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A B S T R A C T   

With the advance of the reactive liquid molding process for mass production, polyamide 6 (PA 6)-based carbon 
fiber reinforced thermoplastic (CFRTP) with excellent impact resistance and recyclability has been developed, 
but there is still a limit to the application of external parts due to deterioration of mechanical properties in a 
moisture environment. This study proposes an efficient process that is advantageous for the mass production of 
CFRTP with improved water stability by coating fluorinated polydopamine (f-PDA) on PA 6-based CFRTP 
fabricated by the thermoplastic resin transfer molding process. Compared to neat CFRTP, the interlaminar shear 
strength and flexural strength of the CFRTP immersed in water improved by 16% and 31%, respectively, with a 
significant reduction in water absorption of 42%. Furthermore, the anti-icing performance of the CFRTP was 
verified, as evidenced by a 49% reduction in surface energy. The proposed f-PDA-CFRTP is anticipated to be 
applied to external parts in various transportation industries while ensuring environmental reliability.   

1. Introduction 

The global demand for lightweight materials is rapidly increasing to 
improve the fuel efficiency of mobility and to reduce the emissions of 
greenhouse gases and carbon cycle decomposition. Carbon fiber rein
forced thermoplastic (CFRTP) stands out as a representative lightweight 
material because of its superior mechanical properties [1]. Polyamide 6 
(PA 6)-based CFRTP, in particular, has superior impact resistance 
because of its impact absorption effect in an amorphous region and is 
thus regarded as a sustainable structural material owing to its recycla
bility [ [2–4]]. For the mass production of PA 6-based CFRTP, thermo
plastic resin transfer molding (T-RTM) is one of the promising processes. 
T-RTM process has excellent processability because it uses ε-capro
lactam as an injected monomer with a significantly lower viscosity than 
the molten polymer [ [5–10]]. 

Although PA 6-based CFRTP has excellent mechanical properties, its 

intrinsic hydrophilicity often leads to the absorption of water, which 
interrupts the intermolecular hydrogen bonding of PA 6 as a plasticizer 
in the amorphous region of the matrix, thus degrading the properties of 
the polymer [11]. Additionally, water penetrates matrix and carbon 
fiber interface, which causes deterioration of the mechanical properties 
of the entire CFRTP [12,13]. 

Furthermore, PA 6 has a disadvantage in which undesirable mate
rials adhere to the surface due to its high surface energy [14]. Vessels 
face the problem of increasing wave resistance and fuel consumption 
due to marine life on the water surface [15,16]. The icing on the surface 
of aircraft causes failure and accidents, which takes time and costs to 
de-ice [17]. Wind power generators have a problem of reducing power 
generation by 30% and poor reliability due to icing [18]. To ensure the 
environmental reliability of a final product, it is therefore essential to 
reduce surface energy prior to applying PA 6-based CFRTP as an external 
component [19]. 
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Attempts have been made to overcome these critical challenges by 
irradiating the surface with a laser to modify matrix and by replacing the 
surface functional group with fluorine [20]. However, this method is 
unsuitable for coating large products such as ships, aircraft, wind power 
generators, and other curved products. Numerous modifications have 
been made to modify the surface to alleviate the aforementioned chal
lenges; however, all have some limitations in performance or process
ability. For example, poly(vinylidene fluoride) (PVDF), a fluorine-based 
polymer, can be used as a CFRTP matrix because of its excellent 
waterproof performance [21]. However, due to low surface energy in 
the matrix, the interfacial bonding between the fiber and matrix is weak, 
and the tensile strength of the composite is about 100 MPa, which is 
insufficient to be used for structural components. Additionally, the 
impregnation of PVDF melt with high viscosity into the fabric is difficult 
and time-consuming, which is disadvantageous to the mass production 
of large-sized products. 

In this context, this study uses the T-RTM process to fabricate a PA 6- 
based CFRTP and introduces a highly adhesive and hydrophobic layer 
on the surface of the composite to overcome the limitations in mass- 
processability and water-based degradation of physical properties. By 
taking advantages of the versatile surface coating nature irrespective of 
the type of substrates, a mussel-inspired polydopamine (PDA) was 
employed for surface modification [ [22–25]]. Specifically, PDA is 
initially polymerized on the surface of CFRTP and subsequently modi
fied with fluorinated molecules via a Michael-type addition reaction to 
achieve antifouling performance and stability against water in CFRTP 
[26,27]. Fig. 1 shows the overall T-RTM process and the surface modi
fication procedures used. Through the f-PDA coating, it is possible to 
improve the mechanical properties of CFRTP and exhibit superior 

surface performances. Eventually, low surface energy and wettability 
are introduced into CFRTP with f-PDA coating to overcome the problems 
that occur when applied as external components. Since the relatively 
simple dip-coating method is used, it is more efficient for the surface 
treatment of large and curved products. PDA-based surface modification 
is a reliable and robust coating method to fluorinate most kinds of 
nanoparticles or substrates with strong adhesive force by covalent and 
noncovalent interactions [28]. In addition, PDA can be applied to the 
spray coating process, it will be advantageous to expand this protocol to 
the coating of large, curved, and complex-shaped products [29,30]. 
Structural characterizations are performed to prove the successful 
coating of f-PDA on the surface of CFRTP. The mechanical properties 
after immersion in water are measured to investigate the improvement 
of water resistance along with the related structural analyses, including 
the surface morphology and energy. Moreover, the anti-icing test of the 
resultant CFRTP is conducted to show the applicability to wide ranges of 
mobility, such as vehicles, ships, and aircraft. 

2. Experimental 

2.1. Materials 

ε-Caprolactam (Sigma-Aldrich), N-acetylcaprolactam (Sigma- 
Aldrich), and ethylmagnesiumbromide (Sigma-Aldrich) were used as 
monomers, activators, and catalysts, respectively. 12 K Plain weave 
WSN 3KY (Hyundai Fiber co. Ltd, Korea) was used as a carbon fiber 
reinforcement material. Dopamine hydrochloride (Sigma-Aldrich), 
1H,1H,2H,2H-perfluorodecanethiol (Sigma-Aldrich), 2,2,3,3,4,4,4-Hep
tafluorobutylamine (Alfa-Aeear), 1,4-dioxane (SAMCHUN), 1 M Tris- 

Fig. 1. (a) Scheme of the overall T-RTM process and (b) the surface modification procedures to yield PDA-CFRTP and f-PDA-CFRTP.  
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HCl (pH 8.5) (Tech&Innovation (T&I)) were used as coating agents. 
Diiodomethane (Sigma-Aldrich) was used to measure the contact angle. 
All chemicals were of analytical reagent grade and were used without 
purification unless otherwise indicated. 

2.2. Preparation of PA 6-based CFRTP 

The carbon fiber was dried in a vacuum oven at 80 ◦C for 48 h and 
then placed in the mold. After that, peel ply, breather, flow media, and 
bagging film were sequentially laminated on the carbon fiber to 
impregnate the entire fiber. In preparation for resin, ε-caprolactam was 
dissolved in a nitrogen atmosphere at 75 ◦C and a catalyst was injected. 
Then, stirring and degassing were performed at 75 ◦C for 30 min to 
remove residual moisture. After the degassing process, the initiator was 
injected into the resin and stirred for 1 min. Subsequently, the resin was 
impregnated into the carbon fiber located in the mold using a vacuum 
pump and polymerized at 150 ◦C for 1 h to complete the final T-RTM 
process. Finally, the mold was cooled at room temperature for 1 h, and 
then CFRTP was obtained. The average fiber volume fraction of the 
CFRTP was 52%. In this study, plate-shaped CFRTP was cut according to 
the test specimen size, unlike real CFRTP parts in the industry which are 
fully immersed in the dip coating process by f-PDA on the top, bottom, 
and lateral sides. This cutting process exposed carbon fibers on the 
cutting sides, leading to undesirable water penetration and deterioration 
of mechanical properties. To exclude this effect, we coated the sidewall 
with Al spray to prevent water penetration and investigated the effect of 
f-PDA coating only on the top and bottom sides. 

2.3. Surface modification 

2.3.1. Modification of polydopamine (PDA) 
The synthesis of PDA was prepared by referring to the experimental 

procedures of Lee et al. with slight modifications [22]. First, 1.0-M Tris 
buffer (pH 8.5) was mixed with deionized (DI) water to obtain the 
desired solution. Subsequently, dopamine hydrochloride (400 mg) was 
dissolved in 10-mM Tris buffer (pH 8.5, 40 mL). The color of the mixed 
solution became dark brown within minutes. Immediately, prepared 
substrates were immersed vertically in a 10 mg/mL dopamine solution 
with stirring. After coating for 3 h, PDA-coated substrates were thor
oughly washed with water and dried with N2 gas. Subsequently, the 
solvent in the substrates was completely dried under vacuum at 80 ◦C 
before additional treatment. 

2.3.2. Post-modification of fluorine (f-PDA) 
1H,1H,2H,2H-perfluorodecanethiol (400 mg) was dissolved in 40 

mL of 1,4-dioxane. As described above, PDA-coated substrates were 
immersed vertically into a 10 mg/mL fluorine solution with stirring. 
After 12 h, f-PDA-coated substrates were washed with 1,4-dioxane and 
dried with N2 gas. Subsequently, to remove the remaining solvent 
completely, f-PDA-coated substrates were dried under a vacuum at 
80 ◦C. The prepared samples were stored under a vacuum at 25 ◦C prior 
to mechanical analysis. 

2.4. Analysis methods 

The surface morphology of the specimens was analyzed by using 
atomic force microscopy (AFM, Icon-PT-PLUS). In a tapping mode, a 50 
μm × 50 μm section was scanned at 0.8 Hz. Chemical states were 
analyzed using a K-alpha X-ray photoelectron spectroscopy (XPS, 
Thermo-Fisher, USA). Scanning electron microscopy (SEM) measure
ments were conducted using the IT-500HR (JEOL) instrument at an 
accelerating voltage of 10 kV. Energy-dispersive X-ray spectroscopy 
(EDS) coupled with SEM was employed at an accelerating voltage of 15 
kV. 

The thickness of the samples on the silicon substrates was obtained 
using ellipsometry (J. A. Woollam Co. Inc., EC-400 and M-2000 V). The 

static contact angles of water on the coated substrates were measured to 
analyze the surface modification. Prior to use, the SiO2 substrate was 
cleaned and then incubated for 3 and 12 h in 10 mg/mL polymer solu
tions in Tris buffer and 1,4-dioxane, respectively, at room temperature. 
After incubation, the substrate was washed five times with each solvent 
and dried with nitrogen. All samples were analyzed at least five times, 
and the average value was reported with the standard deviation as the 
error range. 

A contact angle goniometer (Phoenix 300) was used to analyze 
changes in the hydrophilicity of CFRTP by measuring static contact 
angles. The chemical stability of f-PDA-CFRTP was evaluated by 
measuring the static contact angles of aqueous HCl and NaOH solutions 
at pH 1 to 13. The thermal stability of f-PDA-CFRTP was assessed by 
measuring the static contact angle after exposure to temperatures 
ranging from − 30 ◦C to 210 ◦C for 30 min at each temperature. To 
investigate the wear resistance of f-PDA-CFRTP, an abrasion test was 
conducted using 800 grit sandpaper and a 400 g weight, with an abra
sion cycle involving a 6 cm movement at 20 mm/s. The static contact 
angle was measured before and after the abrasion test. The drop volume 
was about 10 μL, the relative humidity was 40%, and water and diio
domethane were used for measurement. The average value was deter
mined by measuring each specimen nine times. The water absorption 
was measured by immersing the CFRTP in distilled water at 60 ◦C and 
measuring the mass change. The water absorption of CFRTP was 
calculated using the following equation. 

Water absorption (%)=
Wwet − Wdry

Wdry
x 100 (1)  

where wwet and wdry are the weights of the wet and dry samples, 
respectively. 

Three hundred-magnification cross-sectional images of the speci
mens were taken using an optical microscope (Nikon Eclipse LV100ND). 
The void contents of the dry and water absorbed specimens were 
quantified using the contrast ratio with the Image J program. At least 15 
sections per specimen were analyzed to measure the average void con
tents. A universal testing machine (UTM, RB 301 UNITECH, R&B) was 
used to measure the mechanical properties of CFRTP. 

Interlaminar shear strength (ILSS) was measured according to ASTM 
D2344, and flexural strength was measured according to ASTM D790. 
The mechanical properties of the dried specimens were measured after 
drying in a vacuum oven at 80 ◦C for 48 h, and the mechanical properties 
of the wet specimens were measured after immersion in distilled water 
at 60 ◦C for 9 h. A double-channel microsyringe pump (PHD 2000 
Infusion, Harvard apparatus) was used to perform the anti-icing test 
[20]. After conditioning the 60 × 25 mm specimens in a cryogenic 
freezer (WSN-5700UC, Woosung) at − 10 ◦C for 30 min, 0 ◦C water was 
continuously dropped onto the specimen and the flow behavior was 
observed. The drop speed was 2 mL/min, and the slope of the specimen 
was set to 45◦. The distance between the specimen and the nozzle was 
10 cm. 

3. Results and discussion 

3.1. Surface coating 

Dopamine coating conditions were optimized on a silicon wafer as 
the model substrate before being applied to CFRTP. The silicon wafer 
substrate was coated in a solution of dopamine hydrochloride in Tris 
buffer using a dipping method. It was observed that the color of the 
silicon wafer became dark blue, indicating that the coating successfully 
proceeded through the oxidation and self-polymerization of dopamine 
(Fig. S1). The thickness of the PDA-coated surfaces was investigated 
using ellipsometry (Fig. S2). The surface thicknesses of the PDA-coated 
silicon wafers (i.e., PDA-SiO2) in different concentrations of dopamine 
solution for 3 h were measured to be 17.3 and 38.1 nm for 2.0 and 10 
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mg/mL, respectively. Increasing coating time from 3 to 12 h at 2.0 mg/ 
mL increased the surface coating thickness to the same thickness as in 
10 mg/mL. Considering the vulnerable nature of CFRTP in water, the 
coating time was limited to minimize the possible exposure to water. 
Subsequently, 1H,1H,2H,2H-perfluorodecanethiol was coated on a 
prepared PDA-SiO2 substrate in the same manner described above to 
afford the fluorinated surface coating (i.e., f-PDA-SiO2). The fluorine 
coating was optimized to produce the coated substrates with sufficient 
hydrophobicity of a higher contact angle. 

The static contact angles of water on the coated substrates were 
measured to analyze the surface modification. While the bare silicon 
wafer showed a static contact angle of 65.2◦, the PDA-SiO2 substrate 
showed a reduced contact angle of 47.2◦, suggesting a relative hydro
philic coating on the surface with PDA. However, this reduced contact 
angle increased sharply upon treatment with fluorinated molecules to 
yield f-PDA-SiO2 displaying a more increased contact angle of 80.3◦, 
indicating the successful formation of a hydrophobic surface. 

Additionally, XPS was used to verify the chemical composition of 
each substrate (Fig. 2). PDA-SiO2 mainly consisted of carbon (71.8 at. 
%), oxygen (20.2 at.%), and nitrogen peak (7.3 at.%). Upon coating with 
perfluorodecanethiol on the PDA surfaces, the atomic composition of f- 
PDA-SiO2 surfaces consisted of carbon (67.4 at.%) and oxygen (20.6 at. 
%), nitrogen peak (6.5%) and fluorine peak (4.9 at.%), clearly indicating 
the successful introduction of fluorine coating. 

3.2. Surface analysis 

The surface morphology changes of CFRTP upon coating with PDA 
and f-PDA were further analyzed using AFM (Fig. 3, and Fig. S3). The 
overall height of the CFRTP was constant in the height-mode image, and 
some fine roughness was observed on the surface when the CFRTP was 
demolded. However, in the case of PDA-CFRTP and f-PDA-CFRTP, the 
formation of roughness within 1 μm was observed. This is because PDA 
generally forms spherical aggregates when polymerized [22], and its 
shape is maintained even when a functional group is modified with 
fluorine. 

CFRTP showed a linear woven structure of carbon fibers on the 
surface. However, this was not observed in PDA-CFRTP and f-PDA- 
CFRTP, indicating that PDA was coated uniformly on the entire surface. 
The 3D image of each specimen confirmed that the PDA and f-PDA- 
coated specimens had a roughness within 1 μm. CFRTP had a root-mean- 
squared roughness (RRMS) value of 71.9 nm. However, PDA-CFRTP had 

an RRMS value of 127 nm caused by aggregation, and f-PDA-CFRTP had a 
value of 132 nm similar to that of PDA. Analyzing a large area of the 50 
× 50-μm section using AFM verified that PDA was well polymerized on 
the CFRTP surface. 

Similar to AFM analysis, SEM was used to observe changes in the 
morphology of CFRTP after each surface modification (Fig. 4). No ag
gregation was observed on the surface of CFRTP, whereas the spherical 
particles with a diameter of about 200 nm were observed in large areas 
in PDA-CFRTP and f-PDA-CFRTP. As previously stated, it was confirmed 
that this was a typical PDA aggregation shape and the PDA was well 
coated on the surface. Additionally, since the shape of f-PDA-CFRTP is 
similar to that of PDA-CFRTP, it was confirmed that fluorinating the 
PDA surface did not affect its morphology, confirming a non-destructive 
nature of the surface coating. Furthermore, PDA covered fine surface 
voids formed by incomplete impregnation of the resin, thus preventing 
water diffusion into the surface voids upon exposure to water. 
Combining these findings, it was found that the PDA coating improves 
the hydrophobic performance by filling defects like voids and fiber 
weaving patterns and creating nanometer-level roughness to change the 
surface to the Cassie–Baxter state [ [31–34]]. Furthermore, the EDS 
mapping suggested the successful surface modification of each coating 
in good agreement with XPS analysis (Fig. S4, Table S1, Table S2). 

3.3. Water resistance and durability tests 

The static contact angle was measured to confirm the hydrophilicity 
and hydrophobicity of the coated specimen (Fig. 5). The pristine CFRTP 
had the lowest contact angle of 64.4◦. Upon coating with PDA, the 
contact angle of PDA-CFRTP was slightly increased to 74.2◦, indicating a 
relatively more hydrophobic nature of PDA coating. Furthermore, the 
contact angle of f-PDA-CFRTP increased considerably to 93.2◦, which 
indicated the most hydrophobic nature among all three surfaces. On the 
basis of the AFM and SEM results, the hydrophobic surface in the Cas
sie–Baxter state repels water because f-PDA-CFRTP has a larger surface 
area caused by aggregation [31,32]. The chemical, thermal, and wear 
resistances of f-PDA-CFRTP were also evaluated. The static contact an
gles of f-PDA-CFRTP did not decrease after exposure to aqueous HCl and 
NaOH solutions of various pH ranges. Additionally, the f-PDA coating 
remained intact after temperature exposure tests ranging from − 30 ◦C to 
210 ◦C and a sandpaper wear test of 200 cycles. These results indicate 
that f-PDA-CFRTP exhibits good chemical, thermal, and wear re
sistances, further confirming its potential for wider industrial 
applications. 

To confirm the effect of preventing the deterioration of properties of 
PA 6 due to water absorption, specimens were immersed in 60 ◦C water 
for 30 days. Fig. 6 shows the water absorption behavior of CFRTP, PDA- 
CFRTP, and f-PDA-CFRTP. CFRTP absorbed water most rapidly in the 
water absorption test. Water penetrates the amorphous region of the PA 
6 and the interface between the carbon fiber and the matrix because 
CFRTP has the most hydrophilic surface [12]. Additionally, there are 
three possible reasons for unstable behavior in the early stages of water 
absorption of CFRTP: i) the presence of unreacted residual ε-capro
lactam due to an incomplete degree of conversion; ii) the hydrolysis of 
PA 6 under hot water; iii) re-crystallization of the amorphous region of 
PA 6 at high temperature that can release the absorbed water [[11, 12, 
[35,36]]. 

In stark contrast to the aforementioned postulation, all coated 
composites of PDA-CFRTP and f-PDA-CFRTP displayed significantly 
lower water absorption, as shown in Fig. 6. This observation is due to the 
barrier effect of the PDA, which has a less hydrophilic surface than PA 6 
and is consistent with the contact angle test. In addition to the barrier 
effect of the PDA, the fluorinated coating of f-PDA-CFRTP further pre
vented water absorption due to its high hydrophobicity. However, the 
water adsorption becomes similar to that of PDA-CFRTP after prolonged 
exposure in water 7 days. While f-PDA-CFRTP has low wettability, the 
water eventually penetrates the surface when exposed to harsh 

Fig. 2. XPS spectra for PDA (black) and f-PDA-coated (red) silicon 
wafer substrate. 
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conditions for a long time. Nevertheless, the water absorption was 42% 
lower than that of CFRTP, indicating that the fluorinated PDA coating on 
CFRTP effectively prevents water penetration. 

Based on Fick’s law of diffusion, the water absorption of the com
posite was calculated to determine the diffusion coefficient of water 
(Dwater) using the following equation [12]. 

Dwater = π
(

h
4Mm

)2
(

M2 − M1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
t2 −

̅̅̅̅
t1

√√

)2

, (2)  

where h is the thickness of the specimen, Mm is the final water absorp
tion mass, t1 and t2 are the arbitrary times in the linear section, and M1 
and M2 are the water absorption masses at times t1 and t2, respectively. 
As a result of calculations based on the initial 12 h, the diffusion co
efficients of CFRTP, PDA-CFRTP, and f-PDA-CFRTP gradually decreased 
to 139 × 10− 7, 89.2 × 10− 7, and 25.8 × 10− 7 mm2/s, respectively. Cross 
sections of the specimens were observed using optical microscopy to 
confirm the suppression of the hydrolysis of PA 6 due to coating. After 
30 days of water absorption, CFRTP became hydrolyzed more than other 
coated specimens, and the void content reached 10.97% (Fig. S5). In 
comparison, the hydrolysis rates of PDA-CFRTP and f-PDA-CFRTP were 
considerably lower, resulting in relatively low void contents of 6.77% 
and 4.77%, respectively. 

The ILSS test was conducted to investigate the change in interfacial 
bonding between the fiber and the composite material matrix due to 
water immersion (Fig. 7) [5]. The ILSS of dried CFRTP, PDA-CFRTP, and 
f-PDA-CFRTP were 65.7, 72.8, and 69.0 MPa, respectively, showing 
similar mechanical properties. This implies that the coating process does 

not deteriorate the ILSS of the composite material. The mechanical 
properties of immersed CFRTP and PDA-CFRTP were similarly reduced 
to 47.7 and 46.7 MPa, respectively. This is because water interrupts the 
hydrogen bond of PA 6, and the interfacial bonding force between the 
fiber and the matrix weakens. Despite the barrier effect, the immersed 
PDA-CFRTP has similar mechanical properties to CFRTP possibly due to 
the exposure to water during the PDA coating process. However, since 
f-PDA-CFRTP displayed the least water absorption, it showed a 16.2% 
improvement in ILSS of 56.8 MPa compared to CFRTP. The ILSS test 
proved the effectiveness of the f-PDA coating in enhancing mechanical 
properties even in a humid environment. 

The flexural test was conducted to check the effect of water on the 
mechanical properties of the entire CFRTP and to verify the improve
ment effect of the coating (Fig. 7). The flexural strengths of dried CFRTP, 
PDA-CFRTP, and f-PDA-CFRTP were 779.4, 739.9, and 823.1 MPa, 
respectively, showing similar levels. However, immersed CFRTP, PDA- 
CFRTP, and f-PDA-CFRTP had flexural strengths of 346.0, 439.6, and 
501.9 MPa, respectively, showing significant differences between 
specimens depending on the presence of coating. This is because the 
flexural strength reflects the deterioration of the mechanical properties 
of the entire specimen owing to water, whereas ILSS mainly reflects the 
properties of the interface. The flexural strengths of PDA-CFRTP and f- 
PDA-CFRTP were improved by 21.3% and 31.1%, respectively, 
compared to that of CFRTP, and thus the effectiveness of the waterproof 
performance of each coating was confirmed. Additionally, the flexural 
strength showed a greater change in water absorption than that of ILSS. 
Water penetrates the amorphous region of PA 6 and the interface of the 
carbon fiber and PA 6 by half. ILSS is mainly affected by water 

Fig. 3. Height-mode AFM images of (a) CFRTP, (b) PDA-CFRTP, and (c) f-PDA-CFRTP with the corresponding 3D perspective view and roughness values.  

Fig. 4. SEM images of (a) CFRTP, (b) PDA-CFRTP, and (c) f-PDA-CFRTP with corresponding high-magnification in inset.  
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absorption at the interface because it represents interfacial bonding. In 
contrast, flexural strength is affected by the overall water absorption 
because it represents overall mechanical properties [12]. 

3.4. Anti-icing test 

The anti-icing test of CFRTP and f-PDA-CFRTP was conducted to 
prove the anti-icing performance of f-PDA coating (Fig. S6, Fig. 8). As a 

result of continuously dropping water on the specimens, water adhered 
to the surface of CFRTP due to the hydrophilic surface and high surface 
energy of CFRTP to form ice. Depending on the time, the surface area 
and size of the ice continued to increase. However, on the surface of f- 
FDA-CFRTP, water droplets immediately rolled out of the specimen 
owing to the effects of hydrophobicity, low surface energy, and the 
Wenzel or Cassie–Baxter state. This anti-icing performance was effective 
even after 30 min at − 10 ◦C, and as a result, no ice was accumulated on 
the surface. The effectiveness of the f-PDA coating on the CFRTP was 
validated through the anti-icing test, and it is expected to aid in applying 
CFRTP as external parts in various industries. 

The Owens–Wendt equation was used to verify the anti-icing per
formance of the coatings [37,38]. Surface energy was quantified by 
calculating the Owens–Wendt equation below using the contact angle of 
water and diiodomethane (Table 1). 

γSL = γSG + γLG − 2
(
γd

SG • γd
LG

)1 /

2
− 2(γp

SG • γp
LG)

1 /

2
, (3)  

γLG(1+ cos θ) = 2
(
γd

SG • γd
LG

)1 /

2
+ 2(γp

SG • γp
LG)

1 /

2
, (4)  

γSG = γd
SG + γp

SG, (5)  

where γSG is the surface free energy of the solid, γSL is the interfacial 
tension between the liquid and solid, γLG is the surface tension of the 
liquid, θ is the contact angle, and γ d and γ p are the dispersion and polar 
components, respectively. Consequently, the surface energy of CFRTP 
was 47.8 dyne/cm2, similar to the surface energy of a typical PA 6 of 46 
dyne/cm2. In the case of PDA-CFRTP, the surface energy was 44.4 dyne/ 
cm2, which was slightly reduced compared to CFRTP. However, in the 
case of f-PDA-CFRTP, the contact angles of water and diiodomethane 
were significantly increased by 27◦ and 37◦, respectively, and the 

Fig. 5. Static contact angles of (a) CFRTP, PDA-CFRTP, and f-PDA-CFRTP with corresponding images of water droplets on the coated surfaces, (b) aqueous solution 
with different pH on f-PDA-CFRTP, (c) f-PDA-CFRTP after 30 min of exposure to high/low temperatures, and (d) f-PDA-CFRTP after abrasion with 800 grit sandpaper. 
(n = 5). 

Fig. 6. Water absorption of CFRTP (gray), PDA-CFRTP (red), and f-PDA- 
CFRTP (blue). 
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surface energy was 24.4 dyne/cm2, which was decreased by 49% 
compared to the CFRTP. Considering that the surface energies of the 
representative anti-icing polymers such as PVDF (28 dyne/cm2) and 
poly(tetrafluoroethylene) (PTFE) (18 dyne/cm2) [39], it is concluded 
that the introduction of f-PDA coating significantly reduced the surface 
energy of PA 6 and thus can offer a new alternative with its superior 
anti-icing performance. We have focused on two factors affecting the 
anti-icing performance, one is surface energy as a chemical viewpoint 
and the other is friction between solid and liquid droplet as a physical 
viewpoint. Therefore, in our anti-icing test, we intentionally dropped a 
large amount of water (totally 60 mL) continuously from a height of 10 
cm to facilitate water rolling down the surface, instead of conducting a 
typical contact angle test using a single droplet of water. This experi
ment is intended to be evaluated under realistic conditions that mimic 
the actual use of composite materials. The results showed that the low 

surface energy of f-PDA and the reduced friction due to PDA coating 
synergistically contributed to promote the movement of water droplets 
in comparison with the pristine CFRTP. 

4. Conclusion 

This study improved the water resistance of the CFRTP and reduced 
its surface energy by introducing a sequential surface coating of mussel- 
inspired PDA coating with fluorinated coating, f-PDA, to enable the 
CFRTP to apply the external components of various industries. Changes 
in morphology were observed with AFM and SEM, and the effective 
surface coating was verified using XPS and EDS. Moreover, the hydro
phobic f-PDA-CFRTP reduced the water absorption by 42%, and, as a 
consequence, the ILSS and flexural strength of the immersed CFRTP 
were improved. Furthermore, the surface energy of the f-PDA-CFRTP 
was reduced by 49%, which is similar to that of PVDF and PTFE, 
significantly improving the anti-icing performance of the resulting 
composite. We anticipate that f-PDA coating can provide a novel plat
form for applying PA 6-based CFRTP as various external components 
used in humid environments. 
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Fig. 7. (a) ILSS and (b) flexural strength of CFRTP, PDA/CFRTP, and f-PDA/CFRTP.  

Fig. 8. Images of the anti-icing test specimens of CFRTP and f-PDA-CFRTP 
under exposure to cryogenic chamber at − 10 ◦C over time. 

Table 1 
Static water and diiodomethane contact angles on CFRTPs and surface free en
ergies of CFRTPs.  

Substrates Contact angles (◦) Surface energies (dyne/cm2) 

θwater θdiiodomethane γD γP γ 

CFRTP 64.4 30.0 37.1 10.7 47.8 
PDA-CFRTP 73.2 32.4 38.3 6.1 44.4 
f-PDA-CFRTP 90.1 69.6 19.8 4.6 24.4  
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.compscitech.2023.110048. 
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