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Background
Structural adhesives are an emerging joining method, increasingly selected in detriment 
to traditional joining methods. Even though the aeronautical industry was the main 
driving force of this technique, nowadays, adhesive joints can be used in other sectors 
such as aerospace, automotive, nautical, construction, electronics, or even in traditional 
applications such as footwear [1–3].

Epoxy resins are one of the structural adhesives with greater applicability, mainly 
due to their versatility and mechanical, thermal and chemical resistance. Epoxies pre-
sent great strength and modulus of elasticity, low creep and good thermal resistance [1]. 
However, due to the high crosslinking, the polymeric structure presents low toughness 
and a low resistance to crack initiation and propagation [4, 5]. There are some solutions 
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available to improve ductility of brittle adhesives, like the inclusion of particles (inor-
ganic or organic) [6, 7]. Natural raw materials, such cork, can be used to improve duc-
tility in brittle adhesives and currently different industries are encouraged to include 
these materials, with the aim to reduce the carbon footprint. Cork is an organic material 
with unique properties, obtained by a truly sustainable process, since it is renewable and 
biodegradable [8]. Cork is characterized by being lightweight, flexible, and substantially 
impermeable to liquids and gases, with excellent thermal, acoustic and vibration insula-
tion, being also an innocuous and rootless material [9–11].

The use of a correct experimental methodology is a crucial task for the evaluation of a 
new adhesive. A proper analysis of the adhesive reinforced with cork should be achieved, 
in order to properly understand how the size, amount and surface treatment of cork par-
ticles can influence the adhesive properties. Failure strength tests are commonly used 
to determine the tensile stress–strain curve of bulk specimens and are a good approach 
to evaluate the adhesive mechanical properties, being frequently studied as part of the 
materials development process [12]. However, since there are some requirements that 
must be assured, the manufacture of bulk specimens is not an easy task. The presence of 
air bubbles must be reduced to obtain a complete filling of the mould and uncontrolled 
exothermic degradation of the adhesive during cure must be avoided. Additionally, a 
uniform distribution of the particles must be assured [12, 13].

The properties of the reinforced adhesive are not merely based on the properties of 
adhesive matrix or reinforcing particles, there are other parameters that contribute to 
the ductility improvement, which mainly influence the outcome of the composite mate-
rial [4]. The parameters considered in this research are the volume fraction (amount), 
size of the particle and the interface particle/matrix; considering always a well-dispersed 
separate phase in the cured adhesive. The amount of particles dispersed in a structural 
adhesive matrix is a significant parameter in the subsequent mechanical properties of 
the adhesive [14–17]. The volume of particles is directly associated to the nature of the 
particles and their mechanical properties, so it is fundamental have full knowledge of the 
particles nature and properties.

Particle size is also a noteworthy parameter and should be evaluated with care, since 
it is a variable that can be controlled, and its importance is perceived at all stages of 
the adhesive production and subsequent application. The effect of particle size on the 
mechanical properties is not consensual, but some studies [18, 19] show that, for com-
posites with micro scale particles, ductility generally increases with particle size.

The interface between the particles and the adhesive is also a key factor in the rein-
forcement process [18]. A good wetting between adhesive and the particles, favouring 
a strong bond, should be guaranteed [20]. Therefore, particles will act as crack stoppers 
and not as defects on the matrix. Chemistry of the particle surface is very important, as 
it defines both the rate of wetting and the strength of interaction with the adhesive [18]. 
So, to ensure appropriate interfacial interactions, their surface properties must be mod-
ified accordingly. Often it is suggested that some degree of modification or treatment 
should be applied to all surfaces prior to adhesive bonding, in order to make the sur-
face more receptive to the adhesive [21, 22]. In this study, plasma treatment was used to 
change the surface of the cork particles. Previous studies showed that the plasma treat-
ment increases the wettability of the cork [21, 23].
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In this study, micro cork particles were used to increase the ductility of a brittle adhe-
sive. Tensile tests were performed to assess the influence of the cork by particle size, 
amount and the presence of a surface treatment. To better comprehend the influence of 
each parameter and the interaction between them, the Taguchi method was used.

Methods
Materials

Araldite  2020®, from Huntsman Advanced Materials (Pamplona, Spain), was the selected 
adhesive because it is very brittle, so the improvements on the ductility can easily be per-
ceived. Araldite  2020® is a two component adhesive (100/30 by weight), resin (component A) 
and hardener (component B). Component A is composed by diglycidyl ether of bisphenol A, 
(DGEBA) and diglycidyl ether of 1,4 butanediol (DGEBOH). On the other hand, component 
B is composed by isophorone diamine (IPDA). Since this adhesive is transparent and slightly 
viscous, the observation (with naked eye) of the cork particle distribution can also be easily 
performed. Each specimen was visually inspected before testing to ensure that the particle 
distribution was randomly uniform and there were no voids or other defects.

In this research, two distinct sizes of micro particles were used, within different range 
sizes: 38–53 and 125–250 µm. The cork used was supplied by Amorim Cork Composites 
(Mozelos, Portugal), without any treatment.

Surface plasma treatment

Plasma treatment was used to modify the surface of the cork particles since it can con-
siderably increase the surface wettability and decrease the contact angle [22, 24]. Low 
pressure plasma treatment was performed on a Plasma Cleaner chamber from Harrick 
Plasma (Ithaca, NY, USA), using air as the gas to produce the plasma on a surface of 
70.85 cm2, at 0.29 kPa of pressure. For the treatment in the chamber, 30 W of electric 
power for 1 min was used.

Manufacture of bulk specimens

A homogeneous mixture of cork micro particles in the adhesive must be guaranteed in 
order to avoid the introduction of air bubbles and ensure uniform distribution of par-
ticles. The cork was initially mixed with the resin using a centrifuge mixing machine, 
SpeedMixer DAC 150™ (Hauschild, Hamm, Germany), for 90  s at 1500  rpm. Before, 
the cork was mixed with the resin and after that, the hardener was added to the mix-
ture. This procedure was the same for the different amounts and cork size. To ensure 
a better particle distribution after the mixing, the composite was heated to 50  °C for 
15 min, to accelerate the curing process. Thus, the particle distribution is improved since 
the upward movement of the particles is counteracted due to the difference in density 
between the particles and the epoxy resin. Afterwards, the composite was mixed again 
in the centrifuge mixing machine. This procedure was considered the most simple and 
effective way to prevent agglomeration of cork particles [8, 25].

After, the mixture was cast in a pre-heated steel mould. Release agent was applied to 
the mould to ensure an easy release of the bulk specimen. A silicone rubber frame was 
used to apply a hydrostatic pressure to the adhesive, which was hot pressed (2  MPa) 
for 15  min at 100  °C (according to the manufacturer’s recommendation cure). Due to 
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the combination of heat and pressure, the surface finish of the plate is excellent. This is 
crucial, since the mechanical properties are dependent of the presence of defects such 
as voids, microcracks and non-uniform particle distribution [1, 12]. Specimens were 
machined from the plates manufactured with a mould [26]. The specimen production 
plan, varying cork presence, amount, size of cork particles and the presence of surface 
treatments, is shown in Fig. 1.

Tensile tests

Failure strength tests are commonly used to determine the tensile stress–strain curve 
of bulk specimens. This test was selected because the stress–strain curve can be used 
to determine the tensile strength, failure strain and Young’s modulus. Figure  2 shows 
the dimensions of the machined specimens, with a thickness of 2 mm. The tensile tests 
were carried out in an Instron 3367 universal testing machine (Norwood, USA), with a 
capacity of 30 kN. This test was made at room temperature and at a test speed of 1 mm/
min. Three specimens were tested for each condition.

Scanning electron microscopy analysis (SEM)

Scanning electron microscope (SEM) analyses were performed in a JEOL JSM 6301F/
Oxford INCA Energy 350/Gatan Alto 2500 microscope (Tokyo, Japan) at CEMUP 

Fig. 1 Schematic diagram of cork specimens with different parameters used for Taguchi analysis: amounts 
(% in volume), size, surface treatment

Fig. 2 Dog-bone tensile test specimens according to BS 2782 standard (dimensions in mm)
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(University of Porto, Portugal). This equipment was used to analyse the cork particles, 
particle distribution and surface fractures. Samples were coated with an Au/Pd thin film, 
by sputtering, using the SPI Module Sputter Coater equipment, for 120  s and with a 
15 mA current.

Taguchi design experiments

The Taguchi method was the methodology used to design the experiments [27–29]. 
The Taguchi orthogonal array used contains three variables, corresponding to the size, 
amount and surface plasma treatment, therefore, a  L8(27) table was applied (Table  1). 
 L8(27) allows to quantify the main effects and interactions between the variables con-
sidered. The influence of each variable and its interactions was assessed by the average 
response and the analysis of variance, ANOVA (SuperANOVA version v1.11, Abacus 
Concepts, Inc. 1991).

Results and discussion
Cork particles characterization

Particles with and without plasma surface treatment were characterized using SEM, for 
size, shape and wall thickness. In particles with and without surface plasma treatment, 
particles with 125–250  μm size presented a honeycomb structure composed by 
several cells, some open (edges of particles), but also closed cells (particle core) (see 
Fig. 3). Particles with 38–53 μm size have damaged cell walls, and in some cases these 
particles present only cell walls fragments (see Fig. 4). Some modifications are perceived 
compared to the particles that were not treated, when the surfaces that have been treated 
with plasma were analysed. Regarding to the thickness of the cell walls, it was found 
that treated particles present smaller thickness comparing to particles that did not have 
surface treatment. Measurements were performed at various cell walls and a decrease 
of cell wall thickness of 3.6% was detected in particles sized between 38 and 53 µm and 
a decrease of 3.3% in particles sized between 125 and 250  µm. This fact reveals that 
the plasma treatment is responsible for the erosion of the cell walls. This might enable 
the introduction of resin inside the cork cells and thus compromising the mechanical 
properties of the composite.

Table 1 Taguchi  L8(27) orthogonal array, with  all variables in  study (size, amount 
and plasma surface treatment)

Test Variable

Size (µm) Amount (%) Plasma surface treatment

1 53–38 0.25 With

2 53–38 0.25 Without

3 53–38 1 With

4 53–38 1 Without

5 125–250 0.25 With

6 125–250 0.25 Without

7 125–250 1 With

8 125–250 1 Without
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Tensile tests

In previous studies it was observed that the presence of cork particles (different, size 
amount and surface treatment) changes the mechanical properties of the adhesive [22, 
23, 30, 31]. However, so far the influence of each variable and its interaction, regarding 
to failure strength test has not been assessed. Figures 5 and 6 show typical tensile stress–
strain curves of neat resin and of the epoxy resin with different amounts and particles 
size, for cork with and without surface plasma treatment, respectively. It can be seen 
that size, amount and plasma treatment influence the mechanical properties of cork/
resin composites. For specimens without surface treatments, small particles and higher 
amounts of cork particles present higher strain value whereas a small amount of bigger 
particles present worse results than the neat resin. Specimens without surface treatment 
present higher strain values than specimens with surface treatment.

Cork particles may act as a reinforcing material and several mechanical properties 
are also inherently changed. Among them are the impact toughness, Young’s modulus, 
maximum strain and stress and glass transition temperature. It is also important to 
remember that the properties of a reinforced adhesive are not solely ruled by the 
properties of the adhesive matrix or the reinforcing material. In fact, there are several 
other parameters involved in the determination of the properties of the material, which 
largely influence the performance of the composite material, such as particle size, and 
amount and also interface between particle and matrix. Analysing Figs.  7, 8, 9, it can 
be clearly observed that the Young’s modulus, maximum tensile stress and strain vary 

Fig. 3 Cork particles characterization with and without surface treatment, 125–250 µm
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with the size, amount and surface treatment of cork particles. Specimens with surface 
plasma treatment present lower values of maximum tensile stress than specimens 
without surface treatments, and in some cases lower than the neat resin. Regarding 
to Young’s Modulus, specimens without surface treatment, present higher value than 
specimens with surface treatment (except specimen with 1% for 125–250 particle size). 

Fig. 4 Cork particles characterization with and without surface treatment, 38–53 µm

Fig. 5 Tensile stress–strain curves of specimens with different cork amounts (0, 0.25 and 1%), different 
particle size, with surface treatment
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Fig. 6 Tensile stress–strain curves of specimens with different cork amounts (0, 0.25 and 1%), different 
particle size, without surface treatment

Fig. 7 Young’s modulus of specimens with different amount, size and surface treatment of cork particles. T 
means with surface plasma treatment

Fig. 8 Maximum tensile stress of specimens with different amount, size and surface treatment of cork 
particles. T means with surface plasma treatment
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Nevertheless, it is not so easy to do the same analysis when the results of maximum 
strain. Therefore, to perform the analysis of these results the Taguchi method was used.

Fracture surface analysis

In order to have a complete understanding of the effect of the particle amount, size and 
surface treatment on the tensile strain, fractographic studies of the tensile test specimens 
fracture surface were performed, using SEM. In both cases (with or without surface 
treatment), it is evident that cork particles are randomly distributed and well spread in 
the epoxy resin matrix (see Figs. 10, 11 respectively). In a first approach, it is also possible 
to say that all specimens present a fracture surface that indicate a brittle behaviour, 
showing a quite smooth fracture surface in the slow growth zone. The fracture surfaces 
are in agreement with the results obtained in tensile tests as the specimens that present 

Fig. 9 Maximum strain of specimens with different amount, size and surface treatment of cork particles. T 
means with surface plasma treatment

Fig. 10 Fracture surfaces with different cork amounts and size for specimens without and with plasma 
surface treatment
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less the brittle behavior are the specimens without surface treatment and 1% of cork, 
regardless of the particle size. Therefore, it is possible to note that the major influence 
on the fracture surface derives from the particle amount. Specimens with plasma surface 
treatment have a more brittle fracture surface than specimens without plasma surface 
treatment.

Analysis of maximum strain results—analysis of variance and average response

As mention in a previous section, it is difficult to define a pattern behaviour between the 
size and amount of incorporated cork and plasma surface treatment. Therefore, a Tagu-
chi orthogonal array (Table 1) was used to determine which variable present the greatest 
influence and interactions between the given possibilities. In Table 2, P value is the value 
for α < 0.05 of significance and P is the contribution. Table 2 presents the ANOVA of the 
data with the parameters and interactions significant for 95% confidence. This table shows 
that the size has the major influence on the maximum strain results (37% of contribution), 
followed by the amount (18%). The surface treatment is the parameter with less influence 
(17%). The strongest interaction is size vs surface treatment, with 6% of contribution.

Figure 12 presents the main effect of particle size. Specimens with smaller (38–53 µm) 
particles present a higher value of maximum strain, reaching an increase of 55% in 

Fig. 11 Fracture surfaces with size for specimens without and with plasma surface treatment, detail of the 
interface between cork and epoxy resin matrix

Table 2 ANOVA analysis with all parameter and interactions, considering maximum strain

Source df Sum of squares Mean square F value P value P (%)

Amount (%) 1 0.003 0.003 20.297 0.0003 18

Size (µm) 1 0.006 0.007 40.346 0.0001 37

Surface treatment 1 0.003 0.003 18.888 0.0004 17

Size * surface treatment 1 0.001 0.001 7.761 0.0127 6

Residual 17 0.003 0.0001 22
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maximum strain comparing to bigger particles. Since this research intends to reach 
the best combination to improve the ductility of the adhesive, it can be concluded that 
the small particles are the best option in case of tensile loading. Several authors have 
studied the effect of particle size on the mechanical performance of thermosetting 
polymers [20, 32, 33]. Some studies [19, 34] indicate that, for composites with micro 
scale particles, fracture toughness generally increases with particle size, but this analysis 
is not consensual.

Figure  13 shows the effect of particle amount on maximum strain. Specimens with 
1% of cork present the highest value of maximum strain. On the other hand, specimens 
with 0.25% of cork present lower values of maximum strain and higher dispersion. As 
found in previous research [8, 22, 25], cork particles do not present a standardized 
structure as it can vary depending on biological and/or mechanical factors, which are 
very challenging to control. Therefore, there is an inherent dispersion of results that 
stems from the conditions of the cork particles. With the decrease of the amount of cork 
particles, the results dispersion increases, as seen in Fig. 13. As mentioned in Table 2, 
the cork particles amount represents an influence of 18% on maximum strain results. 
This result can also be detected by the line slope, which joins the two graphed values. 
The lower the influence of a parameter, the lower the slope of the line.

Fig. 12 Main effect of cork particles size on maximum strain, average results with 95% confidence error bars

Fig. 13 Main effect of cork particles amount on maximum strain, average results with 95% confidence error 
bars
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Figure  14 presents the effect of plasma surface treatment on maximum strain. 
According to the Taguchi analysis, surface treatment presents the lowest influence on 
the maximum strain results (17%). Specimens with plasma surface treatment present a 
lower value of maximum strain, on the other hand, specimens without surface treatment 
present higher maximum strain values but also a higher dispersion of the results. As 
this research aim to reach the best combination to improve the ductility of the adhesive, 
it can be established that the surface treatment will not be the best solution. The cork 
particles mechanical properties and structural integrity are compromised, despite the 
improvement on wettability between the epoxy resin and cork particles.

It is important to study the influence of each parameter, but also the interaction 
between parameters to better optimize the process in order to select the best 
combination possible. For 95% confidence, the only interaction study was surface 
treatment vs particle size (see Fig. 15). Specimens with plasma surface treatment present 
low maximum strain values, unrelatedly to the particle size. Inversely, the behaviour of 
specimens without plasma surface treatment differs with particle size, as specimens with 

Fig. 14 Main effect of cork particles plasma surface treatment on maximum strain, average results with 95% 
confidence error bars

Fig. 15 Interaction on effect of cork particles size vs surface treatment on maximum strain, average results 
with 95% confidence error bars
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small particles present higher values of maximum strain. Nonetheless, it must be taken 
into account that there is noteworthy dispersion in these results and, therefore, this 
can only be considered as a trend. It is easily observed that for specimens with bigger 
particles (125–250 µm), surface treatment does not present a great influence, compared 
to smaller particles (38–53 µm). The smaller particles are more susceptible to the effect 
of surface plasma treatment, since they are composed of only a few cells (between 1 and 
3). Therefore, in case of erosion and the cellular structure be compromised, the particle 
mechanical properties easily decrease with the surface treatment. On the other hand, 
on larger particles this effect is not as pronounced as these particles are composed of 
several cells (always more than 5). Once again, it is observed from these results that the 
practice of surface treatment is not an asset.

Taguchi analysis of maximum strain results—multiple regression

A multiple regression can be applied to obtain a maximum strain prediction, built using 
the relationship between the three independent variables. The regression coefficients of 
maximum strain values versus the three independent variables are given in Table 3.

With this information, it is possible to formulate an equation to predict the maximum 
strain of the adhesive by altering the size, amount and the application of surface treat-
ment of micro cork particles (see Eq. 1). In this regression, surface treatment is a dummy 
variable, taking the value “0” for specimens without plasma surface treatment and “1” 
for specimens with plasma surface treatment. This equation is valid for particle size 
between 38 and 250 µm and amount between 0.25 and 1%, with a determination coef-
ficient  (R2) of 0.744.

The experimental results were used to validate the formulated equation. In addition 
to the previous tested conditions, two additional conditions that were used for the 
formulation of the equation were tested: neat resin, specimens with 0.5% cork, 125–
250 μm size without surface treatment and specimens with 2% cork, 125–250 μm size 
without surface treatment. The values presented by the specimen neat resin and 2% 
cork, 125–250 μm size without surface treatment are not covered by Eq. 1, being outside 
of its range of values. However, this analysis was made to perceive if the values of the 
equation can be extrapolated. Figure 16 presents the experimental values and also the 
analytical values obtained by Eq. 1. The correlation between the experimental values and 

(1)
Maximum strain = 0.093+ 0.031× Amount − 2.342× 10

−4

× size − 0.023× surface treatment

Table 3 Regression coefficients of  maximum strain versus  three independent variables, 
with  R2 of 0.744

Coefficient Std. error Std. coefficient t value P value

Intercept 0.093 0.008 0.093 11.128 <0.0001

Amount (%) 0.031 0.008 0.436 3.848 0.0010

Size (µm) −2.342E−4 −4.316E−4 −0.614 −5.425 <0.0001

Surface treatment −0.023 0.006 −0.420 −3.712 0.0014
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the analytical values is reasonable within the range of the equation but does not compare 
very well when outside the range. However, the equation shows to be a suitable tool to 
predict the mechanical behaviour of the reinforced adhesive, as it provides a reasonable 
estimate of the experimental value. As observed for the results of the samples of 2% cork 
and 125–250 μm particle size without surface treatment, it is not advisable to extrapolate 
the results to values outside the range of variables considered, since the prediction may 
not be precise.

Conclusions
The effect of particle size, amount and surface plasma treatment of micro cork parti-
cles on the maximum strain of a brittle epoxy resin was assessed through tensile tests, 
and analysed using the Taguchi method. These tests were performed on neat epoxy resin 
and epoxy resin reinforced with micro cork particles. The following conclusions can be 
drawn:

  • Plasma treatment is responsible for an erosion of cell walls, leading to a decrease in 
cell wall thickness;

  • The particle amount, size and plasma surface treatment have an effect on the adhe-
sive maximum strain. Specimens reinforced with treated cork particles present maxi-
mum strain values lower than the majority of specimens reinforced with particles 
without surface plasma treatment. In contrast, the specimens with cork without sur-
face treatment show higher values of maximum strain compared to those of the neat 
resin (with an exception for 0.25% cork 125–250 μm size);

  • Maximum strain values are in agreement with the fracture surfaces: higher values of 
maximum strain are consistent with less brittle fracture surfaces;

  • The Taguchi method is a useful tool to scrutinise parameters and perceive variable 
influences and their interactions. Size shows the main influence on the maximum 
strain results, followed by the amount; surface treatment being the parameter with 
less influence in this analysis. Regarding the interaction between the parameters, the 
only interaction considered was size vs surface treatment;

Fig. 16 Comparison between the experimental values and the analytical values of maximum strain
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  • The formulated equation is shown to be an expedited tool for predicting maximum 
strain results.

  • As a final remark, it can be said that the use of micro cork particles as a reinforcing 
material can be an excellent industrial application of a natural product. In addition 
of being seemingly technically possible, this technique would also allow the use of a 
product (cork powder) that is currently not exploited by the cork industry and which 
has an important impact in the Portuguese economy. Cork powder is normally burnt, 
leading to unnecessary energy consumption and frequent accidents. The successful 
use of this material for reinforcing epoxies would open a completely new market for 
the cork industry, with many potential benefits.
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