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Abstract: As a new type of anticorrosive material, basalt flakes (BFs) have been widely used in the
marine industry due to their good acid and alkali corrosion resistance and dispersion stability. In
this work, the effect of carbon nanotubes (CNTs) addition on properties improvement of basalt flake
epoxy resin (CNT-BF/EP) coating was studied. Firstly, 0-0.7 wt.% acidified CNTs was used to modify
the surface of the BFs and the CNT-BF/EP coating was successfully prepared. Experimental results
showed that the performance of the interfacial compatibility, the tensile strength, and acid and alkali
resistance of the CNT-BF/EP coating were significantly improved with the addition of the CNTs.
Particularly, the CNT-BF/EP coating achieved the best comprehensive properties (tensile strength
increased to 30.3 MPa, surface weight loss rate of only 1.0 wt.% in the acid environment for 480 h,
and water absorption of only 1.1 wt.% after 480 h) when the CNTs addition reached 0.5 wt.%. This
work suggests a feasible way to enhance the mechanical properties and chemical durability of the
basalt flakes coating.
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1. Introduction

Nowadays, the corrosion of ships, wharves, and various marine engineering equipment has
attracted more and more attention [1]. The application of coatings becomes more extensive in the
marine industry due to its advantages such as simple operation, low cost, and good anti-corrosion effect.

Flake anticorrosive coatings are widely used in the marine industry because of their high efficiency,
simple construction, strong adhesion, and good corrosion resistance [2]. Glass flake (GF) is one of the
first kinds of materials studied and used in the area of flake anticorrosive coatings [3,4]. In addition,
graphite flakes and mica flakes anticorrosive coatings are also widely applied [5,6]. There are three
main functions of flakes in the coatings: (1) flakes can enhance the chemical durability of the coatings;
(2) flakes acting as fillers can enhance the mechanical strength of the coatings; (3) flakes usually have a
large diameter-thickness ratio, which could form the “labyrinth effect” due to the staggered parallel
arrangement in the resin. Broughton et al. [7] demonstrated that GFs modified with aminosilane
exhibited higher stiffness and strength than GFs modified with titanate.

Basalt flake (BF), as a new type of inorganic material with advantages including low cost and
excellent shielding performance, has gradually gained people’s research interests. In addition, BF has
attracted wider attention because of its better acid and alkali resistance and more uniform particle size
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distribution than GF [8]. Yan etal. [9] studied the alkali and acid resistance of basalt flake-epoxy coatings
and concluded that good chemical durability improves the anticorrosive property of epoxy coatings.
Luo et al. [8] used the nano-SiO, microspheres to modify the BF-epoxy coating and demonstrated
the feasibility of using nano-5iO, microspheres to modify BF epoxy resin coating and enhance the
chemical durability and mechanical properties provided by the coating.

Inorganic fillers should be pretreated to solve the problems of large polarity difference and poor
interfacial compatibility [10] during coatings preparation. The common surface treatment methods
of inorganic fillers are as follows: (1) adding silane coupling agents; (2) nano-SiO, modifying [8];
(3) surface grafting; (4) acid and alkali etching treatments [11-13].

Carbon nanotubes (CNTs) have excellent mechanical properties [14,15], and thus, are ideal for
interfacial modification and reinforcing materials. Studies have shown that the modification of
inorganic fibers such as glass fibers, basalt fibers, and carbon fibers with CNTs can improve the
interfacial properties of fibers and resin matrix, and therefore, significantly improve the mechanical
properties of materials.

The surface modification of BFs and its application in coatings are still in the initial stage. The
purpose of this paper is to improve the compatibility between BFs and epoxy resin and further enhance
the properties of BFs epoxy resin coating. In this study, modified BFs epoxy resin coating was prepared
with different content of acidified carbon nanotubes (CNTs). The chemical durability and mechanical
properties of CNTs-BFs epoxy resin coating were studied.

2. Experimental Procedures

2.1. Materials

The basalt flakes (BFs) (Jiangsu Tianlong Continous Baslt Fiber Co., Ltd., Jiangsu, China) used in
this work had an average thickness of 5 + 2 um, length of 10-50 pm, and a density of approximately
3.0 g/cm®. The multi-wall carbon nanotubes (MWCNTSs) (YusLab Technology Co., Ltd., Chongqing,
China) had an average diameter of 20-30 nm, length of 10-20 pum, and purity of 98%. All the other
chemicals used in this work were AR grade and supplied by Sinopharm Chemical Reagent Co., Ltd,
Shanghai, China.

2.2. Sample Preparation

Firstly, we prepared the acidified CNTs. One gram of CNTs were added in a mixed acid solution
(Vi,50,:VHNO; =75 mL:25 mL) and stirred for 3 h at 60 °C. Then, the CNTs were washed with deionized
water and acetone solution. Afterward, the CNTs were filtered and dried to obtain acidified CNTs.

Secondly, we pre-activated BFs. The silane coupling agent KH560 (5 g) was added to an alcohol
solution (Vy,0: Vc,n,0n = 10 mL:40 mL), and the pH of the solution was adjusted to 3—4 with acetic
acid to get solution A. Then, 10 g BFs were dispersed in 250 mL xylene solution to obtain a mixture B.
Afterward, solution A was added to solution B and stirred continuously for 3 h at 80 °C and 1 h at
110 °C. Finally, the pre-activated BFs was obtained after washing and drying.

Thirdly, we modified the pretreated BFs by acidified CNTs. The pretreated KH560-BFs (25 wt.%
of coating quality) were mixed in acetone solution and stirred for 20 min to obtain solution C. Then,
0-0.7 wt.% acidified CNTs were added to solution C and stirred for 60 min to obtain solution D. The
CNTs-modified BFs were obtained by centrifuging, washing, and drying of the solution D, which were
named as 0.1 CNT-BF, 0.3 CNT-BF, 0.5 CNT-BE, and 0.7 CNT-BF, respectively.

Lastly, we prepared the CNT-BF epoxy coating. In the BF epoxy coating, the solvent of xylene
and n-butanol (mass ratio of 7:3) accounts for 20 wt.% of the total mass of the coating, and the epoxy
resin E-51 and 593 curing agents (mass ratio of 4:1) account for 80 wt.% of the total mass. In addition,
an antifoaming agent with a total coating mass of 0.5% was added. The BF epoxy resin solution was
stirred for 40 min and added 25 wt.% of CNT-BF with continuously magnetic stirring for 60 min.
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Finally, the CNT-BF epoxy resin (CNT-BEF/EP) coating was obtained by pouring the mixture into a
custom polytetrafluoroethylene mold and solidifying at room temperature for 24 h.

2.3. Characterization Techniques

The chemical structure of the CNTs was measured by applying Fourier transform infrared (FI-IR,
Nexus-670, Thermo Fisher Scientific, Waltham, MA, USA) spectra, where the CNTs samples were
mounted in the KBr pelletized disks and the surface of samples were measured in the 400-4000 cm™!
region with a resolution of 2 cm~!. The morphologies of the CNTs, BFs, and CNT-BF/EP samples
were studied by scanning electron microscopy (SEM; SU8010, Hitachi, Tokyo, Japan). For the sample
preparation, 0.05 g CNTs samples and 0.5 g BFs samples were added into 500 mL anhydrous ethanol
solvent separately, dispersed by ultrasound for 20 min, followed by dropping (2-3 drops) on the tin
foil and dried for the measurement. The composite spline of CNT-BF/EP was frozen in liquid nitrogen
and fractured, which was used to observe the section morphology. The CNT-BF/EP coating samples
with dimensions of 75 mm X 12.5 mm X 2.0 mm were prepared for tensile strength measurements
carried out using a Universal Testing Machine (WDW3020, Changchun Chuangyuan Testfacility Co.,
Ltd, Changchun, China) at a testing speed of 0.5 mm/min. The tensile strength o can be calculated by o
= F/A, where F is the maximum force, and A is the original area of the cross-section.

2.4. Chemical Durability and Water Absorption Tests

The chemical durability of the modified CNT-BF/EP coating (15 mm X 15 mm X 5 mm) was
assessed by leaching tests [16] conducted at room temperature for 480 h in 3 mol/L HCI solution and
3 mol/L NaOH solution and shown by the surface weight loss rate. The surface weight loss rate Ry can
be calculated by Ry = (my — my)/mg, where my is the initial mass of the modified CNT-BF/EP coating,
and m is the mass after the leaching tests after washing by deionized water and drying. Each sample
was measured five times by the Mettler Toledo AL204 balance (Mettler Toledo, Shanghai, China) at
room temperature, and the results reported are the average values.

The water absorption of the CNT-BF/EP coating (50 mm diameter and 32 mm thickness) was
assessed. First, the samples were immersed in deionized water at room temperature for 24, 240, and
480 h. The samples were then taken out of the water, dried completely with cloth, and weighed
using the Mettler Toledo AL204 balance (Mettler Toledo) as m3. The water absorption rate R, can be
calculated by Ry = (m3 — mp)/my [3,4], where m; is the initial weight of the modified CNT-BF/EP coating.

3. Results

3.1. The FT-IR Analysis of CNTs

The acid treatment can open five or seven-membered ring defects at the ports and introduce
functional groups such as carboxyl (-COOH) and hydroxyl (-OH) into the surface of CNTs ports and
sidewalls, which is conducive to its subsequent reaction [17]. It can be seen from Figure 1 that the peak
strength of acidified CNTs was enhanced near 3490 cm™! compared with the initial CNTs, which was
induced by the stretching vibration of -OH caused by the presence of carboxyl group or water adsorbed
on the surface [18]. The characteristic absorption peaks appeared at 1750-1400 and 2916 cm~! were
due to the carboxyl C=0 stretching vibration and the C-H stretching vibration, respectively [19,20].
The FI-IR results indicated that the carboxyl group were successfully introduced into the surface of the
CNTs after acidification.
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Figure 1. FT-IR patterns of CNTs before and after acidification.

3.2. Characterization and Properties of the CNTs Modified BFs

Surface Morphology of the CNTs Modified BFs

Figure 2 shows the surface morphology of the BFs modified with different mass fractions of CNTs
(0.1 wt.%, 0.3 wt.%, 0.5 wt.%, and 0.7 wt.%). We also inserted the zoomed-in figures on the right corner
with higher magnifications to show the distribution in smaller scale. It can be seen in Figure 2 that,
with the addition of the CNTs, the amount of the CNTs adhesion on BFs surface gradually increased.
The CNTs can evenly distribute on the surface of BFs, as shown in Figure 2a—c. However, with the
further addition of the CNTs, the effect of hydrogen bonding and electrostatic attraction on the surface
was getting stronger [21], hence, the agglomeration happened on the surface of the BFs.

Figure 2. SEM images of basalt flakes modified with CNTs in different mass fractions. (a) 0.1 CNT-BF;
(b) 0.3 CNT-BF; (¢) 0.5 CNT-BF; (d) 0.7 CNT-BF.
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3.3. Characterization and Properties of the CNT-BF/EP Coating

3.3.1. The Cross-Section Morphology of CNT-BF/EP Coating

The morphology of the cross-section of the CNT-BF/EP coating, which is a fracture surface
quenching by liquid nitrogen, is shown in Figure 3. The SEM images show that the bonding situation
was gradually improved with the addition of the CNTs. Particularly, when the content of CNTs was
0.5 wt.%, in Figure 3d, the modified BFs and resin had an obvious traction effect, which resulted in
no obvious gap in the interface of the CNT-BF/EP coating fracture surface. However, according to
Figure 3e, the voids and micro-cracks can be observed in the fracture surface which can link to the
agglomeration of CNTs.

Figure 3. SEM images of the section morphology of CNT-BF/EP coating. (a) BF/EP; (b) 0.1 CNT-BF/EP;
(¢) 0.3 CNT-BF/EP; (d) 0.5 CNT-BF/EP; (e) 0.7 CNT-BF/EP.

3.3.2. The Tensile Strength Test of the CNT-BF/EP Coating

It can be seen in Figure 4 that the tensile strength of the CNT-BF/EP coating increased significantly
with the addition of CNTs. The tensile strength of the CNTs-BE/EP coating reaches a maximum of
30.3 MPa with the addition of 0.5 wt.% CNTs. The three-dimensional structure formed by CNTs and
BF, which can be seen in Figure 3, was well dispersed in the resin system which could diffuse the
external force and reduce the phenomenon of stress concentration, thereby improving the mechanical
properties of the CNT-BF/EP coating [22].

32

[ w
© o
T T

Tensile strength (MPa)
N
[+2]
L]

24 1 1 1 1 1 1 1 1
00 01 02 03 04 05 06 07

CNTs Content (wt.%)

Figure 4. Tensile strength of CNT-BF/EP modified by different additions of the CNTs.
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3.3.3. The Chemical Durability of the CNT-BF/EP Coating

As shown in Figure 5, the weight loss rate of the coating after acid or alkali corrosion first decreased
and then increased with the addition of CNTs. When the CNTs content was 0.5 wt.%, the coating
showed the best acid and alkali resistance (with the surface weight loss rate of 1.9 wt.% in the alkali
solution and only 1.0 wt.% in the acid solution). A CNTs addition above 0.5 wt.% causes aggregation

phenomena, which lead to a certain number of voids and micro-cracks (Figure 3e) on the surface of the
CNT-BF/EP coating.

3 —=— Acid corrosion —e— AlKkali corrosion
L

Corrosion Weight Loss Rate (%)
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00 01 02 03 04 05 06 07
CNTs Content (wt.%)

Figure 5. The weight loss rate of the CNT-BF/EP coating in 3 mol/L HCl and 3 mol/L NaOH solutions.
3.3.4. Water Absorption of the CNT-BF/EP Coating

Figure 6 shows the water absorption of the CNT-BF/EP coating was significantly reduced by the
addition of the CNTs. The sample modified by 0.5 wt.% CNTs had the lowest water absorption after
immersing in water for 24, 240, and 480 h at room temperature. The water-blocking ability of the
sample modified by 0.7 wt.% CNTs was decreased to a similar level to that of the sample modified by
0.1 wt.% CNTs.
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Figure 6. Water absorption of the CNT-BF/EP Coating by different additions of the CNTs.
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4. Discussion

The addition of the carbon nanotubes can significantly improve the tensile strength and chemical
durability of the CNT-BF/EP coating. Based on Reference [8], we assume that the CNTs are closely
linked to the epoxy resin and BFs, which prevents the shedding and displacement. The acidification
treatment successfully enhanced the surface’s chemical activity by grafting the functional groups such
as —OH. The acidified CNTs with many surface active centers and a large number of functional groups
can fully combine with the BFs and resin matrix to form a strong cross-linking system, which has a
good reinforcing effect on the coating and makes water and gas difficult to penetrate. The epoxy resin
shows strong adhesion to CNTs due to the existence of these large number of functional groups which
directly improved mechanical and chemical properties of the CNT-BF/EP coating.

A certain amount of CNTs, i.e., 0.5 wt.%, can modify the surface of BFs while the agglomeration
happened when we further increase the addition of the CNTs. The CNTs have large surface energy,
which indicates that they are in a thermodynamically unstable state [8]. The agglomeration of the
CNTs on the surface of the BFs generates voids and micro-cracks which weakens the binding between
the BFs and epoxy resin. The corrosive medium can first enter the weak (micro-crack) zone and
attack the coating [23]. On the other hand, the agglomeration of the CNTs on the surface of the BFs
re-increased the water absorption which is due to the increase of extra paths for water from the voids
and micro-cracks. Thus, excess addition of the CNTs plays a negative role in the tensile strength,
chemical durability, and water blocking of the BFs coating.

Indeed, the composition of water in oceans or rivers are much more complicated than the deion
water we used in the water absorption test (Figure 6). The mixed ions, e.g., Na*, Ca?*, SO,4%, and
Cl7, affect the water absorption rate during a long-term ion exchange process. The surface corrosion
are more significant than in the deion water, while still slower than in pure acid or alkali solutions.
Therefore, a good chemical durability of the CNT-BF/EP coating in acid and alkali solutions provides a
glimpse of the anti-corrosion behavior in oceans or rivers.

Moreover, we are also aware that the CNTs absorb light and therefore heat the coating, which in
turn causes the rapid weathering of the CNT-BE/EP coating especially in the presence of water. Further
researches are needed on the effect of light on the chemical stability and mechanical properties of the
CNT-BF/EP coating.

5. Conclusions

In this study, a carbon nanotubes-modified basalt flake epoxy resin (CNT-BF/EP) coating was
successfully prepared. The results showed that the acidified CNTs can significantly improve the
interface compatibility of the BFs and resin, and thus, increase the tensile strength, chemical durability,
and water resistance. The CNT-BF/EP coating sample modified by 0.5 wt.% CNTs exhibited the best
comprehensive performance with (1) excellent chemical durability (surface weight loss rate of 1.9 wt.%
in the alkali solution and only 1.0 wt.% in the acid solution at room temperature for 480 h), (2) low
water infiltration (water absorption of 1.1 wt.% for 480 h), and (3) good mechanical properties (tensile
strength of approximately 30.3 MPa). This study proves the feasibility of using carbon nanotubes to
modify the basalt flake epoxy resin coating and enhance chemical durability and mechanical properties.
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