
 

 

 

 

 

SCALABLE CORROSION RESISTANT COATINGS FOR THERMAL APPLICATIONS 

 

 

 

 

 

 

 

BY 

 

SIAVASH KHODAKARAMI 

 

 

 

 

 

 

 

THESIS 

 

Submitted in partial fulfillment of the requirements 

for the degree of Master of Science in Mechanical Engineering 

in the Graduate College of the  

University of Illinois at Urbana-Champaign, 2021 

 

 

 

Urbana, Illinois 

 

 

 

Adviser: 

  

 Professor Nenad Miljkovic 

  

 

 

 

 

 

 



ii 

 

 ABSTRACT  

Corrosion of metallic substrates is a problem for a variety of applications. Corrosion can be 

mitigated with the use of an electrically insulating coating protecting the substrate. Thick 

millimetric coatings, such as paints, are generally more corrosion resistant when compared to 

nanoscale coatings. However, for thermal systems, thick coatings are undesirable due to the 

resulting decrease in overall heat transfer stemming from the added coating thermal resistance. 

Hence, the development of ultra-thin (< 10 µm) coatings is of great interest. Ultra-thin inorganic 

silicon dioxide (SiO2) coatings applied by sol-gel chemistries or chemical vapor deposition, as 

well as organic coatings such as Parylene C have great anti-corrosion performance due to their 

high dielectric breakdown and low moisture permeability. However, their application to 

arbitrarily shaped metals is difficult or expensive. Here, we develop a sol-gel solution capable of 

facile and controllable dip coating on arbitrary metals, resulting in a very smooth (< 5 nm 

roughness), thin (~ 3 µm), and conformal coating of dense SiO2. To benchmark our material, we 

compared the corrosion performance with in-house synthesized superhydrophobic aluminum and 

copper samples, Parylene C coated substrates, and smooth hydrophobic surfaces functionalized 

with a hydrophobic self-assembled monolayer. To comparison with state-of-the-art commercial 

coatings, copper substrates were coated with an organo-ceramic SiO2 layer created by an 

elevated temperature and atmospheric pressure metal organic chemical vapor deposition process 

(AP MO-CVD). To characterize corrosion performance, we electrochemically investigated the 

corrosion resistance of all samples through potentiodynamic polarization studies and 

electrochemical impedance spectroscopy. To benchmark the coating durability as well as to 

demonstrate scalability, we tested internally coated copper tubes in a custom-built corrosion flow 

loop to simulate realistic working conditions with shear and particulate saltwater flow. The sol-
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gel and Parylene C coatings demonstrated a 95% decrease in corrosion rate during 

electrochemical tests. Copper tube weight loss was reduced by 75% for the sol-gel SiO2-coated 

tubes when sea water was used as the corrosive fluid in the test loop. This work not only 

demonstrates scalable coating methodologies for applying ultra-thin anti-corrosion coatings, it 

develops mechanistic understanding of corrosion mechanisms on a variety of functional surfaces 

and substrates. 
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CHAPTER 1: INTRODUCTION 

Corrosion is a major problem for a variety of applications. The economic impact of corrosion is 

estimated to be up to 5% of the global gross national product.1 In thermal systems, corrosion inside 

of tubes and channels decreases heat transfer, increase nucleation site density for heterogeneous 

scale formation, acts as a fouling product via corrosion fouling, and increases pressure drop. 

Hence, corrosion results in lower system efficiency and eventually reduction in lifespan.2 To 

combat corrosion, corrosion prevention coatings have been developed. One of the most common 

anti-corrosion coating formulations in the heat exchanger sector is an e-coat of an epoxy-based 

chemistry to deposit a thick corrosion protection layers on arbitrarily shaped metals. Although 

successful at preventing corrosion, e-coat formulations represent an expensive and time-

consuming solution that is particularly well suited for heat transfer applications having 

characteristically low heat transfer rates (coefficients) such as those used in air-side applications. 

Furthermore, the need for surface pre-treatment (e.g. with zinc phosphate) and a topcoat of paint 

to prevent epoxy e-coat failure against ultraviolet degradation, makes the added cost of the e-coat 

process prohibitive for many applications. To enable greater scalability for a variety of systems, 

as well as to reduce cost, great attention has been given to sol-gel coatings of silicon dioxide (SiO2) 

as a replacement for e-coat.3-5 The sol-gel SiO2 deposition possesses many advantages, such as an 

eco-friendly chemistry, great stability, and deposition capability at relatively low temperatures 

(room temperature). The low temperature and atmospheric pressure sol-gel process makes it 

particularly advantageous when compared to conventional chemical vapor deposition (CVD) of 

SiO2 which typically requires well controlled environments with temperatures approaching 800⁰C, 

which can affect the metallurgy of the substrate. Although atmospheric pressure metal organic 

chemical vapor deposition (AP MO-CVD) enables the reduction of deposition temperatures to 
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300C, which is compatible with copper (Cu) alloy substrates, room temperature sol-gel remains 

preferred due to increased flexibility in terms of substrate material. Furthermore, sol-gel coatings 

have been shown to be good alternatives to hazardous and carcinogenic chromate coatings for 

metallic substrates,4, 6 and finite-lifetime sacrificial coatings which use another metal with lower 

electrode potential to keep the underlying substrate corrosion free by sacrificing itself.7-8 Recently, 

there has been a great interest in developing hybrid sol-gel coatings. Hybrid inorganic-organic sol-

gel coatings were established by attaching titanium or zirconium alkoxides to the silica matrix and 

it was shown to have improved adhesion, specifically on Magnesium substrate.9 Recently, 

intrinsically healable polymers that use reversible covalent bonds have been used in the sol-gel 

formulations to improve the long-term barrier properties in.1 Functional sol-gel based coating with 

improved wettability, transparency, and abrasion resistance, in addition to anti-corrosion 

properties, are a developing field of research.10 In addition to solid coatings, studies have shown 

rough superhydrophobic surfaces to have good corrosion resistance.11-13 Superhydrophobicity is 

achieved when a textured surface is combined with a low surface energy chemistry leading to 

apparent water contact angles greater than 150° and contact angle hysteresis lower than 10°.14-15 

When the electrolyte contacts the superhydrophobic substrate, air is trapped in the micro and 

nanostructures between the low surface energy substrate and the liquid. The trapped air act as a 

barrier, preventing the corrosive species from attacking the substrate.16 Although past sol-gel and 

structured superhydrophobic coatings have successfully prevented corrosion of metal substrates, 

they suffer from poor reliability,17-18 poor ability to scale to arbitrary surfaces, and a lack of control 

of their thickness such that the coating does not become an impedance to heat transfer.  

Here, we develop a sol-gel-based dip coating manufacturing methodology to deposit thin 

(< 10 µm) SiO2 corrosion barrier films on arbitrary shaped surfaces composed of arbitrary metals. 
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By controlling the velocity of the dip coating process, we vary the coating thicknesses without 

changing the sol-gel chemistry. To benchmark corrosion performance of our coating with well-

established formulations, we also fabricated superhydrophobic, solid polymeric, solid slippery, 

and monolayer hydrophobic coatings on Cu and aluminum (Al) substrates. The corrosion 

resistance and mechanism governing corrosion on each coating was quantitatively measured by 

potentiodynamic curves as well as electrochemical impedance spectroscopy. To better understand 

durability and emulate realistic flow corrosion conditions, we built a custom flow loop to study 

the anti-corrosion performance and durability of coated Cu tubes with salt water flow both at room 

temperature and at 40°C in a laminar regime with Reynolds number  600. The flow corrosion 

experiments not only quantifiably estimate coating durability and performance, they provide a 

platform to estimate the ease of scalable implementation in hard-to-reach internal geometries. 

Lastly, we characterize all coatings using aggressive salt corrosion conditions in a salt-spray 

chamber to identify durability of the coating formulations. Our work not only demonstrates an 

ultra-scalable sol-gel coating for corrosion protection, it develops mechanistic understanding of 

corrosion on a variety of thin functional coatings deposited on Cu and Al substrates.  
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CHAPTER 2: COATING PREPARATION 

Copper and Aluminum Sample Preparation: Polished copper (Cu) and aluminum (Al) (Mirror-

like 110 Copper and 6061 Aluminum, McMaster) were purchased and cut into 2.5 cm × 7.6 cm × 

0.16 cm sizes. Then the Cu and Al tabs were degreased using commercial degreaser (Orange Blast, 

Greased Lightning) and rinsed with deionized (DI) water, followed by isopropanol (CAS #: 67-

63-0, Sigma Aldrich) and finally dried with a clean nitrogen gas flow. After cleaning, the tabs were 

sonicated in acetone (CAS #: 67-64-1, Sigma Aldrich) for 5 minutes. After sonication, the tabs 

were sequentially rinsed with acetone, isopropanol, DI water and again isopropanol followed by 

air drying. For tube samples (3/16” diameter Cu tubes, McMaster), the tubes were cut to be 

approximately 25 cm in length with the same cleaning process done prior to coating. 

Sol-Gel Solution and Coating Method: To prepare the sol-gel solution, Tetraethyl orthosilicate 

(TEOS, CAS #: 78-10-4, Sigma Aldrich) and Trimethoxymethylsilane (MTMS, CAS #: 1185-55-

3, Sigma Aldrich) were mixed in a glass beaker in a 1:2.5 molar ratio. The beaker was placed in 

an ice bath and stirred for 5 minutes using a magnetic stirrer (Fig. 1). Sodium hydroxide 

(CAS #: 1310-73-2) was mixed with DI water to adjust the PH of the resultant solution to 14.5 and 

it was added as a catalyst to the silane solution with continual stirring. Ethanol (CAS #: 64-17-5, 

Sigma Aldrich) was added as the solvent and stirring continued for another 10 minutes. The molar 

ratio of TEOS:MTMS:DI:ethanol was 1:2.5:4.1:3. The solution was kept in an ice bath throughout 

the dip coating method. The good corrosion resistance of the sol-gel depends on a good bonding 

of Si-O group to the surface of the metal. Bonding of the silanol groups to Cu substrate can be 

difficult.19-20 However, with the right chemistry, it is possible to achieve strong bonding, enough 

for corrosion protection.21 The Cu and Al samples were coated immediately after the cleaning 

process to eliminate hydrocarbon adsorption from the ambient.22-23 The samples were held by a 



5 

 

clamp and vertical motion was controlled by a dc motor (Fig. 1). The velocity of the dip coating 

was controlled by the applied voltage to the dc motor. The thickness of the coating was adjusted 

by changing the sample withdrawal velocity. For our case, the withdrawal velocity was kept at 

17.1 cm/min to obtain a constant coating thickness for all samples. The thickness was measured to 

be 3 ± 0.1 µm using ellipsometry (J.A. Woollam VASE). After sol-gel coating, the samples were 

left to dry at room temperature for 10 minutes and then were further heat treated at 500°C for 30 

minutes in a nitrogen furnace (Lindberg 2” tube furnace) in order to ensure sintering and 

densification of the SiO2 coating.21 Based on the thermal applications (heat exchangers) that the 

coating is developed for, the coating was applied on flat samples for electrochemical 

characterization and also tube internal surfaces to allow us the evaluation of the coating 

performance in flow corrosion condition. 
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Figure 1. (a) Schematic and (b) photograph of the dip coating apparatus. The sol-gel solution 

was kept in the ice bath to maintain the solution temperature. A dc motor was used to control the 

sample withdrawal speed. Schematic not to scale. 
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SOCAL Coating: To provide a benchmark and to study the effect of surface energy on corrosion, 

we applied a slippery omniphobic covalently attached liquid (SOCAL) on top of the sol-gel coated 

Cu and Al samples.24 Due to the low concentration of hydroxyl groups on Cu and Al substrates, 

direct deposition of SOCAL was unsuccessful. Therefore the SOCAL was coated on top of the 

sol-gel coating with SiO2 acting as an intermediate layer between the substrate and SOCAL.21, 25-

26 The detailed process of SOCAL development is explained elsewhere.21, 24 Briefly, we started by 

making a 100:10:1 wt% mixture of isopropanol: Dimethyldimethoxysilane (DMDMS, CAS#: 

1112-39-6, Sigma-Aldrich): sulfuric acid (CAS#: 7664-93-9, Sigma-Aldrich). After stirring the 

solution for 30 seconds, the mixture was left to rest in a sealed glass container for 20 minutes at 

room temperature. The sol-gel coated Cu and Al samples were soaked in diluted sulfuric acid (2%) 

to remove any residuals on the surface prior to coating with SOCAL. Then the sample was dipped 

into the SOCAL solution and removed slowly by hand and left to dry at room temperature for 20 

minutes. Just after drying, the sample was rinsed in sequence with DI water, isopropanol, toluene 

(CAS #: 108-88-3, Sigma Aldrich) and isopropanol followed by nitrogen gas drying. 

 

Hydrophobic and Superhydrophobic Coatings: The superhydrophobic (SHP) Al tabs were 

fabricated using the processes described in previous literature.27-29 First, samples were sonicated 

in acetone for 5 minutes followed by rinsing with isopropanol and DI water and drying with dry 

nitrogen gas. Then, the Al sample was immersed in 2M hydrochloric acid for 5 minutes to form 

microstructures on the surface and subsequently immersed in a 90°C DI water bath to create 

nanostructured boehmite on top of the microstructures. To functionalize the surface, a very thin 

(~3 nm) layer of Heptadecafluoro-1,1,2,2-tetrahydrodecyl trimethoxysilane (HTMS) was 

deposited on the surface by atmospheric pressure CVD. To achieve HTMS deposition, 5% v/v 
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HTMS was mixed with toluene and placed in a clean glass container. The mixture container was 

then placed in a larger glass container along with the Al tabs placed adjacent to the HTMS mixture 

container, and the larger container sealed using an Al foil lid. Then the large glass container was 

placed in an atmospheric pressure oven (Lindberg Blue M, Thermo Scientific) at 85°C for 3 hours.  

The superhydrophobic Cu tabs were fabricated based on a previously developed 

procedure.30-31 The pre-cut Cu samples were sonicated in acetone for 5 minutes followed by rinsing 

with isopropanol and DI water and drying with a dry nitrogen gas stream. Next, the samples were 

immersed in a 2M hydrochloric acid solution for 30 seconds and rinsed with DI water and dried 

with a dry nitrogen gas steam. Subsequently, the sample was immersed in an alkaline solution 

composed of sodium chlorite, sodium hydroxide and sodium phosphate at 95°C for 5 minutes to 

create the copper oxide (CuO) structures.30 Functionalization of the surface was done with HTMS 

using the same procedure as described for the Al superhydrophobic samples.  

In addition to rough superhydrophobic samples, smooth hydrophobic Cu and Al tabs were 

fabricated by deposition of HTMS on cleaned samples without micro/nanostructures. The smooth 

hydrophobic samples were created in order to allow for a comparison between hydrophobic and 

superhydrophobic Cu and Al surfaces and to study the effect of air pockets in the superhydrophobic 

state on corrosion mechanisms. 

 To obtain a benchmark comparison with thicker and more durable coating formulations, 

we fabricated smooth Al and Cu substrates coated with Parylene C. Parylene C was specifically 

chosen due to its good corrosive protection capability and high dielectric strength32 as well as low 

water permeability, good durability, and hydrophobicity.33 The basic monomer of Parylene is 

poly(para-xylylene), a completely linear, highly crystalline material. Parylene C is made by 

modification of the monomer by the substitution of a chlorine atom for one of the aromatic 
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hydrogens. In order to obtain a conformal coating, Parylene C was deposited on the samples by 

CVD using a Specialty Coating Systems Labcoater 2 Parylene deposition system. The Parylene C 

thickness was 3 µm to provide an identical coating thickness as the sol-gel coating. 
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CHAPTER 3: SURFACE CHARACTERIZATION 

Contact Angle Measurement: Contact angle measurements were carried out using 

microgoniometry (MCA 3, Kyowa Interface Science). The apparent advancing contact angle (𝜃a), 

apparent receding contact angle (𝜃r) and contact angle hysteresis (∆𝜃 = 𝜃a − 𝜃r) were measured 

on four different spots for each sample and averaging done to gain understanding of measurement 

uncertainty and standard deviation. Note, measurement uncertainty may be larger than the reported 

standard deviation of the multiple measurements in Table 1.34 The measurement uncertainty is 

approximately 2° and 5° for hydrophobic and superhydrophobic surfaces, respectively. All contact 

angle data were analyzed using the image processing software (FAMAS, Interface Measurement 

and Analysis System) with the circle fitting method. 

Table 1. Contact angle measurement results of DI water droplets at room temperature. 

Measurements were done using a microgoniometer on 4 different spots for each sample (see 

Methods). The ± values represent standard deviation between the multiple spatial measurements. 

Substrate Coating Coating Thickness 𝜽𝐚 [º] 𝜽𝐫 [º] ∆𝜽 [º] 

 

Polished 

Al 

Uncoated - 89 ± 1 30 ± 1 59 ± 1 

HTMS < 3 nm 111 ± 2 68 ± 3 43 ± 3 

SHP 
Structure < 400 nm 

162 ± 3 161 ± 3 2 ± 4 
Functional group < 3 nm 

Sol-gel < 3 µm 110 ± 1 83 ± 2 27 ± 2 

Sol-gel+SOCAL < 3 µm 112 ± 1 92 ± 1 19 ± 1 

Parylene C 3 µm 92 ± 1 76 ± 2 15 ± 2 

 
AP MO-CVD 

SiO2 
400 nm 82 ± 1 62 ± 2 20 ± 2 

Polished 

Cu 

Uncoated - 83 ± 1 23 ± 4 61 ± 4 

HTMS < 3 nm 118 ± 1 78 ± 1 40 ± 2 

SHP 
Structure < 2 µm 

166 ± 1 164 ± 1 2 ± 1 
Functional group < 3 nm 

 

  



11 

 

Table 1. (Cont.) 

 

Sol-gel < 3 µm 106 ± 3 86 ± 3 20 ± 4 

Sol-gel+SOCAL < 3 µm 112 ± 1 97 ± 3 15 ± 3 

Parylene C 3 µm 91 ± 1 75 ± 2 17 ± 2 

 
AP MO-CVD 

SiO2 
400 nm 81 ± 1 61 ± 1 20 ± 1 

 

Scanning Electron Microscopy (SEM): The SEM images of the polished Cu and Al substrates 

coated with sol-gel, Parylene C, and superhydrophobic coatings were taken on a Hitachi S-4700 

at accelerating voltage of 10 kV and emission current of 10 µA. Except for the bare Cu, all other 

coatings were either electrically insulating (sol-gel and Parylene C) or had low electrical 

conductivity (superhydrophobic samples). Therefore, a thin gold (Au) layer (< 10 nm) was 

sputtered on the samples using an Au sputter coater (Emitech K575) prior to taking SEM images 

to avoid charging. All images were taken in the ultra-high-resolution mode with a working distance 

of 6 mm.  

As shown in Figure 2, the sol-gel and Parylene C coatings filled imperfections and reduced the 

roughness of the Cu substrate. However, some pinholes were observable on the sol- gel coating. 

The pinholes were likely locations for corrosion initiation and coating delamination. For better 

quantification of the pinholes, the 50 k and 200 k magnified SEM images of the sol-gel surface are 

shown in Figure 3.  
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Figure 2. Top-view SEM images of (a) uncoated polished Cu, (b) sol-gel coated Cu, (c) Parylene 

C coated Cu, (d) superhydrophobic Cu and (e) superhydrophobic Al. The vertical marks in (a) 

stem from milling marks during Cu manufacture that could not be removed during polishing. 
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Figure 3. SEM image of the Cu sample coated with sol-gel at low (50k, left) and high (200k, 

right) magnification. The estimated pinhole diameter was observed to be as high as 1.1 µm. The 

red dashed circles on the left image identify larger pinholes for clarity. 

 

Atomic Force Microscopy (AFM): To better quantify the topography of the samples, AFM was 

conducted on an Asylum Research MFP- 3D system. Tapping mode was used to scan a 15 µm × 

15 µm randomly chosen area near the center of each sample. A Tap300 (Ted Pella) AFM tip was 

used and the scanning frequency was set to 0.8 Hz for all measurements. The drive amplitude was 

varied (100 mV – 350 mV) to get the best possible scanning with a low noise in phase angle. Open 

source Gwyddion software was used for image processing.35 

Figure 4 shows AFM scans of all samples. Since the coating topology was the same on 

both polished Cu and Al substrates shown through SEM, AFM was done only on Cu substrates for 

coatings with differing AFM scans conducted for the boehmite nanostructures and CuO 

microstructures. The root mean squared roughness (𝑆q) of the polished Cu was measured to be 24 

nm. By using the conformal Parylene C coating, 𝑆q was reduced to 7 nm. Interestingly, 𝑆q was 

even smaller for the sol-gel and SOCAL coating, reaching 𝑆q = 3 nm. The low roughness 

represents a smooth surface with low nucleation site density that, along with its intrinsic 

hydrophobicity, is capable of reducing scaling. As expected, 𝑆q was higher on the CuO and 

boehmite structures, with 𝑆q = 273 nm and 164 nm, respectively. The 𝑆q of the Cu with AP MO-
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CVD SiO2 coating is higher than the uncoated polished Cu. This is due to the necessary pickling 

pretreatment step prior to the CVD process which will increase the roughness of the surface. 

Therefore, despite of the pinhole free coating achieved by the high temperature AP MO-CVD 

process, the roughness is high enough to manifest a relatively high droplet adhesion to the surface. 

 

Figure 4. AFM scans of (a) unmodified polished Cu (0 Scan) (𝑆q = 24 nm), (b) unmodified 

polished Al (90 Scan) (𝑆q = 10 nm), (c) Parylene C coated polished Cu (𝑆q = 7 nm), (d) sol-gel 

coated polished Cu (𝑆q = 3 nm), (e) sol-gel-SOCAL coated polished Cu (𝑆q = 3 nm), (f) un-

sintered sol-gel coated polished Cu (𝑆q = 9 nm), (g) AP MO-CVD SiO2 on polished Cu 

(𝑆q = 34 nm) (h) CuO grown on polished Cu (𝑆q = 273 nm),  and (i) boehmite grown on polished 

Al (𝑆q = 164 nm). The scan area for each image is 15 µm × 15 µm. 
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CHAPTER 4: ELECTROCHEMICAL MEASUREMENTS 

Potentiodynamic Polarization: Polarization curves for Al and Cu substrates with different 

coatings are shown in Figure 5. The anodic reaction for corrosion of Cu in NaCl solution and 

cathodic reaction for oxygen reduction is as follows:36 

 Cu → Cu+ +  𝑒− , (1) 

 Cu+ + Cl−  → CuCl , (2) 

 CuCl + Cl−  → CuCl2
− , (3) 

 O2 + 2H2O + 4𝑒− → 4OH− . (4) 

The polarization curve for Al indicates a broad passivation region over which the current density 

is almost constant followed by a sudden increase. The passive region is attributed to the protective 

oxide layer on the Al surface, which breaks down at higher potentials, initiating the pitting process. 

The anodic and cathodic reaction during the localized corrosion of Al is as follows:37 

 Al → Al3+ +  3𝑒− , (5) 

 2H+ +  2𝑒−  → H2 . (6) 

Two other possible cathodic reactions are hydrogen evolution and oxygen reduction outside of the 

pits, shown by Eqns. (7) and (8), respectively: 

 2H2O + 2𝑒− →  H2 +  2OH− , (7) 

 O2 +  2H2O + 4𝑒−  → 4OH− . (8) 

Tafel extrapolation is used to extract the anodic (ba) and cathodic (bc) slopes as well as the 

corrosion current (𝐼corr). The corrosion rate (𝜓) is thus calculated by: 

 
𝜓 =

3.302𝐼corr𝐸𝑊

𝜌
 , (9) 
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where 𝐼corr is the current density in units of [µA/cm2], 𝐸𝑊 is the equivalent weight (defined as the 

atomic weight in [g] divided by the valency), and 𝜌 is the metal density in [g/cm3]. For Eq. (9), the 

unit for corrosion rate are [µm/year]. It should be noted that Eq. (9) is only valid for uniform 

corrosion and not for the localized corrosion. Hence, it is applicable on Cu samples but 

underestimates the real corrosion rate for Al substrates. To better quantify the corrosion process 

on our samples, we also measured the corrosion protection efficiency (𝜂), defined as: 

 

𝜂 =  
(𝐼corr

0 − 𝐼corr)

𝐼corr
0  × 100 , (10) 

where 𝐼corr
0  and 𝐼corr represent the corrosion current density of the bare and coated substrates, 

respectively. The measured and calculated data for the samples tested are shown in Table 2. From 

the polarization curves shown in Figure 5 and the corrosion currents in Table 2, it is worth noting 

that sol-gel, Parylene C, and superhydrophobic coatings show excellent corrosion resistance. 

However, the HTMS coating did not show substantial improvement compared to the uncoated 

samples. This can be attributed to the low thickness of HTMS (~ 3 nm) and existence of pores in 

the coating that allow the corrosive species (Cl- ions) to reach to the bare metal surface.18, 38-39 The 

sol-gel coating showed very good performance on both Cu and Al substrates. As a test of coating 

applicability to varying materials, we also applied the sol-gel formulation to 316 Stainless Steel 

and Cupronickel 70/30, demonstrating good coating quality via visual inspection and surface 

characterization. Parylene C and AP MO-CVD SiO2 showed the best corrosion resistance result 

due to the ultra-high conformality of the coating stemming from the CVD application method (see 

Methods). The use of CVD allows for a very low density of pinholes at the surface and creates a 

large charge transfer resistance at the electrolyte-coating interface. The AP MO-CVD SiO2 had 

the lowest corrosion current on Cu while Parylene C was showing a better performance on Al 
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substrates. Cu has higher reactivity with NaCl solution compared to Al, leading to higher 

sensitivity of Cu to the existence of pinholes. Therefore, we hypothesized that the elevated 

temperature (300C) AP MO-CVD SiO2 coating formed less pinholes compared to the room 

temperature Parylene C deposition. Conversely, on Al substrates, the thicker Parylene C coating 

protected the surface better compared to the 400 nm AP MO-CVD SiO2 coating, even with 

potentially lower pinhole density. Finally, the addition of the SOCAL functional coating on the 

free sol-gel interface did not result in any added corrosion resistance compared to the sol-gel only 

coating.  
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Figure 5. Tafel polarization curves for polished (a) Cu and (b) Al substrates having differing 

corrosion protection coatings (listed in the legend of b). Error bars are not shown in the 

experimental data as the measurement uncertainty is smaller than the thickness of the individual 

lines. The uncertainty in potential is ±1mV ± 0.2% of the reading, and the current is 0.75% of the 

reading. The legend in (a) is valid for both graphs.  
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Table 2. Tafel fit parameters of Cu and Al substrates for a variety of coatings tested in 3 wt.% 

NaCl and 0.5 M NaCl, respectively.  

 

Electrochemical Impedance Spectroscopy (EIS): As a complementary electrochemical 

technique used to help understand the charge transfer mechanisms through the various coatings, 

EIS was used to further investigate the performance of the different coatings on Al and Cu 

substrates. Nyquist plots demonstrating the results are shown in Figure 6a, b, showing the 

imaginary impedance (Im(Z)) as a function of the real impedance (Re(Z)). In general, the Nyquist 

plot can be analyzed by locating the impedance intercept with the real axis at high frequency to 

determine the solution resistance (𝑅s), and the intercept with the real axis at low frequency to 

determine the charge transfer resistance (𝑅ct),
40 and coating resistance 𝑅c to ion transfer. The latter 

Substrate Coating 𝑬𝐜𝐨𝐫𝐫 [V]  
𝑰𝐜𝐨𝐫𝐫 

[µA/cm
2
] 

𝒃𝐚 

[mV/dec] 

𝒃𝐜 

[mV/dec] 

𝝍 

[µm/yr] 
𝜼 [%] 

Error 

[%] 

 

Cu 

Uncoated -0.253 4.20 170.1 136 48.67 0 0 

HTMS -0.272 3.58 140.4 193.1 41.58 14.56 2 

Sol-gel -0.228 0.17 82.1 55.1 1.97 95.95 13 

Sol-

gel+SOCAL 
-0.255 0.20 114.2 50 2.38 95.11 13 

SHP -0.196 0.10 49.6 82 1.17 97.62 14 

Parylene C -0.427 0.06 120.1 114.2 0.65 98.67 14 

 
AP MO-CVD 

SiO2 
-0.209 0.019 142.4 164.3 0.22 99.54 14 

 

Al 

Uncoated -0.714 0.64 44 303.3 6.99 0 0 

HTMS -0.704 0.58 30.8 436.8 6.40 8.49 1 

Sol-gel -0.664 0.029 20.7 233.5 0.32 95.48 13 

Sol-

gel+SOCAL 
-0.658 0.035 37 186.2 0.38 94.52 13 

SHP -0.866 0.012 197 144.6 0.13 98.14 14 

Parylene C -0.616 0.002 2.27 355.4 0.022 99.68 14 

 
AP MO-CVD 

SiO2 
-0.646 0.005 22.4 267.5 0.056 99.2 14 
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is dependent to the density of pinholes and defects on the protective coating. Thus, a bigger 

diameter for the curve illustrates better corrosion resistance. 

 As a secondary quantification of corrosion resistance, we plot the Bode plots in Figure 6c-

f. In a typical Bode plot, the impedance (|Z|) is plotted as a function of the ac input frequency, with 

higher impedance at low frequencies indicating better corrosion resistance. A phase diagram can 

also elucidate the coating corrosion resistance. At high frequency, if the resistance of the coating 

is high, the signal shows a capacitive behavior with a phase angle of -90°. Conversely, if the 

corrosion resistance is low, the coating is equivalent to a resistor with a phase angle is 0°.41   
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Figure 6. EIS Nyquist plots for (a) polished Cu substrates in 3 wt.% NaCl solution and (b) 

polished Al substrates in 0.5 M NaCl solution. Insets: Nyquist plots data for a larger range of 

impedance. The inset axis labels are the same as in the main plots and have been removed for 

clarity. (c-f) EIS Bode plots obtained in 3 wt.% NaCl solution and 0.5 M NaCl solution for Cu 

and Al substrates, respectively. Bode (c) impedance and (d) phase plots for Cu substrates. Bode 

(e) impedance and (f) phase plots for Al substrates.  The legend presented in (a) is valid for all 

graphs. The solid lines represent fits based on the models (Fig. 5). The uncertainty bars for each 

data point are smaller than the symbols used and are not shown for clarity. 
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To quantify the corrosion mechanisms for each coating, we developed equivalent electrical 

circuits to model the uncoated, coated, and superhydrophobic samples capable of fitting the 

experimental EIS data. The equivalent circuits are shown in Figure 7. Due to the non-ideal 

capacitive behavior of the coating, capacitance elements are replaced with constant phase elements 

(CPE) and the impedance (𝑍CPE) defined by the following equation: 

 
𝑍CPE =  

1

𝑄(𝑗𝜔)𝑛
 ,  (11) 

where 𝑄 is the CPE constant, 𝜔 is the angular frequency, and 𝑛 is the CPE exponent. The CPE 

represents an ideal capacitor when 𝑛 = 1 and an ideal resistor when 𝑛 = 0. A decrease from 𝑛 =  1 

represents non-uniform current distribution which arises from surface inhomogeneity and 

defects.42  

For uncoated metals (Fig. 7a), CPEdl refers to the capacitive double layer formed at the 

metal/solution interface and Rct is the charge transfer resistance. Here, 𝑤 is the Warburg element 

which models semi-infinite linear diffusion and represent itself as a straight line with the slope of 

45° in the Nyquist plot (Fig. 6a, b). For the coated metals (Fig. 7b), CPEc is the capacitance caused 

by the formation of the double layer at the coating/solution interface, and 𝑅c is the coating 

resistance which is dependent to the density and size of pinholes and defects in the coating which 

allow ions to pass through it and reach to the metallic substrate. Therefore, 𝑅c approaches infinity 

for a perfect pinhole-free coating.  
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Figure 7. Equivalent circuit diagrams used to model the EIS experiments. Circuit diagram for 

the (a) uncoated, (b) coated smooth, and (c) superhydrophobic rough samples. The parameter 

, ]2-cm·1-asµF·e with units of [is a constant phase element at the coating/solution interfac cCPE

], 2-cm·1-asµF·[at the metal/solution interface with units of  is the constant phase element dlCPE

is the constant phase element of the air pockets for the rough superhydrophobic coatings  aCPE

is the  c], R2is the charge transfer resistance in units of [Ω∙cm ctR ],2-cm·1-aµF·s[with units of 

is the resistance caused by air pockets for rough  a], R2coating corrosion resistance [Ω∙cm

is the solution electrical resistance in units of  s], R2superhydrophobic coatings in units of [Ω∙cm

. CPE is defined in Eq. (11). The ]1/2-s·2cm·Ω[is the Warburg element in units of  𝑤] and 2[Ω∙cm

“a” value in the CPE unit is different for every coating and is summarized for each coating in 

Table 4.  
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When the ions diffuse into the coating, we assume that on the metal side of the path, an 

area of the coating is delaminated and a region with electrolyte has formed. The CPEdl and 𝑅ct 

terms are associated to the formation of these regions and they differ greatly from what is formed 

at the uncoated substrate. In Figure 7c, 𝑅a and CPEa are labeled on the circuit to include the 

resistance and constant phase element caused by the air pockets trapped in the 

micro/nanostructures. Here, 𝑅a consists of three components: air resistance, coating resistance 

(𝑅c) and charge transfer resistance at the surface (𝑅ct). In order to exclude the effects of the 

coating resistance stemming from only the boehmite layer on the Al substrates and CuO layer on 

the Cu substrates, we conducted the same EIS experiments on superhydrophilic surfaces with no 

functional coatings. Although the protective boehmite and CuO layers increase the corrosion 

resistance compared to the bare polished substrates, the superhydrophobic samples show much 

larger corrosion resistance compared to superhydrophilic samples due to the presence of trapped 

air within the superhydrophobic structures. The polarization curves as well as Bode and Nyquist 

plots of superhydrophilic surfaces are provided in Figure 8. 

 
Figure 8. Polarization curves of hydrophilic (Uncoated), hydrophobic (HTMS), 

superhydrophobic and superhydrophilic (a) Cu and (b) Al. The legend in (a) is valid for (b). The 

results of the superhydrophilic surface is shown along with other surfaces for comparison. The 

measurements were done at room temperature in a 3 wt.% NaCl and 0.5 M NaCl solution for Cu 

and Al substrates, respectively. 
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The parameters extracted from the fitted circuits for different coatings on Al and Cu 

substrates are shown in Table 3. In Table 3, the corrosion protection efficiency (Η) for coated 

samples is defined as: 

 
Η =  

(𝑅ct + 𝑅c) −  𝑅ct
0

(𝑅ct +  𝑅c)
 × 100 , (12) 

where 𝑅ct
0  is the charge transfer resistance of the uncoated substrate. To model the 

superhydrophobic surface, Eq. (12) is modified to account for the effect of air pocket resistance: 

 
Η =  

𝑅eq −  𝑅ct
0

𝑅eq
 × 100 , (13) 

where 𝑅eq is the equivalent resistance at the superhydrophobic surface and is calculated by:   

 
𝑅eq =  

1

1
𝑅ct +  𝑅c

+  
1

𝑅a

 . 
(14) 

Equation (14) is derived by analysis of the superhydrophobic interface with the electrolyte, which 

shows that two possible paths for the corrosive species to attack the surface exist, and that the 

corresponding ionic resistances of these paths is parallel.  

Table 3. EIS parameters of Cu and Al substrates with different coatings. The electrolyte for Cu 

and Al substrates is 3 wt.% NaCl and 0.5 M NaCl, respectively. The symbols a, b and c are the 

exponents of CPEdl, CPEc and CPEa, respectively. Units of 𝑅, CPEc, and CPEa, and 𝑤 are 

[Ω∙cm2] and [µF·sa-1·cm-2], and [µF·sb-1·cm-2], [Ω·cm2·s-1/2], respectively. 

Substrate Coating 𝑹𝐬  𝑹𝐜𝐭  𝐂𝐏𝐄𝐝𝐥  a 𝐂𝐏𝐄𝐜  b 𝑹𝐜  𝑹𝐚 𝐂𝐏𝐄𝐚  c 𝑾 H [%] 

 

Cu 

Uncoated 18.96 1712 89.57 0.69 - - - - - - 713.3 0 

HTMS 16.41 7556 6.01 0.92 22.1 0.61 5.0 - - - - 77.36 

Sol-gel 16 38220 16.34 0.68 2.08 0.66 59.46 - - - - 95.53 

Sol-

gel+SOCAL 
13.67 47920 20.68 0.68 11.3 0.54 183.4 - - - - 96.44 

SHP 60.03 852000 1.152 0.44 0.17 0.79 0.0071 1.06E6 0.049 1 - 99.64 

Parylene C 69.04 1212000 2.02 0.26 0.55 0.71 795.2 - - - - 99.86 
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Table 3. (Cont.) 

 
AP MO-

CVD SiO2 
30.15 4439000 0.119 0.48 0.054 0.89 194600 - - - - 99.96 

 

Al 

Uncoated 16.89 9997 6.4 0.91 - - - - - - 5637 0 

HTMS 21.1 52369 2.89 0.86 1.16 0.99 28.45 - - - - 80.92 

Sol-gel 14.9 597600 0.32 0.79 0.026 0.95 404.9 - - - - 98.32 

Sol-
gel+SOCAL 

16.02 250900 0.62 0.77 0.013 0.99 133.5 - - - - 96.02 

SHP 14 1821000 0.57 0.41 0.010 0.92 26.35 1.306E6 0.382 0.81 - 98.77 

Parylene C 14.01 9674000 0.18 0.91 0.014 0.85 6545000 - - - - 99.94 

 
AP MO-

CVD SiO2 
20.62 1104000 0.0053 0.97 0.027 0.93 3306000 - - - - 99.77 

 

The Bode and Nyquist plots as well as the fitted data shown in Table 3 show that all 

coatings studied, with exception of HTMS, show significant improvement in corrosion protection. 

The results indicate that the effect of SOCAL added to the sol-gel SiO2 is negligible in terms of 

added corrosion protection. The model results are in excellent agreement with the experimental 

results obtained from the potentiodynamic polarization characterization. Parylene C shows the best 

performance with a very large 𝑅c compared to the sol-gel coating. The difference is mainly dictated 

by the differences in the coating processes. Parylene C is coated on the Al and Cu substrate using 

CVD at elevated temperatures which gives a very conformal coating leading to smaller defect and 

pinhole densities. Conversely, sol-gel is coated via facile dip coating at room temperature which 

is more prone to pore or defect formation in the coating.  

To achieve a better comparison between the corrosion protection of Parylene C and SiO2 

on Cu and Al, in addition to benchmarking the corrosion resistance with a commercially available 

coatings, we applied 400 nm of SiO2 through AP MO-CVD. The coating was obtained from 

Wieland Wicoatec GmbH, Germany. The model suggests that the main mode of corrosion 

protection offered by the Parylene C and AP MO-CVD SiO2 coatings is through the high charge 

transfer resistance stemming from their highly electrical insulating properties. The 𝑅ct for Parylene 
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C on Al and AP MO-CVD SiO2 on Cu are the highest among the coatings tested, showing a very 

low density of pinholes inside the coating which makes the path for electron transfer between the 

corrosive ions and metallic substrate difficult. As shown in SEM images of the sol-gel coating 

(Fig. 3), existence of pinholes allows corrosive species to penetrate into the coating and react with 

the substrate to cause coating delamination at the substrate/coating interface. The 

superhydrophobic coating mainly protects the surface by decreasing the available surface area for 

corrosion reaction, also manifesting itself in the 𝑅ct which is a function of available area. The high 

𝑅a indicates the well-maintained Cassie- Baxter state of superhydrophobicity which is successful 

in repelling the solution from the surface. The hydrophobic and superhydrophobic coating failure 

occurred initially with the degradation of the functional coating. Even not in a corrosive 

environment, silane monolayers are known to be chemically unstable in aqueous envrionment and 

can be desorbed from the substrate within hours43, mainly due to the hydrolysis reaction between 

the Si-O-X bond and water that breaks the bond chemcially.44 When exposed to corrosive media 

sea water, the ultra-thin ( 3 nm) silane functional coating degrades rapidly due to the weak 

bonding to the metallic substrates. When the hydrophobic silanized surface is immersed in sea 

water solution, it was observed that hydrophobicity was lost before the corrosion initiated visually 

on the metal. The same failure mode was observed on the SOCAL, where the slippery property of 

the surface was lost after immersing the Cu-coated coupon in sea water solution for 12 hours, with 

the ∆𝜃 increaseing dramatically, indicating the SOCAL removal from the substrate. The 

Superhydrophobic coating, however, had an advantage over the hydrophobic coating due to the 

following reasons. Firstly, the functional coating more readily bonds to the CuO layer.45 Second, 

the trapped air in the nanostructures acts as a barrier to corrosion. The corrosion mechanism 

observed on the sol-gel coating can be attributed to pinholes and microcracks in the coating. The 
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corrosion will initially take place at pinholes, generating osmotic pressure leading to coating 

delamination.46 Other mechanisms of the coating degradation do not necessarily need corrosion to 

initiate. In this mechanism, a water blister is formed at the pinhole location, accumulating the 

solution beneath the coating, causing delamination.18 Nevertheless, decreasing the size and density 

of pinholes is the main challenge for enhancing polymeric coating corrosion resistance.  
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CHAPTER 5: FLOW CORROSION 

To demonstrate the scalability of the coatings as well as the durability to harsher conditions than 

those encountered during EIS, we tested internally coated Cu tubes in a custom-built corrosion 

flow loop with sea water (40% salinity) as the corrosive fluid inside the loop. The corrosion flow 

loop tests were conducted with the fluid at room temperature (21°C) and at 40°C. Note that the 

SOCAL coating did not alter the anti-corrosion performance of the sol-gel coating, with the 

measurable corrosion resistance difference being negligible. Therefore, only one of the samples is 

shown in Figure 9 for clarity. 

 
Figure 9. Corrosion flow loop test results with sea water (40% salinity) used on internally coated 

Cu tubes with internal single-phase laminar flow (ReD  600) and (a) 21°C and (b) 40°C inlet 

fluid temperatures. The legend in (a) applies for (b). Measurement uncertainty was ±0.64 g/m2 

and is not shown for clarity.  

  

The flow corrosion tests revealed that at room temperature and 40°C, a negligible amount 

of weight loss occurred for the sol-gel coated tubes in the first 48 and 24 hours, respectively. At 

the end of the 4 days flow period, the sol-gel coated Cu tube showed 78% less weight loss at room 

temperature and 76% less at 40°C when compared to the uncoated Cu tubes. The reduction in 

weight loss when compared to the uncoated Cu tube was >95% for the Parylene C and 
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superhydrophobic CuO tubes. After each test, the tube was cut longitudinally to investigate the 

internal area of the tube and to observe the change in wall roughness morphology. As expected, 

the uncoated Cu tube completely oxidized. Conversely, the coated tubes looked similar to their 

pristine condition prior to testing. Table 4 shows the instrumentation details of the flow corrosion 

loop. The flow corrosion experimental setup is shown in Figure 10. 

Table 4. Details of the instrumentation on the corrosion flow loop setup. 

Measurement Instrument Span Uncertainty 

Temperature T-Type Thermocouple 0 to 315ºC ± 0.5ºC 

Pressure Drop 
Differential Pressure Sensor, 

Rosemount 3051CD 
± 6.2 kPa 

± 0.1% of 

Span 

Mass Flow Rate 
Coriolis Mass Flow Meter, 

Micromotion Elite Series, CMFS015M 
0 to 330 kg/hr 

± 0.1% of 

Reading 

Mass Microbalance, Radwag AS 220 0 to 220 g ± 0.1 mg 

Tube Length Ruler 0 to 30 cm ± 1 mm 

Tube Diameter Measurement Provided by Vendor - ± 0.1 mm 

 

 

 

 

 
Figure 10. (a) Schematic and (b) photograph of the corrosion flow loop setup. The labels 

denoted by DAQ, ΔP and T in the schematic correspond to the data acquisition system, 

differential pressure transducer, and thermocouple sensors, respectively. 
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CHAPTER 6: CYCLIC CORROSION TESTING 

Cyclic corrosion testing is one of the common ways to measure the corrosion resistance of heat 

exchanger materials, both for tube and fin alloys.47 Therefore, we tested Cu substrates coated with 

HTMS, superhydrophobic Cu substrates, as well as sol-gel SiO2 and Parylene C coated Cu 

substrates for 4 consecutive days (identical to the flow corrosion experiment duration). To emulate 

aggressive corrosion conditions, we utilized the ASTM G85 sea water acetic acid test (SWAAT) 

test which is commonly used in multiple industries to evaluate salt corrosion performance of 

components.48 The results of the cyclic corrosion test are shown in Table 5. Based on the results, 

the largest weight loss that was observed was for the sol-gel coated Cu substrates. The high mass 

loss was due to the blister and crack formation in the sol-gel coating. The blisters and cracks cause 

the coating to completely peel from the surface after ultra-sonication in acetone. Another reason 

for the higher weight loss of the coated samples (other than Parylene C) when compared to the 

uncoated sample was due to the higher adhesion of corrosion products and salts to the uncoated 

sample, some of which may remain on the surface even after the utilized cleaning procedure after 

testing. The observed trends can be identified by observing images of the surfaces before and after 

the cleaning procedure (Fig. 11).  
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Figure 11 Optical close-up images of uncoated, HTMS coated, superhydrophobic coated, sol- 

gel coated, Parylene C, and AP MO-CVD SiO2 coated Cu substrates after the SWAAT for four 

days. Left column images are immediately after bringing the samples out of the corrosion 

chamber. Right column images are after drying and cleaning the samples. 
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Parylene C showed the lowest corrosion rate and no coating delamination was observed 

after the 4-day test. AP MO-CVD SiO2 coating is showing a good performance similar to Parylene 

C. This similar performance can be attributed to the CVD method used for coating deposition 

which leads to a pinhole free surface. The better performance of Parylene C is because of the 

almost 7 times thicker coating. The Parylene C coated sample was kept for 30 days under the test 

condition and it lost approximately 1 g/m2 of its initial weight, indicating that the coating is still 

functional. However, some damages were observed at the edges of the tab and small portion of the 

coating was peeled off at the edges. 

Table 5. Cyclic corrosion test results of the uncoated, HTMS-coated, superhydrophobic (SHP), 

sol-gel-coated, and Parylene C coated polished Cu substrates after 4 days of SWAAT testing. 

Sample Initial Mass [g] Final Mass [g] Mass Loss [g/m2] 

Uncoated 26.326 26.253 33.877 

HTMS 26.180 26.064 54.513 

SHP 26.498 26.393 41.879 

Sol-gel 26.362 26.199 76.178 

Parylene C 26.214 26.213 0.421 

AP MO-CVD SiO2 13.8329 13.831 0.889 

 

A photograph of the cyclic corrosion tester is shown in Figure 12. 

 
Figure 12. Photograph of the (a) outside and (b) inside of the Q-FOG cyclic corrosion tester. The 

image showing the inside (b) demonstrates the placement of the samples on the sample holder. 
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CHAPTER 7: HEAT TRANSFER ANALYSIS 

Flow corrosion testing is a complementary method to the electrochemical characterization as it 

captures the corrosion protection efficacy of the coatings for long time usage in harsher working 

conditions consisting of viscous shear forces caused by the movement of sea water. One of the 

most promising applications for corrosion-prevention coatings is in heat transfer equipment. 

Thermal systems such as boilers, evaporators, condensers, can suffer from corrosion due to the 

moisture present in the flowing working fluids. However, the addition of a corrosion-protective 

coating has drawbacks. The coating will act as an additional barrier to heat transfer and will 

increase the overall thermal resistance. To study the effects of coating application on overall heat 

transfer, we begin by assuming that our sol-gel coating has identical thermal conductivity to what 

has been reported for amorphous SiO2,
49-50 or 𝑘SiO2

  1.3 W/(m·K). As a comparison, we also 

analyzed the added thermal resistance of adding the Parylene C coating as a corrosion prevention 

strategy, with the thermal conductivity of Parylene C being 𝑘parylene   0.08 W/(m·K).51-52 

Considering the Cu tube dimensions for the tests conducted here (ID = 𝐷 = 2𝑟i = 3 mm, OD = 2𝑟o 

= 5 mm) with convection occurring on both inner and outer surfaces of the tube, the total heat 

transfer resistance across the uncoated tube can be calculated as: 

 

𝑅total =  𝑅out +  𝑅conduction +  𝑅in =  
1

2𝜋𝑟o𝐿ℎout
+  

ln (
𝑟o

𝑟i
)

2𝜋𝑘𝐿
+  

1

2𝜋𝑟i𝐿ℎin
 , (15) 

where ℎout and ℎin are the convective heat transfer coefficients on the outside and inside surfaces 

of the tube, 𝐿 is the tube length, and 𝑘 is the thermal conductivity of the tube material. For the 

coated tubes, the resistance of the coating needs to be added to the total thermal resistance. 

Assuming that both internal and external sides of the tube are coated with the same thickness (𝑡) 

of the coating having an isotropic thermal conductivity of 𝑘coating, the total resistance becomes: 
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 𝑅total =  
1

2𝜋𝑟o𝐿ℎout
+

ln (
𝑟o + 𝑡

𝑟o
)

2𝜋𝑘coating𝐿
+

ln (
𝑟o

𝑟i
)

2𝜋𝑘𝐿
+  

ln (
𝑟i

𝑟i − 𝑡)

2𝜋𝑘coating𝐿
+  

1

2𝜋𝑟i𝐿ℎin
  , (16) 

The overall heat transfer coefficient (𝑈) is the inverse of the total thermal resistance. 

Taking the ratio of overall heat transfer coefficient of a coated tube to an uncoated tube, it is 

possible to quantify the effect of the coating thickness and its thermal conductivity.21 The 

conductance ratio is shown in Equation (17) as: 

 
𝑈uncoated −  𝑈coated

𝑈uncoated
=  

ln (
𝑟i(𝑟o + 𝑡)
𝑟o(𝑟i − 𝑡))

2𝜋𝑎𝐿𝑘coating + ln (
𝑟i(𝑟o + 𝑡)
𝑟o(𝑟i − 𝑡))

  , (17) 

where,  

 

𝑎 =  
𝑘(𝑟iℎin +  𝑟oℎout) + 𝑟i𝑟oℎinℎout ln (

𝑟o

𝑟i
)

2𝜋𝐿(𝑟i𝑟oℎinℎout𝑘)
 . (18) 

The decrease in the overall heat transfer coefficient as a function of SiO2 and Parylene C 

thicknesses is shown in Figure 13. Three different outside conditions were considered for the 

analysis. The first condition was forced convection on finned tubes having a 10X higher external 

heat transfer area, characteristic of liquid-to-air heat exchangers. The effect of fins was included 

in Equation (17) and (18) by implementing a 10X increase on the outside heat transfer area. The 

second case was for a tube-in-tube heat exchanger undergoing single-phase liquid flow in which 

the outside and inside convective heat transfer coefficients are identical (ℎout =  ℎin). The third 

case was for condensation heat transfer on the outside the tube with ℎout = 20 kW/(m2·K). For 

laminar flow inside the tube, we assumed a fully developed Nusselt number of 3.66 (NuD = 3.66) 

and for turbulent flow, the Petukhov53 correlation was used to calculate the convective heat transfer 

coefficient.  
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Assuming a 3 µm thick SiO2 sol-gel coating, identical to what was used in the corrosion 

flow loop tests, on Cu tubes (ID = 3 mm, OD = 5 mm) with thermal conductivity 𝑘 = 385 W/(m·K), 

natural convection heat transfer coefficient to air on the outside of the (ℎout  25 W/(m2·K)) and 

laminar single-phase liquid flow on the inside of the tubes (NuD = ℎin𝐷/𝑘 = 3.66, ℎin  700 

W/(m2·K)), the decrease in overall heat transfer coefficient is approximately 0.015% compared to 

the uncoated tube. However, the decrease when using Parylene C with the same thickness was 

0.24%, 16 times greater when compared to the SiO2 due to the higher intrinsic thermal conductivity 

of glass when compared to the majority of polymers.  

Our analysis shows that although Parylene C shows the best corrosion resistance, it also 

has the highest potential to degrade heat transfer due to its low thermal conductivity, a significant 

consideration for many thermal systems having high conductance. For applications which have 

limitations in heat transfer (such as air-side applications), the Parylene C coating represents a 

promising coating methodology that is both durable and highly efficient at preventing corrosion. 
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Figure 13. Decrease of the overall heat transfer coefficient due to the added thermal resistance of 

the addition of the corrosion prevention coating. The results are based on Cu tubes used in the 

corrosion flow loop setup (𝑟o = 2.5 mm, 𝑟i = 1.5 mm, 𝑘 = 385 W/(m·K) and two different working 

conditions assumed: (a, c and e) laminar flow inside the tubes, ℎin = 700 W/(m2·K) with NuD = 

3.66, and (b, d and f) highly turbulent flow (ℎin = 50 kW/(m2·K). See section S10 of Supporting 

Information for the Petukhov correlation used in turbulent flow. For (a) and (b), the external 

boundary condition is air forced convection on finned tubes (ℎout = 100 W/(m2·K)). For (c) and 

(d), we modeled the tube-in-tube heat exchanger case in which ℎout = ℎin. For (e) and (f), we 

modeled condensation on the outside of the tubes (ℎout = 20 kW/(m2·K)). 
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CHAPTER 8: DISCUSSION 

An important consideration when selecting a corrosion prevention mitigation is the cost of 

the coating material as well as the cost of the process required to implement the coating process. 

For a conformal Parylene C, a high temperature vacuum-compatible CVD chamber is required. 

This leads to large capital expenditure as well as a time-consuming process, consisting of pumping 

down the chamber, increasing the temperature and allowing Parylene C to vaporize and deposit on 

the substrate. For the Parylene C depositions tested here, the deposition rate is approximately 17 

nm/minute, which requires approximately 5 hours to deposit a coating of 5 µm thickness, which 

will be durable enough to withstand operational conditions for more than a few months. For every 

deposition process, a constant 1- hour time is required for warming up and cooling down the 

system. Temperatures as high as 690°C were required to cleave the dimeric Parylene gas to its 

monomeric form, however the deposition was done at ambient temperature. Conversely, 

deposition of AP MO-CVD SiO2 was done at 300°C. 

In addition to monetary and time cost, scalability is another challenge when vacuum 

chambers are required for coating application. The necessity for vacuum systems adds costs (both 

equipment cost and time) to the entire manufacturing process. On the other hand, the equipment 

cost as well as the process time for superhydrophobic surface fabrication and sol-gel coating are 

much lower. The superhydrophobic Al and Cu surfaces presented in this work are fabricated 

through two facile steps: making micro/nanostructures using chemical etching followed by 

applying functional coating through an atmospheric pressure CVD process. The latter is done in 

an atmospheric pressure chamber at 80°C, requiring 3 hours, which is too long for many 

applications. The most cost-effective and simplest process is the sol-gel solution followed by facile 

dip coating to coat the metallic substrates. At the lab scale, it takes approximately 20 minutes to 
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prepare the sol-gel solution and 30 seconds to coat a 7 cm long tube sample via dip coating. It is 

worth mentioning that we implemented 30 minutes of 500C heat treatment in nitrogen atmosphere 

to improve coating densification but finding the optimal temperature and duration was out of scope 

of our work. However, we measured the performance of untreated coating and it still showed about 

1 order of magnitude higher corrosion resistance compared to the uncoated surface in EIS test. 

Scalability is another advantage of the sol-gel coating method. The estimated operating expenses 

and capital expenses for sol-gel coating is $608/m2 and $600, respectively. It should be noted that 

the sol-gel solution stays fresh for several hours and many samples can be coated with the same 

solution. At the lab scale, the equipment cost for the Parylene C deposition system is $60,000 with 

the maximum sample size of 25 × 25cm, while it is possible to coat an area as large as 0.5 m2 with 

sol-gel and superhydrophobic coating methods. The need for a vacuum chamber and high 

temperature (690C) to cleave the dimeric Parylene gas to its monomeric form in the Parylene C 

coating process, makes the scalability to larger heat exchangers difficult and time consuming. On 

the other hand, sol- gel and superhydrophobic coatings can be applied on very large samples (> 

1 m2) by developing larger dip coating systems for the sol- gel and atmospheric pressure CVD 

chambers (85C) for the superhydrophobic coating. 

Recently, many studies have shown the anti-corrosion behavior of superhydrophobic 

surfaces.54-55 The anti-corrosion behavior of superhydrophobic surfaces is due to the existence of 

air pockets inside the micro/nanostructures which is representative of the Cassie- Baxter wetting 

state. However, in order to ensure durable corrosion resistant superhydrophobic surfaces, the 

stability of the Cassie- Baxter state needs to be considered. At high hydraulic pressures and when 

there is high vapor condensation on the surface, the stability of Cassie- Baxter is prone to change 

and the transition to Wenzel state may happen.56-57 In addition, and just as important, liquid 
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impalement into the surface structures via high speed droplet impact or jet impingement is another 

important issue that restricts the exploitation of superhydrophobic surfaces.58 The risk of transition 

to the Wenzel state for superhydrophobic surfaces created doubt about their durability for long-

term utilization. Although recent studies have shown that sol-gel derived superhydrophobic 

surfaces have added robustness and durability,59 more studies are needed on the corrosion 

resistance performance and degradation mechanism of these coatings at different working 

conditions. To study the durability and degradation mechanism of the coatings, previous studies 

have used time-dependent EIS.60-61 However, no widely accepted approach exists to follow the 

degradation of the coating-metal system62 and to exact quantification and decoupling of different 

parameters such as water uptake, change in the coating dielectric constant, delamination area and 

pinhole density and size with exposure time.  
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CHAPTER 9: CONCLUSION 

We developed a sol- gel solution and coated Al and Cu substrates with it. Using a facile and 

controllable dip coating method, we achieved a very smooth (< 5 nm root mean square roughness) 

coating. Then we compared the anti-corrosion behavior of the sol-gel coating with 

superhydrophobic, hydrophobic, organic Parylene C, SOCAL and AP MO-CVD of SiO2 coatings. 

Hydrophobic surface (fabricated by nanolayer deposition of HTMS) very slightly improved the 

corrosion resistance of Al and Cu substrates (< 15% protection efficiency in potentiodynamic 

polarization test). SOCAL did not add any further corrosion resistance to the surfaces. Based on 

Tafel polarization curves and electrochemical impedance spectroscopy, sol- gel, superhydrophobic 

and Parylene C coatings showed more than 95% corrosion protection efficiency, with Parylene C 

showing the best performance. The better performance of the Parylene C is because of the pinhole 

free coating achieved by using a Specialty Coating Systems Labcoater 2 Parylene deposition 

system. The analogous result is achieved with AP MO-CVD SiO2. Lower pinhole density results 

in a larger charge transfer resistance between the electrolyte and metallic substrate. The corrosion 

protection of the superhydrophobic coating is because of the existence of air pockets in the 

structured surface. Comparing the corrosion current as well as the corrosion resistances (e.g. 

electrochemical impedance spectroscopy measurements) between the superhydrophobic and 

superhydrophilic surfaces demonstrates the significance of air pockets in inhibiting the corrosion. 

For a better real-life situation, we built a corrosion flow loop setup and tested the durability and 

corrosion protection performance of the developed sol-gel, Parylene C and superhydrophobic CuO 

coatings with sea water passing inside the coated tubes for four days. The sol- gel coated Copper 

tubes weight loss was 78% smaller at room temperature and 76% smaller at 40°C compared to the 

uncoated tube. The Parylene C and superhydrophobic CuO coatings showed less than 95% weight 
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loss compared to the uncoated Cu tubes. SWAAT which is a common method for measuring the 

corrosion of heat exchanger materials in industry was implemented to better understand the 

durability and corrosion mechanism of the coatings. After 4 days of SWAAT, all coatings except 

Parylene C and AP MO-CVD SiO2 were observed to peel from their respective substrates, showing 

the importance of coating method in achieving conformal and robust anti-corrosion coatings. 

Compared to all the investigated coatings, sol-gel was determined to be the most cost-effective 

and rapid coating. At lab scale, it took less than 30 minutes to develop the solution and coat the 

samples. Our analysis shows that although Parylene C has the greatest corrosion resistance 

compared to the tested coatings, it also has the highest potential to degrade heat transfer. 
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