest increase has been found for the joints prepared with 10%_ HM that is
5% higher. This could be due to the presence of agglomerates in the adhesive matrix modified with
the hand mixing method that could have a toughening effect on the bondline that resulted in a
higher value of the maximum load [28-31]. On the other hand, the values of the maximum loads of
the joints prepared with 5% HM, 5% E, and 10% E are very close to the pristine one. The
standard deviations are reported with the error bars and evidence a very limited scatter.
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Figure 4: Maximum mean load and strength for all the five adhesive compositions

Statistical analysis was carried out in order to assess whether the compounds or the mixing method
significantly influences the maximum loads of the investigated bonded joints. Analysis of variance
(ANOVA) was used to statistically compare the data. Generally, the statistics F, computed for each
factor and interaction is compared with the considered percentile of the Fisher distribution. F is the
ratio between the mean squares of the computed factors, the one related to the compound (C), the
one related to the mixing method (M), and their interaction (C-M). If the value F is larger than the
percentile calculated with Fisher (i.e. F95% or F90%), then the corresponding factor or interaction
significantly influences the investigated response, i.e. maximum force or separation time that has
been analysed in this work.

The main parameters used in the calculation of the ANOVA are reported in each table: the sum of
squares (SS), degrees of freedom (DOFs), mean squares (MS), and Fisher ratios (F) were computed
from the experimental data. F95% and F90% are the 95% and 90% percentiles of the Fisher
distribution. The ratio between the experimental SS (sum of squared deviations from a mean value)
and the DOF (number of factor levels minus 1) permits the determination of MS (i.e., MS = SS
/DOF). The computed MS is used to assess the significance of each factor (factors C and M) and the
interaction between factors (Interaction C—M). Significance analysis was performed for each factor
and interaction through the statistical hypothesis test proposed by Fisher (F-test). For each factor
and interaction, the statistics F (ratio between the MS related to each factor, MSc and MSw, and
interaction, MSc.m, and the MS related to the Error, MSg) is compared with the considered
percentile of the Fisher distribution.

Table 1 reports the results of the ANOVA for the maximum forces. As it can be seen in the table,
for the investigated range of compounds (the different percentage of nanoparticles), the type of
compound affects the maximum force when a 95% confidence level is considered. Furthermore, the
interaction between compounds and the mixing method affects the maximum force as well when
confidence level of 95% is considered. Thus, this significance is mainly related to the higher values
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obtained with a large percentage of the particles. It is worth to note that the mixing method is not
significant neither for F95% nor F90%.

Table 1: ANOVA for the maximum force

Source SS DOF MS F F95%
Compound (C)* 2757 1 MSc=2757  Fx=11.97  4.42
Mixing method (M) 2757 1 MSw=2757 Fv=1.94  3.55
Interaction C-M* 2549 2 MScvm=1274  Fny=5.54 3.55
Error 4145 18 MSe=230

Total 10347 23

Note: (*) denote the level of confidence: one star for 90% confidence level

3.3 Adhesive heating

In this section, results related to the heating of the modified adhesive by means of microwave and
electromagnetic induction of the modified adhesive have been reported. Figures 5a and 5b display
the temperature-time curves of the four different adhesive compositions heated by means of
microwave for two different thicknesses that correspond to a weight of 0.2 g (thickness 0.5 mm)
and 0.4 g (thickness 1 mm). This extension has been added since Ciardiello et al. [31] showed that
the separation tests conducted on different thicknesses do not affect the separation time. For this
reason, the effects of microwave on different thickness (and mass) have been added in this study for
two different thickness configurations: 0.5 mm (0.2 g) and 1 mm (0.4 g) with fixed width of 20 mm
and overlap of 15 mm. The black line in the diagrams of figures 5a, 5b and 5c marks the
temperature of 135 °C that is the temperature at which the joint separation occurred in the case of
the electromagnetic induction. This temperature has been added in order to obtain a direct
comparison between electromagnetic induction and microwave.

As expected, the curve related to the higher percentage of nanoparticles (10%) shows a more rapid
temperature increment with respect to the lower percentage (5%), while there is a more rapid
temperature increment for the E type specimens with respect to the HM type.

Figures 5a and 5b display that microwave heating does not affect significantly the adhesive heating
up to 135 °C. However, the temperature was measured up to 200 °C, that is the point where this
adhesive starts to degrade [31]. It is noticeable that the adhesive layer with higher thickness (0.40 g)
reaches 200 °C in lower time compared to the adhesive layer of 0.20 g. Figure 5c shows the
temperature-time curves measured with the IR camera. Even in this case, the trends related to the
overlap of 10% HM and 10% E seem to be very similar to the microwave. On the other hand,
induction heating of 5% HM and 5% E is slower compared to the microwave heating. As showed
by Ciardiello et al. [31], the HMA loaded with a lower concentration of particles presents some
areas with a lack of particles, as shown also in the SEM section of this work. This lack of particles
in some areas for the adhesive prepared with the 5% wt. led to higher values of the separation time
(at least 11 s) in the case of the adhesive separated with the induction heating system compared to
the one separated with the microwaves. This means that the microwave system is able to heat more
efficiently the modified adhesive compared to the induction heating system.
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Figure 5: Temperature — time curves of the adhesives prepared with the hand mixing method HM
and extruder E. a- Specimen of 0.20 g heated with microwave; b- specimens of 0.40 g heated with
microwave; c- specimens of 0.25 g heated with the induction system

The summary of the results related to both induction and microwave heating is displayed in Figure
6. The diagram reports the time to reach the separation temperature, which is 135 °C. Separation
tests showed that microwave and induction heating systems are able to heat and separate adhesive
joints prepared with the adhesive modified with 5 and 10 weight percent with both mixing methods.
That study [31] showed that higher is thickness lower is time to separate substrate. The tests carried
out in this activity showed that even in this case higher thicknesses led to lower values of the
separation time even when they are heated with microwaves. This could be due to the higher mass
involved in the heating process [31]. Overall, microwave tests showed that the sample prepared
with higher thickness (0.4 g) can be heated in a lower time for both the adhesive compounds tested
in this work. The differences between 0.2 g and 0.4 g are 23% for the adhesive compound 5% HM
17% for the 5% E, 8% for the 10% HM and 5% for 10% _E. Furthermore, it is noticeable that the
time to heat the extruded compound is quicker compared to the hand-mixed one, 6% lower in the
case of 5% wt. for the 0.4 g samples, 12% for the 5% wt. compound in the case of the 0.2 g sample,
15% lower in the case of 10% wt. compound for the 0.4 g sample and 16% for the same adhesive
compound but the 0.2 g sample. This is due to the better distribution of the particles in the adhesive
matrix as shown by the SEM analysis in Section 3.1. In fact, HM samples showed some area less
rich in particles due to the higher agglomerates that are presented when the hand-mixed method is
used for the preparation of the adhesives. On the other hand, the separation time analysed by using
the induction heating technology showed that there is no significant change between the separation
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times with respect to the mixing methods based on the obtained scatter. As expected, and as
reported by Ciardiello et al. [31], the 10% wt. compound can be separated in lower time, which is
among 2 and 3 times lower compared to 5% wt. It is also important to note that while induction
heating and microwaves tests conducted on the 5% wt. samples do not lead to significant
differences, the sample prepared with 10% wt. presents lower times when heated with induction
heating. This can be related to the higher value of the applied power in the case of the induction
heating method and to the higher presence of particles in the case of 10% wt. sample.

90

83

509 wt. 10% wt.

B Microwave 0.20 g = W Microwave 0.40 g Induction 0.20 g

Figure 6: Microwave and induction heating tests conducted on modified adhesives

Table 2 reports the ANOVA of the experimental plane (2°) related to the separation time. The
factors that have been included in this analysis are the two different compounds analysed (5% and
10%), the two different mixing methods (hand-mixed and extruded) and the adopted separation
methods (electromagnetic induction and microwave). In this analysis, the values of the separation
times related to the microwave are the ones related to 0.4 mm since they are the same as the
adhesive joints configuration adopted for the electromagnetic induction. ANOVA shows that the
compound (percentage of particles) affects significantly the separation time as well as the
interaction between compound and separation method. On the other hand, all the other factors,
including both the other two-level and the tri-level interactions, do not affect the separation time
neither with F95% nor F90%.
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Table 2: ANOVA related to the compound, mixing methods and separation methods

Source SS DOF MS F F95%
Compound (C)* 10584 1 MSc=10584 Fc=308 4.49
Mixing method (M) 1.5 1 MSm=1.5 Fv=0.04 4.49
Separation method (S) 0.2 1 MSs=0.2 Fs=0.00 4.49
Interaction C-M 2.7 1 MScm=2.7 Fcm=0.08 4.49
Interaction C-S* 770.7 1 MSc.s=770.7 Fcs=22.45 449
Interaction M-S 73.5 1 MSwm.s=73.5 Fms=2.14 4.49
Error 459.3 16 MSg=34.3

Total 11981 23

Note: (*) denote the level of confidence: one star for 95% confidence level

3.4 Fracture and separation surfaces

Figure 7 shows representative fracture and separation surfaces of the pristine HMA specimen and
the modified ones. Figure 7a) shows the fracture surfaces obtained by the SLJ test. The first row, in
Figure 7a), beside the fracture surfaces of the pristine specimen, displays the fracture surfaces of the
adhesives modified with the hand-mixing method HM whereas the second row shows the adhesives
modified with the extrusion method E. The visual inspection of these fractured surfaces showed that
they are totally cohesive and there are no differences among the pristine adhesive and the modified
ones, sign of the good adhesion between adhesive and substrates. It is noticeable that the colour of
the adhesive modified with the extruder method is clearer than the one modified with the hand-
mixing method. This can be attributed to the better mixing in the extruded case. Figure 7b) shows
the separation surfaces obtained by the electromagnetic induction system. Even in this case, the
separation surfaces are completely cohesive and the colours are clearer for the specimens prepared
with the extruded method. Figure 7c) displays the separation surfaces obtained by using the
microwave process. Both adhesives look brighter. This is because the adhesive is completely melted
while in the case of the electromagnetic induction system the weight that has been used to initiate
the slide did not allow the complete melt of the adhesive.
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Figure 7: a) Fracture surfaces of the SLJ specimen after the SLJ tests; b) separation surfaces after
induction heating; ¢) separation surfaces after microwave heating

4. Conclusions

In this work, the possibility to dismantle HMA plastic joints by means of iron oxide modified
adhesives coupled with microwaves and induction heating is assessed. While the induction heating
methods have already been studied by the authors in previously published papers, the microwave
heating constitutes, at the author's best knowledge, the relevant novelty of this study. Further two
mixing methods, namely extrusion and hand mixing, have been adopted to complete the study.
SEM analysis showed the presence of agglomerates within the adhesive prepared with the hand-
mixing method while the extrusion method led to a uniform distribution of the particles. The
mechanical properties present no detrimental changes in the maximum ultimate load, generally a
more ductile behaviour and, for the compound prepared with the hand mixed method, slightly
higher ultimate load due to a toughening effect of the bondline.

Separation tests showed that microwave and induction heating systems are able to heat and separate
adhesive joints prepared with both the adhesives modified with 5% and 10% in weight and with
both mixing methods. Whereas the induction heating system led to a lower separation time in the
case of adhesive modified with 10% of iron oxide particles, the separation time of the adhesives
prepared with 5% of iron oxide is comparable. However, it can be noted that the microwave process
is more efficient, leading to a dismantling time of the joint similar to the one obtained with the
traditional induction heating process but with an electric power requirement that is much smaller
and thus of large interest for industrial applications.
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