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Interfacial, electrical, and mechanical properties of polyurethane (PU)-type aircraft topcoat layers for LSP
(Lightning Strike Protection) was evaluated by 2-D electrical resistance (ER) mapping with different oxidation
times. Multi-wall carbon nanotubes (MWCNT) were treated using hydrogen peroxide to improve dispersion.
Mechanical property of MWCNT/PU topcoat was determined via thin film tensile test, and oxidation degree was
determined using TGA and EDS. Static contact angle measurements were used to evaluate work of adhesion

between MWCNT and PU coating layer. Interfacial adhesion between MWCNT and PU coating layer was obtained
via pull-out test and both results were consistent with different MWCNT oxidation times. Electrical properties of
MWCNT/PU topcoats were evaluated by surface ER. Surface ER was the lowest at 5 days oxidation times. Higher
tensile strength of MWCNT/PU topcoat could contribute to higher interfacial adhesion. Visualization was used to
determine MWCNT dispersion and verified successfully using the color variation of 2D ER mapping.

1. Introduction

The lightning strike to an aircraft is not uncommon and it poses a
potential threat to flight safety that must be recognized [1,2]. If the
aircraft surface is not well-protected, the strike causes severe conse-
quences such as vaporization of metal control cables and/or other crit-
ical aircraft parts [3,4]. The use of fiber-reinforced composite materials,
to reduce weight, raises the issue of damage due to lightning strikes
since fiber-reinforced composite materials have significantly lower
electrical conductivity (EC) than metallic materials [4,5]. Primarily two
methods have been used to study for the solutions on this problem:
improve the EC of carbon fiber reinforced composites (CFRC) used in the
aircraft structures [6-9]; and to improve the EC of topcoats and primers
that are applied to the aircraft's surface [10-13]. The improvement in EC
of CFRC using nanoparticle addition has another problem with
increasing weight and increasing processing costs. The method of
improvement EC of paint layer has also been studied with the addition of
conductive particles. Metallic nanoparticles were used as reinforcement
because the materials so produced had excellent electrical conductivity
[10,11]. However, this material has problems including as follows. First,

corrosion was accelerated in metal-based objects such as bolts and nuts
used to connect the CFRC structures. Second, fuel efficiency was reduced
as the structural weight is increased. Third, the EC was not maintained
for long time because the metallic nanoparticles were attacked by
chemical exposure such as acid rain and salt water [12,13]. Because of
these problems, some recent researchers have attempted to use carbon-
based nanoparticles [12-14].

If the carbon-based nanoparticles are used for the reinforcement to
improve LSP properties of paint layers, uniform dispersion of the carbon-
based nanoparticles is reported to be important [15,16]. The carbon-
based nanoparticles were well aggregated in the polymeric resin due
to their high hydrophobicity surface [17,18]. The decrease in mechan-
ical and electrical properties of carbon-based nanoparticle added poly-
meric resin was studied [19,20]. The dispersion of nanoparticles has
been improved by the use of various dispersion methods [21-24] and
surface treatments [25-29]. A new manufacturing method was devel-
oped to improve MWCNT dispersion in a polymeric coating layer. In the
manufacturing processes, the MWCNT could be aggregated due to the
filtration in narrow gaps of spray gun nozzle [21-24]. To resolve this
problem, the surface treatment of carbon-based nanoparticles has been

* Corresponding author at: Department of Materials Engineering and Convergence Technology, Gyeongsang National University, Jinju, Republic of Korea.

E-mail address: jmpark@gnu.ac.kr (J.-M. Park).

https://doi.org/10.1016/j.porgcoat.2021.106667

Received 18 September 2021; Received in revised form 22 November 2021; Accepted 6 December 2021

Available online 15 December 2021
0300-9440/© 2022 Elsevier B.V. All rights reserved.


mailto:jmpark@gnu.ac.kr
www.sciencedirect.com/science/journal/03009440
https://www.elsevier.com/locate/porgcoat
https://doi.org/10.1016/j.porgcoat.2021.106667
https://doi.org/10.1016/j.porgcoat.2021.106667
https://doi.org/10.1016/j.porgcoat.2021.106667
http://crossmark.crossref.org/dialog/?doi=10.1016/j.porgcoat.2021.106667&domain=pdf

J.-H. Kim et al.

(a)

MWCNT

H,0,
Magnetic
bar

®_ _
y ol yas

/

EP primer coating

PU topcoatcoating

Progress in Organic Coatings 163 (2022) 106667

Distilled

wate/

I\’IWCNT+H3 O 2

MWCNT/ethanol coating

Fig. 1. Schematic arrangement of (a) the oxidation of MWCNT using hydroperoxide; (b) the manufacturing process of the MWCNT/PU topcoat; (c) the adhesion pull-

off test; and (d) the surface ER measurement of the MWCNT/PU topcoat

tried as a mean of obtaining uniform dispersion using acid, base, and
coupling agents. However, MWCNT was damaged during such treat-
ments. This method exhibited other disadvantages such as release of
toxic emissions and being difficult to control [25]. In other research, the
MWCNT has been modified using a coupling agent. In this method, the
MWCNT was pre-modified using an acid to create reaction sites for the
coupling agent [26,27]. Currently, a simple and eco-friendly surface
treatment method has been suggested for the modification of CNT,
where hydrogen peroxide was the only required chemical and no toxic
emissions were released [28,29].

In this paper, ER, adhesion and dispersion properties of MWCNT
were evaluated for different MWCNT oxidation times. MWCNTs used for

the reinforcement and polyurethane (PU) topcoat for aircraft were used
as matrices. MWCNT was modified and dispersed uniformly in the PU
topcoat via the ultrasonication and the oxidation of MWCNT was studied
using thermos-gravimetric analysis (TGA) and energy dispersive spec-
trometer (EDS). The mechanical property of MWCNT/PU topcoat was
evaluated using thin film tensile test. The surface energies and work of
adhesion, W, for neat and MWCNT/PU topcoats were evaluated using
static contact angle measurement. Adhesion properties were evaluated
using adhesion pull-off test with different MWCNT oxidation times. The
dispersion of the MWCNT and electrical properties were visualized using
2D ER mapping. The MWCNT oxidation time was optimized to decrease
the ER of MWCNT/PU topcoat. Finally, the optimized MWCNT
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condition was determined to improve adhesion and electrical properties
with different MWCNT oxidation time for LSP of aircraft. MWCNT could
alternate the metallic materials if the MWCNT dispersion was improved
further.

2. Experimental
2.1. Materials and specimen preparation

MWCNT (20 nm in diameter, 10 pm in length, Carbon Nano-Material
Technology Co. Ltd., Korea) was used as a reinforcement to improve EC,
for the matrix of PU type topcoat for aircraft (MIL-PRF-85285D, Hentzen
Coatings, USA). As illustrated in Fig. 1(a), the oxidation of MWCNT
involved the use of hydrogen peroxide (Duksan Pure Chemicals Co.,
Korea) at aratio 1.5 g MWCNT: 30 mL hydrogen peroxide. The MWCNT/
hydrogen peroxide mixture was stirred, at 60RPM, on a hotplate (PC
620D, Corning Inc., USA) at 60 °C for 3 days with 5 mL the hydrogen
peroxide added each day. The MWCNT was then filtered and rinsed
using a distilled water before drying at 40 °C for 24 h in the drying oven
(OF-22GW, Jeio Tech Co. Inc., Korea) in a vacuum with a desiccator
[26,27]. MWCNT was dispersed in ethanol using an ultrasonicator (VC-
505, Sonics & Materials Inc. USA) for 90 min. As illustrated in Fig. 1(b),
MWCNT/ethanol solution was sprayed on a 50 x 50 mm area of PU
topcoat coated CFRP, which had been pre-cured at 70 °C for 30 min in a
drying oven. The MWCNT/PU topcoat was then fully cured in a drying
oven at 70 °C for 1 h. The coating layer thickness of EP primer, PU
topcoat, and MWCNT coating were measured using the thickness gauge
(No.7301, Mitutoyo, Japan), and exhibited 20 pm, 60 pm, and 0.1 pm,
respectively.

2.2. Methodologies

2.2.1. Mechanical and thermal properties of MWCNT/PU topcoat with
different oxidation times

Thermal property of MWCNT was evaluated using TGA (Q5000 IR,
TA Instruments Inc., France) to compare oxidation degree of MWCNT.
The chemical modification of MWCNT was evaluated using EDS of FE-
SEM (JSM-7610F, JEOL Ltd., Japan) with different oxidation time.
The mechanical property of MWCNT/PU topcoat was evaluated using
thin film tensile test based on ASTM D882 with different oxidation
times. The MWCNT/PU topcoat film was manufactured on the release
film using the process in which was described in materials and specimen
preparation section. Five times tensile test was performed for each case
using UTM (LR 10 K, Lloyd Instruments Ltd., U.K.) to get statistically
meaningful date, and the strain rate was set as 20 mm/min.

2.2.2. Interfacial adhesion prediction of MWCNT/PU topcoat with
different oxidation times

The surface energy and work of adhesion of MWCNT/PU topcoat
were calculated to investigate the adhesive property difference between
MWCNT coated and neat PU topcoat. Static contact angles were
measured using 4 solvents, ie. distilled water, ethylene glycol, form-
amide, and diiodomethane. MWCNT coated and neat PU topcoats were
placed on a horizontal stage and a 1 mm diameter-droplet was placed on
each of the specimens using a syringe. The static contact angle of solvent
droplets was measured using a reflecting microscope (AM4113ZT, Anmo
Electronics Corporation, Taiwan). The total surface energy, y* was the
sum of the Lifshitz-van der Waals component, y*" and the acid-base
component, yE. Using these components and following the modified
young-Dupre equation [30] of the work of adhesion, W, can be calcu-
lated as:

Wa = 11+ cost) = 2" A"+ 2 (s )+ (i) eh)

A commonly-used approach in considering solid surface energies was
to express them as a sum of dispersive and polar components which can
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Fig. 2. Mechanical property of materials with different oxidation times

influence the work of adhesion, W, between the surface of the rein-
forcement material and the matrix. To determine the polar and disper-
sive surface free energies, the Owens-Wendt equation [31] was used as:

W = 7,(1+ cosd) = 2(viri)t + 20/} @

where 71, 719, and y;? are known for the testing liquids and ys” and ys? can
be calculated from the measured contact angles. Based on the surface
energy of the material the work of adhesion between the MWCNT coated
and neat PU topcoat was obtained to predict interfacial adhesion. The
surface morphology of the MWCNT/PU topcoat was determined using
FE-SEM (JSM-7610F, JEOL Ltd., Japan) for different oxidation times.

2.2.3. Surface roughness and adhesion pull-off test for MWCNT/PU
topcoats with different oxidation times

As illustrated in Fig. 1(c), the adhesion was performed based on
ASTM D4541 using an adhesion pull-off tester (Elcometer 510, Elc-
ometer Co., USA). The dolly diameter was 20 mm and the pulling rate
increased gradually to 0.1 MPa/s. Five tests were performed for each
specimen type, to get statistically meaningful data. The metal dolly was
attached using the epoxy adhesive (KFR-730FL and KFH-740FL, Kukdo
Chemical Ltd., Korea). The specimens were cut near the surface of CFRP
so that the attached area would be isolated from the grip section of the
specimen.

The surface roughness was determined using a surface roughness
tester (SJ-210S, Mitutoyo Co., Japan). It was scanned, over a 20 mm
length, at 25 sections with the scan rate set at 0.25 mm/s. The average of
the measured surface roughness, R;, was used to compare the surface
roughness of MWCNT/PU topcoats with different oxidation times.

2.2.4. Visualization of surface ER for different MWCNT/PU topcoats

In Fig. 1(d), surface ER measurements using the surface ER tester
(FPP-RS8, Dasol ENG Co, Korea), based on ASTM D991. The surface ER
was measure at twenty-five 10 x 10 mm sections for each specimen
type. The surface ER data was obtained using Eq. (3) and it could be
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Fig. 3. Oxidation degree analysis of MWCNT using: (a) TGA; and (b) EDS with different oxidation times

visualized using a surface chart found in a commercial Excel program.

(R - Raverage)

average

x 100 3

Surface ER variation ratio (%) =

where R was the ER at the points of measurement and Rgyerqge Was the
average of the ER at all 25 points. The ER and weight variation data were
visualized using a surface chart. This chart showed a 2D surface that
connected a set of data points for a dispersion condition for the MWCNT
with different oxidation times [32].

3. Results and discussion

3.1. Mechanical and thermal properties of MWCNT/PU topcoat with
different oxidation times

In Fig. 2(a), the tensile strength of the MWCNT/PU topcoat exhibits
for different oxidation times. The tensile strength increased whereas the
strain decreased with increasing the MWCNT oxidation time at yield and
fracture points, respectively. As MWCNT oxidation time increased, it
could be considered that the surface of MWCNT was modified to be more
hydrophilic, and the interfacial property between MWCNT and PU
topcoat was improved. In the case of 3 days of the oxidation, the largest
standard deviations (SD) of tensile properties exhibited. It could be due
to the MWCNT aggregation based on van der Walls force and hydro-
phobic surface of MWCNTs. The MWCNT was aggregated during the
post-curing process, and the aggregation might cause to the crack
propagation more easily.

In Fig. 3(a), the TGA plots of oxidized MWCNT exhibited versus
temperature with different oxidation times. For pristine MWCNT, the
pyrolysis began to change rapidly at approximately 500 °C and the
weight of MWCNT decreased to 98% as the temperature increased to
800 °C. With increased MWCNT oxidation times, the rate of weight
decrease also increased. For MWCNT oxidized for 10 days during the
TGA experiments, e.g., the weight of the MWCNT decreased to approx-
imately 95% of its original value as the temperature increased to 800 °C.
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Fig. 4. Surface energy and work of adhesion between the EP primer and the
MWCNT/PU topcoat with different oxidation times

It was found that the MWCNT oxidized for 10 days was degraded rather
rapidly by more than 3.5% of its original weight between about 500 °C
and 600 °C. This was thought probably to be due to the breaking of the
main chains during the oxidation process.

In Fig. 3(b), atomic element percentages of the neat and oxidized
MWCNTs was characterized by EDS analysis to quantify the oxygen
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Fig. 5. FE-SEM photos of MWCNT/PU topcoat surfaces with different oxidation times: (a) Neat PU; (b) pristine MWCNT coated; (c) 1 day; (d) 3 days; (e) 5 days; and
(f) 10 days oxidized MWCNT coated

content of the modified MWCNTs. As the oxidation time of MWCNT 3.2. Surface energies and work of adhesion of oxidized MWCNT/PU

increased, the weight fractions of carbon decreased gradually from 99% topcoat with different oxidation times
to 89.3%, whereas the oxygen content increased from 2.4% to 10.2% by
the surface modification to introduce hydroxyl and carboxyl groups. The surface energies and work of adhesion, W, of MWCNT coated
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Fig. 6. Adhesion and surface roughness of MWCNT/PU topcoat with different oxidation times



J.-H. Kim et al.
600 40
-0- Surface ER
-A- Coefficient of variation 4 35
500
- 30
400
41 25

Surface ER (kQ/cm?)
8
o
1
8
COV (%)

1 15
200
1 10
100
'E
0 1 1 1 1 | 0
0 2 4 6 8 10 12

Oxidation Time of MWCNT (Day)

Fig. 7. Surface ER of MWCNT/PU topcoat with different oxidation time

and neat PU topcoat were evaluated for the different oxidation times.
The dispersive and polar components of the surface energies were
evaluated and compared to determine the change in surface energy
during the oxidation process. The neat PU topcoat exhibited the highest
polar and lowest dispersive components of the surface energy. In Fig. 4,
the surface of PU topcoat was seen to be more hydrophilic than the
MWCNT coated material, and initially the MWCNT/PU topcoat exhibi-
ted the highest disperse and the lowest polar components. It could be
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expected that the initial MWCNT and PU topcoat exhibited the poorest
adhesion. In the oxidized MWCNT, however, the polar component of
MWCNT/PU topcoat increased while the disperse component decreased
with increased MWCNT oxidation time. It was also observed that
adhesion increased as the MWCNT oxidation time increased. During
oxidation of MWCNT, the hydrophobic carbon double bonds of the main
chain were broken and modified to a hydrophilic surface with hydroxyl
and carboxyl groups [33-35]. The water contact angle on the MWCNT/
PU topcoat surface decreased from 98 to 70° as the MWCNT oxidation
time increased which might be attributed to enhanced adhesion between
MWCNT and the PU topcoat.

3.3. Surface roughness and adhesion properties of MWCNT/PU topcoat
with different MWCNT oxidation times

Fig. 5 shows FE-SEM photo of MWCNT/PU topcoat surfaces illus-
trating the dramatic changes in morphology associated with the
different MWCNT oxidation times. Fig. 5(a) shows the untreated neat PU
surface whereas Fig. 5(b) shows the PU surface to which the pristine
MWCNT coating has been applied. However, the MWCNT was aggre-
gated on the PU surface and the MWCNT was not dispersed uniformly to
the PU topcoat. Fig. 5(c) to (f) shows the “coated surface” after 1, 3, 5
and 10 day MWCNT oxidation times. It was observed in the 1 and 3 days
FE-SEM photos that the MWCNT aggregation was gradually reduced,
and at 5 days the oxidized MWCNT was relatively well dispersed on the
PU topcoat. At 10 days oxidized MWCNT case, however, the MWCNT
was partially impregnated into the PU topcoat. It was concluded that
MWCNT oxidation for 5 days was an optimal treatment.

Fig. 6 shows the surface roughness and adhesive properties for the
different oxidation times. Surface roughness of the MWCNT/PU topcoat
caused the MWCNT aggregation on the topcoat. The average surface
roughness decreased from 5.6 pm to 2.2 pm as the oxidation time of the
MWQCNT increased from O to 5 days. When the oxidation time of the
MWCNT increased tol0 days, the surface roughness of MWCNT/PU
topcoat decreased at a reduced rate to 1.7 pm. It appears therefore that

(b)

Fig. 8. Schematic arrangement of MWCNT/PU topcoat: (a) neat; and (b) oxidized by optimized condition
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Fig. 9. ER mapping of MWCNT/PU topcoat surface with different oxidation time: (a) o; (b) 1 day; (c) 3 days; (d) 5 days; and (e) 10 days

oxidation of MWCNT results in decreased surface roughness of the
topcoat. The decrease in surface roughness could likely be attributed to
the MWCNT becoming better dispersed and more deeply impregnated in
the PU topcoat with the increase in MWCNT oxidation time. Fig. 4 shows
that the dispersive component decreased whereas the polar component
increased as the MWCNT oxidation time increased. In Fig. 6, it was seen
that the work of adhesion increased from 86 to 94 dyne/cm with
increasing oxidation times, accompanied by an increase in adhesion
pull-out strength. Inversion to the surface roughness this pullout
strength rapidly increased from roughly 3.0 MPa to just over 3.6 MPa as
the oxidation times increased from 0 to 5 days followed by a very
gradual increase to just under 3.7 MPa at 10 days oxidation time.

3.4. ER of MWCNT/PU topcoat with different MWCNT oxidation time

Fig. 7 shows the average surface ER and coefficient of variation
(COV) for different MWCNT oxidation times. The surface ER of the
MWCNT/PU topcoat decreased from roughly 80 kQ/cm? to 50 kQ/cm?
as the MWCNT oxidation time increased from 0 to 5 days, followed by a
rapid increase in ER from 530 kQ/cm? to 60 kQ/cm? for 10 days
oxidation time. The surface ER change was related to the dispersion of
the MWCNT and the inherent ER of the MWCNT. As the oxidiation time
of MWCNT proceeded the hydrophilicity of MWCNT surface increased
gradually by introducing hydrophilic groups. The MWCNT dispersion
was improved by the oxidation process, and the ER of the MWCNT/PU
topcoat decreased gradually due to the improved dispersion of the

MWCNT. For 10 days oxidized MWCNT, however, the surface ER
increased dynamically to 500 kQ/cm?. The COV of surface ER decreased
as the oxidation time increased. The carbon-carbon double bond of
MWCNT was extensively damaged, and the conjugation of MWCNT
decreased significantly during the 10 day oxidiation period. The surface
ER increased steeply, while the dispersion of MWCNT which was
oxidized for 10 days was the better than for the other cases. The MWCNT
dispersion could be determined using FE-SEM photos of MWCNT coated
PU topcoat in Fig. 6.

As shown in Fig. 8(a), in the case of pristine MWCNT/PU topcoat, the
pristine MWCNT was not impregnated to PU topcoat and aggregated to
be ‘an island-type’ on PU topcoat. Since poor adhesion occurred, the
surface ER of MWCNT/PU topcoat increased due to the decrease in
contact points among MWCNTs. In Fig. 8(b), however, the oxidized
MWCNT could be impregnated to PU topcoat because of the existing
hydrophilic functional groups, such as hydroxy, carboxyl, carbonyl. It
resulted in the increased ER of MWCNT possibly due to the fracture of
MWCNT main chain during the oxidation process. However, ER of
MWCNT/PU topcoat decreased because of the improved dispersion of
MWCNTs. The higher tensile strength of MWCNT/PU topcoat could
contribute to the higher interfacial adhesion.

In Fig. 9, the dispersion of MWCNT on PU topcoat was visualized
using 2D surface ER mapping for different MWCNT oxidiation times. The
color variation of the surface ER of MWCNT/PU topcoats decreased from
12 to 2 colors as the MWCNT oxidization time increased. In the case of
MWOCNT oxidization for 5 days, the hydrophilic group increased near the



J.-H. Kim et al.

surface of MWCNT such as hydroxyl and carboxyl groups. As the
oxidizing time increased, however, the surface ER decreased because of
improvement of MWCNT dispersion while the ER of MWCNT decreased
by breaking the main chains. In the case of MWCNT oxidization for more
than 5 days, the main chain of MWCNT might be extensively broken and
the ER of MWCNT decreased while the dispersion of MWCNT was
improved.

4. Conclusions

In this paper, MWCNT was used as a substitute for metallic nano-
particles despite MWCNT having problems with dispersion. The
MWCNT was oxidized using hydroperoxide to solve the dispersion
problem. The mechanical properties of MWCNT/PU topcoat were
evaluated using thin film tensile test. The tensile strength increased as
the MWCNT oxidation time increased. The oxidation degree was eval-
uated using TGA and EDS. The decrease in weight of MWCNT was
gradually accelerated as the oxidation time increased and the breaking
of MWCNT main chains could occur. The oxygen contents increased and
it caused by the oxidation of MWCNT. The surface energies and work of
adhesion between MWCNT coated and neat PU topcoat were determined
to compare adhesive properties for different MWCNT oxidation times.
The polar component and work of adhesion increased with increased
oxidation times while the dispersive component decreased. The intro-
duced hydroxyl groups in oxidized MWCNT would forecast an increase
in adhesive properties. The adhesion of the MWCNT/PU topcoat was
improved by approximately 120% and the adhesion stability increased
as the MWCNT oxidation time increased. The surface ER of MWCNT/PU
topcoat decreased as the MWCNT oxidation time increased to 5 days. For
the 10 days treatment, the surface ER increased steeply, due to main
chain breakage during the oxidation process while the MWCNT
dispersion improved. The MWCNT dispersion was observed using 2D
surface ER mapping technique. The higher tensile strength of MWCNT/
PU topcoat could contribute to the higher interfacial adhesion. The
MWCNT dispersion in PU topcoat was evaluated using ER mapping, and
the range of ER decreased as the MWCNT oxidation time increased.
From these results, it was concluded that an oxidation time of 5 days was
optimal for LSP aircraft applications and that the dispersion of nano-
particles can be visualized using ER 2D mapping.
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