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In this study, siloxane has been used for the protection of metal artifacts from corrosion in the form of
transparent barrier coating films because of their good adhesion to the metal substrate. The effect of oxygen
plasma pre-treatment on the adhesion properties of the siloxane thin film on the silver-copper alloy sub-
strate was investigated. Radiofrequency plasma-enhanced chemical vapor deposition (RF-PECVD) was
used for the deposition process. Surface identification and characterization of the deposited films were
carried out using Scanning Electron Microscopy coupled with energy-dispersive x-ray spectroscopy (SEM–
EDX) and Fourier-transform infrared spectroscopy (FT-IR). Surface topography and roughness were
investigated by atomic force microscopy (AFM). The hydrophobic characteristic was measured by water
contact angle measurement (WCA). The film thickness was evaluated using a spectroscopic ellipsometer
(SE). Colorimetric measurement (CM) was used to evaluate changes in the appearance of the surface
following the PECVD deposition of the SiO2 protective layer. The corrosion protection ability of siloxane
films for metal substrates as a function of RF power and gas feed composition was examined by the
electrochemical impedance spectroscopy (EIS) technique. It was found that the deposited film improved the
protective efficiency for samples from 55.29 to 92.93%. Besides, after the oxygen plasma pretreatment step,
the film showed better corrosion resistance of the tested samples.

Keywords cold plasma, corrosion protection, PECVD, siloxane,
silver-copper artifacts, surface modification, thin-film

1. Introduction

Silver has been a precious and valuable metal in many
ancient cultures due to its aesthetic appeal, and can be found in
both cultural heritage and private collections in abundance (Ref
1, 2). Since tarnish on silver artifacts is mostly caused by
hydrogen sulfide (H2S), a frequent contaminant, silver artifacts
should be kept away from environments with aggressive
species (Ref 3). The choice of an appropriate protection
strategy can only be made with complete knowledge of the
corrosion processes under the given circumstances (Ref 4).
High-temperature resistance, strong strength, thermal fatigue,
chemical inertness, a low friction coefficient, and affordability

should all be requirements for high-quality coatings (Ref 5).
One of the easiest and most effective ways to safeguard metals
and alloys is to coat them with a polymer that will not react
with the material (Ref 6). Coatings can be applied to a wide
variety of substrate materials that undergo a variety of chemical
treatments; therefore, it is important to zero in on the least
interceptive approach that provides the best surface for
adhesion (Ref 7). The use of non-thermal plasma procedures
to safeguard metals has been advocated as an alternative to the
more traditional approaches, which are occasionally linked to
major environmental concerns (Ref 8, 9). Those who work to
preserve cultural artifacts have taken notice of this method
because of how low the temperature is (Ref 10-14). A non-
thermal plasma is a partially ionized gas in which high-energy
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electrons are mixed with low-energy molecular species (ions,
free radicals, metastable excited species, etc.) to keep the
temperature of the system relatively stable, usually around
room temperature. Low-pressure radio frequency plasma-en-
hanced chemical vapor deposition (RF-PECVD) has a reason-
ably high plasma density, which promotes the gas-phase
production of particulate matter necessary for producing
corrosion-resistant coatings with organized rough surfaces
(Ref 15, 16). Plasma treatment is not a simple task, but rather
a ‘‘field of opportunities’’ (Ref 17) because it allows pretreat-
ments of the substrate before the deposition to remove a
contaminated layer, oxidize or reduce the surface, or seed
specific chemical species (like F atoms) (Ref 8, 18, 19).
Depending on the plasma mode, the choice of the precursors,
and the discharge circumstances, cold plasma can have a
variety of effects on substrates (Ref 16, 20, 21). Organic
contamination on the substrate’s surface is reacted with by
reactive plasma species, which enhance the substrate’s adhesion
characteristics (Ref 7). These organic contaminants frequently
consist of hydrocarbons that are not tightly bonded. Oxygen,
hydrogen, and carbon all react, releasing H2O and CO2 from
the surface of the substrate. Plasma grafting and cross-linking
of chemical functionalities are performed in inert or reactive
gases, such as Ar, H2, CO2, NH3. (Ref 19, 22). Hexamethyl-
disiloxane (HMDSO) ([CH3]3SiOSi[CH3]3) is still the most
frequently employed organosilicon compound for waterproof
coatings (Ref 23-26). Polymers of organic silicon and their
compounds are typically non-toxic, extremely simple chemicals
that are widely employed in numerous technical domains. Thin
organic silicon coatings can exhibit a range of traits since they
are both inorganic and organic, including abrasion resistance,
anti-reflective qualities, thermal stability, dielectric properties,
and adjustable hydrophilic or hydrophobic properties (Ref 19,
27, 28). Clusters are created after HMDSO polymerizes as a
result of plasma treatment. With their substantial static water
contact angles, these clusters offer good waterproof character-
istics (Ref 29).

The current study aims to compare how protective thin films
made of HMDSO/O2 grow on silver-copper alloy substrates
that have already been treated and those that have not been
treated. Additionally, investigate oxygen plasma pretreatment,
which eliminates organic contamination from the surface and

creates a buffer layer by catalyzing active points, enhances the
adhesion of the coating to the substrate and increases the level
of surface oxidation. Accordingly, the most important aspect of
this work is to clarify that the modifications in the plasma
processing parameters have a significant impact on the
corrosion protection of the produced SiOx thin films on
silver-copper alloy substrates. Along with demonstrating the
crucial role O2 gas plays in the pretreatment. The EIS technique
is used to examine the coating films to figure out how well they
protect the metal from corrosion.

2. Experimental Procedure

2.1 Materials

A silver-copper alloy with the following composition (wt.%:
Ag 85, Cu 15) was cast into a closed mold. It was then cold
rolled to a thickness of 0.3 mm. The rolled sheet was cut into
20 9 20 mm coupons [18]. In accordance with ASTM guide-
lines, all coupons were cleaned and then kept for a number of
days in a desiccator, wrapped in optical paper [30]. Commercial
O2 gas and HMDSO ([CH3]3SiOSi [CH3]3) (Sigma-Aldrich)
with 98% purity were used as received without further
purifications.

2.2 Plasma Deposition Reactor

Figure 1 Provides a schematic illustration of the RF-plasma
CVD process that was employed to produce SiO2. It comprises
a stainless steel chamber that is 20 cm long and 10 cm in
diameter. Two stainless steel electrodes with a diameter of 5 cm
each are installed in the chamber. Teflon flanges separated these
electrodes from the chamber wall.

A fixed separation of 5 cm between the power electrode and
ground electrode has been used during the deposition process
RF power supply (Coaxial power UK model RFG 1 K-13) with
(13.56 MHz) according to EN ISO 9001 standards, a p type
matching network with two variable air gap capacitors with
values between 0 and 250 pF and an air variable coil is used to
supply 1 kW of power to the chamber. Throughout the
experiment, the reflected power was kept at zero.

Fig. 1 shows a schematic of the RF-PECVD experimentation equipment used for film deposition
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First, the reactor was evacuated to a pressure of 60
millitorrs. Next, oxygen was used as a carrier gas while
HMDSO vapor was pumped into the chamber through a
stainless steel bubbler. The overall pressure of the discharge
cell ranged between 0.2 and 3 Torr in this chamber, which is
operating at a moderate vacuum. The samples were processed
on the grounded electrode at the floating temperature that the
plasma attained (T < 70 �C), and the pressure was fixed at the
desired value using a needle valve and pressure gauge. This
was done by RF energy on a gas combination that includes
oxygen and hexamethyldisiloxane (HMDSO) with a feed
composition of approximately 2 sccm. HMDSO precursor is
used more easily in vapor deposition procedures since it is non-
toxic, non-explosive, and gives a transparent thin film. Because
it has the Si-O linkages required for the creation of silicon
oxide thin films, using this monomer is favorable. The
substrates were pre-treated with O2-plasma at 100 W and
1000 mTorr before deposition. The total pressure during the
deposition step is 300 mTorr. The experimental conditions are
reported in Table 1.

2.3 Characterization Techniques

Chemical characterization of the deposited films was
performed on a JASCO FT-IR- 460 plus Spectrometer in
reflection mode by using attenuated total reflectance, 400 and
4000 cm-1 (ATR). Morphological characterization was per-
formed before and after deposition utilizing a scanning electron
microscope: Model Zeiss Sigma 300 VP Field Emission Gun
(FEG), stability > 0.2%/h. attached to an EDX Unit (Smart
EDAX- energy-dispersive spectroscopy (EDX)- line ID), with
accelerating voltage 0.02-30 kV, with resolution up to
3072 9 2304 pixels. The FESEM.EDX was performed at the
Egyptian Petroleum Research Institute, Nasr City, and Cairo,
Egypt.

Morphological, topographical characteristics and the rough-
ness of the films deposited on the silver alloy substrates were
measured using an atomic force Microscope Auto probe cp-
research head manufactured by Thermo microscopes operated
in contact mode using a Silicon Nitride Probe Model MLCT
manufactured by Broker. The scan settings were adjusted with
the help of Proscan 1.8 software. IP 2.1 software was used for
the analysis of the scanned images (contact mode, scan area of
2.5 9 2.5 l2, the scan rate of 1 Hz, and a number of data
points 256 9 256 points).

The efficiency of the protective SiOx film was assessed
using electrochemical impedance spectroscopy (EIS). Electro-
chemical impedance measurements were performed in an
aerated 0.1 M NaCl solution at a laboratory temperature of
25 �C ± 1. The test was conducted in a three-electrode
electrochemical cell connected to a Potentiostat/Galvanostat,
AUTO LAB 302N, with FRA32, the Netherlands. Saturated
silver/silver chloride was used as a reference electrode, a
platinum mesh as an auxiliary electrode and the metal sample
as a working electrode. Impedance spectra were recorded at
Potential (V) linked with O.C.P. (Open Circuit Potential,
30 min) value in the frequency range 5000-0.02 Hz.

By measuring the contact angle, the hydrophobic or
hydrophilic properties of the deposited layer were evaluated
to figure out how well the surface would hold water using
deionized water as a liquid probe by utilizing a Compact Video
Microscope CVM 130 X. The colorimetric measurement
assisted in determining the resistance of a SiO2 PECVD
deposition to tarnishing both visually and quantitatively using
Miniscan Ez portable color measurement spectrophotometer:
The MSEZ-4500S operates with a d/0 SCE measuring geom-
etry, has a measured area of less than [6 mm, and excludes the
specular component (SCE). The film thickness has been
evaluated using a Spectroscopic Ellipsometer PHE-103 Ang-
strom Ellipsometer, as the sample is measured at the range from
400 to 700 nm and an angle of incidence of 70�. After the
measurement, data fitting analysis was performed using the
fitting algorithms and mathematical modeling to determine the
film thickness.

3. Results and Discussion

3.1 FT-IR Analysis

FT-IR data are recorded in Fig. 2, and the assignment of
characteristic wave numbers is listed in Table 2.

The most important characteristic bands in the FTIR spectra
of the precursor (HMDSO) are 2922-2961 cm�1 (asymmetric
stretching in CH3 groups), 1260 cm�1 (Si-CH3 wagging
(symmetric bending of methyl groups bonded to Si),
849 cm�1 (rocking of CH3 in Si-((CH3)3)), and 1072 cm�1

(rocking of CH3 in Si-((CH3)3) (Si-O-Si asymmetric stretching
(Ref 31).

Table 1 Summary of experimental conditions of PECVD of SiO2 films

Sample
Deposition
power, W

Time of pre-
treatment, min

deposition
time, min

Gas for pretreatment at 100 W
and 1000 mTorr

Carrier gas for
deposition

Blank (bare substrate) … … … … …
Pre-activated sample with oxygen

plasma before deposition
100 3 … Oxygen Oxygen

Deposited samples without pre-activa-
tion with O2 plasma (A)

100 … 5 … Oxygen

Deposited samples without pre-activa-
tion with O2 plasma (B)

200 … 5 … Oxygen

Deposited samples after activation with
O2 plasma (C)

100 3 5 Oxygen Oxygen

Deposited samples after activation with
O2 plasma (D)

200 3 5 Oxygen Oxygen
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As illustrated in Table 1 and Fig. 2, a few characteristics can
be seen in the spectra of the deposited coupons with various
parameters: Other typical Si-O rocking and bending absorption
bands are located at 450 cm�1 and 800 cm�1, respectively, as
well as the Si-O-Si asymmetric stretching absorption bands at
1000-1150 cm�1.

The FTIR absorption spectra of samples A and C showed
the absorption bands of Si-O at 1040 cm�1, 1059 cm�1

(stretching) and 802 cm�1, and 797 cm�1 (bending), respec-
tively. Organic groups were detected in coupons A and C such
as C-H asymmetric stretching at 2922 cm�1, and 2917 cm�1,
respectively.

Si-CH3 wagging or symmetric bending of methyl groups
bonded to Si was detected for sample A at 1278 cm�1. Also
surface Si-OH groups situated were detected for samples A and
C at 3312 cm�1, and 3329 cm�1, respectively. The features of
silanol groups (Si-OH) were detected for samples A and C at
933 cm�1, and 925 cm�1 (bending), respectively.

The FTIR absorption spectra of samples B and D showed
the absorption bands of Si-O at 1044 cm�1, 1026 cm�1

(stretching) and 817 cm�1, 804 cm�1 (bending), respectively,
while organic groups were not detected.

The low intensity of the CHx symmetric and asymmetric
stretching bands at 2900-2960 cm�1, as well as the absence of
other typical CHx bands like the Si-CH3 rocking vibration at
840 cm�1 and the CH3 symmetric bending in Si-CH3 at
1260 cm�1, provided further confirmation of the low carbon
content and consequently SiO2-like nature of the deposited
films of sample Band C. Surface Si-OH groups situated and
silanol groups Si-OH stretching absorption bands were not
detected for sample D but Si-OH groups absorption bands were
detected for sample B at 3395 cm�1.

By removing organic groups from the formed thin film,
FTIR analysis results show that increasing input power has a
significant impact on the chemical composition of coatings (Ref
20, 26). Additionally, after being briefly exposed to active
plasmas like oxygen plasma, the substrate develops reactive
sites that can be used to plasma polymerize the precursor
molecule later on to create covalent bonds between the
substrate and the deposition layer (Ref 32). Also, the oxygen
atoms made by the plasma action ‘‘burn’’ the organic groups,
leaving behind a layer of inorganic siloxane (Ref 33-35). In
general, the strength of Si-related absorptions increases with the
coating’s Si content, which is not always proportional to the
coating’s thickness but rather to the degree of ‘‘inorganication’’
and the presence of SiOx inclusions (Ref 26, 34, 35).

3.2 SEM and EDX Analyses

The results of SEM and EDX analyses showed the surface
morphology and analysis of the samples as follows: Fig. 3
shows the surface of the silver-copper alloy substrate before
pretreatment, whereas Fig. 4 represents the substrate after
deposition without pre-activation with oxygen plasma, whereas
Fig. 5 reveals the deposited film on the sample after activation
with oxygen plasma.

The untreated samples with oxygen plasma before deposi-
tion showed poor adhesion and homogeneity between the
deposited thin film and the irregular surface of the silver alloy
substrate, Fig. 4. The substrate and the corrosive environment
can communicate directly through the porosities and pinholes
in coatings. While the pre-activated substrate with oxygen
plasma deposited with O2/HMDSO mixtures covered the
irregular defects of the substrate surface, this deposited thin
film covered the surface uniformly and had a high degree of
adhesion and adaptability to the surface morphology, as shown
in Fig. 5.

Fig. 2 FTIR transmittance spectra of the standard precursor
(HMDSO) and the deposited samples A, B, C and D

Table 2 FT-IR peak wave numbers and vibrational assignments detected in the analyzed experimental samples

Vibrational assignment
wave numbers

cm21
standard precursor,

HMDSO Sample A Sample B Sample C Sample D

Inorganic groups
Si-OH groups 3300-3400 n.d 3312 3395 3329 n.d
Silanol groups Si-OH stretching 900-920 n.d 933 919 925 n.d
Si-O-Si asymmetric stretching vibration mode 1000-1150 1072 1040-1134 1044 1059 1026
Si-O-Si bending vibration mode 800 849 802 817 797 804
Si-O-Si Rocking mode 450 450 422 416 n.d 454
Organic groups
C-H asymmetric stretching 2900-2960 2922-2961 2922 n.d 2917 n.d
Si-CH3wagging (symmetric bending of methyl

groups bonded to Si)
1260 1259 1278 n.d n.d n.d

rocking of CH3 in Si-((CH3)3 850 849 n.d n.d n.d n.d
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Fig. 3 The surface of the silver-copper alloy substrate before pretreatment

Fig. 4 The substrate after deposition without pre-activation with oxygen plasma

Fig. 5 Shows the deposited film on the sample after pre- activation with oxygen plasma
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According to the findings of the SEM-EDX research, pre-
activation plays a crucial role in ensuring that there is a specific
concentration of polar functional groups, which will ultimately
ensure that a uniform coating adheres well (Ref 35). Plasmas
are useful for cleaning up organic smudges on inorganic
surfaces. Non-polymerizable gases are commonly used in
plasma treatments of metals to produce ultra-clean surfaces that
produce stronger bonding than conventionally cleaned surfaces.
The majority of the surface modifications are caused by the free
radicals produced by low-pressure gas plasmas. The main
factor contributing to better bonding to plasma-treated surfaces
is the elimination of carbonaceous impurities. Strong boundary
layers can be removed using plasma etching, a significant
pretreatment alternative to conventional solution cleaning (Ref
18, 36).

3.3 Contact Angle Measurements

When dealing with corrosion protection, characterization of
surface energy is an important issue, and measuring the water
contact angle test is required. Measurements of water contact
angles showed that the bulk coupon’s contact angle was 72�,
while after deposition it ranged between 75� and 79� for
samples A and C, respectively. Samples B and D, on the other
hand, ranged between 83� and 105�, as shown in Fig. 6 as well
as Table 3.

Water contact angle measurements demonstrated that the
addition of oxygen to the surface produced silanol groups,
which increased the surface energy’s polar component and

reduced the contact angle to 75� and 79� for samples with less
input power (100 W). On the other hand, when the input power
was increased to (200 W) the contact angle ranged from 83 to
105�.

3.4 AFM Analyses

AFM 2-dimensional and 3-dimensional micrographs of the
blank sample revealed an inhomogeneous surface with an
average roughness (Ra) of 30.39 nm (Fig. 7(a), (b). Samples A
and B, which were not pre-activated and deposited with oxygen
plasma, produced inhomogeneous films with Ra values of
46.98 and 26.50 nm, respectively, (Fig. 7(c)-(f) and their films
contained both large and small particles (Fig. 8).

Figure 9(a), (b) represents the blank sample after pre-
activation with oxygen plasma, which caused a decrease in the
surface roughness (Ra values of 26.55 nm) and an improve-
ment in the adhesion between the substrate and the deposited
thin film.

Sample C, which was pre-activated and deposited with
oxygen plasma at a power of 100 w, produced a surface with
high roughness (Ra values of 58.67 nm), and the size of its
particles was measured as shown in Fig. 10. The sample D,
which was pre-activated and deposited with oxygen plasma at
power 200 w produced a homogenous surface texture (Fig. 9e,
f) with Ra values of 35.36 nm and the formation of regular,
orderly clusters as shown in Fig. 11.

As a result, depending on the deposition conditions, the
composition and morphological structure of the deposited films
alter and affect the gas barrier performance (Ref 36), also
pointed out the role of the high power of 200 W in decreasing
the roughness of the coated sample to (rms values of 26.50 nm)
better than the power of 100 W, which raises the roughness to
(rms values of 46.98) for the deposited sample without pre-
activation with oxygen plasma. In addition, it decreases the
roughness of the deposited sample after activation with oxygen
plasma from Ra values of 58.67 to 35.36 for sample C at power
100 and sample D at power 200, respectively, as shown in
Table 3.

For the pre-activated samples with oxygen plasma, AFM
examination revealed that the surface was uniformly covered in
SiO2-like layers and that it is distinguished by good adaptation
to the underlying substrate, especially for coupons that are
deposited under a power of 200 W as shown in Fig. 9. These
results revealed the role of pre-activation or modification by
oxygen plasma before deposition, as the pre-treatment step
strongly decreases surface roughness to (rms values 26.55 nm)

Fig. 6 Contact angles for the blank sample and the deposited
samples without pre-activation with oxygen plasma (A and B) and
samples with pre-activation with oxygen plasma (C and D)

Table 3 Physical characteristics of samples

Sample DE
Rough,
Rms, nm

Ave Rough,
Ra, nm

Contact angle,
h, deg

Coating
thickness, nm

protective
efficiency %

Blank (bare substrate) 11.52 35.79 30,39 72 … …
Pre-activated coupon with oxygen plasma

before deposition
… 34.37 26.55 … … …

Coupons without pre-activation and deposited with oxygen plasma
A 5.22 58,14 46,98 75 … 55.29%
B 4.46 33.59 26.50 83 939.53 92.93
Coupons with pre-activation and deposited with oxygen plasma
C 4.64 75,60 58,67 79 … 78.72
D 3.25 47,59 35,36 105 955.27 93.38
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Fig. 7 Inhomogeneous surface of the blank sample (a and b) and samples without pre-activation with oxygen plasma, A (c and d) and B (e
and f)

Fig. 8 Sample B showed the presence of different sizes of particles ranging between small and large particles
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and improves the adhesion between the substrate and the
deposited thin film as shown in Fig. 9(a) and (b).

Particle creation suggests that the plasma polymerization in
the gas phase was the preferred plasma polymerization at the

surface of the growing film when using high power and treating
the surface. The surface electrostatic charge may attract the big
particles, which could then be integrated into the film (Ref 8,
37).

Fig. 9 The blank sample after pre-activated with oxygen plasma (a and b) and samples with pre-activation and deposited with oxygen plasma,
C (c and d) and D (e and f)

Fig. 10 Sample C showed the presence of different sizes of particles
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The SiO2 layer’s resistance to tarnishing was greatly
improved by the PECVD deposition of the SiO2, as evidenced
by optical observation and quantitative colorimetric studies.
Tarnishing susceptibility was assessed by estimating the
average of (DE*) after accelerated aging of the blank and
coated samples. The tarnishing test was performed by exposing
the samples to a saturated sulfide atmosphere with a simple
corrosion test performed at 90% relative humidity. The samples
were placed in desiccators with 0.5 g/l sodium sulfide solution
and a saturated potassium sulfate solution to increase the
relative humidity to 97.3% for 24 h [38]. According to color
change measurements (DE*) for the reference samples and the
all different parameters of the deposited samples Fig. 12 and
Table 4 showed that: A>B>C>D.

The result of color change measurement of the coated
samples revealed that samples D, C and B gave the best results
as they displayed the least average of DE 1.65, 3,97 and 6.22,
respectively, whereas sample A displayed the highest average
of DE 10.21. These results emphasize the role of pretreatment
with oxygen plasma and the high power of the deposited film to
protect the silver-copper alloys.

3.5 EIS Measurments

The corrosion protection of the deposited thin film coating
on the metal substrate in 0.1 M NaCl solution was investigated
using electrochemical impedance spectroscopy (EIS). By
analyzing the extracted results, they provided information
about the interactions that occur at the interface between the
metal surface and the electrolyte solution. The increase in the
amount of electrolyte that penetrates the coating indicates weak
corrosion protection. Figure 13 shows the classical model used
to simulate the coating/substrate systems (Ref 39). In order to
explain the influence of the different plasma parameters on the
protective properties of SiOx thin films, the experimental data
are fitted by considering a simple equivalent circuit, as shown
in Fig. 13 and Table 5 which illustrate constituents of the
equivalent circuit. The parameter used to estimate the protec-
tion efficiency s (%) for different films is calculated from the
following equation: s = 100 * (Rt � Rt,0)/Rt (Ref 40).

The shown equivalent circuit illustrates constituents of the
equivalent circuit as a result of the various deposition

Fig. 11 Sample D showed the presence of the organized particles in the deposited film

Fig. 12 Showed the results of color change measurements (DE*)
for the blank sample and the all different parameters of the deposited
samples

Table 4 Shows DE of the reference samples and Samples
after aging

Sample

Reference sample Sample after aging

DEL* a* b* L* a* b*

A 38.24 0.09 1.27 45.83 3.89 20.90 10.21
36.74 3.59 1.97 45.83 1.50 10.45

B 49.08 0.21 4.01 43.56 0.70 5.14 6.22
33.90 6.26 10.20 42.09 0.86 0.81

C 48.77 2.5 7.56 48.14 3.1 4.46 3.97
41.73 1.95 5.28 41.73 2.3 2.13

D 56.28 0.87 5.43 54.04 0.55 8.95 1.65
53.19 1.91 12.52 55.58 0.36 11.71
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parameters, which served as the foundation for the interpreta-
tion of the experimental EIS data.

As seen in Fig. 14 and Table 6, the Nyquist or bode plots of
each coating film in use are very similar to those of bare metal.
The size of the impedance spectra demonstrates a significant
improvement in the corrosion resistance of the metal surface.

By fitting the experimental data to a straightforward
equivalent circuit that fits the experimental data and consists
of either a one-time constant model, the impedance spectra of
the various Nyquist plots were analyzed. The increase in the
deposited thin film at 200 power and preactivated with oxygen
plasma may be due to the increase in the surface coverage by
the deposited molecules The above-mentioned results can be
explained in terms of the deposited layer on the silver-copper
alloy substrate producing a chemically protective barrier that
hinders the process of charge transfer and hence slows down
corrosion reactions and causes Rp value to rise. The increased
surface covering by the deposition molecules may be the cause
of the efficiency of the thin film that is being deposited at 200 w

and being preactivated with oxygen plasma. The deposited
layer on the silver-copper alloy substrate creates a chemically
protective barrier that impedes the process of charge transfer,
which slows corrosion processes and raises the Rp value. This
is how the results above may be explained. The corrosion rate
reduces with increased power and without preactivation as the
Nyquist plot’s diameter increases. Additionally, the electrical
double layer at the electrode/solution interface is reduced by the
species of the adsorbed and deposited layers.

According to the interpretation of the Bode plot as shown in
Fig. 14(b), coated samples show significantly better corrosion
resistance than bare substrates, which is demonstrated by higher
values of the low-frequency complex impedance (IZI), which
can be calculated from the plateau region on the Bode plot in
the frequency range of 0.001-0.01 Hz.

By using the Bode plot, it is possible to establish the
system’s equivalent electric circuit without having to go
through the laborious and time-consuming data-fitting pro-
cesses that are often required. High IZI values are indicative of

Fig. 13 Equivalent circuit and a classical model used to simulate the coating /substrate systems

Table 5 Illustrates the constituents of the Equivalent circuit

Symbol
Symbol

abbreviation Element

(Rp) Polarization resistance* of the corrosion process on the metal/alloy substrate

(Rs) Solution resistance** (electrolyte) corresponding to the resistance of the electrolyte

CPE Constant Phase Element (shows the inhomogeneous character of the system, frequently
considered as electrode roughness and related to the capacitance (Q)

… Parallel join connection

*Polarization Resistance (Rp): The corrosion rate of the metal substrate beneath the coating is described by the polarization resistance. For a metal in
the absence of a coating, the corrosion rate can be determined from the polarization resistance. The polarization resistance is inversely proportional to
the corrosion rate.
**Solution Resistance (Rs): The resistance of the electrolyte between the working electrode and reference electrode. For studies of organic coatings,
the electrolyte is very conductive, so Rs is usually very low and can be ignored (Ref 41).
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good protective efficiency of the coating; they measure the
extent of the electrolytic conduction channels at the metal/coat-
ing interface. When applied to clean, uncoated surfaces, IZI is
roughly equivalent to polarization resistance, which is corre-
lated with the rate of metal corrosion: the higher the IZI value,
the greater the corrosion resistance (Ref 42).

The arrangement of the efficiency of the different deposition
conditions is as follows: Coupons with pre-activation and
deposited with oxygen plasma at 200 w (sample D) > coupons
without pre-activation and deposited with oxygen plasma at
200w (sample B) > coupons with pre-activation and deposited
with oxygen plasma at 100 w > coupons without pre-activa-
tion and deposited with oxygen plasma at 100w > blank.
From the results that were presented to the samples with
different deposition conditions, it was found that the sample on
which no films were deposited is the lowest in resistance and
recorded a lower polarization resistance value (Rp = 5.32 kX)
if compared to the rest of the other samples, while the sample A
with a polarization resistance (Rp = 11.9 kX) and has a
protection efficiency about 55.29%, then the sample C with a
polarization resistance (Rp = 25.0 kX) and has a protection
efficiency about 78.72%, then the sample B with a polarization
resistance (Rp = 75.3 kX) and has a protection efficiency about
92.93%, while the sample D achieved the best protective
efficiency of 93.38% with a polarization resistance (Rp = 80.4

kX) and has a protection efficiency about 93.38%. Accordigly,
these results showed the role of oxygen in the pre- treatment as
well as the role of selected aaplied power. Rp increases by four
orders of magnitude if the substrate is previously treated in an
O2 plasma (Ref 43). This demonstrates that the coating and
substrate are interfacially bonded. The findings also show that
the oxygen plasma treatment improves the adhesion of the
substrate to the coating layer.

The increase in the protective efficiency of the PECVD-
deposited films is related to the progressive growth of their
inorganic nature, i.e., to the increase in the number of SiOx

groups, as shown by comparing the electrochemical character-
ization of the coating results with the FTIR data. In light of this,
it can be said that input power, in addition to oxygen plasma
pretreatment, influences the PECVD film’s characteristics.
There is significant improvement in adhesion by increasing
the input power during deposition. Furthermore, this causes the
precursor molecule to fragment more frequently (Ref 33).
Therefore, increasing the input power lowers the concentration
of SiOH as well as the concentration of the other organic
groups (Ref 34). Low-supplied power prevents the precursor
from being sufficiently ionized and fragmented, and optimum-
supplied power results in excessive fragmentation (Ref 44).

Fig. 14 Nyquist plots (a) and Bode plots (b) of EIS measured in 0.1 M NaCl solution of metal plasma-coated films compared to the bare metal

Table 6 Polarization resistance and the efficiency of deposition films at different conditions

Samples Rs* X

CPE

Rp kX chi- square values (IE)% hY0, lMh0 n1

Blank 27.2 414 0.72 5.32 0.29815 … …
A 5.77 2.12 0.849 11.9 0.0214 55.29 0.5529
B 37.0 381 0.545 75.3 0.12034 92.93 0.9293
C 48.8 248 0.428 25.0 0.61333 78.72 0.7872
D 32.2 220 0.575 80.4 0.019268 93.38 0.9338
Rs: Solution resistance (electrolyte) (X), CPE: Constant Phase Element, Y0: is a proportional factor (lMho), n1 is the phase change values obtained
from the fitting, Rp: Polarization resistance of the corrosion process on the alloy substrate (X), IE: Efficiency %.
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4. Conclusion

The following conclusions can be drawn:

• The gaseous precursor partially dissociates in the presence
of plasma, the radicals adhere to the surface of metal and/
or alloy subjected to plasma, and build amorphous SiOx

layers that are highly effective at preventing corrosion.
The concentrations of these components in the deposited
film varied considerably depending on the experimental
conditions.

• In this work, depositing the siloxane onto silver, pre-trea-
ted in plasma according to the variables outlined in the
methodology as variations in the plasma process parame-
ters have a significant impact on the corrosion protection
capabilities of the SiOx thin films that are formed on silver
copper alloy substrates.

• The input power has an impact on the characteristics of
the PECVD film in addition to oxygen plasma pretreat-
ment. An increase in the discharge input power results in
the formation of more inorganic films in the SiOx film’s
adhesion, an increase in the degree of surface contamina-
tion, and a noticeable improvement in the network cross-
linking. It also causes a marked increase in the protective
effect of the coatings.

• As FTIR and SEM proved, increasing the discharge input
power variable during deposition reduced the carbon con-
tent of the film and increased its inorganic nature.

• The fabricated coats improved protective properties, as as-
sessed by EIS and by tarnishing test of the coated silver
by sulfur dioxide. From the EIS results, it was found that
the deposited film improved the protective efficiencies
from 55.29 to 92.93%, respectively. The performance is
enhanced after the oxygen plasma pretreatment step, and
the input power is increased compared to untreated sam-
ples.

• The SiOx film’s ability to act as a barrier against the
aggressive environment as well as its high conformability
to the surface, even when it is already covered in a thin
layer of corrosion products, can be linked to the increase
in the impedance modulus’ (|Z|) value.

• The SiOx film evens out the patina’s voids, preventing
corrosive species from penetrating through the corrosion
layer to the metal’s surface.

• Another important consideration for meeting the demands
of curators working on the conservation of prehistoric sil-
ver artifacts with very intricate embellishments is the high
degree of tolerance to any surface roughness.
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