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Abstract
In this study, basalt scales were activated by air plasma and were subsequently deposited with cerium dioxide nanoparticles 
to obtain  CeO2-modified basalts (CB). Inspired by mussel biomimetics, polydopamine (PDA) and 3-glycidoxypropyltri-
methoxysilane were further employed to modify the properties of CB to obtain functionalized basalt scales (CBD). This 
treatment greatly increased the interfacial compatibility between inorganic fillers and epoxy resin. At the same time, PDA can 
form chelates with iron ions in the anodic area to prevent further corrosion. Tensile, water absorption, and electrochemical 
impedance spectrum measurements showed that incorporating CBD into epoxy resins resulted in the composite coatings 
with higher mechanical properties, water penetration resistance, corrosion resistance, and lower wetting properties.
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1 Introduction

Offshore facilities and equipment, such as oil jacket plat-
forms and vessels, will inevitably suffer from serious cor-
rosion in marine environment [1–3]. Anticorrosive organic 
coating is one of the most commonly adopted protective 
measures, but its service life is difficult to achieve the 
expected target [4–6]. In order to improve the service life, 
inorganic lamellar fillers, which are excellent barrier to cor-
rosive medium, are often added in the coating to form a 
lamellar organic “brick wall” structure [7]. The strong inter-
action between the interfaces of fillers and polymer matrix 
can provide ordered layered structures with an improved 
adhesion and integrity [8]. For example, Jing et al. pre-
pared a new two-dimensional hybrid filler by hydrothermal 

method, loaded  ZrO2 on the surface of PDA-modified  MoS2, 
and functionalized it with KH560. Adding filler to epoxy 
resin greatly improves the mechanical properties and corro-
sion resistance of the coating [9]. Moreover, the modifica-
tion of fillers or cross-linking of polymer matrix can reduce 
the natural capillarity at the interface between filler and 
polymer, hindering the transport of  O2 and  H2O molecules 
through these capillaries, leading to enhanced corrosion pro-
tection [10, 11]. Therefore, selection of suitable fillers is an 
effective measure to improve the corrosion resistance and 
service life of the coating.

Basalt scales material as filler, which is mainly composed 
of silica (45–60 wt%), calcium oxide (6–12 wt%), and iron 
oxide (5–15 wt%) [12], is a low price material with excel-
lent mechanical, acid, and alkali resistance [13, 14], and can 
serve as a barrier to water (labyrinth effect). But their com-
patibility and dispersibility in polymer matrix are poor due 
to their much higher surface energies than polymer matrices, 
smooth surfaces, and chemical inertness [15, 16]. This leads 
to premature degradation of coatings such as loss of adhe-
sion, decline of shielding performance, and deterioration 
of mechanical properties. Therefore, surface modification 
of basalt scales to enhance their interfacial properties is an 
important research area. Luo et al. used 3 ‰ nano-SiO2 
microspheres to modify epoxy coatings containing basalt 
fillers, and the results showed that the modification could 
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enhance coating chemical stability, water permeability, and 
mechanical properties [17]. Then, basalt scale fillers were 
subsequently modified by urinary aldehyde microspheres 
[18] and sulfonated aniline trimer to form chemical bond-
ing (covalent grafting or hydrogen bond adsorption) [19] 
at coating/fillers interface, further enhancing the interfacial 
compatibility, corrosion resistance, and mechanical prop-
erties of the coating. Regarding smooth surfaces and high 
surface energy of basalt scales, Li et al. sequentially depos-
ited polydopamine (PDA) and  AgNPS on NaOH-etched 
basalt, which were added to epoxy resin to achieve good 
corrosion resistance and antibacterial properties [19]. The 
activation treatment of basalt scales is mostly concentrated 
acid and alkali etching, which is unsafe and environmentally 
unfriendly. Therefore, one can expect that high-performance 
anticorrosive coating can be prepared by adopting better 
basalt scale activation method and improving the interface 
combination of polymer coating/filler by covalently modify-
ing basalt scale surface.

In this study, an environmentally friendly and facile pro-
tocol by air plasma treatment on basalt scales is adopted to 
realize surface activation of basalt fillers. Cerium dioxide 
particles are then deposited on the surface of basalt scales. 
After activation, the abundant Si–OH groups on the surface 
of basalt scales can enhance the interaction between the car-
rier and  CeO2, and promote the high dispersion of  CeO2 on 
the surface. And the rough surface enhances the mechanical 
occlusal ability of basalt scales and epoxy resins [20]. Fur-
thermore, inspired by the strong adhesion of mussel, polydo-
pamine with a strong adhesion ability was adopted to cover 
the surface of basalt scales, which greatly improved the set-
tling property of basalt scales in epoxy resin. On the other 
hand, cerium dioxide and polydopamine can act as corrosion 
inhibitors to effectively control corrosion. Finally, 3-glyci-
doxypropyltrimethoxysilane (GPTMS) is grafted to achieve 
secondary functionalization of basalt scales. According to 
the similar miscibility principle, a large number of C chains 
and epoxy groups grafted improve the dispersion of basalt 
scales in epoxy resin. Investigations have been made on the 
addition of modified basalt scales to the epoxy coating and 
their anticorrosive performance.

2  Materials and Methods

2.1  Materials

Basalt scales (500 mesh) purchased from Yantai Huazheng 
Kexin New Material Technology Co. Ltd. (Yantai, China). 
Cerium nitrate hexahydrate was purchased from Adamas 
Reagent Co. Ltd. Urea was purchased from Shanghai Alad-
din Biochemical Technology Co. Ltd. Dopamine hydrochlo-
ride and trimethylol aminomethane (Tris) were purchased 

from Shanghai Maclin Biochemical Technology Co. Ltd. 
All chemicals are used as without further purification. The 
metal base material was 5 cm × 5 cm × 1 mm Q235 carbon 
steel. After sandblasting, it was washed with acetone and 
anhydrous ethanol for degreasing and dehydration. Epoxy 
resin (E44, Nantong Xingxing Synthetic Materials Co. Ltd., 
China) and 650 polyamide curing agent (Dingyuan Danbao 
Resin Co. Ltd., China) (mass ratio 2:1) were used to prepare 
the coating. BYK-333 is a leveling agent.

2.2  Activation Treatment of Basalt Scales

Basalt scales (abbreviated as BS) (500 mesh) were selected 
as the research object in the experiment. Before use, they 
were washed with acetone and ethanol to be free of impuri-
ties and dried in a blast drying oven at 80 °C. In order to 
select the best activation method, the activation effect of 
several different basalt scales activation methods was com-
pared. BS were activated by  H2SO4, NaOH,  H2O2, and air 
plasma, respectively.

BS (10.0 g) were added to a conical bottle containing 
300-ml 2 M  H2SO4 solution, heated to 100 °C, and stirred for 
2 h  (H2SO4 activation method [21], the samples were noted 
 H2SO4-BS). BS (10.0 g) were added to a Teflon conical bot-
tle with 4 M NaOH solution, heated to 100 °C, and stirred 
for 2 h (NaOH activation method [22], the samples were 
noted as NaOH-BS). BS (10.0 g) and hydrogen peroxide 
solution (40 g, 30%) were added to the 100-ml round-bottom 
flask, condensed and refluxed at 100 °C, and stirred for 2 h 
 (H2O2 activation method [23], the samples were noted as 
 H2O2-BS). BS (10.0 g) and deionized water (100 ml) were 
added to the autoclave under 15 MPa and were stirred at the 
speed of 600 r/min for 24 h. And the mixture was filtered and 
washed with deionized water severally until the solution pH 
was ∼ 7. Then, the etched BS were dried in a vacuum drying 
at 60 °C for 12 h (high-pressure water activation method 
[24], the samples were noted as HP water-BS). BS (10.0 g) 
were put into a plasma treatment instrument, and its surface 
was treated with air for 1800 s (air plasma treatment, the 
samples were noted as P-BS).

2.3  Preparation of Modified Basalt Composites

The preparation scheme of fillers and coatings is shown in 
Fig. 1. Plasma-treated BS (P-BS, 10 g), 0.1 M cerium nitrate 
hexahydrate solution (10 ml), and 1 M urea solution (60 ml) 
were added to the beaker, respectively. Following this, the 
mixture was heated to 43 °C and maintained at this tem-
perature for 30 min under stirring. Then, the above mixture 
was transferred to 100-ml hydrothermal reactor and reacted 
for 24 h at 100 °C. After the reaction was completed, it was 
naturally cooled to room temperature, and the sample was 
washed by centrifugation with deionized water and dried. 
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Finally, the dried samples were heat-treated in muffle fur-
nace (air environment) at 350 °C for 4 h and then dried in 
vacuum at 80 °C to obtain basalt scales with  CeO2 deposited 
on the surface (the obtained samples are noted as CB).

Tris (0.2436 g) was dissolved in 200-ml deionized water, 
and dopamine hydrochloride (800 mg) was added to keep 
pH around 8.5. The synthesized CB was added and stirred 
for 15 h at 60 °C in above solution to form dopamine-coated 
samples. Then, the samples were filtered out, washed with 
deionized water, and dried at 60 °C.

A mixed solution of anhydrous ethanol and deionized 
water (the mass ratio of 9:1) was prepared, and GPTMS 
(1 ml) was added to the solution, hydrolyzed at room tem-
perature for 1 h under stirring. The dopamine-coated sam-
ples were added to the solution, stirred for 2 h, centrifugated 
with deionized water and anhydrous ethanol, and then dried 
in vacuum at 60 °C for 12 h. The finally obtained samples 
were noted as CBD. The schematic illustration for the syn-
thesis of CBD is displayed in Fig. 1.

2.4  Preparation of Anticorrosion Coatings

The epoxy resin (32 g) was dissolved in a mixture of lev-
eling agent (0.06 g), xylene (6.72 g), and n–butanol (2.88 g). 
Then, BS, CB, and CBD (20 wt% of epoxy mass) were 
added, respectively, and stirred at a speed of 600 r/min for 
1 h on a magnetic agitator. After the dispersion, add poly-
amide curing agent (16 g) and manually stir evenly to form 
different paintings. Then, these paintings were coated (by 
spin coating method) on Q235 carbon steel to form epoxy 
varnish coating (EP) as well as epoxy coatings containing 
BS, CB, and CBD (noted as BS/EP, CB/EP, and CBD/EP), 
respectively. Then, they were put into a vacuum drying oven 
vacuum defoaming until no continuous bubbles emerge. The 
coating thickness was controlled to 160 ± 5 μm by adjusting 

the rotating speed, time, and feeding times. After the coat-
ings were prepared, they were left for 1 h, then the sample 
was placed in the oven and cured at 40 °C for 4 h, 60 °C for 
24 h, and cured at room temperature for 7 days.

2.5  Characterization

The morphologies of the various fillers (BS,  H2SO4-BS, 
NaOH-BS,  H2O2-BS, P-BS, CB, and CBD) and the prepared 
coatings were characterized using a field emission scanning 
electron microscope (FESEM, Zeiss Sigma 300, Japan), 
and the composition of the surfaces was analyzed by the 
energy-dispersive X-ray spectrum (EDS). High-definition 
CCD microscope (KSGAOP IN, China) was used to ana-
lyze the surface morphology of stator and matrix after dry 
and wet adhesion test.

Fourier transform infrared spectrometer (FT-IR, Perkin-
Elmer Spectrum Two, USA) was used to analyze the change 
of functional groups before and after the modification of 
fillers. The KBr pellets were used, and the analysis was per-
formed in the wavenumber range 450–4000  cm−1. The graft 
amount of filler was assessed on thermogravimetric analysis 
with 10 °C/min of heating rate, in the range of 30–800 °C, 
under  N2 atmosphere (TG, Q500 TA).

The crystal structure of the inorganic fillers was deter-
mined by X-ray diffraction (XRD, Ultima IV, Japan) using 
the “Cu K” radiation source in the angle range 10–80° at a 
scanning rate of 10°  min−1. The dispersion of the fillers in 
the epoxy coating was characterized using the sedimentation 
test. The basalt scales were added into the epoxy coating 
without curing agent, ultrasonic for 30 min, and collected 
into the sample bottle. Then, the sample bottle was placed in 
the camera system device, and the Canon EOS camera was 
used to take pictures at a regular interval of 10 min.

Fig. 1  Preparation technology of filler and coating
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The coating adhesion with the substrate was charac-
terized using instrument of pull off adhesion (DeFelsko 
Posi Test, USA). The tests were carried out after immers-
ing the samples in 3.5 wt% NaCl solution for 0 h and 
1440 h at room temperature. The mechanical properties 
of the composite coatings were characterized by using an 
electric universal testing machine (AGX-V, 50N, China). 
An extension rate of 2 mm/min was determined accord-
ing to ISO 37–2005 [25]. The static water droplets (2 μl) 
CA values were the mean values of five measurements 
obtained at different positions using an Dataphysics-OCA 
20 contact angle system (Dataphysics-OCA20, German) 
at ambient temperature.

The corrosion resistances of the coatings were char-
acterized by monitoring the open-circuit potential and 
electrochemical impedance spectroscopy on electro-
chemical workstation (Princeton Applied, USA). The 
prepared samples (working electrode), platinum plate 
(counter electrode), and Hg/HgCl2 (saturated KCl) (ref-
erence electrode) were set in an electrolytic cell contain-
ing about 300-ml NaCl solution (3.5 wt%), constituting 
conventional three–electrode cell. The coating samples 
had an exposure area of 4.9  cm2. In the early stage of the 
test, the disturbance voltage was set to 50 mV, and after 
60 days, it was changed to 20 mV. The electrochemical 
impedance spectrum (EIS) was measured in the frequency 
range of  10−2–105 Hz. Moreover, the recorded EIS results 
were fitted by the ZSimpWin software to obtain detailed 
corrosion data. The electrolytic cell was placed in the 

Faraday cage during the testing. At least three parallel 
experiments were performed at the same time for all tests.

3  Results and Discussion

3.1  Activation Treatment of Basalt

The high-temperature preparation process of basalt results in 
a very small amount of hydroxyl groups on its surface [26] 
to activate basalt surface. The hydroxylation degree of BS by 
various methods was studied in terms of the peak intensity 
ratio of -OH/Si–O–Si with FT-IR. Figure 2a shows that the 
characteristic peaks of Si–O–Si in basalts are in the range 
of 850–1275  cm−1 [27]. Compared with BS sample, the 
samples  (H2SO4-BS, NaOH-BS,  H2O2-BS, and P-BS) have 
obvious stretching vibration signals of –OH near 3420  cm−1, 
[28] indicating that the number of hydroxyl groups on 
the surface of basalts increases after activation. Interest-
ingly, the sample treated by plasma has a new-OH signal 
around 1385  cm−1. The ratio of the peak intensity of –OH/
Si–O–Si was obtained (Table 1). According to the degree 
of hydroxylation, the activation methods were ranked as 
 H2SO4 > NaOH > plasma > hydrogen peroxide > high-pres-
sure water. Although the activation degree of plasma treat-
ment is slightly smaller than that of  H2SO4 treatment and 
NaOH treatment, plasma treatment is obviously more envi-
ronmentally friendly and facile than the latter. On the other 
hand, the surface morphology of basalt scales after activa-
tion treatment is shown in Fig. 2b. After NaOH,  H2SO4, and 

Fig. 2  a FT-IR of basalts treated by several activation methods. b SEM characterization of basalts activated by different methods: a1, a2 BS; b1, 
b2 P-BS; c1, c2  H2O2-BS; d1, d2  H2SO4-BS; e1, e2 NaOH-BS; and f1, f2 HP water-BS

Table 1  Hydroxyl ratio of basalt 
treated by several activation 
methods

Sample BS P-BS H2O2-BS H2SO4-BS NaOH-BS HP water-BS

–OH/Si–O–Si 0 0.1630 0.1548 0.2462 0.2236 0.1211
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high-pressure water treatment, the size of basalts decreased, 
and the phenomenon of fracture was observed. Therefore, 
considering the influence of hydroxylation degree, easiness 
of operation, and material damage during processing, air 
plasma treatment of basalt was selected as the activation 
method for the following investigation on the P-BS sample. 

3.2  Characterization of Basalt Modified by Cerium 
Dioxide and Polydopamine

As shown in Fig. 3a1 and a2, the surface of BS was quite 
smooth that it is difficult to achieve mechanical occlusion 
between basalt and epoxy resin, which is not conducive to 
the formation of a strong filler/resin interface. Therefore, the 
surface of P-BS needs to be further roughened. As shown in 
Fig. 3b1 and b2, a layer of rod-like  CeO2 nanoparticles was 
successfully deposited on the surface of basalt scales, and 
the size was about 100–200 nm. Due to the loading of  CeO2, 
the basalt changes from a smooth surface to a rough surface. 

As shown in Fig. 3c1 and c2, a clear layer (maybe dopa-
mine and GPTMS) can be observed on the surface of CBD 
sample, whose edge change from sharp to obtuse compared 
to Fig. 3a1, a2 and b1, b2, EDS characterization (Fig. 3d1) 
demonstrated that five elements (C, Al, Si, Ca, and Ce) could 
be identified on the surface of CBD sample. As shown in 
Fig. 3e1 and e2, the contents of Al, Si, and Ca in modified 
basalts decreased significantly, the content of C element was 
greatly increased, and the content of cerium element was 
also increased moderately.

In order to study the changes of surface chemical func-
tional groups of BS, the basalts before and after modification 
were characterized by infrared spectroscopy. The results of 
FT-IR (Fig. 4a) indicate that the basalts show symmetric 
and asymmetric stretching vibrational peaks of Si–O–Si 
in the range of 850–1275  cm−1 [28]. Besides, the peaks at 
766  cm−1 and 562  cm−1 indicate the Si–O stretching and 
bending vibrations, respectively [29, 30]. Another charac-
teristic peak at 466  cm−1 represents the Al–O stretching 

Fig. 3  SEM images of BS a1, a2; CB b1, b2; CBD c1, c2; EDS image of CBD d1; and variation diagram energy spectrum element content in 
modified basalt scales (CBD) compared with original basalt scales (BS) e1, e2 
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vibration [31]. In the spectra of the CBD hybrids, 1625.6, 
2892.3, and 1499.5  cm−1 correspond to the stretching vibra-
tions of N–H, C–H, and C–N, respectively [16, 18, 32]. The 
above information indicates the successful modification 
of basalt by PDA and GPTMS. In addition, the increase 
in Si–O–Si peak intensity also indicates that GPTMS has 
undergone dehydration condensation reaction with Si–OH 
on activated basalt scales.

The thermogravimetric properties of BS before and after 
modification were studied by TGA analysis. As shown in 
Fig. 4b, BS is stable at 0–800 °C, and the final mass loss was 
2.76%, which may be due to the degradation and volatiliza-
tion of impurities and water. The decomposition step of CBD 
is very large in the temperature range of 200–800 °C, and 
the final weight loss rate was up to 7.24%, which is mainly 
due to the degradation of PDA and GPTMS. The results 
show that at 800 °C, the residue of BS is about 4.5 wt% 
higher than that of CBD, suggesting that the load of PDA 
and GPTMS is about 4.5 wt%.

Figure 4c presents the XRD patterns of basalt and three 
kinds of modified basalt and the standard PDF card of  CeO2 
(JCPDS# 65–2975). The unmodified basalt has a large inclu-
sion peak at 2θ = 26°, indicating of a poor crystallinity, 

which may be due to the heat treatment temperature of less 
than 700 °C during preparation. The sharp peaks of the CB 
and CBD hybrids at 2θ = 28.28°, 32.8°, 46.98°, and 55.8° 
correspond well to the characteristic peaks of the (111), 
(200), (220), and (311) crystal planes in the  CeO2 standard 
card, and the reflection peak intensity of the modified basalt 
is weakened, which also proves the successful coating of 
dopamine [33–35].

To analyze the interface compatibility of the basalt scales 
as well as the CB and CBD hybrids with the epoxy coating, 
sedimentation test was carried out to monitor the settlement 
behavior of basalt scales. For example, Zheng et al. prepared 
a new type of coating filler (BUF) via activating basalt scales 
by chemical etching and coating the etched scales with a 
layer of urea–formaldehyde microspheres. The compat-
ibility between BUF filler and epoxy coating was analyzed 
by sedimentation experiment. The result was a slight pre-
cipitation of the BUF hybrid material after 120 h [18]. We 
increased the sedimentation test time to 168 h. Figure 4d 
shows the settling behavior of the three basaltic scales from 
0 to 168 h. The unmodified basalt precipitates completely 
within 16 h, which indicates that the unmodified basalt is 
poorly dispersed in epoxy resin. Due to the deposition of 

Fig. 4  a FT-IR pattern; b thermogravimetric analysis (TGA) pattern; c XRD pattern; d settlement behavior of BS; CB; and CBD in epoxy resin 
coatings
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 CeO2 nanoparticles on the surface, the surface of the CB 
hybrid becomes rough, so the mechanical occlusal ability 
between the hybrid and epoxy resin is improved, and the 
dispersion performance is slightly better in the sedimenta-
tion test. Compared with BS and CB hybrids, CBD hybrids 
are very stable in epoxy resin, and there was only a small 
amount of precipitation within 50 h. Some fillers which 
are stably dispersed in epoxy resin could be observed even 
after 168 h. Due to the principle of similar substances dis-
solve each other, the surface of inorganic BS after secondary 
functionalization is grafted with a large number of C chains 
and epoxy groups with an enhanced the non-polarity. The 
interfacial compatibility with epoxy resin as well as the dis-
persion properties improved. The results of deposition test 
show that the plasma treatment and modification of BS can 
noticeably improve the interface compatibility between BS 
and coating matrix.

3.3  Physical Performance of Composite Coatings

3.3.1  Mechanical Properties of Composite Coatings

The strength and crack propagation behavior of the coating 
were investigated by tensile test. The stress–strain curves 
of Fig. 5a show the tensile strength of the three kinds of 
coatings (EP, BS/EP, and CBD/EP). It can be seen that 
they could all fracture after the yield point, indicating of 
the characteristics of ductile fracture. The CBD/EP coating 
shows the highest tensile strength (39.93 MPa), followed 
by EP (32.06 MPa), and the lowest is BS/EP (27.65 MPa) 
coatings. Apparently, the addition of unmodified BS can-
not enhance the strength of the coatings (27.65 MPa), 

which even decrease compared to EP coating (32.06 MPa). 
It may be due to the failure of the basalt to combine closely 
with the epoxy resin coating and produce more defects 
in the interior [36]. However, the mechanical riveting 
effect of cerium dioxide deposited on the surface of the 
filler (CB), as well as the possible strong chemical bind-
ing between dopamine and epoxy resin on CBD samples 
increase the tensile strength of the coating to 39.93 MPa. 
This is because the chemically bonded coating/filler inter-
face can prevent the crack propagation of the polymer 
films [37–39].

Figure 5b–d shows the fracture micro-morphology after 
tensile test via the SEM images of the tensile sections of 
the coatings. Figure 5b1 and b2 shows the fracture mor-
phology of pure epoxy coating, which is very smooth, and 
there were few internal defects in the coating. It can be 
seen that only a few cracks and a single fracture surface 
were formed, and the fracture morphology was similar 
to brittle fracture, indicating of its weak anti-crack prop-
agation property. Figure 5c1 and c2 shows the fracture 
morphology of the BS/EP coating. There are many cracks 
along the interface between BS and epoxy resin, indicat-
ing of a weak bonding between fillers/epoxy. When the 
coating was subjected to tensile loading, these interfaces 
became the source of cracks and underwent rapid crack-
ing, which, in turn, became a fast channel for the inva-
sion of corrosive media, leading to a rapid deterioration 
of the coating's anticorrosion ability. For CBD/EP coat-
ing (Fig. 5d1 and d2), the number of cracks significantly 
decreased, and the interface was highly intact. Moreover, 
a large number of ductile dimples appeared near the inter-
face and extended into river-like patterns, indicating that 
CBD not only enhances the tensile strength of the coating, 
but also significantly enhances the interfacial adhesion and 

Fig. 5  Stress–strain results of EP, BS/EP, and CBD/EP coatings a; SEM images of the tensile sections of several coatings (EP, BS/EP, and CBD/
EP) b1–d2 
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compatibility, which was manifested as brittle cracking of 
the coating and local ductile cracking near the interface.

3.3.2  Adhesion of Composite Coatings with Metal 
Substrates

Loss of adhesion between coating and metal is a major cause 
of coating failure [40]. Therefore, we tested the dry and wet 
(after 75 d immersion in 3.5 wt% NaCl) adhesion of these 
coatings, and calculated the adhesion loss ratio according to 
Eq. (1). The results are shown in Fig. 6a. It can be seen that 
the dry adhesion values of EP, BS/EP, and CBD/EP coatings 
are 6.16, 7.44, and 8.42 MPa, respectively. Among them, 
the adhesion value of CBD/EP coating is the highest, which 
may be due to the bonding among  NH2 of PDA, Si–OH of 
GPTMS, and the metal matrix, which enhances the coating/
metal interface bonding strength. Besides, the wet adhesion 
is another key parameter affecting the coating performance 
[41]. After soaking in 3.5 wt% NaCl for 75 d, the coatings’ 
adhesion decreased to 2.80, 4.26, and 7.02 MPa, respec-
tively. After soaking, the adhesion of EP coating decreased 
significantly, and the adhesion loss was as high as 54.5%. 
The adhesion loss of the coatings with BS is all lower than 
that of the pure epoxy coatings. Among them, CBD/EP has 
the smallest adhesion loss (about 16.6%). Li et al. optimized 
an environmentally friendly rust removal and transforma-
tion agent based on tannic acid through orthogonal test, 
and evaluated the adhesion of epoxy coating system. After 
tannin conversion treatment, the adhesion of the coating 
system increased from 1.93 to 5.97 MPa [42]. In contrast, 
after soaking in 3.5% NaCl for 75 days, the adhesion of 
our prepared CBD/EP coating only decreased from 8.42 to 
7.02 MPa, showing better adhesion with the substrate.

Figure 6b shows the macroscopic morphology of car-
bon steel and coating surfaces after adhesion pull-out tests 
under various conditions. The figure shows the detachment 
area of the surface coating on the carbon steel substrate 
and the surface morphology of the metal after drawing. 
From the figure, it can be found that the dry adhesion peel-
ing area of the basalt samples is smaller than that of pure 
epoxy, among which the modified basalt (CBD/coating) 
has the smallest stripping area, which also proves that the 
interface strength is higher. After soaking in 3.5 wt% NaCl 
for 1800 h, the surface of carbon steel coated with EP 
coatings showed large area corrosion, and obvious corro-
sion products appeared. The carbon steel coated with BS/
EP coatings also had obvious corrosion, while the carbon 
steel coated with CBD/EP coating only had slight corro-
sion, and no corrosion products were found on the surface. 
In conclusion, BS/EP coating can prevent corrosive par-
ticles from reaching the metal matrix due to the deposi-
tion of BS compounds at the bottom, which have excellent 
water shielding performance. For CBD/EP coating, due to 
the formation of enhanced chemical bond (Ce-O-metal) 
between the deposited  CeO2 and metal, and the second-
ary functionalized grafted PDA and GPTMS have a large 
amount of –NH2 and Si–O, and will also form a bond with 
metal. Therefore, CBD can significantly improve the dry 
and wet adhesion of epoxy resin. In other words, the addi-
tion of CBD improves the bonding strength between epoxy 
resin and metal matrix.

(1)

Adhesion loss

=
Dry adhesion strength −Wet adhesion strength

Dry adhesion strength

× 100%.

Fig. 6  Adhesion strengths of EP, BS/EP, and CBD/EP coatings before and after immersion in 3.5 wt% NaCl solution for 1440 h a. Visual illus-
tration of the coating adhesion after testing b 
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3.3.3  Effect of Chemically Bond Between Coating/Filler 
Interface on Water Absorption Behavior

Contact angle is an important parameter used to quantify the 
wettability of solid surface [43]. Figure 7a shows the contact 
angle test results of EP, B/EP, and CBD/EP coatings. The 
addition of unmodified basalt to the epoxy coating reduces 
the contact angle, which may be due to the fact that the BS 
were concentrated in the lower layer, distributed unevenly, 
and bonded with epoxy resin in the form of physical bond-
ing. There was a gap between the interface and this defect 
further became the path of water, leading to the deteriora-
tion of the surface properties of the composite coating. The 
hydrophobicity of CBD/EP coating is the best among the 
three samples, which may be due to the good dispersion of 
BS in the coating (Fig. 4d). In addition, BS have good hydro-
phobicity, and after surface secondary functionalization, the 
surface energy of BS becomes lower and enhances the inter-
facial bonding strength. At the same time, the addition of 
modified basalt scales reduces the stress concentration in 
the curing process of the coating, resulting in an increased 
contact angle.

The water absorption of the coating is considered to be 
the first stage of its failure, and high-pressure water absorp-
tion will have negative effects on the coating. For example, 
water adsorption will cause cracking, peeling, and blis-
tering, which will lead to the failure of the coating on the 

metal substrate [44, 45]. In order to further study the water 
absorption of the modified coating, the water absorption 
of the coating was tested, and the test results are shown in 
Fig. 7b. We can observe that the water absorption behavior 
of the three kinds of coatings increased linearly in the initial 
stage, and the water absorption was gradually saturated with 
immersion time. In this stage, the water absorption rate of 
EP coating was the highest, followed by BS/EP and CBD/
EP coatings. For saturated water absorption stage, EP coat-
ing is still the highest, which is about 1.52%, followed by 
BS/EP (0.89%) and CBD/EP (0.81%) coatings. The addi-
tion of BS greatly reduced the water absorption rate and 
saturated water absorption of the coating by the formation 
of “labyrinth effect” [44, 46]. In addition to the traditional 
“labyrinth effect” of BS that blocks the transmission of water 
in the coating, there should also be other mechanisms of 
action for modified BS. For the deposition of  CeO2, stronger 
mechanical riveting bonding force will reduce the diffusion 
channels of water formed by interface cracks. On this basis, 
the secondary surface modification of dopamine/GPTMS 
not only further enhanced the binding force between BS/
EP (Fig. 5c1 and c2), but also enhanced the non-polarity of 
the coating near the interface by chemical bonding between 
dopamine (–NH2) and EP polar functional groups (epoxy 
group), endowing the coating with stronger hydrophobic 
properties and making water transport more difficult in the 
coating.

Fig. 7  Contact angles of water droplets (2 μL) on EP; BS/EP; and CBD/EP coatings a. Water absorption of different coatings b 
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3.4  Corrosion Resistance of Composite Coatings

3.4.1  Open‑Circuit Potential (OCP) Measurements

The OCP values of the EP, BS/EP, and CBD/EP coatings 
were measured in the open-circuit state (Fig. 8). The open-
circuit potential of all samples decreased in a fluctuating 
manner, with the potential fluctuations of EP and BS/EP 
samples being greater, while the fluctuations of CBD/EP 
were the smallest. After 155 days of immersion, the cor-
rosion potential of CBD/EP can still maintain its highest 
value, while the potentials of other samples have already 
significantly decreased. During the immersion process of 
0–35 days (decreasing rapidly), the OCP values of EP, BS/
EP, and CBD/EP coatings decreased to 216.179, − 290.8, 
and − 134.289 mV, respectively. This shows that the cor-
rosive medium diffuses rapidly in the coating matrix, which 
leads to the decrease in OCP value [47, 48]. The sudden 
increase and decrease in OCP values of EP and BS/EP coat-
ings in the middle may be due to the fact that corrosion prod-
ucts or resin swelling block the entry channel of corrosive 
media. After 155 days of soaking, the OCP value of CBD/EP 
coating was − 87.64 mV, which was higher than that of EP 
(− 171.185 mV) and BS/EP coatings (− 652.218 mV). The 
overall results of OCP values show that CBD/EP coating has 
a better anticorrosive performance in 155 days test.

3.4.2  EIS Measurements

The corrosion resistance of the coatings was studied by the 
EIS analysis conducted in 3.5 wt% NaCl solution. Figure 9 
shows the results of the Bode and Nyquist diagrams of EP, 

BS/EP, and CBD/EP coatings, as well as the corresponding 
circuit models fitted by ZSimpWin. The A and B models 
(Fig. 9d1 and d2) are often used to simulate the electrode 
interface structure of the initial and long-term immersion 
coatings [49–52], respectively (solution resistance Rs, coat-
ing resistance Rc, charge transfer resistance Rct, constant 
phase element representing the coating capacitance Qc, and 
double-layer capacitance Qdl). During the initial immersion, 
the low-frequency impedance modulus values (|Z|0.01 Hz) 
of EP, BS/EP, and CBD/EP coatings are almost the same, 
which are 3.89 ×  1011, 2.07 ×  1011, and 3.31 ×  1011 Ω  cm2, 
respectively. And the corresponding Nyquist plots all show 
a single capacitance characteristic, indicating that the three 
kinds of coatings are pure shielding layers. Model A has 
been used to fit the EIS results in this stage. Table 2 shows 
that they have higher coating resistance (Rc) and lower 
coating capacitance (Qc). With the increase in immersion 
time to 36 days, the |Z|0.01 Hz of BS/EP coating decreases 
to 1.713 ×  1010 Ω   cm2. The Nyquist diagram shows two 
capacitance characteristics, and Rct and Qdl are introduced 
to further study the corrosion behavior. The appearance of 
Rct and Qdl components shows that the coating has been 
infiltrated and delaminated, and trace corrosive media may 
reach the interface of the coating substrate [53, 54]. For EP 
and CBD/EP coatings, the |Z|0.01 Hz values of EP and CBD/
EP coatings were kept at 2.09 ×  1011 and 1.77 ×  1011 Ω  cm2 
after immersion for 36 days. At this stage, model B is used 
to fit the EIS results. With the further increase in immersion 
time, |Z|0.01 Hz and the arc radius of Nyquist plot of all sam-
ples decreased gradually. Compared with other coatings, the 
CBD/EP coating shows a larger semicircular diameter on the 
Nyquist plot, which also shows that the coating has an excel-
lent corrosion resistance [55]. After soaking for 155 d, it can 
be seen in the figure that the impedance modulus values of 
EP and BS/EP have decreased significantly, to 8.23 ×  109 and 
1.26 ×  109 Ω  cm2, respectively, while the impedance modu-
lus of CBD/EP is still as high as 1.35 ×  1011 Ω  cm2.

The change of Rc, Qc, and Rct obtained by fitting the 
data is shown in Table 2. Generally, the size of Rc and Qc is 
related to the impermeability and the barrier performance 
of the coating. The larger the Rc value, the better the imper-
meability of the coating; the smaller the Qc value, the better 
the barrier property of the coating [46, 53]. Due to the ero-
sion of corrosion medium, the Rc value of pure EP coating 
decreased to 1.942 ×  1010 Ω  cm2 after 155 days. However, 
the Rc value of CBD/EP coating reaches 6.07 ×  1010 Ω  cm2, 
which is higher than that of EP coating, indicating that 
CBD/EP coating can effectively restrain the penetration 
of corrosion medium. The Qc value of CBD/EP coating 
(5.989 ×  10−11 S  sn   cm−2) is less than that of EP coating 
(7.107 ×  10−11 S  sn  cm−2), which indicates that the coating 
has a strong waterproof and invading ability and a desir-
able anticorrosion performance as it is consistent with the 

Fig. 8  Open-circuit potential (OCP) values of EP, BS/EP, and CBD/
EP coatings after different periods of immersion in 3.5  wt% NaCl 
solution
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Fig. 9  Impedance plots of a1, a2 EP; b1, b2 BS/EP; and c1, c2 CBD/EP coatings immersed in 3.5 wt% NaCl solution for 155 d. Inserted the 
equivalent electrical circuits (model A d1 and model B d2) used to fit the EIS data of coatings
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water absorption test results in Fig. 7. Rct is usually used to 
describe the corrosion rate and reflects the kinetics of the 
electrochemical reaction at the interface [15]. For EP and 
BS/EP coatings, the Rct value decreased during the immer-
sion process, but increased briefly in the middle stage, which 
may be caused by the accumulation of corrosion products. 
For the CBD/EP coating, the overall Rct remains the high-
est and the most stable during the immersion process. It 
displays the highest and most stable Rct value after 155 days 
of immersion, which further proves that the addition of 
CBD filler greatly improves the corrosion resistance of the 
coating.

|Z|0.01 Hz can directly reflect the corrosion resistance [56, 
57]. Throughout the soaking period, |Z|0.01 Hz of EP and BS/
EP samples quickly decreased from 3.89 ×  1011 to 8.23 ×  109 
and 2.07 ×  1011 to 1.26 ×  109 Ω  cm2, respectively (Fig. 10), 
indicating a rapid decline of their corrosion resistances. The 
reason is that the pores of epoxy resin by the volatilization of 
its own solvent and the cracks by the incompatibility of the 
interface between BS/EP (Fig. 5c1 and c2) would become 
the fast channel of aggressive particles, and the corrosion 
medium would diffuse rapidly in these coatings during 
immersion (Fig. 6b), which is consistent with the results in 
the literature [58]. However, |Z|0.01 Hz of CBD coating fluc-
tuates slightly around a relatively high value after a slight 
decrease, which may be due to the strong chemical bonding 
between the modified filler interface and epoxy resin, as well 
as the hydrophobic properties near the interface by  CeO2 and 
PDA/GPTMS. Generally speaking, EIS analysis shows that 
the anticorrosion performance of CBD/EP hybrid coating is 
better than that of EP and BS/EP coatings, and the chemical 

modification of PDA and GPTMS greatly improves the pro-
tective performance of CBD/EP coating.

When the corrosion medium reaches the surface of the 
metal substrate, an electrochemical reaction will occur, 
resulting in accumulation of corrosion products and the 
detachment of the coating from the substrate, which could 
cause changes in phase angle. So, the phase angle change is 
also a parameter (breakpoint frequency fb) to assist in judg-
ing the internal change process of the coating. fb refers to 
the frequency when the phase angle is −45°. It is always 
employed to evaluate the micro-delamination between 
coating and substrate. The earlier the breakpoint frequency 

Table 2  Electrochemical 
parameters extracted from EIS 
data of the EP, BS/EP, and 
CBD/EP immersed in 3.5 wt% 
NaCl solution for 155 d; the 
data are normalized to the total 
surface area (4.9  cm2)

Sample Time (day) Rs Qc (S  sn  cm−2) nc Rc (Ω  cm2) Qdl (S  sn  cm−2) ndl Rct (Ω  cm2)

EP 0 0.01 3.859 ×  10−11 0.99 2.623 ×  1012 – – –
36 0.01 4.77 ×  10−11 0.98 1.816 ×  1011 3.873 ×  10−11 1.00 2.207 ×  1011

75 0.02 4.861 ×  10−11 0.98 3.991 ×  1010  1.727 ×  10−9 1.00 4.998 ×  1010

97 0.01 5.197 ×  10−11 0.97 4.762 ×  1010 3.815 ×  10−11 0.76 7.565 ×  1010

118 0.01 5.003 ×  10−11 1.00 5.542 ×  109 3.052 ×  10−12 1.00 3.019 ×  1010

155 0.01 7.107 ×  10−11 0.91 1.942 ×  1010 1.112 ×  10−13 0.89 1.376 ×  109

BS/EP 0 0.01 4.376 ×  10−11 0.98 2.741 ×  1011 – – –
36 0.01 4.359 ×  10−11 0.99 1.253 ×  109 2.485 ×  10−11 0.53 1.697 ×  1010

75 0.01 4.337 ×  10−11 0.99 1.196 ×  1010 1.329 ×  10−11 0.83 1.625 ×  1011

97 0.01 4.322 ×  10−11 0.99 2.967 ×  109 1.694 ×  10−11 0.66 3.061 ×  1011

118 0.01 4.806 ×  10−11 0.98 1.494 ×  109 2.089 ×  10−11 0.71 3.004 ×  1010

155 0.01 5.560 ×  10−11 0.98 9.347 ×  108 1.820 ×  10−10 0.86 3.680 ×  108

CBD/EP 0 0.01 4.263 ×  10−11 0.98 1.087 ×  1012 – – –
36 0.01 4.152 ×  10−11 0.99 8.659 ×  107 1.573 ×  10−11 0.78 3.903 ×  1011

75 0.01 3.962 ×  10−11 0.99 1.400 ×  107 1.936 ×  10−11 0.86 2.813 ×  1011

97 0.01 5.798 ×  10−11 0.96 3.387 ×  1011 6.894 ×  10−11 1.00 1.385 ×  1011

118 0.01 6.182 ×  10−11 0.96 6.095 ×  1010 2.087 ×  10−11 0.48 1.250 ×  1011

155 0.01 5.989 ×  10−11 0.96 6.07 ×  1010 1.17 ×  10−9 1.00 4.459 ×  1010

Fig. 10  Variation of |Z|0.01 Hz of EP, BS/EP, and CBD/EP coating 
immersed in 3.5 wt% NaCl solution for different time
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occurs and the higher the value, the earlier and faster the 
coating peels off [59, 60]. It can be seen from the phase 
angle diagram of Fig. 11a and b that it has the same down-
ward trend as the impedance modulus. From Fig. 11a–c, the 
fb values of these coatings at different soaking times can be 
obtained and plotted as Fig. 11d. And the fb value of the BS/
EP coating appears earliest and rapidly increases in the later 
stage of immersion, indicating that the coating is the first to 
peel off, and the peeling rate is also the fastest. However, the 
fb value of CBD/EP coating only starts to appear after soak-
ing for about 120 days and increases at a very small rate. The 
results show that compared with other coatings, the adhesion 
between CBD coating and metal substrate is the strongest, 
and it is not easy to peel off. In the adhesion test (Fig. 6), the 
adhesion of CBD has the highest value, corresponding to the 
change of breakpoint frequency.

3.5  Protective Mechanism of Basalt Scales/Epoxy 
Composite Coatings Modified by Cerium 
Dioxide and Polydopamine

Excellent physical shielding property is important to ensure 
long-term protection ability of the coating [61]. Based on the 
data above, the corrosion protection mechanism of the coat-
ings was be analyzed, the schematic diagram is exhibited in 
Fig. 12. In the EP coating, due to its own defects, corrosion 
ions penetrated into the coating, causing corrosion to occur. 
In the BS/EP coating, because the density (2 g/cm3) of basalt 
is much higher than that of epoxy resin, the position of BS 
inside the coating layer was concentrated in the next layer. 
And the filler is physically combined with the epoxy resin to 
increase the gap between the interfaces. The defect becomes 
a fast passage for water and erosive ions, which causes cor-
rosion to occur quickly. However, the corrosion resistance 
of the modified CBD/EP coating has been greatly improved, 
mainly from the following three aspects:

The surface activation treatment of BS and the deposi-
tion of  CeO2 can improve the mechanical bonding strength 

Fig. 11  Phase angle curves of a EP; b BS/EP and c CBD/EP coatings immersed in 3.5 wt% NaCl solution for 155 d. d Change curve of break-
point frequency (fb) with soaking time
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between basalt scales and epoxy resin. The secondary 
functionalization treatment changed the interfacial binding 
between basalt scales and epoxy resin from weak binding 
force to covalent bond. For example, the covalent chemi-
cal bonding was formed between dopamine (–NH2) and EP 
polar functional group (epoxy group) (Fig. 12a). The disper-
sion of fillers in the coating is improved, the interface fast 
channel is greatly reduced, maximizing the maze effect.

After secondary functionalization (PDA/GPTMS), a large 
number of chain polymers were grafted onto the surface of 
BS, and the deposited  CeO2 enhanced the hydrophobicity 
near the interface. And the chemical bonding between dopa-
mine/GPTMS and EP polar functional groups enhances the 
non-polarity of the coating near the interface, which makes 
the coating more hydrophobic and the transport of water in 
the coating more difficult [62].

CeO2 has the characteristics of non-toxic and harm-
less, strong corrosion resistance and can form its hydrox-
ide in a wide range of pH. Nano-CeO2 dissolves in water 

due to Gibbs–Thomson effect to produce  Ce4+ cations. 
 Ce4+ migrates to the coating/metal interface and reacts 
with hydroxyl groups in the cathode region of the metal 
surface as shown below (Fig. 12b) to form a dense protec-
tive film to prevent further corrosion [63]. What is more, 
PDA can also form a passivation layer on the surface of 
steel through catechol−Fe3+ coordination bond to delay 
the further corrosion process [64, 65].

4  Conclusions

In this study, the interface modification of basalt/epoxy 
resin and the properties of the coating were studied. The 
modified basalt scales were added to the epoxy coating to 
prepare a corrosion resistant coating with excellent proper-
ties. The following conclusions can be drawn:

Fig. 12  Illustration of covalent binding of modified basalt scales (CBD) to epoxy resin a. The schematic diagram of corrosion mechanism for b 
(1.1, 1.2) pure EP, b (2.1, 2.2) BS/EP, and b (3.1, 3.2) CBD/EP
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1. Basalt scales are activated by a simple and environ-
mentally friendly air plasma method, which makes the 
surface of basalt scales rich in hydroxyl. The abundant 
Si–OH groups can enhance the interaction between the 
carrier and  CeO2, and promote the high dispersion of 
 CeO2 on the surface.

2. Cerium dioxide nanoparticles were deposited on the 
surface of plasmonic-activated basalt scales, and then 
re-functionalized with PDA and GPTMS to improve the 
compatibility between CBD hybrid materials and coat-
ing matrix, and improve the mechanical properties and 
barrier properties of CBD/EP coatings. The enhanced 
mechanical and barrier properties make the CBD/EP 
coating to possess durable anticorrosion performance, 
and the impedance modulus was maintained as high as 
1.35 ×  1011 Ω  cm2 after soaking in 3.5% NaCl solution 
for 155 d.

3. The protection mechanism of CBD/EP coating is 
explored. The improvement of CBD/EP coating per-
formance is mainly due to the uniform dispersion of 
basalt scales in the coating and the increase in interface 
strength, which enhances the shielding effect of the coat-
ing. When corrosion occurs,  CeO2 and PDA will act as 
cathodic and anodic inhibitors, respectively, to prevent 
further corrosion.
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