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Introduction

A great deal of interest has arisen in polymer coatings
for protection of metal surfaces against physical
in a wide

damage and corrosion
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ABSTRACT

Homopolymers of 2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane (V4D4),
2-(perfluorohexyl)ethyl acrylate (PFHEA) and 2-(perfluoroalkyl)ethyl methacrylate
(PFEMA) and their copolymers were synthesized via initiated chemical vapor
deposition (iCVD). All coatings exhibited excellent adhesion to substrates. The
corrosion resistance of iCVD coatings was investigated by electrochemical impe-
dance spectroscopy (EIS) and potentiodynamic polarization measurements. In
addition, chemical durability of various organic solvents and adhesion to the sub-
strate were also evaluated. Tafel polarization measurementsin5 wt% NaClsolution
revealed that the corrosion rates as low as 0.002 mpy on zinc substrates can be
reached with 250-nm-thick iCVD-synthesized polymers which is lower than pre-
viously reported polymer coatings and more than three orders of magnitude lower
than bare zinc. EIS analysis coupled with equivalent electric circuits model con-
firmed that poly(V4D4) and poly(PFHEA) homopolymers show extremely high
protection efficiencies (~ 99%) on zinc, while poly(V4D4-co-PFHEA) copolymer
with slightly lower corrosion efficiency (85-91%) provides a better anticorrosion
barrier with weight loss reduction by 57 and 45% for copper and zinc, respectively,
and with improved chemical and mechanical properties. The results indicate that
iCVD process enables fabrication of finely tuned fluorinated siloxane copolymer
conformal coatings for corrosion protection on a variety of substrates.

applications. An ideal corrosion-resistant polymer
coating should have excellent chemical stability, high
mechanical strength, strong adhesion to the surface
and outstanding passivation ability [1-4]. One of the
advantages of using polymeric coatings is the ability

range of  to tune the morphology, chemical composition,
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adhesion and thickness of the coating to reduce the
corrosion rate or minimize contact of liquid media
with coated surface [5]. Although polymer coatings
are physical barrier layers between the substrate and
corrosive media, complete corrosion prevention is
still a challenge since water, ions, and oxygen from
the external environment can gradually diffuse into
polymer coatings. The use of superhydrophobic
polymers is among the most effective methods to
inhibit direct contact of the substrate with water
[4-7]. Fluorinated polymers are especially attractive
as protective coatings due to their release and non-
stick abilities, low abrasion and friction, low refrac-
tive index and surface energy, and antifouling
properties [8-12]. The fluoropolymer matrix has a
small carbon—fluorine bond polarization and pro-
vides extremely high bonding energy [13] making it a
preferred candidate for applications requiring high-
temperature and/or harsh-environment performance
[14]. Commonly used methods to prepare fluo-
ropolymer coatings for protection of metallic surfaces
from the effects of corrosion degradation are etching
[15, 16], lithography [17, 18], anodizing [15, 19], laser
processing [20], coating of the surface using layer by
layer deposition [21, 22], electrodeposition [23], sol-
gel deposition [24, 25], and electrospinning [26, 27].
Cao et al. reported a superhydrophobic film based on
polydopamine functionalized with 1H,1H,2H,2H-
perfluorodecanethiol (PFDT) on a brass surface
deposited using hydrothermal method to improve
long-term chemical and thermal stability of films [4].
Vuoristo et al. demonstrated corrosion-resistive
polyvinylidene fluoride (PVDEF), ethylene chlorotri-
fluoroethylene (ECTFE), perfluoroalkoxy alkane
(PFA) and perfluoroethylenepropylene (FEP) coat-
ings on low alloy steel Fe 37 (St 37) by thermal spray
process [28]. Combining electroetching, anodizing,
sealing and surface modification methods, Mozam-
mel and Emarati prepared a superamphiphobic sur-
face on Al alloy 2024 (AA 2024) and demonstrated
strong barrier effect of fluoropolymer coatings [15].
Xu et al. applied chronoamperometric methods to
produce perfluorinated lubricant/polypyrrole com-
posite polymer coatings for protecting low alloy steel
from the corrosion [29]. The increase in the coating
thickness confines the electron and heat transfer,
while achieving the chemical stability for metals in
electronic devices, heat conductor, and heat
exchangers [30-35]. However, most of these methods
still  suffer from  thickness nonuniformity,
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conformality problems due to poor surface wetting,
pinhole and other defects due to fast solvent evapo-
ration, etc. limiting their corrosion protection per-
formance. Chemical vapor deposition (CVD) offers
the smoothest conformal, cross-linked polymer coat-
ings with good thickness control due to vapor phase
polymerization process [1, 36, 37]. Recently, CVD
process has been used for the fabrication of fluori-
nated films to improve corrosion resistance of metals
in aggressive media. Ishizaki et al. [38] used micro-
wave plasma-enhanced chemical vapor deposition
(PECVD) process to fabricate superhydrophobic
coatings on magnesium alloy AZ31 to improve
chemical stability and corrosion resistance of AZ31
alloy. However, the corrosion rates still remain high
for effective protection and fluorinated homopolymer
films do not achieve chemical/mechanical robustness
required in harsh environments such as strong
organic solvents, acids, bases, and oxidants at vary-
ing temperature ranges [1, 39]. An ideal protective
polymer coating should provide corrosion protection
in such environments for months without any mea-
surable changes in thickness, weight, composition,
adhesion to substrate and its chemical and mechan-
ical properties. A facile approach employed for the
fabrication of robust polymer coatings involves cross-
linking and/or establishing covalent bonding
between the coating and the substrate [39-44] or
using stacked polymer films [40]. Ye et al. demon-
strated superhydrophobic bilayer polymer coatings
with highly cross-linked polyethylene glycol diacry-
late (PEGDA) bottom layer and nanostructured
poly(perfluorodecyl  acrylate-co-ethylene  glycol
diacrylate) (poly(PFDA-co-EGDA)) top layer on
copper, Si wafer and polystyrene via iCVD. It was
demonstrated that highly cross-linked film provided
an effective oxygen barrier and good corrosion
resistance [1]. Employing mechanically flexible and
hydrolytically stable polysiloxane films such as
poly(V4D4) in copolymer structure leads to improved
chemical and mechanical properties [41-43, 45]. Lee
et al. [42] fabricated a cross-linked organosilicon-
acrylate copolymer thin film using V4D4 and cyclo-
hexyl methacrylate (CHMA) via iCVD process to
provide a moisture barrier with improved mechani-
cal stability. Murthy et al. [41] used iCVD to syn-
thesize a copolymer film with V3D3 monomer and
hexavinyldisiloxane (HVDS) and reported enhanced
chemical durability in both polar and nonpolar sol-
vents. Kwak et al. fabricated a copolymer using V4D4
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and perfluorodecyl methacrylate (PFDMA) via iCVD
to improve the mechanical durability of fluoropoly-
mer [45]. However, only a few studies related to
iCVD-deposited poly(V4D4) films in the literature
have reported their passivation performance [32].
Gleason and coworkers reported that poly(V3D3) and
poly(V4D4) films exhibited excellent stability and
reduced surface corrosion due to cross-linked cova-
lent organic network [32].

Here, we report highly cross-linked, hydrophobic
copolymers of V4D4 and PFHEA/PFEMA synthe-
sized via iCVD for corrosion protection. Fabricated
hydrophobic films showed excellent durability in
various organic solvents and were found to be very
effective for corrosion protection of metals. The low
process temperature and extreme flexibility of iCVD
process enable fine-tuning of physical and chemical
properties of polymer films making it very attractive
for the fabrication of self-cleaning, corrosion-resis-
tant, transparent barrier layers on a large variety of
substrates, including temperature-sensitive materials.

Materials and methods
Materials

Analytical-grade chemicals 2,4,6,8-tetramethyl-2,4,6,8
tetravinylcyclotetrasiloxane (V4D4, Sigma-Aldrich,
97%), 2-(perfluorohexylethyl)acrylate (PFHEA, Fluo-
ryx Inc) and 2-(perfluoroalkyl) ethylmethacrylate
(PFEMA, Fluoryx Inc.) as monomers and tert-butyl
peroxide (TBPO, Sigma-Aldrich, 98%) as initiator
were used in fabrication of polymer thin films.
Organic solvents such as tetrahydrofuran (THF,
Panreac, 99.9%), dichloromethane (DCM, Sigma-
Aldrich), N,N-dimethylformamide (DMF, Sigma-
Aldrich), chloroform (Sigma-Aldrich), diethyl ether
(Sigma  Aldrich), 2-propanol  (Sigma-Aldrich,
> 99.5%), acetone (Sigma-Aldrich, > 99.5%), ethanol
(Sigma-Aldrich, > 99.8%), toluene (Sigma-Aldrich,
> 99.5%) and hydrogen peroxide (H,O,, Sigma-
Aldrich) were used in durability tests. Commercially
available copper and zinc plates (0.8 x 1.5 cm) were
used for corrosion tests. Metal plates were polished
with emery paper and then cleaned using 2-propanol
(Sigma-Aldrich, > 99.5%) before coating process.
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Fabrication of polymer coatings

A custom-built iCVD system was used for the fabri-
cation of polymer coatings. The deposition chamber
was prismatic in shape with a width of 30 cm and a
height of 4 cm. The top of the reactor was covered
with a 2.5-cm-thick quartz plate. The reactor was
equipped with a filament array suspended 2.5 cm
over the substrate to supply thermal energy for the
decomposition of initiator. Nichrome filaments were
resistively heated via AC power supply. The sub-
strate temperature was controlled by an external
circulator (WiseCircu—refrigerated bath circulator).
The reactor pressure was controlled using a throttling
butterfly valve (MKS Model 253). The vacuum was
provided via a rotary vane pump (BSV10, Baosi)
equipped with a cold trap. Poly(V4D4), poly(PFHEA)
and poly(PFEMA) homopolymers, and poly(V4D4-
co-PFHEA) and poly(V4D4-co-PFEMA) copolymers
were fabricated on metal and crystalline silicon (c-5i)
substrates. In order to obtain sufficient vapor pres-
sure, PFHEA and PFEMA monomers were heated to
65 and 95 °C, respectively. Monomer vapors were
metered into the chamber through mass-flow con-
trollers (MKS 1479A). For poly(V4D4) deposition,
V4D4 monomer was heated to 90 °C and fed into the
chamber through a special mass-flow controller
(MKS 1150C). TBPO was introduced into the reactor
at room temperature through a mass-flow controller
(MKS 1479A). Reactor pressure was maintained at
250 mTorr throughout this study. The filament tem-
perature was set to 250 °C for PFEMA homopolymer
and fixed at 300 °C for all other homopolymer and
copolymer film depositions. The average thickness of
iCVD-deposited polymer films on metal substrates
was 250 nm to evaluate the corrosion resistance. The
deposition conditions for homopolymers and
copolymers are summarized in Table 1.

Film characterization

The thicknesses of fabricated films were measured
using an Mprobe-Vis20 system with a spectral range
of 400-1100 nm, 2 mm spot size and 2 nm measure-
ment accuracy. Fourier transform infrared spec-
troscopy (FTIR) analysis was performed using a
Perkin Elmer Inc.-Spectrum BX FTIR Spectrometer
for the evaluation of the quality and chemical com-
position of monomers and fabricated polymer films.
The spectra were measured from 4000 to 650 cm ™"
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Table 1 Process conditions for iCVD-deposited homopolymers and copolymers

Sample name Fyapa, sccm Fpraea, sccm

Fprema, sccm

P totals mTorr

[}
FTBPOa scem Tsubstratc s C

Poly(V4D4) 0.32 -
Poly(PFHEA) - 0.39
Poly(PFEMA) - -

Poly(V4D4-co-PFHEA) 0.22 0.22
Poly(V4D4-co-PFEMA)  0.22 -

0.16 250 45
0.13 25
0.20 0.025 35
0.66 45
0.22 0.66 45

with a resolution of 4 cm ™' and accumulating over 20
scans. All spectra were baseline corrected and thick-
ness normalized. Surface morphologies of fabricated
iCVD films were investigated using scanning electron
microscopy (SEM) (FEI Quanta250 system). Water
contact angle (WCA) measurements were conducted
to investigate the hydrophilicity of films with a Theta
Optical Tensiometer.

Chemical stability and durability tests

The durability of poly(V4D4), poly(PFHEA), poly(-
PFEMA) homopolymers and poly(V4D4-co-PFHEA)
and poly(V4D4-co-PFEMA) copolymer films in vari-
ous organic solvents was investigated following the
procedures described in the literature [42]. Solubility
tests were performed by immersing iCVD-coated
substrates in tetrahydrofuran (THEF), 2-propanol
(IPA), acetone, hydrogen peroxide (H,O,), toluene,
dichloromethane (DCM), N,N-dimethylformamide
(DMF), chloroform and diethyl ether for 30 min and
then drying at 70 °C for 1 h under vacuum. Adhesion
to silicon wafer and metals was tested as described
previously in the literature [46]. A cellophane adhe-
sive tape was applied on the film surface and then
rapidly removed from the surface at the angle that
was normal to the coated surface. The percentage of
delamination was calculated by dividing the test
surface into equally spaced grids. The coating adhe-
sion test was evaluated by visual inspections using a
reflectometer and optical microscope.

Electrochemical characterization

Anticorrosion performance of iCVD coatings was
evaluated using a Potentiostat/Galvanostat/ZRA
(Gamry Model 22,162) with a tripolar electrode
measurement apparatus consisting of a Pt wire as
counter electrode, a saturated Ag//AgCl reference
electrode and polymer film-coated Cu or Zn metal

plate as working electrode. Polarization curves and
electrochemical impedance spectra were obtained in
5 wt% NaCl solutions at room temperature under
open-circuit conditions. Coated Cu and Zn plates
were immersed in 5 wt% NaCl solution for 30 min
for stabilization before the polarization measure-
ments. Potentiodynamic polarization was performed
within a potential range of open circuit potential
(OCP) + 250 mV at a scan rate of 1 mV s'. Corro-
sion parameters such as corrosion potential (E.o),
corrosion current density (I.o), polarization resis-
tance (R;,), and anodic/cathodic Tafel slopes (8./f.)
were calculated by using the potentiodynamic
curves. For EIS analysis, AC impedance (OPC + 5
mV) was applied between 100 MHz and 10 kHz with
a sinusoidal signal perturbation of 10 mV and five
points per decade.

Results and discussion

Chemical compositions of monomers, homopolymers
and copolymers were investigated by FTIR analysis
as shown in Fig. 1. The characteristic peaks of C=0 at
1745 cm™! are clearly shown in PFHEA and PFEMA
spectra. The three peaks in 1140-1240 cm ™' region
indicate stretching of —CF, and —~CF; end groups. The
intensity of characteristic peaks representing strong
bending and stretching of C=C at 985 cm ',
995 cm ™ 'and 1640 cm ™' disappears due to complete
free-radical polymerization [47—49]. For poly(V4D4)
homopolymer, the peaks between 1064 cm™' and
1073 cm™" in FTIR spectrum represent asymmetric
5i-O-Si stretching related to eight-member siloxane
ring in network configuration and the peak at
1260 cm™' shows the strong Si-CHj; symmetric
bending [41, 50, 51]. For poly(V4D4-co-PFHEA) and
poly(V4D4-co-PFEMA) copolymers, the shoulders at
1140 cm™' and 1240 cm™! are representative of C-F
chains and provide evidence of a copolymer with
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Figure 1 FTIR spectra of V4D4, PFHEA and PFEMA
monomers, their homopolymers and copolymers.

cross-linked network structure. Also, the peak at
1740 em™' corresponds to stretching C=O in the
acrylic group or methacrylic group [47, 49, 52]. By
adjusting the flow rate of the fluorinated monomer,
the composition of copolymers can be controlled.
However, there may be a difference between feed
composition and copolymer composition due to the
monomer adsorption rate on the surface [53].
Determination of the chemical stability of iCVD
films in various solvents is essential to evaluate their
corrosion protection performance. The hydrolysis of
the ester group is extremely slow due to the
hydrophobic character of fluorinated polymers mak-
ing them attractive candidates for protective coatings
[43]. Most of previous studies in the literature related
to hydrophobic films as protective layers have solely
used WCA measurements to claim good chemical
stability. Chemical stability of iCVD homopolymer
films deposited on c-Si wafer was measured by the
change in film thickness after immersion in various
organic solvents including THF, DCM, acetone (polar
aprotic solvents), IPA, ethanol, H,O, (polar protic
solvents), toluene, chloroform and diethyl ether
(nonpolar solvents) for 30 min. Figure 2 shows rela-
tive thickness change and absolute WCA values of
poly(PFHEA) and poly(PFEMA) homopolymers after
immersion in solvents. Even without any cross-link-
ing or surface grafting, both films showed good
durability in organic solvents. The relative thickness
change of poly(PFHEA) homopolymer films was less
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than 5% with the exception of diethyl ether in which
a 10% thickness change was measured. On the other
hand, poly(PFEMA) films performed better with less
than 1.5% thickness loss except THF and diethyl ether
in which 13 and 15% changes were measured,
respectively. The change in WCA for homopolymer
films after immersion in solvent is also shown in
Fig. 2. The lowest WCA for poly(PFHEA)
homopolymer was measured after immersion in
diethyl ether in which the highest thickness reduction
was also observed. Immersion in solvents resulted in
slight reduction in WCA of poly(PFEMA) except THF
and diethyl ether in which WCA changed signifi-
cantly. This observation is also in line with thickness
measurements shown in Fig. 2b. However, poly(-
PFEMA) homopolymers still showed hydrophobicity
after immersion test. The results indicate that iCVD-
fluorinated homopolymer films exhibit good chemi-
cal resistance against organic solvents. FTIR spec-
troscopy was also used to investigate durability of
poly(PFHEA) and poly(PFEMA) homopolymers
films after immersion tests (see Fig. S1 and Table 52
in Supporting Information). Although peak intensi-
ties were slightly decreased, all characteristic peaks
were still visible after the immersion in diethyl ether
confirming durability of homopolymers in most
organic solvents. In addition to simple immersion
tests in various organic solvents, homopolymer films
were also subjected thermal and ultrasonic treatment
with mechanical mixing in DCM which is a very
strong solvent. It was found that only strong ultra-
sonic treatment was able to effectively remove
homopolymer films from the surface (see Fig. S2,
Fig. S3 and Table S3 in Supporting Information).
Similar to homopolymer films, the chemical sta-
bility of poly(V4D4-co-PFHEA) and poly(V4D4-co-
PFEMA) copolymers deposited on c-Si substrates was
evaluated by the change in film thickness after
immersion in strong organic solvents as described in
the literature [42]. The relative changes in thicknesses
of homopolymers and copolymer films before and
after immersion in THF, DCM, DMF, chloroform and
diethyl ether for 30 min are shown in Fig. 3. Overall,
poly(V4D4-co-PFEMA) films exhibited better resis-
tance against organic solvents compared to
poly(V4D4-co-PFHEA) polymer films. Poly(V4D4-co-
PFHEA) polymers showed up to 30% thickness loss,
while the maximum thickness loss was around 15%
for poly(V4D4-co-PFEMA). This might be related to
the differences between the length of the pendent
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Figure 2 Relative thickness change and absolute WCA values for a poly(PFHEA) and b poly(PFEMA) homopolymer films after

immersion in various solvents.

(a)
35

THF [l ocv [l omF [l Chioroform

Diethyl ether

Thickness removal (%)
N N N N w
o 8] o [8)] o
1 1 1 1 1

(&)
1

poly(V4D4) poly(V4D4-co-PFHEA) poly(PFHEA)

(b)
35

THF [l ocv [l ovF [l Chioroform

Diethyl ether
m ﬂ =

poly(V4D4) poly(V4D4-co-PFEMA) poly(PFEMA)

Thickness removal (%)
—_ N N N w
o (&)] o [§)] o
1 1 1 1 1

(&)
1

Figure 3 Relative change in film thickness for homopolymers and copolymers with a PFHEA and b PFEMA.

perfluorocarbon chains (npppma = 4-10; 1pprEa = 6)
[47, 54]. It is also possible that formation of small
molecules or short side chains due to certain process
conditions might lead to insufficient cross-linking of
polymer making it sparingly soluble [41]. In addition
to chemical composition, the durability of copolymer
films in a solvent is also affected by overall quality
and uniformity of the film as well as the surface

properties of the substrate on which the copolymer is
deposited. FTIR analysis confirmed existence of V4D4
and PFHEA/PFEMA moieties for both copolymer
films after solubility test, indicating good resistance
against strong solvents. SEM analysis was also per-
formed to evaluate surface morphologies of coatings
before and after immersion test. As expected, a slight
change in surface morphology was observed after
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immersion in solvent; however, the highest change
was observed in copolymer samples after immersion
in diethyl ether. This change in surface morphology
and roughness might explain relatively high thick-
ness removal for copolymers since thickness mea-
surements may also result from the position
difference (see Figs. S4 and S5 in Supporting
Information).

The corrosion protection performances of homo-
and copolymers on copper and zinc substrates were
evaluated via Tafel polarization measurements as
shown in Fig. 4. The potentiodynamic polarization
was measured after achieving constant OCP. Tafel
curves were generated for poly(V4D4), poly(PFHEA),
poly(PFEMA) homopolymers as well as poly(V4D4-
co-PFHEA) and poly(V4D4-co-PFEMA) copolymers
in 5 wt% NaCl solution. The values of the anodic and
cathodic Tafel slopes (5 and fic) provide valuable
information on corrosion protection efficiency of the
coatings; fic is attributed to the hydrogen evolution in
a cathodic branch, while fi4 corresponds to the metal
dissolution in an anodic branch [5]. The important
corrosion parameters, i.e., corrosion current density
(Icorr), corrosion potential (Eoy), cathodic/anodic
Tafel slopes (B./f.), received from Tafel curves are
listed in Table 2. Experimental polarization resistance
(Rp) was calculated by Stern-Geary equation [15]:
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_ ﬁAﬁC ( 1)
P 2.308Icon(Ba+Bc)

where I is the corrosion current in amps, S is the
anodic beta Tafel coefficient for anodic portion in V
dec™, fc is the cathodic beta Tafel coefficient for
anodic portion in V dec™'. The lower corrosion cur-
rent density and higher corrosion potential signify a
lower corrosion rate which means better corrosion
protection [1, 2]. Unlike wet processes, most iCVD-
deposited polymers exhibit very small or no porosity
due to lack of solvent in polymerization environment.
Since polymerization reactions occur on cooled sub-
strate surface and not in gas phase, iCVD coatings
can conform to the overall geometry making them
highly suitable to use as anticorrosion coatings. Still,
the porosity of iCVD coatings on metal surfaces was
calculated from potentiodynamic polarization mea-
surements, using Eq. 2 [55]:

R |AEcorr |
Porosity = —2e x 107 )

Peoated

(2)

where Rppare is the polarization resistance of bare
metal, Rpcoated 18 the polarization resistance of coated
metal, AE.,, is the difference between corrosion
potentials, and f, is the anodic Tafel slope for bare
metal. The protection efficiency (n %) of the coatings
was calculated from I, values of the samples, using
the expression [29]:

() o950
0.25
5 0.00-
) ]
<
D -0.25
<
g 050.
> ]
S .075-
c poly(V4D4)
5 1004 poly(PFHEA)
poly(PFEMA)
-1.25 poly(V4D4-co-PFHEA)
poly(V4D4-co-PFEMA)
-1.50 aregn

40 -9 -8 7 6 5 -4 3 -2 -
log i (mA cm?)

Figure 4 Potentiodynamic polarization measurements for iCVD coatings on a copper and b zinc substrates.

@ Springer



J Mater Sci (2021) 56:11970-11987

11977

Table 2 Kinetic parameters of iCVD polymers on copper and zinc substrates

Ecoms Teom Pa, mV/ Pc, mV/ Corrosion rate, R, x 1073, kY Porosity, % 1, %
mV LA dec dec mpy cm?

Copper

Bare - 247 18.9 106 159 0.182 1.46

Poly(V4D4) - 42 42 1922 213 0.046 19.82 6.33 77.78

Poly(PFHEA) - 156 7.8 68 201 0.086 2.83 3.73 58.73

Poly(PFEMA) -213 14.4 87 248 0.158 1.94 1.57 23.81

Poly(V4D4-co- - 169 1.7 59 249 0.018 12.18 0.65 91.01
PFHEA)

Poly(V4D4-co- - 169 12 77 245 0.132 0.25 3.75 36.51
PFEMA)

Zinc

Bare - 988 939 152 10'° 9 8.79

Poly(V4D4) - 98 2 531 137 0.024 20.54 1.81 99.79

Poly(PFHEA) - 60 0.1 136 92 0.002 100.08 0.85 99.99

Poly(PFEMA) -910 874 156 10" 8.05 9.05 446 x 10°° 6.92

Poly(V4D4-co- —- 967 140 87 10" 1 5.69 292 x 107 85.09
PFHEA)

Poly(V4D4-co- - 983 550 139 10" 6 1.45 1.62 x 107 41.43
PFEMA)

dec decade, mpy mils per years

n(%) = Teorrye — Lcorreyea « 100 3) immersion for stabilization. Nyquist plots of bare

Icorrbare

The results suggest that siloxane films significantly
increase E oy and provide better corrosion protection
for metal surfaces. Copolymerization of V4D4 with
fluorinated monomers results in lower E.,, com-
pared to poly(V4D4) homopolymer; however, chem-
ical and mechanical stability in strong organic
solvents is greatly improved. For copper substrates,
poly(V4D4-co-PFHEA) coatings showed the highest
protection efficiency (91%) and the lowest corrosion
rate (0.018 mpy). All homopolymers exhibited lower
corrosion rates and higher protection efficiencies than
poly(V4D4-co-PFEMA) copolymer. On zinc sub-
strates, poly(V4D4) and poly(PFHEA) homopolymers
followed by poly(V4D4-co-PFHEA) copolymer
showed lower corrosion rates and higher protection
efficiencies.

EIS analysis is a powerful tool that provides valu-
able information about corrosion protection perfor-
mance, robustness of coatings and electrochemical
activity at coating/metal interface. EIS analysis was
performed for bare metals and polymer-coated met-
als from 100 MHz to 10 kHz in 5 wt% NaCl solution.
Measurements were performed after 30 min of

metals and polymer-coated metals (copper and zinc)
are presented in Fig. 5 with insets showing enlarged
Nyquist plots. The impedance plots of the copolymer
coatings showed that there are two different capaci-
tive loops. The first loop refers to the polymer coating
itself, while the second one is attributed to the dis-
solution process taking place at the coating—metal
interface [56]. The Nyquist semicircles with wider
diameters indicate better corrosion resistance [2]. As
shown in Fig. 5, homopolymers of poly(V4D4) and
poly(PFHEA) and their copolymer poly(V4D4-co-
PFHEA) coating exhibit better anticorrosion and
barrier performance. The variations between
poly(V4D4-co-PFHEA) and poly(V4D4-co-PFEMA)
copolymer performance might be due to differences
in cross-linked network due to acrylate and
methacrylate groups linked to V4D4 [57].

Bode plots of samples from the same experiment
are shown in Fig. 6. Bode plots reveal the circuit
behavior in terms of circuit elements either as resistor
(© = 0 degrees) or capacitor (O = — 90 degrees), and
provide information about electrochemical activity at
the coating-metal interface and the extent of water
diffusion or penetration [6, 58]. The shift in time
constant through high frequency to medium/low
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Figure 5 Nyquist plots of iCVD polymers on a copper and b zinc substrates.

frequency indicates the presence of a passivation
layer on the top of metal surface [59]. The medium- to
low-frequency phenomenon is associated with the
acceleration of interaction between coating and metal
surface [60]. Figure 6 shows circuit behavior repre-
sentative of a capacitor at frequencies above 100 Hz
and of a resistor at frequencies below 1 Hz with the
exception of poly(V4D4) and poly(PFHEA)
homopolymer. In Fig. 6a and c, bare metal- and
homopolymer-coated samples have only one peak at
low-frequency region, while poly(V4D4-co-PFHEA)-
and poly(V4D4-co-PFEMA)-coated samples showed
two time constants. The phase angle of poly(V4D4-
co-PFHEA) coating on copper surface shows well-
defined time constants in high frequency range
indicating a better corrosion barrier. However, on
zinc surface the lack of high-frequency time constants
implies poor or defective copolymer coatings. This
observation is also in agreement with calculated
protection efficiencies listed in Table 2 where
poly(V4D4) and poly(PFHEA) homopolymers exhib-
ited better protection efficiency compared to copoly-
mer coatings, especially on zinc. Figure 6b, d shows
parallel resistor—capacitor behavior of polymer coat-
ings by illustrating the effect of measurement fre-
quency on current flow. The current passes through
the circuit capacitors at high frequencies and passes
through the circuit resistors as lower frequencies
[61-63]. The lower breakpoint frequency can corre-
spond to reduction of corrosion delamination [6]. The
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shift in the breakpoint frequency through high fre-
quencies might indicate electrolyte diffusion through
the coating. As the frequency decreases, the trend
lines diverge, and the dissimilar resistance values of
polymer coatings become apparent. A coating expe-
riencing corrosion at the substrate requires a second
parallel resistor—capacitor in series with the coating
resistor as observed for both copolymer coating on
zinc [61-63].

Figure 7 shows three proposed Equivalent Electric
Circuits (EEC) models based on Bode plot analysis to
fit impedance parameters including solution resis-
tance (Ry), resistance of the coating (R.) which is the
function of pore dimensions, constant phase element
of the coating (CPE.) characterized by the coating
thickness and dielectric constant, charge transfer
resistance at polymer/metal interface (R.) and con-
stant phase element of electrical double layer (CPEgy).
The constant phase element (CPE) is commonly used
in electric equivalent circuit to decrease the system-
atical error and represents deviation from true
capacitance behavior which depends on a few
parameters such as coating thickness and defect
structure [38]. The impedance of CPE is expressed as
Zcpe = Y, '(jo) ™", where Y, represents the pseudo-
capacitance (7 =-1), » is the angular frequency
(o = 2nf) and n indicates the exponential coefficient
ranging from 0 to 1 [6]. The impedance parameters of
bare metals and polymer-coated metals were mod-
eled by the electric equivalent circuit using Gamry
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Figure 6 Bode plots of iCVD polymers on a, b copper and ¢, d zinc substrates.

Figure 7 Equivalent electric circuits (EEC) used for fitting EIS data of bare and iCVD-coated metals.
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Echem Analyst software. Table 3 lists model
parameters of the best fit to the experimental data
using EEC models shown in Fig. 7. Randles model
(Model A) is one of the simplest and commonly used
models describing electrochemical processes at bare
metal/medium interface using solution resistance in
connection with charge transfer resistance and con-
stant phase element of electrical double layer. Model
B describes corrosion process of metal surface with a
polymer coating exposed to corrosive medium using
solution resistance, resistance of polymer coating and
constant phase element of the coating. The fit
parameters, CPE. and R., of Model B are used as
invariable constants for the nonperfect coatings
which are considered as typical for undamaged
coating. Model C expands Model B with addition of
charge transfer resistance at polymer/metal interface
and constant phase element of electrical double layer.
The higher values of R. and R and the lower values
of CPE. and CPEy; indicate the better corrosion per-
formance of the coating [55]. The values of electro-
chemical parameters from EEC fitting are in
accordance with low Chi-square (y?) values which
are similar to reported values in the literature [57, 60].
Chi-square value (y?) calculated between measured
and model impedances should be greater than or
equal to zero [64, 65]; therefore, only the best fitting

J Mater Sci (2021) 56:11970-11987

models are shown in Table 3 (see Table S4 in Sup-
porting Information for details). As shown in Table 3,
poly(V4D4) homopolymer coating shows at least two
orders of magnitude higher coating resistance than
fluorinated homopolymers on copper. On zinc metal,
poly(V4D4) and poly(PFHEA) homopolymers exhib-
ited three orders of magnitude higher coating resis-
tance than poly(PFEMA). In addition, poly(V4D4)
and poly(PFHEA) homopolymers exhibited lower
CPE. than poly(PFEMA). The experimental data are
also in good agreement with the lower values of
corrosion current density (Ioor) or higher values of
corrosion potential (E,,) as shown in Table 3 [4]. For
uncoated copper and zinc, R, values describing the
diffusion of ions into the solution from the oxidation
of metals were determined to be 89 and 10.9 Q,
respectively [6, 30]. For all iCVD coatings with the
exception of poly(PFEMA) homopolymer, higher Ry
values were obtained. R and CPEy4 parameters in
Model C represents electrochemical reactions at the
coating and metal interface. R values of poly(V4D4-
co-PFHEA) coatings (3.6 x 10° and 33.9 Q for copper
and zinc, respectively) suggest that these coatings
effectively decrease electron-transfer activity at the
coating-metal interface. A lower CPEg; indicates that
electrical charge distribution is minimal and the
presence of corrosion products is reduced

Table 3 Electrochemical parameters extracted from the fit to the equivalent circuit models for EIS data in 5 wt% NaCl solution

Model Uncoated  Poly(V4D4)  Poly(PFHEA)  Poly(PFEMA)  Poly(V4D4-co-PFHEA)  Poly(V4D4-co-PFEMA)
Model A Model B Model B Model B Model C Model C

Copper

R, (Q) 8.9 14.1 11.1 7.6 11.9 11.6

CPE, (Fm™") 0.32 0.55 15.8 0.03 45 x 1077

, 0.58 0.42 0.47 0.84 0.46

R. (Q) 959 x 10°  665.5 70.9 110.3 70.5

CPEg Fm™)  7.99 0.38 13.46

15 0.52 0.56 1

R (Q) 26.13 3.6 x 10° 36.7

¥ 0.0066 0.0065 0.0015 0.0089 0.0024 0.0069

Zinc

R, (Q) 10.9 12.9 12.3 9.3 12.3 11.9

CPE, (Fm™") 0.17 0.37 0.42 1.1 x 107 0.14

i 0.58 0.59 0.71 0.73 0.69

R, (Q) 17.4 x 10° 8.8 x 10° 11.4 63.4 18.5

CPEq Fm™") 029 19.9 297.54

1, 0.73 0.77 0.95

Re (Q) 93 33.9 8.1

¥ 0.0041 0.0014 0.0011 0.0029 0.0048 0.0029
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significantly [6]. Additionally, R. values of
poly(V4D4-co-PFHEA) coatings are higher than
poly(V4D4-co-PFEMA) on both copper and zinc
metals.

Long-term durability and corrosion tests of
copolymer coatings were performed by immersing
poly(V4D4-co-PFHEA)-coated Cu and Zn plates in
5 wt% NaCl solution at room temperature for
30 days. Samples were cleaned by following the
procedure described in ISO 8407 standard to remove
the corrosion products [66]. Figure 8 shows the sur-
face of uncoated and poly(V4D4-co-PFHEA)-coated
copper and zinc metals immersed in 5 wt% NaCl
solution for 15 and 30 days. The corrosion products
increased with increasing immersion time and con-
tinuously precipitated on the surface. Uncoated
copper and zinc show severe corrosion after 30 days.
Despite that the copolymer film thickness was
approximately 250 nm, the difference between coated
and uncoated samples was visible at macroscopic
scale.

In addition to visual inspection of the metal sur-
faces, detailed SEM analysis was also carried out to
evaluate performance of iCVD coatings against cor-
rosion. Figure 9 shows the surface morphology evo-
lution of bare and coated metal samples exposed to
5 wt% NaCl solution after 15 and 30 days with insets
showing higher magnification. The scratches on the
surface of uncoated metals are due to initial rough
surface cleaning using emery papers. Also, there are
a few fissures and pits visible at high magnification.
There is almost no difference in the surface

Time Copper Zine

(day)  Bare Poly(V4D4-co-PFHEA) Bare

Poly(V4D4-co-PFHEA)
‘ ' o
)
i l

Figure 8 Coated and uncoated Cu and Zn metals after immersion
in 5 wt% NaCl solution.

I.
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morphology of poly(V4D4-co-PFHEA)-coated metals
compared with bare metals before the corrosion test.
The pitting and small pores that are uniformly dis-
tributed on the entire surface were observed after
15 days and became more pronounced after 30 days
on uncoated copper. First indication of corrosion was
observed on poly(V4D4-co-PFHEA)-coated copper
with a small number of localized pits after 15 days.
Corrosion seemed to be progressing at a much slower
rate compared to uncoated sample after 30 days.
During corrosion process, the electrolyte is adsorbed
by the coating on copper surface [5]. The electrolyte
carries water with dissolved O, and CI™ and brings
them in contact with bare copper surface resulting in
loss of corrosion protection [55, 67]. The coating on
copper surface could not provide complete corrosion
protection after 30 days due to formation of copper
oxides and/or chloride. The platelet-shaped micro-
crystals appeared on bare Zn surface after 15 days of
immersion and covered the entire surface in 30 days.
However, poly(V4D4-co-PFHEA)-coated Zn showed
very few of these features in 30 days. After that,
submicron-scale corrosion products started to appear
and cover the surface. The extending exposure time
to solution can result in inhibition of oxygen reduc-
tion and reduce the dissolution of zinc due to for-
mation of passive layer as a corrosion product as
reported in the literature [55, 67-69].

As listed in Table 4, measured weight losses of
samples after 15 and 30 days were consistent with the
potentiodynamic polarization, impedance analysis
results and SEM analysis. The measured weight loss
is in accordance with the release rate of M (M:
metal) on the surface of metal which leads to surface
damage [5]. Poly(V4D4-co-PFHEA) coating provided
a certain degree of corrosion protection as evidenced
by approximately 50% less weight loss compared to
uncoated samples. Surface hydrophobicity due to the
presence of —CF; groups and a cross-linked structure
of polymer coating seems to have decreased the for-
mation of the corrosion products.

In addition to metals or other opaque substrates,
protective coatings are also applied to optically
transparent materials such as electronic and photonic
devices and their components where optical trans-
parency of the protective coating is important. It has
been shown that epoxy-based iCVD copolymers
exhibit excellent optical transparency in visible
spectrum, good adhesion to optical glass and good
mechanical strength [46]. Adhesion tests were
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Figure 9 SEM images of
uncoated and poly(V4D4-co-

Before corrosion test

After corrosion test

PFHEA) coated metals

15 day-immersiom 30 day-immersiom

immersed in 5 wt% NaCl
solution for 15 and 30 days.

Table 4 Weight losses of

2

uncoated and coated samples Time day Weight loss, mg cm™
after 15-day and 30-day Cu 7n
immersion in 5 wt% NaCl
Uncoated Poly(V4D4-co-PFHEA) Uncoated Poly(V4D4-co-PFHEA)
15 31.86 13.19 14.15 9.32
30 43.23 18.52 20.59 11.39

performed for poly(V4D4), poly(PFHEA), poly(-
PFEMA) homopolymers and their copolymers on c-5i
and metal substrates to evaluate how well iCVD
polymers adhere to substrates. The optical micro-
scope images of coatings before and after adhesion
test are shown in Fig. 10. Hydrophobic materials are
known to have a poor adhesion to most substrates,
but they can exhibit good corrosion resistance
[39, 43]. Very small pieces of fluorinated homopoly-
mer coating (poly(PFHEA) and poly(PFEMA)) were
removed by cellophane tape from the surface after

@ Springer

the adhesion test. No other defects or delamination
was observed under with optical microscope analysis
of the surface after the test. The area removed during
the test was less than 0.5% which still within
acceptable range. Poly(V4D4) homopolymer showed
excellent adhesion to the surface; no defect or
delamination was observed. Similarly, poly(V4D4-co-
PFHEA) and poly(V4D4-co-PFEMA) copolymers also
showed excellent adhesion to substrates with no
visible defects or delamination.



Figure 10 Optical microscopy images of polymer films before
and after adhesion test.

Conclusion
Poly(V4D4), poly(PFHEA), poly(PFEMA)
homopolymer, poly(V4D4-co-PFHEA) and

poly(V4D4-co-PFEMA) copolymer coatings were
synthesized on a variety of substrates via iCVD pro-
cess. The chemical stability and durability of these
polymer coatings were evaluated by adhesion to
substrate tests and immersion in strong organic sol-
vents. In addition, the corrosion protection aspects of
coatings on copper and zinc substrates in 5 wt%
NaCl solution were investigated by potentiodynamic
polarization measurements and EIS analysis.

J Mater Sci (2021) 56:11970-11987
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It was found that hydrophobic poly(PFHEA) and
poly(PFEMA) homopolymers can withstand strong
organic solvents well with the exception of THF and
diethyl ether; however, ultrasonic treatment can
remove these homopolymers from substrate surface
completely. Copolymerization of PFHEA and
PFEMA monomers with V4D4 was found to both
increase chemical durability and improve mechanical
strength of coatings since vinyl groups of V4D4 were
able to bind covalently with PFHEA or PFEMA.
Copolymerization also increased surface adhesion of
the films. In the literature, corrosion rates for poly-
mer coatings on copper and zinc substrates in
35 wt% NaCl solution were reported as
0.035-0.098 mpy and 0.063 mpy, respectively
[4, 55, 69]. iCVD-synthesized polymer coatings
exhibited much lower corrosion rates, as low as
0.002 mpy, in 5 wt% NaCl. Although the increase in
the concentration of NaCl accelerates pitting corro-
sion, iCVD copolymer coatings in a higher concen-
tration of NaCl solution still exhibit higher
anticorrosion resistance than those reported in the
literature [69, 70]. Between fluorinated homopoly-
mers, poly(PFHEA) performed better than poly(-
PFEMA). EIS analysis also confirmed that
poly(V4D4), poly(PFHEA) and poly(V4D4-co-
PFHEA) copolymer films exhibit better resistance to
corrosion in 5 wt% NaCl solution. The potentiody-
namic polarization measurements reveal that
copolymerization of fluorinated monomers with
V4D4 resulted in coatings with higher protection
efficiency; 91% for poly(V4D4-co-PFHEA) and
36% for  poly(V4D4-co-PFEMA), compared to
homopolymer coatings; 59% for poly(PFHEA) and
24% for poly(PFEMA). Poly(V4D4-co-PFHEA)
copolymer coatings showed the best anticorrosion
performance with weight loss reduction by 57 and
45% for copper and zinc, respectively, and the cor-
rosion rates by nearly a factor of 10.

The results of potentiodynamic polarization mea-
surements and EIS analysis together with corrosion
and durability indicate that poly(V4D4-co-PFHEA)
copolymer coating (with 1:1 ratio of V4D4: PFHEA
ratio) shows low porosity, highly hydrophobic sur-
face, excellent adhesion, good solvent resistance and
offers an effective physical and chemical protection
without the need for surface pretreatment. Combin-
ing well-balanced properties of siloxane and fluori-
nated polymer chemistries, iCVD process is an
excellent low-cost method for fabrication of
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conformal protective coatings on opaque and trans-
parent materials with different geometries.
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