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Abstract: In the present paper, a novel epichlorohydrin/cardanol adhesive was reinforced by multi-
walled carbon nanotubes (MWCNTs) and characterized experimentally. The adhesive was reinforced
by MWCNTs in weight ratios (wt %) of 0.5%, 1.0% and 2.0%. The bulk properties of the reinforced
adhesive were characterized through dynamic mechanical analysis tests, tension tests, and frac-
ture toughness tests, while its shear behavior was characterized through single-lap shear tests on
aluminum and composite bonded specimens. The morphology of the reinforced adhesive was charac-
terized using scanning electron microscopy tests. Due to the high viscosity of the bio-based adhesive,
special efforts were placed on the dispersion of the MWCNTs into the adhesive, which was achieved
through mechanical mixing. The results from the tests show that the presence of the MWCNTs
increases the glass transition temperature, the Young’s modulus and the fracture toughness of the
reinforced bio-based adhesive, while it decreases its tensile strength. This contradictory finding is
attributed to the formation of MWCNT agglomerates into the adhesive. For the content of 2.0 wt %,
the shear strength of the reinforced adhesive is increased by 57% for the aluminum joints and by
10.4% for the composite joints. The findings of the study reveal that the reinforcement of the bio-based
adhesive by MWCNTs is feasible from a manufacturing viewpoint and may increase the efficiency of
the adhesive in structural applications.

Keywords: bio-based adhesive; epichlorohydrin; cardanol; multi-walled carbon nanotubes; mechani-
cal testing; bonded joints

1. Introduction

In the last decades, the epoxy-adhesive applications are expanding very fast to interior
(cosmetic) and secondary structural applications in the aerospace [1,2], the automotive
industries [3] and used in the construction industry in a semi-cured state [4]. At the same
time, the new environmental restrictions are asking for polymers of lower environmental
footprint, decreased production cost and increased recyclability [4,5]. The environmentally
friendly polymers are divided into the bio-based polymers and the bio-degradable poly-
mers [6]. The bio-based polymers are derived from natural renewable resources, such as
plants and fruits. One of the main drawbacks of bio-based polymers are their low mechani-
cal properties. A method to enhance the mechanical properties of bio-based polymers is
to reinforce them by nanoparticles. In this direction, many works have been reported in
the literature for conventional epoxy resins and adhesives, e.g., [7-9]. On the other hand,
the bio-degradable polymers cannot be used as structural epoxy resins or adhesives due to
the degradation of their physical properties when exposed to a humid environment and
UV radiation [10,11].

In [12], the authors have produced and characterized a novel bio-based adhesive
made from epichlorohydrin and cardanol. The main source of epichlorohydrin is glycerin.
Since glycerin is plant-based, the production of epichlorohydrin from glycerin (or glycerol)
is cost-efficient and also environmentally friendly [13]. The glycerin to epichlorohydrin
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process is more energy-efficient, due to simpler chemical procedures, and there are no
hazardous wastes to deal with [13]. Cardanol is a chemical compound produced from anac-
ardic acid, which is found in the cashew nutshell liquid. The mechanical characterization
has shown that the properties of the epichlorohydrin/cardanol adhesive fulfill the property
requirements of structural adhesives [14] and are very close to the average property values
of commercial structural adhesives.

Given that the bio-based polymers are prone to environmental conditions, in [15],
the effects of hygrothermal ageing on the mechanical properties of the epichlorohy-
drin/cardanol adhesive have been characterized experimentally by subjecting bulk speci-
mens and bonded joints to the conditions of 70 °C/RH85% until saturation and then testing
them mechanically. It was found that the epichlorohydrin/cardanol adhesive is prone
to hygrothermal ageing since its bulk properties are considerably decreased. However,
this is not the case for the shear strength measured from single-lap shear tests on aged
bonded specimens.

In the present work, the epichlorohydrin/cardanol adhesive was filled by multi-walled
carbon nanotubes (MWCNTs) aiming to enhance its mechanical properties, thus making it
more suitable for structural applications. Three different MWCNT contents, namely 0.5,
1.0 and 2.0 wt % were applied. The reinforcement efficiency was tested by means of
dynamical mechanical analysis (DMA) tests, tension tests, fracture toughness tests on bulk
specimens and single-lap shear (SLS) tests on bonded specimens. The morphology of the
MWCNT-filled adhesive was characterized by scanning electron microscopy (SEM) tests.

2. Materials

The bio-based adhesive was obtained by a synthesis of three compounds: the EnviPOXY-
530 epoxy resin (SPOLCHEMIE, Labem-mésto, Czech Republic), the NX-2003 curing agent
(CARDOLITE CO., Gent, Belgium), and the NC-513 reactive diluent (CARDOLITE CO.,
Gent, Belgium). The epoxy resin is made from epichlorohydrin, which is based on glyc-
erol. The hardener is a phenalkamine curing agent with no benzyl alcohol compounds,
which provides excellent adhesive properties to the resin matrix due to the cashew liquid
chemical structure. The reactive diluent is derived from natural and renewable feedstock
and is based on cardanol. It provides the resin system with flexibility and it is solvent-free.
For the single-lap bonded joints, two types of adherents were selected: metallic adher-
ents made from aluminum 2024-T3 and composite adherents made from the UD prepreg
M21/T800 material. The thickness of the aluminum adherents is 1.15 mm. The lay-up of
the composite adherents is [(0/45/90/—45)3]s and their thickness is 2.5 mm. The MWC-
NTs used were the COOH Functionalized Multi Walled Carbon Nanotubes (Cheap Tubes
Inc., Grafton, MA, USA). They have an external diameter range of 10-20 nm, an internal
diameter range of 3-5 nm, and a purity of more than 95%.

3. Experimental
3.1. Synthesis of the MWCNT-Filled Adhesive and Production of Bulk Samples

The epoxy resin was mixed with the reactive diluent and the MWCNTs, and the
mixture was pre-heated at 55 °C into a glass borosilicate beaker. Then, the mixture was
stirred mechanically using a Dispermat Dissolver VL1 (VMA-Getzmann, Briichermiihle,
Germany) for 20 min at 2000 rpm in a vacuum to homogenize the mixture and disperse the
MWCNTs into the resin. Similarly, the hardener was heated to 55 °C and was degassed in a
vacuum. The epoxy mixture was placed into an ultrasonic bath (Elmasonic P, Elma Schmid-
bauer GmbH, Singen, Germany) at 65 °C for 20 min in order to improve the MWCNTs
dispersion. Then, an additional degassing was performed from the epoxy mixture and the
hardener using ultrasonics. After the recovery of the epoxy mixture and the hardener to
the room temperature, the two components were mechanically mixed inside the ultrasonic
bath for 10-15 min. The synthesis process of the MWCNT-filled adhesive is illustrated in
Figure 1.
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Figure 1. Photographic illustration of the synthesis process of the multi-walled carbon nanotube (MWCNT)-filled adhesive.

To produce the bulk adhesive specimens, two silicone molds were manufactured
according to the ASTM standards from high-temperature tolerant silicone. The MWCNT-
filled adhesive was poured into the molds’ cavities while the molds were pre-heated at
55 °C. The curing cycle applied to the adhesive was 6 h at 80 °C and the post-curing was
8 hat 140 °C.

3.2. Surface Treatment and Production of Bonded Specimens

The surface of the aluminum adherents was treated both mechanically using sand-
paper and chemically. For the sanding process, a 400-grit sandpaper was used. After the
sanding, the adherents were washed-off into a bath of deionized water and brushed with
gauze fabric followed by a 10 min ultrasonic cleaning bath at 37 kHz. The chemical treat-
ment was applied according to the ASTM D3933 standard. The adherents were brushed
with acetone (solvent clean), and afterwards, immersed into a sodium hydroxide solution
(NaOH 5 wt %) for 10 min at 25 °C (alkaline clean). Subsequently, they were immersed
into a deionized water bath for 10 min at 60 °C. Nitric acid solution (HNOj3 32.5 wt %)
was used as a deoxidizer. The adherents were immersed into the nitric acid solution
for 8 min at 25 °C. Subsequently, they were immersed into a deionized water bath for
10 min at 25 °C. The anodizing process was carried out into a phosphoric acid solution
(H3PO4 12 wt %). For each adherent, one stainless steel rod, which has been thoroughly
cleaned by acetone, was immersed inside the phosphoric solution alongside the adherent.
Afterwards, the anodizing procedure has taken place for 23 min at room temperature.
Finally, the aluminum adherents were immersed into deionized water for 10 min and dried
inside a contamination-free oven for 1 h at 40 °C.

The surface of the composite adherents was treated manually with sandpaper. The sand-
ing process took place while the specimens were immersed into deionized water. In this
way, the dust residuals of the composites were washed away by the water, thus optimizing
the sanding outcome. 220-grit and 320-grit sandpapers were used. After the sanding
process, the coupons were washed off with deionized water. A soft brushing was followed
using a wet thin gauze fabric. Finally, the composite adherents were dried for 8 h at 60 °C
inside an oven, and the bonding surface was cleaned carefully with acetone.

The bio-based adhesive was applied carefully to the adherents. The bonding area is
30 x 25.4 mm and 25.4 x 25.4 mm for the composite and aluminum joints, respectively.
The adherents were bonded together and cured for 6 h at 80 °C, followed by a post-curing
process of 8 h at 140 °C while a mechanical pressure was applied to the bonded area.

3.3. Characterization
3.3.1. DMA Tests

A DMA Q800 V7.0 instrument with a 3-point bending clamp was used to conduct
the DMA tests on the aged epichlorohydrin/cardanol adhesives for evaluating its ther-
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momechanical properties. A thermal cycle from 25 °C up to 140 °C, with a heating rate
of 10 °C/min under air, was applied. A sample of dimensions of 50 x 4.4 x 3.1 mm
was used. The DMA specimen was shaped from a tension coupon, which is used for the
tension test. The tension coupon is machined to the desired dimensions. The DMA coupon,
in comparison to the dog-bone tension specimen, is shown in Figure 1. The test apparatus
and the mounted DMA coupon are illustrated in Figure 2. The test was performed using
sinusoidal strain and frequency of 1 Hz.
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Figure 2. Sketch and dimensions (in mm) of the dynamical mechanical analysis (DMA) and dog-bone

tension samples.

3.3.2. Tension Tests

The tension tests were conducted according to the ASTM D638-14 standard using a
Tinius Olsen tensile tester with a load cell of 5 kN. The type-IV dog-bone samples were used.
The sketch and dimensions of the dog-bone tension sample are also shown in Figure 2 with
the dashed line. The tests were conducted at a loading rate of 1 mm/min. Five specimens
were tested in total.

3.3.3. Fracture Toughness Tests

For the characterization of the Mode-I fracture toughness of the aged epichlorohy-
drin/cardanol adhesive, single edge notched bend (SENB) samples were used. The ge-
ometry and dimensions of the SENB samples are shown in Figure 3. The width of the
specimens was 3 mm. The tests were conducted according to the ASTM D5045-14 standard
using a Tinius Olsen machine. Prior to the tests, a 3 mm pre-crack (notch) has been created
on the specimens using a razor-sharp blade placed on the machine’s grip and applying
a relatively slow load rate (0.1 mm/min). In total, three specimens were tested using a
1.0 mm/min loading rate.

264 | 26.4 mm

6 mm

Figure 3. Sketch and dimensions (in mm) of the SENB sample.

Mode-I fracture toughness was evaluated in terms of the critical stress intensity factor
Kjc and the critical energy release rate Gyc [16]. K¢ is derived at the tip of the notch at the
fracture initiation load by

where P is the load (kN), B is the specimen’s thickness (cm), W is the specimen’s depth
(cm), x =a/w, a is the crack length (cm),

[1.99 — x(1 — x)(2.15 — 3.93x + 2.7x?]

_ 1/2
flo) = 6x (1+20)(1— )"

2
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while Gjc is derived from:
1—1v)K?
( E) IC (3)

where v is the Poisson’s ratio, Kjc is the stress intensity factor and E is the Young’s modulus.

Gic =

3.3.4. SLS Tests

The bonding capability of the nano-reinforced epichlorohydrin/cardanol adhesive
was evaluated by means of the lap shear strength (LSS) which was measured by lap-shear
tests conducted on composite and aluminum bonded joints, according to ASTM D5868-01
and ASTM D1002-10 standards, respectively. The LSS tests were conducted using an
MTS 100 kN testing machine at a loading rate of 1 mm/min. Five specimens were tested
for each case. The dimensions of the carbon fibre reinforced polymer (CFRP) adherents
are 100 x 25.4 x 2.5 mm (Figure 4a) and the dimensions of the aluminum adherents are
101.6 x 25.4 x 2.5 mm (Figure 4b). The overlap length was 25 mm for the CFRP specimens
and 25.4 mm for the aluminum specimens. In both cases, 25.4 x 25.4 mm tabs were used.

120 mm

254 mm 254 mm 254 mm

254 mm
SN
LN

120 mm

L

25mm _,
2.5 mm

(a)

101 mm

4 mm 254 mm 4 mm

254 mm
N
\ .

101 mm

Z
7
t 1 I—I_*'

25mm _, .

25mm

(b)

Figure 4. Sketches and dimensions (in mm) of the aluminum SLS specimen (a) and the CFRP
single-lap shear (SLS) specimen (b).

4. Experimental Results
4.1. SEM Observation

Before conducting the mechanical tests, the morphology of the MWCNT-filled adhe-
sive was investigated using SEM analysis. Figure 5 depicts representative SEM images
for the three MWCNT-filled adhesives. The examination of the SEM images has revealed
the presence of MWCNT agglomerations despite the special effort spent in the production
process to optimize the MWCNTs dispersion. This is mainly due to the high viscosity of the
bio-adhesive compared to other polymer matrices. As indicated in Figure 5 by the red the
arrows, with increasing the MWCNT content the size and population of the agglomerations
increase as well.
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! WD= 4.6 mm Mag= 234X H WD= 57 mm Mag= 234X
(b) (©)

Figure 5. SEM images of the MWCNT-filled adhesive: (a) 0.5 wt %, (b) 1.0 wt % and (c) 2.0 wt %.

4.2. Glass Transition Temperature

Figure 6 compares the Ty values of the MWCNT-filled adhesives with the value of
the neat adhesive. As shown, the addition of MWCNTs leads to a small but considerable
increase of the Tg by 1.3%, 3.6% and 5.6% for the reinforcements of 0.5 wt %, 1.0 wt % and
2.0 wt %, respectively. The experimental results are shown in Figure 7. The increase is due
to the partial immobilization of the polymeric rings by the MWCNTs and the formation of
hydrogen bonds between the adhesive and the MWCNTs [17].
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Figure 6. Comparison of the T of the MWCNT-filled adhesives and the neat adhesive [12].
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Figure 7. DMA results of the MWCNT-filled adhesive: (a) 0.5 wt %, (b) 1.0 wt % and (c) 2.0 wt %.

4.3. Tensile Behavior

Figure 8 displays the stress—strain curves from the tension tests on the MWCNT-
filled adhesive samples. The MWCNT-filled adhesive shows an elastoplastic behavior.
The Young’s modulus was determined by slopes, which were calculated on the initial
linear portion of the curve using least-squares fit on test data (5 to 25 MPa). The deviation
between the curves is acceptable.



Aerospace 2021, 8, 26

8 of 16

60- MWCNTs wt-0.5% 60- MWCNTSs wt-1.0%
50 50
E 40 E 40
= =
g 301 g 30+
@ Sample 1 7 204 Sample 1
20 Sample 2 Sample 2
—— Sample 3 —— Sample 3
104 —— Sample 4 10 Sample 4
Sample 5 —— Sample 5
0 T T T T T 1 0 v T v v 1
0.00  0.01 002 003 004 005 006 0.00 0.01 0.02 0.03 0.04 0.05
Strain Strain
(a) (b)
60 - MWCNTSs wt-2.0%
50
© 404
o
=
@ 30
2
n Sample 1
20
—— Sample 2
—— Sample 3
104 Sample 4
Sample 5
0 T T T T 1
0.00 0.01 0.02 0.03 0.04 0.05
Strain
(c)

Figure 8. Tensile stress—strain curves of the MWCNT-filled adhesive: (a) MWCNTs 0.5 wt %, (b) MWCNTs 1.0 wt %,
(c) MWCNTs 2.0 wt %.

Figure 9 compares the average Young’s modulus of the MWCNT-filled adhesives with
that of the neat adhesive [12]. The Young’s modulus was extracted from the initial part of
the curves using the least-squares linear regression method. The comparison shows that the
addition of the MWCNTs causes an increase of the Young’s modulus of the MWCNT-filled
adhesive by 2.7%, 5.3% and 6.4% for the reinforcements of 0.5, 1.0 and 2.0 wt %, respectively.
The increase is due to the high Young’s modulus of the MWCNTs. Also, the addition of the
MWCNTs increases the standard deviation values of Young’s modulus, which is due to the
variation of material’s formulation and the formation of the agglomerates. Table 1 displays
the time to failure for the tension tests.
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Figure 9. Comparison of the Young’s modulus of the MWCNT-filled adhesive and the neat adhe-
sive [12].

Table 1. Time to failure for the tension tests.

0.5% CNTs 1% CNTs 2% CNTs
Sample 1 2.82 min Sample 1 2.19 min Sample 1 1.99 min
Sample 2 2.73 min Sample 2 2.14 min Sample 2 2.06 min
Sample 3 2.80 min Sample 3 1.95 min Sample 3 2.45 min
Sample 4 2.27 min Sample 4 1.65 min Sample 4 2.21 min
Sample 5 3.01 min Sample 5 2.27 min Sample 5 2.27 min

Figure 10 compares the average tensile strength of the MWCNT-filled adhesives with
that of the neat adhesive [12]. The tensile strength was taken equal to the maximum
stress in the curves. The comparison shows that the addition of the MWCNTs causes a
decrease of the tensile strength of the MWCNT-filled adhesive by 15%, 19% and 20.6%
for the reinforcements of 0.5, 1.0 and 2.0 wt %, respectively. The decrease is due to the
presence of agglomerations which act as defects in the material. Similar findings regarding
the negative effect of the MWCNT agglomerations have been also reported in [18,19].

70

60 e
& 501 f I T
= 1 I
<
S 40
< B
2
0 30
2
2
o 20
[
104
0

T T T T
Neat adhesive ~ wt-0.5% wt-1.0% wt-2.0%

Figure 10. Comparison of the tensile strength of the MWCNT-filled adhesive and the neat adhe-
sive [12].

Figure 11 illustrates a failed tension specimen made from the MWCNT-filled adhesive.
This is a representative failure mode for all tension specimens.
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Figure 11. Fractured tension specimen.

4.4. Fracture Toughness

Figure 12 displays the force-displacement curves obtained from the fracture toughness
tests conducted on the MWCNT-filled adhesive SENB samples. Between the curves,
an acceptable deviation is achieved. Figure 13 compares the average values of the Kjc of
the MWCNT-filled adhesives with that of the neat adhesive [12]. The comparison shows
that the addition of the MWCNTSs causes an increase of the Kjc by 1.3%, 3.9% and 7.2% for
the reinforcements of 0.5, 1.0 and 2.0 wt %, respectively. The increase is due to the crack
bridging and crack turning caused by the presence of the MWCNTs. In Figure 14 is shown
a representative a case where the main crack was enforced to split into two cracks by the
MWCNTs which were located in front of the crack tip.

45- MWCNTSs wt-0.5% 50+ MWCNTSs wt-1.0%
404 454
354 404
304 354
z = 4
5 251 Z 30
8 @
g O 254
i 20 LE
20
15
— 15
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0.0 0.1 0.2 03 0.4 0.5

Displacement (mm) Displacement (mm)

(a) (b)

50 - MWCNTs wt-2.0%
454
404
35+
Z 30
8 25
S
L 20
154
Sample 1
10 —— Sample 2
5 —— Sample 3
0 T T T T 1
0.0 0.1 0.2 03 0.4 0.5

Displacement (mm)

(c)

Figure 12. Force-displacement curves of the MWCNT-filled single edged notched bend (SENB) samples: (a) 0.5 wt %,
(b) 1.0 wt %, (c) 2.0 wt %.
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Figure 13. Comparison of the Kjc of the MWCNT-filled SENB samples with that of the neat adhe-
sive [12].

Figure 14. Photo showing the crack-split in the MWCNT-filled SENB sample.

4.5. LSS
4.5.1. Aluminum Bonded Joints

Figure 15 displays the force-displacement curves obtained from the SLS tests con-
ducted on the aluminum bonded specimens. Between the curves, an acceptable deviation is
achieved. Figure 16 compares the average values of the LSS of the joints with the MWCNT-
filled adhesive with that of joints with the neat adhesive [12]. The comparison shows that
the use of the MWCNT-filled adhesive leads to the impressive increase of the LSS by 35.6%,
45% and 57% for the reinforcements of 0.5, 1.0 and 2.0 wt %, respectively. The increase is
mainly due to the mechanical interlocking caused by the nano-stitching of the MWCNTSs
onto the chemically modified surface of the aluminum adherents [20-22] as schematically
illustrated in Figure 17.
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Figure 15. Force-displacement curves of the MWCNT-filled aluminum SLS specimens: (a) 0.5 wt %, (b) 1.0 wt % and
(c) 2.0 wt %.
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Figure 16. Comparison of the LSS values of the aluminum specimens bonded with the MWCNT-filled
adhesive with that of the specimens bonded with the neat adhesive [12].
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Aluminum adherent
Adhesive

Aluminum adherent

Figure 17. Schematic illustration of the nano-stitching of the MWCNTs onto the chemically modified
surface of the aluminum adherent.

In Figure 18, a typical failure surface of the aluminum SLS specimens is shown.
The observed failure mode is cohesive, which is an indication of the high quality and high
strength of the bonded joints.

Figure 18. Failure surface of the aluminum specimens bonded with the MWCNT-filled adhesive.

4.5.2. CFRP Bonded Joints

Based on the findings from the SLS tests on the aluminum specimens with the
MWCNT-filled adhesive, CFRP specimens were bonded using the MWCNT-filled ad-
hesive of the maximum content (2.0 wt %) and tested. The measured force-displacement
curves of the tests are shown in Figure 19. Figure 20 compares the average LSS values of
the CFRP specimens bonded with the MWCNT-filled adhesive with that of the specimens
bonded with the neat bio-adhesive [12]. The comparison shows an increase of the LSS
by 10.4%. The increasing mechanism is the same as in the aluminum bonded specimens
(Figure 16). The lower increase of the LSS compared to the one of the aluminum bonded
joints is due to the lower activation of the surface of the CFRP adherents applied by the
surface treatment (grinding). Nevertheless, the increase of 10% caused by the MWCNTs
is significant.



Aerospace 2021, 8, 26 14 of 16

10+ MWCNTSs wt-2.0%
0.8+
< 061
©
1<
<)
L 0.4 i
—— Specimen 1
-~ Specimen 2
024 —— Specimen 3
’ —— Specimen 4
—— Specimen 5
M0+F—T—F7—T T T T T

0 2 4 6 8 10 12 14 16 18
Displacement (mm)

Figure 19. Force-displacement curves of the CFRP SLS specimens bonded with the MWCNT-filled
adhesive (2.0 wt %).
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Figure 20. Comparison of the average LSS value of the CFRP specimens bonded with the MWCNT-
filled adhesive with that of the CFRP specimens bonded with the neat adhesive [12].

In Figure 21, a typical failure surface of the CFRP SLS specimens is shown. The ob-
served failure mode is cohesive, which is an indication of the high quality and high strength
of the bonded joints.

Figure 21. Failure surface of the CFRP SLS specimen bonded with the MWCNT-filled adhesive.

5. Conclusions

In the present work, a novel epichlorohydrin/cardanol adhesive has been reinforced
by multi-walled MWCNTs and characterized experimentally as a bulk material and as
an adhesive. The results from the tests on bulk samples show that the presence of the
MWCNTs increase the adhesive’s Young’s modulus, the Ty and the fracture toughness of
the bio-based adhesive while they decrease the tensile strength. Moreover, the results from
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the tests on single lap shear bonded joints show that the presence of MWCNTs increase the
lap shear strength of the aluminum joints by 57% and the lap shear strength of the CFRP
joints by 10.4%. The findings of the paper, and especially those of the SLS joints, shows that
the use of the MWCNTs may lead to a significant increase of the mechanical properties of
bio-adhesives.
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