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Study on the effect of halloysite nanotubes on the adhesion and corrosion
protection of epoxy coatings on carbon steel
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ABSTRACT

Halloysite nanotubes (HNT) are naturally occurring clay minerals with abundant reserves,
commonly employed as carriers for corrosion inhibitors in protective coatings. However, the
direct influence of HNT on the physico-mechanical properties and corrosion resistance of coatings
has received limited attention. In this study, a procedure for dispersing HNT into an epoxy binder
was established, and the effect of HNT loading on adhesion strength and corrosion protection was
subsequently evaluated, using pull-off adhesion tests and electrochemical measurements. The
results demonstrated that HNT was uniformly dispersed in the epoxy via a sequential process
consisting of ultrasonic agitation in a solvent, mechanical stirring, and subsequent ultrasonication
in the epoxy mixture. Experimental results indicated that epoxy coatings incorporating HNT
exhibited 1.84-2.64 times higher adhesion strength than neat epoxy coatings, with adhesion
increasing progressively as HNT content rose from 1 to 3 wt.% and showing negligible variation
upon further increase to 5 wt.%. Moreover, the corrosion rate of carbon steel was markedly
reduced in the presence of HNT, reaching a minimum value of 0.0328 <107 mm/y at 3 wt.% HNT
loading. It was shown that a relatively low HNT loading was sufficient to enhance adhesion
strength and corrosion resistance of epoxy coatings, highlighting the potential of this nanomaterial
for protective coatings.
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1. INTRODUCTION

Corrosion is one of the primary causes of damage and reduced service life of metallic structures,
and it is particularly severe in tropical coastal environments such as Vietnam [1]. To mitigate its
effects, various protective methods have been employed, among which epoxy coatings are the most
widely used due to their ease of application and low cost. However, after prolonged use, epoxy
coatings tend to develop cracks or microchannels that facilitate the ingress of corrosive agents [2].

Surface functionalization or the incorporation of nanofillers are common strategies to enhance
coating performance. Nanoparticles act as fillers that occupy voids within the structure, thereby
improving corrosion resistance and reinforcing the physicomechanical properties of epoxy
coatings [3]. Halloysite nanotubes (HNT) are naturally occurring nanomaterials with a hollow
tubular structure, featuring inner diameters below 100 nm and typical lengths of 0.5-1.2 um [4].
At low loading levels, HNT uniformly disperses and contributes to the formation of cross-linked
networks, hindering polymer chain mobility and establishing strong interfacial interactions with
epoxy. Consequently, they enhance physicomechanical properties such as hardness, tensile
strength, and thermal stability of the coating matrix [5, 6]. Conversely, at high loadings, HNT tend
to aggregate, resulting in poor interfacial interactions, deterioration of mechanical properties, and
defects within the nanocomposite structure [7].

Beyond their role as fillers, HNT are also employed as nanocarriers for corrosion inhibitors
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owing to their hollow morphology, which allows for the efficient encapsulation of compounds
such as benzimidazole (BI) and benzotriazole (BTA). Coatings containing BI and BTA have been
reported to achieve impedance values of 2.4x107 and 8.5x107 Q-cm?, respectively, which are
substantially higher than those of the neat epoxy coating [8, 9].

However, the direct influence of HNT on the intrinsic performance of epoxy coatings has been
scarcely reported. This study focuses on assessing the dispersion behavior and stability of HNT in
epoxy matrices, as well as evaluating the effect of HNT loading on the adhesion strength and
corrosion resistance of epoxy coatings on carbon steel.

2. EXPERIMENTAL

2.1. Experimental materials

Raw halloysite nanotubes (HNT) were purchased from Guang Zhou Shinshi Metallurgy and
Chemical Co., Ltd. (China). Enikon epoxy resin (X75) and polyamine curing agent C225 were
supplied by TOP ONE Joint Stock Company (Vietnam). N-Butyl acetate (BA) solvent was
purchased from Xilong (China), and ethanol was obtained from Cemaco (Vietnam). Carbon steel
CT3 was used as the substrate material for the coatings.

The raw HNT were mixed with distilled water at a 1:10 ratio, stirred for 30 min, and allowed
to settle for 10 min to remove black residues at the bottom. The supernatant was then centrifuged
for 15 min to collect the sediment-free solid fraction. The obtained solid was dried at 110 °C,
cooled, and subsequently ground into a fine powder, yielding the treated HNT. All experiments in
this study were conducted using this treated HNT.

2.2. Experimental methods
2.2.1. Procedure for dispersing HNT in epoxy resin mixtures

Halloysite nanotubes (1 wt.%) were dispersed in an epoxy resin mixture using three different
procedures, as described below:

Procedure 1: The X75/BA and HNT/BA mixtures were prepared separately at weight ratios of
25/5 and 0.5/7.5, respectively, followed by mechanical stirring for 15 min. The two mixtures were
then combined and further mechanically stirred for 45 min. The final mixture is designated as
sample M1.

Procedure 2: Epoxy and BA were premixed, followed by the addition of HNT. The resulting
mixture was mechanically stirred for 15 min and then ultrasonicated for 30 min.

Procedure 3: HNT was first ultrasonically dispersed in BA for 15 min, then mixed with
epoxy/BA. The combined mixture was subsequently stirred mechanically for 15 min and
ultrasonicated for 30 min.

2.2.2. Preparation of epoxy coatings on carbon steel substrates

a) Neat epoxy mixture: Epoxy resin and curing agent were separately mixed with BA and stirred
mechanically for 15 min to form component D1 (epoxy resin/BA at a weight ratio of 100/50) and
component D2 (curing agent/BA at a weight ratio of 25/12.5). These two components were then
combined and mechanically stirred for an additional 15 min to obtain the neat epoxy mixture
(without HNT).

b) Epoxy/HNT mixture: Epoxy resin was mixed with BA at a weight ratio of 100/15 and
mechanically stirred for 15 min to obtain component C1. In parallel, HNT were dispersed in 35 wt.%
BA solution and subjected to ultrasonic treatment for 15 min to form component C2. Components
C1 and C2 were then combined, stirred for 15 min, and ultrasonicated for 30 min to yield component
M3. Separately, curing agent C225 was mixed with BA at a weight ratio of 2/1 and mechanically
stirred for 15 min to produce component N3. Finally, M3 and N3 were combined at a weight ratio
of'4/1 and mechanically stirred for 15 min to obtain the epoxy mixture containing HNT.
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¢) Preparation of epoxy coatings on steel substrates: CT3 steel specimens with dimensions of
150 x 75 x 1 mm (for electrochemical measurements) and 150 x 75 x 1.5 mm (for adhesion tests)
were polished with sandpapers of grit 180 and 320 to remove surface rust, followed by cleaning with
ethanol. The neat epoxy and the HNT-loaded epoxy mixtures (prepared using the above procedures)
were applied onto the steel substrates via dip-coating. The coated samples were dried under ambient
conditions for 72 h and stored. The designations of the test samples are listed in table 1.

Table 1. Designations of test samples.

Sample Adhesion Test Electrochemical Test
Neat epoxy HNTO-PO HNTO-LSV
Epoxy with 1 wt% HNT HNT1-PO HNTI1-LSV
Epoxy with 2 wt% HNT HNT2-PO HNT2-LSV
Epoxy with 3 wt% HNT HNT3-PO HNT3-LSV
Epoxy with 4 wt% HNT HNT4-PO HNT4-LSV
Epoxy with 5 wt% HNT HNT5-PO HNTS5-LSV

2.2.3. Characterizations

a) Dispersion efficiency: The dispersion of HNT in epoxy was evaluated by visually inspecting
photographs of the HNT/epoxy mixtures and comparing the HNT sedimentation.

b) Adhesion: Adhesion tests were conducted according to ISO 16276—-1:2007. The testing area
and dolly surface were lightly sanded, and the dolly was attached to the coating using an epoxy—
cyanoacrylate adhesive (1:1). Samples were stored at 23 + 2 °C and 50 + 5% relative humidity for
24 h. Coating outside the test area was then removed, and the pull-off force was measured using a
PosiTest AT - a device at a loading rate of 0.2 MPa/s until the coating detached.

¢) Corrosion rate: Electrochemical measurements were performed using an Autolab
PGSTAT30 system with a three-electrode configuration: the coated steel plate as the working
electrode, a stainless steel counter electrode, and a saturated Ag/AgCI/KCI reference electrode.
Coated samples were immersed in 3.5% NaCl solution for 24 h. When the open-circuit potential
(Eocp) stabilized, linear sweep voltammetry (LSV) was performed within a potential range of Eocp
+ 0.4 V at a scan rate of 10 mV/s. Corrosion potential and current were determined by Tafel
extrapolation from the polarization curves. The corrosion rate (CR) was calculated based on
Faraday’s law using the following equation (1):

M
CR= n_Fp X leorr (1
Where: M: The molar mass of the substrate metal;

p: The density of the substrate metal;

n: The number of electrons exchanged during the corrosion reaction;
F: The Faraday constant;

icorr: The corrosion current density.

3. RESULTS AND DISCUSSION

3.1. Dispersion of HNT in epoxy

Figures 1a-c show the time-dependent photographs of samples M1, M2, and M3, respectively.
For sample M1, where only mechanical stirring was applied, HNT showed poor dispersion with
visible sedimentation after 15 min and almost complete settling within 1 h (figure la). This
phenomenon can be attributed to particle aggregation driven by surface energy minimization,
while mechanical stirring was insufficient to break down the agglomerates [10].

In contrast, ultrasonication in sample M2 significantly improved dispersion, although sediment
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still appeared after 24 h (figure 1b). During ultrasonication, the continuous formation, growth, and
collapse of cavitation bubbles within and around the agglomerates provide sufficient energy to
fragment them into smaller particles and detach individual nanotubes, enhancing dispersion
compared to mechanical st1rr1ng [1 1]

Oh 15 mm30mm 1h | 2h 3h 4h Sh 6h 24h 48 100h l70h 270h
Figure 1. Time-dependent photograph of samples (a) M1, (b) M2, and (c) M3.

Sample M3, prepared by ultrasonically pre-mixing HNT in BA prior to incorporation into
epoxy, exhibited markedly improved stability, with only slight sedimentation observed after 24 h
(figure 1c). This pre-dispersion step enhanced solvent-nanotubes interaction, reduced
agglomeration, and yielded smaller aggregates, resulting in improved long-term stability [12].

It can be concluded that pre-dispersing HNT in solvent by ultrasonication, followed by
sequential mechanical stirring and ultrasonication with epoxy (procedure 3), provided the most
effective dispersion and was therefore selected as the optimal method for preparing HNT-loaded
epoxy coatings.

3.2. Effect of HNT loading on the adhesion of epoxy coatings on carbon steel
The adhesion test results of the coatings at three different positions are summarized in table 2.

Table 1. Adhesion measurement results of coating samples.

Sample Adhesion at Adhesion at Adhesion at Average
position 1 (MPa) | position 2 (MPa) | position 3 (MPa) | adhesion (MPa)
HNTO0-PO 1.38 1.70 1.83 1.64 +£0.23
HNTI1-PO 2.49 3.23 341 3.04+0.49
HNT2-PO 2.62 2.84 3.55 3.00+0.49
HNT3-PO 3.70 3.75 431 3.92+0.34
HNT4-PO 2.64 3.12 4.71 349+ 1.08
HNTS5-PO 2.83 4.97 5.14 4.31+1.29

In addition, the incorporation of HNT led to a marked improvement in adhesion strength,
increasing by 1.84 times (HNT2-PO) to 2.64 times (HNT5-PO) compared with the neat sample
[13, 14]. The enhancement observed with HNT was greater than that obtained with fly ash (1.1
times), comparable to CNTs (2.65 times), and lower than nano Al>O; and TiO: (4.83 and 4.33
times, respectively) [15-17]. At a loading below 3 wt.%, HNT was uniformly dispersed, forming
a crosslinked network within the coating, which increased the microscale roughness, thereby
enhancing the interfacial adhesion between epoxy and steel substrates. In contrast, at loadings
above 3 wt.%, uneven dispersion and weakened interfacial interactions resulted in non-uniform
adhesion, as reflected by the larger standard deviations [18, 19].
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3.3. Effect of HNT loading on the corrosion protection of epoxy coating on carbon steel

The electrochemical measurement results are presented as polarization curves in figure 2, and
the corresponding parameters, including corrosion potential (Ecorr), corrosion current density (icorr),
and corrosion rate (CR), are summarized in table 3. The corrosion potential of neat epoxy-coated
carbon steel was -0.56 V, with a corrosion current density of 1.35x10® A/cm?. The corrosion
potential of HNT-loaded samples remained nearly unchanged relative to the neat epoxy, except at
4 wt.% HNT, while the corrosion current density decreased in all loading samples, confirming
enhanced corrosion resistance.
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Figure 2. Polarization curves of the samples.

The corrosion current density of carbon steel coated with epoxy/HNT in this study was lower
than that of epoxy coatings incorporating other nanofillers such as Al,Os and ZnO [20-22]. The
addition of HNT created an effective barrier, reducing the porosity of the coating matrix and
generating zigzag micropores that impeded the diffusion of corrosive species, which enhanced the
corrosion protection performance of the coating [23, 24]. In addition, increasing the HNT content
from 1 wt.% to 3 wt.% improved coating adhesion and concurrently reduced the corrosion rate.
This enhancement in adhesion reflected stronger interfacial interactions between the coating and
the steel substrate, contributing to greater stability and integrity of the coating and limiting
underfilm corrosion [25].

Table 2. Electrochemical parameters and corrosion rates of the samples.

Sample Ecorr (V) icorr (A/cm?) CR (mm/y)
HNTO-LSV -0.560 1.35x10°8 0.1566 %10
HNT1-LSV -0.568 9.86x10° 0.1144x10°
HNT2-LSV -0.509 7.57x10° 0.0878x10°
HNT3-LSV -0.587 2.83x10° 0.0328x10°3
HNT4-LSV -0.366 5.43x10° 0.0630x10°
HNTS5-LSV -0.595 6.87x10° 0.0797 %10

The corrosion rate decreased with increasing HNT loading from 1 to 3 wt.%, but increased again
at higher contents. The epoxy coating with 3 wt.% HNT (HNT3-LSV) exhibited the lowest
corrosion rate 0f 0.0328 10~ mm/y, which was 4.77 times lower than that of the neat epoxy coating.

At low filler loadings, strong interfacial interactions between the epoxy and the nanofillers
reduced internal stresses and microcrack formation. They also prevented the development of crack
channels during curing and led to the formation of additional barrier layers or increased diffusion
path length for corrosive agents. At a loading of 3 wt.%, in addition to enhancing adhesion, the
nanotubes also filled surface and internal defects in the coating, producing a smoother surface that
limited the penetration of corrosive agents. However, at higher loadings, poor dispersion and
particle agglomeration introduced structural defects, which could act as pathways for corrosive
species to penetrate through the coating and reach the metal substrate [26].
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4. CONCLUSIONS

The influence of HNT on the adhesion and corrosion protection performance of epoxy coatings
on carbon steel was investigated. Among the three procedures examined, ultrasonic pre-dispersing
HNT in the solvent provided the most effective dispersion. The presence of a low HNT loading
(1-5 wt.%) increased the adhesion strength of epoxy coatings on CT3 steel by 1.84 to 2.64 times
compared to neat epoxy. Furthermore, HNT significantly improved the corrosion resistance of the
epoxy coatings, with the 3 wt.% HNT sample exhibiting the lowest corrosion rate of 0.0328 x10°
mm/y, which was 4.77 times lower than that of the neat epoxy coating. These results highlight the
potential of HNT as a highly effective additive for enhancing the protective performance of epoxy
coatings on carbon steel.
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TOM TAT

Nghién ctru anh hwéng ciia dng nano halloysit dén kha ning bam dinh va
hiéu qua bao v€ an mon thép cacbon cia lép phi epoxy

Ong nano halloysit (HNT) la mot khoang vat tw nhién co trit luong I6n, thuong duoc su
dung dé lam chat mang irc ché an mon cho I6p phii. Tuy nhién, danh huong truc tiép cia
HNT dén tinh chdt co Iy va kha nang chong dn mon cia I6p phii lai it dweoe dé cdp dén.
Nghién cieu nay dau tién xdy dung quy trinh phan tan HNT trong chit tao mang epoxy, sau
do danh gia anh huong cua ham heong HNT dén d@é bam dinh va kha nang chong an mon
cua lop phi epoxy trén nén thép cacbon bang phuong phap thir boc tach va phép do dién
héa. Két qua cho thdy HNT phdn tin dong déu trong epoxy bdng mot quy trinh bao gom
khudy siéu am trong dung méi trudc sau do lan lwot khudy co va siéu am trong epoxy. Két
qua thir nghiém cho thady, lop phii epoxy chita HNT ¢6 dg bam dinh cao hon 1,84 dén 2,64
lan so voi lop phii khong c6 HNT, do bam dinh tang dan khi ham lwong HNT tang tr 1-
3%KL va thay doz khong ré rét khi ham hwong HNT tang tir 3-5%KL. Toc d¢ an mon thép
cachon gidam xuong ré rét khi c6 mat HNT, dat gid tri thap nhat 0,0328% 107 mm/ndm ¢ ham
lrong 3%KL HNT. C6 thé thdy chi véi mét ham heong nhé HNT dé gép phan tang do bam
dinh va tang cuong kha ning chéng an mon, cho thdy tiéem ndng g dung ciia vt liéu nano
nay trong lop phu epoxy.

Tir kho: An mon; Lp phii epoxy; Halloysit; Bam dinh; Phan tan.
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