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Cavitation erosion and corrosion resistance of hydrophobic sol-gel coatings 
on aluminium alloy 

Manasa Hegde a,b, Joseph Mohan c, Muhammad Qasim Mushtaq Warraich c, Yvonne Kavanagh b, 
Brendan Duffy c, Edmond F. Tobin a,b,* 

a Department of Aerospace and Mechanical Engineering, South East Technological University, Carlow, Ireland 
b The Center for Research and Enterprise in Engineering (engCORE), South East Technological University, Carlow, Ireland 
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Ireland   
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A B S T R A C T   

Cavitation erosion and erosion-corrosion are the popular failure modes of hydronautics components namely 
propellers, valves, turbines etc which occurs due to mechanical destructions and electrochemical corrosion. 
Erosion corrosion is caused due to surge in the number of solid particles affecting the surfaces whereas cavitation 
erosion is caused due to steady collapse of cavities or bubbles. Aluminium alloys are widely used in marine 
renewable industries owing to its high strength, light weight and good corrosion resistance. Despite that, cavi-
tation and erosion-corrosion are the limiting factors for these alloys. The aim of the present work is to produce a 
coating system capable of replacing chromate-conversion coatings on aluminium alloy by combining an anodised 
layer with additional deposition of superhydrophobic sol-gel coatings. Fundamental characteristics that affect 
the coating’s corrosion and cavitation erosion namely adhesion and thickness was evaluated. Hardness and 
elastic modulus of the coatings was evaluated using a Nanoscratch mechanical tester. Electrochemical behaviour 
of the coatings was assessed using Potentiodynamic scanning (PDS) and electrochemical impedance spectroscopy 
(EIS). Prolonged performance was studied using neutral salt spray test (NSS). Cavitation erosion resistance of the 
coatings was investigated in laboratory using a standard ultrasonic test apparatus according to ASTM G32-16. 
Erosion rate of the coatings was evaluated based on cumulative mass loss v/s testing time. SEM/EDX was used to 
evaluate the surface damage caused by erosion-corrosion and cavitation erosion. The analysis was done aiming to 
decide if the developed coatings was a better alternative to protect the metals from corrosion and cavitation 
erosion.   

1. Introduction 

Cavitation erosion is one of the prominent failure modes of hydro-
nautics components namely propellers, valves, turbines etc which occurs 
due to mechanical destructions and electrochemical corrosion [1]. 
Cavitation erosion is a complex phenomenon dependent on both liquid 
and material properties [2], which involves the rapid formation and 
collapse of bubbles in a liquid due to pressure fluctuations. The essential 
liquid properties such as vapor pressure, bulk modulus, density, surface 
tension and material properties such as yield strength, tensile strength, 
hardness and strain influences the cavitation erosion resistance [3,4]. 
The bubbles collapse near the surface of the metal which results in the 
generation of shock waves and microjets producing pits and mass 

removal of the surface material, greatly affecting their efficiency and 
reducing their operational life [5]. Generally, maritime industries 
including marine vessels, ship propellers and control valves are highly 
affected by cavitation erosion which may further increase the material 
loss by the breakdown of surface passive layer [6–10]. High strength 
materials namely alloy of steel, cobalt-based superalloys and nickel 
degrade due to the aggressive nature of cavitation erosion [11–13]. High 
Entropy alloys (HEAs) with exceptional mechanical and corrosion 
resistance properties have displayed promising cavitation erosion 
resistance in recent times [14,15]. Despite that, they possess significant 
challenges for industrial applications due to higher manufacturing cost 
and homogenization [16–18]. Besides cavitation erosion, corrosion of 
aluminium and its alloys also causes huge financial losses in various 
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industries and have adverse effects not merely on economy but also on 
human health and the environment [19,20]. Hence it is very important 
to protect the materials from corrosion and methods to prevent corro-
sion depends on the type of corrosion. Galvanic corrosion can be pro-
tected either by cathodic protection in which the anode acts as a 
sacrificial metal to protect a metal which becomes its cathode [21] or by 
using direct current from an external power source, providing sufficient 
current for protecting the metal [22–24]. Pitting and crevice corrosion 
depends on environmental parameters such as chloride concentration, 
temperature, and pH [25]. Aluminium and its alloys are widely used in 
various industries ranging from automobile to aerospace because of its 
properties such as lightweight, high strength, corrosion resistance etc 
[26]. For example, AA2024-T3 is the preferred material in aerospace 
industries due to its low density and productive mechanical properties 
[27]. In addition to this, AA2024-T3 are bound to form a stable oxide 
layer which protects the metal from corrosion [28]. Despite that, due to 
irreversible redox reactions (corrosive species attacking the metal) these 
metal alloys undergo corrosion when exposed to highly corrosive envi-
ronment [29]. Hence, it is necessary to pre-treat the aluminium. Over 
the past few years, the metal alloys are protected from the damage 
caused by cavitation erosion using hard material coatings which are 
prepared from surface modifications [30] namely laser surface alloyed 
coatings [31] diamond-like carbon films [32], thermal spraying, anodic 
oxidation etc [33,34]. Regardless, it was discovered that coatings pro-
duced from thermal spraying and laser cladding was brittle and irregular 
[34,35] whereas, anodic oxide and diamond like carbon coatings had 
lower hardness and thickness which was difficult to carry a contact load 
[36,37]. Therefore, it is essential to prepare a coating which increases 
the surface performance and resist corrosion and cavitation erosion for 
aluminium alloys. Among, various other coating systems, sol-gel coat-
ings have considered to be the best as it provides barrier for corrosive 
entities and ensures good adhesion of coatings to the metal substrate 
[38]. Variety of organic-inorganic hybrid sol-gel materials have been 
studied by the researchers for various applications [39]. These coatings 
integrates the properties of organic (flexibility, density etc) with inor-
ganic (scratch resistance, durability, corrosion resistance) components 
[40]. A multifaceted characterisation of GPTMS-TEOS coatings on 
AA2024 -T3 was performed previously. Coatings were deposited by 
means of dip and spray deposition technique and organic and water 
content were varied. Salt spray exposure testing (SST) for 168 h was 
used to test the samples. From the results, it was observed that spray 
coated samples performed well with the use of about 10% organic 
content and high-water content and dip-coated samples performed well 
with higher (67%) organic content and lower water content [41]. 
Cullen,M et al. [42] conducted experiments for a better understanding 
on the effect of the structure of a hybrid sol–gels prepared using two 
hybrid precursors, an organosilane, 3 trimethox-
ysilylpropylmethacrylate, and a zirconium complex prepared form the 
chelation of zirconium n-propoxide and methacrylic acid on the 
morphology and passive anticorrosion properties of coatings deposited 
on AA2024-T3 aluminium surfaces. The prepared coatings were iden-
tical and the structures of the hybrid sol–gel formulations were modified 
by altering the concentration of the transition metal complex. Clear 
growth in the nanoparticle size in each system as the transition metal 
concentration increased was analysed using DLS analyser. Materials 
containing a concentration of 20 and 30% of zirconium complex proved 
to be more corrosion resistant [43]. The hybrid sol-gel coatings syn-
thesized from 3- trimethoxysilylpropylmethacrylate (MAPTMS) and a 
zirconium complex of zirconium n propoxide (ZPO) and methacrylic 
acid (MAAH) towards anticorrosion potential in aerospace and auto-
mobile applications was studied previously [44]. Also, the coatings with 
the same precursors were altered by adding a small amount of 

cross-linker (HMDI) and their potential in corrosion, abrasion and 
cavitation erosion was studied [45,46]. In addition to this, super-
hydrophobic coatings are also regarded as one of the possible solution in 
protecting the metal alloys from corrosion and erosion as they have 
excellent water repellent and self-cleaning properties [47]. Thus, a small 
amount of PFOTES is added to the prepared coatings in the present work 
to increase the coatings hydrophobicity. The thickness of aluminium 
oxide layer can be increased through the process of anodisation. The 
process of anodisation is generally used in the industries to increase the 
corrosion resistance of the aluminium alloys [48]. Additionally, the 
authors [49–51] used nanoindentation technique for low ductility of 
Fe-based amorphous alloys to evaluate their mechanical properties. 
Therefore, in the present work, nanoindentation test was used to eval-
uate the hardness (H), Young’s modulus (E) and co-efficient of friction 
(CoF). Since, the wear resistance depends not only on the hardness but 
also on the ‘plasticity index’, the ratios of H/E was calculated which are 
important to predict the service life of a component or device. Hence, in 
the present work, the comparison between anodised and bare coated 
AA2024-T3 has been investigated. Though cavitation erosion resistance 
properties of hydrophobic sol-gel coatings on steel and AA5083 
aluminium alloy has been studied and reported [52,53], to the best of 
our knowledge, hardness, elastic modulus, corrosion and cavitation 
erosion on bare and anodised AA2024-T3 alloy has not yet been studied 
in detail. 

Therefore, in the present work sol-gel coatings from 3- trimethox-
ysilylpropylmethacrylate (MAPTMS) and a zirconium complex of zir-
conium n propoxide (ZPO) and methacrylic acid (MAAH) with an 
addition of 1% of PFOTES (Perfluorooctyltriethoxysilane) hydrolysed to 
25% and 50% on bare and anodised AA2024-T3 alloys were studied in 
detail. Uncoated bare and anodised AA2024-T3 was used as the control. 

2. Materials and methods 

2.1. Sol-gel synthesis 

The sol-gel coatings are synthesized by the generation of stable and 
identical sols derived by mixing two hybrid precursors namely: an 
organically modified silicon pre-cursor, MAPTMS (3-methacrylox-
ypropyltrimethoxysilane, Assay 99% in methanol, Sigma Aldrich Irl.) 
and an organically modified zirconium complex ZPO (zirconium (IV) n- 
propoxide, Assay 70% in propanol, Sigma Aldrich Irl.). MAPTMS is pre- 
hydrolysed with nitric acid aqueous solution and stirred for a duration of 
45 min. Simultaneously, ZPO chelated by MAAH (methacrylic acid, 
C4H6O4, Assay >98%, Sigma Aldrich Irl) is mixed on a stirrer for a 
duration of 45 min. Finally, pre-hydrolysed MAPTMS and chelated ZPO 
are mixed for 5 min followed by a hydrolysis using deionised water to 
complete hydrolysis. The developed sols (80/20) were found to be 
transparent which indicates that the process of hydrolysis and conden-
sation were correctly performed. To this solution, 1 wt% of PFOTES 
solution which was pre-hydrolysed (25% and 50%) was added dropwise 
and stirred for 30 min. The final generated solution was filtered using 
0.45 μm and ready to coat. A flow chart of the process is shown in Fig. 1. 

Fig. 1. Flow chart detailing the process of Anodisation.  
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2.2. Substrate preparation 

AA2024-T3 aluminium alloy, of stated composition [54] was pur-
chased from Impact Irl.as sheets of 1 mm thickness. In this study, 
AA2024-T3 alloy is pre-treated in two different ways. 

Step1: Anodisation of AA2024-T3 
Step 2: Pre-treatment of bare AA2024-T3  
• Substrate was degreased with IPA solution.  
• Substrate was then immersed in Uniclean 100 series for 1min 

followed by immersion in DI water for 3 min (see Table 1). 

The sol-gel films on anodised and bare substrates were produced by a 
dip-coating technique at 100 mm/min with a holding time of 30s. Pre-
pared films was cured at 120 ◦C for 2hrs in a hot air oven. Thickness of 
the film was 2 μm. The different types of samples used in this work are 
shown in Table 2. 

3. Characterisation 

3.1. ATR-FTIR 

Fourier Transformed Infrared spectrometer with an Attenuated Total 
Reflectance component (ATR-FTIR, PerkinElmer Model no. 783, USA) 
was used to examine structural and functional groups of the prepared 
coating. ATR spectra were measured in a range of 4000–600 cm− 1. 

3.2. Contact angle measurement 

Wettability of the films was evaluated by measuring the contact 
angle (FTA surface energy analyzer) of a water droplet of 10 μl placed on 
the film surface using the contact angle meter equipped with a CCD 
camera at an ambient temperature. An average of five measurements 
were taken. Uncoated substrate was used as a control. 

3.3. Pencil hardness test 

The scratch resistance of the coatings was analysed by a pencil 
hardness tester (Elcometer 501) according to ASTM standard D3360-00. 
Pencils leads of different hardness grades (9B–9H) was used. Test was 
repeated at three different locations on the coatings for reliable mea-
surements. The hardest pencil lead that does not cause damage to the 
coated substrate is considered as the scratch-resistant coating. 

3.4. Electrochemical measurements 

For potentiodynamic (PDS) and Electrochemical Impedance spec-
troscopy (EIS) was recorded using a Solartron SI 1287/1255B system 
including a frequency analyser and a potentiostat. All scans for PDS were 
obtained in the region from − 0.5 to +1V v/s Eoc, with a scan rate of 10 
mV/s at room temperatures. Experiments were performed in 3.5% NaCl 
solution using conventional three-electrode cell with coated samples as 
working electrode, saturated Ag colomel electrode as reference elec-
trode and Pt electrode as counter electrode coupled with CorrWare 
software to analyse the Tafel graph. Electrochemical impedance test was 

performed in a frequency range from 1 × 106 to 1 × 10-1 Hz (10 points/ 
decade) with an applied polarization amplitude of 10 mV. Impedance 
fitting was performed through Zview software to analyse the results. 

3.5. Neutral salt spray test (NSS) 

NSS test was completed in a neutral salt spray test chamber, ac-
cording to the ASTM B117 standards for 500hrs. The substrates were 
subjected to a salt fog environment produced from 5 wt% NaCl solution 
at 35 ◦C (±1) in an enclosed cabinet. The sides and back of the coated 
panel were secured with an insulating tape. The images of the substrates 
were taken using a digital camera after every time interval. The images 
were assessed to determine their corrosion potential by determining the 
amount of damage caused by the end of 500hrs. 

3.6. Surface roughness 

The Surface roughness values of the samples before corrosion and 
cavitation erosion tests were measured by contact probe method (Surf-
com 130 A, Tokyo Seimitsu, Japan). The surface roughness of coated and 
uncoated samples was measured using the following parameters [55]: 
evaluation length of 4.0 mm, measurement speed of 0.6 mm/s and cut 
off value of 0.8 mm. The value of roughness was measured by taking 
average of three readings at different points on the plane of samples. 

3.7. Cavitation erosion 

Cavitation Erosion tests were completed using an ultrasonic vibra-
tory cavitation device according to ASTM G32 standard [56]. The test 
was performed by using the same parameters as described in our pre-
vious paper [45]. Aluminium samples were mounted on the bottom of a 
transparent beaker filled with 2L of distilled water. The coating 
cross-section and surface damage caused by the cavitation was observed 
using SEM. 

3.8. Nanomechanical indentation and co-efficient of friction tests 

The hardness, elastic modulus and coefficient of friction measure-
ments were conducted only on the bare and bare-coated samples using a 
NANOVEA CB500. The nanomechanical indentation tests were per-
formed with a Berkovich diamond indenter having a maximum applied 
load of 50 mN. Loading and unloading were applied at a rate of 100 mN/ 
min with a 10 s pause before unloading. The hardness and modulus of 
the bare and sol-gel coated substrates were measured and is reported as 
the average of 5 nanoindentation curves. 

Coefficients of friction (CoF) results were taken by this device using a 
conical indentor with 10-μm radius. A constant load of 10 nm was used 
to measure the CoF over a test length of 2 mm . 

4. Results and discussion 

4.1. ATR-FTIR 

The chemical composition of the sol-gel coatings deposited on bare 
and anodised aluminium substrate was investigated by the ATR-FTIR 

Table 1 
Chemicals and operating temperature of the anodisation process.  

Solution 
No. 

Type of 
solution 

Composition Operating 
temperature (◦C) 

Cycle time 
(min) 

1 Caustic etch 1 M NaOH 55–60 2 
2 Desmut 34 vol% 

HNO3 

Room 3 

3 Anodise 15 wt% 
H2SO4 

21–25 5–60 

4 Seal Water 100 5–20  

Table 2 
Material formulations with sample name.  

Substrate Bare AA2024-T3 Anodised AA2024- 
T3 

Coatings reference 
No coating Bare Anodised 
80/20 std 1 A 2 A 
80/20 + 1% PFOTES (25% hydrolysed) 1B 2B 
80/20 + 1% PFOTES (50% hydrolysed) 1C 2C  

M. Hegde et al.                                                                                                                                                                                                                                  
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spectroscopy. The spectra for all the coatings were obtained in the ATR 
mode within a spectral range of 650–4000 cm− 1. From, Fig. 2 it is 
observed that ATR-FTIR spectra for prepared coatings displayed similar 
chemical vibrations, as same chemicals and uniform preparation process 
was used, only difference being the addition of PFOTES. The band at 
3400 cm− 1 and 2840 cm− 1 shows the presence of Si–OH and Si–OCH3 
indicating the process of hydrolysis. Bands situated in the range 
800–1200 cm− 1 indicates the presence of silicate network arising from 
silanol stretches Si–OH, Si–O–Si and Si–O–Zr vibrations. Si–O–Si present 
in methoxy-silane groups of MAPTMS is represented by the band noticed 
at 1170 cm− 1. The condensation process and the formation of silicon 
dioxide network is illustrated by Si–O–Si bond. Bands situated in the 
region 1300–1650 cm− 1 represents Zr–OH and Zr–O–C bonds 
comprising the zirconium complex [57]. The Si–OH band observed in 
both the FT-IR spectra illustrates that surface hydroxyls remains, despite 
the fact the materials show the strong water repellent properties [58]. 

4.2. Contact angle measurements 

The contact angles were measured at five different spots for each 
coated samples, and an average value was chosen as the contact angle. 
Uncoated bare and anodised samples are considered as control. The 
water contact angle of the coatings on bare and anodised samples are 
presented in Fig. 3. Uncoated bare and anodised substrate yield a contact 
angle of 64◦ and 23◦, the uncoated substrates are hydrophilic in nature 
because polar aluminium hydroxide and oxide groups are present on the 

surface. 
From the results (Fig. 3), it is apparent that the contact angle of the 

bare and anodised substrates increases when coated with silane coatings 
due to the decrease in the surface roughness. It is disclosed that increase 
in the surface roughness results in the quick spread of water droplet on 
the surface [59]. The average water contact angle for 80/20 (1 A) on 
both bare and anodised sample is 72◦, however in case of coatings with 
1% PFOTES (1B and 1C) content (hydrolysed 25% and 50%) on bare 
coated substrate displayed a contact angle of 93◦ and 91◦ which was 
marginally higher than anodised coated substrate. The results exhibits 
that the pure sol-gel (80/20) is hydrophobic in nature due to the pres-
ence of zirconium. The coating surface has increased hydrophobicity 
after the addition of PFOTES. 

4.3. Pencil hardness 

Pencil hardness test was analysed by the level of hardness of the 
pencil. Test was repeated at three different locations on the coatings for 
reliable measurements. Coatings on both bare and anodised substrate 
displayed a pencil hardness of >9H. The absence of scratch was 
observed and confirmed visually. 

4.4. Potentiodynamic polarization study (PDS) 

Potentiodynamic polarization study gives practical details on elec-
trochemical parameters like corrosion potential (Ecorr) and corrosion 
current densities (Icorr) [60]. Fig. 4a and b shows the results of poten-
tiodynamic polarization curves and Table .3 gives the electrochemical 
parameters such as Ecorr, Icorr (which is derived from the Tafel graph) 
and Rp (calculated using Stern-Geary equation) [45]. The potentiody-
namic curves of bare and anodised AA2024-T3 were compared with the 
coated bare and anodised substrates to determine the amount of 
reduction in corrosion current, anodic/cathodic protection and change 
in corrosion potential. From the results, it is evident that bare 
AA2024-T3 has the highest corrosion current and lowest corrosion 
resistance (Rp) values. Corrosion current densities in the order of 10− 9 to 
10− 8A/cm2 demonstrate the formation of strong films with good barrier 
properties. Corrosion resistance of 2 A is the highest compared to other 
coated substrates. From Table .3, coatings with addition of 1% PFOTES 
(25 &50% hydrolysed) on both bare and anodised substrates have dis-
played a good corrosion resistance which indicates that the coatings are 
capable of providing effective physical barrier against corrosive attacks. 

4.5. Electrochemical impedance spectroscopy 

The impedance data for the prepared coatings on both bare and 
anodised substrates after initial exposure to the electrolyte solution is 
shown in Fig. 5. The coatings resistance to the AC signal, or impedance 
differs based on the applied frequency and is presented graphically by a 

Fig. 2. ATR-FTIR spectra of (a)Bare AA2024 coated samples, (b) Anodised AA2024 coated samples.  

Fig. 3. Static contact angle of water droplet on sol-gel coated bare and ano-
dised substrates. 
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bode plot which contributes a good comparison of total impedance 
values for coated and uncoated samples. it is clear from the graph, that 
the coated bare and anodised samples display a lower corrosion rate 
compared to uncoated bare and anodised substrate. 

Fig. 5 (a and b) shows bode plots for bare, anodised and sol-gel 

coatings. The impedance of bare AA2024-T3 is in the range of 104 Ω 
at low frequencies, in contrast the impedance value of uncoated ano-
dised layer is increased to the range of 1010Ω in the same frequency 
range. Coating the bare samples with sol-gel layers has increased the 
impedance by at least three-four orders of magnitude. The anodised 
layers with sol-gels however have shown one order decrease in the 
magnitude of impedance value compared to the uncoated anodised 
sample. The impedance of 1B,1C,2B, 2C increases to 108Ω. Therefore, it 
is evident that the prepared sol-gels acted as an effective barrier against 
corrosive electrolyte influx during EIS measurements. Addition of 1% of 
PFOTES (25% and 50% hydrolysed) provided a better barrier with 
higher impedance values. 

Film properties including barrier performance and interfacial activ-
ity are provided by phase angle with impedance data (Fig. 5 c, d). The 
data signifies that both bare and anodised coated samples had a phase 
angle of ~20◦ at 10− 1 Hz and maintains a phase angle of ~80◦ near the 
mid-frequency range which indicates higher corrosion barrier properties 
[61]. 

Fig. 4. Potentiodynamic curves of sol-gel coatings on (a) Bare samples, (b) Anodised samples.  

Table 3 
Corrosion parameters determined from potentiodynamic scan of bare, anodise 
and sol-gel coated samples on bare and anodised AA2024-T3.  

Sample name -Ecorr (V) Icorr (Acm− 2) Rp (cm2) 

Bare − 0.661 3.52 × 10− 7 3.9 × 102 

Anodised − 0.776 5.9 × 10− 9 4.97 × 106 

1 A − 0.295 1.35 × 10− 9 6.8 × 107 

1B − 0.579 4.8 × 10− 8 1.3 × 107 

1C − 0.179 2.17 × 10− 9 4.38 × 107 

2 A − 0.523 1.79 × 10− 10 3.15 × 108 

2B − 0.529 2.07 × 10− 9 1.08 × 107 

2C − 0.598 1.90 × 10− 8 1.63 × 106  

Fig. 5. EIS spectra representing (a) Bode plots of bare and coated AA2024-T3, (b)Bode plots of anodised and coated AA2024-T3, (c) Phase diagrams for bare and 
coated AA2024-T3, (d) Phase diagrams for anodised and coated AA2024-T3. 
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4.6. Neutral salt spray test 

The neutral salt spray test was used to determine the corrosion 
resistance performance of bare, anodised and sol-gel coated samples. 
The test was conducted for 500hrs. The results from the test for the 
samples are shown in Fig. 6. The coatings was said to be failed if three or 
more pits were observed per panel [62]. Bare and anodised AA2024-T3 
was used as the reference. The bare alloy displayed minimal resistance 
to corrosion in the neutral salt spray test as it reported corrosion after 
120hrs. Anodised alloy however survived the salt spray test until the end 
of 480 h, damage on the substrate with pits was observed by the end of 
480hrs. 

The pit formation on 80/20 (1 A) coating on bare AA2024-T3 started 
between 320 and 480hrs, with substantial corrosion product formation 
by the end of 500hrs. However, there was no damage on the 80/20 (2 A) 
coating on anodised alloy till the end of 500hrs. 

Anodised panels coated with 80/20 + 1%PFOTES (25% and 50% 
hydrolysed) provided a good active corrosion protection as no signifi-
cant accumulation of corrosion products on the panels were detected 
even after the exposure to salt spray for 500hrs. 

4.7. Surface roughness 

Surface roughness measurements were performed with a stylus 
profilometer to evaluate any fundamental variations and changes in the 
surface roughness of bare, anodised and coated AA2024-T3. Number of 
roughness parameters can be used to measure the roughness of a surface. 
In the present work, arithmetic mean roughness (Ra) was measured. The 
surface roughness of the substrates used in this study are displayed in 
Table 4. All coated specimens displayed even surfaces with Ra less that 
0.1 μm. Significant increase in the surface roughness of uncoated ano-
dised substrate was observed due to the combined anodising conditions 

Fig. 6. Photographs of uncoated and coated samples after 500hrs exposure in a salt-spray chamber.  
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and method used to anodise the substrates. It was observed an increase 
in WCA may be due to the increase in surface roughness (Fig. 3 and 
Table 4). However, due to low predominance of the roughness varia-
tions, the measurements of the hardness, elasticity, CoF correlated 
properties were not affected by the roughness. 

4.8. Cavitation erosion 

The cavitation erosion cumulative mass loss curves from 0 to 42 min 
for bare, anodised and coated samples are shown in Fig. 7. The thickness 
of the coatings was ~2 μm; hence cavitation erosion tests were per-
formed for a short period of time. There is significant difference in the 
mass loss between bare and anodised coated samples. All of the coated 
samples displayed a mass loss lower than uncoated AA2024-T3. Along, 
with the mass loss, we also observed the time at which the coating was 
delaminated from the substrate. In our previous work [45], we reported 
that the coatings prepared from the same precursors survived cavitation 
erosion up to 7 min, whereas from the results indicated in the present 
work, it was observed that 1 A and 2 A could resist cavitation erosion up 
to 30 min. The coatings 1B and 1C could resist cavitation erosion 
resistance up to 12 min, whereas the coatings 2B and 2C could withstand 
cavitation erosion up to 20 min. This indicated that the 1 A and 2 A 
coatings could greatly increase the cavitation erosion resistance. 

Surface morphology of the uncoated and coated samples after the 
end of 42 min of cavitation test was observed through SEM to observe 
the number of cavitation pits formed on the surface of the substrate. 
Fig. 8, reported different appearances for each sample. Uncoated bare 
and anodised substrates were attacked, and numerous cavitation pits 
were created on the substrate, which therefore resulted in higher mass 
loss for these samples. Contrastingly, the coatings on the bare substrate 
(1 A, 1B and 1C) exhibited regular plastic deformation traces with no 

visible pits (Fig. 8a, b, c). In 1B and 1C coatings, no erosion damage was 
developed after 42 min of the test with no detectable pits (Fig. 8b and c). 
Likewise, the surface with 1 A coating did not display pitting, such as 
that of bare and anodised uncoated substrate, despite that small cavities 
are observed from the loss of small pieces of material being eroded 
(Fig. 8a). 

A variety of patterns could be seen on the surface of the anodised 
coatings 2 A, 2B and 2C (Fig. 8d, e, f) caused due to fatigue mechanism 
and plastic deformation. Small island observed in Fig. 8d and f, which 
indicates the presence of microcracking to a lesser degree. For the 2B 
coating, the eroded surfaces seem to be a little different. SEM analysis 
indicated that this coating fragmented quickly due to cavitation pulses 
striking the surface that has resulted in the formation of craters and 
small pits that are less than 1 μm in diameter (Fig. 8e). Porosity of both 
bare and anodised coated samples were analysed using ImageJ software 
(taking cross-section areas of the samples from SEM images). There was 
a strong correlation observed between porosity and corrosion-erosion 
results (Table 5). Bare/bare coated samples displayed a higher % 
porosity whereas, the anodised/anodised coated samples displayed a 
lower porosity. The higher porosity sample had low corrosive and 
erosive resistance compared to the samples showing low porosity. 

4.9. Nanomechanical indentation & coefficient of friction tests 

The indentation data for only bare and coated AA2024-T3 was re-
ported in this work. Anodised samples were not considered for the 
indentation test. Table 6 lists the hardness and modulus values of the 
bare and coated samples. From the results it was observed that, 1C was 
about 25% less than 1 A. However, 1B coating displayed a higher 
hardness compared to 1 A and 1C. As expected, there was a positive 
correlation between modulus and hardness [63]. 

From Fig. 9a, it was evident that the samples are indented steadily 
and the maximum applied load (i.e 50 nm) is reached at a lower depth 
for the bare substrate as opposed to each sol-gel coated sample (see 
Table 6). 1B coating showed highest hardness and modulus. The hy-
drophobic nature of PFOTES may have increased the volume of these 
pores which, due to the hardness and the elasticity may have reduced 
when compared to the bare substrate. Fig. 9b shows CoF results for bare 
and coated samples. It was observed that, the CoF values of the bare 
substrate was higher than the coated substrates. From the graph 
(Fig. 9b), fluctuations are observed for all the samples, this represents 
the path at which the scratch tip enters and leaves the surface of the 
sample. While the difference is not notable in the absolute value of the 
CoF of bare versus either of the three sol-gel coated samples, it was noted 

Table 4 
Average surface roughness of bare/bare coated and 
anodised/anodised coated samples.  

Sample name Ra (μm) 

Bare uncoated 0.157 
Anodised uncoated 0.429 
1 A 0.054 
1B 0.051 
1C 0.035 
2 A 0.061 
2B 0.082 
2C 0.051  

Fig. 7. Graphical illustration of cumulative mass loss during cavitation test for (a) bare and coated AA2024-T3, (b) anodised and coated AA2024-T3.  
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that the traces for the bare samples were ‘noisier’ than the coated 
samples (see Fig. 9 (b)). This may indicate that there was more ‘stick- 
slip’ type movement of the conical indentor over the sample compared 
to the relatively ‘smoother’ coated samples. 

Furthermore, the ratio of hardness and elastic modulus (H/E) used as 
an index to predict the cavitation erosion was evaluated. Hardness (H) 
and elastic modulus (E) values for coated and uncoated aluminium was 
extracted from the indentation results. The ratio between H and E values 
for bare substrate was 3.7 GPa and increased significantly for coated 

samples from 6.1, 7.3 and8.1 GPa for 1 A, 1B and 1C, respectively. The 
higher H/E value, the higher the cavitation erosion resistance of the 
coating. In addition to this, substrate with a larger H/E value indicates 
that it will experience a larger elastic strain before failure caused by 
subsequent plastic deformation and fracture, and thus it has a higher 
capability to resist contact pressures when subjected to cavitation 
damage. 

5. Conclusions 

The objective of this research was to identify the effect PFOTES (25% 
and 50% hydrolysed) had on the hardness, wetting, corrosion and 
cavitation erosion when coated on bare and anodised AA2024-T3. 
Coatings were structurally analysed by ATR-FTIR and the wetting 
properties were determined by WCA measurements. FT-IR analysis 
displayed the formation of siloxane and Si–O–Zr bonds within the 
network. The wettability analysis exhibited that uncoated bare and 
anodised AA2024-T3 displayed very low contact angle whereas the CA 
for 80/20 on both bare and anodised sample was 72◦, and in coatings 
with 1% PFOTES (hydrolysed 25% and 50%) on bare coated substrate 
displayed a contact angle of 93◦ and 91◦ which was marginally higher 
than anodised coated substrate. Scratch resistance properties of the 
coatings analysed through PHT indicated that all the coatings on both 
bare and the anodised samples had a hardness of >9H. PDS, EIS and NSS 
results confirmed that the addition of PFOTES into sol–gel increased the 
corrosion protection ability of coating. Surface morphology from the 
cavitation test indicated that plastic deformation was caused by the 
implosion of bubbles which resulted in the increase of cavities and 
micro-cracks in anodised coated samples (with and without PFOTES) 
compared to the coatings on bare substrate. The tribological tests 
revealed that the bare substrate had higher hardness and modulus values 
compared to the coated substrates. However, CoF was low in 1 A and 1B 

Fig. 8. SEM images of (a)1 A, (b) 1B, (c)1C, (d)2 A, (e)2B, (f)2C, (g)Bare AA2024-T3, (h)Anodised AA2024-T3.  

Table 5 
Porosity values determined for the samples after cavitation erosion test.  

Sample % Porosity Average Particle Size 

Bare AA2024-T3 17.94 14.71 
Anodised AA2024-T3 8.12 14.47 
1 A 7.04 14.17 
1B 15.05 13.84 
1C 10.74 11.23 
2 A 6.15 14.31 
2B 0.68 8.813 
2C 4.23 3.081  

Table 6 
Hardness and modulus of different coatings on bare AA2024.  

Sample Depth 
(nm) 

Load 
(mN) 

Hardness 
(GPa) 

Youngs 
Modulus 

CoF 

Bare 1.07 49.71 2.14 55.0 1.89 
1 A 2.70 49.76 0.42 5.4 1.68 
1B 2.64 49.64 0.42 5.8 1.73 
1C 2.83 49.78 0.41 4.4 1.96  
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coatings on bare substrate which indicated the best wear behaviour. 
To put it concisely, the measured addition of PFOTES to the devel-

oped sol-gels (80/20) creates a promising path to create a highly 
organic-inorganic network which produces thin coatings with excellent 
corrosion and erosion resistance properties as applied on bare and 
anodised AA2024-T3 alloys. However, further work needs to be 
completed to investigate the relationship between roughness, hardness, 
elasticity and plasticity of bare anodised and coated anodised samples. 
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