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In this study, p-cyclodextrin was covalently bonded on carbon fibers and its influence through host-guest complex
formation was analyzed. Since cyclodextrins act as host molecules for aromatic compounds, complex formations
can be performed in carbon fiber reinforced epoxy resins, between the carbon fiber surface and the aromatic
compounds of the surrounding plastic. This interface design leads to improved adhesion between fiber and plastic.
An increase of the interfacial shear strength from 12 MPa to 38 MPa was detected. It was possible to increase the
interfacial shear strength even further, to 41 MPa, through a prior complex formation with one of the plastics
components. In addition to the micromechanical analysis, energy-dispersive x-ray spectroscopy and contact angle
measurements were performed to confirm the covalent coating of cyclodextrin on the carbon fiber surface.

1. Introduction

Today's technological designs combine innovation with sustainabil-
ity, and focus in the overall transportation industry not just on alternative
fuel sources but also on lightweight construction. The idea of weight
reduction of structural components describes lower fuel consumption
and therefore, lower CO, emissions. One of the most promising materials
for lightweight designs are carbon fiber reinforced plastics. Carbon fibers
show impressive properties in terms of low density and high strength [1,
2, 3, 4] and are therefore, a popular choice for lightweight construction
in industries such as aerospace [5, 6], automotive [7, 8, 9], construction
[10, 11, 12] and sports [13, 14, 15].

The task distribution within carbon fiber reinforced plastics (CFRP) is
defined clearly: the carbon fibers absorb mechanical loads and the plastic
forms the composite's shape and secures the fibers' position within the
hybrid structure. CFRP composites combine two rigid and brittle mate-
rials to a hybrid structure, which is seemingly less rigid and brittle than
its single structures. This reinforcement effect is caused by the structure
of the composite and its influence on crack behavior and load distribution
[1]. A crack can grow unhindered in a pure material, but in a fiber
reinforced material, the crack propagation stops at every single fiber and
the mechanical load is then being redistributed to several neighboring
fibers. More specifically, a crack does not break a fiber immediately, but
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has a notch effect on it. Depending on the severity of the induced stress
on the fiber, the crack propagation stops or the fiber breaks and the crack
continues growing until it reaches the next fiber. This failure behavior
has two advantages: first, even if a few fibers break, it does not mean, that
the entire composite fails; and second, the crack propagation is slowed
down, so that even brittle matrices do not fail abruptly [16].

The visible component separation between CFRP laminates is called
delamination. The detachment of fibers and matrix can be caused by
brittleness and rigidity of the single structures, low adhesive forces be-
tween fiber and matrix, external high-impact loads and high internal
stress in the composite. The fiber-matrix interface has direct influence on
the energy transfer between both components: the stronger the adhesion
between them, the more energy is necessary for their separation. This
means, strong adhesive forces between fiber and matrix lower the speed
of crack propagation and lower the possibility of fiber-matrix separation
and delamination.

The improvement of interfacial fiber-matrix adhesion is promised by
sizing of carbon fibers. This process describes a coating of the carbon
fiber with a polymer. The sizing protects the carbon fibers from envi-
ronmental influences and stress due to transportation and processing.
However, the use of polymers as sizing agents grants the incorporation of
the carbon fiber surface into the polymeric network of the final CFRP
composite. Meaning that, the new created interphase can be tailored
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precisely to the adhesive requirements of fiber and plastic. Typical sizing
agents are epoxy resins [17, 18, 19], polyurethane [19, 20, 21], vinyl
ester resins [22, 23], polyamide [19, 21], polyimide [21], acrylic acid
[24, 25], polymethylmethacrylate [26] and polystyrene [27]. Next to
polymer coatings, particle sizing is possible and introduces materials like
nickel particles [28], carbon nanotubes [29, 30, 31, 32, 33, 34] and
graphene oxide [35, 36]. Interesting approaches combine different siz-
ings, e.g. carbon nanotubes with silane coating and zinc oxide nanorods
[371, incorporate sensors and damage detection or self-healing mecha-
nisms [38, 39, 40].

In this study, p-cyclodextrin was covalently bonded on carbon fibers
and its influence through host-guest complex formation was analyzed.
Cyclodextrins are cyclic oligosaccharides and can form complexes with
aromatic compounds (Figure 1). They have a hydrophilic exterior and a
hydrophobic interior, which makes them soluble in water and able to
incorporate hydrophobic compounds into their cavity [41, 42]. Since
they can act as host molecules for aromatic compounds like the mono-
mers of epoxy resins, polymerizations can be performed with location
specifity. The complex formation was performed between the cyclodex-
trin, which was bonded covalently on the carbon fibers, and the epoxy
resin system.

2. Material and methods
2.1. Materials

B-Cyclodextrin (Sigma Aldrich, 98 %) was grafted onto PAN-based,
high strength, unsized carbon fibers (Sigrafil C30 T0O50 Uns SGL Car-
bon) and its reactivity was improved by p-toluenesulfonyl chloride
(ABCR, 98 %). The carbon fiber surface was functionalized beforehand
by t etraethylenepentamine (Merck, > 95 %).

For the preparation of the pull-out tests, a solvent-free, liquid epoxy
resin BECKOPOX EP140 and EH637 by Allnex was used. The samples
were cured for two weeks at room temperature.

2.2. Oxidation and coating procedure

Coating of carbon fibers with cyclodextrin requires a four-step syn-
thesis. First, the carbon fiber surface had to be activated through
oxidation with nitric acid, following a treatment with tetraethylene-
pentamine for the introduction of amine groups. Since f-cyclodextrin has
a low reactivity, it was tosylated with p-toluenesulfonyl chloride. This
way, a good leaving group is available instead of the less reactive hy-
droxyl group. The coating process describes the reaction between ami-
nated carbon fibers and tosylated p-cyclodextrin.

The oxidation of unsized carbon fibers was performed in concentrated
nitric acid at 120 °C for 3 h (based on Pittman's instructions [43, 44]).
Deactivation of nitrous gases was performed with a gas washing bottle
filled with a saturated solution of iron sulfate. After the reaction was
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completed, the acid solution was poured onto ice and the oxidized fibers
were washed with distilled water until a neutral pH was reached. For the
amination, the oxidized carbon fibers were mixed into tetraethylene-
pentamine and heated to 200 °C for 4 h (based on Pittman's instructions
[43, 44]). After the mixture cooled down, the fibers were washed with
distilled water. The resulting fibers contain reactive amine groups on the
fiber surface and can be used directly for the coating with tosylated
B-cyclodextrin.

For every 0.1 g aminated carbon fibers, 1.14 g (1 mmol) p-cyclo-
dextrin were tosylated (based on Fujita's instructions [45]). B-cyclodex-
trin was dissolved in 50 ml water and 0.2 g (1 mmol) p-toluenesulfonyl
chloride was added. The mixture was stirred at room temperature for 2 h
and the resulting gas of hydrochloric acid had to be removed constantly.
After the tosylation was completed, the mixture was poured into
dichloromethane. The excess solvent was removed from the precipitated
solid and the product was dissolved in dimethylformamide.

The coating process was performed in DMF at temperatures between
80 and 120 °C for 4 h. The coated fibers were then washed three times
with 50 ml DMF and dried at 80 °C. Two additional samples were then
prepared for the beforehand complex formation between the coated
B-cyclodextrin and the aromatic parts of the resin system. One of the
samples describes a beforehand complex formation between the coated
B-cyclodextrin and the epoxy resin binder and for the other sample, the
amine adduct was used for the complex formation. The beforehand
complex formation was performed in water, where p-cyclodextrin coated
carbon fibers and either the epoxy binder or the amine curing agent were
added. The mixture was stirred at room temperature for 24 h and later on
dried at 80 °C.

2.3. Characterization: scanning electron microscopy

The topography and elemental composition of the carbon fiber sur-
face were analyzed with scanning electron microscopy (SEM) with a Zeiss
Neon 40 including energy-dispersive X-ray spectroscopy (EDX). The
carbon fibers were glued onto aluminium stubs with an electrically
conductive adhesive. To obtain electric conductivity, the coated fibers
were sputtered with a film thickness of 3 nm. SEM was performed at a
working distances of 7 mm and an accelerating voltage of 2 kV. The EDX
measurements were performed at an acceleration voltage of 5 kV and a
working distance of 5 mm.

2.4. Contact angle analysis

A Kriiss Tensiometer K100SF was used to perform contact angle
measurements of single carbon fibers. Using an adapted Wilhelmy
method, the measurements provide information about surface energy,
polarity and wettability.

R

Figure 1. (a) Molecular structure of f-cyclodextrin. (b) Schematic illustration of cyclodextrin conus and (c) inclusion complex of aromatic compound.
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Figure 2. Exemplary SEM images of (a) unsized carbon fibers, and (b) & (c) covalently bonded p-cyclodextrin on carbon fibers.

Table 1. Element composition determined by EDX measurements. [* - calculated without hydrogen and chloride content].

sample C [at%] N [at%] O [at%] S [at%]
carbon fiber 85.0 6.9 8.1

cyclodextrin coated carbon fiber 68.0 11.3 18.0 2.7
cyclodextrin * 54.5 45.5

tetraethylenepentamine * 61.5 38.5

p-toluenesulfonyl chloride * 70.0 20.0 10.0

Table 2. Comparison of contact angles of carbon fibers and p-cyclodextrin coated
carbon fibers.

sample 0[]
carbon fiber 888 £7.3
B-cyclodextrin coated carbon fiber 54.5 + 3.1
p-cyclodextrin complex with epoxy resin coated carbon fiber 74.2 + 4.8
B-cyclodextrin complex with amine curing agent coated carbon fiber 71.6 +16.8
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2.5. Characterization: pull-out tests

A test machine MTS Criterion C45.105 with a HBM load cell S2M (10
N) was used to perform the micromechanical analysis. Single carbon fi-
bers were embedded in epoxy resin droplets and pulled out after curing of
the resin. The measurements were performed at room temperature, with
speeds of 0.05 mm/min and free fiber lengths of 10 mm. The detailed
sample preparation and test procedure were published previously [46].
Pull-out tests are used to determine the bond strength between fibers and
resin and deliver quantitative results concerning chemical and physical
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Figure 3. Pull-out tests of p-cyclodextrin coated carbon fibers. (a) Summary of the interfacial shear strength of fibers without and with a beforehand complex for-
mation. (b) Summary of the measurement series of p-cyclodextrin coated carbon fibers without beforehand complex formation. (¢) Summary of the measurement series
of p-cyclodextrin coated carbon fibers with beforehand complex formation with epoxy resin and (d) summary of the measurement series of f-cyclodextrin coated

carbon fibers with beforehand complex formation with amine coupling agent.
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interactions in the fiber-resin interface. The IFSS is defined as force per
interface area (Eq. (1)) and describes the adhesion between carbon fiber
and matrix.

Fmax
IFSS = —"— 1
m-l-d M

o IFSS interfacial shear strength
e F . recorded maximal force

e | embedded length of the fiber
o d diameter of the fiber

3. Results and discussion

The p-cyclodextrin coating on carbon fibers was visually analyzed via
scanning electron microscopy, including energy-dispersive x-ray spec-
troscopy. The coating can be observed via SEM, as seen in Figure 2. Even
though the coating is not homogenous, the covered area is high.

The chemical composition was analyzed with energy-dispersive x-ray
spectroscopy and is listed in Table 1. The Ka lines for carbon is at 0.277
keV, for nitrogen at 0.392 keV, for oxygen at 0.525 keV and for sulfur at
2.307 keV. The reactivity of the carbon fiber surface was improved by a
treatment with tetraethylenepentamine; therefore, an increase in nitro-
gen content was detected. The following coating with p-cyclodextrin
increased the oxygen content. P-toluenesulfonyl chloride was used as a
coupling agent, since it describes a good leaving group and the primary
hydroxyl groups of B-cyclodextrin are low in reactivity. Sulfur was
detected through EDX measurements and leads to the conclusion, that
even though the reaction was set up stoichiometric, some p-cyclodextrin
molecules got tosylated multiple times. The maximum amount of tosy-
lations of B-cyclodextrin is seven times.

Furthermore, contact angle measurement of single p-cyclodextrin
coated fibers were performed. Coating the fiber surface changes the
chemical composition of the surface and leads to changes in polarity.
Table 2 summarizes the advancing contact angles. Unsized carbon fibers
contain mainly carbon, but also have a few oxygen and nitrogen con-
taining functions on the surface. The expected wettability [47, 48, 49]
matches the measured contact angle of 89°. The coating process of the
carbon fiber surface with B-cyclodextrin increases the hydrophilicity and
therefore, decreases the contact angle, due to the hydrophilic exterior of
B-cyclodextrin. The complex formation with both, epoxy binder and
amine curing agent, was detected with contact angle measurements,
since just the aromatic parts are part of the inclusion complex and the
remaining parts of the molecules stick out and increase the
hydrophobicity.

The coating with f-cyclodextrin increases the interfacial shear
strength between carbon fibers and epoxy resin drastically (Figure 3).
Unsized carbon fibers have interfacial shear strengths of about 12 + 0.6
MPa, while p-cyclodextrin coated carbon fibers reach IFSS values of 37.6
+ 1.8 MPa. Using prior complex formation with the epoxy binder or the
amine coupling agent, increases the IFSS even further, to 41.0 4+ 1.9 MPa.
Meaning, the beforehand complex formation has a positive influence on
the increase of the interfacial shear strength. These high values in
adhesion cannot be explained by just functional groups, since oxidized
carbon fibers (compared to the epoxy binder complex) and aminated
carbon fibers (compared to the amine coupling agent complex) show IFSS
values of 16.2 + 1.1 MPa and 21.3 + 2.8 MPa. Meaning, the bonding
mechanism and complex formation have a significant impact on the
adhesion between fiber and resin.

4. Summary

The interface of CFRPs was designed with host-guest complex for-
mation by the successful use of p-cyclodextrin. The complex formation
was done with the inclusion of either the epoxy binder or the amine
curing agent, since both components are partly aromatic.

Heliyon 6 (2020) e03766

The ability of p-cyclodextrin to include aromatic guest molecules in its
cavity has a significant impact on the interfacial shear strength of carbon
fiber reinforced plastics. The complex formation itself lead to an increase
of the fiber-resin adhesion from IFSS values of 12 MPa-38 MPa. It was
possible to increase the interfacial shear strength even further, to 41 MPa,
through a prior complex formation with one of the plastics components.

It can be stated, that the complex formation of p-cyclodextrin and the
plastic components in the interface of CFRPs has a huge impact on the
improvement of the interfacial shear strength. At this, an emergence can
be observed, since the increase in adhesion cannot be explained by the
covalent use of the single components.
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