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Abstract: Corrosion and icing are common problems in
aerospace and wind power fields. In order to improve
the thermal and hydrophobic properties of epoxy-based
anticorrosive coatings and expand the application in var-
ious working environments, the modified graphene oxide
(GO) was introduced into the epoxy-based anticorrosive
coatings to prepare GO/polyvinyl butyral/epoxy resin nano-
composite coatings. The preparation process of nanocom-
posite coating was optimized by response surface method.
Through heat transfer experiment and contact angle experi-
ment, the fitting model of influence factors and response
values were established, and the response surface was opti-
mized with heating rate and contact angle as response
value. It is reported that the heating rate of the optimum
parameter is 0.218°C/s, and the contact angle is 85.757°. The
maximum error of the optimized response values verified by
the coating experiment is 8.58%, which indicates that the
reliability of the RSM optimization result is high. The opti-
mization results of the preparation process parameters can
meet the requirements of the nanocomposite coatings with
high thermal and hydrophobic properties.
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1 Introduction

Metal materials will be accelerated to be corroded in the
material environment with salt, acid, and alkali. The
appearance of corrosion will seriously affect the normal
use of machinery. It will not only lead to the mere loss
of metal mass, but also challenge the safe, effective,
and productive operation of machinery and equipment,
resulting in economic and quality losses [1]. Relevant
research shows that the most effective, cheap, and con-
venient way to prevent metal corrosion is to coat a layer
of anticorrosive coating on the surface [2]. Epoxy resin
(EP) has excellent corrosion resistance, film adhesion,
mechanical strength, and weather resistance, and hence,
EP coatings are widely used in the field of anti-corrosion
[3-5]. However, there are some serious problems in pure
EP coating. The microspores generated during the curing
of EP will affect the hardness and corrosion resistance of
the coating. Therefore, the main way to solve the above
problem is to prepare epoxy coating matrix composites
with high anti-corrosion and barrier properties by doping
nanocomposite fillers [5].

Graphene has a special two-dimensional structure,
with excellent thermal [6], electrical [7], and mechanical
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properties [8], which can form a barrier and shielding
effect on corrosive media [9]. However, it is difficult to
disperse graphene in epoxy matrix. Graphene oxide (GO)
can be better dispersed in materials to overcome the dif-
ficulty of uneven dispersion of graphene [10]. Moreover,
as an important derivative of graphene, GO maintains
many excellent characteristics of graphene and is widely
used to improve the thermal conductivity of composites.
Lin et al. [11] studied the thermal conductivity of GO
doped composites and found that its thermal conduc-
tivity is much higher than that of liquids and polymers.
The thermal conductivity of hydroxy-terminated polydi-
methylsiloxane was increased by 20% by Ge et al. [12].
The method of diisocyanate modifying GO was applied in
the experiments. Liu et al. [13] employed the combination
of GO and carbon nanotube as fillers to improve the thermal
conductivity of the microcapsules. Esfahani et al. [14] com-
pared the thermal conductivity of GO nanofluid with dif-
ferent mass concentrations, and found that GO had the
best concentration. Yuan et al. [15] added different amounts
of GO fillers and AIN particles to the EP. The highest
thermal conductivity of 2.77 W/(m K) was obtained, con-
taining 5 pum-AIN and 6 wt% of GO. Signe et al. [16] com-
pared the contact angle and icing temperature of GO on Ir
(111) and pristine graphene on Ir(111), and found that the
icing temperature of GO on Ir(111) was lower.

In addition, modified GO is widely used to improve
the hydrophobicity of the composite coatings. Zhang
et al. [17] successfully improved the hydrophobicity of
waterborne polyurethanes by using polyether amine
interconnected GO. Kolya et al. [18] used GO composite
coating to improve the hydrophobicity of wood surface,
and found that polyvinyl acetate (PVAc)/reduced graphene
oxide-poly(diallyldimethylammonium) composite coating
has better hydrophobicity than PVAc and industrial wood
stain coatings. Huang et al. [19] obtained graphene/carbon
nanofiber composites by using electrical spinning tech-
nology, which made the contact angle between carbon nano-
fiber and water increase from 120-130° up to 130-135°.
Gong et al. [20] prepared fabric of polylactic acid (PLA)/
hydroxyapatite (HA)/GO composite and tested its hydro-
phobicity. PLA/HA/GO with different concentrations of
GO showed better hydrophobicity than PLA. Wang et al.
[21] prepared amino-functionalized GO/polyimide compo-
site film and obtained a larger contact angle than GO-NH,
and pure PI films. They think that the reason for this phe-
nomenon may be the removal of oxygen-containing groups
on the surface of GO-NH, or the strong interfacial interac-
tion and good compatibility between GO-NH, and PI matrix.

Polyvinyl butyral (PVB) has good film forming and
adhesion property. The composites formed by PVB has
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excellent characteristics such as good mechanical prop-
erties [22], corrosion resistance [23], and flexibility [24].
Moreover, PVB has special chemical structure, so it also
has good compatibility with other resins [25]. Zhang et al.
prepared synthesis of poly(p-phenylenediamine) encap-
sulated graphene and found that it has excellent corro-
sion resistance [26]. Yang et al. [27] prepared a composite
of rubber/PVB/epoxy, and found that PVB was mixed
with EP and the mechanical properties of the materials
have also been greatly improved.

In the field of aerospace and wind power as well as
in some extreme environments, EP-based coatings need
not only high anti-corrosion performance but also good
heat transfer characteristics, such as aircraft wing anti
icing and deicing technology based on electric heating
[28-30]. The requirement of electric heating anti-/deicing
surface coating challenges the heat transfer performance
of the materials. The thermal conductivity of pure EP
coating is low, and hence, cannot achieve the effect of
rapid heat conduction, thus greatly limiting the applica-
tion range of EP-based coating [31,32].

Nowadays, graphene and its derivatives are widely
used to improve the thermal conductivity and hydropho-
bicity of epoxy anticorrosive coatings. Lv et al. [33] dis-
cussed the preparation, modification, coating treatment,
and hybrid filling of graphene reinforced epoxy compo-
sites. Liu et al. [34] prepared a graphene/Ni/epoxy com-
posite, and increased the thermal conductivity of pure
epoxy by 914.5%. He et al. [35] prepared a graphene com-
posite, whose thermal conductivity is more than three
times that of EP. Hou et al. [36] reviewed the recent pro-
gress of GO-reinforced epoxy, and described the effects of
GO on the different properties of epoxy, like mechanical,
thermal, anti-corrosion, etc. Zhang et al. [37] carried out
molecular dynamics simulations, using different struc-
tures of dopamine-modified GO to improve the thermal
properties of epoxy coatings. Moradi Kooshksara and
Mohammadi [38] produced the reduced multi-layered
GO/epoxy nanocoating and multi-layered GO/epoxy nano-
coating and found their water contact angle to be larger
than the pure epoxy. Ramirez-Soria et al. [39] bifunctiona-
lized GO (BFGO) with —-NH, and —NH; groups and prepared
EP-BFGO composites. The EP-BFGO composite shows a
larger contact angle, which indicates a better hydrophobi-
city of the composites.

However, the anti-/deicing performance of the coating
was seldom considered in the past works, and the thermal
conductivity and hydrophobicity of graphene-doped
epoxy coating were rarely reported. Both the thermal con-
ductivity and hydrophobicity have influence on the anti-/
deicing effect of the coating. In the process of coating
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preparation, the thermal conductivity and hydrophobicity
will be influenced by the preparation technology. Therefore,
in order to prepare epoxy coating with good anti-/deicing
performance, it is necessary to comprehensively consider
the thermal conductivity and hydrophobicity.

In this study, the modified GO sheets were introduced
to prepare GO/PVB/EP nanocomposite coatings with high
thermal conductivity and hydrophobicity. The thermal
conductivity and surface contact angle were set as the
optimal response values. By employing the response sur-
face optimization method, different preparation processes
were designed and optimized. Through the heat transfer
experiments and contact angle tests, the fitting model
between the influence factors and the response values
was established. The heat transfer characteristics and
surface hydrophobicity of GO/PVB/EP nanocomposite
coatings prepared under different preparation conditions
were analyzed, and the main influence factors in the pre-
paration process were determined.

2 Materials and methods

2.1 Materials

The monolayer GO used in the preparation was supplied
by Suzhou Henggiu Graphene Technology Co., Ltd. Aviation
grade PVB with diameter of 3-5um and DDM (4,4’-
Methylenedianiline) were supplied by Shanghai Zhanyun
Chemical Co., Ltd. EP (E-51) was purchased from Shanghai
Aotun Chemical Technology Co., Ltd. DMF (N,N-dimethyl-
formamide) was purchased from Wuxi Yatai United Chemical
Co., Ltd. Silane coupling agent (KH-550) was procured from
Nanjing Chuangshi Chemical Additives Co., Ltd. And anhy-
drous ethanol was procured from Wuxi Prospect Chemical
Reagent Co., Ltd. All the materials were used without further
depuration.

2.2 Optimization of preparation process

In this article, the GO/PVB/EP nanocomposite coating was
prepared by mixing method. The preparation parameters,

Table 1: Response surface analysis factor level
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such as GO content, ultrasonic time, water bath tempera-
ture, water bath time, coating thickness, and silane cou-
pling agent content, were selected as the influencing
factors of thermal conductivity and hydrophobicity of the
nanocomposite coating. Considering the existence of mul-
tiple factors, response surface method (RSM) is a good way
to analyze the interaction between those factors. In order
to investigate the influence of various factors on the
thermal conductivity and hydrophobicity of the coating,
the RSM was employed to design the experiments. In order
to characterize thermal conductivity and hydrophobicity,
two response factors, heating rate and contact angle, were
introduced. The preparation of experimental scheme was
designed by Box—Behnken Design (BBD) method using the
software Design Expert. According to the reasonable range
of each variable, the response surface analysis factor level
is determined as shown in Table 1, and the experimental
data and optimization results are shown in Table 2 (Sec-
tion 3.2 for details).

2.3 Sample preparation

The principle of coating preparation is shown in Figure 1.
Different proportions of GO (0.38, 0.635, and 0.89 wt%)
were mixed and stirred with 3g DMF and a certain
amount of silane coupling agent KH-550. 0.7 ¢ PVB and
3 g DMF were added in another beaker and mixed evenly.
The two solutions were treated with ultrasonic treatment,
respectively, and then mixed and treated with ultrasonic
treatment again. Then, 7g of EP E-51 was added and
stirred evenly. The curing agent used in the experiments
was DDM, and its molecular formula is C;3Hy4N,. The
relative molecular weight was M = 198.26. The number
of active hydrogen atom in amino group of curing agent
is H,, = 4, and the epoxy value of E-51 is E = 0.51. There-
fore, the mass of DDM required in this experiment is
M= (M/H,) x E = 7g/100 g = 1.77 g. The magnetic stirring
water bath was heated at a certain temperature, and a
small amount of 1.77 g of DDM was added several times.

The 304 stainless steel plates with the size of 20 mm x
60 mm x 1 mm were selected as the coating substrate, and

Code GO content Ultrasonic Water bath Water bath Coating KH-550
number (wt%) time (min) temperature (°C) time (min) thickness (mm) content (g)
-1 0.38 15 80 10 0.4 0.04

0.635 30 90 20 0.5 0.05
1 0.89 45 100 30 0.6 0.06
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Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Resp.1 Resp. 2
Run A:GO B:ultrasonic C:water bath D:water bath  E:coating F:KH- Heating rate Contact

content time (min) temperature (°C) time (min) thickness (mm) 550 (g) (°C/s) angle (°)

(wt%)
1 0.635 15 80 20 0.6 0.05 0.1841 68.7
2 0.635 30 90 20 0.5 0.05 0.1723 79.5
3 0.635 30 80 10 0.5 0.06 0.1970 66.6
4 0.89 30 90 10 0.6 0.05 0.0867 83.0
5 0.89 30 80 20 0.5 0.04 0.1513 84.5
6 0.89 45 90 10 0.5 0.05 0.1994 84.5
7 0.38 45 90 10 0.5 0.05 0.1559 72.6
8 0.635 15 90 20 0.6 0.04 0.1856 80.1
9 0.635 15 90 20 0.4 0.06 0.1701 76.7
10 0.635 15 90 20 0.4 0.04 0.1596 79.5
11 0.38 30 80 20 0.5 0.06 0.1303 66.0
12 0.635 45 100 20 0.6 0.05 0.1235 70.4
13 0.635 45 90 20 0.6 0.04 0.0854 80.4
14 0.635 30 100 30 0.5 0.06 0.1693 75.6
15 0.38 30 90 30 0.4 0.05 0.1410 79.4
16 0.38 30 90 30 0.6 0.05 0.1126 76.8
17 0.635 30 90 20 0.5 0.05 0.1723 79.5
18 0.635 30 100 10 0.5 0.04 0.1401 79.0
19 0.89 30 90 30 0.6 0.05 0.1051 76.8
20 0.635 45 100 20 0.4 0.05 0.1585 69.4
21 0.635 45 90 20 0.4 0.06 0.1303 78.9
22 0.635 45 80 20 0.6 0.05 0.1811 67.8
23  0.38 15 90 10 0.5 0.05 0.1183 78.1
24  0.38 30 90 10 0.6 0.05 0.0961 76.3
25 0.38 30 100 20 0.5 0.06 0.1790 74.6
26 0.635 30 100 30 0.5 0.04 0.1530 78.8
27 0.635 30 90 20 0.5 0.05 0.1723 79.5
28 0.89 45 90 30 0.5 0.05 0.1170 73.3
29 0.38 45 90 30 0.5 0.05 0.2064 69.4
30 0.635 45 80 20 0.4 0.05 0.1273 68.6
31 0.38 30 90 10 0.4 0.05 0.1710 74.2
32  0.635 30 80 30 0.5 0.06 0.1875 70.6
33  0.635 30 90 20 0.5 0.05 0.1723 79.5
34 0.38 15 90 30 0.5 0.05 0.184 68.2
35 0.38 30 80 20 0.5 0.04 0.1516 76.2
36 0.635 30 100 10 0.5 0.06 0.1839 77.0
37 0.635 45 90 20 0.6 0.06 0.1915 74.7
38 0.89 30 80 20 0.5 0.06 0.1515 83.9
39 0.89 30 100 20 0.5 0.06 0.1678 76.0
40 0.89 15 90 10 0.5 0.05 0.1275 73.5
41 0.635 15 100 20 0.6 0.05 0.0995 78.2
42 0.635 30 90 20 0.5 0.05 0.1723 79.5
43 0.635 30 80 30 0.5 0.04 0.1574 76.8
44  0.635 15 80 20 0.4 0.05 0.1741 74.5
45  0.635 15 90 20 0.6 0.06 0.1399 79.4
46  0.38 30 100 20 0.5 0.04 0.1645 80.0
47  0.89 30 100 20 0.5 0.04 0.1475 76.9
48  0.635 45 90 20 0.4 0.04 0.1635 76.4
49  0.89 15 90 30 0.5 0.05 0.179 78.0
50 0.89 30 90 30 0.4 0.05 0.1596 77.7
51 0.635 30 80 10 0.5 0.04 0.155 78.9
52 0.89 30 90 10 0.4 0.05 0.1389 75.7

(Continued)
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Table 2: Continued
Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Resp.1 Resp. 2

Run A:GO B:ultrasonic C:water bath D:water bath  E:coating F:KH- Heating rate Contact
content time (min) temperature (°C) time (min) thickness (mm) 550 (g) (°C/s) angle (°)
(wt%)

53  0.635 15 100 20 0.4 0.05 0.1242 77.6

54  0.635 30 90 20 0.5 0.05 0.1723 79.5

cleaned with absolute alcohol and dried. The prepared
coating solution was applied on a clean steel plate with
an adjustable thickness coater. Then, a vacuum drying
oven was employed to solidify the coated stainless steel
plates at 120°C for 2 h.

2.4 Characterization and morphology

Scanning electron microscopy (SEM, Hitachi SU8010)
was employed to characterize the cross section mor-
phology of the GO/PVB/EP coatings. Through SEM obser-
vation, we can observe whether GO is evenly distributed
in the coating, so as to ensure good coating performance.
During the process of SEM observation, liquid nitrogen
was proposed for quick freezing and then brittle fracture
was made under mechanical action to obtain ideal cross
section morphology. The samples were cooled at low

KHSSO o,
NH, Si—OC,H; . NH di—om
NAVaN ~
OC,Hs o

COCH COOH COOH!OH

temperature in liquid nitrogen until the material was
embrittled. External force was applied to the samples
with experimental pliers to make the samples brittle.
The morphologies of the samples were observed at a
working voltage of 1.5-3kV.

2.5 Heat transfer performance test

The heat transfer performance of GO/PVB/EP nanocom-
posite coatings prepared by different processes was
obtained by heat transfer experiments. As shown in
Figure 2, the K-type thermocouple was pasted on the sur-
face of the prepared samples, and the electric heating
plate was straightened after precooling to —15°C in the
refrigeration box. The thermal sensitivity of the thermo-
couple is 0.10°C, and the measurement error is +1°C. The
sample and thermocouple were placed on the heating

COOH COOH COOH O

GO sheets DDM l
. Magnetic
Drying and —‘ Scraping stirring and
curing evenly heating
—— C—— e

Vacuum drying oven
120°C 2h

b
B

Figure 1: Preparation diagram of the GO/PVB/EP nanocomposite coatings.



DE GRUYTER

DC power supply

DC POWER SUPPLY

Thermocouple

SETI I 4

Heating plate
Data collector

Figure 2: Schematic of heat transfer experiment.

plate and the door of the rectification box was closed. The
heating rate of GO/PVB/EP nanocomposite coating was
measured to reflect the heat transfer ability of the coating
samples. The electric heating system is designed as an
adjustable heating system. The surface temperature is
controlled by changing the output power. After the thermo-
couple indicates —15°C, heating and timing were started.
The thermocouple thermometer readings are recorded by
data collector every 15 s until 120 s. The DC power supply
(Maxon MS605D, rated power 300 W) was connected to
the electric heating line, and all measurements were per-
formed in the DC mode.

2.6 Hydrophobicity performance test

The hydrophobicity of the GO/PVB/EP coatings can be
analyzed by measuring the contact angle between the
coating and water with contact angle measuring instru-
ment (DataPhysics OCA15EC). In order to not affect the
accuracy of the measurement results, we used anhydrous
ethanol to wipe the prepared coating samples to keep the
surface clean. After the ethanol volatilizes completely,
the sample was placed on the sample table of the contact
angle measuring instrument, and the SCA 20 software
was used to process the measurement data. Before the
experiments, the light source, camera focal length, and
needle position were adjusted to make the picture clear,
and the relative position between the needle and the
sample was reasonable. The water volume was set to
10 uL each time. The syringe was moved down to make
the liquid of the needle touch the surface of the samples
and then moved away from the contact surface. The base-
line was selected manually and the contact angles were
measured automatically by software.
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3 Results and discussion

3.1 Microscopic morphologies analysis

The GO/PVB/EP nanocomposite coatings were brittle and
broke at low temperature, and the morphology of the
coating was observed by SEM as shown in Figure 3. In
the figure, the structure with laminated pairs is GO (red
circles). After the matrix EP mixed with PVB, it is the
mixed matrix in the SEM image, and the small dots in
the figure are the SEM image of PVB (yellow circles). It
can be seen that GO was uniformly distributed in PVB/EP
nanocomposite, and no damage or tear was found in GO
layered structure. The results show that GO with different
doping contents was relatively uniformly dispersed in
PVB/EP matrix and no interface separation between GO
and polymer matrix was observed. As shown in Figure
3(e) and (f), when the GO content is 0.89%, there is a
small amount of uneven dispersion and agglomeration
of GO. The agglomeration only occurs at the place with
more GO lamellae, which is beneficial to the corrosion
resistance of the GO/PVB/EP coating.

3.2 RSM optimization

Six factors including GO content, ultrasonic time, water
bath temperature, water bath time, coating thickness, and
KH-550 content were selected to design the Box—Behnken
experiment, and the error was estimated. In the experi-
mental design, each factor is taken as three levels (+1, 0O,
and -1). The heating rate of the GO/PVB/EP nanocompo-
site coating sample reflects the thermal conductivity of the
coatings. The thermal conductivity rate and contact angle
of the samples were measured. The experiment was car-
ried out according to the Design Expert experiment matrix,
and the experiment was repeated three times. The experi-
mental design and results are shown in Table 2.

3.2.1 Optimization analysis of heat transfer data

A multiple regression analysis method was employed to
investigate the relationship between the significant influ-
encing factors and heat transfer characteristics. Response
surface regression analysis was conducted on the experi-
mental results in Table 3, and the final equation of
heating rate and each factor expressed by coding factor
were obtained. The regression equation is given as equa-
tion (1), where the synergistic effect of variables is
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Figure 3: SEM micrographs of the GO/PVB/EP coating specimens. (a) and (b) 0.38 wt% of GO content; (c) and (d) 0.635 wt% of GO content;

(e) and (f) 0.89 wt% of GO content.

positive and the antagonistic effect of variables is nega-
tive. Y indicates heating rate.
Y = 0.17 - 2.542 x 10“B - 6.325 x 1073C + 0.011F
- 6.262 x 1073AB - 6.137 x 103AC
+ 0.014BC - 0.019BD + 0.014BF - 0.015CE
+ 0.010EF — 0.015A% — 2.982 x 1032 @
— 0.025E? — 6.762 x 103BCE + 0.024BEF

+ 0.0164%C — 0.026A%E — 8.906 x 103A’F
- 5.212 x 103AB? - 0.014B2C.

It can be seen from Table 3 that the P-value of the
fitting model is less than 0.0001, and the F-value is 5.78.
The results indicated that the model item was credible
which means that the model is significant. The response
values of model items F, BC, BD, BF, CE, A, F?, BEF, and
A’E were significant (P-value <0.0001). The Adeq preci-
sion of the model is 10.7345 (>4), which shows that the
signal of the model is sufficient. While the value of deter-
mination coefficient R? is 0.7778, which shows that the
fitting equation is not ideal.

Figure 4(a) shows the relationship between the resi-
dual and the predicted value of heat conduction rate,
and the distribution of data points in the figure is irre-
gular. This shows that the relationship between the ori-
ginal observation values and the response values is not
obvious, which indicates that the linear model can theo-
retically predict the change in heat conduction rate of the

GO/PVB/EP samples. It can be seen from Figure 4(b) that
the residuals are basically linear distribution, which indi-
cates that the residuals obey the normal distribution and
the accuracy of this experimental design. In Figure 4(d),
the residual error of each run is basically in the range
of (-3, 3), indicating that the data or model operation
error is small. However, in Figure 4(b), the point repre-
senting Run #29 is far away from the straight line fitting
other points, which indicates that the residual error of
Run #29 does not conform to the normal distribution
and the accuracy is low. In Figure 4(c), Run #29 deviates
far from the straight line of Predicted = Actual, which
indicates that the error between the predicted value
and the actual value is large. In addition, the residual
value of Run #29 in Figure 4(d) is more than 4, which
means that there are operational errors in the data or
model. Therefore, it is considered that the data of Run
#29 obviously deviates from the predicted fitting model.
Thus, the data of Run #29 was ignored. It can be observed
from Figure 4(c) that the actual value of Run#29 is
smaller than the predicted value. This may be because
the thermocouple did not appress to the sample or sepa-
rated from the sample surface during the experiment. It
may also be due to the tilting of heating plate during
heating, resulting in loose fit between the heating plate
and the sample. The fitting model was analyzed again to
obtain the fitting result as shown in equation (2):
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Table 3: Variance analysis of response surface experiments of heating rate

Source Sum of squares df Mean square F-value P-value Prob > F Remarks
Model 0.036 20 1.792 x 1073 5.78 <0.0001 Significant
B-ultrasonic time 1.550 x 10°° 1 1.550 x 10~° 4,998 x 1073 0.9441

C-water bath temperature 3.200 x 107# 1 3.200 x 107# 1.03 0.3172

F-KH-550 1.804 x 1073 1 1.804 x 107> 5.82 0.0216 Significant
AB 3.138 x 1074 1 3.138 x 1074 1.01 0.3219

AC 3.014 x 1074 1 3.014 x 1074 0.97 0.3315

BC 1.461 x 1073 1 1.461 x 1073 4.71 0.0373 Significant
BD 2.779 x 1073 1 2.779 x 1073 8.96 0.0052 Significant
BF 1.461 x 1073 1 1.461 x 1073 4.71 0.0373 Significant
CE 1.907 x 1073 1 1.907 x 1073 6.15 0.0185 Significant
EF 8.632 x 107* 1 8.632 x 107* 2.78 0.1048

A? 2.624 x 107> 1 2.624 x 107> 8.46 0.0065 Significant
D? 9.780 x 107> 1 9.780 x 107> 0.32 0.5783

E? 8.006 x 1073 1 8.006 x 1073 25.81 <0.0001 Significant
BCE 3.659 x 107* 1 3.659 x 107* 1.18 0.2854

BEF 4.778 x 1072 1 4.778 x 1072 15.40 0.0004 Significant
A’C 9.719 x 107* 1 9.719 x 107* 3.13 0.0860

A’E 5.513 x 10> 1 5.513 x 107> 17.77 0.0002 Significant
A%F 4.230 x 1074 1 4.230 x 1074 1.36 0.2513

AB? 2,174 x 1074 1 2,174 x 1074 0.70 0.4086

B*C 7.604 x 107% 1 7.604 x 107* 2.45 0.1270

Residual 0.010 33 3,102 x 1074

Lack of fit 0.010 28 3.656 x 107

Pure error 0.000 5 0.000

Cor total 0.046 53

R-squared Adj R-squared Pred R-squared Adeq precision
0.7778 0.6431 0.2286 10.7354

Y = 0.17 - 4.920 x 10-3B - 6.325 x 103C + 0.011F
— 7.734 x 103AB - 6.137 x 1073AC
+ 0.014BC - 0.033BD + 0.014BF - 0.015CE
+ 0.010EF — 0.0184% — 5.951 x 10-3D? @)
~ 0.023E? - 6.763 x 103BCE + 0.024BEF

+ 0.0164%C — 0.026AE — 8.906 x 103A’F
+ 8.784 x 103AB? - 0.014BC.

It can be seen from Table 4 that the significance
F-value of the statistical model is 17.36 and the error
probability P-value is <0.0001, indicating that the fitting
model is significant. The appropriate accuracy of the
model is 17.537, which is much higher than 4, indicating
that the signal of the model is sufficient. In this model,
the items with P-value less than 0.05 are highly signifi-
cant at 95% confidence level. Obviously, the model items
B, F, BC, BD, BF, CE, EF, A%, F°, BEF, A°C, A’E, AB’, and
B?C are significant. “Adeq precision” measures the signal
to noise ratio. A ratio greater than 4 is desirable. The ratio
of 17.537 indicates an adequate signal that the model can
be used to navigate the design space.

The value of the coefficient of determination “R-
squared” represents the quality of the polynomial model
equation fitting. The higher the R-squared, the more con-
sistent the model is with the experimental data. The
results show that R-squared is 0.9156, which is close to
1, indicating that the thermal conductivity of the experi-
ment can be explained by the fitting model equation
under the condition of 91.56% variability.

The model analysis after adjustment is shown in
Figure 5. It can be seen from Figure 5(a) that the experi-
mental data and predicted values are basically distri-
buted along a straight line, which indicates that the
difference between the predicted value and the real value
is small. Figure 5(b) is the normal distribution table of
the residuals. The experimental residuals are distributed
along a straight line, which shows that the experiment
has good accuracy. Figure 5(c) shows the relationship
between the residual and the predicted heating rate.
The distribution of data points is scattered and irregular,
which indicates that the model can predict the experi-
mental results more accurately in theory. As can be
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Figure 4: (a) Externally studentized residuals vs the predicted temperature, (b) normal% probability and externally studentized residual

plot, (c) predicted vs experimental temperature, and (d) outlier ¢ plot.

seen from Figure 5(d), the residual error of each data
point is in the range of (-3,3), indicating that the data
or model operation error is small. Therefore, it can be
judged that the fitting model accurately approximates
all the experimental data.

3.2.2 Optimization analysis of hydrophobicity data

The optimal fitting of contact angle data adopts multi-
variate regression analysis method to carry out response
surface regression analysis on the experimental results in
Table 2. The final equation of contact angle and each
factor expressed by coding factor were obtained. The

regression equation of contact angle fitting is shown in
equation (3), and the variance analysis results are shown
in Table 5. Y indicates contact angle.

Y =79.40 - 1.76B + 2.90C - 1.98F — 3.49AC

+ 1.76AF + 1.11CF - 1.61DE — 3.12B2? — 4.30(C2
—1.75D? + 2.07F? — 2.80ABD — 1.29BEF

+ 2.014’B - 2.484%C + 2.62AB? + 3.06A(C?
- 2.48B°D.

3

The F-value of the fitting model is 11.80, which implies
that the model is significant. The probability that such a large
F-value may occur due to the noise is less than 0.01%. In this
model, items with P-value less than 0.05 are considered to be
highly significant at 95% confidence level. Thus, in this case
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Table 4: Analysis of variance of adjusted response surface experiments

Source Sum of squares df Mean square F-value P-value Prob > F Remarks
Model 0.040 20 1.981 x 1073 17.36 <0.0001 Significant
B-ultrasonic time 5.382 x 107% 1 5.382 x 107* 4.72 0.0374 Significant
C-water bath temperature 3.200 x 107* 1 3.200 x 1074 2.81 0.1037

F-KH-550 1.804 x 1073 1 1.804 x 1073 15.81 0.0004 Significant
AB 3.866 x 1074 1 3.866 x 107% 3.39 0.0750

AC 3.014 x 107* 1 3.014 x 1074 2.64 0.1139

BC 1.461 x 1073 1 1.461 x 1073 12.80 0.0011 Significant
BD 6.882 x 1072 1 6.882 x 1072 60.32 <0.0001 Significant
BF 1.461 x 1073 1 1.461 x 1073 12.80 0.0011 Significant
CE 1.907 x 1073 1 1.907 x 1073 16.71 0.0003 Significant
EF 8.632 x 1074 1 8.632 x 107* 7.57 0.0097 Significant
A? 3.675 x 1073 1 3.675 x 1073 32.21 <0.0001 Significant
D? 3.839 x 1074 1 3.839 x 1074 3.36 0.0759

E? 6.393 x 107> 1 6.393 x 10> 56.03 <0.0001 Significant
BCE 3.659 x 107* 1 3.659 x 1074 3.21 0.0828

BEF 4.778 x 1073 1 4.778 x 1073 41.87 <0.0001 Significant
A’C 9.719 x 107* 1 9.719 x 107% 8.52 0.0064 Significant
A’E 5.512 x 107> 1 5.512 x 10> 48.31 <0.0001 Significant
A F 4.230 x 1074 1 4.230 x 1074 3.71 0.0631

AB? 4.987 x 1074 1 4.987 x 1074 4.37 0.0446 Significant
B’C 7.604 x 1074 1 7.604 x 1074 6.66 0.0146 Significant
Residual 3.651 x 107> 32 1.141 % 107

Lack of fit 3.651 x 107> 27 1.352 x 107%

Pure error 0.000 5 0.000

Cor total 0.043 52

R-squared Adj R-squared Pred R-squared Adeq precision
0.9156 0.8629 0.7106 17.537

B, C, F, AC, AF, CF, DE, B, C°, I, F°, ABD, A°B, A°C, AB’, AC?,
and BD are significant model terms.

The value of R-squared is 0.8586, which means that
the contact angle can be explained by this model at the
probability of 85.86%. The “Pred R-squared” of 0.5936 is
in reasonable agreement with the “Adj R-squared” of
0.7858. The difference is less than 0.2. The value of
“Adeq precision” is 15.5814. The above optimized data
analysis shows that the signal is an adequate signal.

According to the analysis in Figure 6(a), the experi-
mental data and predicted values are basically distrib-
uted along a straight line, indicating that the difference
between the predicted value and the real value is small.
Figure 6(b) shows that the residual error of the experi-
ment is distributed along a straight line. It shows that
the experiments have good accuracy. Figure 6(c) shows
the relationship between the residual and the predicted
heat conduction rate. The distribution of data points is
random and uniform. It is considered that the model can
predict the experimental results accurately in theory. As
can be seen in Figure 6(d), the residuals of each data

point are in the range of (-3.6, 3.6), indicating that the
data or model operation error is small. Therefore, it can
be judged that the model fits the experimental data well.

3.3 Optimization and verification of coating
preparation parameters

Response surface and contour map can reflect the degree
of interaction between different factors. The 3D surface
plots of heating rate are shown in Figure 7(a)—(i). It can
be seen from Figure 7(a) that under the condition of water
bath temperature of 90°C, water bath time of 20 min,
coating thickness of 0.5 mm, and the mass of KH-550 of
0.05 g, the heating rate first increased and then decreased
with the increase in GO, and the effect of ultrasonic time
on response surface was not significant. Figure 7(b)
shows that under the condition of ultrasonic time of
30 min, water bath time of 20 min, coating thickness of
0.5 mm, and the mass of KH-550 of 0.05g, the heating
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Figure 5: (a) Predicted vs experimental temperature; (b) normal% probability and externally studentized residual plot; (c) externally
studentized residuals vs the predicted temperature; and (d) outlier t plot.

rate also increases and then decreases with the increase
in GO. When GO content is low, the higher the water bath
temperature is, the higher the heating rate is. When GO
content is high, the effect of water bath temperature on
response is not significant.

From Figure 7(c), when the ultrasonic time and water
bath temperature are both small, the heating rate increases
with the decrease in the ultrasonic time and water bath
temperature. In Figure 7(d), when the ultrasonic time is at
a low level, the heating rate increases with the increase in
water bath time. When ultrasonic time is at a high level, the
trend is opposite. And when the water bath time is at a low
level, the heating rate increases with the increase in the
ultrasonic time. In Figure 7(e), when the ultrasonic time
is at a low level, the heating rate increases with the increase
in the KH-550. Figure 7(f) shows that the heating rate

increased and then decreased with the increase in the
coating thickness, and then decreased with the increase
in the water bath temperature. When the coating thickness
was 0.6 mm, the water bath temperature was 100°C, the
heat rate was the minimum. Figure 7(g) shows that when
the coating thickness was at a high level and the higher the
KH-550 content, the heating rate was high.

It can be seen from Figure 7(h) that the heating rate
first increases and then decreases with the increase in GO
concentration, and decreases with the increase in the
coating thickness. However, when the coating thickness
was small, GO concentration had no significant effect on
the heating rate. It can be seen from Figure 7(i) that the
heating rate first increases and then decreases with the
increase in the GO concentration, which is less affected
by the additional amount of KH-550.



DE GRUYTER

Predicted vs. Actual

Optimization of properties of GO-doped epoxy nanocomposite coatings

(a)

Predicted

65 70 75 80 85 90
Actual
Residuals vs. Predicted
12
- 4.00 -
o 38284
c) ¥
S
172
[}]
o 2.00- o "
o
T e el L]
,q\'i pp Pao a
b ° &84
= 0 @ o a
8 0.00 ¥ 8 a =
=] . uﬂ: o »
/7] o o
2-2.00 .
(] =] o [=]
£
8 26284
(2j-4.00
T T T T T T
65 70 75 80 8s 90
Predicted

— 1247

Normal Plot of Residuals

(b)

99 - =]

> ] o
= 953 o
5 = ;
o 80 &
8 70 4 8
(l° o )
&
" 304 &
© 20 - &
E 10
S 10 g
(=] 5 3 L]
Z 3 o

1 D

T T T T T T T
-3.00 -200 -1.00 000 1.00 200 3.00

Extemally Studentized Residuals

Residuals vs. Run

-~
o
=)
1

38284

(d)

N
=)
=]
1

e
o
o
|

-2.00

Extemally Studentized Residuals

-4.00

Run Number

Figure 6: (a) Predicted vs experimental contact angle; (b) normal% probability and externally studentized residual plot; (c) externally
studentized residuals vs the predicted contact angle; and (d) outlier t plot.

The 3D surface plots of contact angle are shown in
Figure 8(a)—(f). In Figure 8(a), when the GO content is
low, the contact angle first increases and then decreases
with the increase in water bath temperature. While with
high GO content, the contact angle decreases with the
increase in water bath temperature. When the water
bath temperature is low, the contact angle increases
with the increase in the GO content. Under the condition
of water bath temperature of 80°C, GO content of 0.89 wt%,
the contact angle reaches the maximum. In Figure 8(b),
under the condition of ultrasonic time of 30 min, water
bath time of 20 min, water bath temperature of 90°C, the
coating thickness of 0.5 mm, and low GO content, the con-
tact angle decreases with the increase in KH-550, and the
effect of GO content on the contact angle is not significant.
Under the condition of ultrasonic time of 30 min, water

bath time of 20 min, coating thickness of 0.5mm, and
mass of KH-550 of 0.05g, the contact angle increases
and then decreases with the increase in water bath tem-
perature. In Figure 8(d) it can be seen that the influence of
coating thickness and water bath time on the contact angle
is small. Figure 8(e) shows that when the GO content is
low, the heating rate increased and then decreased with
the increase in ultrasonic time. It can be seen from Figure
8(f) that the contact angle decreases with the increase in
bath time and ultrasonic time.

According to the prediction of fitting model, under
the condition of GO content of 0.659 wt%o, ultrasonic time
of 44.981 min, water bath temperature of 80.001°C, water
bath time of 10 min, coating thickness of 0.600 mm, and
mass of KH-550 of 0.060 g, the heating rate reaches the
maximum value of 0.260°C/s. While the maximum
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Table 5: Variance analysis of response surface experiments of contact angle

Source Sum of squares df Mean square F-value P-value Prob > F Remarks
Model 924.86 18 51.38 11.80 <0.0001 Significant
B-ultrasonic time 49.35 1 49.35 11.34 0.0019 Significant
C-water bath temperature 70.14 1 70.14 16.11 0.0003 Significant
F-KH-550 94.01 1 94.01 21.60 <0.0001 Significant
AC 97.30 1 97.30 22.35 <0.0001 Significant
AF 24.85 1 24.85 5.71 0.0224 Significant
CF 19.80 1 19.80 4.55 0.0400 Significant
DE 20.80 1 20.80 4.78 0.0356 Significant
B? 113.13 1 113.13 25.99 <0.0001 Significant
c 196.80 1 196.80 45.21 <0.0001 Significant
D? 35.60 1 35.60 8.18 0.0071 Significant
P 45.58 1 45.58 10.47 0.0027 Significant
ABD 62.72 1 62.72 14.41 0.0006 Significant
BEF 13.26 1 13.26 3.05 0.0897

A’B 21.47 1 21.47 4.93 0.0329 Significant
A%C 32.84 1 32.84 7.54 0.0095 Significant
AB? 55.12 1 55.12 12.66 0.0011 Significant
AC? 75.03 1 75.03 17.24 0.0002 Significant
B%D 49.01 1 49.01 11.26 0.0019 Significant
Residual 152.36 35 4.35

Lack of fit 152.36 30 5.08

Pure error 0.000 5 0.000

Cor total 1077.21 53

R-squared Adj R-squared Pred R-squared Adeq precision
0.8586 0.7858 0.5936 15.5814

contact angle can be reached is 91.525° under the condi-
tion of GO content of 0.890 wt%, ultrasonic time of
44.960 min, water bath temperature of 80.102°C, water
bath time of 10.065 min, coating thickness of 0.600 mm,
and KH-550 of 0.040 g. In order to optimize the compre-
hensive response surface of the two response values,
the optimization module was employed to analyze the
optimal scheme parameters. The six factors are consid-
ered to be within the reasonable range. According to
the requirements of high thermal conductivity and hydro-
phobicity of GO/PVB/EP nanocomposite coating, the opti-
mization target of Response 1 (heating rate) is set to the
maximum. In this work, importance levels of six factors
are set as “+++,” and the importance level of heating rate
was set as “+++++.”

The contact angle is the characterization parameter
of hydrophobicity of coatings. The relevant literature
indicates that the superhydrophobic surface has better
anti-icing ability [40-42]. However, the effect of hydro-
phobicity on the anti-icing ability is still inconclusive. For
example, Memon et al. [43] reported a bad anti-icing
performance of hydrophobic surface. Therefore, it is con-
sidered that the optimization objective of contact angle

(Resp. 2) is the maximum value, while the importance
level is lower than that of heating rate (Resp. 1), which
is set as “+++.” There are no special requirements for the
weight, and the value is set to 1. Thus, the optimal pro-
cess parameters (Run #55) and corresponding heating
rate and contact angle can be obtained by comprehen-
sively considering the two response values through response
surface optimization, as shown in Table 6.

In order to verify the correctness of the comprehen-
sive optimized process parameters, the GO/PVB/EP nano-
composite coating samples were prepared by using the
process parameters shown in Table 6. The heat transfer
characteristics and contact angle of the samples were
measured and set as Run #56. In the measurement pro-
cess, three measurements were taken, the experimental
data were recorded, and the measurement error was ana-
lyzed as shown in Figure 9(a). It can be seen from Figure 9(a)
that the heating rate of the optimized coating sample is
0.199°C/s, and the error between the experimental heating
rate and the predicted value of the fitting equation is
8.58%. The measured contact angle is 86.90° as shown
in Figure 9(b). The error between the experimental contact
angle and the optimized value is 1.33%, which indicates
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that the comprehensive optimization process parameters
are reliable.
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4 Conclusion

In this article, the GO/PVB/EP nanocomposite coatings
were prepared, and the thermal and hydrophobic properties
of GO/PVB/EP nanocomposite coatings were investigated.
GO was uniformly distributed in PVB/EP nanocomposite,
and no damage or tear was found in GO layered structure.
In order to obtain the optimum parameters, a total of
54 samples were evaluated for performance and a fitting
model was proposed. The RSM of the experimental data
was effectively employed to investigate the relationship
between the significant process parameters. The accuracies
of the prediction of the response values were verified by
experiments, and the optimized process experimental scheme
was obtained. In the optimization process, taking the heat
transfer rate and water contact angle as the response values,
the response surface analysis of main parameters such as GO
content, ultrasonic time, water bath temperature, coating
thickness, and KH-550 content was performed.

With the GO content of 0.884 wt%, ultrasonic time of
45 min, water bath temperature of 80°C, water bath time
of 10 min, coating thickness of 0.567 mm, and KH-550
content of 0.060 g, the scheme is considered to be the



1250 — Xintian Liu et al. DE GRUYTER
Table 6: Comprehensive optimization of optimal process parameters
Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Resp.1 Resp.2
GO content  Ultrasonic Water bath Water bath  Thickness KH- Heating rate Contact
(wt%) time (min) temperature (°C) time (min) (mm) 550 (g) (°C/s) angle (°)
Run 55 0.884 45.000 80.000 10.000 0.567 0.060 0.218 85.75
Run 56 0.884 45.000 80.000 10.000 0.567 0.060 0.199 86.90
() (b)
T *
, ¥ Run #56
5 ol T CA=86.9°
<
= F
10 -
|
15 —?
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Figure 9: (a) Heating curve and (b) water contact angle of the optimized GO/PVB/EP nanocomposite coatings.

best solution between thermal and hydrophobic proper-
ties. Within the scope of this study, the contact angle
fitting value of the best compromise between thermal
and hydrophobic properties is 0.218°C/s and the fitting
value of contact angle is 85.75°. Therefore, in the range
of important parameters studied, the multi-functional
nanocomposite coating with heat transfer performance
and surface hydrophobicity can be prepared by using
the optimized process.

In this work, we studied the best combination of pre-
paration parameters of GO/PVB/EP nanocomposite coat-
ings; however, the micro reasons were not explored.
Moreover, the relationship between contact angle and
hydrophobicity was not discussed.
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