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1. Introduction
Al 2024-T3, a heterogeneous Al–Cu alloy containing 

4.5% of Cu1, is a high strength alloy widely employed 
in aerospace industry2. The strength of this material is a 
consequence of precipitates formed by addition of copper 
but this incorporation also turns the alloy susceptive to 
galvanic corrosion1, particularly when in contact with 
chloride-containing2 and oxygen rich environments. 
Therefore, improvements on the corrosion resistance of 
this material are mandatory to enhance its performance in 
practical applications3. Barrier layers grown on metallic 
surface are recognized as a way to avoid interactions of the 
corrosive medium and surface species and then the oxidative 
process. Films deposited from the activation of precursors 

by glow discharges (PECVD) appears as in interesting 
alternative4 since their physical and chemical properties 
can be tailored by the plasma excitation parameters6. The 
deposition process is free of toxic solvents and chromates5,6, 
dry, clean, fast, relatively inexpensive and easy to perform. 
Furthermore, it provides uniform, homogeneous and 
pinhole-free coatings, very convenient characteristics as 
one considers barrier properties.

Organosilicon to oxide films can be deposited by 
PECVD from hexamethyldisiloxane, HMDSO5,7-9. The 
deposition kinetics is based on the HMDSO fragmentation 
and multiple step reactions in the plasma phase, providing 
precursors for film formation7. When O2 is added to the 
vapor of HMDSO (HMDSO/O2), organic constituents are 
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AA 2024 aluminum alloy is widely employed in aeronautic and automobilist industries. Its 
hardness and low density are attractive properties for such industrial areas. However, since it contains 
copper, it undergoes severe corrosion in aggressive media as saline or low Earth orbit environments. 
In this work, it was investigated the properties of films deposited by PECVD on AA 2024 aluminum 
alloy as well as the corrosion resistance of the film/substrate systems under different corrosive 
atmospheres. Films were prepared in a plasma atmosphere composed of 50% of oxygen and 50% of 
hexamethyldisiloxane resulting in a total gas pressure of 4.0 Pa. Plasma ignition was promoted by the 
application of radiofrequency signal (13.56 MHz) to the sample holder while grounding the topmost 
electrode. The plasma excitation power, P, was changed from 10 to 80 W in the six different set of 
experiments. Film thickness, measured by profilometer, increases by 5 times as P was elevated from 
10 to 80 W. As demonstrated by the infrared spectra of the samples, films are essentially organosilicons 
with preservation of functional groups of the precursor molecule and with creation of different ones. 
The oxide proportion and the structure crosslinking degree are affected by the plasma excitation power. 
According to the results obtained by sessile drop technique, hydrophilic to moderately hydrophobic 
films are produced with changing P from 10 to 80 W. The corrosion resistance, evaluated by salt 
spray and electrochemical impedance spectroscopy, EIS, experiments, in general increases after film 
deposition. It is demonstrated that film deposition improves, in up to 36 times, the resistance of the 
alloy to salt spray attack. It is also shown an improvement of about 240 times in the alloy resistance 
under NaCl solution by the EIS data. Micrographs acquired by Scanning Electron Microscopy after the 
corrosion tests furnish further information on the importance of the layer physical stability on its barrier 
properties. Furthermore, films highly protect the alloy against the oxygen attack. Interpretations are 
proposed based on the modification of the plasma kinetics with P, altering film structure, composition 
and properties.
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scavenged from the films, increasing the inorganic character 
(SiO2-like)5,10 of the structure. This change improves the 
film adhesion to aluminum substrates6 and when associated 
with an increase in the plasma excitation power, produces 
relatively more cross-linked11 and then denser structures, 
interesting features as one considers a barrier layer. The 
application of plasma films as protective layers on metals12,13 
has already been reported, especially those prepared from 
HDMSO. It has been demonstrated that such films present 
a relatively higher performance because of the affinity 
of Si towards various metals, mainly aluminum alloys14. 
Furthermore, besides being resistant to chemical attacks, 
organosilicon or silica-like plasma deposited films can have 
their physical properties adjusted by controlling the plasma 
excitation parameters.

In this work, it was investigated the effect of the plasma 
excitation power on the chemical composition, molecular 
structure, water wettability of films deposited from HMDSO 
and O2 mixtures on 2024 aluminum alloy. The performance 
of the film-substrate under saline environments and oxygen 
rich atmosphere was also accessed.

2. Experimental
25 x 25 x 9 mm3 mirror finish polished AA 2024 T3 

plates were cleaned in cycles of 600 s in ultrasonic baths 
using a detergent solution for aluminum, distilled water and 
isopropyl alcohol. Afterwards, the samples were dried in a 
hot air flow and placed on the lower electrode of the plasma 
reactor, Figure 1, which was fully described elsewhere12. 
The system was evacuated down to 2.0 Pa and argon was 
admitted until the pressure to reach 15 Pa. The plasma, 
maintained for 600 s, was generated by the application 
of radiofrequency, RF, power (13.56 MHz, 70 W) to 
the sample holder (lower electrode) to sputter clear the 
substrate surfaces. The deposition process was subsequently 
conducted for 3600 s in radiofrequency plasmas of 50% of 
O2 and 50% of HDMSO at a fixed pressure of 4.0 Pa. The 
plasma excitation power was varied from 10 to 80 W.

The chemical structure of the films was evaluated by 
infrared reflectance absorbance spectroscopy (IRRAS) using 

a Jasco FTIR 410 system. The presented spectra correspond 
to the average of 128 scannings collected with a resolution 
of 4 cm−1. The thicknesses of the films were determined 
with a surface profilemeter (Veeco, Dektak 150). To perform 
the measurements, the films were deposited on a glass 
slide containing a Kapton tape mask (5413, 3M) to protect 
half of its surface from deposition. The height of the step, 
measured with the aid of the profilemeter, corresponds to 
the film thickness. For each sample, thickness was measured 
for at least 10 times in different regions of the step. The 
wettability of the films was analyzed using 2 μL deionized 
water droplets in a goniometer (Ramé-Hart 100 and RHI 
2001 image program). Three readings were acquired in 
different positions of the surface.

The resistance of the films to oxidation was derived 
from the etching rate in reactive oxygen plasmas. Samples 
prepared on glass plates were partially masked by another 
glass plate and submitted to the corrosion RF plasma 
(13.56 MHz, 50 W, 2.0 Pa) for 1800 s. The plasma attack 
promoted a step between the unprotected and masked 
regions. The ratio between the step height (thickness of the 
etched layer) and the exposure time to the plasma, furnishes 
the etching rate. In this case, thickness measurements were 
performed 10 times in each sample.

The EIS tests were conducted in a 3.5 wt.% NaCl 
solution, using a cell with three electrodes: the working 
electrode (sample), reference electrode (saturated calomel 
electrode) and the counter electrode (platinum). The applied 
signal, 10 mV in amplitude, was varied in frequency from 
10–2 to 105 Hz, using a potentiostat (PAR Model 273A) 
connected to a lock-in (PAR Model 5210), and a software 
for data acquisition (PAR Electrochemistry Power Suite).

The salt spray tests were carried out in a chamber 
(Corrotest CA-680, Druckman) in accordance with ASTM 
B117-07a.

Micrographs of the samples were obtained prior and 
after the impedance tests, in a scanning electron microscope 
(SEM) (XL30 – Philips) using the backscattered electron 
detector and beam energies of 15.0 kV and 20.0 kV. The 
semi-quantitative elemental composition of the films 

Figure 1. Experimental setup used for film deposition and substrate cleaning by sputtering.
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was evaluated by energy dispersive spectroscopy system 
(XL40-Edax), coupled to the SEM. The regions most 
affected by the impedance tests were selected for the 
inspections.

3. Results and Discussions
3.1. Thickness

Figure 2 shows the thickness, h, of the films as a function 
of P. In general, the thickness increases but at two different 
growing rates depending on the P range. In both cases, 
growth occurs almost linearly with power.

According to these results deposition rate increases 
from 4.8 to 42.6 nm.min–1 in the P range investigated here. 
Similar results were obtained in a previous work15 using 
a higher pressure (20 Pa) but with no oxygen addition in 
the gas mixture. The films deposited with the discharge 
power exceeding 50 W kept only a few hours adhered to 
the substrates. However, it is important to emphasize that 
films as thick as 2.0 µm were obtained with good physical 
stability.

The thickness trend can be explained by the influence 
of the plasma excitation power on the intrinsic discharge 
parameters. As P is augmented, the amplitude of the applied 
electrical field enhances, increasing the force acting on 
charged species16. As one considers that the same pressure 
conditions were maintained in all the experiments, the mean 
energy of the plasma species thus increases, turning the 
activation of neutrals more effective. Amongst others, the 
amount of the organosilicon molecule fragments available 
in the plasma grows, enhancing the availability of film 
precursors. Deposition rate increases consequently.

Furthermore, with increasing P, there is rise in the 
self-bias potential, Vb. It is known that the self-bias is 
directly proportional to P1/2 and inversely proportional to 
p(1/2)17, where p is the plasma pressure. The negative bias 
generated in the driven electrode attracts positive ions from 
the glow, promoting ion bombardment of the samples. With 
increasing Vb, the energy and dose of ions impinging on 
the growing structure increase, creating extra active sites. 
Defects (vacancies, ad atoms and clusters) production upon 
ion bombardment are recognized as responsible for the 
increment in the concentration of nucleation points18 where 
fragments can deposit, thus enhancing deposition rate.

3.2. Molecular structure
Figure 3 shows the infrared spectra of films deposited 

using two different oxygen proportions in the plasma feed: 
0 and 50%. The wavenumber of the main absorption bands 
were collected and identified in Table 1, according to other 
relevant studies10,11,19-25. The spectra revealed the presence 
of asymmetric (2950 cm–1) and symmetric (2900 cm–1) C-H 
stretching vibrations. Methylsilil groups were also identified 
by the bands lying at 1408 cm–1 (asymmetric deformation 
of CH3 in (Si(CH3)x), around 1200 cm–1 (symmetric 
deformation of CH3 in Si(CH3)x) and 800-850 cm–1 
(stretching and rotation of CH3 in Si(CH3)x). The absorptions 
around 1080-1020 cm–1 revealed the presence of Si-O-Si 
groups, characteristic of the original organosilicon 
compound ((CH3)3-Si-O-Si-(CH3)3). It was also detected 

Figure 2. Thickness of the films as a function of power for 
discharges composed of 50% of HMDSO and 50% of O2.

Figure 3. Infrared spectra of films deposited in plasmas with 0 
and 50% of oxygen. The ν, δ and ρ symbols mean stretching, 
deformation and rotation, respectively.

Table 1. Absorption bands detected in the infrared spectra of 
plasma-polymerized films from pure HMDSO or using equal 
proportions of HMDSO and O2 in the gas mixture.

Wavenumber (cm–1) Mode
3645 OH ν in free SiOH19

2960 C-H asymmetric ν in CH3
20

2900 C-H symmetric ν in CH3
10

2200 Si-H ν21

1710 C=O21

1408 CH3asymmetric δ in Si(CH3)x
22,24

1257 CH3symmetric δ in Si-(CH3)x
23-25

1080-1020 Si-O asymmetric ν in Si-O-Si24

1027 Si-O asymmetric ν in Si-O-Si and Si-O-C25

839 -CH3ρ in Si-(CH3)3
11

790-800 -CH3ν in Si-(CH3)2 and Si-O in ν Si-O-Si23
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the Si-H (2200 cm–1) functional that is not recognized in 
the original organic compound, suggesting its formation by 
multiple step reactions in the plasma phase.

In the spectrum of the film derived from HMDSO/O2 
plasma mixture it is possible to observe a broad absorption 
centered at 3645 cm–1 relative to O-H stretching mode in 
SiOH group19 as well as an absorption at 1710 cm–1 associated 
with the C=O stretching mode21. Both contributions were 
not detected in the spectrum of the film prepared from 
pure HMDSO since they are not present in the original 
organosilicon molecule, corroborating the proposal of 
multiple step reactions in the plasma phase. Finally, it should 
be pointed out the strong influence of oxygen on the oxide 
content of the film structure. There is evidence of silica 
enrichment as one compares the C-H/Si-O intensity ratio 
for the bands at 2960 and 1027 cm–1. In the first spectrum, 
this ratio is 1.78 while in the second it drops to 0.3.

The infrared spectra of the films deposited from 
HMDSO/O2 mixture using different excitation powers, 
depicted in Figure 4, reveal the same absorptions previously 
listed in Table 1. The prominent and sharp band in the 
spectra, characteristic of the methylsilil vibration, appears 
around 1260 cm–1. With increasing power from 10 to 80 W, 
the intensity of the band at 1080 cm–1 (Si-O-Si) growths 
with respect to that at 1030 cm–1, indicating variations in 
the SiOx stoichiometry, with x approaching two23. There is 
a rise of news bands lying at 1354 cm–1 (-CH2 scissors in 
Si(CH2)Si24,25) and 890 cm–1 (-CH3 rotation in Si(CH3)2)

10
, 

indicating further fragmentation of the starting organosilicon 
monomer with increasing P. Furthermore, bands at 3645 
cm–1 (OH stretching) assigned to silanol groups19 develop 
in the spectra as P is elevated.

Considering the evolution of the absorption band around 
1240 cm–1 it is possible to infer about the crosslinking degree 
of the chains26,27. This band can be decomposed in the mono-
substituted (M), di-substituted (D) and tri-substituted (T) 
SiO functional. The absorption at 1255 cm–1 is assigned to 
the M group, containing three methyls bonded to silicon, 
SiR3, corresponding to an end group of the chain. The 
contribution at 1265 cm–1 refers to the D structure; formed 
by two methyl functional bonded to the silicon network 
R2Si(-O-)2. Finally, the absorption at 1275 cm–1 is related 
to the T group consisting of a methyl and three oxygen 
atoms, RSi(-O-)3. The spectra of Figure 5 shows a clear 
increment in the contribution of the D and T functional with 
increasing P. The rise in the proportion of D functional, a 
propagation unit in the chain, indicates the formation of 
longer and branched chains, very similar to those found in 
the conventional polydimethylsiloxane (Figure 6) structure. 
On the other hand, the rise in the T functional band intensity 
reveals an oxygen enrichment and a consequent elevation 
in the crosslinking degree.

3.3. Contact angle
Figure 7 shows the contact angle, θ, of the films as a 

function of plasma excitation power. Films with different 
wettabilities were obtained depending on the P. For 
deposition using the lowest excitation power (10 W), the 
resulting film is hydrophilic with contact angles below 80°. 
However, for P ≥ 15 W, θ keeps roughly constant around 95°, 
thereby, characterizing the films as moderately hydrophobic.

Figure 4. Infrared spectra of films prepared with discharge powers 
ranging from 10 to 80 W. The symbols ν, δ, ρ and τ mean stretching, 
deformation, rotation and scissors, respectively.

Figure 5. Infrared spectra of the films deposited with powers 
ranging from 10 to 80 W in the region between 1300 and 1240 cm–1.

Figure 6. Polydimethylsiloxane structural formula.
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The low wettability of the films is related to the presence 
of methyl groups attached to the Si-O backbone22. Despite the 
presence of polar Si-O groups in the chains, nonpolar methyl 
groups shield the electrostatic attraction between the silica 
and water molecules. This further indicates the formation 
of an organosilicon structure in which silica groups are 
surrounded by methyl groups in a way very similar to that 
observed in conventional polydimethylsiloxane (95-113°)28. 
Finally, the changes detected in the molecular structure with 
increasing P, were not enough to promote significant changes 
on the wettability of the films.

3.4. Corrosion resistance
Figure 8 shows the pictures of the uncoated 2024 

aluminum alloy before (a) and after (b) the salt spray 
exposure. Figures 9 to 14 show the equivalent results for 
the samples containing the films prepared from HMDSO/O2 
plasmas with powers ranging from 10 to 80 W.

Figure 7. Contact angle of the films as a function of plasma 
excitation power.

Figure 8. (a) Surface of the untreated sample before the test and (b) after 145 h of exposure to salt spray.

Figure 9. (a) Surface of the sample containing the film deposited in plasmas of 10 W of power, before the test and (b) after 145 h of 
exposure to salt spray.



Mascagni et al.1454 Materials Research

Figure 10. (a) Surface of the sample containing the film deposited in plasmas of 15 W of power, before the test and (b) after 145 h of 
exposure to salt spray.

Figure 11. (a) Surface of the sample containing the film deposited in plasmas of 20 W of power, before the test and (b) after 145 h of 
exposure to salt spray.

Figure 12. (a) Surface of the sample containing the film deposited in plasmas of 30 W of power, before the test and (b) after 145 h of 
exposure to salt spray.
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The visual inspection of the uncoated sample that 
was exposed to the salt spray test reveals general surface 
corrosion after just 4 h of exposure. After 145 h, the surface 
degradation is severe (Figure 8). For the samples containing 
films deposited using P ≤ 30 W (Figure 9 to Figure 12) a 
minor protection is obtained since corrosion points appear 
as pits created by diffusion of oxidative species through the 
coating. However, for the sample prepared with P = 45 W 
(Figure 13) the pit concentration is substantially reduced, 
suggesting a great improvement in the barrier properties. For 
the system prepared in 50 W plasmas (Figure 14), corrosion 
at edges compromised the overall physical integrity of the 
coating. The pits, sparsely dispersed on the entire surface, 
appear again, indicating loss in the barrier properties.

Thus, the thickness increase (Figure 2) influences the 
corrosion performance in two opposite ways: it improves the 
barrier properties but also increases the chances of punctual 

detachment under saline atmosphere (or solution), since 
the internal tension rises with thickness16. Another relevant 
aspect is the rise in the silanol (SiOH) proportion with 
increasing P from 45 to 50 W (Figure 4). The incorporation 
of these groups creates points in the structure with high 
affinity towards water molecules/vapor, which then induces 
hydrolysis and eventually deteriorates the film barriers 
properties29.

The better performance of the film prepared in plasmas 
of 45 W, despite its lower thickness, is observed as one 
compares the images of Figures 13b and 14b: corrosion 
stopped very near the edges, but with excellent integrity of 
the center of the sample. Therefore, the film that associated 
the best physical integrity to the best barrier properties 
was that prepared in plasmas of 45 W since it enhanced in 
36 times the corrosion resistance of the alloy in salt spray 
environment.

Figure 13. (a) Surface of the sample containing the film deposited in plasmas of 45 W of power, before the test and (b) after 145 h of 
exposure to salt spray.

Figure 14. (a) Surface of the sample containing the film deposited in plasmas of 50 W of power, before the test and (b) after 145 h of 
exposure to salt spray.
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For the EIS results, the dependence of the impedance 
modulus, │Z│, on the applied frequency, allows to separate 
the response of the system into two different components: 
the capacitance and resistance of the protective layers. The 
evolution of these parameters during the corrosion process 
can be used to distinguish the corrosion protection efficiency 
of the different coatings. Figure 15 shows the curves of 
│Z│versus frequency for the films deposited from HMDSO/
O2 on the 2024 alloy.

In general, all the systems present higher impedance 
at the lowest frequency. With increasing the deposition 
power, it is observed an up shift of the curves, indicating 
improvements in the corrosion resistance (RT). At low 
frequencies (10–1 Hz), the │Z│ can be related to the 
total resistance (RT) defined as the sum of the electrolyte 
resistance, polarization resistance and pore resistance, 
reflecting the overall corrosion resistance. In order to 
quantify the differences of the coatings, the total resistance 
was determined and is depicted in Figure 16 as a function 
of P. The corresponding value for the bare Al 2024 alloy is 
represented as a dashed line in this graph.

The bare aluminum alloy itself presents a high total 
resistance (~104 Ω) compared to the bare carbon steel 
(~102 Ω)15. As the film is deposited, Rt in general grows but 
at different rates, depending on the power used for preparing 
the films. The fastest growth occurs with increasing P from 
10 to 20 W, with the establishment of a plateau (~ 7X106 Ω) 
for P≥ 30 W. These results show a strict correspondence 
with the thickness ones in which a sudden elevations was 
observed for the same P range. However, for moderate to 
high powers (> 20 W) thickness enhancement does not affect 
any longer the barrier properties. This result is attributed 
to a balance between the improvement in the barrier 
properties and the deterioration in the physical stability 
of the films activated by the elevation in h. Even though 
a branched and crosslinked structure with higher oxide 
contents had been obtained at higher powers, there was 
also increment in the proportion of silanol groups hindering 
further improvements. Interestingly, corrosion resistance 
increased 240 times as films deposited with moderated 
powers (30-50 W) were applied on the 2024 aluminum alloy.

The total capacitance, CT, of the systems, was calculated 
by the extrapolation of the │Z│ curve from frequencies 
between 101-103 Hz to 10–1 Hz30. Figure 17 shows the 
results as a function of P. The dashed line in this graph 
represents the total capacitance for the bare alloy. For the 
sample containing the film deposited at the lowest power 
(10 W) Ct was even higher than the observed in the bare 
alloy. Nevertheless, a steep decline in CT (about two orders 
of magnitude) is detected as power is increased from 
10 to 15 W. This behavior is consistent with a pronounced 
increase in thickness (~ 4 times) and impedance modulus 
(> 10 times) in the same range of power. However, no 
further changes in Ct are observed with increasing power 
from 15 to 45 W, although the total resistance and the film 
thickness had varied significantly for this power range. 
Finally, with increasing P beyond 45 W produces a new 
downward trend (~ 10 times) in CT, which cannot be 
explained only by changes in impedance and thickness of 
the films, which were very mild in this case. Indeed, the 
correspondence between the impedance and capacitance 
with thickness was observed only for the 10 to 15 W 

Figure 15. Impedance modulus versus frequency for the films 
deposited from HMDSO/O2 on the 2024 Al alloy using discharge 
powers ranging from 10 to 50 W.

Figure 16. Total resistance as a functions of the plasma deposition 
power for the films deposited from HMDSO/O2 on the 2024 alloy. 
Dashed line corresponds to the total resistance for the uncoated 
polished alloy.

Figure 17. Total capacitance as a function of P for films deposited 
from HMDSO/O2 with plasma excitation powers ranging from 10 
to 50 W. Dashed line corresponds to the uncoated polished alloy.
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power ranges. The threshold for which thickness trends 
cannot explain the CT behavior any longer, is ascribed to 
the compositional and structural changes, since it was for 
P > 30 W, that major structural and compositional changes 
were detected in the films. Therefore, considering the Ct 
results, the film that promoted the best protection to the 
alloy, decreasing around 390 times the total capacitance, 
was that prepared with 50 W.

In order to evaluate the effect of the corrosion on the 
surface of the samples, scanning electron micrographs 
were generated after the EIS tests. Figure 18 shows the 
micrograph of the polished bare alloy as well as the energy 
dispersive spectra generated from the points marked in 

the micrograph. In the Table 2 are the results of the semi-
quantitative analysis.

In the micrograph it is possible to identify an uniform 
matrix (region C) rich in Al, with Cu as an alloying element, 
in good agreement with the results reported in literature 
for the 2024 aluminum alloy31. In this material, small dark 
(region A) and white (region B) incrustations are immersed. 
While the first (region A) is rich in Si and O, but otherwise 
poor in Al, the second (region B) presents Mn and Fe in its 
constitution31.

Figures 19 to 24 show the aspect of the plasma coated 
surfaces after the EIS experiments. The surface is composed 
by two different granular structures. The first one is the same 

Figure 18. (a) Scanning electron micrograph of the uncoated aluminum. A (b), B (c) and C (d) are energy dispersive spectra taken from 
regions A, B and C marked in the micrograph.

Table 2. Results for the semi-quantitative analysis of 2024 aluminum alloy.

Semi-quantitative region A Semi-quantitative region B Semi-quantitative region C

Element Weight (%) Atomic (%) Element Weight (%) Atomic (%) Element Weight (%) Atomic (%)
C K 5.97 9.73 C K 6.10 16.85 C K 5.23 11.18
O K 47.09 57.57 Cu L 32.22 16.82 O K 1.65 2.65
Al K 0.55 0.40 Al K 46.65 57.36 Cu K 4.94 2.00
Si K 46.38 32.30 Mn K 3.88 2.34 Mg K 1.97 2.08

- - - Fe K 11.15 6.63 Al K 86.22 82.10
Total 100.00 100.00 Total Total 100.00 Total 100.00 100.00
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Figure 19. Scanning electron micrograph of the sample containing the film deposited with discharge power of 10 W with amplification of 
(a) 250 times and (b) 1500 times. A, B, C and D are energy dispersive spectra of the regions A, B, C and D of the micrograph shown in (b).
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Figure 20. Scanning electron micrograph of the sample containing the film deposited with discharge power of 15 W with amplification of 
(a) 250 times and (b) 1500 times. A, B, C and D are energy dispersive spectra of the regions A, B, C and D of the micrograph shown in (b).
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Figure 21. Scanning electron micrograph of the sample containing the film deposited with discharge power of 20 W with amplification of 
(a) 250 times and (b) 1500 times. A, B, C and D are energy dispersive spectra of the regions A, B, C and D of the micrograph shown in (b).
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Figure 22. Scanning electron micrograph of the sample containing the film deposited with discharge power of 30 W with amplification of 
(a) 250 times and (b) 1500 times. A, B, C and D are energy dispersive spectra of the regions A, B, C and D of the micrograph shown in (b).
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Figure 23. Scanning electron micrograph of the sample containing the film deposited with discharge power of 45 W with amplification of 
(a) 250 times and (b) 1500 times. A, B, C and D are energy dispersive spectra of the regions A, B, C and D of the micrograph shown in (b).
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Figure 24. Scanning electron micrograph of the sample containing the film deposited with discharge power of 50 W with amplification of 
(a) 250 times and (b) 1500 times. A, B, C and D are energy dispersive spectra of the regions A, B, C and D of the micrograph shown in (b).
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irregular particle observed in the bare material, originating 
from the own alloy constitution (Table 2). The second one is 
a regular spherical structure smaller than the first. In general, 
the concentration of this spherical white spots (region C of 
Figure 23), composed of silicon, oxygen and carbon and 
normally observed in organosilicon films deposited from 
plasmas of HMDSO19, increases after film deposition. This 
kind of structure, formed by polymerization in the plasma 
phase, is demonstrated to strongly depend on the oxygen 
proportion in the plasma phase and on the deposition time32. 
In the present work, the concentration of the polymeric 
spots increases with power up to 15 W, but it decreases 
afterwards. The scratches, rising from the bare polished 
alloy, are still identified after film deposition, mainly in 
the samples containing the thinner films (P ≤ 30 W). These 
regions, represented by the D area of the Figure 24b, have 
a lower Si concentration.

Craters, originated from the corrosion procedure, 
appear in the sample treated with the lowest plasma power 
(Figure 19b). Around such defects, a white shadow is always 
present, as also illustrated in the C region of Figure 20b. 
This region shows a low Si concentration and then reflects 
points where film was partially removed by reaction with 
the saline solution. These two corrosion induced defects 
were detected mainly in the samples with the thinnest films 

Figure 25. Thickness of the films before and after etching in reactive 
oxygen plasma as a function of the depositing plasma power.

(10 and 15 W). For the others, there was preservation of the 
layer even after interaction with the solution.

Figure 25 shows the thickness of the layers prior and 
after exposure to ablation in reactive oxygen plasmas. 
Interestingly, the thickness of the layer removed by 
the plasma ablation was not detected by perfilometry. 
Considering that resolution of the profilemeter employed 
here is better than 100 Å, little material was removed from 
the surface despite the high affinity of oxygen towards the 
organic part of the structure. Therefore, the etching rate of 
the films was considered null in all the cases. This result, 
also observed in a previous study15, is ascribed to the 
oxidation of the very first atomic layers of the films with 
intense loss of methyl groups, resulting in an oxide top 
layer. This one, very resistant to the atomic oxygen attack, 
protects the underneath organosilicon bulk from further 
ablation. This result becomes especially interesting as one 
considers the applicability of the 2024 aluminum alloy in 
aerospace devices.

4. Conclusions
In this work, hydrophobic, physically stable and 

relatively thick a-C:H:Si:O films were deposited from 
HMDSO/O2 plasma mixture on the 2024 aluminum alloy. 
The structure crosslinking degree and the oxide proportion 
were observed too dependent on the plasma excitation 
power. Under salt spray atmosphere, films prepared with 
moderate excitation powers (45 W) increased in up to 36 
times the corrosion resistance of the alloy whereas in the 
electrochemical tests the improvement was more than two 
orders of magnitude (30-50 W). These improvements are 
entirely ascribed to the organosilicon coating once the 
native oxide layer was removed before film deposition. 
Interestingly, the etching rate upon reactive oxygen attack 
was null, independently of the employed deposition 
condition, demonstrating the potentiality of such coatings 
for protection of aerospace devices.
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