
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 1
:5

1:
21

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Effects of boron
aAdvanced Institute of Convergence Techno

Gyeonggi-Do 16229, Republic of Kor

yoonpark77@snu.ac.kr
bDepartment of Architectural Engineering,

16227, Republic of Korea

† Electronic supplementary informa
10.1039/d1ra00873k

‡ These authors contributed equally to th

Cite this: RSC Adv., 2021, 11, 12748

Received 2nd February 2021
Accepted 18th March 2021

DOI: 10.1039/d1ra00873k

rsc.li/rsc-advances

12748 | RSC Adv., 2021, 11, 12748–127
nitride nanotube content on
waterborne polyurethane–acrylate composite
coating materials†

Yong Joon Lee,‡a Yunju La, ‡a Ok Sung Jeon,‡a Hak Ji Lee,a Min Kyoon Shin,a

Keun-Hyeok Yang,b Young Joon You*a and Sang Yoon Park *a

Waterborne polyurethane–acrylate (WPUA) is a promising eco-friendly material for adhesives and coatings

such as paints and inks on substrates including fibers, leather, paper, rubber, and wood. Recently, WPUA and

its composites have been studied to overcome severe problems such as poor water resistance, mechanical

properties, chemical resistance, and thermal stability. In this study, composite films consisting of WPUA and

rod-type boron nitride nanotubes (BNNTs), which have excellent intrinsic properties including high

mechanical strength and chemical stability, were investigated. Specifically, BNNT/WPUA composite films

were synthesized by mixing aqueous solutions of BNNT and WPUA via facile mechanical agitation

without any organic solvents or additives, and the optimal content of BNNTs was determined. For the

2.5 wt% BNNT/WPUA composite, the BNNTs were found to be well distributed in the WPUA matrix and

this material showed the overall best performance in terms of water resistance, thermal conductivity, and

corrosion resistance. Owing to these advantageous properties and their environmentally friendly nature,

BNNT/WPUA composite coating materials are expected to be applicable in a wide variety of industries.
Introduction

Most structural materials undergo corrosion and degradation
when exposed to moisture or chemicals and coating materials are
necessary to avoid these processes. In particular, the water resis-
tance of a coating material plays a key role in its function.
Waterborne polyurethane (WPU) has attracted immense attention
owing to its advantageous physical and chemical properties
including water dispersibility and excellent performance.1–4

Because of their nontoxic, nonammable, and environmentally
friendly nature, WPU dispersions have been widely used in coat-
ings and adhesives, showing good properties such as chemical,
abrasion, and scratch resistance.5–7 Unfortunately, WPU shows
poor water and weather resistance. In recent decades, the water
and weather resistance ofWPUhave been improved by combining
WPU with polyacrylate to obtain waterborne polyurethane–acry-
late (WPUA) as a low-cost coating material.7–10 In this case, the
hard segments consist of acrylate and isocyanate and the so
segments are formed by polyester or polyol. Typically, hydroxyl
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acrylate functionalized WPU oligomers are copolymerized with
acrylate monomers such as methyl methacrylate and butylacry-
late. In aqueous solution, resulting WPUA particles also exhibit
well dispersibility and drying of the emulsion easily form WPUA
lm. WPUA exhibits the advantages of both constituent polymers,
and many studies have investigated optimizing the properties of
WPUA as a coating material.11,12 For example, Deng et al.
demonstrated the effect of the polyurethane/polyacrylate ratio on
the properties of WPUA hybrid emulsions and lms.13 Although
WPUA shows considerably enhanced performance in exible and
hard coatings, for applications under harsh conditions, other
properties such as acid resistance, thermal stability, and electric
insulation need to be further developed.14,15 One possible strategy
for improving the properties of WPUA is to manufacture
composites with inorganic llers.

Composite materials comprise two or more constituents that
exhibit complementary characteristics depending on the compo-
sition. In particular, polymer composite materials consisting of
a small amount of inorganic ller in a polymer matrix exhibit the
inherent properties of the inorganic material. In addition, the
physical and mechanical properties of the resulting composite
material depend on the shape and size of the ller, as these
properties affect the interfaces with the polymer matrix.16–20 As
structural inhomogeneity in polymer composite materials can
result in severe failure, the amount and the uniformdistribution of
the ller within the polymer matrix should also be considered.21–23

Boron nitride nanotubes (BNNTs) are structural analogues of
carbon nanotubes (CNTs) and are potential inorganic llers for
© 2021 The Author(s). Published by the Royal Society of Chemistry
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reinforcement applications. BNNTs consist of boron and
nitrogen atoms arranged in a honeycomb lattice with strong
sp2-hybridized covalent bonds, resulting in saturated bonds at
the surface (Fig. 1a). The excellent intrinsic properties of
BNNTs, such as high mechanical strength, chemical stability
under acidic and basic conditions, and oxidative resistance at
high temperatures, arise from the unique BNNT structure.24

Furthermore, despite being electrical insulators, BNNTs have
high thermal conductivity and can thus be applied for heat
dissipation.25 For instance, Zhi et al. reported an approximately
20-fold increase in thermal conductivity and electrical insu-
lation for a BNNT–PMMA polymer complex.26 As a result, BNNTs
are advantageous for complexing with various substrates.27,28

Here, we report the direct formation of BNNT/WPUA poly-
mer composite lms prepared using WPUA and BNNT
dispersed in aqueous solution without any additives. The
resulting lms showed well-dispersed BNNTs in the WPUA
matrix and enhanced water resistance, mechanical and thermal
properties, and chemical stability, depending on the content of
BNNT llers. Specically, a BNNT content of 2.5 wt% was found
to be optimal for enhancing the properties of the coating lm,
and the resulting lm was conrmed to effectively prevent
metal corrosion, even under extremely acidic conditions.
Results and discussion
Synthesis and structural analysis of BNNT/WPUA composites

BNNT/WPUA dispersions were prepared by mechanical agita-
tion of BNNTs in a WPUA dispersion without additional
processes or additives. As the Hildebrand solubility parameters
Fig. 1 (a) Three-dimensional structure of a BNNT. Insets: two-dimension
of the 2.5 wt% BNNT/WPUA composite showing a smooth surfacewith a
composite showing well-distributed BNNTs in the WPUA matrix from th

© 2021 The Author(s). Published by the Royal Society of Chemistry
of water and BNNT are 23 and 9.1 (cal cm�3)1/2, respectively,29

bare BNNTs are not easily dispersed in water. The dispersibility
of the hydrophobic BNNTs in water can be increased by direct
modication of the surface with hydrophilic groups or by add-
ing surfactants, including block copolymers, for noncovalent
functionalization of the nanotube surfaces.30–33 Surfactant
absorption on BNNT surfaces forms a hydrophilic corona,
which prevents sedimentation or the inhomogeneous distri-
bution of BNNTs in aqueous solution. WhenWPUA is dispersed
in aqueous solution, the hydrophobic acrylate segments
aggregate inside and the hydrophilic polyurethane segments
are exposed to the outside, similar to the self-assembled struc-
tures of surfactants. Thus, it is speculated that an excess
amount of WPUA helps to disperse BNNTs in aqueous solution
under vigorous stirring in the same way as surfactant absorp-
tion on BNNT surfaces. Subsequently, WPUA and BNNT/WPUA
composite lms were manufactured via a simple method, as
follows. In an ambient chamber, WPUA or BNNT/WPUA
dispersions were cast on a polytetrauoroethylene (PTFE)
substrate at a thickness of 500 mm using the doctor blade
method and then dried for 2 days.

Fig. 1 shows scanning electron microscopy (SEM) images of
the surface and cross-sectional morphologies of a WPUA
composite lm containing 2.5 wt% BNNT. In this lm, the
BNNTs are well dispersed, with a homogenous distribution
from the top to the bottom without aggregation (Fig. 1c and
S1†). As shown Fig. 1b, the top surface of the lm was generally
smooth. The presence of a small amount of BNNTs on the top
surface is likely related to the lm drying process. When water
in WPUA composite is evaporated during lm formation, the
al projection and SEM image of a BNNT. (b) SEM image of the top layer
small amount of exposed BNNTs. (c) Cross-sectional SEM images of the
e top to the bottom.

RSC Adv., 2021, 11, 12748–12756 | 12749
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hydrophobic acrylate segments in WPUA tend to migrate to the
surface, thus facilitating contact with air.34 Therefore, hydro-
phobic BNNTs in the composite may also move upward during
the drying process. The surface of the 2.5 wt% BNNT/WPUA lm
was analyzed using Fourier transform infrared (FT-IR) spec-
troscopy. However, the B–N (1389.9 cm�1) and B–N–B
(813.3 cm�1) absorption bands of BNNTs were not observable
because of the very small content of BNNTs on the surface
(Fig. S2†).35,36 Compared with the WPUA composite lm con-
taining 2.5 wt% BNNTs, that containing 5 wt% BNNT had
a similar surface morphology but regions with agglomerated
ller were observed inside the lm (Fig. S3†). This result indi-
cated that numerous BNNTs were partially phase-separated in
theWPUAmatrix. When the amount of BNNTs was too high, the
ller was not sufficiently dispersed and bundles formed via the
hydrophobic effect. In addition, in the nonaggregated regions,
the amount of ller distributed in the WPUA matrix was
observed to be similar to or less than that in the 2.5 wt% BNNT/
WPUA composite, thus suggesting that the efficiency of the ller
was decreased.

Water resistance of BNNT/WPUA composites

The hydrophobicity and water absorption of the WPUA and
BNNT/WPUA composite lms were studied to evaluate the water
resistance. As previously discussed, BNNTs were well dispersed
in the WPUA matrix with a very small amount exposed on the
surface of the lm. The hydrophobic effect of BNNTs on the lm
surface was determined by measuring the contact angle. As
shown in Fig. 2, the contact angle of the WPUA lm changed
from 64.1� to 70.0�, 73.1�, and 72.4� as the BNNT content of
BNNTs increased to 1.25, 2.5, and 5 wt%, respectively. Similar
contact angles were observed for ller contents over 2.5 wt%,
indicating that most of the BNNTs were distributed inside the
lm as the BNNT content increased. For a lm with only BNNTs
on the surfaces, the contact angle can increase by 170� or more
depending on the arrangement of BNNT owing to air pocket
formation at the interface between the water droplet and
hydrophobic BNNTs.37,38
Fig. 2 Contact angles and water absorption amounts for WPUA and
BNNT/WPUA composite films. Insets: optical microscope images of
contact angle measurements on each film surface. The water
absorption amount was calculated after immersing the films in D.I.
water for 40 h.

12750 | RSC Adv., 2021, 11, 12748–12756
Water absorption refers to how much water a lm can hold
in its internal structure, i.e., the space available for moisture to
penetrate the lm. To measure the effects of BNNT ller
distribution on the waterproofness of the WPUA matrix and to
avoid hydrophilicity differences between the outer and inner
sides of theWPUA sample, the bottom of lms was recoated (see
the Experimental section for details). The resulting lm was
immersed in deionized (D.I.) water for 40 h, and then the water
absorption amount was calculated (Fig. 2). The WPUA lm
absorbed 29.9% water by weight. In contrast, the BNNT/WPUA
lms showed a rapid decrease in water absorption to 14.0% at
a BNNT content of 2.5 wt%. The absorption amount did not
decrease further when the BNNT content was increased to
5 wt%, similar to the contact angle results. This result indicated
that the ller improved the water resistance of the polymer
matrix in a content-dependent manner, and 2.5 wt% BNNTs was
sufficient to inhibit water absorption.
Mechanical and thermal properties of BNNT/WPUA
composites

BNNTs have excellent mechanical and thermal properties,
similar to CNTs, and are therefore used as reinforcement llers
in composite materials.39 The interfacial interactions between
an inorganic ller and a polymer are a critical factor in deter-
mining the composite properties because these interactions
contribute to transferring the load from thematrix to the ller.40

The surface area of BNNT increases as the loading quantity
increases, resulting in high interconnectivity in the polymer
composite and a signicant increase in strength.41 Therefore,
the increase amount of tensile strength of BNNT/polymer
composite varies depending on the content, dispersibility,
length of BNNT and intrinsic properties of polymer matrix.
Lahiri reported a gradual increase in the tensile strength with
the addition of BNNT from 2.67 MPa in polylactide–poly-
caprolactone copolymer lm to 5.59 MPa for 5 wt% BNNT/
polymer composites.42 When polystyrene was a matrix, Zhi re-
ported that the tensile strength increased from 19.1 MPa to
24.4 MPa by improving the dispersity of 3 wt% of BNNTs. In the
absence of a dispersant, the tensile strength was rather low-
ered.43 BNNT/WPUA composites also showed enhanced
mechanical properties. The average tensile strengths of the
WPUA and BNNT/WPUA lms are shown in Fig. 3. The addition
of BNNT clearly increased the fracture stress of the composite.
However, the 5 wt% BNNT/WPUA lm showed larger deviations
and a lower stress at the minimum value. Thus, the addition of
5 wt% BNNT provides insufficient reinforcement, likely because
the ller formed bundles inside the polymer matrix, as observed
in the SEM images. The effective reinforcement of mechanical
strength only occurs with substantial interfacial adhesion
between nanotubes and the surrounding polymer.44 Li reported
that agglomerates are easily formed when excess BNNTs are
added to the matrix, resulting in voids and adhesion defects in
the composite.39 Based on the measured tensile strengths, the
optimum BNNT content to increase the fracture stress of the
composite lm was 1.25 wt% and the efficiency decreased when
the BNNT content was greater than 2.5 wt%. At a BNNT content
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Tensile strengths and thermal conductivities of WPUA and
BNNT/WPUA composite films. The tensile strength measurements
were repeated on ten samples and the error bars represent the stan-
dard deviation.

Fig. 4 DTMA measurements for WPUA and BNNT/WPUA composite
films.
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of 1.25 wt%, the yield stress and Young's modulus were also
enhanced, indicating the elasticity of the coating material to
withstand deformation (Fig. S4†).

In discontinuous composite materials, the ller amount,
shape, and dispersion are very important for improving thermal
conductivity. Because BNNTs have excellent thermal conduc-
tivity, it is expected that the thermal properties of BNNT/WPUA
lms would gradually improve as the BNNT content increased.
The effect of the BNNT content on the thermal conductivity of
the BNNT/WPUA matrix was investigated (Fig. 3). As expected,
the thermal conductivity increased from 0.253 to 0.464WmK�1

when 2.5 wt% BNNTs was added. However, unexpectedly, the
thermal conductivity decreased slightly when the BNNT content
exceeded 2.5 wt%. As mentioned in the discussion of both the
structural and mechanical properties, this observation could
indicate that excess BNNTs increase voids and adhesion defects
in the WPUA matrix, which interfere with heat conduction. It is
also possible that the connectivity between the BNNTs in the
discontinuous composite material does not improve at high
BNNT contents because of the limited dispersibility. As dis-
cussed previously, increasing the BNNT content does not
improve dispersibility, instead resulting in the formation of
agglomerated ller bundles inside the polymer matrix.

The thermal stabilities of the BNNT/WPUA composites were
estimated using derivative thermomechanical analysis (DTMA),
which determines the dimensional changes of the polymer
composite under controlled temperature and tensile load
conditions (Fig. 4). The soening point is the temperature at
which the deformation becomes severe and the performance of
the coating material is lost. As the BNNT content in the WPUA
matrix increased, the soening point of the coating material
shied from 62.3 to 98.4 �C. This result demonstrated that the
thermal stability of the BNNT/WPUA composites continually
improve as the amount of BNNTs increased. The presence of
BNNTs increased the activation energy for polymer decompo-
sition, resulting in high thermal stability.45 Increasing the
BNNT content in the WPUA composite from 1.25 to 2.5 wt%
© 2021 The Author(s). Published by the Royal Society of Chemistry
resulted in a temperature difference of 6.6 �C. In the case of
5 wt% BNNT/WPUA, the observed change was not proportional
to the BNNT content, with the soening point increasing 6.4 �C
relative to that of 2.5 wt% BNNT/WPUA. This phenomenon
corresponded well to the low enhancement efficiencies for the
mechanical and thermal properties at excess ller contents.

Chemical resistance of BNNT/WPUA composites

To evaluate the chemical stability, WPUA and BNNT/WPUA
composites were coated on both sides of a Zn plate and then
immersed in saline solution and hydrochloric acid solution to
observe the degree of corrosion. The open circuit potential
(OCP) variation implied the initiation and propagation of the
corrosion.46 Relatively stable OCP values represented an elec-
trochemical steady state on the electrode surface. Fig. 5a shows
the OCP values of the composite coatings as a function of time
recorded in the 3.5 wt% NaCl solution for 10 min. The corrosion
potential at 10 min shied gradually towards the anodic
direction in the sequence of 2.5% BNNT (�0.996 V) > 1.25%
BNNT (�1.027 V) > 5% BNNT (�1.048 V) > WPUA (�1.070 V) >
bare Zn (�1.075 V). This is due to anodic protection which
inhibited to dissolve Zn from coating and excessive quantities
of BNNT as 5% reduced the properties of corrosion protection
compared to optimum quantity as 2.5% BNNT. The potentio-
dynamic polarization curves were detected aer soaking into
saline solution for 30 min (Fig. 5b). The hydrogen generated
from H2O at the potential below �1.3 V as described by the
following equation.47

2H2O + 2e� / 2OH� + H2 (1)

The potential as �1.3 V to �1.2 V represented oxygen
consumption as shown in eqn (2) and (3).47

O2 + H2O + 2e� / HO2
� + OH� (2)

HO2
� + H2O + 2e� / 3OH� (3)
RSC Adv., 2021, 11, 12748–12756 | 12751
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Fig. 5 (a) Open-circuit potential (OCP) versus the immersing time in
3.5 wt% NaCl solution and (b) the potentiodynamic polarization curves
of bare Zn and WPUA, 1.25%, 2.5%, 5% BNNT/WPUA coated Zn plates.

Fig. 6 (a) Bode plots and (b) Nyquist plots in 3.5% NaCl solution for
bare Zn and WPUA, 1.25%, 2.5%, 5% BNNT/WPUA coated Zn plates.
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In these respects, peaks below �1.2 V shows the mixed
potential of the hydrogen evolution reaction and the anodic
dissolution. The corrosion potential (Ecorr) of bare Zn, WPUA
coated Zn, 1.25%, 2.5%, 5% BNNT/WPUA coated Zn were
�1.284 V, �1.128 V, �1.048 V, �1.043 V and �1.119 V, respec-
tively. The existence of upward shi in Ecorr in the more positive
direction means that the earlier inferences of corrosion resis-
tance due to its WPUA andWPUA/BNNT coating. It referred that
WPUA assisted to resist the corrosion compared to bare Zn
plate. Furthermore, 2.5 wt% BNNT proliferated the corrosion
protection property of WPUA.

The anti-corrosion performance of the coatings was also
demonstrated by the EIS measurement (Fig. 6). In low-
frequency region, the corrosion resistance between anodic
and cathodic could be measured by impedance modulus (jZj).
The impedance modulus of 2.5% BNNT/WPUA coated Zn had
highest value at 0.1 Hz (Fig. 6a) which was arisen from less
possibility for corrosion to occur. The semicircle curve in
Nyquist plot indicated the resistance from the charge transfer at
the electrode surface. The diameter of impedance spectra rep-
resented the polarization resistance. The semicircle diameters
were in the sequence of 2.5% BNNT (43 260 U) > 1.25% BNNT
(5860 U) > 5% BNNT (4907 U) > WPUA (2995 U) > bare Zn (22.04
12752 | RSC Adv., 2021, 11, 12748–12756
U) (Fig. 6b). The signicant enhancement in anti-corrosion
performance was detected when 2.5% BNNT/WPUA was
coated due to the increase in charge transfer resistance. It was
well corresponded to the OCP results and the potentiodynamic
polarization plots.

In order to demonstrate expandability and emphasize the
importance of coating, the corrosion tests according to the
immersion time into acid solution which rapidly dissolved the
Zn metal plate were conducted.

Aer removing residual solvent from the surface of the lms,
the time-dependent weight loss was measured. Owing to the
inherent corrosion resistance of WPUA, the WPUA lm without
BNNTs gradually swelled in 10 vol% hydrochloric acid over
150 h, and the hydrogen generation reaction occurred slowly on
the Zn surface, even aer approximately 950 h (Fig. S5†). It was
difficult to determine the chemical stabilities of the BNNT/
WPUA composites because the presence of BNNTs improved
the barrier properties by lowering the absorption of the lm
(Fig. 2). Hence, we conducted corrosion experiments under
harsh conditions (30 vol% hydrochloric acid solution) to
conrm the effects induced by BNNT llers.

As shown in Fig. 7a, the Zn plate coated with pure WPUA was
rapidly corroded and the coating disappeared within 1 h. In
contrast, the Zn plate coated with 1.25 wt% BNNT/WPUA
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00873k


Fig. 7 Corrosion resistance of WPUA and BNNT/WPUA-coated Zn plates immersed in 30 vol% hydrochloric acid solution. (a) Weight loss
measurements for coated Zn plates. (b–d) Photographs of coated Zn plates (b) no coating, (c) WPUA coated, and (d) 2.5 wt% BNNT/WPUA coated
in HCl solution (left) and with the coating peeled off (right) after corrosion tests for 15 s, 2 min, 5 min, respectively. Scale bars are 5mm. (e–g) SEM
images of Zn plates with the coating peeled off after corrosion tests (e) no coating, (f) WPUA coated, and (g) 2.5 wt% BNNT/WPUA coated.
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showed a slight weight loss aer 4 days, but the total weight loss
remained less than 6% until 10 days. The Zn plate coated with
2.5 wt% BNNT/WPUA showed greater stability, with corrosion
only beginning aer 6 days. This behavior was consistent with
the water absorption results, which showed that the extent of
swelling for the BNNT/WPUA lms was only half that for the
WPUA lm. However, an obvious decrease in corrosion resistance
was observed for the 5 wt% BNNT/WPUA coating. Aer 3 days, the
Zn plate was corroded, with a damaged part appearing in the
coating layer. When the Zn plate reacts with the hydrochloric acid,
the relatively rapid generation of hydrogen gas can rupture the
coating material if there are defects such as voids within the
polymer matrix. We assume that corrosion was accelerated
Fig. 8 Photographs of noncoated, WPUA-coated, and 2.5 wt% BNNT/W
Corrosion of the 2.5 wt% BNNT/WPUA-coated circuit board did not pro

© 2021 The Author(s). Published by the Royal Society of Chemistry
because the acid solution quickly reached the Zn plate through
defects in the coating layer. This result provides convincing
evidence that the addition of excess BNNTs to the WPUA matrix
promotes the formation of voids in the composite and results in
unstable adhesion.41 in this respect, the optimum content of BNNT
llers in the WPUA matrix was between 1.25 and 2.5 wt%.

The effects of the BNNT ller on acid stability were easily
observed. When the bare Zn plate was soaked in 30% hydro-
chloric acid, the hydrogen evolution reaction was immediately
initialized (Fig. 7b). A portion of the Zn plate exposed to
hydrochloric acid dissolved within 1 min. The WPUA-coated Zn
plate showed a small amount of hydrogen generation at the
edge of the Zn plate (Fig. 7c). Aer 2 min, the Zn plate with the
PUA-coated circuit boards in a 30 vol% nitric acid solution over time.
ceed even after a week.
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WPUA coating peeled off showed relatively little deformation on
the surface and edges. However, when the Zn plate was coated
with a 2.5 wt% BNNT/WPUA lm, hydrogen generation did not
proceed within 5 min (Fig. 7d). To evaluate the corrosion
resistance in more detail, the surface roughnesses of the acid-
treated Zn plates were observed by SEM. The corroded bare
Zn specimen showed a smooth and discolored surface instead
of the roughness of the Zn surface before corrosion (Fig. 7e). As
shown in Fig. 7f, distinct rough and smooth surfaces could be
distinguished on the slightly corroded WPUA-coated Zn plate.
However, the surface of the Zn plate with the 2.5 wt% BNNT/
WPUA coating seemed to be undamaged and similar to the
initial Zn plate (Fig. 7g).
Corrosion-resistant thin lm coatings on circuit boards

Finally, we tested the corrosion resistance of the 2.5 wt% BNNT/
WPUA material by coating a circuit board, which consists of
a copper alloy on a plastic substrate and has an irregular
surface. Instead of using a doctor blade, a minimal thin coating
was applied by drop-casting the WPUA or WPUA/BNNT disper-
sion onto the circuit board several times. Aer drying, the
thicknesses of the WPUA and WPUA/BNNT coatings were 100
and 80 mm, respectively, as measured using vernier calipers. The
circuit board without a coating was corroded within 10 min in
a 65 vol% nitric acid solution, and the color of the board
changed from green to brown (Fig. S6†). To observe the corro-
siveness of the copper alloy over time, corrosion experiments
were conducted by immersing the circuit boards in a 30 vol%
nitric acid solution (Fig. 8). Aer 1 h, the noncoated circuit
board began to corrode and the copper alloy on the board
fragmented and spread into the solution (Fig. 8 and S7†). Aer
5 h, the copper alloy continued to fragment and the board also
became discolored. The circuit board coated with WPUA did not
corrode within 2 h because of the intrinsic acid resistance of
WPUA. As seen in the corrosion test with Zn plates, the copper
inside theWPUA coating gradually corroded and hydrogen gas was
generated aer 3 h. Subsequently, corrosion proceeded rapidly
because of the loss of the function of the coating. In the case of the
2.5 wt% BNNT/WPUA-coated circuit board, no corrosion was
observed, even aer 5 h. The color of the coating layer turned
slightly white around the center of the circuit board with a height
difference. A small amount of swelling may occur at the curved
part of the coating lm, but it does not seem to damage the
interior of the coating. Even aer a week, the 2.5 wt% BNNT/
WPUA-coated circuit board was not corroded and hydrogen
generation was not observed under these harsh conditions.
Conclusions

BNNTs are an excellent inorganic ller for WPUA owing to their
chemical and thermal stability. In this work, to maintain the
advantageous water dispersibility and environmental friendliness of
WPUA, llers were added without using organic solvents or addi-
tives. The BNNT/WPUA composites had well-dispersed llers and
showed enhanced water resistance as coating materials. With
respect to the mechanical properties of the BNNT/WPUA composite
12754 | RSC Adv., 2021, 11, 12748–12756
lm, the addition of 1.25 wt%BNNTs reinforced the polymermatrix
with an increase in the fracture stress, yield stress, and Young's
modulus. The optimal content of 2.5 wt% BNNTs improved the
thermal properties of the composite lm. Furthermore, the
composite lms with 1.25 to 2.5 wt% BNNTs showed enhanced
chemical resistance, whereas an excess BNNT content of 5 wt%
showed a lower enhancement efficiency. These results demon-
strated that the WPUA coating material with 2.5 wt% BNNT llers
has excellent durability in harsh environments. These water-based
eco-friendly coating materials may be benecial in various indus-
tries such as construction, electronic devices, and automobiles.

Experimental
Materials

WPUA (AU-1000, acrylate Tg ¼ �28.4 �C) was purchased from
APEC, Ltd. BNNT was purchased from NAiEEL Technology, Co.
Zn plates (MRS86086, 20 cm � 20 cm) were purchased from
Miraes.

Characterization

Thin lms were formed using a doctor blade (MTI Korea, 10 cm
wide). SEM images were obtained using eld emission scanning
electron microscope (Hitachi, S-4800) at an acceleration voltage
of 10 kV. The SEM samples were coated with Pt using a sputter
coater. The bonding states in theWPUA-containing BNNTs were
analyzed by FT-IR spectroscopy (Bruker, Alpha) in the range of
1000–4000 cm�1. The hydrophilicities of WPUA and BNNT/
WPUA lms were determined using a contact angle meter and
optical microscope images (SEO Korea, PHIENIC3). The
mechanical properties were measured using a universal testing
machine (TnDorf, TD-U01) at a loading rate of 50 mm min�1

with an initial length of 10 mm. The terminal values of the
mechanical strength of the composite lms were the average of
10 specimens. Thermal conductivities were measured using
a Trident instrument (C-Therm). Thermomechanical analysis
curves were obtained from 25 to 250 �C at a heating rate of
10 �C min�1 in a nitrogen atmosphere (Hitachi, TMA7100). The
effects of BNNT content on the thermal conductivities of the
composite lms were evaluated using DTMA. Corrosion anal-
ysis for bare and coated Zn was done using a potentiostat
(Autolab, PGSTAT302N) in saline solution.

Preparation of BNNT/WPUA composites

In a typical procedure, the 2.5 wt% BNNT/WPUA composite was
prepared as follows. BNNT (0.1 g) was added in WPUA aqueous
solution (10 ml, WPUA 40 wt%) in a 20 ml vial with a magnetic
stirrer. The solution was stirred for two hours at room tempera-
ture. BNNT/WPUA composite lms with thicknesses of approxi-
mately 500 mm were simply fabricated using the doctor blade
method. The doctor blade was placed vertically on the surface of
the PTFE substrate, which was already covered with a BNNT/WPUA
solution. The blade was then dragged at a fast speed to move the
mixture across the gap between the doctor blade and the substrate.
The prepared lms had dimensions of 10 mm� 20 mm and were
dried for 2 days at room temperature. For the water absorption
© 2021 The Author(s). Published by the Royal Society of Chemistry
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experiments, the fabricated lm was detached from the substrate
and then the interior surface was recoated with the WPUA or
BNNT/WPUA solution to avoid hydrophilicity differences between
the outer and inner sides of the WPUA sample.

Preparation of WPUA and BNNT/WPUA-coated Zn plates and
circuit boards

The WPUA or BNNT/WPUA mixture was drop-cast to completely
cover the edges of the Zn plate or circuit board, which was
placed on a PTFE substrate. Aer drying for 2 days, the WPUA or
BNNT/WPUAmixture was also drop-cast on the other side of the
Zn plate or circuit board and dried for 2 days.

Polarization resistance test

TheWPUA or BNNT/WPUAmixture was coated to Zn plate (10�
30 � 0.3 mm) by the above preparation method. Polarization
resistance and impedance at open circuit voltage test was per-
formed in 3.5% NaCl solution. Prior to the measurement, each
sample was immersed in the NaCl solution for 30 min until
a stable open circuit potential was reached. Electrochemical
impedance spectroscopy (EIS) was performed in a frequency range
from 100 kHz to 0.1 Hz using PGSTAT302N. Three electrodes were
used, containing a counter-electrode (Ptmesh), reference-electrode
(saturated calomel electrode), working electrode (bare Zn and
coated Zn). The potentiodynamic measurements were taken
between �1.5 and �0.7 V at a scan rate of 1 mV s�1.

Calculation of water absorption and weight loss

The water resistance of the composite lms was determined based
on the amount of absorbed water. The initial weight of the
composite lm is denoted WI. The prepared lms were immersed
in D.I. water and the water adsorption amount was evaluated using
the weight change according to the immersion time (Wt). Before
measuring the weight change in the samples, the surface of was
wiped. The water absorption amount (%) was calculated follows.

Water absorption (%) ¼ (Wt � WI)/WI � 100

The corrosion protection abilities of the BNNT/WPUA
composites in an acidic environment were measured using
a method similar to that for water absorption. The initial weight
of the BNNT/WPUA-coated Zn plate is denotedWI. The prepared
samples were immersed in a 10 or 30 vol% HCl solution. The
weight change arising from metal corrosion at different
immersion times is denoted Wt. The weight loss (%) was
calculated as described above.
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