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I ABSTRACT

This research study aims to enhance the performance and extend the service life of High Velocity Air Fuel
(HVAF) sprayed Hastelloy C276 corrosion resistant coatings in hydrogen sulfide (H2S)-containing environ-
ments. A sol-gel sealing strategy using SiO2/ZrO2 as the primary sealing material was employed to improve
the mechanical strength, corrosion resistance, and hydrogen induced cracking (HIC) resistance of the coated
system under H2S-containing conditions. Dip coating was used to deposit sol-gel layers with two different thick-
nesses, including two-layer and five-layer systems. The coated samples were evaluated through microhardness
testing, tribological wear testing, electrochemical characterization (open circuit potential (OCP), potentiody-
namic polarization (PDP), and electrochemical impedance spectroscopy (EIS)), and an immersion test in an
H2S environment following the NACE TM0284 standard.

Electrochemical results revealed that the sample with five layers of SiO2/ZrO2 sol-gel sealant exhibited the
lowest corrosion rate and the highest impedance after 21 days of corrosion exposure. Both adding two-layer
and five-layer sol-gel sealed samples demonstrated significantly lower corrosion rates compared to the unsealed
HVAF Hastelloy C276 coated sample, and the performance improvement correlates with the number of sol-gel
layers. However, in terms of wear resistance, microhardness, and HIC resistance, the addition of the sol-gel
layer did not result in noticeable improvements. This lack of enhancement is likely due to the limited thickness
of the sol-gel film, which may not provide sufficient mechanical reinforcement or protection against external
corrosive substances in such aggressive environments.

To sum up, although the proposed SiO2/ZrO2 sol-gel sealing layer did not significantly prolong the lifetime of
HVAF sprayed Hastelloy C276 coatings under H2S exposure, it did exhibit excellent anti-corrosive performance
in the air. This suggests its potential applicability as a cost-effective protective strategy in industrial settings
where H2S-containing environments are not present.

ii



II CONTENTS

I ABSTRACT ii

II CONTENTS iii

IIILIST OF ABBREVIATIONS v

IV LIST OF FIGURES vi

V LIST OF TABLES viii

1 INTRODUCTION 1

2 THEORETICAL BACKGROUND 3
2.1 HYDROGEN SULFIDE (H2S) AND HYDROGEN INDUCED CRACKING (HIC) . . . . . . . . 3

2.1.1 Hydrogen Sulfide (H2S) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.1.2 Hydrogen Induced Cracking (HIC) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 THERMAL SPRAY AND HIGH VELOCITY AIR FUEL (HVAF) . . . . . . . . . . . . . . . . . 7
2.3 SEALANTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3.1 Porosity and the Importance of Sealants . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.2 Sol-gel Technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3.3 Material Options for Sealants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3 RESEARCH GOALS 18

4 MATERIALS AND METHODS 19
4.1 MATERIALS AND SAMPLE PREPARATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.1.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.1.2 Sample Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4.2 TESTING METHODS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.2.1 Surface Morphology and Microstructure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.2.2 Microhardness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.2.3 Wear Resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.2.4 Electrochemical Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2.5 HIC Resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

5 RESULTS AND DISCUSSION 34
5.1 SURFACE MORPHOLOGY AND MICROSTRUCTURE . . . . . . . . . . . . . . . . . . . . . . 34

5.1.1 Substrate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
5.1.2 HVAF Hastelloy C276 Coating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
5.1.3 Sol-gel SiO2/ZrO2 Coating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.2 MICROHARDNESS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.3 WEAR RESISTANCE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.4 ELECTROCHEMICAL PROPERTIES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.5 HIC RESISTANCE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.6 DISSCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

6 CONCLUSION 55

iii



7 RECOMMENDATIONS 56

8 REFERENCES 57

iv



III LIST OF ABBREVIATIONS

HE Hydrogen Embrittlement HIC Hydrogen Induced Cracking

SSC Sulfide Stress Cracking SCC Stress Corrosion Cracking

HSC Hydrogen Stress Cracking CTR Crack Thickness Ratio

HVAF High Velocity Air Fuel PC Pitting Corrosion

CF Corrosion Fatigue HELP Hydrogen Enhanced Localized Plasticity

HEDE Hydrogen Enhanced Decoherence AIDE Adsorption Induced Dislocation Emission

PWHT Post-Weld Heat Treatment HVOF High Velocity Oxygen Fuel

D-Gun Detonation Gun APS Atmospheric Plasma Spray

VPS Vacuum Plasma Spray CGSM Cold Gas Spraying Method

WS Warm Spray CIS Conventional Impregnation Sealing

UES Ultrasonic Excitation Sealing VC Vacuum Sealing

CLR Crack Length Ratio MAO Micro-Arc Oxidation

EIS Electrochemical Impedance Spectroscopy CVD Chemical Vapor Deposition

ALD Atomic Layer Deposition UMAO Ultrasonic Micro-Arc Oxidation

TEOS Tetraethoxysilane γ-MAPTS γ-Methacryloxypropyltrimethoxysilane

HF Hydrofluoric Acid OCP Open Circuit Potential

PDP Potentiodynamic Polarization SEM Scanning Electron Microscopy

TTIP Titanium Isopropoxide WE Working Electrode

RE Reference Electrode CE Counter Electrode

SCE Saturated Calomel Electrode SHE Standard Hydrogen Electrode

AC Alternating Current OM Optical Microscopy

EDS Energy Dispersive Spectroscopy Ra Arithmetic Average Roughness

Rz Maximum Profile Height Rq Root Mean Square Roughness

CSR Crack Sensitivity Ratio SOHIC Stress Oriented Hydrogen Induced Cracking

PVD Physical Vapor Deposition WAS Waterborne Silicone Modified Acrylic Sealant

v



IV LIST OF FIGURES

1 The list of physical and chemical properties of H2S [1] . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Schematic diagrams of the mechanism of hydrogen induced cracking [2]. . . . . . . . . . . . . . . 6

3 Blisters on carbon steel vessel wall [3]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

4 The schematic of typical thermal spray deposition process on flat substrate [4]. . . . . . . . . . . 8

5 Family tree of the thermal spray technology [5, 6]. . . . . . . . . . . . . . . . . . . . . . . . . . . 8

6 The schematic diagram of HVAF processes [7]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

7 (a) Schematic of HVAF thermal sprayed coating microstructure [8]. (b) Cross section of a HVAF
thermal sprayed coating [9]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

8 An overview of sol-gel method and their products [10]. . . . . . . . . . . . . . . . . . . . . . . . . 13

9 The schematic diagrams of different coating methods in sol-gel process [11]. . . . . . . . . . . . . 14

10 Material options thermal spray in the sour environment against HIC [6]. . . . . . . . . . . . . . . 20

11 Facilities of HVAF thermal spray. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

12 The images of SiO2, ZrO2, and SiO2/ZrO2 sol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

13 The images of SiO2, ZrO2, and SiO2/ZrO2 sol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

14 The images of dip coating machine and its process . . . . . . . . . . . . . . . . . . . . . . . . . . 24

15 The white particles which can be seen on Hastelloy C22. . . . . . . . . . . . . . . . . . . . . . . . 25

16 Spectrum mode EDS analysis in “point” configuration of the white particles on the surface. . . . 25

17 The machine images of cutting machine, optical microscope, and scanning electron microscope . 28

18 The machine and schematic images of microhardness measurement . . . . . . . . . . . . . . . . . 29

19 The machine and schematic images of wear resistance measurement. . . . . . . . . . . . . . . . . 30

20 Schematic of wear track cross sectional area calculation. . . . . . . . . . . . . . . . . . . . . . . . 30

21 Electrochemical cell setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

22 Immersion test setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

23 Illustration of W and T in the formula for calculating CSR, CLR, and CTR on the sample cross
section. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

24 OM image of the carbon steel SJ235 substrate’s top surface (scale bar: 100 µm) . . . . . . . . . 34

25 OM image of the carbon steel SJ235 substrate’s cross section (scale bar: 100 µm) . . . . . . . . . 34

26 SEM image of the carbon steel SJ235 substrate’s top surface . . . . . . . . . . . . . . . . . . . . 35

27 SEM image of the carbon steel SJ235 substrate’s cross section . . . . . . . . . . . . . . . . . . . . 35

vi



28 Spectrum mode EDS analysis in “point” configuration of inclusions on the substrate surface . . . 36

29 OM images of the unpolished HVAF Hastelloy C276 coating’s top surface (scale bar: 100 µm) . . 37

30 SEM images of the unpolished HVAF Hastelloy C276 coating’s top surface . . . . . . . . . . . . . 37

31 Spectrum mode EDS analysis in “area” configuration of unpolished HVAF Hastelloy C276 coating 38

32 Spectrum mode EDS analysis in “point” configuration of the viscous-looking area on the unpol-
ished HVAF Hastelloy C276 coating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

33 OM images of the polished HVAF Hastelloy C276 coating’s top surface (scale bar: 100 µm) . . . 39

34 SEM images of the polished HVAF Hastelloy C276 coating’s top surface . . . . . . . . . . . . . . 39

35 Map mode EDS analysis of the polished HVAF Hastelloy C276 coating . . . . . . . . . . . . . . . 40

36 OM images of the 2-layer SiO2/ZrO2 sol-gel sealant’s top surface (scale bar: 100 µm) . . . . . . 41

37 SEM images of the 2-layer SiO2/ZrO2 sol-gel sealant’s top surface . . . . . . . . . . . . . . . . . 41

38 OM images of the 5-layer SiO2/ZrO2 sol-gel sealant’s top surface (scale bar: 100 µm) . . . . . . 42

39 SEM images of the 5-layer SiO2/ZrO2 sol-gel sealant’s top surface . . . . . . . . . . . . . . . . . 42

40 Spectrum mode EDS analysis in “point” configuration of several ares on the 5-layer SiO2/ZrO2

sol-gel sealant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

41 Picture of the samples after PDP test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

42 Picture of the samples after EIS test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

43 Result of OCP test, time v.s. potential (E) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

44 Result of PDP test, potential (E) v.s. log |i| . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

45 Results of EIS test for 21 days, Bode plot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

46 Results of EIS test for 21 days, Nyquist plot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

47 The top surface picture of the samples after immersion test. . . . . . . . . . . . . . . . . . . . . . 51

48 The cross section picture of the samples after immersion test. . . . . . . . . . . . . . . . . . . . . 52

vii



V LIST OF TABLES

1 Chemical composition of S235JR carbon steel, wt.%. . . . . . . . . . . . . . . . . . . . . . . . . . 19

2 Chemical composition of Hastelloy C276 (NiCrMoW), wt.% [6]. . . . . . . . . . . . . . . . . . . . 21

3 Process parameters setting for HVAF coating. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4 Chemical composition of Hastelloy C22 (NiCrMoW), wt.% [12]. . . . . . . . . . . . . . . . . . . . 24

5 List of properties to be characterized . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

6 Phase area analysis results based on 500× OM images. . . . . . . . . . . . . . . . . . . . . . . . . 35

7 Porosity information of the unpolished HVAF coating . . . . . . . . . . . . . . . . . . . . . . . . 39

8 Roughness coefficients of the polished HVAF coating . . . . . . . . . . . . . . . . . . . . . . . . . 40

9 Porosity information of the polished HVAF coating . . . . . . . . . . . . . . . . . . . . . . . . . . 40

10 Roughness coefficients of the two-layer sol-gel sealed sample . . . . . . . . . . . . . . . . . . . . . 43

11 Roughness coefficients of the five-layer sol-gel sealed sample . . . . . . . . . . . . . . . . . . . . . 44

12 Results of the microhardness measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

13 Results of the wear volume (mm3) measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

14 Results of the wear rate (mm3/Nm) measurement . . . . . . . . . . . . . . . . . . . . . . . . . . 45

15 Results of the wear rate (µm3/Nm) measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

16 Results of the PDP test after Tafel extrapolation . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

17 Results of the values of CLR, CSR, and CTR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

18 Data comparison of measured properties among the three samples . . . . . . . . . . . . . . . . . 53

19 Summary of the final result . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

viii



1 INTRODUCTION

Petroleum and natural gas are valuable resources on Earth, driving more than half of the world’s energy
demands [13]. The demand for petroleum products also plays a crucial role in population growth and industrial
development. With the increasing need for new sites for crude oil and natural gas, as well as their ongoing
discovery, oil and gas are frequently transported through pipelines that span distances ranging from a few
kilometers to thousands of kilometers [14]. These pipelines are primarily made of carbon steel. In addition
to pipelines, various units in the petroleum industry, such as reactors and catalyst regenerators, also have
walls constructed from carbon steel. However, these carbon steel components face significant corrosion related
challenges, which represent a common and critical issue in the oil and gas industry. Harsh and corrosive
operating environments often lead to various corrosion mechanisms, resulting in equipment and infrastructure
failures that pose risks to health, safety, and the environment [15].

Among the various industrial corrosion mechanisms, acidic corrosion is the most prevalent in the oil and gas
industry. It typically occurs when metals are exposed to dissolved wet hydrogen sulfide (H2S). On average,
acidic corrosion accounts for approximately 18% of total failures in the oil and gas sector annually. This type of
corrosion can be further classified into hydrogen embrittlement (HE), hydrogen induced cracking (HIC), sulfide
stress cracking (SSC), and so on [13]. Among these, hydrogen induced cracking is the most prevalent in oil
pipelines constructed from plate materials, which leads to the degradation of mechanical properties. When
carbon steel is exposed to an environment containing hydrogen sulfide (H2S), the hydrogen atoms, which are
formed by the reaction of H2S reacting with Fe [16]. Hydrogen atoms that diffuse into the interior of carbon
steel tend to accumulate at defects such as grain boundaries, dislocations, and vacancies. These hydrogen
atoms then recombine to form molecular hydrogen (H2). As the concentration of hydrogen gas increases,
bubbles are formed, generating internal pressure. When the internal pressure exceeds the material’s tolerance
limit, microcracks develop and gradually propagate, ultimately leading to ductile or even brittle fracture of the
carbon steel [17–19].

A previous study [6] demostrated a corrosion resistant alloy, Ni57Cr15Mo16W4 (commercially known as Hastel-
loy C276), which is suitable for acidic environments, can be effectively applied as a coating on carbon steel
surfaces using high velocity air fuel (HVAF) spraying technology to prevent HIC. This approach successfully
mitigates the corrosion issues of carbon steel. However, it was also observed that the corrosion potential of the
Hastelloy C276 coating is higher than that of carbon steel. This implies that in scenarios where the coating is
damaged or contains defects, galvanic interactions could accelerate the corrosion of the substrate. This study
also confirmed that a 250 µm coating exhibits superior corrosion resistance compared to 375 µm and 500 µm

coatings, attributed to its lower residual stress, resulting in a reduced corrosion rate. However, the 250 µm

coating had larger pore sizes and a higher fraction of porosity than the thicker coatings, leading to reduced
mechanical strength and wear resistance. Consequently, the likelihood of corrosive substances penetrating the
coating increases, making the longevity of the 250 µm coating the shortest among the tested thicknesses.

This study aims to explore strategies for extending the service life of 250 µm-thick HVAF sprayed Hastelloy
C276 corrosion-resistant coatings. Given that HVAF is a relatively novel and costly technique, increasing the
thickness of coating further raises the overall expense. As a result, this research focuses on the 250 µm coating
thickness, among the mentioned options, the thinnest and least expensive, but also with the shortest expected
lifespan, to evaluate its performance and potential enhancement. Inspired by the work of Huang et al., who
proposed that dual-layer coating systems can serve as effective solutions to improve durability [20], this research
adopts a similar approach. Specifically, two-layer and five-layer SiO2/ZrO2 sol-gel sealants were applied on
top of 250 µm thick Hastelloy C276 HVAF coatings. These sol-gel layers are designed to act as protective
barriers, preventing the ingress of moisture, oxygen, and other corrosive agents, while also indirectly shielding
the underlying metallic coating from mechanical damage.
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To evaluate the effectiveness of the sol-gel sealing layers, a comprehensive set of tests was conducted from three
perspectives, mechanical properties (including wear resistance and microhardness), corrosion resistance, and
resistance to HIC in sulfide-rich environments. HIC resistance is listed separately from corrosion resistance here
because their mechanisms are entirely different. The mechanism of HIC resistance involves hydrogen penetrating
into the material, with the corrosive medium being wet hydrogen sulfide and acidic environments. In contrast,
the mechanism of corrosion resistance involves surface oxidation, with the corrosive medium being oxygen and
moisture. By comparing the performance of the samples with and without the sol-gel layer, this study assesses
whether the addition ofSiO2/ZrO2 sol-gel is a viable strategy to enhance the durability and performance of HVAF
Hastelloy C276 coatings under aggressive conditions. Furthermore, the study investigates whether increasing
the number of sol-gel layers leads to incremental improvements in protection and performance.
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2 THEORETICAL BACKGROUND

The following sections will provide a detailed overview of the theoretical background relevant to this study. The
topics include the HIC corrosion mechanisms associated with hydrogen sulfide (H2S), thermal spray techniques
and high velocity air fuel (HVAF), and some information of sealants.

2.1 HYDROGEN SULFIDE (H2S) AND HYDROGEN INDUCED CRACKING
(HIC)

In petroleum industry applications, the most common corrosion mechanisms for carbon steel include hydrogen
embrittlement (HE), hydrogen-induced cracking (HIC), pitting corrosion (PC), corrosion fatigue (CF), and
sulfide stress cracking (SSC). These mechanisms can lead not only to crack formation or localized pitting but
also to wall thickness loss. As a general reference, the wall loss rate is typically around 0.10–0.30 mm/year.
Among these five corrosion mechanisms, only CF can occur without the presence of moisture, whereas the other
four are classified as aqueous corrosion, requiring a humid environment to develop. Among them, HE, HIC, SSC
are triggered by the hydrogen atoms, which are generated by the reaction of steel with H2S. These corrosion
phenomena result in degradation or deterioration of material performance. The underlying cause of corrosion
lies in the chemical or electrochemical interactions between the material and its environment. The following
sections provide a brief introduction to the chemical H2S, and a detailed discussion of HIC, which is the main
corrosion mechanism of this study [13].

2.1.1 Hydrogen Sulfide (H2S)

Crude oil is the primary source of hydrogen sulfide (H2S) in refineries. The primary sources of H2S in oil and gas
pipelines can be broadly classified into three categories. First, natural formation within geological reservoirs,
where certain oil and gas fields contain acid gas reservoirs. In these cases, sulfide minerals or sulfur salts
present in formation water decompose under high temperature and high pressure conditions, producing H2S
that is carried into the pipelines along with crude oil or natural gas. Second, formation via chemical reactions,
in which organic sulfur compounds in crude oil, such as thiols and sulfides, undergo thermal decomposition
at elevated temperatures, or where acidic fluids react with sulfide deposits to release H2S. Third, thermal
decomposition of sulfur-containing additives or corrosion inhibitors, as well as anaerobic reduction reactions
occurring during storage and transportation, can also contribute to H2S generation. Hydrogen sulfide is a toxic,
corrosive, colorless, and flammable gas with a strong. When gaseous H2S dissolves in water, it forms hydrogen
sulfide in its aqueous state, H2S(aq), a weakly acidic solution. In aqueous media, H2S readily dissociates into
bisulfide ions but does not fully decompose into sulfide ions. When exposed to air, H2S rapidly oxidizes due to
the presence of free radicals and other oxidizing agents, forming sulfate and sulfur dioxide (SO2). The figure
below summarizes the physical and chemical properties of H2S [21, 22].

When H2S gas dissolves in water, forming aqueous hydrogen sulfide, the overall environment becomes acidic.
Upon dissolution, H2S rapidly ionizes, producing H+ and HS– ions. Additionally, the HS– ions may undergo
secondary ionization, releasing a small amount of S2– ions and additional H+ ions. The ionization reactions of
H2S are represented by the following equations:

H2S −−⇀↽−− H+ +HS− (1)

HS− −−⇀↽−− H+ + S2− (2)

3



Figure 1: The list of physical and chemical properties of H2S [1]

When H+ ions come into contact with the steel surface, they acquire electrons from the metal and undergo a
reduction reaction, forming hydrogen atoms, which subsequently combine to produce hydrogen gas (H2). This
process represents the cathodic reaction, as shown in Equation 3. On the other hand, metal atoms tend to
release electrons. Taking iron (Fe), the primary component of the substrate used in this study, as an example.
After Fe releases electrons, it reacts with sulfide ions (S2– ) to form iron sulfide (FeS), which constitutes the
anodic reaction. This process is illustrated in Equation 4 and 5 [1].

2H+ + 2 e− −−→ 2H (3)

Fe −−→ Fe2+ + 2 e− (4)

Fe2+ + S2− −−→ FeS (5)

Fe + H2S −−→ FeS + 2H (H2) (6)

From the total reaction equation (Equation 6), it can be inferred that an increase in the partial pressure
of H2S leads to a decrease in the solution’s pH, thereby accelerating metal corrosion. Furthermore, in the
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presence of H2S or HS– , the conversion of hydrogen atoms into molecular hydrogen is inhibited, resulting in
the accumulation of excess hydrogen atoms and an increase in internal pressure. These excess hydrogen atoms
can induce hydrogen embrittlement in steel or diffuse into the metal, accumulating as hydrogen gas and causing
hydrogen induced cracking (HIC). The detailed mechanisms of these processes will be elaborated in the following
sections [1].

2.1.2 Hydrogen Induced Cracking (HIC)

As mentioned previously, hydrogen induced cracking (HIC) is a common corrosion mechanism in the petroleum
industry. HIC shares some similarities with hydrogen embrittlement as both involve material degradation caused
by hydrogen atoms. HIC occurs when hydrogen atoms from the environment diffuse into a metallic material,
accumulate at defects, and form molecular hydrogen gas. The hydrogen gas creates high internal pressures,
eventually leading to crack initiation and material failure. Although HIC and HE are somewhat similar, there
are notable differences between the two. Hydrogen embrittlement is characterized by a loss of ductility due to
the presence of hydrogen atoms in the metal lattice, without the precipitation of molecular hydrogen within
the material. Additionally, hydrogen embrittlement can affect a wide range of metals and occurs under various
conditions, including mild environments or dry hydrogen atmospheres. Furthermore, hydrogen embrittlement
is often reversible; once hydrogen is removed from the material, its ductility can be restored. In contrast, HIC
primarily affects non-austenitic steels and occurs under aqueous conditions, resulting in irreversible damage to
the material. The following paragraphs will provide a more detailed explanation of the mechanisms underlying
HIC [2, 23, 24].

In acidic environments, steel can undergo various corrosion processes. Among them, the primary concern for
hydrogen induced cracking (HIC) is the absorption of atomic hydrogen, as a prerequisite for HIC is the significant
ingress of hydrogen into carbon steel. The degree of hydrogen absorption depends on several environmental
factors, including temperature, pH, and the partial pressures of H2S, CO2, and H2O. Moreover, stress oriented
hydrogen induced cracking (SOHIC) and blistering are also related to hydrogen induced cracking, all of them
are degradation mechanisms associated with the formation of hydrogen blisters in the metal that occur when it
is charged with atomic hydrogen produced by aqueous corrosion of the metal surface. These hydrogen-charging
conditions are commonly produced by corrosion in the presence of water and hydrogen sulphide (H2S). The
H2S also serves as a poison to the recombination of atomic hydrogen to form molecular hydrogen gas, thus
promoting entry of the atomic hydrogen into the metal. [2, 25].

During H2S exposure, FeS1 –x compounds form on the surface. Simultaneously, the anodic dissolution of iron
reduces hydrogen ions to atomic hydrogen, which can diffuse into the steel matrix. High concentrations of H2S
increase the formation of FeS1 –x, acidify the steel surface, and enhance the absorption of hydrogen ions by the
metal [2, 26, 27].

In addition to H2S, other environmental factors, such as pH, play a crucial role in the hydrogen charging process.
Generally, lower pH values (more acidic environments) tend to increase hydrogen uptake. A combination of low
pH and high H2S concentrations results in the maximum diffusion of hydrogen into the material [28].

Once hydrogen atoms enter the crystal lattice, they diffuse through interstitial sites according to Fick’s laws of
diffusion, ideally forming a predictable distribution. However, various microstructural features in the material
act as traps that alter the distribution profile of hydrogen in steel. These hydrogen capture traps are classified
as reversible or irreversible, depending on the difficulty of releasing the trapped hydrogen. Grain boundaries and
dislocations are typically considered reversible traps, while incoherent precipitates are categorized as irreversible
traps.These traps capture hydrogen atoms that have diffused into the structure, allowing them to accumulate
and form molecular hydrogen, which increases the internal pressure. Once the amount of hydrogen reaches a
critical level, cracks begin to initiate [2].
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When the concentration of hydrogen atoms at certain trapping sites exceeds the solubility limit of the material,
molecular hydrogen precipitates from the lattice. This molecular hydrogen, or hydrogen gas, is considered a
critical factor for crack initiation. Because molecular hydrogen has a larger volume than atomic hydrogen, it
cannot be accommodated within the same space, thereby creating pressure that induces cracks to open and form
additional voids. Consequently, internal cracks are formed by the accumulation of gaseous hydrogen at various
defects, such as micropores or inclusions. Once a crack forms, continued accumulation of gaseous hydrogen
at the crack site increases internal pressure, driving crack propagation. Conversely, if insufficient hydrogen is
introduced into the material to maintain adequate pressure within the crack, its propagation will cease. If the
crack reaches the surface of the steel, the hydrogen gas escapes into the environment [2, 29].

Figure 2: Schematic diagrams of the mechanism of hydrogen induced cracking [2].

Figure 2 illustrates the mechanism of hydrogen induced cracking. In the schematic, the dark gray circles
represent inclusions, the light gray areas represent the matrix, and the red dots represent hydrogen atoms. In
the first image at the left-hand side , hydrogen atoms are trapped along the interface between the inclusions
and the matrix. In the second image, the interface between the inclusion and the matrix has opened, with both
free surfaces decorated by hydrogen atoms. Vacancies containing hydrogen diffuse toward the interface, further
increasing the open volume. Then, in the final image, hydrogen gas precipitates within the expanded volume,
initiating the formation of cracks.

From the previous discussion, it is evident that hydrogen induced cracking (HIC) can occur without the appli-
cation of external stress. However, when external stress is present, it influences the crack propagation direction,
a phenomenon known as stress oriented hydrogen induced cracking (SOHIC). External stress can either miti-
gate or exacerbate the internal stress generated by hydrogen gas or bubble pressure within the crack, thereby
affecting the location of crack nucleation and linkage. If stress is applied after crack nucleation, the impact of
external stress can be observed as the crack reorients its propagation direction, leading to more complex crack
morphologies [30–32].

When HIC occurs near the steel surface, the pressure within the cracks can elevate the surface layer, resulting
in noticeable deformation known as blistering. These blisters typically appear as circular formations on surfaces
exposed to the corrosive environment, which is shown as Figure 3. Due to their proximity to the surface,
cracks forming these gas-filled bubbles often curve toward the surface as a result of intense hydrogen-assisted
shear stress ahead of the crack tip. Eventually, these cracks may intersect with the surface, at which point
the hydrogen gas is released, halting further crack and bubble growth. Blistering frequently occurs alongside
HIC and appears so similar that many studies speculate they may represent the same underlying phenomenon.
However, a key distinction lies in the location and visibility of blistering. It occurs near the free surface and
is accompanied by noticeable surface elevation, making it visible to the naked eye or under low-magnification
optical microscopy. Therefore, blistering can serve as a visual indicator of HIC occurrence and is one of the
most straightforward effects to measure [2, 33, 34].

To prevent or mitigate hydrogen blistering, HIC, and SOHIC, several methods are commonly employed indi-
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Figure 3: Blisters on carbon steel vessel wall [3].

vidually or in combination. First, heat treatment of the base material, such as normalization or quenching
and tempering, can refine the grain structure and reduce banded microstructures, thereby enhancing material
resistance. Second, post-weld heat treatment (PWHT) is effective in relieving residual stresses, thereby lowering
the risk of SOHIC, although its effectiveness in preventing hydrogen blistering or HIC is limited. Additionally,
specially designed "HIC resistant" steels typically maintain sulfur content at <0.002% and may include small
amounts of calcium to modify the morphology of sulfide inclusions. This is often combined with appropriate
heat treatment of the base material. In operational settings, the working environment’s pH can be adjusted
through surface weld overlays or the addition of neutralizing agents. For wet high-temperature operations, it
is recommended to maintain the material at elevated temperatures for at least one hour per 25 mm of metal
thickness to reduce the risk of crack formation [3].

2.2 THERMAL SPRAY AND HIGH VELOCITY AIR FUEL (HVAF)

Surface coating technology is an essential and economical method for protecting substrates from external erosion,
corrosion, and wear. As mentioned earlier, for carbon steels used in petroleum environments, such as carbon
steel S235JR, hydrogen induced cracking, sulfide stress cracking, and hydrogen embrittlement are common
corrosion mechanisms in H2S environments. Thermal spraying is an effective method to protect the carbon
steel substrate, and different coating techniques and materials can be selected based on specific requirements
to achieve the desired performance. Thermal spraying is one of the most effective methods for protecting
new components against wear, high-temperature corrosion, residual stress, and erosion. It provides hard and
dense coatings that significantly enhance material lifespan. The fundamental mechanism of thermal spraying is
relatively straightforward. It involves feeding powdered, wire-like, or rod-like materials, such as metals, ceramics,
cermets, and certain polymers, into a spray gun. Using a high-temperature heat source, heating the coating
material to a molten or semi-molten state. Compressed air or flame flow is then employed to accelerate the
molten material, forming a high-velocity particle stream that is deposited onto a pre-treated substrate surface.
This process creates coatings with specific functional properties, such as wear resistance, corrosion resistance,
high-temperature resistance, oxidation resistance, insulation, and thermal barrier performance [35, 36].
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Thermal spraying technology has become increasingly mature and is widely applied in critical industrial sectors
for wear resistant and corrosion resistant coatings, including aerospace, automotive, power generation, petro-
chemical, and offshore operations. One of the key advantages of thermal spraying is its ability to accommodate
an extensive variety of materials. Virtually any material that can melt without decomposition is suitable for
this process, making it highly versatile. Another notable advantage is that most thermal spray processes can
apply coatings without significantly heating the substrate. As a result, even coatings made from materials with
very high melting points can be deposited without altering the substrate’s properties or causing thermal defor-
mation. Additionally, thermal spray coatings can, in most cases, be stripped and reapplied without affecting
the substrate’s characteristics or dimensions, allowing for the restoration of worn or damaged coatings. Despite
its numerous advantages, the primary limitation of thermal spraying lies in its substrate size constraints. It is
particularly challenging to coat small, deep, or highly complex substrates using this method. Figure 4 illustrates
the main schematic of the thermal spraying process [35].

Figure 4: The schematic of typical thermal spray deposition process on flat substrate [4].

According to the development history of thermal spray technologies, they can be broadly categorized into three
main types based on their specific characteristics. Figure 5 presents a classification of various thermal spray
techniques in the form of a family tree.

Figure 5: Family tree of the thermal spray technology [5, 6].

From the diagram above, it can be observed that high velocity oxygen fuel (HVOF), detonation gun (D-gun),
and flame spray are classified under the "Combustion" category. This category represents the most fundamental
method of thermal spraying, where powdered metal is melted and propelled onto a surface to form a coating.
This system utilized the combustion of fuel and oxygen to generate a flame, which melted the metal wire. The
molten metal was then atomized by compressed gas and sprayed onto a substrate, forming a coating. This
process, now known as flame spraying, was initially limited to low melting point metals such as tin and lead
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due to temperature constraints. However, subsequent technological advancements based on flame spraying led
to the development of modern thermal spray techniques, including HVOF, which is the most popular thermal
spray technique these days.

However, in response to the demand for corrosion resistant coatings for novel metals, arc-based thermal spray
technology was introduced. This represented the second major category of thermal spray techniques, leveraging
electrical energy to increase the working temperature of the machine, making it enable the spraying of higher
melting point metals such as steel, zinc, and stainless steel. Technologies like atmospheric plasma spray (APS),
vacuum plasma spray (VPS), and arc spray fall into this category.

The third and most recent category of thermal spray technology involves solid-state spraying. This process,
known as cold spraying, achieves coatings without combustion or electrical energy. Cold spray is a unique
solid-state process that derives its high kinetic energy from particle velocity rather than thermal energy. The
lower operating temperature of cold spraying offers several advantages, such as control over the microstructure,
reduced oxidation, and minimized porosity in the coating. Since this technique operates below the melting
temperature of the feedstock material, it requires particles to undergo plastic deformation solely through kinetic
energy in their solid state, limiting its applicability to specific materials. Techniques such as cold gas spraying
method (CGSM), high velocity air fuel (HVAF), and warm spray (WS) fall under this category.

The HVAF technique used in this study is an advanced method that has garnered significant attention in recent
years. Derived from the HVOF process, HVAF replaces pure oxygen with compressed air, which acts as both a
coolant and a means of increasing the pressure within the combustion chamber.Its process operates by mixing
gaseous fuel with compressed air, which is combusted in a combustion chamber to generate high-temperature,
high-pressure gases. These gases are then accelerated through a specially designed nozzle, producing a high
velocity gas stream. The coating material, in the form of powder, is heated to a semi-molten state and propelled
at extremely high velocities toward the substrate. Upon impact, the powder particles rapidly cool, forming a
dense and strongly adherent coating. HVAF operates at a combustion temperature of approximately 1,900°C,
which is lower than other thermal spray techniques, such as high velocity oxygen fuel (HVOF). This lower
temperature minimizes oxidation and decomposition of the coating material while achieving higher particle
velocities, resulting in superior coating quality. Due to its ability to control the microstructure, reduce oxidation,
and minimize porosity in the coating, the HVAF technique has been selected for coating Hastelloy C276 in this
study [7]. Figure 6 provides a schematic representation of the HVAF system.

Figure 6: The schematic diagram of HVAF processes [7].

Since thermal spray coatings are composed of multiple particles, then these molten or semi-molten particles
impact the substrate at high speed, flattening and solidifying into lamellar structures. The coating primarily
adheres to the substrate through mechanical interlocking, with some metallurgical bonding. To achieve a uniform
coating, the lamellae should be tightly stacked. However, various external factors, including temperature, impact
velocity, spray angle, and particle oxidation, can influence the stacking process. The substrate’s roughness
and temperature variations also affect lamellar stacking. If spraying conditions are suboptimal, the lamellae
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may fracture, leading to reduced adhesion, increased oxidation, and the formation of pores. Fracturing is
mainly caused by localized stress, which can be mitigated through appropriate surface treatment and optimized
spray conditions. Utilizing high particle velocity and lower temperature thermal spraying minimizes the risk of
complete particle melting, reduces fragmentation, and enhances coating quality. Figure 7a illustrates a schematic
of a HAVF thermal spray coating structure, highlighting defects such as porosity, oxides, and unmelted particles,
while Figure 7b presents a cross section of an actual HVAF thermal spray coating [7–9, 37].

(a) (b)

Figure 7: (a) Schematic of HVAF thermal sprayed coating microstructure [8]. (b) Cross section of a HVAF
thermal sprayed coating [9].

During the formation of thermal spray coatings, porosity is inevitable. Irregular stacking, lamellar fracturing,
and poor wetting contribute to porosity formation, making it one of the primary defects in thermal spray
coatings. Among these, microcracks represent a specific type of porosity caused by stress accumulation during
cooling, particularly in brittle materials, making ceramic coatings especially susceptible. Porosity can be cat-
egorized as either interconnected or closed. Interconnected porosity creates pathways for corrosive substances
to penetrate, reducing adhesion and leading to delamination or corrosion reactions. In contrast, closed porosity
compromises the coating’s wear and corrosion resistance. The primary advantage of using HVAF technology
in this experiment lies in its lower combustion temperature, which reduces particle overheating and oxidation,
maintaining particles in a semi-molten state and enhancing coating density. Moreover, HVAF achieves higher
particle velocity (800–1,200 m/s) compared to other techniques, resulting in greater plastic deformation upon
impact, which helps fill voids and improve compaction. Additionally, lower thermal stress minimizes microc-
rack and porosity formation which leading to a more uniform coating. Because HVAF uses compressed air as
the oxidant, oxide inclusions are significantly reduced, further decreasing porosity. Ultimately, HVAF coatings
achieve higher density than HVOF coatings, offering superior wear and corrosion resistance [38, 39].

As previously mentioned, one of HVAF’s key advantages is its ability to minimize oxidation within the coating
efficiently. This is particularly critical because oxidation negatively affects the mechanical properties of the
coating. Oxide particles can alter the coating’s microstructure and ductility, especially in metallic coatings,
where metal oxides tend to be brittle and have different thermal expansion coefficients than the base material.
Oxidation can occur during particle flight or upon impact and cooling, influenced by particle stream temperature,
turbulence, and carrier gas composition. HVOF produces lower air entrainment compared to plasma spraying
and arc welding reducing oxidation risk, but the low temperature, high velocity nature of HVAF further decreases
the probability of oxidation, making it a superior choice for oxidation-sensitive coatings [40, 41].
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2.3 SEALANTS

The following sections will focus on introducing different types of sealants and applicable sealing techniques.
Additionally, the importance of sealants will be discussed, along with the impact of porosity on the overall
mechanical strength and wear resistance of the coating. Finally, a selection of sealant materials suitable for this
experiment will be identified, followed by a more detailed analysis of their properties.

2.3.1 Porosity and the Importance of Sealants

Surface coatings serve as a protective barrier, protecting materials from environmental damage, including fric-
tion, wear, corrosion, chemical degradation, water, ultraviolet radiation, chemical exposure, contaminants, and
so on. These coatings are essential for protecting substrates by enhancing material properties, functionality, and
durability through their role as damage barriers [42–44]. Depending on environmental requirements, various
organic, inorganic, and metallic coatings can be selectively applied to surfaces. Such coatings play a crucial role
in improving corrosion and wear resistance, effectively extending the service life and performance of materials
under diverse conditions [38, 45–47].

However, porosity within the coating remains a critical challenge, as it facilitates the infiltration of corrosive
agents through interconnected pores and defects in the coating structure, leading to substrate degradation,
especially for thermal spray coatings [48]. One of the most common issues with thermal spray coatings is
excessive porosity. Although HVAF technology exhibits lower porosity compared to HVOF or other thermal
spray methods [6], this issue still limits the application of HVAF coatings in environments involving corrosive
media. These pores and voids are often the primary contributors to substrate corrosion and localized pitting
over the coating [49].

The porosity not only reduces the corrosion resistance of the coating-substrate system but also compromises the
mechanical properties of the coating, thereby diminishing its wear resistance. Porosity within the coating is also
a structural defect that significantly affects its mechanical performance. When external stress is applied, these
pores disrupt uniform stress distribution, leading to localized stress concentration. Stress concentration occurs
when geometric discontinuities such as pores, cracks, or inclusions cause stress to accumulate in specific regions
rather than being evenly distributed. This phenomenon significantly weakens the mechanical integrity of the
coating, making it more susceptible to failure. The presence of porosity hinders uniform stress transmission,
particularly under tensile or shear stress conditions. Stress at the pore edges is notably higher than in other
regions, resulting in localized strength reduction. According to crack propagation theory, pores act as initiation
points for microcracks. Under high stress, these cracks propagate along the pores, further compromising the
structural integrity of the coating.

Additionally, porosity can interact with other structural defects. For instance, in certain thermal spray coatings,
such as plasma sprayed or HVOF coatings, residual gas or unmelted particles may be trapped within the pores.
Under high loads or cyclic stress, these gas cavities may collapse, generating microcracks and further reducing
coating strength. The collapse of gas cavities can also induce localized embrittlement, accelerating failure under
fatigue loading. Porosity also weakens the adhesion strength between the coating and the substrate, increasing
the likelihood of delamination under stress. This issue is particularly pronounced in multilayer or functionally
graded coatings, where porosity impairs interlayer stress transfer, leading to interfacial slippage or delamination.

The mechanical properties of a coating, including tensile strength, compressive strength, hardness, and tough-
ness, are all adversely affected by porosity. Higher porosity levels reduce the effective load bearing volume of
the material, increasing the stress per unit area and making the coating more prone to plastic deformation or
brittle fracture. The severity of this effect depends on the size and distribution of the pores. Moreover, porosity
undermines the structural continuity of the coating, facilitating crack propagation under external loads, which
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may eventually lead to coating failure. This crack propagation follows a chain reaction of stress concentra-
tion, crack growth, and ultimate failure. Consequently, coatings with excessive porosity may experience brittle
fracture even under relatively low external loads [50–53].

Beyond its impact on mechanical properties, porosity also degrades wear resistance. High porosity reduces
material density and strength, accelerating wear rates. As porosity increases, stress concentration and surface
roughness also rise, promoting localized wear. During the wear process, pores facilitate the formation and
accumulation of debris. In loosely structured coatings, material around the pores is less stable and more prone
to detachment during wear, generating fine debris. These debris particles may circulate within the friction
interface, exacerbating wear, especially under dry friction conditions, where they can act as abrasive particles,
leading to third body wear. As porosity increases, the likelihood of internal debris formation grows, significantly
shortening the coating’s wear lifespan. Furthermore, coatings with high porosity tend to absorb contaminants,
compromising lubrication and further deteriorating wear performance [50, 51].

Therefore, applying a sealant over the coating effectively addresses these issues by sealing pores and cracks,
thereby mitigating these defects. Therefore, the sealing process significantly enhances the corrosion and wear
resistance of the coating. There are a variety of sealants that can be employed for sealing micropores in coatings,
and their classifications will be discussed in the subsequent section [54, 55].

2.3.2 Sol-gel Technique

Pandiyarajan’s study summarizes the sealing methods and materials applied to various coating materials, along
with the findings of different research efforts. Commonly used sealing technologies, such as vacuum sealing,
conventional impregnation sealing, ultrasonic excitation sealing, and sol-gel sealing, are highlighted. These
techniques have been shown to significantly enhance the corrosion resistance and mechanical properties of
different types of coatings. The following paragraphs will provide a detailed description of the sol–gel method,
which is the selected the sealing technique adopted in this study [54].

The sol-gel technique is a wet-chemical technique used to create uniform and dense coatings on substrate
surfaces through the hydrolysis and condensation reactions of precursors. The process begins with selecting a
suitable metal-organic compound, such as a metal alkoxide, as the precursor, which is dissolved in a solvent with
adjustments to achieve optimal reaction conditions. Water is then introduced to induce hydrolysis, forming a
sol with nanoscale particles. The sol is applied to the substrate using methods like dip coating, spray coating,
or spin coating, which is shown in Figure 9, to ensure uniform distribution. After coating, the sol undergoes a
condensation reaction, transforming into a gel, followed by drying to remove residual solvent.

The adhesion of sol-gel sealing layer to metal surfaces is primarily governed by two mechanisms, chemical
bonding and physical adsorption. Following hydrolysis and condensation reactions, –OH functional groups
formed within the sol-gel network undergo dehydration condensation with hydroxyl groups on the native oxide
layer of the metal surface, resulting in the formation of stable M–O–X bonds (Bonding between the metal and
SiO2 or ZrO2 in this study.) In the early stages of deposition, the coating also adheres through hydrogen bonding
and electrostatic interactions. Subsequent thermal treatment promotes further condensation and densification
of the network, thereby enhancing the coating’s adhesion strength and durability. This method is widely utilized
to create functional coatings with specific properties, making it ideal for sealing and protective applications.
The flow chart of the sol-gel method overview is displayed in Figure 8 [56–58].

Apart from the high adhesion to the metallic substrate, sol-gel method is also characterized by its low reaction
temperature, simple preparation process, and the ability to achieve excellent sealing performance due to the
good fluidity of the sol. As a result, many studies have adopted sol-gel techniques for coating sealants [59–62]

Unlike the latter methods, sol-gel does not require expensive equipment or high-vacuum environments and can be
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Figure 8: An overview of sol-gel method and their products [10].

conducted under relatively low-temperature conditions, making the operation significantly simpler. Moreover,
previous studies have demonstrated that the sol-gel technique can produce uniform coatings at the nanoscale,
providing exceptional chemical resistance, corrosion protection, and thermal stability. Additionally, the sol-gel
method allows for the use of various coating techniques, enabling the application of coatings on substrates with
complex geometries. Therefore, this study will adopt the sol-gel method as the primary sealing technique.

Among the commonly used methods for applying sol-gel sealing layers, dip coating, spin coating, and spray
coating are the three most prevalent methods. Figure 9 illustrates schematic diagrams of each method.

Dip coating is the most intuitive and straightforward among the three, particularly suitable for flat or sim-
ply shaped substrates. The film thickness can be adjusted by controlling the withdrawal speed and solution
properties. In this process, the substrate is vertically immersed into the sol, held for a set dwell time, and
then withdrawn at a constant rate. After drying and thermal treatment, a uniform film forms on the substrate
surface. The film formation mechanism is governed by the balance of gravitational, viscous, and surface tension
forces, and can be described by the Landau–Levich equation, shown in Equation 7, where h is the final wet film
thickness (m), η is the dynamic viscosity of the solution (kg ·m−1 · s−1), U is the withdrawal speed (m · s−1), γ
is the surface tension (kg ·s−2), ρ is the density of the solution (kg ·m−3), and g is the gravitational acceleration
(m · s−2) [63, 64].

h = 0.94× (ηU)2/3

γ1/6√ρg
(7)

Considering this study involved coating two types of substrates: 2.5 cm × 2.5 cm squares and 2 cm × 10 cm
rectangular strips. Spin coating was deemed unsuitable for the elongated samples, and spray coating is generally
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Figure 9: The schematic diagrams of different coating methods in sol-gel process [11].

more appropriate for large-scale applications and requires advanced operator control. Therefore, dip coating
was ultimately selected for fabricating the sol-gel thin films in this work.

2.3.3 Material Options for Sealants

Since the application is intended for the petroleum industry, selecting a sealant material requires not only con-
sideration of its corrosion resistance but also its ability to withstand high-temperature environments, which is
equally critical. Liquid inorganic or ceramic sealants present an excellent choice as sealant materials. Further-
more, this study will employ the sol-gel method as the sealing approach as mentioned in the previous section.
Therefore, in this chapter, the selection of sealant materials is narrowed to liquid inorganic or ceramic sealants
that can be synthesized via the sol-gel process. From several literature, Al2O3, ZrO2, TiO2, and SiO2 are viable
candidates.

Al2O3:

Due to its excellent wear resistance, corrosion resistance, and high mechanical strength [65], aluminum oxide
(Al2O3) has been widely utilized for thin film applications across various fields, including optical lenses and
windows, refractory coatings, humidity sensors, anti-corrosion coatings, miniaturized devices, and integrated
circuits. The synthesis and application of Al2O3 coatings have been achieved through several deposition tech-
niques, such as chemical vapor deposition (CVD), atomic layer deposition (ALD), plasma spraying, magnetron
sputtering, and sol-gel processing. Among these methods, sol-gel processing is considered one of the simplest
and most versatile approaches, as it allows for deposition through dipping, spraying, or spin coating [66].

Despite existing research on sol-gel derived Al2O3 films and its use as a sealing material in some studies, the
number of such investigations remains limited. To date, no research has employed the sol-gel method for Al2O3

as a sealing coating, particularly for sealing the pores in thermal spray coatings. This limitation may be at-
tributed to several challenges associated with Al2O3 sol preparation. The synthesis requires specific precursors
such as aluminum isopropoxide (Al(OC3H7)3), aluminum chloride (AlCl3), or Al(NO3)3·9H2O, which are prone
to hydrolysis, making the preparation process challenging. Additionally, during the sol-to-gel transition, Al2O3

coatings exhibit a higher shrinkage rate compared to SiO2, TiO2 and ZrO2, increasing the likelihood of crack for-
mation. Furthermore, Al2O3 requires temperatures above 800 °C to achieve a stable and dense α-phase, whereas
conventional sol-gel processing typically involves heat treatment at 400 to 600 °C, preventing the formation of
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a high-density structure. Consequently, the sealing effectiveness of Al2O3 coatings remains suboptimal. Given
the availability of alternative materials with superior performance, Al2O3 has not been widely adopted as a
primary sealing material [67, 68].

SiO2:

Another material option that is suitable for fabricating sealing coatings on Hastelloy C276 using the sol-gel
method is silicon dioxide (SiO2). SiO2 can resist the corrosive effects of most acids, bases, and salts, and
its high melting point (about 1700°C) ensures that it remains stable without decomposition or degradation
even in high-temperature environments. Additionally, SiO2 has a dense structure, exhibiting extremely low
permeability to water molecules and other corrosive agents such as oxygen. Furthermore, its high hardness and
excellent wear resistance provide effective protection for the underlying material against mechanical damage
and external abrasion. These attributes make SiO2 an excellent choice for sealing coatings designed to enhance
the performance and durability of bottom materials [69–72].

The studies by Sun [73] and Liu [74] collectively highlight the effectiveness of SiO2 in sealing micropores
on coatings or substrate surfaces. Due to its small particle size, SiO2 can penetrate and fill most surface
defects efficiently. Although SiO2 is generally chemically stable, it may degrade under certain acidic conditions,
particularly in the presence of hydrofluoric acid (HF), where it reacts with fluoride ions to form soluble SiF6

2–

complexes. Even in non-HF acidic environments, SiO2 may undergo slow dissolution. Despite the predominance
of hydrogen sulfide in many operational environments, the possibility of SiO2 dissolution cannot be ruled out.
Consequently, numerous studies have explored the incorporation of additional precursors during the sol-gel
synthesis to create composite sols. This approach retains the strong penetration capability of SiO2 nanoparticles
while reducing the likelihood of coating dissolution and enhancing mechanical strength and wear resistance.
SiO2/ZrO2 and SiO2/TiO2 composites are promising hybrid coating materials, which will be discussed in greater
detail in subsequent sections [75, 76].

ZrO2:

Several scientific articles indicate zirconium dioxide (ZrO2) has excellent acid and alkali resistance and demon-
strates stability across a pH range of 1 to 13 [77], and it is able to withstand temperatures exceeding 1200°C
[78]. Additionally, ZrO2 has been shown to significantly enhance the mechanical strength and wear resistance
of coatings [79]. Furthermore, uniform ZrO2 thin films can be fabricated using the sol-gel method combined
with spin coating technique [80]. Therefore, these studies show that the sol-gel method is an effective method
for preparing ZrO2 coatings, and ZrO2 has excellent chemical and thermal resistance, making it suitable for use
in various corrosive environments and high temperature applications.

From the research by Szczurek [81] and Atik [82], several conclusions can be drawn. First, ZrO2 is an effective
corrosion-resistant coating material that can be fabricated using the sol-gel method, providing enhanced cor-
rosion resistance and mechanical strength. However, its large particle size results in a less dense coating, and
excessive thickness can lead to cracking. These characteristics are complementary to those of SiO2, explaining
why pure ZrO2 sol-gel films are rarely reported in the literature. Instead, ZrO2 is often combined with other
materials to optimize coating performance. Therefore, the following section will introduce SiO2/ZrO2 composite
sol-gel coatings for enhanced sealing and corrosion protection.

TiO2:

Titanium dioxide (TiO2) is another material suitable for use as a sealing coating in sol-gel processes, which
exhibits excellent thermal stability as shown in numerous studies. When exposed to high temperatures, titanium
forms a stable oxide layer composed of TiO2. This oxide layer serves as a protective barrier, preventing further
oxidation and thermal degradation. At 800°C, TiO2 undergoes a phase transformation from anatase to rutile
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[83]. Additionally, some research has discussed the crystal structure, thermodynamic properties, and phase
transitions of TiO2, proving that rutile is the most thermodynamically stable phase, with a melting point as
high as 1570°C (1843 K) [84]. TiO2 nanoparticles can also further enhance the thermal stability of coatings. For
instance, Fan et al. demonstrated the impact of TiO2 nanoparticles on silica aerogel composites, revealing that
their addition significantly improved the collapse resistance of aerogels under high temperatures over 1000°C
[85].

The study from Sippel [86] indicates that TiO2 can endure high temperatures and exhibits exceptional thermal
stability. Beyond its thermal properties, TiO2 is an environmentally friendly material with low cost, high
chemical stability, and low toxicity. Also, from the research by Boshkova [87] and Zhang [88] collectively indicate
that TiO2 itself is often employed in producing anti-corrosion coatings, or its nanoparticles are incorporated
into other coating materials to enhance mechanical properties and corrosion resistance.

However, current literature on the use of TiO2 as a standalone sol-gel coating material remains limited. Similar to
previous studies on ZrO2, this scarcity of research may be attributed to the fact that when TiO2 is combined with
other materials, such as SiO2, the resulting thin films exhibit significantly enhanced properties by integrating
the advantages of both components. Therefore, the following sections will provide a detailed discussion on the
characteristics of SiO2/TiO2 as a sol-gel coating material.

SiO2/ZrO2:

Previous sections of SiO2 and ZrO2 coatings have demonstrated that while sol-gel coatings based on silane
exhibit strong adhesion to substrates and form dense protective layers, they are susceptible to dissolution under
acidic conditions and exhibit limited hardness and wear resistance. To enhance the corrosion resistance of these
coatings, particularly in cases of mechanical damage, the incorporation of SiO2 with other compounds into the
sol-gel matrix is necessary. ZrO2, known for its hardness, presents a viable option. According to Abdollahi’s
research [89], SiO2/ZrO2 composite coatings exhibit corrosion resistance improvements of approximately three-
fold and sevenfold compared to SiO2 coatings and bare substrates, respectively . Additionally, results from
Gkasiorek et al. [90] reveal that the SiO2/ZrO2 coating possesses higher Vickers hardness is as high as uncoated
316L steel, but the polarization resistance is nearly 84 times higher.

Based on the studies above, to enhance the corrosion resistance, mechanical strength, and adhesion of coatings
or substrates, sol-gel-derived SiO2/ZrO2 coatings represent an excellent material choice, because it integrates
the advantages of both materials. Moreover, the number of studies investigating SiO2/ZrO2 coatings far ex-
ceeds those focusing on either SiO2 or ZrO2 individually, suggesting their broader applicability. Given these
advantages, SiO2/ZrO2 coatings are well-suited for sealing the pores of Hastelloy C276 coatings, making them
a promising material choice for corrosion-resistant applications.

SiO2/TiO2:

The previous section introduced SiO2/ZrO2 as an excellent sol-gel coating material, similarly, SiO2/TiO2 is
another promising alternative. This composite material is not only suitable for photocatalytic and self-cleaning
applications but also exhibits significant corrosion resistance for steel substrates. The advantages of SiO2/TiO2

coatings include corrosion resistance, high thermal stability, excellent mechanical strength (a characteristic of
SiO2), chemical stability, and a higher thermal expansion coefficient (a characteristic of TiO2). From the earlier
discussion, it is evident that SiO2 possesses strong adhesion properties, allowing its coatings to firmly attach to
the substrate. The addition of TiO2 further enhances the adhesion of sol-gel coatings [91].

From some studies reviewed [92, 93], SiO2/TiO2 coatings are increasingly favored over pure SiO2 or TiO2 as
corrosion-resistant coatings. The results demonstrate their effectiveness in enhancing corrosion resistance and
mechanical strength. Additionally, the findings emphasize the importance of sol composition, heat treatment
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duration, and environmental conditions in determining the final coating structure. Although certain aspects
of SiO2/TiO2 coatings are less extensively studied compared to SiO2/ZrO2, SiO2/TiO2 remains a promising
material for Hastelloy C276 coatings.

Comparison of the Material Options:

The previous paragraphs have provided detailed discussions on the use of Al2O3, SiO2, ZrO2, TiO2, SiO2/ZrO2,
and SiO2/TiO2 as sealing coatings, along with their respective performance outcomes. However, due to vari-
ations in substrate materials, post-coating heat treatments, and atmospheric exposure times, it is challenging
to establish a unified benchmark for fair comparison among these coatings. The susceptibility of different sub-
strates to corrosion further complicates direct comparisons. Nevertheless, as evidenced by the aforementioned
studies, sol–gel-derived coatings can significantly enhance the corrosion resistance of the underlying substrates
and, in most cases, also contribute to improved mechanical strength. Each coating material, however, exhibits
certain limitations. For instance, while Al2O3 is well-regarded for its excellent corrosion and wear resistance,
making it a promising candidate for sealing layers, it requires specialized precursors that are highly prone to
hydrolysis, rendering the sol preparation process relatively complex. Additionally, Al2O3 sol–gel coatings tend
to exhibit higher shrinkage during drying and calcination, which increases the risk of cracking. As a result,
Al2O3 is often not prioritized as a primary sealing material when alternative options are available. SiO2, on
the other hand, is favored for its ultrafine particle size, which enables effective infiltration and pore filling, as
well as its strong adhesion to various substrates and satisfactory corrosion resistance. However, SiO2 coatings
may degrade in certain acidic environments, particularly those containing fluorides.

To overcome this drawback, SiO2 is frequently combined with other oxides, such as ZrO2 and TiO2, to form
composite coatings with enhanced hardness and wear resistance. ZrO2 and TiO2 both exhibit corrosion resis-
tance and advantages like excellent mechanical strength and high thermal expansion coefficient. Nevertheless,
their relatively large particle sizes often result in less dense coatings, making them less suitable as standalone
sealing materials. Their properties, however, can be combined with the infiltration and adhesion capabilities
of SiO2, and thus their integration in SiO2/ZrO2 and SiO2/TiO2 composite sol–gel coatings offers synergistic
advantages.

These composite systems effectively combine the strong penetration and adhesion of SiO2 with the mechanical
robustness or thermal expansion resistance of ZrO2 and TiO2, positioning them as the most promising candidates
among the sol–gel coatings discussed for use as sealing layers on Hastelloy C276 substrates. Compared to
both, literature on the use of SiO2/ZrO2 as sol-gel materials is significantly more abundant than that on
SiO2/TiO2. Therefore, given the available resources and existing knowledge base, this study ultimately selected
SiO2/ZrO2 as the sol-gel material system. It is noteworthy that there have been no prior studies specifically
employing SiO2/ZrO2 composite sol–gel coatings for the sealing of thermal spray coatings. Therefore, the
ultimate performance of the system must still be validated through experimental investigation.
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3 RESEARCH GOALS

Building upon Section 1 and 2, this chapter focuses on the core objective of the study: Developing strategies
to extend the service life of HVAF-sprayed Hastelloy C276 coatings in H2S-containing environments.

Leveraging the selected fabrication method, namely the sol-gel process, and the chosen material system,
SiO2/ZrO2, the chapter further refines and articulates the central research question.

Main Goal:

The primary aim of this study is to experimentally determine the extent to which a sol-gel SiO2/ZrO2 sealing
layer can enhance the durability of HVAF sprayed Hastelloy C276 coatings under H2S-containing environments.

Design of Experiments:

The ultimate objective is to evaluate whether applying a sol-gel SiO2/ZrO2 sealing layer can improve the
durability of HVAF-sprayed Hastelloy C276, thereby extending its service lifespan. Durability was assessed
from three perspectives:

1. Mechanical properties, including microhardness and wear resistance.

2. Corrosion resistance

3. Hydrogen induced cracking (HIC) Resistance

To this end, an uncoated HVAF sprayed Hastelloy C276 specimen (without any sol-gel SiO2/ZrO2 sealing layer)
was used as the control. Two experimental configurations were prepared:

• Two-layer sol-gel sample: one SiO2 layer followed by one SiO2/ZrO2 layer.

• Five-layer sol-gel sample: one SiO2 layer followed by four SiO2/ZrO2 layers.

The first layer was exclusively SiO2 to ensure superior adhesion to the substrate, while subsequent SiO2/ZrO2

layers were applied to take advantage of the higher hardness imparted by ZrO2. Comparative testing among
the control, two-layer, and five-layer configurations enabled evaluation of the influence of coating thickness on
durability, as well as determination of whether four SiO2/ZrO2 layers outperform a single SiO2/ZrO2 layer in
enhancing performance.
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4 MATERIALS AND METHODS

This chapter outlines the preparatory steps for the testing and analysis of substrates and coatings, and it is
divided into two main parts. The first part details the sample preparation and the materials employed in this
study. The second part describes the testing methodologies, experimental setups, parameter configurations, and
procedural workflows used for sample evaluation.

4.1 MATERIALS AND SAMPLE PREPARATION

This section provides a detailed description of the sample preparation procedures, including the materials of the
substrates, HVAF thermal spray coatings, and sol-gel sealing layers used in this study, and the compositions of
each material are specified, along with the fabrication processes for both the HVAF sprayed coatings and the
sol-gel sealing coatings.

4.1.1 Materials

In this study, carbon steel S235JR was selected as the substrate material, while the HVAF sprayed coating was
composed of Hastelloy C276. For the sol-gel sealing layer, a composite of ZrO2 and SiO2 was employed. The
following paragraphs provide a detailed discussion of the information of these three materials.

Substrate Material - S235JR Carbon Steel

S235JR carbon steel is a widely used low-carbon structural steel. The designation "S" represents structural steel,
while "235" indicates a minimum yield strength of 235 MPa. The "JR" suffix denotes that the steel exhibits a
minimum absorbed energy of 27 J during a V-notch impact test conducted at 20°C. Due to its excellent plasticity,
toughness, and weldability, S235JR steel is commonly utilized in the manufacturing of mechanical components
such as shafts, brackets, and machine parts. Additionally, it is frequently used for internal components inside
pressure vessels, as well as in marine industries, including ship hull construction. Table 1 displays the chemical
composition of S235JR carbon steel.

C Mn Cu Al Mo Si P S Fe

0.16 0.4 0.03 0.04 0.03 0.016 0.05 0.017 Rest

Table 1: Chemical composition of S235JR carbon steel, wt.%.

The primary chemical composition of S235JR steel, aside from its main constituent iron (Fe), includes carbon
(C), manganese (Mn), copper (Cu), aluminum (Al), molybdenum (Mo), silicon (Si), phosphorus (P), and sulfur
(S). The careful control of these elemental compositions ensures favorable weldability and mechanical properties.
The yield strength and tensile strength of S235JR steel vary with thickness. For steel plates with a thickness
of up to 16 mm, the minimum yield strength is 235 MPa, while the tensile strength ranges from 360 to 510
MPa, with an elongation after fracture of approximately 26%. As thickness increases, slight reductions in yield
strength and elongation after fracture may be observed. Within the temperature range of 20 to 300°C, the linear
thermal expansion coefficient is approximately 12 µm/m·K, while thermal conductivity ranges between 40 and
45 W/m·K. The specific heat capacity is approximately 460 to 480 J/kg·K within the range of 50 to 100°C.
These physical properties demonstrate the thermal stability of S235JR steel, ensuring consistent performance
across various temperature and environmental conditions [94–96].

However, like all carbon steels, S235JR is highly susceptible to corrosion in industrial environments, which can
lead to failure and structural degradation, as well as costly maintenance and productivity losses. Due to its
relatively high sulfur content (> 0.001 wt%), S235JR is particularly vulnerable to hydrogen induced cracking.
This susceptibility is one of the key reasons why S235JR was selected as the substrate material in this study,
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as it facilitates the observation and analysis of HIC related degradation. To enhance the corrosion resistance of
S235JR in H2S-containing environments, particularly for demanding applications such as oil industry pipelines,
this study employs a dual protective coating system. The system comprises a HVAF thermal sprayed coating
and a sol-gel derived sealing layer, which are anticipated to work synergistically to provide superior protection
against corrosive environments.

HVAF Coating Material - Hastelloy C276 (NiCrMoW)

One of the primary advantages of thermal spray coatings is the wide range of materials that can be utilized.
Metal and metal-ceramic coatings are predominantly employed due to their superior durability, corrosion re-
sistance, and mechanical performance. Thermal spray coatings can be further categorized into sacrificial and
non-sacrificial coatings [97–99]. In the petroleum industry, non-sacrificial coatings are predominantly used as
corrosion protection materials due to their ability to withstand high-temperature and highly acidic environments.
Among these materials, nickel-based alloys are the most commonly selected due to their exceptional corrosion
resistance, thermal stability, and mechanical strength. In addition to nickel, elements such as chromium (Cr),
nitrogen (N), molybdenum (Mo), and tungsten (W) are frequently incorporated into these alloys to enhance
their corrosion resistance. For example, Cr contributes to the formation of a stable passive oxide layer, providing
additional resistance in corrosive environments, while Mo is commonly added to improve resistance to pitting
and crevice corrosion [100].

Winters’ study presents a comparison of commonly used non-sacrificial coating materials, including Hastelloy
C276, Inconel 625, 316L stainless steel, 22Cr, and Metco 505/Metco 16C, which are displayed in Figure 10.
Among these, Hastelloy C276 has been selected for this study due to its superior resistance to H2S environments
and its low probability of coating defects compared to other materials [6].

Figure 10: Material options thermal spray in the sour environment against HIC [6].

Hastelloy C276 is a nickel based superalloy renowned for its outstanding corrosion resistance, making it particu-
larly suitable for harsh chemical environments. Its chemical composition primarily consists of nickel, chromium,
and molybdenum, which collectively contribute to its excellent resistance to a wide range of corrosive media
while maintaining stable mechanical properties. The detailed chemical composition of Hastelloy C276 is pre-
sented in Table 2. Crum et al. reported that at room temperature, Hastelloy C276 exhibits a tensile strength
of approximately 690 MPa, a yield strength of around 283 MPa, and an elongation at break of nearly 50%.
Furthermore, this alloy retains its favorable mechanical properties at elevated temperatures, making it suitable
for high-temperature applications. Shi’s research also confirmed that Hastelloy C276 demonstrates excellent
corrosion resistance under high-temperature and high-pressure conditions [101, 102].

Sol-gel Sealant Material - SiO2 and ZrO2
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Ni Mo Cr Fe W Mn Co V S C

57 15-17 14.5-16.5 4-7 3-4.5 1 2.5 3.5 0.03 0.03

Table 2: Chemical composition of Hastelloy C276 (NiCrMoW), wt.% [6].

The sol formulations for SiO2 and ZrO2 used in this study were adapted from the work of Gąsiorek et al. [90]. For
the SiO2 sol, the main oxide precursors were tetraethoxysilane (TEOS, Aldrich, 98%) and dimethyldiethoxysilane
(dMdEOS, Sigma-Aldrich, >97%), with ethanol (EtOH, Honeywell, >99%) as the solvent and hydrochloric acid
(HCl, Honeywell & Fluka) used to provide an acidic environment. For the ZrO2 sol, butanol (BuOH, Merek,
>97%) was used as the solvent, while zirconium butanolate (ZrOBu, Sigma-Aldrich, 80 wt% in 1-butanol) served
as the precursor. Acetylacetone (AcAc, Sigma-Aldrich, >99%) was added as a chelating agent to stabilize the
zirconia sol by slowing the hydrolysis and condensation reactions. Acetic acid (CH3COOH, Sigma-Aldrich,
>99.7%) was then used to adjust the pH and maintain an acidic environment. All chemicals were used as
received, without any further purification.

4.1.2 Sample Preparation

This section describes the sample preparation procedure. Carbon steel S235JR with a thickness of 8 mm was
used as the substrate material. The steel plates were cut using a Discotom-6 precision cutting machine, as
shown in Figure 18a, into two different sizes, 100 mm × 20 mm and 25 mm × 25 mm. The larger specimens
(100 mm × 20 mm) were designated for HIC immersion tests, while the smaller specimens (25 mm × 25 mm)
were prepared for all other characterization tests.

After cutting, the samples were subjected to grinding. Although a rougher surface can enhance the adhesion
of HVAF coatings to the substrate, surface rust and oxide layers formed during storage need to be removed.
Therefore, wet grinding was performed using silicon carbide sanding papers, starting from 80 grit and progressing
up to 4000 grit.

Subsequently, the samples were sent to RWTH Aachen University IOT, for HVAF coating with Hastelloy C276.
Prior to the coating process, grit blasting was carried out to increase surface roughness. The blasting material
used was Corundum F-20, a high-purity white fused alumina (Al2O3) with a particle size range of 850 to 1200
µm, which is typical for such surface treatments. To ensure uniformity during grit blasting, the blasting gun
was positioned at an angle of approximately 60° to the horizontal surface and maintained at a distance of 5–10
cm from the substrate.

Following grit blasting, the substrate surface was rinsed with isopropanol prior to coating. The Hastelloy C276
coating was subsequently applied using a Kermetico AK07 HVAF system. The spray gun was mounted on an
ABB IRB4600 robotic arm to ensure coating consistency and reproducibility across all samples.

The coated samples were divided into three batches, totaling 12 specimens: four larger samples (100 mm ×
20 mm) and eight smaller samples (25 mm × 25 mm). Each batch was coated separately. The first two
batches consisted of the larger samples, with two specimens coated per batch, resulting in four coated large
samples. The third batch involved coating all eight small samples simultaneously. The Table 3 summarizes
the HVAF spraying parameters, which were optimized through iterative trials. The ABB IRB4600 robotic arm
was programmed to translate horizontally during spraying to achieve uniform coating, with additional vertical
movements performed outside the coating zone.

A target coating thickness of 250 µm was specified for this experiment. Based on the selected parameters,
which are shown in Table 3, the coating deposition per pass was estimated to be 13-15 µm. Therefore, 20
passes were required to achieve the desired thickness. After every 10 passes, compressed air was used to cool
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(a) Corundum F-20 powder for grit
blasting.

(b) The Kermetico AK07 HVAF ma-
chine and ABB IRB4600 robotic arm.

(c) The sample holder of HVAF ther-
mal spray.

Figure 11: Facilities of HVAF thermal spray.

the samples, rapidly reducing the substrate surface temperature. Upon completion of the spraying process, the
coating thickness was measured using a micrometer caliper. Despite setting the target thickness at 250 µm,
slight variations were observed during deposition, with the final coating thickness ranging from approximately
260 to 280 µm.

Process Parameters Value

Feedstock Materials NiCrMoW (Hastelloy C276)

Powder size in µm 15-45

Air pressure in MPa 0.66

Propane pressure in MPa 0.55

Carrier gas N2 in SLPM 37.2

Nozzle length in mm 180

Powder feed rate in min−1 3.5

Gun velocity in mm/s 1000

Spray distance in mm 250

Meander width in mm 5

Coating deposition per pass in µm 13-15

Overlays 20

Table 3: Process parameters setting for HVAF coating.

Following the HVAF spraying of the Hastelloy C276 coating, the next step involved the application of a sol-
gel-derived SiO2/ZrO2 sealing layer. Prior to sol-gel deposition, the as-sprayed (unpolished) surface of the
coating–substrate system was characterized for surface roughness. Since each dip-coated sol-gel layer is approx-
imately 0.5-2 µm thick, an excessively rough HVAF surface could impair adhesion and result in poor coverage.
Surface roughness constants (Ra, Rq, Rz) of the as-sprayed coating were found to be significantly larger than
the sol-gel layer thickness, highlighting the need for surface smoothing. To address this, the HVAF sprayed
surface was wet ground and polished. To minimize potential damage to or excessive thinning of the coating,
the coarse SiC papers, 80 and 180 grit, were omitted, and grinding began with 320 and progress to 4000 grit,
followed by polishing with 3 µm and 1 µm diamond disks.
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The sol-gel formulations for SiO2 and ZrO2 were adapted from Gąsiorek et al. [90]. The SiO2 sol was prepared
using TEOS : dMdEOS : EtOH : HCl = 1 : 1 : 4 : 0.02 (volume ratio), and the ZrO2 sol using ZrOBu
: BuOH : AcAc : CH3COOH = 1 : 4 : 0.5 : 0.5 (volume ratio). The preparation order was found to be
crucial. For the SiO2 sol, EtOH and HCl were first mixed to form a homogeneous acidic medium, followed by
dMdEOS, and finally TEOS. This order prevents premature hydrolysis and condensation of TEOS, improving
sol uniformity. In the case of the ZrO2 sol, ZrOBu was first added to BuOH. As ZrOBu is highly sensitive to
water, direct contact must be avoided to prevent rapid hydrolysis and white precipitate formation. Next, AcAc
was introduced to chelate Zr4+ and suppress unwanted reactions. Finally, CH3COOH was added to adjust
the pH value and stabilize the sol. The sol of SiO2, ZrO2, and SiO2/ZrO2 are displayed in Figure 12. It was
observed that the SiO2 sol appeared transparent, while the ZrO2 sol exhibited a pale yellow color. Upon mixing
the two in equal volume, the resulting SiO2/ZrO2 sol showed an even lighter shade of yellow.

(a) SiO2 sol (b) ZrO2 sol (c) SiO2/ZrO2 sol

Figure 12: The images of SiO2, ZrO2, and SiO2/ZrO2 sol

Two types of sol-gel sealing layer configurations were prepared, one consisting of two layers and the other of five
layers, as shown in Figure 13b and 13c. These configurations were compared with the unsealed HVAF sprayed
Hastelloy C276 substrate system, and its schematic is illustrated in Figure 13a. In both cases, the first layer
consists of pure SiO2. To enhance the adhesion between the sol–gel sealing and the HVAF sprayed Hastelloy
C276, the subsequent layers are composed of SiO2/ZrO2 sol, which serves to increase the overall hardness of the
sealing layer. Moreover, the process of filtration needs to be performed after applying each layer. The samples
were prepared in two sizes, 100 mm × 20 mm and 25 mm × 25 mm, and both of them are 8 mm thick. Solution
volumes were adjusted to ensure adequate coverage, accounting for losses during filtration. A total volume of
300 mL of each sol was prepared for the final decision. After applying the first SiO2 layer, the remaining sol
was mixed with the same volume of ZrO2 for the subsequent layers.

The dip coating machine and the process are illustrated in Figure 14. According to the protocol proposed
by Gąsiorek et al. [90], the dip coating withdrawal speed was initially intended to be set at 34.12 mm/min.
However, the dip coating equipment used in this study only allowed withdrawal speeds of 30 mm/min and 40
mm/min. To avoid wasting the limited number of actual experimental samples, preliminary tests of applying
the sol-gel layers were first conducted using Hastelloy C22 plate, an alloy with a chemical composition closely
resembling that of the HVAF sprayed Hastelloy C276 coating. The elemental composition of Hastelloy C22 is
listed in Table 4.

Hastelloy C22 was selected as a surrogate substrate due to its compositional similarity to Hastelloy C276, and
its surface roughness could be matched through identical wet grinding and polishing procedures. Although the
intrinsic porosity between the two alloys may differ, this approach was considered the most practical under
current resource constraints.
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(a) The schematic of HVAF Hastelloy
C276-substrate system without sol-
gel sealing layer

(b) The schematic of 2 layers sol-gel-
HVAF Hastelloy C276-substrate sys-
tem

(c) The schematic of 5 layers sol-gel-
HVAF Hastelloy C276-substrate sys-
tem

Figure 13: The images of SiO2, ZrO2, and SiO2/ZrO2 sol

(a) The machine image of Dip Coater
RDC 15

(b) The image of coating a 2.5 cm ×
2.5 cm sample

(c) The image of coating a 2 cm × 10
cm sample

Figure 14: The images of dip coating machine and its process

Ni Mo Cr Fe W Mn Co Si C

56 13 22 3 3 0.5 2.5 0.08 0.01

Table 4: Chemical composition of Hastelloy C22 (NiCrMoW), wt.% [12].

Experimental observations revealed that setting the withdrawal speed to 30 mm/min resulted in excessive
localized solvent evaporation, leading to the visible formation of white particulate deposits on the substrate
surface, as shown in Figure 15. Subsequent EDS analysis (Figure 16) confirmed that these particles were
predominantly ZrO2, indicating severe non-uniformity in the sol-gel sealing layer. Such defects could significantly
affect the reliability of subsequent electrochemical and mechanical tests.

To mitigate this non-uniformity, both the immersion and withdrawal speeds were increased to 40 mm/min while
maintaining a dipping time of 60 seconds. This adjustment effectively eliminated the visible particle formation
on the surface. Hence, a dipping and withdrawal rate of 40 mm/min and a residence time of 60 seconds were
selected as the final dip coating parameters for all subsequent experiments.

After each coating layer, samples were air dried at room temperature and then heated at 80 °C for 1 h to remove
residual volatiles and reduce the risk of cracking, thereby improving interfacial bonding and densification. It was
essential to allow the samples to return to room temperature before applying the next layer to avoid interlayer
adhesion defects. Upon completion of all layers, a final thermal treatment was conducted at 200 °C for 2 h.
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Figure 15: The white particles which can be seen on Hastelloy C22.

Figure 16: Spectrum mode EDS analysis in “point” configuration of the white particles on the surface.

4.2 TESTING METHODS

This section provides a detailed description of the sample characterization procedures. The overall testing
process was divided into three parts, covering the carbon steel S235JR substrate, the HVAF sprayed Hastelloy
C276 coating, and the sol-gel derived ZrO2 sealing layer. The properties which need to be tested in this research
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are summarized in Table 5.

Table 5: List of properties to be characterized

The first phase of testing focused on the carbon steel S235JR substrate, emphasizing surface characterizations
of both the top surface and cross section. Scanning electron microscopy (SEM) and optical microscopy (OM)
were employed for morphological and phases analysis. In addition, energy dispersive X-ray spectroscopy (EDS)
was used to analyze the elemental composition of the substrate surface to confirm its chemical structure.

The second phase involved property characterization of the Hastelloy C276 coating after HVAF thermal spraying.
Similar to the substrate analysis, SEM, OM, and EDS were utilized to investigate the surface morphology and
elemental composition of the coating on both the top surface and cross section. In addition to these analyses, the
coating was evaluated for surface roughness, porosity, wear resistance and surface hardness. Electrochemical
properties were also assessed using open circuit potential (OCP) , electrochemical impedance spectroscopy
(EIS), and potentiodynamic polarization (PDP) tests. Finally, the coated samples were exposed to a hydrogen
sulfide-rich environment to evaluate their resistance to hydrogen induced cracking.

The third phase of testing was conducted after applying the sol-gel derived SiO2 and ZrO2 sealing layer.
This phase included all the characterization methods used for the Hastelloy C276 coating, allowing for direct
comparison between sealed and unsealed coatings to assess the additive effect of the sealing layer. Additionally,
coatings with different sealing layer thicknesses were compared to evaluate the influence of thickness on coating
properties.

It is worth noting that porosity measurements were initially planned for the SiO2/ZrO2 sol-gel-coated samples
to evaluate the extent of pore coverage. However, this measurement was ultimately not performed due to the
inherent transparency of the SiO2/ZrO2 sol-gel sealing, which makes it difficult to visually distinguish pore-filling
behavior in SEM images. This means reliable pore detection using ImageJ was not feasible, and any analysis
derived from such images would lack accuracy. Therefore, the porosity evaluation of the coated samples may
be a potential topic to research in the future.

The subsequent subsections will provide a comprehensive description of the experimental setups, parameter
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settings, and experimental procedures for each characterization method.

4.2.1 Surface Morphology and Microstructure

This section focuses on the evaluation of the metallurgical properties of the samples, including key surface
characterizations. Typical features analyzed include inclusions within the substrate, oxidation and porosity
formed in the coating, as well as the surface roughness of the samples both before and after coating. The
characterization was performed using optical microscopy (OM) and scanning electron microscopy (SEM) as the
primary techniques. In addition, energy dispersive spectroscopy (EDS) played a critical role in determining the
elemental composition and assessing the extent of oxidation.

Optical Microscopy (OM)

The optical microscope used in this study was the Keyence VHX-7000N Digital Microscope, shown in Figure
17b, which was employed to examine both the substrate and coated samples. For the substrate, characterization
included both the top surface and cross section. Prior to analysis, the substrate samples were sectioned, mounted
in conductive resin, and subjected to wet grinding using silicon carbide sanding papers, progressing from 80 grit
to 4000 grit. The samples were then polished using 3 µm and 1 µm diamond disks and etched in Nital solution
for 10 seconds to reveal the microstructure. The primary objectives of the substrate analysis were to identify
the number of phases present, evaluate the effect of the rolling direction on the grain structure, and analyze
pre-existing cracks and defects, including inclusions. Magnifications of 200×, 500×, and 700× were employed
for these observations, and the results were further analyzed in conjunction with SEM findings.

For the HVAF coating, both the as-sprayed surface and the surface subjected to wet grinding and polishing
were evaluated. This also includes the top surface and the cross section of the coating. The polishing process
involved sequential grinding with silicon carbide papers ranging from 80 grit to 4000 grit, followed by polishing
with 3 µm and 1 µm diamond disks. Surface characterizations were performed at magnifications of 200×, 500×,
and 700×, consistent with the substrate analysis. In addition to morphological evaluation, particular attention
was given to surface roughness measurements.

Surface roughness was evaluated rather than linear profiles, as surface measurements provide a more accurate
representation of the overall topography. Three key roughness parameters were analyzed, including the arith-
metic average roughness (Ra), the maximum profile height (Rz), and the root mean square roughness (Rq). The
goal of this analysis was to determine whether the polished or unpolished HVAF sprayed Hastelloy C276 surface
provides a more suitable base for subsequent sol-gel sealing layer application. Surface roughness was measured
using the built-in surface analysis function of the VHX-7000N Digital Microscope at 300× magnification, with
each measured area covering approximately 950 µm × 750 µm. To ensure data reliability, five independent mea-
surements were conducted for each sample, and the final surface roughness values were obtained by averaging
all collected measurements.

For the sol-gel SiO2/ZrO2 sealing system, surface characterization was conducted in a manner consistent with
the HVAF coating. Unlike the HVAF coating, roughness measurements for the sol-gel SiO2/ZrO2 layer were
performed only on untreated surfaces. This is because the dip coated sol-gel sealing layer is extremely thin,
typically the total thickness is in the range of 0.3–2 µm. Any mechanical surface preparation, such as wet
grinding and polishing, could easily damage the sealing and lead to inaccurate results.

Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)

The scanning electron microscope (SEM) used in this study was the JEOL JSM-IT100, as shown in Figure 17c,
which was employed for the examination of both substrate and coating samples.

For the substrate, both the top surface and cross section were analyzed. Sample preparation followed the same
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procedures as for OM, including sectioning, mounting in conductive resin, wet grinding, polishing, and etching.
The primary aim of SEM analysis was to complement the OM results and confirm the identification of the phases
present within the microstructure. Observations were performed at magnifications of 200×, 500×, and 700×,
and the results were interpreted in conjunction with the iron phase diagram. Another focus of the SEM analysis
was elemental characterization of both the substrate and inclusions, which was carried out using the SEM’s
built-in energy-dispersive spectroscopy (EDS) function. For EDS, the analysis type was set to “spectrum,” with
a scan time of 3 minutes to achieve high accuracy. Each test was conducted at 500× magnification, analyzing the
entire field of view and three specific points, one of which included an inclusion. This procedure was repeated
three times, and the nine result data in total were then averaged to improve reliability.

For the HVAF coating, no additional sample preparation was required prior to analysis. SEM observations were
conducted at magnifications of 200×, 500×, and 700×. In addition to surface morphology, porosity measurements
were performed using ImageJ software on 500× SEM images of both the coating’s top surface and cross section.
To exclude interfacial oxide scales, a final filter was applied to eliminate particles with a circularity below 0.10
µm2 and over 1 µm2. Besides porosity, elemental analysis of the coating surface was also conducted using EDS.
In contrast to the substrate analysis, both “spectrum” mode to determine overall elemental composition and
“map” mode to visualize the distribution of oxygen within the coating and assess the extent of oxidation were
employed. The EDS map detection was performed at 500× magnification with a scan time of 5 minutes and
spectrum detection with 3 minutes. The results were analyzed alongside the spectrum data.

For the sol-gel-derived SiO2/ZrO2 coating, no additional embedding step was required prior to analysis, similar
to the HVAF sprayed Hastelloy C276 coating. As noted in the previous OM section, the measurements for the
sol-gel layer were only conducted on the untreated surface. This is because wet grinding and polishing could
easily damage the thin sol-gel sealing layer and compromise the accuracy of the measurements. SEM and EDS
analyses of the sol-gel sealing layer followed the same procedures as those used for the HVAF coating. However,
unlike the HVAF coating, the sol-gel layer does not contain interfacial oxide scales, therefore, EDS analysis was
performed only in "spectrum" mode rather than "map" mode.

(a) Manual cutting machine
Discotom-6

(b) Digital microscope Keyence
VHX-7000N

(c) Scanning electron microscope
JEOL JSM-IT100

Figure 17: The machine images of cutting machine, optical microscope, and scanning electron microscope

4.2.2 Microhardness

Surface microhardness testing was conducted to determine the surface hardness of the HVAF Hastelloy C276
coating, and the sol-gel sealing layer. Given the thin nature of the sol-gel sealing layer, a microhardness tester was
considered more suitable than conventional hardness testing methods. The microhardness measurements were
performed using a Struers DuraScan G5, as shown in Figure 18. For the measurement of HVAF Hastelloy C276
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coating and sol-gel sealing layer, the hardness was started from the top surface. Vickers hardness measurements
were carried out using a diamond indenter (HV0.3) under a specified load. A 20× objective lens was employed
for indentation imaging, and the zoom level is set to level 1. Measurements were taken at intervals of 0.1 mm
with 5 indentations. The testing area on the surface was then changed, and the process was repeated four
times for each sample, totaling 20 data points. The average values were reported to ensure data reliability and
accuracy.

(a) Microhardness testing machine
Struers DuraScan G5

(b) Schematic of the microhardness
test

(c) Image of microhardness tester in-
dentation

Figure 18: The machine and schematic images of microhardness measurement

4.2.3 Wear Resistance

In this study, wear resistance was evaluated using a ball-on-disk tribometer TRB3, as illustrated in Figure
19a. The aim was to determine whether the application of a SiO2/ZrO2 sol-gel sealing layer on HVAF sprayed
Hastelloy C276 coatings improves wear resistance compared to samples coated with just Hastelloy C276. The
test employed a standard ball-on-disk configuration, in which the disk refers to the specimen mounted on a
rotating stage, and the ball is a 12 mm diameter alumina (Al2O3) sphere fixed to a loading arm above the
sample.

Given the sample dimensions of 2.5 × 2.5 cm2 with a thickness of 0.8 cm and the inherently high hardness of
the Hastelloy C276 coating, the specimens possessed sufficient stiffness and mechanical stability to withstand
standard contact loads. Accordingly, a normal load of 5 N was applied during testing to simulate frictional
behavior under moderate contact pressure.

To ensure data accuracy, three different wear radii, 3.016 mm, 5.603 mm, and 8.038 mm, were tested on each
sample, and the results were averaged. Theoretically, a smaller wear radius should result in a deeper wear track
due to increased contact stress, and vice versa. This can also be seen in Figure 19b. During testing, care was
taken to maintain the wear path within the central region of the specimen to minimize edge effects.

The sliding speed was set at 0.1 m/s with a total sliding distance limited to 100 m, ensuring that the wear depth
did not exceed the coating thickness and that the wear scars remained measurable and stable. All tests were
performed under ambient temperature in dry air without the use of lubricants, in order to assess the intrinsic
friction and wear behavior of the surfaces.

After testing, samples were examined under an OM to observe the morphology of the wear tracks. The wear
scar width and depth were measured using the advanced 3D measurement functions of the VHX-7000 digital
microscope, which enabled precise quantification of the wear track geometry. The wear volume was calculated
using the elliptical cross sectional area method multiplied by the track perimeter, as shown in Equation 8 and
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9), where A is the cross sectional area of wear track (half area of ellipse), a is the half width of wear track cross
section (major axes of ellipse), b is the depth of wear track cross section (minor axes of ellipse), V is the wear
volume, and l is the wear track circumference. When calculating the track circumference, before multiplied by
2π, the original radius (3.016 mm, 5.603 mm, or 8.038 mm) was adjusted by adding half of the wear track width
0.6 mm (equivalent to the ball radius), as illustrated in Figure 19c.

(a) Wear Resistance testing machine
TRB3 pin-on-disk tribometer.

(b) The wear track of different radius,
3.016, 5.603, and 8.038 mm.

(c) Schematic of the radius for calcu-
lating the wear track circumference.

Figure 19: The machine and schematic images of wear resistance measurement.

A =
1

2
πab (8)

V = A · l (9)

Although approximating the wear track cross section as an ellipse introduces some error, it is significantly more
accurate than assuming a circular shape, as illustrated in Figure 20. This deviation is considered minor and
does not substantially affect the overall wear volume estimation.

Figure 20: Schematic of wear track cross sectional area calculation.

Finally, the wear rate was calculated in accordance with ASTM G99, using Equation 10, where V is the wear
volume (mm2), F is the applied normal load (N), and s is the sliding distance (m).

Wear rate =
V

F · s
(10)
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4.2.4 Electrochemical Properties

To evaluate the corrosion protection performance of the sol-gel sealing layer on the substrate system, electro-
chemical measurements were employed as the primary analytical method. The most commonly used techniques
included open circuit potential (OCP), potentiodynamic polarization (PDP), and electrochemical impedance
spectroscopy (EIS). Given the complexity of corrosion behavior, a single measurement is often insufficient for
comprehensive characterization. However, due to the limited number of specimens available, this study ul-
timately employed two samples each for the five-layer and two-layer sol-gel sealed HVAF Hastelloy C276, as
well as one sample with only the HVAF Hastelloy C276 coating for EIS testing. Additionally, one specimen
from each of the three coating types was subjected to PDP testing on two different surface areas to enhance
data reliability. These electrochemical tests provide insight into the expected service life of the materials under
corrosive conditions. All electrochemical measurements were conducted using a conventional three-electrode
configuration. The test sample served as the working electrode (red lead), while either an Ag/AgCl was used
as the reference electrode (white lead) due to their stable potentials. A platinum plate was used as the counter
electrode (blue lead) to complete the circuit. The schematic of the three-electrode cell setup is shown in Figure
21.

(a) Schematic of electrochemical cell set-up for
OCP, EIS and PDP measurements

(b) Actual electrochemical cell setup for OCP, EIS
and PDP measurements

Figure 21: Electrochemical cell setup

All electrochemical tests in this study were conducted at room temperature using a 0.1 M NaCl solution as the
electrolyte. The test specimens were categorized into three groups as mentioned: (1) samples coated with one
layer of sol-gel SiO2 and another one layer of sol-gel SiO2/ZrO2 (two layers in total), (2) samples coated with
one layer of sol-gel SiO2 and another four layers of sol-gel SiO2/ZrO2 (five layers in total), and (3) samples with
only the HVAF sprayed Hastelloy C276 coating, which is without any sol-gel sealing layer. All samples were
tested in a conventional three-electrode cell, with an exposed working area of 0.785 cm2. The three electrode
system was connected to a Bio-Logic CSP-300 multichannel potentiostat, and all experiments were controlled
via EC-Lab software. The electrochemical evaluation was divided into two main parts, including EIS and PDP,
also as mentioned in the previous paragraphs. The combined results from these tests were used to compare
the corrosion protection performance of samples with and without the sol-gel sealing layer. Prior to both EIS
and PDP measurements, OCP measurements were performed to determine the system’s steady-state reference
potential. Since EIS was used to monitor changes in impedance over a three-week period and samples could
not be moved during the test, two specimens per group were allocated specifically for EIS measurements. In
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contrast, PDP testing was more time efficient and allowed measurements at two different regions on the same
sample surface. After completing one PDP scan, the electrode position was shifted to a new area on the same
sample to perform the second scan.

All PDP and EIS measurements were preceded by a 1 hour OCP stabilization period to ensure a steady reference
potential. The OCP measurement window was defined with an voltage range minimum and maximum of -2.5
V and +2.5 V, respectively. These values do not influence the measured OCP values but serve to define the
instrument’s permissible detection limits, thereby preventing the system from exceeding its operational safety
range. For EIS testing, the total measurement duration was set to 21 days, with measurements conducted once
per day. The frequency range spanned from 10 mHz to 100 kHz, with an excitation voltage of 10 mV sinusoidal
amplitude. The corrosion resistance of the coating was evaluated by analyzing the magnitude of the impedance
|Z| at low frequency, 10 mHz, from both Bode and Nyquist plots. PDP measurements were conducted at a scan
rate of 0.5 mV/s, starting from a potential 300 mV below the OCP and sweeping up to 1500 mV above the OCP
or until breakdown occurred. The corrosion behavior was assessed by plotting corrosion potential (E) versus
the absolute value of the corrosion current density taken in logarithmic form log|i|, and the corrosion rate was
calculated using the built-in analysis tools and formulas available in the EC-Lab software.

4.2.5 HIC Resistance

The immersion test conducted in this study was performed in accordance with NACE TM0284, a widely
recognized industry standard for evaluating the hydrogen induced cracking resistance of materials in sour envi-
ronments. This test is designed to determine the suitability of materials for acidic environments, as well as their
barrier properties and corrosion resistance. It involves immersing metal samples in a solution containing H2S,
NaCl, and CH3COOH in distilled water at approximately 25 °C for 96 hours, followed by post-test examination.
The setup is shown in Figure 22.

In this study, four samples measuring 10 cm × 2 cm were tested, including one carbon steel S235JR substrate,
one with HVAF coated Hastelloy C276, one with two-layer SiO2/ZrO2 sol-gel and HVAF coated Hastelloy
C276, and one with five-layer SiO2/ZrO2 sol-gel and HVAF coated Hastelloy C276. By comparing the test
results among these samples, the protective performance of the 250 µm thick HVAF Hastelloy C276 coating
and the potential enhancement provided by the sol-gel sealing layers were assessed. Quantitative evaluation
was conducted by calculating the crack sensitivity ratio (CSR), crack length ratio (CLR), and crack thickness
ratio (CTR) on the surface of cross section to determine the susceptibility of the coatings to HIC and their
effectiveness in shielding the underlying substrate.

The acidic test solution was prepared in a separate vessel using H2S gas, NaCl, and CH3COOH. A mixture
of 5 wt% NaCl, 0.5 wt% CH3COOH, and distilled water was first prepared to yield an initial pH around 2.7.
This solution was immediately sealed and purged with nitrogen gas at 100 cm3/min per liter of solution near
the bottom of the container for 60 minutes. After purging, the samples were placed into the testing vessel, the
prepared solution was transferred in, and nitrogen purging was repeated under the same conditions. Following
this, H2S gas was introduced into the solution via bubbling at a rate of 200 cm3/min per liter of solution for
60 minutes, and a constant H2S overpressure was maintained to ensure saturation throughout the test. At the
conclusion of the 96-hour exposure, iodometric titration and pH measurements were performed to confirm an
H2S concentration of at least 2300 ppm and a pH value below 4.0.

Post-immersion evaluations were performed using OM to assess changes on the sample top surface, such as
blistering, and SEM to examine cross sectional morphology. The SEM analysis enabled the calculation of CSR,
CLR, and CTR, which are standard metrics for quantifying HIC susceptibility. The formulas are shown in
Equation 11, 12 and 13, where a represents the total crack length (mm), b represents the maximum crack
depth (mm), W represents the sample width on the surface of cross section (mm), and T represents the sample
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(a) Equipment setup for the immersion test, and
all samples are inside the test container.

(b) Appearance of the samples immersed during
the immersion test.

Figure 22: Immersion test setup

thickness on the surface of cross section (mm), as displayed in Figure 23.

Figure 23: Illustration of W and T in the formula for calculating CSR, CLR, and CTR on the sample cross
section.

CSR =

∑
(a× b)

W × T
× 100% (11)

CLR =

∑
a

W
× 100% (12)

CTR =

∑
b

T
× 100% (13)
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5 RESULTS AND DISCUSSION

This chapter provides an analysis and discussion of each experimental result presented in the previous chapter.
Finally, a summary of the experimental results is presented.

5.1 SURFACE MORPHOLOGY AND MICROSTRUCTURE

This subsection discusses the OM, SEM, and EDS analysis results of the substrate, the HVAF sprayed Hastelloy
C276 coating, and the SiO2/ZrO2 sol-gel sealing layer of varying thicknesses. Additionally, the measurements
of porosity and surface roughness will also be included and analyzed in this subsection.

5.1.1 Substrate

Prior to coating, OM and scanning SEM analyses were conducted on the carbon steel SJ235 substrate to
characterize its surface features and to assess its susceptibility to hydrogen-induced cracking as well as the
presence of pre-existing defects.

The top surface and cross section of the substrate were first examined using OM to investigate the microstruc-
tural features, including defects, cracks, and inclusions. It should be noted that, due to the limited image clarity,
the scale bar is not clearly visible. In all following OM images of this study, the scale bar located at the lower
right corner corresponds to 100 µm.

(a) 200× (b) 500× (c) 700×

Figure 24: OM image of the carbon steel SJ235 substrate’s top surface (scale bar: 100 µm)

(a) 200× (b) 500× (c) 700×

Figure 25: OM image of the carbon steel SJ235 substrate’s cross section (scale bar: 100 µm)

The OM images of the top surface shown in Figure 24 and cross section shown in Figure 25 reveal distinct dif-
ferences in microstructural morphology. The top surface exhibits a uniform two-phases microstructure, whereas
the cross sectional view reveals an elongated, directionally oriented duplex structure, aligned with the rolling
direction during substrate fabrication. At 700× magnification in the cross sectional image, several dark spots
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are observed that do not appear to belong to either of the two primary phases. These dark features are pre-
sumed to be contaminants or inclusions. However, due to the limitations of optical microscopy, their precise
nature cannot be determined, necessitating further analysis using SEM-EDS. In addition, phase area analysis
was performed based on three 500× OM images from both the top surface and cross section. As summarized
in the Table 6 below, the bright phase accounted for approximately 78% of the total area on average, while the
remaining 22% corresponded to the dark phase.

Area Ratio (Bright/Dark) Measurement 1 Measurement 2 Measurement 3 Average

Top Surface 77% / 23% 78.8% / 21.2% 77.3% / 22.7% 77.7% / 22.3%

Cross Section 77.7% / 22.3% 78.5% / 21.5% 77.1% / 22.9% 77.8% / 22.2%

Table 6: Phase area analysis results based on 500× OM images.

Following the OM observations, a more detailed understanding of the microstructure was obtained by combining
SEM and EDS analysis. SEM images provide higher-resolution visualization of microstructural features. Figure
26 shows the SEM image of the top surface, while Figure 27 presents the cross sectional view.

(a) 200× (b) 500× (c) 700×

Figure 26: SEM image of the carbon steel SJ235 substrate’s top surface

(a) 200× (b) 500× (c) 700×

Figure 27: SEM image of the carbon steel SJ235 substrate’s cross section

The microstructures observed in the SEM images were consistent with those seen in the OM images, confirming
the presence of a duplex microstructure in both the top surface and cross section. The top surface exhibited a
uniform duplex structure, whereas the cross section revealed an elongated duplex morphology aligned with the
rolling direction.

However, upon closer examination of Figure 26c and Figure 27c, both SEM images taken at 700× magnification,
it can be observed that the lighter regions exhibit a distinct lamellar structure, which is a characteristic feature
of pearlite. These areas can therefore be identified as pearlite grains. The remaining darker regions correspond
to ferrite. Given that the carbon steel S235JR used in this study contains only 0.16 wt% carbon, this carbon
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content is insufficient to form a complex microstructure comprising both pearlite and cementite. As such, the
darker phase in the SEM images is identified as ferrite. This indicates that ferrite is the primary phase in S235JR
carbon steel, while pearlite is the secondary phase. This conclusion is consistent with the results shown in Table
6, which indicates that ferrite accounts for approximately 78% of the total area, with pearlite comprising the
remaining 22%.

Additionally, as shown in both Figure 26 and Figure 27, distinct inclusions can be clearly observed that do not
belong to either of the two primary phases. These inclusions have an estimated size of approximately 10 to
20 µm. To identify their composition, a higher magnification SEM-EDS analysis was performed on the cross
sectional image at 1200× using the "spectrum" analysis mode and analyzed in "point", with an accelerating
voltage of 20 kV. The EDS results are shown in Figure 28.

Figure 28: Spectrum mode EDS analysis in “point” configuration of inclusions on the substrate surface

The SEM-EDS results indicated that the inclusions contained a significant amount of manganese and sulfur,
accounting for approximately 42.5 mass percentage and 21.6 mass percentage, respectively. Based on this
composition, the inclusions are reasonably identified as manganese sulfide (MnS). TMnS inclusions are formed
in carbon steels because manganese is intentionally added during steelmaking to prevent the formation of
low-melting point FeS, which can cause hot shortness. The added manganese binds with sulfur to form the
thermodynamically stable MnS phase, which subsequently precipitates during solidification as non-metallic
inclusions. These MnS inclusions were primarily located in the central region of the steel, which is attributed
to centerline segregation occurring during the solidification and cooling process of molten steel. During hot
rolling, the center of the steel is the last region to solidify, leading to the preferential segregation of MnS into
the central area [103].

5.1.2 HVAF Hastelloy C276 Coating

After the application of the HVAF sprayed Hastelloy C276 coating, the samples were immediately subjected to
OM and SEM analysis. Based on previous studies, although HVAF coatings are generally denser than those
produced by other thermal spray techniques, they still exhibit certain defects, such as pores, unmelted particles,
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oxidation, and microcracks. Therefore, microscopic examination was performed to gain a clearer understanding
of the surface morphology and microstructural features of the coating. In order to avoid damaging the samples,
only the top surface was examined prior to the completion of the immersion test, the samples were not sectioned
for cross-sectional analysis during this period.

(a) 200× (b) 500× (c) 700×

Figure 29: OM images of the unpolished HVAF Hastelloy C276 coating’s top surface (scale bar: 100 µm)

(a) 200× (b) 500× (c) 700×

Figure 30: SEM images of the unpolished HVAF Hastelloy C276 coating’s top surface

OM images, which are shown in Figure 29, revealed that the surface of the HVAF sprayed Hastelloy C276
coating was highly rough and consisted of distinct, layered particles. These particles were deposited sequentially,
resulting in differences in particle height across the surface. This variation in elevation made it difficult to achieve
uniform focus in OM imaging, often leading to blurred areas in the images. In contrast, the SEM images shown
in Figure 30 exhibited significantly better clarity, with no signs of defocusing. In addition to morphological
analysis, an EDS “spectrum” mode analysis in “area” configuration was performed on the coating. As displayed
in Figure 31, the elemental composition was consistent with the nominal composition of Hastelloy C276, with
nickel as the primary element, followed by chromium and molybdenum. A detectable amount of oxygen was
also present, which may be attributed to surface oxidation, one of the typical defects observed in thermal spray
coatings. However, on the unpolished coating surface, it was difficult to distinguish the specific regions where
oxidation had occurred. While SEM images did reveal some small pores in the coating, no visible cracks or
inclusions were identified. It is likely that these features may become more apparent after surface polishing.
Notably, some regions in the SEM images, particularly at 500× and 700× magnifications, appeared darker and
had a smeared or viscous texture. However, point analysis using EDS in spectrum mode, as shown in Figure
32, revealed that these regions had a composition nearly identical to that of Hastelloy C276. Although trace
amounts of S and Sr were observed, their low mass percentages could be due to instrumental or analytical
error. This suggests that the darker, viscous-looking areas correspond to fully melted Hastelloy C276 particles,
whereas the surrounding spherical particles are unmelted.

Following the surface morphology analysis via OM and SEM, porosity analysis was performed on the unpolished
coating using SEM images taken at 500× magnification. ImageJ software was used to quantify the porosity.
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Figure 31: Spectrum mode EDS analysis in “area” configuration of unpolished HVAF Hastelloy C276 coating

Figure 32: Spectrum mode EDS analysis in “point” configuration of the viscous-looking area on the unpolished
HVAF Hastelloy C276 coating

The pore size range was defined as 0.2 to 5 µm2, and any pores smaller than 0.2 µm2 were excluded from the
analysis. The analysis was repeated on five different SEM images to ensure statistical reliability. The resulting
porosity data is summarized in Table 7.

As shown in Table 7, the unpolished HVAF sprayed Hastelloy C276 coating exhibited a low porosity of approxi-
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Count Total Area (µm2) Average Size (µm2) Percentage of Area (%)

Average 1613 845.97 0.53 1.93

Standard Deviation 155 90.04 0.03 0.21

Table 7: Porosity information of the unpolished HVAF coating

mately 1.93%, with an average pore size of 0.53 µm2. These values align well with initial expectations regarding
the high density of HVAF coatings.

However, the unpolished surface was excessively rough, with a surface roughness significantly higher than the
typical thickness of a single sol-gel layer deposited via dip coating, which is predicted by the Landau–Levich
theory to be approximately 0.5 to 2 µm. Such high surface roughness could hinder the uniform adhesion of the
sol-gel layer onto the HVAF coated surface. Therefore, it was ultimately decided to perform wet grinding and
polishing on the HVAF Hastelloy C276 coating prior to sol-gel deposition to improve surface smoothness and
ensure better coating compatibility.

After the wet grinding and polishing process, the HVAF sprayed Hastelloy C276 coating was re-examined using
OM and SEM. As shown in the figure below, the surface morphology of the polished coating is noticeably
different from that of the as-sprayed surface, highlighting the significant effect of surface treatment on the
coating’s topography.

(a) 200× (b) 500× (c) 700×

Figure 33: OM images of the polished HVAF Hastelloy C276 coating’s top surface (scale bar: 100 µm)

(a) 200× (b) 500× (c) 700×

Figure 34: SEM images of the polished HVAF Hastelloy C276 coating’s top surface

As shown in Figure 33, which are the OM images, and Figure 34, which are the SEM images, the surface defects
commonly associated with HVAF coatings, including pores, microcracks, oxidation, and unmelted particles,
became more clearly identifiable after surface treatment. These features are particularly evident at higher mag-
nifications, such as 500× and 700×, where small pores are readily visible. In some cases, larger or interconnected
pores appear to form microcracks. Additionally, the bright particles observed on the surface are presumed to
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be unmelted particles. Elemental mapping via EDS in “map” mode further revealed the surface distribution of
oxygen, as illustrated in Figure 35. According to the EDS mapping results, the oxygen content on the surface
was relatively low, at only 6.41 at%. As a result, the corresponding map appears darker compared to elements
with higher concentrations, such as Ni, Cr, and Mo. Nevertheless, this outcome confirms that oxidation did
occur on the surface of the HVAF Hastelloy C276 coating. Furthermore, the distribution of oxygen in the map
provides a general indication of the regions where oxidation took place.

Figure 35: Map mode EDS analysis of the polished HVAF Hastelloy C276 coating

After performing wet grinding and polishing on the HVAF Hastelloy C276 coatings, porosity and surface rough-
ness measurements were also conducted. The results are presented in the following Table 8 and Table 9,
respectively.

Ra (µm) Rz (µm) Rq (µm)

Average 3.33 14.95 3.91

Standard Deviation 0.28 2.66 0.25

Table 8: Roughness coefficients of the polished HVAF coating

Count Total Area (µm2) Average Size (µm2) Percentage of Area (%)

Average 1380 585.24 0.42 1.33

Standard Deviation 127 56.57 0.02 0.13

Table 9: Porosity information of the polished HVAF coating

As shown in Table 8, the average surface roughness values obtained from five measurements indicate a significant
reduction in surface height variation and roughness parameters after surface treatment. Both Ra and Rq,
commonly used roughness indicators, dropped below 4 µm, while the maximum height parameter Rz was less
than 15 µm. In addition, the standard deviation values were not particularly large, suggesting that most of the
measured values were close to the calculated average.

Regarding porosity, the results shown in Table 9 demonstrate a substantial reduction in total pore count, area,
size, and overall porosity compared to the pre-polishing values presented in Table 7. This trend can likely be
attributed to the higher surface roughness prior to wet polishing, which may have caused interparticle gaps on
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the sprayed surface to be misidentified as pores by ImageJ. After polishing, the surface became smoother and
some surface layers were removed, exposing previously hidden micropores and reducing the average pore size.
Additionally, the improved smoothness likely enhanced the resolution and accuracy of image based porosity
analysis, enabling better identification of smaller pores.

5.1.3 Sol-gel SiO2/ZrO2 Coating

After the deposition of the sol-gel SiO2 and SiO2/ZrO2 coatings, no significant visual difference was observed
compared to the uncoated sol-gel surface, due to the transparency and extremely thin nature of the sol-gel
films. As a result, OM and SEM were employed to better characterize the surface morphology. Figures 36
through Figure 39 present the OM and SEM images of samples coated with two and five layers of sol-gel films,
respectively.

(a) 200× (b) 500× (c) 700×

Figure 36: OM images of the 2-layer SiO2/ZrO2 sol-gel sealant’s top surface (scale bar: 100 µm)

(a) 200× (b) 500× (c) 700×

Figure 37: SEM images of the 2-layer SiO2/ZrO2 sol-gel sealant’s top surface

As shown in the OM image in Figure 36, the most notable difference between the sample coated with two sol-
gel layers and the uncoated HVAF Hastelloy C276 surface is the appearance of thin, water-stain-like iridescent
films covering most of the surface. However, these are unlikely to be actual water stains, as each sol-gel layer
underwent both ambient air drying and subsequent thermal treatment after deposition. Therefore, the nature
of these features cannot be determined from OM alone, and further analysis using SEM and EDS is necessary
to understand the surface changes resulting from the sol-gel sealing layer.

Figure 37 displays the OM image of the coated surface, revealing the presence of numerous fine particles and
regions with darker coloration. These features are more clearly visible in Figure 37a (at 200× magnification).
Moreover, surface pores and cracks are still observable in the image, indicating that these defects were not
eliminated by the sol-gel deposition. Sol-gel layers chemically bond to the surface, forming Si–O–Metal bonds
in the first layer, and Si–O–Zr or Si–O–Si covalent bonds in subsequent layers. These bonds are widely considered
to provide excellent adhesion. From a mechanistic standpoint, sol-gel materials tend to coat the inner walls of
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surface pores rather than completely filling them, which explains the continued visibility of such defects after
coating.

(a) 200× (b) 500× (c) 700×

Figure 38: OM images of the 5-layer SiO2/ZrO2 sol-gel sealant’s top surface (scale bar: 100 µm)

(a) 200× (b) 500× (c) 700×

Figure 39: SEM images of the 5-layer SiO2/ZrO2 sol-gel sealant’s top surface

For the sample coated with five layers of sol-gel film, Figure 38 and Figure 39 reveal more extensive surface
coverage compared to the two-layer-coated sample. In the OM image, the iridescent, water-stain-like film
is significantly more pronounced and covers nearly the entire surface of the HVAF Hastelloy C276 coating,
leaving very few exposed areas. The SEM images similarly show a higher density of shaded regions and bright
particles than those observed on the two-layer-coated sample. These features appear more numerous and densely
distributed, suggesting increased deposition and accumulation of sol-gel material. However, the exact chemical
composition of these particles cannot be determined from imaging alone and requires further verification through
EDS analysis.

Following the OM and SEM analyses, EDS was performed on the sample coated with five sol-gel layers using
SEM images taken at 1500× magnification. This high magnification was selected to improve the accuracy of
point selection and reduce potential measurement errors. However, as observed in Figure 37a and Figure 39, the
contrast across the image at high magnification was relatively uniform, making it difficult to distinguish between
actual surface features and shadowed regions, which is an issue inherent to this magnification level. Despite
this limitation, three distinct types of regions were selected for analysis: areas containing white particles, areas
without visible white particles or pores, and pore regions. For each type, four points were analyzed, resulting
in a total of 12 measurement points. Points 1–4 correspond to the white particles, Points 5–8 to the regions
without particles or pores, and Points 9–12 to the pore areas. The full EDS results from these 12 measurements
are presented in Figure 40.

Based on the mass percentage results obtained from EDS analysis, points 1–4, which correspond to the white
particles observed in the SEM images, showed approximately 15% silicon and 15% zirconium, along with about
30% oxygen. This composition suggests that these white regions are likely mixed SiO2 and ZrO2 particles. The
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Figure 40: Spectrum mode EDS analysis in “point” configuration of several ares on the 5-layer SiO2/ZrO2 sol-gel
sealant

remaining detected elements were consistent with the composition of the underlying Hastelloy C276 coating,
with nickel being the most abundant which is around 20%, followed by molybdenum, chromium, and tungsten,
each of them is around 2–4%. Additionally, trace amounts of iron were detected at all points 2–12 except point
1, which are presumed to have originated from the underlying carbon steel S235JR substrate or the Hastelloy
C276 coating, possibly due to slight exposure to the sol during the dip-coating process. However, as the iron
content did not exceed 2 mass%, it is considered negligible.

At points 5–8, corresponding to regions without visible particles or pores, the EDS spectra were dominated by
Hastelloy C276 elements, nickel (about 40%), molybdenum and chromium (about 10%), and tungsten (about
5%). In these regions, the mass percentages of silicon and zirconium dropped to around 5–7%, and oxygen to
12–15%. Although the concentrations of Si, Zr, and O were significantly lower than those in the white particle
regions, their continued presence on the surface supports the conclusion that the sol-gel-derived SiO2/ZrO2

layer was successfully deposited and adhered to the HVAF Hastelloy C276 surface.

Finally, points 9–12, corresponding to pore regions, were primarily composed of Hastelloy C276 elements. The
Si and Zr mass percentages were reduced to less than 3%, and oxygen content ranged from only 3–7%. This
suggests that detecting SiO2 and ZrO2 on the inner pore walls using EDS is challenging, likely due to their
minimal thickness and potential shadowing effects in recessed areas.

Ra (µm) Rz (µm) Rq (µm)

Average 2.16 10.42 2.54

Standard Deviation 0.22 2.66 0.34

Table 10: Roughness coefficients of the two-layer sol-gel sealed sample

In addition, after applying the SiO2/ZrO2 sol-gel sealing layer, the samples were subjected to surface roughness
testing. The results, as shown in Tables 10 and 11, indicate that the sol-gel sealed samples exhibit lower surface
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Ra (µm) Rz (µm) Rq (µm)

Average 1.91 8.89 2.23

Standard Deviation 0.13 1.49 0.12

Table 11: Roughness coefficients of the five-layer sol-gel sealed sample

roughness compared to the uncoated Hastelloy C276 samples, which is displayed in Table 8. The Ra values
of two-layer and five-layer sol-gel sealed samples were approximately 2 µm, and the Rq values did not exceed
3 µm. This reduction may be attributed to the sol-gel layer partially filling surface pores and cracks, thereby
smoothing the surface. However, due to the transparency of the sol-gel layer and the fact that it does not
completely fill the pores, such improvements were not clearly visible under the microscope. When comparing
the samples with two and five layers of sol-gel sealants, it was observed that increasing the number of layers led
to a smoother surface. Nonetheless, the degree of improvement was not drastic, as the reduction in roughness
parameters was relatively minor.

5.2 MICROHARDNESS

Based on the results of 20 microhardness measurements for each sample, all three configurations including the
uncoated HVAF Hastelloy C276 coating, the sealing with two-layer SiO2/ZrO2 sol-gel, and the sealing with
five-layer SiO2/ZrO2 sol-gel, exhibited hardness values generally ranging between 500 and 600 HV. The average
values calculated from the 20 measurements for each sample are summarized in Table 12. Among the three, the
sample coated with five sol-gel layers showed the highest average microhardness, followed by the two-layer coated
sample, and finally the uncoated HVAF Hastelloy C276 coating. This result is likely attributed to the presence
of micropores and microcracks inherent in the HVAF sprayed Hastelloy C276, which limit its surface hardness.
After the application of the sol–gel SiO/ZrO coating, the ceramic layer not only possesses intrinsically high
hardness but also effectively fills the pores and cracks on the substrate surface, allowing the applied load during
hardness measurements to be more evenly distributed. Furthermore, surface roughness measurements revealed
that the sol–gel coating significantly reduces surface roughness, with the five-layer sample being the smoothest,
followed by the two-layer sample, and the uncoated sample exhibiting the highest roughness. This reduction in
surface roughness also contributes to the microhardness results, as a smoother surface minimizes uneven contact
during indentation, thereby enhancing the measured hardness. Consequently, the five-layer sample exhibited the
highest and most consistent microhardness values, followed by the two-layer sample, while the uncoated sample
showed the lowest values. In summary, although the improvement is not highly pronounced, the application of a
SiO2/ZrO2 sol–gel sealing layer can indeed enhance the hardness of the HVAF-sprayed Hastelloy C276 system.

Average (HV) Standard Deviation

Hardness of Hastelloy C276 without any sol-gel 548.85 18.67

Hardness of Hastelloy C276 with 2-layer sol-gel 571.05 21.79

Hardness of Hastelloy C276 with 5-layer sol-gel 580.30 19.45

Table 12: Results of the microhardness measurement

5.3 WEAR RESISTANCE

Based on the results presented in Tables 13, 14, and

However, the difference in wear resistance between the samples with two and five layers of sol-gel sealing layer
was not significant. Statistical analysis revealed that in some cases, the two-layer samples exhibited better wear
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performance, while in others, the five-layer samples performed better. On average, the five-layer samples showed
slightly lower wear rates than the two-layer ones, suggesting that increasing the number of sol-gel layers may
help reduce wear. Nevertheless, further experimental data are needed to validate this hypothesis.

Without sol-gel 2-layer sol-gel 5-layer sol-gel

Measurement 1 (Radius = 3.016 mm) 0.877 0.825 0.797

Measurement 2 (Radius = 5.603 mm) 0.901 0.819 0.744

Measurement 3 (Radius = 8.038 mm) 0.831 0.763 0.777

Average 0.870 0.802 0.773

Table 13: Results of the wear volume (mm3) measurement

Without sol-gel 2-layer sol-gel 5-layer sol-gel

Measurement 1 (Radius = 3.016 mm) 1.75E-03 1.65E-03 1.59E-03

Measurement 2 (Radius = 5.603 mm) 1.80E-03 1.64E-03 1.49E-03

Measurement 3 (Radius = 8.038 mm) 1.66E-03 1.53E-03 1.55E-03

Average 1.74E-03 1.61E-03 1.55E-03

Table 14: Results of the wear rate (mm3/Nm) measurement

Without sol-gel 2-layer sol-gel 5-layer sol-gel

Measurement 1 (Radius = 3.016 mm) 1.75E+06 1.65E+06 1.59E+06

Measurement 2 (Radius = 5.603 mm) 1.80E+06 1.64E+06 1.49E+06

Measurement 3 (Radius = 8.038 mm) 1.66E+06 1.53E+06 1.55E+06

Average 1.74E+06 1.61E+06 1.55E+06

Table 15: Results of the wear rate (µm3/Nm) measurement

5.4 ELECTROCHEMICAL PROPERTIES

Figure 41 and 42 show the samples after undergoing PDP and EIS tests. The apparent differences in color are
primarily due to lighting conditions, these are all the same type of sample. On the three samples tested with
PDP, clear signs of corrosion are visible within the circular areas corresponding to the two measurements. In
contrast, the three samples subjected to EIS testing show pronounced corrosion marks along the edges of the
circular regions, whereas the interior areas exhibit less noticeable signs of corrosion.

Before conducting the PDP test, OCP measurements were first performed to confirm the stabilization of the
corrosion potential. As shown in Figure 43, the time versus potential plots from the OCP tests indicate that
the 5-layer sol-gel samples (blue and green lines) exhibited higher corrosion potentials than the 2-layer sol-gel
samples (gray and red lines). On the other hand, the sample without sol-gel sealing layer (pink line) displayed
the lowest potentials among all specimens. However, since OCP mainly serves to ensure that a stable potential
is reached, performance evaluation must rely on PDP and EIS results.

Following potential stabilization, the PDP experiments were carried out, which is displayed in Figure 44. The
results, plotted as corrosion potential versus log-transformed current density, exhibit the typical V-shaped
polarization curve. Using the EC-Lab software’s built-in Tafel extrapolation function, linear regions in the
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(a) HVAF Hastelloy C276 without
SiO2/ZrO2 sol-gel sealing layer

(b) HVAF Hastelloy C276 with 2-
layer SiO2/ZrO2 sol-gel sealing layer

(c) HVAF Hastelloy C276 with 5-
layer SiO2/ZrO2 sol-gel sealing layer

Figure 41: Picture of the samples after PDP test.

(a) HVAF Hastelloy C276 without
SiO2/ZrO2 sol-gel sealing layer

(b) HVAF Hastelloy C276 with 2-
layer SiO2/ZrO2 sol-gel sealing layer

(c) HVAF Hastelloy C276 with 5-
layer SiO2/ZrO2 sol-gel sealing layer

Figure 42: Picture of the samples after EIS test.

cathodic and anodic branches were fitted, and their intersection provided the corrosion potential (Ecorr) and
corrosion current density (icorr). Based on ASTM G102, the equivalent weight of Hastelloy C276 was calculated
to be 22.61g, and its density was taken as 8.89 g/cm3. These values, along with the icorr obtained, were input
into EC-Lab to calculate the corrosion rate, as shown in Table 16.

Ecorr (mV) icorr (mV) Corrosion Rate (mm/year)

2-layer SiO2/ZrO2 sol-gel (1) -300.691 0.094 9.97E-04

2-layer SiO2/ZrO2 sol-gel (2) -323.826 0.098 1.03E-03

5-layer SiO2/ZrO2 sol-gel (1) -295.674 0.055 5.83E-04

5-layer SiO2/ZrO2 sol-gel (2) -302.814 0.026 2.76E-04

Without SiO2/ZrO2 sol-gel -322.045 0.241 2.56E-03

Table 16: Results of the PDP test after Tafel extrapolation

Although the OCP results indicated that the uncoated samples exhibited the lowest stabilized potential, the
PDP results revealed that they had the highest $i_corr$ values, resulting in the greatest corrosion rates among
all samples. In contrast, both the five-layer and two-layer sol–gel sealed samples showed markedly reduced
corrosion rates. While some variation was observed between the two five-layer datasets, likely due to surface non-
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Figure 43: Result of OCP test, time v.s. potential (E)

uniformities, still both consistently exhibited the lowest corrosion rates overall, with reductions of approximately
4–10 times compared to the uncoated samples and about 2–4 times compared to the two-layer sol–gel samples.
This improvement can be attributed to the SiO2/ZrO2 sol–gel sealing layer, which inhibits electrolyte diffusion
by filling pores and cracks, increasing barrier layer thickness, and enhancing path tortuosity, while the inherent
chemical inertness of SiO2 and ZrO2 in acidic, alkaline, and chloride-containing environments provides long-term
protection. Compared with two-layer coatings, the five-layer system benefits from multiple cycles of drying and
heat treatment, which more effectively fill microdefects from previous layers, resulting in a denser structure and
significantly reduced permeability. Overall, the PDP results confirm that the SiO2/ZrO2 sol–gel sealing layer
effectively suppresses corrosion, and within the tested range, increasing the number of coating layers leads to
improved corrosion resistance.

Based on the EIS measurements conducted over the 21-day testing period, the Bode plot results in Figure 45
reveal pronounced impedance differences among the five sample groups, particularly in the low-frequency range
of 0.01–1 Hz. The two samples coated with the five-layer sol–gel exhibited the highest and most stable impedance
within this frequency range, especially the five-layer sol–gel (2) sample in Figure 45d showing the maximum
|Z| value, indicating superior and consistent barrier performance. In comparison, the two samples coated with
the two-layer sol–gel sealing layer displayed lower impedance values than their five-layer counterparts, although
their impedance still exceeded that of the uncoated HVAF Hastelloy C276 sample.

Notably, for both the two-layer and five-layer sol–gel sealed samples, a sharp decrease in impedance was ob-
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Figure 44: Result of PDP test, potential (E) v.s. log |i|

served from Day 1 to Day 3. This decline is likely attributable to the rapid penetration of the electrolyte
into micropores and interfacial defects within the sol–gel sealing layer during the early exposure period, which
increases capacitance, decreases resistance, and results in a swift drop in low- to mid-frequency impedance. The
inherently hydrophilic nature of Si–OH and Zr–OH functional groups in the sol–gel network likely accelerates
this initial water uptake. After approximately three days, most pore channels become saturated with water,
and subsequent impedance changes are governed by ionic diffusion through pre-existing pathways, leading to a
slower rate of impedance decline.

Despite the gradual reduction in impedance over time, all four sol–gel sealed samples maintained slightly higher
impedance values than the uncoated HVAF Hastelloy C276 sample at Day 21. These results clearly demonstrate
the beneficial role of the SiO2/ZrO2 sol–gel coating in enhancing corrosion resistance.

The Nyquist plot presented in Figure 46 further supports the earlier observations and directly corresponds to
the Bode plot results, as both were obtained from measurements on the same set of samples, differing only in
the method of data representation. As shown, the five-layer sol–gel (2) sample, which exhibited the highest
low-frequency impedance in the Bode plot, also displays the largest semicircle in the Nyquist plot. Specifically,
as illustrated in Figure 46d, its real impedance (x-axis) reaches approximately 700,000 Ω, while its imaginary
impedance (y-axis) is around 350,000 Ω.

Although the five-layer sol–gel (1) sample does not reach the same impedance magnitude as the five-layer sol–gel
(2) sample, its values are still markedly higher than those of the two two-layer sol–gel sealed samples. Consistent
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(a) HVAF Hastelloy C276 coating with two-layer sol-gel (1) (b) HVAF Hastelloy C276 coating with two-layer sol-gel (2)

(c) HVAF Hastelloy C276 coating with five-layer sol-gel (1) (d) HVAF Hastelloy C276 coating with five-layer sol-gel (2)

(e) HVAF Hastelloy C276 coating without sol-gel

Figure 45: Results of EIS test for 21 days, Bode plot
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(a) HVAF Hastelloy C276 coating with two-layer sol-gel (1) (b) HVAF Hastelloy C276 coating with two-layer sol-gel (2)

(c) HVAF Hastelloy C276 coating with five-layer sol-gel (1) (d) HVAF Hastelloy C276 coating with five-layer sol-gel (2)

(e) HVAF Hastelloy C276 coating without sol-gel

Figure 46: Results of EIS test for 21 days, Nyquist plot
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with the Bode plot results, the uncoated HVAF Hastelloy C276 sample exhibits the lowest impedance values in
both real and imaginary part, among all five sample groups.

After the 21-day exposure period, the impedance of all sol–gel sealed samples shows a pronounced decline from
Day 1 to Day 3, followed by a noticeably slower rate of decrease. Nonetheless, even at the end of the test,
all sol–gel sealed samples maintain slightly higher impedance values than the uncoated HVAF Hastelloy C276
sample.

Based on the analysis of the electrochemical results, it can be concluded that the SiO2/ZrO2 sol-gel sealing
layer indeed demonstrates excellent stability and barrier properties in corrosive environments, confirming its
potential as a protective coating. Furthermore, a positive correlation is observed between the number of sol-gel
layers and electrochemical impedance: within the tested range, samples with more coating layers exhibited
higher impedance values and lower corrosion rate, which enhanced the corrosion protection.

5.5 HIC RESISTANCE

After 96 hours of immersion testing, the sample surfaces appear as shown in Figure 47. It is evident that none
of the samples’ top surface exhibited blistering, which differs from the initial expectation. Originally, it was
anticipated that the uncoated carbon steel S235JR sample would show blistering, while the samples coated
with HVAF Hastelloy C276, HVAF Hastelloy C276 + two-layer SiO2/ZrO2 sol-gel, and HVAF Hastelloy C276
+ five-layer SiO2/ZrO2 sol-gel would not consistent with the results reported in Winters’ study [6]. However,
in Winters’ work, the NACE TM0284 standard test duration was extended to 240 hours. Therefore, it is
reasonable to assume that the 96-hour immersion period used here was not sufficient for enough hydrogen
atoms to diffuse into the steel lattice and accumulate as high-pressure hydrogen gas, which would typically lead
to surface expansion or blistering.

Figure 47: The top surface picture of the samples after immersion test.

Next, the samples were sectioned to observe crack formation in their cross sections and to calculate the CSR,
CLR, and CTR. For each sample, three cross sectional measurements were taken, and their average values were
used to determine the final results, as shown in Table 17. It is evident that the uncoated sample exhibited very
high CSR, CLR, and CTR values, failing to meet the previously mentioned acceptance criteria for materials
with good HIC resistance, specifically, CLR not higher than 15%, CSR not higher than 2%, and CTR not higher
than 5%.

However, after applying coatings, the CSR, CLR, and CTR values for the other three samples dropped signifi-
cantly. This indicates that the Hastelloy C276 coating notably improved the HIC resistance, keeping the CSR,
CLR, and CTR well within the acceptable range. As illustrated in Figure 48, the three coated samples clearly
exhibited shallower and shorter cracks compared to the uncoated one.
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Surprisingly, among the coated samples, the one with only HVAF Hastelloy C276 showed the lowest CSR, CLR,
and CTR values overall, indicating the best HIC resistance. It was followed by the HVAF Hastelloy C276 +
five-layer SiO2/ZrO2 sol-gel sample, and finally the two-layer sol-gel sample. From these results, one could infer
that adding a SiO2/ZrO2 sol-gel layer does not enhance HIC resistance—in fact, it might slightly diminish it.
This could be because the Hastelloy C276 layer already offers excellent resistance on its own.

CLR (%) CSR (%) CTR (%)

Carbon Steel S235JR Without Any Coating 37.8 4.0 11.9

Only HVAF Hastelloy C276 Coating 0.8 0.0 0.3

HVAF Hastelloy C276 + 2-layer SiO2/ZrO2 1.9 0.1 1.2

HVAF Hastelloy C276 + 5-layer SiO2/ZrO2 1.1 0.0 0.2

Table 17: Results of the values of CLR, CSR, and CTR

Figure 48: The cross section picture of the samples after immersion test.

That said, due to limitations in resources and cost, only one sample from each group was subjected to the HIC
test. To definitively determine whether the SiO2/ZrO2 sol-gel layer has a negative impact on HIC resistance,
or whether the observed differences in values were merely due to experimental error, future studies will need to
include more extensive and repeated testing.
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5.6 DISSCUSSION

By consolidating the final data for all tested properties, Table 18 provides a clear comparison of the micro-
hardness, wear resistance, corrosion resistance, and HIC resistance among the no–sol-gel, two-layer sol–gel, and
five-layer sol–gel sealing samples. In the table, green cells indicate improvements that enhance durability and
thereby extend the lifespan of the underlying HVAF Hastelloy C276 coating, whereas red cells indicate negative
effects on lifespan extension.

Table 18: Data comparison of measured properties among the three samples

The data presented in the Table 18 indicate that, in terms of wear resistance and microhardness, samples
with the sol–gel sealing layer exhibit a slight improvement compared to those coated solely with the 250 µm

Hastelloy C276 layer. This observation aligns with the previously discussed effect of the SiO2/ZrO2 sol–gel
in partially filling surface pores, thereby reducing surface roughness. A smoother and more uniform surface
facilitates more consistent sliding behavior and reduces uneven contact during indentation. However, while these
mechanical properties show measurable gains, the magnitude of improvement remains modest. Electrochemical
testing results demonstrate that, with respect to corrosion resistance in non-sulfide corrosive environments, the
SiO2/ZrO2 sol–gel sealing layer effectively reduces corrosion rates and increases corrosion impedance, thereby
enhancing overall corrosion resistance and extending the service life of both the coating and the substrate.
These findings are consistent with those reported by Gkasiorek et al. [90]. Nevertheless, the present results
reveal that the SiO2/ZrO2 sol–gel sealing layer offers no enhancement in HIC resistance. In fact, when applied
in fewer layers, it may even have a detrimental effect, likely because the Hastelloy C276 coating alone already
possesses inherently high resistance to HIC.

Table 19: Summary of the final result

Table 19 summarizes the results presented in Table 18 in textual form. Overall, for all measured properties,
the five-layer coating outperformed the two-layer coating, suggesting that, within a limited range of coating
thicknesses, the number of SiO2/ZrO2 sol–gel sealing layers is positively correlated with the lifespan extension
of the HVAF-sprayed Hastelloy C276 coating.
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That said, SiO2/ZrO2 sol–gel sealing may not be the optimal choice for enhancing the lifespan of HVAF
Hastelloy C276 in sulfur-rich environments. While slight improvements were observed in wear resistance and
microhardness, the magnitude of these gains was modest, and the resistance to HIC showed no improvement,
or even potential negative effects.

Nevertheless, experimental results confirm that the SiO2/ZrO2 sol–gel sealing layer provides highly effective
protection for carbon steel equipment under general (non-sulfidic) corrosion conditions. When applied in envi-
ronments exposed only to air rather than hydrogen sulfide, this sealing layer can substantially reduce corrosion
rates. Combined with its low cost and ease of application, the SiO2/ZrO2 sol–gel sealing layer has strong
potential for broader implementation in the petroleum industry.

54



6 CONCLUSION

From the results of this study, the following conclusions can be drawn:

• The SiO2/ZrO2 sol–gel sealing layer may not be the optimal choice for extending the service life of HVAF-
sprayed Hastelloy C276 in H2S-rich environments.

• The SiO2/ZrO2 sol–gel sealing layer provides only slight improvements in wear resistance and microhard-
ness.

• No improvement in resistance to hydrogen induced cracking (HIC) was observed; in cases with fewer
coating layers, potential adverse effects may occur.

• Under general conditions with exposure to air and moisture, the SiO2/ZrO2 sol–gel sealing layer can still
offer effective corrosion protection for carbon steel equipment.

• Owing to its low cost, simple processing, and enhancement of corrosion resistance, the SiO2/ZrO2 sol–gel
sealing layer retains substantial potential for widespread application in the petroleum industry.
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7 RECOMMENDATIONS

Based on the findings of this study, it was concluded that the application of SiO2/ZrO2 sol-gel sealing layer does
not significantly enhance the service life of HVAF sprayed Hastelloy C276 in hydrogen sulfide-rich environments.
However, an unexpected observation was the sol-gel sealing layer’s excellent performance in improving general
corrosion resistance. These insights suggest three promising directions for future research: (1) developing alter-
native strategies to further extend the lifetime of HVAF Hastelloy C276 in H2S environments, (2) optimizing
sol-gel sealing layer’s parameters to maximize general corrosion protection, and (3) exploring alternative mate-
rials or coating systems to replace HVAF Hastelloy C276 in sulfide-containing environments. Each direction is
elaborated below.

Development of New Strategies to Extend the Lifespan of HVAF Hastelloy C276 in H2S-Rich
Environments

Future research can build upon the current work by investigating alternative materials or techniques beyond
SiO2/ZrO2 sol-gel sealing layers. Several potential approaches including electrodeposited sealing layers to block
H2S diffusion, surface densification treatments to improve coating integrity, or the application of conformal
nano-coatings via atomic layer deposition. While these methods were beyond the scope of the present study,
they represent viable options that warrant further exploration and validation through targeted experimentation.

Optimization of Sol-Gel Sealants for General Corrosion Protection

Given the demonstrated improvement in general corrosion resistance, future work may focus on refining the
sol-gel sealing strategy. This includes investigating the effect of additional coating layers (e.g., 1, 3, 7, or
more layers) to determine whether corrosion resistance scales linearly or plateaus. Moreover, optimization of
deposition techniques, such as dip coating, spin coating, or spray coating, could help improve uniformity and
barrier performance. Exploring alternative sol-gel chemistries or compositions (e.g., TiO2-based coatings) and
comparing them with the current SiO2/ZrO2 system may also yield valuable insights.

Exploration of Alternatives to HVAF Hastelloy C276 in Sulfide-Rich Environments

Although HVAF sprayed Hastelloy C276 offers excellent protection against sulfide-induced corrosion, its high
cost and process complexity limit large-scale industrial deployment. Thus, identifying alternative systems with
comparable performance at reduced cost is a worthwhile objective. Potential solutions include thermal spray
variants such as arc spray or HVOF combined with sol-gel sealing layers or vapor-deposited thin films (e.g., via
physical vapor deposition (PVD) or chemical vapor deposition (CVD)), or the use of more economical alloys
such as Inconel 625 in place of Hastelloy C276. The feasibility of these options remains uncertain and requires
further literature review and experimental validation.
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