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ABSTRACT 

Surface treatment is an essential process in preparing steel structures for painting, playing a 

vital role in the lifespan and maintenance of the structure. For enhancing the durability of coatings, 

it is crucial to thoroughly remove rust and chlorides. The traditional surface treatment process 

varies depending on the extent of corrosion of the structure, typically involving manual and power 

tool conditioning for pre-treatment, followed by processes such as abrasive blasting or laser 

cleaning for post-treatment. However, in cases of severe corrosion, post-treatment may need to 

be repeated multiple times until the surface appears visually clean. This repetition can lead to 

increased labor and resources, extending construction periods and subsequently raising 

construction costs. Moreover, even after repeated post-treatment processes, rusts, and chlorides 

not visible to the naked eye may remain on the structure, leading to re-corrosion post-painting, 

degrading the protective performance of coatings, and ultimately resulting in premature failure. 

Such issues can cause significant damage to the structure, adversely affecting its stability and 

reliability. 

In the process of surface conditioning, minimizing the need for pre-treatment and reducing 

the repetition of post-treatment is crucial for achieving economic efficiency and effective cleaning. 

This paper presents the innovative potential of Abrasive water-jet treatment (AWT) in providing 

suitable surface characteristics for the removal of corrosion products and the application of 

coatings. AWT processing, with its high energy density, enables the effective removal of thick 

rust and deeply embedded chlorides beneath the surface of steel plates with just a single treatment, 

thus eliminating the need for pre-treatment and significantly reducing the frequency of post-

treatment. This leads to a reduction in construction time and costs, substantially enhancing the 

efficiency of the surface treatment process. However, to date, research on AWT for surface 

treatment has primarily focused on general steel plates or specific materials, with limited 

application to corroded steel or parts. Additionally, there is a lack of research on the efficiency of 

chloride removal and the surface characteristics suitable for coating. To address these issues, this 

paper applies AWT processing to both general steel samples and severely corroded bridge 

components, demonstrating its viability as a surface treatment method. Through experimental 

analysis, it proposes processing conditions for AWT that yield surface characteristics ideal for 
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coating. 

In this study, a thorough examination was conducted on the effects of AWT processing on the 

surface and mechanical properties of steel substrates.  A focal point of our investigation was the 

influence of nozzle type, abrasive particle size, and processing distance on these properties. We 

evaluated the surface characteristics of treated specimens by analyzing the treatment area, 

maximum erosion depth, surface roughness, topographical changes, and distribution of residual 

abrasives. The mechanical properties were assessed through the analysis of surface hardness and 

changes in the microstructure of the surface layer. Additionally, we investigated how these 

alterations in surface and mechanical properties affect the corrosion behavior of the material. This 

study also applied selected treatment conditions to severely corroded steel samples to evaluate 

the conditioning effectiveness. For this purpose, we proposed a new 'Turning time test' method, 

analyzing the frequency and extent of re-corrosion and flash rust on the surface post-treatment. 

Finally, applying this technology to an actual weathered steel bridge with corrosion empirically 

demonstrated its engineering applicability. 

Test results indicate that the usage of the developed divergent nozzle and smaller abrasive 

grains in the AWT processing effectively expands the treatment range while preventing significant 

erosion depth and surface roughness. Additionally, under the same treatment conditions, the 

hardness of the steel surface increased, and microstructural changes enhanced corrosion resistance 

compared to traditional blast processing methods. Notably, the best corrosion resistance on steel 

surfaces was observed with AWT processing using the convergent nozzle and larger abrasive 

particles. This process, free from dust generation and fire hazards, is applicable in enclosed or 

confined spaces without spatial constraints. It can completely treat pitting corrosion areas deeper 

than 500 micrometers in a single pass, entirely removing corrosion products and chlorides from 

the corroded steel surface, achieving a surface cleanliness level above Sa3. Consequently, surfaces 

treated with AWT maintain their cleanliness and are free from flash rust for up to 72 hours post-

treatment. In summary, AWT creates optimal surface conditions for further coating processes 

under various processing conditions and ensures higher surface cleanliness in real-world 

engineering applications.
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CHAPTER 1  INTRODUCTION 

1.1  Background 

Steel is extensively utilized in industrial and infrastructure projects due to its excellent 

mechanical strength, durability, and versatility. Nonetheless, its vulnerability to corrosion 

poses significant challenges, impacting both structural stability and financial outcomes. As 

per the data of the National Association of Corrosion Engineers (NACE), corrosion-related 

global economic damages are approximated to be around 3.4% of total GDP [1].  While it's 

impossible to completely eliminate corrosion-related expenses in steel structures, applying 

effective anti-corrosion strategies could potentially reduce these economic impacts by as 

much as 35% [1]. 

Currently, a variety of physicochemical approaches are utilized to avert the corrosion of 

steel constructions [2,3]. Among these, common strategies for continuous protection 

encompass surface conditioning and applying coatings, conducted through regularly 

scheduled inspections of structures prone to corrosion [4–6]. The process of surface 

treatment is instrumental in physically eliminating rust layers from the steel component, 

thereby halting further corrosion progression. Meanwhile, applying coating plays a pivotal 

role in extending the lifespan of the structure by creating a barrier against the ingress of 

oxygen, moisture, and chlorides, consequently reducing the impact of corrosion [5]. In Japan, 

for the maintenance of steel structures, close visual inspections are conducted every five 

years. Based on these inspections, the structural integrity is assessed, and necessary 

maintenance tasks are determined. Recently, there has been a trend toward adopting heavy-

duty corrosion protection coating specifications with superior durability and corrosion 

resistance properties, aimed at reducing the significant portion of maintenance costs 

attributed to painting expenses since the main maintenance cost required for steel road 

bridges is the cost of repainting [7,8]. However, regardless of the high quality of the coating 

applied, if residual corrosion products or chloride remain on the surface prior to coating, 

premature detachment of the coating is inevitable due to the expansion of corrosion. 

Consequently, surface preparation before repainting becomes imperative, serving not only 

to eradicate corrosion from the surface of the steel structure but also to establish a suitably 
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roughened texture, thereby significantly improving the adhesion of the paint [9,10]. Surface 

treatment is typically divided into two stages: pre-treatment and post-treatment. During pre-

treatment, hand or power tools are utilized to remove rust that is easily detachable. However, 

this stage alone often proves insufficient for completely eliminating corrosion products 

deeply embedded beneath the surface or those tightly adhered to the substrate. If surface 

treatment is inadequate, residual chlorides or rust residues can persist on the steel surface, 

leading to localized corrosion beneath the coating and resulting in premature coating failure 

[11]. This can progress to severe corrosion and, in extreme cases, cause catastrophic damage 

such as material fracture or structural collapse. Thus, surface conditioning before coating is 

a critical process that directly affects the durability of the coating and the lifespan of the 

structure. After pre-treatment, additional processing steps are necessary to achieve the ideal 

surface condition for coating application. 

A prevalent method of surface treatment or post-treatment currently applied to steel 

structures is abrasive blasting [12-14]. This procedure accelerates abrasive particles towards 

the surface, striking it with high velocities, which efficiently grinds and abrades the surface. 

This method is effective in eliminating contaminants from the surface while simultaneously 

creating a roughened texture that improves the bond strength of subsequent coatings. 

However, abrasive blasting generates a significant amount of dust during blasting, posing a 

risk to the respiratory health of workers, and its use is limited in confined spaces. Moreover, 

there is a disadvantage in that the abrasive can become embedded in the metal surface along 

with rust components, and the efficiency of the treatment diminishes in areas with thick rust 

layers or deep pits [15]. Such deep corrosion can accelerate corrosion by accompanying 

secondary corrosion. Pitting corrosion, accompanied by secondary corrosion, can act as a 

crack initiator in structures under dynamic loads [16], potentially reducing the fatigue life 

and fatigue strength of the structure. Consequently, repetitive blasting treatments are 

essential to maintain a certain surface condition for coating. However, even after multiple 

rounds of such treatments, residual corrosion remains persistent, ultimately causing 

subsequent corrosion beneath the coating, despite achieving the appearance of a clean 

surface [17]. 

On the other hand, Abrasive Waterjet Treatment (AWT) is emerging as an effective 
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surface preparation method that can address existing challenges. Originally, this technology 

found widespread use in the manufacturing industry for cutting various materials, 

encompassing both metals and non-metals. However, recent research indicates that by 

adjusting various processing parameters associated with AWT, it can be effectively employed 

for abrading steel surfaces [18-20]. AWT employs a high-pressure mixture of abrasive 

particles suspended in water, and this mixture delivers substantial kinetic energy upon 

collision with the substrate, thereby facilitating material removal through erosion. The high 

energy density of this process contributes effectively to the removal of dense corrosion layers 

on steel surfaces [21]. This method can effectively eliminate thick corrosion layers and 

embedded impurities in a single treatment without the need for separate pre-processing 

procedures, eliminating the requirement for repetitive blasting treatments. Furthermore, 

AWT processing can impact the hardening and microstructural changes in the metal surface, 

thereby influencing the material's performance and corrosion resistance [22]. AWT, 

employing a water-based approach, poses no risk of thermal effects or thermal damage and 

is suitable for internal work on steel structures without generating dust. Furthermore, it is 

expected to be effective for surface treatment in confined spaces such as crevices within 

structures. However, research on the use of this technology as a surface treatment method is 

still inadequate, and systematic research findings have yet to be firmly settled.  In particular, 

the author's prior research highlighted specific difficulties in implementing this technology 

for the treatment of corroded samples with a traditional convergent nozzle designed for 

material cutting. While the technology exhibits high effectiveness in corrosion product 

removal, it is associated with issues such as a limited processed area on steel plates, 

substantial thickness reduction, and a notable increase in surface roughness following 

treatment [22]. These issues can have a detrimental impact on the durability of the treated 

steel plates and the adhesion of coatings during painting processes [10][23]. Therefore, 

finding suitable treatment conditions to address the aforementioned challenges remains a 

crucial task for the effective utilization of AWT as a surface conditioning technology. 

1.2  Research Objectives and Scope 

This study focuses on overcoming the issues associated with the convergent  nozzle 

during surface processing with AWT. It proposes the use of the specially developed divergent 
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nozzle optimized for surface preparation, alongside the identification of effective AWT 

processing conditions that can produce optimal surface properties appropriate for applying 

coating. Additionally, it evaluates the various effects of abrasive grain sizes on the surface 

characteristics of test specimens, aiming to determine the most suitable abrasive grain size 

for AWT utilization in surface treatment. The dimensions and morphology of the abrasives 

play a critical role in the surface preparation process to ensure the achievement of highly 

efficient and accurate conditions on the processed surface [24-26]. The study assesses 

alterations in surface characteristics throughout AWT processing, considering nozzle types, 

abrasive particle sizes, and various processing conditions. These changes encompass 

treatment range, maximum erosion depth, surface roughness, surface topography alterations, 

and residual abrasive particle aspects. Furthermore, the study investigates the correlation 

between surface roughness, topographical modifications, and adhesion strength. Finally, the 

direct application of this technology to severely corroded structures is performed to validate 

the practical applicability of AWT by assessing its effectiveness in removing corrosion.  

The main aims of the dissertation are as follows:  

1) Identify surface characteristics suitable for coating. Propose treatment conditions 

that yield ideal surface characteristics for coating after AWT processing. 

2) Investigate the modified structural and mechanical properties of steel, as well as their 

associated electrochemical characteristics, following AWT processing, in addition to 

surface characteristics. 

3) Approach corrosion issues from an engineering perspective and validate the 

efficiency of corrosion and chloride removal through AWT processing. 

4) To ascertain the practical applicability and feasibility of AWT processing, this 

technology will be applied to actual corroded bridges. A scientific analysis and 

validation will assess how effectively AWT removes corrosion and chloride. 

1.3  Literature Review 

1.3.1  Surface preparation assessment and criteria 

The evaluation of surface conditions and quality is a critical stage in ensuring the 

reliability of surface preparation processes and coating systems. In the absence of clear 
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assessment criteria and standards for various newly developed surface treatment methods, 

the integration of these technologies into the field of surface preparation can pose significant 

challenges. Therefore, surface treatment evaluation can be considered a fundamental 

prerequisite to be introduced alongside surface technology development. Currently, there are 

various standards for surface treatment evaluation, including ISO (International 

Organization for Standardization), SSPC (The Society for Protective Coatings), NACE 

(National Association of Corrosion Engineers), ASTM International (American Society for 

Testing and Materials), and JIS (Japanese Industrial Standards). The selection of standards 

varies depending on national and contracting entities, and a unified standard currently does 

not exist. The three key considerations in standard selection are as follows [9].  

Firstly, the selection of parameters to be considered in the standards. Secondly, the 

methodologies for measuring and assessing these selected parameters. Thirdly, the 

establishment of criteria for defining threshold values of the measured parameters. Among 

various standard criteria, ISO standards are considered to excel in performing these three 

conditions mentioned above most effectively. Prior to coating, the evaluation of surface 

quality is specified in detail from various perspectives, including surface cleanliness, surface 

salt content, and surface characteristics. ISO standards, unlike SSPC and NACE, which are 

predominantly used in North America, are internationally recognized due to their 

comprehensive specifications for surface quality evaluation before coating applications [27]. 

Moreover, many countries, including Japan, and various industrial sectors often refer to ISO 

standards when developing suitable standards [28]. ISO 8501 provides visual assessment 

criteria for the cleanliness and surface preparation condition of steel surfaces, especially 

those treated using methods such as sandblasting or mechanical conditioning. It defines the 

cleaning level through the international standard Sa designation, where higher numbers 

indicate better cleanliness. ISO 8502 offers testing guidelines for various influencing factors 

on steel surface conditions, including contaminants, salt, humidity, dust, and more. This 

standard is particularly focused on measuring surface salt concentration using the Bresle 

method and establishing criteria to evaluate the extent of salt contamination. Additionally, it 

proposes criteria for visually evaluating the level of contamination caused by salt by 

assessing the occurrence of flash rust, akin to the methodology in ISO 8501. Lastly, ISO 
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8503 provides methodologies and criteria for measuring the surface roughness of steel before 

applying coatings, thereby defining the appropriate steel surface roughness for effective 

coating adhesion. 

Therefore, ISO standards offer clear benefits that meet the three key considerations 

mentioned earlier for standard selection. However, there are still limitations in establishing 

precise threshold values for the measured parameters. Particularly, the surface roughness 

comparison plates (referred to as surface roughness comparators) measurements according 

to ISO 8501 and ISO 8503 primarily rely on qualitative methods based on visual assessment. 

These methods are significantly influenced by the experience and subjective judgment of the 

operator. This highlights the importance of establishing quantitative visual evaluation 

criteria for surface conditions as a crucial challenge to address. ISO 8503 should encompass 

a variety of surface characteristics, such as surface deformation, the quantity of residual 

abrasive material, and other relevant factors, as evaluation criteria for coating adhesion-

related surface properties, not restricted solely to roughness.  

In this study, we do not delve into the establishment of threshold values and quantitative 

methods for the visual assessment of steel surface conditions as specified in ISO 8501. 

However, we plan to explore quantitative evaluation of surface conditions in the future, 

utilizing color space systems such as CIE LAB to quantify color deviations and color 

coordinates [29]. The salt content and surface roughness were quantitatively assessed in 

accordance with ISO and JIS standards. Additionally, we will explore the correlation 

between flash rust formation caused by salt and its quantitative evaluation, as well as its 

impact on coating adhesion properties. Ultimately, quantitative evaluations of various 

surface characteristics beyond roughness will be conducted, and discussions about their 

influence on coating adhesion will ensue. This research will serve as valuable reference 

material for the selection of standards and the establishment of threshold values for surface 

quality assessment. 

1.3.2  Surface conditioning method 

Surface treatment of steel structures is an essential procedure necessary for corrosion 

prevention, enhancing the adhesion of subsequent coatings, and prolonging the service life 

in extreme environments such as marine and coastal areas. The majority of coating failures 
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are attributed to improper surface preparation or inadequate coating application [30]. This 

implies that even with excellent coating materials, their effectiveness is compromised if 

proper surface treatment and application are not executed correctly. Surface treatment 

methods can vary depending on specific environmental factors and conditions of application. 

However, it can broadly be classified into mechanical, electrochemical, and chemical 

methods, grounded in the respective technological processes and operational mechanisms.  

Mechanical surface treatment methods typically include hand tools, power tools, 

polishing, rolling, brushing, spraying, blasting, water jets, and the like. These methods 

involve physical contact to remove contaminants from the surface and serve the purpose of 

cleaning. The most basic forms, such as hand and power tool treatments, are primarily 

effective for coating removal and stripping loose rust. However, these methods may have 

difficulty completely removing strong rust layers. Therefore, additional treatments like 

blasting are often necessary before applying coatings. Abrasive blasting is a surface 

treatment method commonly employed in various steel structures and infrastructure projects, 

primarily utilizing various abrasives under high-pressure conditions to clean surfaces and 

create texture [31]. However, this method has drawbacks, such as generating a significant 

amount of dust during the treatment process and limitations when applied in confined spaces 

or on surfaces with thick rust layers. Consequently, new technologies like laser treatment are 

being developed; nevertheless, they still exhibit inadequate performance, especially when 

addressing thick rust layers or treating large structures [32]. Therefore, there is a growing 

demand for the development of novel mechanical surface treatment technologies that can be 

applied to extensive infrastructure projects without the need for separate pre-treatment or 

post-treatment processes. 

Electrochemical surface treatment methods include cathodic protection, electrochemical 

chloride extraction, and re-alkalization of concrete. Cathodic protection is a method that uses 

galvanic sacrificial anodes or impressed current systems to protect metal structures like 

bridges and reinforced concrete from corrosion [33]. Electrochemical chloride extraction is 

used to reduce the risk of steel corrosion by extracting chloride ions from contaminated 

reinforced concrete. Among these, cathodic protection is a commonly used electrochemical 

method in the field of civil engineering. However, electrochemical treatments are more akin 
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to maintenance approaches aimed at preventing corrosion rather than directly removing 

corrosion products. 

Chemical surface treatment is utilized in the manufacturing process of steel and other 

materials and is suitable for removing light rust or mill scale from surfaces. This method 

primarily encompasses the application of acids or alkalis. The advantages of chemical 

treatment include its relatively low cost and quick rust removal capabilities. However, this 

method may require time to dissolve oxides and oils and can have limited effectiveness due 

to the difficulty of precise treatment on specific parts. Particularly, the use of hydrochloric 

acid can make efficient cleaning difficult if proper immersion time and concentration are not 

determined [34], and can lead to excessive corrosion of the material, causing mass loss [35]. 

Furthermore, the solution after use can cause environmental pollution, necessitating proper 

disposal, which requires special attention. For these reasons, the civil engineering industry, 

dealing with the treatment of corroded large-scale structures and infrastructure, generally 

does not prefer chemical surface treatment.  

In addition to the surface treatment technologies discussed thus far, there are numerous 

methods for cleaning surfaces, including Flame Cleaning [36], Ultrasonic Cleaning [37], and 

Plasma Treatment [38]. However, in the civil engineering industry, the management of 

corrosion on-site typically involves the removal of corroded materials through blasting using 

hand and power tools or abrasives, followed by regular maintenance through protective 

coatings applied after treatment. This method is favored for its practicality and cost-

effectiveness, particularly in the context of large-scale civil construction. This research aims 

to review a range of mechanical surface treatment processes and seeks to identify new, 

optimal methods to improve the effectiveness and quality of surface treatments.  

1.3.3  Abrasive blasting 

Abrasive blasting is one of the primary physical surface treatment methods frequently 

used in modern industry, and it is especially widely employed for rust removal on steel 

bridges. This process involves propelling solid particles onto the surface of the material 

under high pressure for grinding, with various methods existing depending on the purpose 

of use, system, and type of abrasive used [39]. Among these, sandblasting is known to be an  
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effective method for removing rust from steel bridges [6]. This technique not only removes 

surface contaminants but also creates a rough surface, which enhances the adhesion of 

coatings. Figure 1-1 depicts the mechanisms and principles of abrasive blasting in its 

application to the target material. The industrial application of blasting began approximately 

150 years ago with Benjamin Chew Tilghman's patented method [39], and today, various 

approaches like the development of eco-friendly abrasives [40] and automation of blasting 

[41] have been proposed and developed. However, the fundamental principles of all types of 

blast treatments still remain based on the age-old methodology established by Tilghman, and 

as an aged technique, there are several limitations in terms of the effectiveness of the blast 

treatment. 

Firstly, in the treatment of severely corroded steel structures, the abrasive materials can 

deeply penetrate along with the rust layers. This can lead to reduced efficiency in areas with 

thick layers of rust or deep pits [15]. Such penetration may result in the formation of flash 

rust due to residual corrosive substances or salts after blast treatment, leading to repeated 

treatments that increase both the duration and cost of construction. Despite multiple 

iterations of blast treatments, remnants of salts and corrosive materials on the surface can 

persist, potentially facilitating the accelerated deterioration of corrosion beneath the coating, 

 

Figure 1-1 Principles of abrasive blasting: (a) Processing of abrasive blasting and (b) 

Residual corrosion products remaining beneath the treated surface after blast 

treatment on corroded steel plates. 
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which may precipitate the premature disintegration of the applied coating. 

Secondly, the blast treatment process generates a significant amount of dust. According 

to studies by the National Institute for Occupational Safety and Health (NIOSH) in the 

United States, blasting operations using abrasives produce a large volume of dust, which 

complicates its use in confined workspaces and poses a serious threat to worker health. The 

dust generated includes particles that can cause respiratory diseases. Additionally, this dust 

increases the risk of fire. Sparks created by the collision of the abrasive with the steel surface 

can ignite the dust when combined with heat, creating a hazardous situation that could lead 

to sudden explosions or fires. 

Thirdly, the process of rust removal using blasting can have negative impacts on the 

environment. The rust separated from steel surfaces during abrasive blasting can quickly 

disperse into the surrounding air and, without thorough collection, can easily contaminate 

the environment. Notably, common abrasives often contain copper slag and coal slag, which 

are known to potentially contain heavy metals (such as chromium, nickel, lead) and toxic 

elements (like arsenic) [31]. The use of such abrasives can lead to serious environmental 

pollution through airborne emissions and uncollected residues. Therefore, the development 

of new surface treatment technologies that consider the efficiency of blast treatment, worker 

health, and environmental impact is essential and represents a significant challenge that must 

be addressed. 
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1.3.4  Abrasive water-jet treatment (AWT) 

Abrasive water-jet treatment (AWT) is an effective surface conditioning technique that 

aids in resolving the aforementioned challenges. The process of abrasive water-jet machining 

is a distinctive, unconventional machining method. It operates on the principle of using a 

high-velocity water jet, with pressures often exceeding hundreds of MPa, infused with 

abrasive materials for the purpose of cutting or removing material [42]. Figure 1-2 illustrates 

the operation and treatment principles of the AWT technology when applied to the target 

material. During this machining process, hard abrasive particles are mixed into the high-

speed water jet stream, increasing the acceleration of the particles and enhancing the kinetic 

energy directed at the target surface upon impact, which leads to the erosion of the workpiece 

[43]. This technique, based on the rapid erosion capabilities of high-speed abrasive waterjets, 

is effective in machining a broad range of materials.  Additionally, it can accomplish rapid 

machining rates and produce precision-finished surfaces without any thermal deformation 

[20]. Moreover, the induction of compressive residual stresses, resulting from the high-

pressure water jet [18], enhances the fatigue resistance of the material.  Nonetheless, the issue 

of handling secondary waste produced by the machining process remains. However, this 

method has potential uses that span beyond basic cutting into multiple industries. Recent 

studies have revealed that this technology can also be employed in the polishing of steel 

 

Figure 1-2 Principles of AWT processing. 
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surfaces [18-22]. This is attainable by managing different operational variables, including 

the dimension of the abrasive grains, the speed of the waterjet, the standoff distance, the 

angle of impact, and the pressure. Yet, research related to AWT as a surface treatment has 

not been systematically elucidated. Particularly, there is a dearth of foundational studies and  

academic validation regarding the use of this technology on corroded structures, both within 

domestic and international contexts. 

Prior to commencing this research in earnest, a preliminary study was conducted to 

ascertain whether AWT can be utilized as a surface preparation technique and if it is effective 

in cleaning corroded surfaces. The various characteristics and potential capabilities of AWT 

processing are as follows. Firstly, AWT was able to achieve a surface condition of Sa 2.5 or 

better and a surface salt level of less than 50 mg/m2 in just a single treatment. This implies 

that it can effectively remove hard rust layers and chlorides, thereby reducing the need for 

conventional pretreatment and repeated abrasive blasting treatments [44]. This is expected 

to lead to substantial reductions in both time and expenses, thereby conferring an economic 

benefit. Secondly, the abrasive used in the AWT process is garnet, a non-toxic natural 

mineral, which is less harmful to the environment compared to other abrasives [12]. 

Additionally, the usage of abrasives is reduced to a quarter of what is needed for blast 

treatment [20], greatly diminishing abrasive waste and rendering this approach considerably 

more environmentally friendly. Thirdly, the flexibility of AWT conditioning enables it to be 

tailored to specific work requirements, offering an extended range of viable treatment 

distances and heights. This makes it particularly suitable for special working environments, 

such as high altitudes or confined spaces. Finally, the high-pressure jetting process is 

expected to effectively remove residual substances without the risk of fire or dust generation 

by maintaining the water temperature above 60°C [45, 46]. 

Based on the results of the preliminary research, it has been shown that AWT treatment 

is effective in removing corrosion and presents multiple benefits in surface treatment 

applications. However, the effects of the various treatment conditions of AWT on the 

properties of steel surfaces have not yet been fully investigated. In the coating process that 

follows surface treatment, the adhesion between the coating and the substrate is greatly 

influenced by the surface characteristics of the substrate and the mechanical bonding of the 
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coating. Moreover, AWT processing under ultra-high pressure can transform the 

microstructure of the substrate, which is anticipated to impact the mechanical and 

electrochemical properties of the material [22]. Such alterations in the properties of the 

material could directly affect its corrosion resistance. Consequently, this  study aims to 

evaluate the surface and material characteristics of the substrate post-AWT processing and 

to determine the optimal treatment conditions that yield an ideal substrate surface suitable 

for coating. 
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1.4  Organization and outline 

The substantive content of this thesis is organized into six chapters, with each chapter 

receiving a detailed exposition in chapters two to seven. 

Chapter 2 introduces the viability of using abrasive water-jet treatment (AWT) as a 

surface treatment technology. This was achieved by evaluating the cleaning effect on 

corroded surfaces and the impact of various treatment conditions on surface characteristics. 

The primary characteristics and potential of AWT as a surface treatment technology are as 

follows: Firstly, AWT has demonstrated the ability to effectively remove most corrosion 

contaminants and chlorides, achieving a surface condition of Sa 3 or higher in a single 

treatment. This suggests the possibility of efficiently eliminating thick rust layers  and 

chlorides, reducing the need for conventional pre-treatment processes and repeated abrasive 

blasting. The reduction in the number of treatments translates into significant economic 

benefits in terms of time and cost savings. Secondly, various conditions during AWT 

processing, such as standoff distance, pressure, number of treatments, and abrasive supply, 

have a substantial impact on the surface properties of steel plates. These characteristics 

enable the achievement of surface finishes suitable for a wide range of industrial sectors and 

conditions, indicating the extensive applicability of AWT across various industries.  

Chapter 3 introduces an extensive examination of the surface characteristics exhibited 

by steel plates when it is subjected to AWT under a variety of conditions. This analysis 

covered the impact of various AWT processing parameters on surface properties, focusing 

on differences in nozzle model, abrasive grain size, and processing distance. The surface 

attributes of the steel plates treated with AWT were assessed quantitatively from several 

perspectives, including the extent of the treatment area, the maximum erosion depth, the 

level of surface roughness, topographical modifications, and the quantity of residual abrasive 

materials. For surface morphology, the study included not only measurements of roughness 

but also a quantitative evaluation of deformations, utilizing binarization analysis of cross -

sectional images to assess changes in topography. The goal of the study was to determine 

the AWT processing conditions that are conducive to creating a surface state for coating. 

Results show that the application of AWT, especially when employing a newly developed 

divergent nozzle, selecting suitable abrasive sizes, and optimizing standoff distances, is an 
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effective method for surface treatment in the maintenance of the actual structure. It also 

introduces the analysis of the tensile bonding behavior between steel surfaces treated with 

AWT and epoxy adhesives. It includes conducting pull-off tests to measure the surface 

characteristics of AWT-processed steel under various conditions and its adhesion strength 

with epoxy adhesives. The evaluation of adhesion strength involves analyzing surface 

roughness and the ratio of surface deformation, as discussed in this chapter. The findings 

indicate that morphological changes, such as anchor patterns, exert a more significant 

influence on adhesive strength than surface roughness. This study will provide valuable 

reference material for surface preparation in the field and painting engineering. 

Chapter 4 introduces the impact of AWT processing on the mechanical and 

electrochemical properties of steel plates. First of all, to evaluate the mechanical 

characteristics of the steel plates, studies were conducted analyzing hardness tests and 

changes in microstructure. To understand the microstructural changes in the treated samples, 

micro-photography of the sample cross-sections and analysis of changes in the grain size of 

the materials were used to quantitatively investigate the plastic deformation of the steel  

surface. The results of this research shed light on the amount of energy imparted to steel by 

AWT processing under various conditions and its effects. This study will provide valuable 

reference material for structural performance and materials engineering fields. In addition, 

this chapter also presents the results of electrochemical experiments, including 

potentiodynamic polarization test and electrochemical impedance spectroscopy 

measurement. These experiments were designed to explore how AWT processing influences 

the corrosion characteristics of steel surfaces under a range of different conditions. 

Additionally, an analysis was performed to understand how the surface and mechanical 

properties of steel surface discussed in Chapters 3 and 4, influence its electrochemical 

properties and their interrelationships. Through these research findings, it was possible to 

ascertain that plastic deformation of surface particles has a greater impact on corrosion 

resistance than surface roughness. The results of this study are expected to provide 

significant reference material, especially in the fields of material science, corrosion 

engineering, and surface engineering. 

Chapter 5 introduces an evaluation of the efficiency of corrosion removal using AWT, 
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conducted on handhole samples from an actual bridge that had experienced severe corrosion. 

The bridge was composed of weathering steel, severely corroded due to the influence of 

airborne sea salt. Before the AWT, we measured the extent of corrosion, as well as the 

maximum and average depths of corrosion on the deteriorated specimens. To assess the 

efficiency of corrosion removal, the surfaces and cross-sections of the AWT-processed 

specimens were analyzed using SEM-EDX, allowing for a quantitative evaluation of the 

corrosion removal effectiveness. Particularly, a turning test was conducted to measure the 

frequency and area of corrosion occurrence on the cleaned surfaces over time after treatment. 

Additionally, a comparison and discussion were made regarding the time required for 

abrasive blasting and AWT conditioning on specimens with similar levels of corrosion. The 

presence or absence of flash rust after each treatment was also evaluated to quantitatively 

analyze the efficiency of cleaning. This study demonstrates that AWT conditioning is a more 

efficient method for corrosion removal compared to abrasive blasting and can serve as a 

valuable reference for surface conditioning operations in the field. 

Chapter 6 delves into the practical applications and engineering implications of AWT 

conditioning technology in field settings, particularly focusing on its effectiveness in 

removing corrosion from severely corroded bridge members. Grounded in the foundational 

research presented in Chapters 2 through 5, this chapter not only documents the development 

and field testing of portable AWT equipment on bridges exhibiting significant corrosion but 

also provides a quantitative analysis of surface characteristics post-treatment. Core samples, 

20mm in diameter, were extracted from the most corroded areas of bridges before and after 

treatment to assess AWT's corrosion removal efficiency, complemented by the turning test 

to evaluate the potential for flash rust development post-treatment. Remarkably, AWT 

processing demonstrated the capability to completely eradicate corrosion, even in instances 

of pitting areas several hundred micrometers deep, without the occurrence of flash rust 

within 24 hours, meeting the Sa 3 surface quality level required for subsequent coating or 

painting. By offering a detailed examination of the treatment's impact on various surface 

properties, including roughness, erosion depth, deformation ratio, and residual abrasive 

material quantity, alongside evaluations of mechanical and electrochemical material 

properties, this chapter proposes standardized processing conditions that cater to diverse 
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industrial needs without dependence on operator experience. This comprehensive approach 

establishes AWT as a pioneering solution for maintaining structures compromised by severe 

corrosion, setting a new benchmark in surface treatment technology and providing 

improvements in the quality, efficiency, reliability, and sustainability of steel surface 

treatments. 

Chapter 7 summarized the work presented in this dissertation and further research themes 

developed from this work were also proposed. 

The flowchart of work in this dissertation is depicted in Figure 1-3. 

  

 

 

Figure 1-3 Flowchart of the dissertation. 
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CHAPTER 2  DEVELOPMENT OF THE AWT SYSTEM FOR 

SURFACE TREATMENT APPLICATIONS 

2.1  Introduction 

Abrasive water-jet treatment (AWT) emerges as a novel surface cleaning method, 

effectively addressing the limitations of traditional surface treatment techniques  like blast 

processing, as mentioned in Chapter 1. This process employs waterjet technology, using 

hundreds of MPa of pressure to remove or cut materials, integrating abrasives in a non-

traditional machining approach [40]. In waterjet machining, hard abrasive particles are 

mixed and accelerated with a high-speed waterjet stream, increasing the kinetic energy as 

they collide with the target surface, leading to material erosion [41]. This rapid erosive effect 

of the high-speed abrasive waterjet is applicable to a variety of materials, including metals 

and non-metals, offering fast processing speeds and clean finishes without thermal distortion 

[42]. Additionally, the compressive residual stress induced by the high-pressure water spray 

enhances the material's fatigue life [18]. Abrasive waterjet machining extends beyond simple 

cutting, holding potential for diverse applications, and recent studies have revealed its 

feasibility in polishing steel surfaces [18-22]. This is achievable by adjusting various 

operational parameters like standoff distance, pressure, treatment frequency, waterjet speed, 

and collision angle. However, research related to AWT is still not systematically conducted, 

and especially, foundational studies or academic evidence on its application and evaluation 

on corroded structures are yet to be presented both domestically and internationally.  

In Chapter 2, the feasibility of using AWT processing as a surface treatment technique 

was explored. This was achieved by evaluating the cleaning effects on corroded surfaces and 

the impact of various treatment conditions on surface properties. The primary characteristics 

and potential of AWT are as follows. Firstly, AWT demonstrated the ability to achieve a 

surface condition of Sa 3 or better in a single treatment, effectively removing most corrosion 

contaminants and chlorides. This suggests the potential to effectively eliminate hard rust 

layers and chlorides, reducing the need for conventional pretreatment processes and 

repetitive abrasive blasting. Such a reduction implies significant economic benefits in terms 

of time and cost savings. Secondly, during the AWT processing, various conditions such as 
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standoff distance, pressure, number of treatments, and abrasive supply significantly affect 

the surface properties of steel. These characteristics allow for the achievement of quality 

surface finishes suitable for various industrial fields and conditions, indicating the broad 

applicability of AWT over diverse industrial sectors. 

The high-pressure spray process of AWT processing is expected to effectively remove 

salts and residual materials without the risk of fire or dust generation, by maintaining the 

water temperature above 60°C [44-45]. Preliminary research results indicate that AWT is 

efficient in corrosion removal and offers several advantages in the field of surface treatment. 

However, the impact of various AWT processing conditions on the characteristics of steel 

surfaces has not yet been sufficiently investigated. In the post-treatment coating process, the 

adhesion between the coating and the substrate is greatly influenced by the characteristics 

of the substrate surface and the mechanical bonding of the coating. The changes in surface 

characteristics during AWT processing, under varying conditions of standoff distance, 

abrasive supply, pressure, and number of treatments, were evaluated in terms of treatment 

range, maximum erosion depth, surface roughness, and the amount of residual abrasives. 

Consequently, this study aims to determine the optimal treatment conditions for AWT that 

can create an ideal substrate surface suitable for coating, by assessing the substrate surface 

characteristics after AWT processing. 

2.2  Experimental method 

2.2.1  Experimental process 

 To evaluate the corrosion removal effectiveness and surface characteristics of AWT 

processing, SM490A carbon steel, as specified in the Japanese Industrial Standards, was 

used for all experiments. The dimensions of the specimens were 150×70×6mm and 

75×70×6mm, respectively. The chemical composition and mechanical properties of the 

specimens are listed in Tables 2-1 and 2-2. To characterize the surface properties, all samples 

were finished to remove all scales and contaminants. For corroded steel plates, a preliminary 

blast treatment was conducted before sample preparation. The parameters for the blast 

treatment were set to a standoff distance of 300 mm, pressure of 0.7 MPa, and angle of 90 

degrees, using Fe-Ni abrasive. After blasting, the specimens were immersed in 3.5 wt% 
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saline solution for a day to induce corrosion on the steel plates. The AWT processing aimed 

primarily to (1) ascertain the efficiency of corrosion removal from the treated samples and 

(2) evaluate the surface characteristics of the steel plate. The specific operational conditions 

of AWT for evaluating the efficiency of corrosion removal are listed in Table 2-3, while the 

conditions for assessing surface characteristics are detailed in Table 2-4. The nozzle was 

positioned at a 90° angle on an uniaxial moving device and treated the samples with a 

traverse speed of 1m/min. A conventional convergent nozzle, used in material cutting, was 

employed during the AWT processing. 

 

Table 2-1 Chemical properties of SM490A steel plate. 

Elements (wt%) 

Mn Si C P S Fe 

1.31 0.31 0.17 0.019 0.003 bal 

 

Table 2-2 Mechanical properties of SM490A steel plate.  

Yield 

strength 

(MPa) 

Tensile 

strength 

(MPa) 

Elastic 

modulus 

(GPa) 

Elongation 

(%) 

Poisson’s  

ratio 

Density 

(g/cm3) 

387±5.73 482±6.01 208±4.92 23.3±2.51 0.26±0.01 7.85 

 

Table 2-3 AWT processing parameters for corrosion removal efficiency. 

Nozzle  

type 

Abrasive 

material 

Standoff 

distance 

(mm) 

Abrasive 

supply 

(g/min) 

Pressure 

(MPa) 

Number of 

processing 

(N) 

Traverse 

speed 

AWT 

machine 

(m/min) 

Convergent 
Garnet 

#30/60 
100 600 230 1 1 

 

 



 

DEVELOPMENT OF THE AWT SYSTEM FOR SURFACE TREATMENT APPLICATIONS 

 

 21   

 

Table 2-4 AWT processing parameters for surface characteristics.  

Nozzle  

type 

Abrasive 

material 

Standoff 

distance 

(mm) 

Abrasive 

supply 

(g/min) 

Pressure 

(MPa) 

Number of 

processing 

(N) 

Traverse 

speed 

AWT 

machine 

(m/min) 

Convergent 
Garnet 

#30/60 

100200/ 

300 

200/400/ 

600 
180/230 

1/ 

reciprocating 
1 

 

2.2.2  Analysis methods for surface properties 

The surface morphology of all specimens was examined and analyzed using a 3D digital 

optical microscope (VHX-1000, Keyence Co., Ltd.). The cross-sectional profiles of the 

treated specimens were measured using a laser confocal microscope (OLS4500, Olympus 

Optical Co., Ltd.) after undergoing AWT. Laser measurements for the cross-sectional 

profiles were determined by analyzing a 2.5×70 mm area centered on the treated specimen 

surface. Surface roughness was evaluated by measuring the arithmetic average roughness 

(Ra) using a portable surface roughness tester (SJ-210, Mitutoyo Corporation). The 

elemental chemical composition of the treated surfaces was measured using a scanning 

electron microscope (SEM) equipped with energy-dispersive X-ray spectroscopy (SEM-

EDX, SU3500, Hitachi Ltd.) at an acceleration voltage of 15 kV and a vacuum pressure of 

30 kPa. 
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2.3  Test results 

2.3.1  Corrosion removal efficiency  

Figure 2-1 displays the surface condition and the images of the corroded samples 

processed with AWT processing. The treated surface meets the Sa 3 level, free from residual 

corrosion products. Additionally, the SEM-EDX images were sequentially measured from 

point 1, the center of the processed area, to point 5, an untreated area, to examine the 

efficiency of removing corrosion products and chlorides. The treated area was approximately 

20 mm, and most of the corrosion products and chlorides were removed within this treatment 

zone. Notably, a significant amount of Cl clusters present before AWT processing were 

eliminated afterwards. Furthermore, a substantial portion of corrosion products was also 

removed in the treated and boundary areas of point 3, demonstrating the exceptional rust 

removal efficiency of AWT. 

 

 

Figure 2-1 SEM-EDX examination from the unprocessed part to the central area of the 

AWT-processed specimen. 
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2.3.2  Surface profile 

Figure 2-2 illustrates a schematic of the AWT processing, where the jet dynamics are 

divided into two distinct zones: the dynamic pressure zone and the hydraulic zone, as shown 

in this figure. In the dynamic pressure zone, the jet maintains its velocity, kinetic energy, 

and density consistent with that at the nozzle exit. Characterized by high energy, this zone 

is predominantly utilized for cutting applications. Conversely, in the hydraulic zone, the jet 

exchanges momentum and mass with the surrounding air, leading to the formation of fine 

droplets or a mist in the boundary region. The hydraulic zone exhibits lower energy due to 

energy dissipation through divergence, compared to the dynamic pressure zone. These 

characteristics render it more suitable for cleaning or polishing applications [54]. Even in 

the hydraulic zone, considerable energy is generated due to the delivery of water and 

abrasives at speeds exceeding Mach 2 under high-pressure conditions. This energy is 

sufficient to directly erode and remove material from the substrate, showcasing the efficacy 

of the hydraulic zone in the AWT processing. 

Figure 2-3 presents the quantitative analysis of the treated area on steel surfaces 

following AWT processing under various conditions. Figure 2-3(a) illustrates the impact of 

standoff distance, pressure, and abrasive supply on the treated area of the steel plate. The 

experimental results revealed a linear relationship between the standoff distance and the  

 

Figure 2-2 Schematic diagram of AWT polishing effects. 
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treatment range under constant pressure and abrasive supply conditions. Notably, with every 

100 mm increase in standoff distance, the treatment range expanded by an average of 1.5 

times, reaching its maximum at a standoff distance of 300 mm. In contrast, variations in 

pressure had minimal impact on the treated area. Conversely, an increase in abrasive supply 

 

 

 

Figure 2-3 Treatment range of the treated surface according to various processing 

conditions: Based on (a) standoff distance, pressure, and abrasive supply 

and (b) AWT processing count. 

0

20

40

60

80

T
re

at
m

en
t 

ra
n
g
e,

 a
ff

ec
te

d
 a

re
a 

(m
m

)

200 300 200 300 200 300

230180

400  600

100

200

Pressure (MPa)

Standoff distance (mm)

Abrasive supply (g/min)(a) 

0

20

40

60

80

T
re

at
m

en
t 

ra
n
g
e,

 a
ff

ec
te

d
 a

re
a 

(m
m

)

1

100

200 400 600

Number of AWT processing (N)

Standoff distance (mm)

2 1 2 1 2 1 2

Abrasive supply (g/min)

200

(b) 



 

DEVELOPMENT OF THE AWT SYSTEM FOR SURFACE TREATMENT APPLICATIONS 

 

 25   

 

led to a linear expansion of the treated area. Specifically, the treated area under a condition 

of 600 g/min abrasive supply was 1.2 to 3 times larger compared to the 200 g/min and 400 

g/min conditions. Figure 2-3(b) shows changes in the treated area of the steel plate with 

increasing treatment frequency. However, except for the 400 g/min abrasive supply condition, 

the increase in the treated area due to repeated AWT processing was less than 10%, indicating 

a minor difference.  

Figure 2-4 presents a quantitative analysis of the maximum erosion depth on steel 

surfaces resulting from various AWT processing conditions. Figure 2-4(a) displays the 

maximum erosion depth in steel as influenced by changes in standoff distance, pressure, and 

abrasive supply. The experimental data indicated a linear inverse relationship between 

standoff distance and maximum erosion depth under constant pressure and abrasive supply. 

Specifically, each 100 mm increase in standoff distance resulted in an average 1.4 times 

decrease in maximum erosion depth, with the smallest depth observed at a standoff distance 

of 300 mm. In terms of pressure, the 230 MPa condition exhibited approximately 1.3 times 

deeper erosion compared to the 180 MPa condition. However, increases in abrasive supply 

led to a linear increase in maximum erosion depth, though this difference was relatively 

minor, being less than 10%. Figure 2-4(b) shows the variation in the maximum erosion depth 

of steel with increasing treatment frequency. Depending on the experimental conditions, the 

maximum erosion depth increased by 1.5-2 times with more treatment. Notably, under 

conditions of 600 g/min abrasive supply and 100 mm standoff distance, repeated AWT 

processing resulted in a maximum erosion depth of up to 800 μm, highlighting the significant 

erosion depth achievable under these specific conditions. 
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Figure 2-5 delivers a quantitative analysis of the surface roughness (Ra) values on steel 

plates processed under various AWT processing conditions. Figure 2-5(a) delineates the 

changes in surface roughness of steel in response to alterations in standoff distance, pressure, 

 

 

 

Figure 2-4 Maximum depth of the treated surface according to various processing 

conditions: Based on (a) standoff distance, pressure, and abrasive supply and 

(b) AWT processing count. 
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and abrasive supply. The experimental data demonstrated that, under constant pressure and 

abrasive supply, an increase in standoff distance correlated with a decrease in surface 

roughness, although this change was relatively minor, remaining below 10%. Similarly, 

under pressure conditions, the 230 MPa setting resulted in a higher roughness value 

 

 

 

Figure 2-5 Surface roughness of the treated surface according to various processing 

conditions. Based on (a) standoff distance, pressure, and abrasive supply and 

(b) AWT processing count. 
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compared to the 180 MPa setting, but again, the difference was less than 10%. Increases in 

abrasive supply led to reductions in surface roughness; however, these changes were also 

 

 

 

Figure 2-6 Residual abrasive materials of the treated surface according to various 

processing conditions. Based on (a) standoff distance, (b) abrasive supply and 

(c) AWT processing count. 
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limited, not exceeding a 10% variation. Figure 2-5(b) illustrates the variations in surface 

roughness of steel plate with increasing numbers of treatments. Under all treatment 

conditions, surface roughness tended to increase with more frequent treatments, yet the 

extent of this increase remained below 10%. Overall, the lowest surface roughness values 

were recorded under the conditions of 600 g/min abrasive supply and 300 mm standoff 

distance. In all tested conditions, the changes in surface roughness fell within an error range 

of less than 10%, a finding that, while not significantly impactful from an engineering 

standpoint, provides crucial insights for trend analysis. 

Figure 2-6 shows the area percentage of residual abrasives present on the centrally 

treated surface of steel plate. In this study, SEM-EDX was utilized to obtain image results 

based on atomic percentages, which were measured at the micro-scale level. Based on these 

data, a methodology for calculating the area percentage was developed to quantitatively 

compare and assess the distribution of residual abrasive over a broader area. EDX mapping 

images of the primary chemical elements of garnet, namely aluminum (Al), silicon (Si), and 

oxygen (O), were combined to extract a representative image of size 3×4 mm. The area ratio 

from these extracted images was calculated using ImageJ software. For the comparative 

analysis of the amount of residual abrasive based on surface treatment conditions, the area 

ratio of silicon (Si), the predominant chemical component in garnet, was utilized. It was 

observed that the AWT-processed samples showed a consistent area ratio of 3-4%, regardless 

of the standoff distance and abrasive supply conditions. However, regarding treatment 

frequency, specimens subjected to reciprocating treatments exhibited an approximately 10-

20% higher area ratio of residual abrasives compared to those that underwent a single 

treatment.  

The primary objective of this study is to evaluate the potential applicability of AWT 

technology in the field of surface treatment. To achieve this, the study focuses on the 

quantitative analysis of the resultant treatment range, maximum erosion depth, surface 

roughness, and the amount of residual abrasives after treatment. These metrics serve as 

crucial indicators for assessing the effectiveness and efficiency of AWT processing. Chapter 

2 of this paper presents a quantitative analysis of the impact of AWT processing on steel 

surfaces, based on these metrics, and provides an initial assessment of the results. 
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Subsequently, Chapter 3 delves into a detailed analysis and comprehensive examination of 

the causes behind these results. Through this approach, the study aims to provide an 

evaluation of the potential capabilities of AWT in the realm of surface treatment, thereby 

contributing to a better understanding of its applicability and effectiveness in this field.  

2.4  Summary 

In Chapter 2, the research was conducted to validate the potential of AWT as a viable 

surface treatment technology. For this purpose, the effectiveness of AWT in removing 

corrosion products and chlorides was evaluated on corroded carbon steel plates. Additionally, 

this study set out to meticulously investigate the impact of various AWT process parameters, 

including standoff distance, abrasive supply, pressure, and the number of treatments, on the 

surface properties of carbon steel. To achieve these objectives, a thorough quantitative 

comparative assessment was conducted, focusing on the treatment range, maximum erosion 

depth, surface roughness, and the quantity of residual abrasive material. This comprehensive 

approach aimed to provide an in-depth understanding of the influence of AWT processing 

conditions on the alteration of steel surface characteristics, thereby underscoring the efficacy 

and versatility of AWT in surface treatment applications. 

 The key findings obtained from this chapter are as follows. 

1) AWT processing successfully achieved a surface condition of Sa 3 or better with just 

a single treatment, effectively removing the majority of corrosion contaminants and 

chlorides. 

2) During AWT processing, the treatment range on the steel surface exhibited a linear 

increase with changes in standoff distance and abrasive supply. Notably, the treated 

area reached its maximum under conditions of a 300mm standoff distance and a 600 

g/min abrasive supply. This underscores the significance of standoff distance and 

abrasive supply in influencing the effect of AWT on the steel surface. However, 

increases in treatment pressure and frequency did not have a significant impact on 

the variation of the treatment range. 

3) The maximum erosion depth in steel during AWT processing was closely associated 

with the standoff distance. Experimental results indicated that an increase in standoff 

distance led to a decrease in maximum erosion depth, with the smallest depth 
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observed at a standoff distance of 300mm. Conversely, increases in pressure and 

treatment frequency were found to correspond with an increase in maximum erosion 

depth. However, the impact of increased abrasive supply on erosion depth was 

relatively minor. 

4) During AWT processing, the roughness of the steel surface exhibited variations 

depending on the treatment conditions. According to the results of this study, an 

increase in standoff distance and abrasive supply led to a reduction in surface 

roughness. In contrast, increases in pressure and the number of treatments resulted 

in an increase in surface roughness. Notably, the lowest roughness was observed 

under the single treatment condition of a 300mm standoff distance, 230 MPa pressure, 

and 600 g/min abrasive supply in this study. 

5) Regarding the residual abrasives, there was an observed tendency for their quantity 

to increase with the number of AWT processes. However, under other treatment 

conditions, the area ratio of residual abrasives maintained consistent values.  
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CHAPTER 3  SURFACE PROPERTIES OF AWT-PROCESSED 

CARBON STEEL 

3.1  Introduction 

Coating is commonly applied to protect steel structures from corrosion in harsh 

environmental conditions such as coastal and marine environments. The primary protective 

mechanism of coating involves blocking external oxygen, moisture, and chlorides, thereby 

limiting the impact of corrosion, and enhancing the performance and lifespan of the structure. 

However, the effectiveness of this protective mechanism is directly dependent on how the 

coating adheres to the substrate [47]. Therefore, the adhesion between the coating and the 

substrate plays a crucial role in providing superior performance and prolonged service life 

of the coating. The factors influencing the adhesion between the substrate surface and the 

coating are diverse and can vary significantly depending on the adhesion situation and the 

characteristics of the materials used. Generally, the adhesion between the coating and the 

substrate is influenced by mechanical interlocking between the coating and the substrate, the 

surface energy of the substrate itself, electrochemical properties, and cleanliness. 

Particularly, mechanical interlocking between the substrate and the coating film is of utmost 

importance for adhesive bonding strength and is sensitive to the surface characteristics of 

the substrate [15]. Surface characteristics of the substrate that affect mechanical interlocking 

include surface roughness, actual topographical changes, and cleanliness. To ensure 

excellent bonding performance, it is necessary to clean the substrate surface before painting 

to remove contaminants, as well as to create appropriate surface roughness and modify 

surface structure through surface treatment.  

To evaluate the efficacy of surface treatment technologies, it is crucial to consider not 

only the effectiveness in removing contaminants like corrosion products and chlorides but 

also the surface characteristics of steel that emerge post-treatment. Among various surface 

properties, factors deemed significant in assessing treatment effectiveness and subsequent 

coating adhesion include the treated area, erosion depth, roughness, surface topography, and 

the amount of residual abrasive material. The reduced treatment area, substantial thickness 

loss, and notable increase in surface roughness of steel plates post-treatment can lead to a 
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degradation in the durability of the steel and a decrease in the adhesion strength with the 

coating. Additionally, a narrow-treated area can increase the number of treatment repetitions, 

leading to economic inefficiency. Surface roughness and topography play a crucial role in 

determining the adhesion of the coating to the substrate. Generally, increased surface 

roughness enhances adhesion [48]. However, excessive roughness can potentially damage 

the coating due to sharp peaks [23], and overly deep valleys may impede paint penetration, 

leading to premature coating detachment [10]. This potentially compromises the durability 

of the steel plate and the adhesive bond between the treated surface and the paint during 

painting [49]. An excessive amount of residual abrasive material is undesirable as it creates 

a barrier between the steel surface and the coating, reducing adhesion and efficiency [50].  

In Chapter 3, the impact of various conditions on the surface properties of steel plate 

when treated with Abrasive water-jet treatment (AWT) is examined. Specifically, this chapter 

aims to address issues raised by the convergent nozzle in preliminary studies using AWT. It 

identifies ideal AWT processing conditions capable of effectively generating surface 

properties suitable for coating applications and examines the effects of the newly developed 

divergent nozzle. Additionally, the influence of abrasive particle size on the manufactured 

surface properties is assessed to determine the most appropriate particle size for surface 

treatment using AWT. This is crucial as the size and shape of abrasive particles are key 

elements in the surface preparation process for achieving high efficiency and precision 

conditions [24-26]. Additionally, this study evaluates changes in surface properties during 

the AWT process in terms of treatment range, maximum erosion depth, surface roughness, 

surface topography, and amount of residual abrasive materials, considering various nozzle 

types, abrasive sizes, and standoff distances. All these characteristics are compared with 

those generated by conventional surface treatment techniques such as abrasive blasting. 

Furthermore, the study seeks to establish a basic understanding of the effect of surface 

properties of AWT-processed steel plate on the tensile adhesion behavior of epoxy adhesives. 

The surface properties of the AWT-processed steel plate are analyzed in terms of changes in 

surface roughness and topography. Special attention is paid to the influence of surface 

topography on the adhesion strength of coatings and the mechanical interlocking effect. This 

is because morphological changes, such as the anchor pattern of the surface, can have a more 



 

SURFACE PROPERTIES OF AWT-PROCESSED CARBON STEEL 

 

 34   

 

direct impact on adhesion strength than microscopic parts of surface roughness [51]. 

Therefore, this chapter investigates the impact of surface roughness, resulting from AWT 

treatment under various conditions, on the tensile adhesion strength of epoxy adhesives. 

Additionally, this study evaluates and compares the adhesion behavior of steel surfaces and 

epoxy adhesives by calculating the surface contact area ratio through SEM images of the 

cross-sections of AWT-processed steel. 

3.2  Experimental method 

3.2.1  Experimental AWT process in laboratory 

For the evaluation of surface characteristics of steel treated with AWT and blast 

treatments, SM490A steel plate, as defined by the Japanese Industrial Standards, was utilized. 

The dimensions of the test specimens were 150×70×6mm. The chemical composition and 

mechanical properties of the specimens are listed in Tables 2-1 and 2-2, respectively in 

Chapter 2. To characterize the surface properties, all samples were finished to remove scales 

and contaminants. The AWT process was conducted primarily to (1) assess the surface 

properties of carbon steel plate and (2) evaluate the efficiency of corrosion removal in 

severely corroded bridge samples. The specific operational conditions of AWT for surface 

property evaluation are detailed in Table 3-1. The nozzle was positioned at a 90° angle on a 

uniaxial moving device and treated at a transverse speed of 1m/min. Both conventional 

convergent nozzle and newly developed divergent nozzle were used to investigate the impact 

of nozzle type on surface property changes during the AWT processing. The convergent and 

divergent nozzles are referred to as AWJ and AWT nozzles, respectively. The AWJ nozzle 

was designed with a linear structure from inner to outer diameter, resulting in a narrow,  

 

Table 3-1 AWT processing parameters. 

Specimen 
Nozzle 

type 

Nozzle 

diameter 

(mm) 

Abrasive 

materials 

Standoff 

distance 

(mm) 

Abrasive 

supply 

(g/min) 

Pressure 

(MPa) 

AWJ#30/60 Convergent 2 Garnet 

#30/60 100/200/300 600 230 AWT#30/60 
Divergent 5 

AWT#80 Garnet #80 
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Table 3-2 Specifications of abrasive materials. 

Abrasive materials 
Particle size (μm) 

(Sieve analysis) 

Bulk 

density 

(t/m3) 

Specific 

gravity 

Hardness 

(Mohs) 

Garnet #30/60 150–425 (99%) 2.3 
4.1 7.5 

Garnet #80 106–300 (99.8%) 2.5 

 

Table 3-3 Chemical composition of abrasive materials. 

Composition (wt%) 

Abrasive 

materials 
Al2O3 SiO2 Fe

2
O

3
 MgO CaO TiO

2
 

Garnet #30/60 20.4 34.7 33.8 5.89 2.62 1.64 

Garnet #80 20 33.4 33.8 5.64 2.3 3.43 

 

straight-directional water flow. In contrast, the AWT nozzle widens from the inner to outer 

diameter, designed to expand the flow direction of water, from the flow rectifier end to the 

inlet, along the nozzle's longitudinal axis. This design feature allows ultrahigh-pressure 

water containing abrasive particles discharged from the AWT nozzle to disperse over a wider 

area, thereby extending the contact area with the target material. Compared to the AWJ 

nozzle, this characteristic promotes more effective rust removal within the expanded 

treatment area while effectively mitigating significant thickness reduction within the 

permissible limits of steel plate thickness. Garnet was selected as the abrasive material [24]. 

To assess the impact of abrasive particle size on surface properties, two types of garnet with 

different particle sizes, namely mesh sizes 30/60 and 80, were used for comparative 

evaluation. The specific composition of the garnet is presented in Table 3-2. Table 3-3 

provides information about the chemical composition. The appearance and particle size 

distribution of the garnet are shown in Figure 2-1. Samples treated with various nozzle types 

and abrasive particle sizes are designated as AWJ#30/60, AWT#30/60, and AWT#80 

specimens. For a comparative analysis of surface treatment characteristics and the 

effectiveness of rust and chloride removal by AWT, abrasive blasting was used as a control 

group. The abrasive blasting was conducted using garnet with a mesh size of 30/60. Specific  
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Table 3-4 Abrasive blasting parameters. 

Specimen 

Nozzle 

diameter

(mm) 

Abrasive 

materials 

Standoff

distance

(mm) 

Pressure 

(MPa) 

Abrasive 

supply 

(g/min) 

Blasting 

Time 

(sec) 

Blasting

Angle 

(º) 

Abrasive 

blasting 
8 

Garnet 

#30/60 

100/200

/300 
0.7 1,740 5 90 

 

blasting conditions used for surface property evaluation are listed in Table 3-4. The nozzle 

was positioned at a fixed 90° angle and treated for 5 seconds. The duration of the blast 

treatment was measured considering the machining time, based on the maximum treatment 

area of the AWT #30/60 specimen. 

3.2.2  Analysis methods for surface properties 

The surface morphology of all specimens was inspected and analyzed using a three -

dimensional digital optical microscope (VHX-1000, Keyence Co., Ltd.). The cross-sectional 

profiles and surface roughness of the treated specimens were measured with a laser confocal 

microscope (OLS4500, Olympus Optical Co., Ltd.). Laser measurements of the cross-

sectional profiles covered a 2.5×70 mm area centered on the treated specimen surface, while 

surface roughness analysis involved a 0.6×10 mm area centered on the treated surface. 

Roughness was evaluated by measuring the arithmetic mean roughness (Ra) and Rzjis. 

 

Figure 3-1 Particle size and distribution of abrasive materials.  
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According to the Japan Society of Civil Engineers (JSCE), Rzjis represents the ten-point 

average roughness, used to assess appropriate surface roughness values for steel bridges 

before repainting. For changes in surface topography, selected cross-sectional images 

measured by scanning electron microscopy (SEM) were chosen. The selected images were 

binarized using Image J software, after which the x,y coordinates of the binary surface 

deformation area were extracted to calculate the length of the altered area, thereby 

determining the surface deformation ratio (DR). To provide statistically reliable data and 

estimate high-confidence values, five rounds of image analysis were performed on samples 

treated under each condition. The elemental chemical composition of the treated surfaces 

was measured using the SEM-EDX method introduced in Section 2.2.2 of this paper. 

3.2.3  Pull-off test 

 Pull-off tests were performed to evaluate the impact of surface characteristics of steel 

treated with AWT and blasting on the tensile adhesion behavior of an epoxy adhesive. The 

epoxy adhesive chosen was a two-component, room-temperature curing epoxy system 

(Three Bond 2087), widely used in structural adhesives. For pull-off tests, a dolly made of 

aluminum alloy A2017 (JIS H 4000) was employed. The diameter of the dolly was 

determined to be 20 mm in accordance with JIS K 5600[52] (General testing methods for 

paints) and JIS H 8300[7] (Metal spraying of zinc, aluminum, and their alloys), to ensure 

uniform coverage over the entire surface. Additionally, the adhesion face of the dolly was 

uniformly abraded using sandpaper (#120) to standardize its roughness. 

To minimize bending stress between the adhesive and the dolly during testing, the 

clamping section was machined with an R10 radius to facilitate a two-point contact structure 

between the jig and the dolly [53]. The appearance of the press device used for attaching the 

dolly to the substrate is illustrated in Figure 3-2. After applying the two-component, room-

temperature curing epoxy adhesive (Three Bond 2087) to the adhesion face of the dolly, a 

custom-made press was utilized to exert a consistent vertical force of 0.9 MPa for 30 minutes 

in an indoor environment (approximately 25°C, 60%RH), as depicted in Figure 3-2. 

Subsequently, the adhesive was cured for approximately 48 hours in a small high- 

temperature chamber (ST-120) at 35°C and 10%RH.For the adhesive cured outside the 

dolly's adhesion area, a hole saw was used to trim the periphery until the adhesive area  
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Figure 3-2 Pressurization device and dolly 

compression process. 

Figure 3-3 Desktop pull-off adhesion tester. 

  

 

reached 314mm². The tensile adhesion tests were conducted on the central projection area of 

the AWT and blast-treated specimens, based on the pull-off method (JIS K5600-5-7). Figure 

3-3 shows the benchtop tensile adhesion tester (MSC-10/500-2) used in this study. A 

universal joint was installed in the jig of the test specimen holder to reduce the effect of 

bending during the test. The tensile speed was set at 0.5 mm/min, and an autograph (load 

capacity: 10 kN, crosshead speed range: 0.5~500 mm/min) was used to evaluate the 

relationship between load and displacement and the effect of bending during the tensile 

adhesion test. Following the completion of the pull-off test, the steel surface and the dolly's 

surface were examined using a digital microscope (HRX-01, Hirox Co., Ltd.). 

3.3   Surface properties according to AWT conditions   

3.3.1  Surface profile 

Under high-pressure conditions, water and abrasives are delivered to the target surface 

at speeds exceeding Mach 2, resulting in significant energy generation in the hydraulic zone, 

which can directly erode and remove material from the substrate. Figure 3-4 displays  
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photographs and 3D images of specimens treated with various surface treatments. Figures 

3-4 (a-c) provide an overview of the treated range of steel subjected to AWT and blast 

treatment. The maximum erosion depth refers to the depth measured from the trench profile  

as shown in Figure 3-4 (d). All treated surface areas demonstrated various treatment ranges, 

maximum erosion depths, and surface roughness. 

Table 3-5 shows the numerical representation of the treated area on steel surfaces after 

AWT and blast treatments. It is observed that the specimens treated with blasting exhibit a 

wider affected area due to the larger diameter of the blasting nozzle compared to that used  

in AWT processing. The treatment efficiency of the AWT nozzle was emphasized by the fact 

that the AWT#30/60 specimen showed more than twice the treatment range at the same 

standoff distance as the AWJ#30/60 specimen. This difference can be attributed to the 

divergent spray of the AWT nozzle, a phenomenon enhanced by the larger nozzle diameter. 

Consequently, these findings indicate an improved treatment efficiency of the AWT nozzle 

compared to the AWJ nozzle. Upon comparing the treatment range according to the size of  

abrasive particles, it was observed that a decrease in particle size led to a gradual 

 

Figure 3-4 Surface states of the treated carbon steel plates: (a) AWJ#30/60, (b) 

AWT#30/60, (c) Blasted samples, and (d) 3D visualization of the processed 

surface. 



 

SURFACE PROPERTIES OF AWT-PROCESSED CARBON STEEL 

 

 40   

 

improvement in the treatment range. This trend was further amplified with an increase in 

standoff distance. Particularly at a distance of 300 mm, the AWT#80 specimen exhib ited 

about 10% higher treatment range than the AWT#30/60 specimen. Additionally, the 

observations indicated a significant correlation between the size of abrasive particles and the 

treatment range, especially when the standoff distance exceeded 300mm. In this study, the 

particle size accounted for an error margin of approximately 10%, which, while not 

significant in practical engineering implications, is important in the context of trend analysis. 

This discrepancy arises due to the smaller ratio of inertia to drag in smaller particles in the 

water-abrasive mixture, leading to a wider external spray [26]. Furthermore, it was noted 

that as the distance from the nozzle increases, the spray diverges more, resulting in an 

expanded treatment range with longer standoff distances. 

 

Table 3-5 Treatment range of the of the processed surface. 

Specimens 
Standoff distance 

(mm) 

Treatment range 

(mm) 

 100 22 

AWJ #30/60 200 42 

 300 60 

 100 45 

AWT #30/60 200 67 

 300 79 

 100 46 

AWT #80 200 70 

 300 87 

 100 51 

Blast treatment 200 77 

 300 87 
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Figure 3-5 displays the overall cross-sections and maximum erosion depths of specimens 

treated with AWT and blasting. Under all conditions, AWT-processed specimens exhibited 

greater treatment depths compared to those blasted, with the depth decreasing as the standoff 

distance increased, a phenomenon that was visually evident. Notably, at a standoff distance 

of 100mm, all AWT-processed specimens showed of plastic flow, such as the formation of 

raised lips at the edges of the trench profiles, indicative of the substrate curling upwards. In 

contrast, no plastic flow was observed in the blasted specimens. This difference is attributed 

to the AWT mechanism, where abrasives reaching the substrate surface is higher in the AWT 

compared to the blast treatment. 

Figure 3-6 provides quantitative values for the maximum erosion depths achieved 

through AWT and blast treatment. In all conditions, specimens treated with AWT exhibited 

greater maximum erosion depths compared to those subjected to blasting. During AWT 

processing, at the same standoff distances, the maximum erosion depth of the AWT#30/60  

 

Figure 3-5 Assessment of the trench profile on a processed surface: (a) AWJ#30/60,  (b) 

AWT#30/60, (c) AWT#80, and (d) Blasted specimens. 
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Figure 3-6 Maximum erosion depth of the processed specimens. 

specimen was approximately half that of the AWJ#30/60 specimen and 1.4 times greater than 

that of the blasted specimens. This indicates that the AWT process using the AWT nozzle 

results in reduced maximum erosion depths compared to treatments using the AWJ nozzle, 

which assists in preventing significant reductions in the steel surfaces. Meanwhile, the 

maximum erosion depth was up to 15% greater in AWT#30/60 specimens compared to 

AWT#80 specimens, suggesting that larger abrasive particles lead to greater erosion depths. 

Larger particles, under the same pressure, disperse less along the nozzle axis, increasing the 

frequency of repetitive impacts on the substrate [26]. Additionally, larger particles retain 

more kinetic energy due to their greater mass, resulting in deeper erosion. Under all 

treatments, the maximum erosion depth decreased with increasing standoff distances. This 

reduction can be attributed to the expansion of the spray angle due to jet divergence at higher 

standoff distances. Consequently, as abrasive particles collide with the nozzle inlet and move 

towards the outlet, they gradually lose kinetic energy, ultimately leading to reduced erosion 

depths. 

Figure 3-7 presents the microscopic images of specimens after AWT and blast treatment 

at a standoff distance of 200mm. Visual inspection revealed that regardless of the nozzle and 

abrasive particle size, specimens treated with AWT exhibited rougher surfaces compared to 

those treated with blasting. Specifically, the AWJ#30/60 specimen exhibited the highest peak 

roughness, measuring 245μm, whereas the AWT#30/60, AWT#80, and blasted specimens  
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showed peak values of 191, 162, and 130μm, respectively. This indicates that the use of the 

AWJ nozzle with larger abrasive particles during AWT processing results in increased 

surface peak values.  

Figure 3-8 shows the detailed cross-sectional profiles and contour plots of surface 

roughness for specimens after AWT and blast treatment. Under all conditions, AWT-

processed specimens showed a broader range of peak-to-valley and roughness features 

 

Figure 3-7 Surface appearances of the processed samples: (a) AWJ#30/60, (b) AWT#30/60, 

(c) AWT#80, and (d) Blasted samples. 

 

Figure 3-8 Cross-sectional view of the processed samples: (a) AWJ#30/60, (b) AWT#30/60, 

(c) AWT#80, and (d) Blasted samples. 
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compared to the blasted specimen. The use of high-impact energy in AWT allows the 

abrasive particles to penetrate deeper into the substrate surface, forming more pronounced 

grooves, whereas blasting leads to shallower indentations due to lesser penetration, which is 

consistent with the respective treatment mechanisms. Furthermore, it becomes clear that the 

application of the AWJ nozzle with larger abrasives in AWT processing contributes to the 

creation of deeper grooves and more distinct variations in the surface roughness profiles, as 

observed in the contour plots. 

Figure 3-9 shows quantitative values for surface roughness following AWT and blast 

treatment. All the roughness parameters of AWT processed specimens were found to be 1.5 

to 3 times greater than those of blasted specimens, indicating that the impact force of AWT 

surpassing blasting contributed to the increased surface roughness. During AWT processing, 

the surface roughness of AWJ#30/60 specimens was up to 1.3 times higher than that of 

AWT#30/60 specimens at the same standoff distance, demonstrating that the use of AWT 

nozzles results in smoother surfaces. Additionally, the surface roughness relative to the size 

of abrasive particles revealed that AWT#30/60 specimens exhibited up to 1.3 times greater 

roughness compared to AWT#80 specimens. This could be attributed to the higher collision 

energy produced by larger particles upon contact with the substrate, leading to the formation 

of cracks or a rougher surface. 

 

 

 

Figure 3-9 Surface roughness of the treated specimens.: Ra and Rzjis.  
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Interestingly, in the comparison of surface roughness, a trend of increasing roughness 

with the increase in standoff distance was observed, excluding specimens processed with the 

AWJ nozzle. This phenomenon is due to the existence of a critical roughness threshold, 

which represents the minimum roughness initiating the collapse of the initial roughness, 

forming new surface deformations characterized by grooves and ridges upon impact with the 

target material [19]. Before reaching this threshold, the concentrated impact energy on the 

target surface results in the deformation of the substrate, thereby increasing roughness with 

the increasing impact energy. Thus, prior to reaching the critical threshold, a decrease in 

standoff distance leads to an increase in the surface roughness of the target. However, once 

exceeding the critical threshold, the lack of sufficient force and impact density prevents the 

formation of new grooves or roughness, leading to irregular deformations confined to the 

existing roughness peaks. Consequently, roughness increased with the increase in standoff 

distance. According to this study, the roughness created by specimens treated with the AWJ 

nozzle remained below the critical threshold. As the standoff distance decreased, substrate-

panel deformation amplified, leading to increased roughness. In contrast, for specimens 

treated with the AWT nozzle or by blasting, the generated roughness exceeded the critical 

threshold, thus limiting the concentrated deformation effect of the substrate across all 

standoff distance conditions compared to the AWJ nozzle. Therefore, the increase in 

roughness with increasing standoff distance is attributed not to extreme deformation of the 

substrate but to irregular transformations of the existing roughness. Consequently, it can be 

inferred that using the AWJ nozzle in the AWT process under the same experimental 

conditions exerts greater force on the substrate than using the AWT nozzle. According to the 

recommendations of the Japan Society of Civil Engineers (JSCE) for repainting steel bridges, 

the appropriate surface roughness value (Rzjis) before repainting falls within the range of 

30~75μm. Based on the Rzjis values obtained in this study, the most suitable AWT condition 

for pre-coating was found to be the AWT nozzle combined with 80 mesh garnet. 

3.3.2  Surface topography deformation 

Figure 3-10 introduces a three-step methodology for analyzing surface topography 

deformation ratio: (1) measuring the cross-sectional image morphology of the treated 

specimen using SEM microscopy; (2) binarizing the deformed substrate shape using the 
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Image-J software; and (3) extracting the X,Y coordinates of the binary surface deformation 

area, then calculating the length of the altered area using the arc length method of a function  

graph, based on Taylor's formula [55]. This process allows for the definition of the interface 

area ratio (Surface Deformation Ratio, DR), which quantifies the degree of the interface area 

in comparison to an equivalent plane [56]. To provide statistically reliable data and high-

confidence estimates, five rounds of image analysis were performed on samples treated 

under each condition. Additionally, the analysis encompassed not only the deformation 

length ratio but also the deformation range, which includes the degree of deformation. The 

deformation range is defined as the maximum and minimum peak-to-valley extents of the 

deformed area of each specimen, represented by the average of five measurements. For AWT 

specimens, the analysis only evaluated specimens treated with the AWT nozzle that produce 

roughness satisfying the JSCE's recommendations for repainting steel bridges. 

 Table 3-6 offers quantitative values of the altered surface topography after AWT and 

blasting treatment. The deformation ratio (DR) of the surface topography for the AWT-

processed specimen was found to be 1.5 to 3 times larger than that of the blasted specimen. 

This indicates that the impact force of AWT on the substrate is greater than that of blasting, 

mirroring the trend observed in roughness parameter outcomes. Additionally, the DR and 

deformation range varies with the size of the abrasive particles; the specimen treated with 

AWT#30/60 showed up to 1.5 times greater values compared to AWT#80. This phenomenon 

can be attributed to higher collision energy produced by larger particles upon contact with 

the substrate, leading to terrain deformation or rougher surface formation. However, it is  

noted that while the AWT #30/60 (300) and AWT #80 (100) specimens exhibit nearly 

identical DR values of 3.5 and 3.4, respectively, the deformation zone of AWT #80 (100) is  

 

Figure 3-10 Measuring the surface deformation ratio of the treated specimens.  
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1.4 times larger. This underscores the importance of assessing both DR and deformation  

range when evaluating changes in surface topography. It is noteworthy that for both AWT 

and blasted specimens, an increase in the standoff distance led to increased roughness. 

However, the surface deformation parameters exhibited an opposite trend, decreasing with 

increased standoff distance. This is correlated with the formation of a minimum roughness 

threshold for surface deformation, as mentioned in the analysis of the surface roughness. In 

other words, for specimens treated with the AWT nozzle or blasting, the altered surface 

topography exceeded the threshold, thus limiting the concentrated deformation effect of the 

substrate under all increasing Standoff distance conditions. Consequently, the extent of 

surface deformation decreased with increasing the standoff distance, not due to severe 

deformation of the substrate but due to irregular transformations of existing roughness. 

Under the same experimental conditions, the DR values for the AWT #30/60 specimen, AWT 

#80 specimen, and blasted specimen were respectively found to be 3.5~4.5, 3~3.5, and 1~2. 

This implies that AWT processing, especially with larger abrasive particles, results in greater 

deformation of the substrate surface, ultimately exerting more significant force on the 

substrate compared to blasting. 

 

Table 3-6 Surface deformation of the treated specimens. 

Specimens 
Standoff distance 

(mm) 

Deformation ratio 

(DR) 

Deformation range  

(μm) 

 100 4.2 134 

AWT #30/60 200 3.7 137 

 300 3.5 120 

 100 3.4 88 

AWT #80 200 3.0 84 

 300 2.9 97 

 100 1.6 58 

Blast treatment 200 1.4 52 

 300 1.3 57 
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3.3.3  Assessment of the quantity of residual abrasives. 

Figure 3-11 presents a SEM-EDX image illustrating the distribution of Si on the centrally 

treated surface. The quantity of residual abrasives on the surface of AWT-processed 

specimens was significantly lower compared to the blasted specimen. Regardless of the 

nozzle type and particle size used in AWT processing, there was minimal variation in the 

amount of residual abrasive materials. However, the SEM-EDX image results, based on 

atomic percentage, were measured at the micro-scale. To overcome this limitation, a method 

based on area ratio was devised, enabling a quantitative comparison and assessment of the 

distribution of residual abrasives over a wider range. A composite EDX mapping image of 

Al, Si, and O, the primary chemical elements of garnet, was synthesized to extract an image 

of 3×4 mm size. The area ratio was calculated using Image J software. For comparing the 

amount of residual abrasives according to the surface treatment method, the area ratio of Si, 

which represents the highest proportion among the chemical components of the garnet, was 

utilized. Figure 3-12 depicts the area ratio of the residual abrasives remaining on the central 

surface of the treated area. AWT-processed samples exhibited an area ratio of 3-4%, 

irrespective of nozzle type and abrasive particle size, whereas blasted samples showed a 

significantly higher area ratio of 12-15%. The AWT-processed specimens consistently 

demonstrated a markedly lower amount of residual abrasive across all conditions compared 

to the blasted specimens. Additionally, there was no significant difference in the amount of  

 

Figure 3-11 Elemental composition investigation illustrating the distribution of remaining 

abrasives on the processed surface: (a) AWJ#30/60, (b) AWT#30/60, (c) 

AWT#80, and (d) Blasted samples. 
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residual abrasives based on the standoff distance. 

Figure 3-13 illustrates the cross-sectional observations of the central part of the treated 

steel surface. Under all treatment conditions, the AWT-processed specimens showed that 

abrasives penetrated below the steel surface, partially embedding the abrasive particles, 

whereas blasting led to the formation of a significant layer of residual abrasives on top of 

the steel surface. Furthermore, the cross-section of AWT-processed specimens exhibited a 

more complex and rougher morphology compared to the blasted specimen. The reduced 

amount of residual abrasives following AWT can be attributed to the washing effect. The 

presence of significant residual abrasives on the target surface after blasting is undesirable, 

as it can create a barrier between the surface and coating, reducing adhesion and efficiency 

[51]. Excessive residual abrasive on the surface post-blasting can lead to the formation of 

microcracks, which in turn may cause fatigue cracks in the treated area [57], and the presence 

of contaminants and fine particles in the abrasive can reduce the corrosion resistance due to 

cracks [58]. Therefore, minimizing the amount of residual abrasives on the treated surfac e 

is crucial. Consequently, the AWT processing is expected to minimize damage and 

contamination of the steel surface compared to the blast treatment. This advantage makes 

AWT a preferable option for surface treatment in applications where the integrity and 

longevity of the material are critical. 

 

 

Figure 3-12 Proportion of residual abrasives on the processed surfaces. 
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3.4  Pull-off test 

Table 3-7 shows the failure states of epoxy adhesive following pull-off tests on steel 

surfaces treated with AWT and blasting. After the pull-off tests, the residual epoxy adhesive 

on treated steel surfaces was retained below 30% only at a standoff distance of 300mm, 

indicating an interface failure between the steel surface and the epoxy adhesive. On the other 

hand, when the standoff distance is 200 mm or below, there is a retention of approximately 

70-80% of the adhesive on the treated substrate, which correlates with a stronger adhesive 

bond compared to that observed on steel plates treated at a standoff distance of 300 mm. 

Figure 3-14 displays the relationship between load (P) and displacement (δ) during the pull-

off test. In all treatment conditions, the force exerted on the substrates was approximately 4  

 

Figure 3-13 Cross-sectional images of the processed samples: (a) AWJ#30/60, (b) 

AWT#30/60, (c) AWT#80, and (d) Blasted samples. 
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to 8 kN. Furthermore, no evidence of bending or other deformities caused by load 

reapplication was observed on the fracture faces in any treatment condition. Therefore, the 

test results indicate a high reliability of the P and δ relationship during load reapplication. 

Figure 3-15 shows the tensile bond strength (σ) of the epoxy adhesive to steel surfaces 

treated with various surface treatment methods. For blasted surfaces, the bond strength 

ranged from 8.3 to 10.8 MPa, decreasing with an increase in standoff distance. In the case 

of AWT, the adhesion strength varied depending on the type of garnet used. Specifically, 

specimens treated with AWT #30/60 and AWT #80 exhibited bonding strength values in the 

ranges of 7.5 to 8.8 MPa and 9 to 12 MPa, respectively. Additionally, a similar trend of 

decreasing adhesion strength with increasing treatment distance was observed in specimens 

treated with AWT.  According to the results presented in sections 3.3.1 and 3.3.2, in both 

AWT processing using the divergent nozzle and blast treatment, as standoff distance  

Table 3-7 Destruction state of epoxy adhesive after pull-off test. 
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Figure 3-14 Relationship between load P and displacement δ after pull-off test. 

 

Figure 3-15 Adhesion strength of the treated steel plates according to standoff distances.  

increased, surface roughness (Ra, Rzjis) increased, and the rate of change in surface 

topography decreased. Hence, under similar conditions, surface roughness and changes in 

surface morphology are inversely related. In terms of surface topography, a smaller standoff 

distance increased the force impacting the substrate, leading to greater substrate deformation. 

Conversely, in terms of roughness, an increase in standoff distance reduced the impact force 

on the substrate, resulting in increased surface roughness instead of substrate deformation. 

For adhesion strength, an increase in surface roughness led to decreased bond strength, while 

an increase in the rate of change in surface topography increased adhesion strength in this 

study. Notably, for AWT-processed specimens, especially AWT #30/60, there was a 

significant decrease in bond strength compared to AWT #80 specimens. This strongly 

suggests that changes in surface morphology, rather than roughness, have a more profound 

impact on the bonding strength with epoxy. Additionally, exceeding certain roughness levels 

and rates of topography change can result in a decrease in adhesion strength with epoxy. 
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3.4.1  Effect of surface topography alterations on bonding behavior with epoxy 

adhesive. 

Until now, research on the mechanical interlocking between substrate surfaces and 

coatings has predominantly focused on surface roughness [59]. Generally, an increase in 

surface roughness tends to enhance the adhesion strength with coatings [48]. Conversely, 

excessive roughness can damage the coating due to sharp peaks [23], and overly deep valleys 

can hinder the penetration of paint, thereby reducing the adhesion strength between the 

substrate and coating [10]. Therefore, creating an appropriate level of surface roughness on 

the substrate before painting is a crucial step. Consequently, it has led existing research to 

focus primarily on roughness as a critical surface property affecting adhesion. However, it's 

increasingly recognized that morphological alterations like surface anchoring patterns could 

exert a more direct impact on adhesion strength than the microscale randomness of surface 

roughness [51]. Figure 3-16 demonstrates that changes in surface morphology after treatment 

 

Figure 3-16 Impact of substrate surface morphology on the adhesion strength of the 

coating [59]. 

 

 

Figure 3-17 Adhesive forces acting on altered surface morphology during coating 

application [56], [59]. 
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can exert a greater influence on the bonding strength with coatings during the coating 

application process. 

During coating with an epoxy, the fluid flows over the surface of the substrate. Some of 

the coating gets trapped on the surface and adheres upon solidification when subjected to a 

certain level of pressure. The adhesion force depends on mechanical clamping and friction 

forces as a function of pressure. Figure 3-17 illustrates an image of a thin object placed on 

an inclined plane. When pressure P is applied at the interface between the object and the 

inclined plane, the friction force f is characterized as follows, according to Equation (3-1) 

through (3-7) [56]. 

f = 𝜇Ps (3-1) 

μ: Friction coefficient, s: Contact area, 

 

fv=f cosθ (3-2) 

fv: Force needed to remove vertically the object 

 

𝑧 = f (x,  y) (3-3) 

 

Equation 3-2 demonstrates that the fv is proportional to the projected area. After the 

sprayed coating fills the rough surface, represented by the function in orthogonal coordinates 

as per Equation 3-3, the fv required to vertically remove the deposits over a minimal area ds 

of the surface is expressed as per Equation 3-4. where θ is the angle between tangent and 

normal of the differential area. 

 

dfv = 𝜇Pds cos𝜃 (3-4) 

 

The smallest force required to separate the deposits vertically from the rough surface 

area D is as described by Equation 3-5: 

∫ dfv
D

= ∫ 𝜇P cosθds = 𝜇̅P̅∫ cosθds
SS

 (3-5) 
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Replacing μ and P with their respective mean values over each area, the equation for the 

adhesion strength F can be expressed as follows, as per Equation 3-6: 

F =
𝜇̅P̅ ∫ cosθds

S

D
 (3-6) 

 

Therefore, the adhesion strength can be theoretically predicted through Equation 3-7, 

calculated using image analysis presented in Section 3.3.2, and the mechanical adhesion is 

directly linked to the factor DR, as identified through image analysis. 

F = 𝜇̅P̅R,  R =  
Adhesion Area

Plane Area
 (3-7) 

 

Consequently, it is anticipated that steel treated with AWT, having a larger adhesive area, 

will exhibit higher adhesion values. The adhesion values appeared to be linearly dependent 

on the surface contact ratio indicated by DR. 

3.4.2  Behavior of adhesion between the treated substrates and epoxy adhesive. 

Figures 3-18 and 3-19 illustrate the correlation between roughness, deformation ratio 

(DR), and adhesion strength in the results of pull-off tests for surfaces treated with blasting 

and AWT processing. Figure 3-18 shows the adhesion strength of coatings on blasted 

surfaces, categorized by roughness and surface strain. As roughness (Ra, Rzjis) increases, 

adhesion strength decreases, exhibiting a negative correlation. Conversely, for DR, an 

increase in strain shows a positive linear correlation with increasing adhesion strength, 

exhibiting the highest correlation coefficient (0.796). Similarly, Figure 3-19 demonstrates 

the adhesion strength of coatings on steel surfaces treated with AWT using garnet 30/60 and 

80, based on surface characteristics. Similar to blasted specimens, an increase in roughness 

(Ra, Rzjis) for AWT-processed specimens tends to decrease adhesion strength. However, for 

surface strain, an increase in strain tends to linearly increase adhesion strength. Thus, surface 

deformation ratio rather than roughness shows a positive correlation with the adhesion 

strength of coatings. Additionally, the correlation between surface characteristics and  

adhesion strength post-AWT treatment for all conditions showed a high correlation 

coefficient above 0.7 for both Rzjis and DR. Interestingly, for AWT specimens, a significant   
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decrease in adhesion strength is observed where Rzjis exceeds 75 μm and DR is above 3.5. 

According to the guidelines for bridge repainting in Japan, the optimal surface roughness 

value before repainting falls within the range of 30-75 μm for Rzjis, which can be inferred 

as the threshold for maximum adhesive strength with coatings. However, AWT#30/60 (100) 

and (200) specimens, with Rzjis values of 76 μm and 82 μm respectively, exceeding 75 μm, 

achieved adhesion strengths around 9 MPa. This indicates that there is a critical topography 

deformation ratio value, in addition to a specific surface roughness value, for achieving 

maximum adhesion strength. 

Table 3-8 presents the quantitative values of average roughness, DR, Deformation range, 

and average adhesion strength from pull-off tests after various types of surface treatments. 

 

Figure 3-18 Correlation between roughness and DR and adhesion strength for pull-off 

test results of the blasted steel plate. 

 

Figure 3-19 Correlation between roughness and DR and adhesion strength for pull-off 

test results of the AWT-processed steel plate. 
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In terms of adhesion strength with coatings, the trend was observed in the order of AWT #80, 

Blast, and AWT #30/60, with respective ranges of 9-12, 8-11, and 7-9 MPa. Furthermore, 

comparisons between AWT #80(200 and 300) and AWT #30/60(100) specimens, which had 

similar roughness values (Ra: 13-15 and Rzjis: 70-76 μm), revealed a significant difference 

in their surface deformation ratios of 2.9 to 4.2. Notably, even with higher DR, the adhesion 

strength was found to decrease. On the other hand, AWT #80(100) and AWT #30/60(300) 

specimens, with similar DR values of 3.4 and 3.5, respectively, showed a significant 

difference in adhesion strength, at 12 and 7.5 MPa. This suggests the existence of certain 

surface deformation ratios and extents that reduce adhesion strength. 

For AWT #80 specimens with varying standoff distances, the surface deformation extent 

ranged within 80-100 μm, and DR values were between 3-3.5. In contrast, AWT #30/60 

specimens had a surface deformation extent of 120-140 μm, with DR values of 3.5-4.5. 

Therefore, it can be inferred that even if the substrate's DR is below 3.5, exceeding a 

deformation extent of 120 μm will reduce the adhesion strength with the coating. From these 

results, it can be concluded that the surface characteristics most impacting the adhesion 

strength with coatings are the surface deformation ratio and range. Additionally, the optimal 

conditions for maximum adhesion strength between the substrate and coating are estimated 

to be using AWT #80, with a surface deformation extent of 80-100 μm and a DR of 3-3.5. 

Table 3-8 Altered surface properties. 

Specimens 

Standoff 

distance 

(mm) 

Ra  

(μm) 

Rzjis  

(μm) 

Deformation  

ratio  

(DR) 

Deformation  

range 

(μm) 

Adhesion  

Strength 

(MPa) 

 100 7 38 1.6 58 10.8 

Blast treatment 200 8 44 1.4 52 9.5 

 300 9 54 1.3 57 8 

 100 12 67 3.4 88 12 

AWT #80 200 13 70 3.0 84 11 

 300 14 75 2.9 97 9 

 100 15 76 4.2 134 8.6 

AWT #30/60 200 16 82 3.7 137 8.8 

 300 17 89 3.5 120 7.5 
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3.5  Summary 

Chapter 3 investigates the impact of nozzle type, abrasive particle size, and standoff 

distance in AWT processing on the surface characteristics of carbon steel plate. This included 

comparative evaluations of the treatment area, maximum erosion depth, surface roughness, 

and the amount of residual abrasive materials. Notably, for surface morphology, the study 

went beyond roughness to quantitatively analyze the extent of altered surface topography. 

Furthermore, pull-off tests were conducted to examine the tensile adhesion behavior between 

AWT-processed steel plate and epoxy adhesive. The chapter also delved into the adhesion 

mechanisms between steel surfaces and epoxy adhesive by analyzing not only the roughness 

but also the surface deformation ratio and extent following various surface treatments. 

The principal outcomes of this chapter are summarized as follows: 

1) The newly developed AWT process utilizing a divergent nozzle and smaller abrasive 

particles demonstrated a similar treatment range to abrasive blasting but resulted in 

higher surface roughness. Additionally, an increase in standoff distance led to an 

increase in both the treatment range and surface roughness. 

2) The advanced AWT process employing a divergent nozzle with larger abrasive 

particles exhibited greater surface topography deformation compared to abrasive 

blasting. Moreover, as the standoff distance increased, the degree of surface 

topography deformation tended to decrease. 

3) AWT results in significantly less residual abrasive remaining on the target material 

after processing compared to blasting. Whereas there was no notable difference in 

the amount of residual abrasive across various AWT processing conditions. The 

maximum erosion depth of the AWT-processed specimens exceeded that of the 

blasted specimens. During AWT, the depth of treatment using a divergent nozzle was 

about half that of specimens treated with a convergent nozzle. Additionally, smaller 

abrasive particle sizes resulted in reduced maximum erosion depth. 

4) In conclusion, the use of the divergent nozzle and smaller abrasive particles in AWT 

processing is expected to prevent the narrow treatment range, significant roughness 

formation, and markedly deep treatment depths that occur with the convergent nozzle 

on steel plates. 
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5) After each surface treatment, the tensile adhesion strength between the steel's surface 

deformation ratio and the epoxy adhesive shows a positive linear correlation, while 

it has a negative linear correlation with surface roughness. Among the surface 

characteristics of treated steel, the surface deformation ratio has the highest 

correlation with the tensile adhesion strength of the epoxy adhesive. Consequently, 

there exists an optimal surface characteristic for maximum adhesion between the 

substrate and epoxy, where the surface deformation ratio is within a deformation 

range of 80-100 μm with a DR of 3-3.5, and roughness is estimated to be below 75 

μm Rzjis. 
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CHAPTER 4   MECHANICAL AND ELECTROCHEMICAL 

PROPERTIES OF TREATED SURFACE 

4.1  Introduction 

For the prolonged durability of steel structures, ensuring the integrity of materials and 

components against fatigue and corrosion is essential. Typically, material failure due to 

fatigue, wear, and corrosion often initiates at the surface. The fatigue strength of materials 

and components is mainly influenced by factors such as residual stresses, stress 

concentrations, and microstructural characteristics [60]. Consequently, many recent 

researchers have focused considerable attention on mechanical properties like surface 

hardening and changes in the microstructure of particles. These mechanical characteristics, 

resulting from the introduction of compressive stresses, alter the surface propert ies of the 

base material and thereby impact its durability and corrosion resistance [61]. In particular, 

changes in the surface structure of steel and other metals not only affect their mechanical 

properties but can also alter their corrosion behavior [62]. Corrosion resistance in steel is 

vitally important for the long-term stability and endurance of structures. Steels with 

enhanced corrosion resistance can provide significant economic advantages by reducing the 

frequency of maintenance and lowering early replacement costs [63]. 

Common methods used to introduce compressive stress on surfaces include shot peening 

and laser shock peening among others [60]. Shot peening is a process where small spherical 

media, called shots, impact the target surface to create a layer of compressive residual stress 

and modify the mechanical properties of metals. It is typically applied to metal materials 

requiring high surface hardness and resistance to fatigue failure during use [64]. While shot 

peening is widely used as a mechanical surface treatment process in the automotive and 

aerospace industries, its application in civil engineering structures has not been extensively 

mentioned [65]. Laser shock peening, a cutting-edge peening technology first introduced in 

the aerospace industry, has garnered attention but still requires further research and 

development due to the need to consider heat-induced damage to the base material and 

various processing conditions like output power [66]. In civil engineering sites, a process 

similar to shot peening, known as shot blasting, is employed. However, the primary purpose 
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of its use is not to enhance the mechanical properties of the material's surface but rather to 

remove surface rust, contaminants, and other impurities [67]. Therefore, there is a growing 

need for new surface technologies in civil engineering steel structures that can 

simultaneously remove surface contaminants and enhance the material's durability and 

corrosion resistance. Additionally, there is a necessity to elucidate the impact of surface 

properties and mechanical characteristics of carbon steel after surface treatment on its 

corrosion resistance. While some research has been conducted on the effects of traditional 

surface treatment methods like sandblasting on the corrosion resistance of carbon steel, 

comprehensive studies on the impact of surface and mechanical properties after various 

surface treatments remain still lacking. 

 Existing research indicates that the substantial energy produced by abrasive waterjet 

results in surface hardening and alterations in the microstructure, consequently modifying 

the surface and mechanical characteristics of the base material [68]. Therefore, Chapter 4 of 

this dissertation analyzes the impact of AWT under various conditions on the hardness and 

microstructural changes of steel, delving into their relationship with the corrosion behavior 

of the material. Additionally, this study also investigates the relationship between surface 

roughness, as mentioned in Chapter 3, and corrosion resistance aiming to elucidate the 

factors impacting corrosion resistance among both surface and mechanical properties.  

4.2  Experimental method 

4.2.1  Experimental process  

The specimen was made using a steel plate of JIS G3106 SM490A with dimensions of 

150×70×6mm. As described in Chapter 3, the surface of the steel plate (hereafter referred to 

as the milling steel plate) was processed. The AWT and Blast treatments were performed 

under the same conditions as shown in Tables 3-1 and 3-4, respectively.  

4.2.2  Analysis methods for hardness and structural examinations 

The microhardness values of the cross-sections in the treated steel specimens along the 

thickness direction were measured using a Vickers hardness test (HMV-G30S, Shimadzu 

Co.). To examine the microstructural alterations in the treated specimens, analyses were 

conducted on changes in crystallite size and micrographs of the specimens' cross-sections. 
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X-ray diffraction (XRD, SmartLab, Rigaku Co., Ltd.), utilizing a Cu-Kα radiation X-ray 

source at a generator setting of 40 kV and 30 mV, was employed for phase analysis and 

crystallite size determination. The scanning angle (2θ) ranged from 40° to 90°, utilizing a 

wavelength of 1.54. The crystallite sizes were calculated from the XRD data, and two 

separate measurements were taken at distinct points on the specimen surfaces. For 

microscopic observation, the specimens' cross-sections were prepared, polished, and etched 

with 2% nital, and then examined under a microscope (HR-2500E, Hirox Co., Ltd.). 

4.2.3  Analysis methods for electrochemical tests 

Prior to conducting electrochemical tests, the samples were meticulously cleaned and 

degreased using acetone, followed by washing with deionized water. The electrochemical 

evaluations were carried out using a potentiostat (Versa-STAT 4, Princeton Applied 

Research). The schematic representation of the electrochemical test is depicted in Figure 4-

1. The setup for these experiments included a reference electrode (Ag/AgCl), a counter 

electrode (platinum foil), and a defined testing area of 100 mm². The tests, comprising open 

circuit potential (OCP), potentiodynamic polarization, and electrochemical impedance 

spectroscopy (EIS), were performed on each specimen immersed in a 3.5 wt% NaCl solution 

at standard room temperature. The open circuit potential (Eocp) of each sample was monitored 

for 24 hours until it stabilized. Potentiodynamic polarization tests were then carried out at a 

 

Figure 4-1 Schematic of electrochemical test. 
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scan rate of 10 mV/min within ±250 mV of the Eocp. The Tafel extrapolation method was 

used to ascertain the corrosion current (icorr) and corrosion potential (Ecorr). EIS tests were 

conducted over a frequency range from 10 mHz to 100 kHz at a 10 mV signal amplitude 

relative to Eocp. The EIS data were analyzed using ZSimpWin software (AMETEK) for 

simulation purposes. 

4.3  Test results 

4.3.1  Micro hardness  

Figure 4-2 presents the microhardness-to-depth graph for specimens treated with AWT 

and blasting. Hardness was measured from the top of the treated surface down to a depth of 

1500 μm. The AWT collision mechanism involves the immense energy effect of ultra-high- 

pressure water containing abrasive particles. Therefore, to understand the energy absorbed 

 

Figure 4-2 Microhardness values of the treated surface: (a) AWJ#30/60 specimen, (b) 

AWT#30/60 specimen, (c) AWT#80 specimen, and (d) Blasted specimen.  



 

MECHANICAL AND ELECTROCHEMICAL PROPERTIES OF TREATED SURFACE 

 

 64   

 

by the steel plate during treatment, changes in hardness beneath the specimen's surface were  

measured. The hardness values were recorded across the cross-section of the treated area, 

varying with the depth of the specimen. In this graph, the average hardness value for the 

untreated specimens is between 160 and 200 HV. Both AWT and blasted specimens exhibited 

an increase in hardness, reaching their maximum values at the treated surface. The surface 

hardness peaks at the surface and gradually decreases towards the end of the plastic 

deformation zone. The depth at which the hardness value reaches over 200 HV after surface 

treatment varies depending on the type of treatment, reaching depths of approximately 100-

150 μm for blasting and 150-200 μm for AWT processing. 

Table 4-1 provides a quantitative depiction of the maximum hardness values for each 

treated test specimen. All AWT specimens exhibited greater hardness values than those 

treated with blasting, with a maximum increase of up to 1.3 times. It was observed that under 

identical conditions, the use of the AWJ nozzle and larger abrasive particles in AWT 

processing achieved higher maximum hardness values. Additionally, in all types of 

treatments, a smaller standoff distance increased the energy reaching the substrate, resulting 

in higher surface hardness values. Notably, the maximum hardness values were reached  

Table 4-1 The quantitative value of the microhardness. 

Specimens 
Standoff distance 

(mm) 

Vickers hardness 

(HV) 

 100 268 

AWJ #30/60 200 253 

 300 242 

 100 264 

AWT #30/60 200 242 

 300 232 

 100 259 

AWT #80 200 231 

 300 221 

 100 239 

Blast treatment 200 224 

 300 213 
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under the condition of a 100mm standoff distance for each treatment. The increase in 

microhardness values can be attributed to the surface-hardening effect on the material. It is 

inferred that all types of surface treatments led to the formation of a plastically deformed 

surface layer, with an increase in hardness due to the reduction of pores, cracks, and grain 

boundaries [22], [69]. The altered microstructure could also be influenced by plastic  

deformation, which will be further elaborated in the following section. 

4.3.2  Evaluation of the microstructure  

Figure 4-3 depicts microscopic images of the actual plastically deformed cross-sections  

of specimens treated with AWT and blasting under various conditions. The differences in the 

plastic deformation layers were assessed through the degree of density change in the etched 

cross-section layers after each treatment. The depths of the plastic deformation layers formed 

due to changes in the standoff distance during surface treatment were observed to be 25-

90μm for AWJ #30/60 specimens, 20-50 μm for AWT #30/60 specimens, 20-40 μm for AWT 

#80 specimens, and around 20μm for blasted specimens. It was confirmed that as the standoff 

distance decreased during surface treatment, the energy intensity on the treated surface 

increased, resulting in the formation of a maximum plastic deformation layer. Additionally, 

AWT processing was found to produce a larger plastic deformation layer than the blast 

treatment, with blasting showing the smallest deformation section. This suggests that the 

energy intensity of AWT impacting the steel surface is higher than that of blasting. 

Interestingly, while in blasted specimens, plastic deformation was observed only where the 

abrasive particles impacted the steel plate, in AWT-processed specimens, plastic deformation 

occurred even in areas without abrasive particles, indicating that the high-pressure waterjet 

alone can exert significant energy on the steel. Particularly, the cross-sectional morphology 

of the AWJ #30/60 (300) specimen suggests that the high-pressure waterjet directly 

penetrates the steel surface, eroding it via a water wedge effect. Furthermore, the plastic 

deformation layer and the increased hardness zone were almost identical, providing evidence 

of hardening due to plastic deformation of the steel plate. The density of the plastic 

deformation layer was highest in the AWJ #30/60 specimens, followed by AWT #30/60 and 

then AWT #80 specimens. Therefore, under similar conditions, the use of converging nozzles 

and larger abrasive particles in AWT processing can be seen to produce greater plastic deformation.  
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Figure 4-4 presents the X-ray diffraction (XRD) patterns of specimens treated with AWT, 

blasting, and untreated samples. The experimental carbon steel is primarily composed of α-

ferrite (α-Fe), as indicated by the patterns. Each sample, as analyzed, exhibited three strong 

peaks corresponding to the (110), (200), and (211) planes. The results demonstrate that α-Fe 

peaks shifted to lower diffraction angles from their original positions due to AWT, blasting, 

and milling processes. Typically, when compressive residual stresses are induced in a 

material, the characteristic peaks of the material shift to lower angles from their original  

 

Figure 4-3 Microscopic images of microstructure on cross-section of the treated specimens 

under the different standoff distance: (a) AWJ #30/60 specimens, (b) AWT 

#30/60 specimens, (c) AWT #80 specimens, and (d) Blasted specimens.  
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positions [70]. Furthermore, as seen in this figure, with an increase in compressive residual  

stress values, plastic deformation increases, leading to the maximum peak shift in the AWJ 

#30/60 (100) specimen [71], [72]. Thus, the AWJ #30/60 (100) specimen exhibited the 

highest compressive residual stress. In contrast, the peak intensities of the blasted specimens  

were visually less than those of the AWT-processed specimens. Consequently, AWT induces 

greater compressive residual stresses on the steel surface compared to blasting. Additionally, 

it was noted that the use of the convergent nozzle and a smaller standoff distance during  

AWT processing further pronounced these characteristics. 

Table 4-2 presents the values for the width of the diffraction peak at half the maximum 

value of diffraction (FWHM) and crystallite sizes for specimens treated with AWT and 

blasting. Compared to the untreated samples, both treated samples exhibited higher FWHM  

 

Figure 4-4 XRD diffraction patterns of the AWT, blasted, and untreated specimens.  
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values and smaller crystallite sizes. The broadening of peaks (increase in FWHM values) 

serves as an indicator of a decrease in crystallite size. Crystallite size is a measure that 

quantitatively represents the microstructural changes in the surface layer of treated 

specimens. Smaller crystallite sizes suggest greater energy reaching the surface, indicating 

a reduction in particle size and boundary at the surface. Additionally, FWHM is associated 

with grain size and distortion and is considered an indicator of the material's hardening index 

[73]. That is, a larger FWHM implies greater hardening of the measured surface [74]. The 

crystallite size (D) of the treated specimens was calculated using the Scherrer equation 4-1 

[75]. 

D =
Kλ 

βcos θ
 (4-1) 

 

Where K represents the Scherrer constant (0.89), λ is the wavelength of Cu (0.154 nm), 

β is the FWHM value, and θ is half the diffraction angle. Under identical standoff distance 

Table 4-2 Crystallite size of the treated specimens. 

Specimens 

Standoff 

distance 

(mm) 

Maximum peak 

position 

(2𝜃) 

FWHM β 

(º) 

Crystallite size 

(nm) 

 100 44.55 0.355 25.2 

AWJ #30/60 200 44.50 0.330 27.2 

 300 44.60 0.298 30.1 

 100 44.57 0.338 26.5 

AWT #30/60 200 44.59 0.309 29.1 

 300 44.62 0.297 30.2 

 100 44.46 0.333 27.0 

AWT #80 200 44.60 0.308 29.2 

 300 44.62 0.298 30.0 

 100 44.60 0.327 27.4 

Blast treatment 200 44.57 0.306 29.3 

 300 44.61 0.294 30.5 

Untreated 44.70 0.287 31.3 
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conditions, a trend of decreasing crystallite size was observed in the order of AWJ #30/60 

specimens, AWT #30/60 specimens, AWT #80 specimens, and lastly, those treated with 

blasting. Furthermore, the crystallite size diminished with a decrease in standoff distance 

under all treatment conditions. However, it was noted that for all treated specimens, except 

for the AWJ #30/60 specimens, the crystallite sizes were almost similar under standoff 

distances other than the distance of 100 mm. As the energy reaching the steel surface 

increases, it reduces the size and boundaries of the surface particles. Consequently, it is 

inferred that AWT imparts greater energy to the steel surface compared to blasting, and a 

reduction in standoff distance during surface treatment tends to increase the force exerted 

on the steel plate. However, the use of the convergent nozzle in AWT processing showed a 

clear difference in the aforementioned characteristics, while the use of the divergent nozzle 

and different abrasive particle sizes did not show a distinct difference in crystallite size 

changes compared to blasted surfaces. Notably, the AWJ #30/60 (100) specimen exhibited 

the smallest grain size, suggesting it received the highest energy at the surface.  

4.3.3  Potentiodynamic polarization cures of AWT treated specimens.  

Figure 4-5 exhibits the potentiodynamic polarization measurement results for all treated 

specimens. The corrosion current density (icorr) was evaluated from the polarization curves 

using the Tafel extrapolation method, employing the linear parts of the anodic and cathodic 

curves at the corrosion potential (Ecorr) [76]. As depicted in this figure, the polarization 

curves for all treatment conditions exhibited a similar shape. In the anodic curves, the current 

density (i) increases with the rise in potential (E). On the other hand, in the cathodic curves, 

irrespective of the treatment condition, the current density appears to maintain a constant 

value of around 10μA/cm², suggesting no significant variation. This constancy of i in the 

cathodic curves, regardless of E, indicates it results from the diffusion-limited current due 

to oxygen and hydrogen evolution in the reduction reaction [77]. Therefore, it is presumed 

that the variety of surface characteristics produced on steel under different treatment 

conditions could influence the diffusion-limited current density in the cathodic curves. Table 

4-3 quantitatively provides the corrosion potential (Ecorr) and corrosion current density (icorr) 

values derived from the polarization curves using the Tafel extrapolation method, and also 

includes the corrosion rate (CR) calculated from the icorr values. The CR for each treated 



 

MECHANICAL AND ELECTROCHEMICAL PROPERTIES OF TREATED SURFACE 

 

 70   

 

surface were determined using equations 4-2 and 4-3, based on the corrosion current density.  

Regarding the Ecorr values, all treatments exhibited values approximately between -700 

and -750mVAg/AgCl, with more positive potentials at smaller standoff distances. Conversely, 

the icorr value was the lowest in the AWJ #30/60 specimen among all treated specimens, 

excluding those subjected to milling, with other specimens treated under different conditions 

exhibiting current density values ranging between 2 and 5μA/cm². Under all treatments, 

smaller standoff distances resulted in lower corrosion current densities. 

 

 

Figure 4-5 Potentiodynamic polarization curves of all specimens in 3.5 wt% NaCl 

solution. 
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m: Mass of the substance, M: Molar mass of Fe, icorr: Current density (μA /cm2) 

F: Faraday constant, z: Valency of the ion 

 

 

CR =
m ∙t 

𝜌𝑚∙ A
 (4-3) 

CR: Corrosion rate (mm/yr), m: Mass of the substance, t: Predicted corrosion period (1 year), 

ρm : Density of iron (g/cm³), A: Area (cm²) 

 

Regarding the CR, they display a pattern similar to that of icorr, irrespective of the surface 

treatment applied. Among the surface-treated specimens, except for the AWJ #30/60 

specimens, which showed the CR less than 0.02 mm/yr, the others exhibited similar the CR 

ranging from 0.02 to 0.05 mm/yr. From a quantitative comparative perspective, considering 

m =
M ∙ 𝑖𝑐𝑜𝑟𝑟

F∙ z
 (4-2) 

Table 4-3 Fitted electrochemical parameters of the treated specimens in NaCl solution. 

Specimens 

Standoff 

distance 

(mm) 

Ecorr 

(mVAg/AgCl) 

icorr 

(μA /cm2) 

Corrosion rate 

CR (mm/yr) 

Untreated - -633 0.42 0.005 

 100 -711 0.64 0.007 

AWJ #30/60 200 -729 0.90 0.010 

 300 -740 1.44 0.017 

 100 -727 2.29 0.027 

AWT #30/60 200 -729 3.48 0.040 

 300 -749 5.88 0.068 

 100 -701 1.76 0.020 

AWT #80 200 -727 3.10 0.036 

 300 -767 3.69 0.043 

 100 -702 2.21 0.026 

Blast treatment 200 -727 3.32 0.039 

 300 -726 4.68 0.054 
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only the numerical results, it can be seen that under identical standoff distance conditions, 

the AWJ #30/60 specimens exhibit up to four times slower CR than the other specimens. 

However, from a macroscopic viewpoint considering long-term use and durability, the CR 

post all treatments are generally very low, typically less than 0.1 mm per year. 

Generally, icorr is one of the most critical parameters for assessing corrosion performance, 

with lower icorr indicating better corrosion resistance. Hence, the corrosion resistance of the 

AWJ #30/60 specimens was higher compared to other treated specimens, and it was observed 

that using the convergent nozzle and smaller standoff distances in AWT treatments led to 

enhanced corrosion resistance. This correlation is related to the surface characteristics of the 

material. Among the metal surface properties, roughness is a key factor affecting corrosion 

resistance. Typically, as the roughness of a metal surface increases, its corrosion resistance 

decreases [22], [78-81]. This is because a rougher surface increases the area of contact with 

the corrosive environment. In other words, increased surface roughness enlarges the 

interface between the electrolyte and the steel surface, thereby accelerating corrosion 

progression. In Chapter 3 of this paper, Table 3-8 showed that the surface roughness of AWT-

processed specimens was more than twice that of blasted specimens, with the roughness of 

the AWJ #30/60 specimens increasing as the standoff distance decreased. However, the 

corrosion resistance was found to be better in the AWJ #30/60 specimens with higher 

roughness, following the order AWJ #30/60 (100), AWJ #30/60 (200), and AWJ #30/60 (300) 

specimens. This result is contrary to existing literature, implying that factors other than 

roughness significantly influence the corrosion resistance of treated specimens. Changes in 

corrosion resistance can be attributed to the plastically deformed surface layer formed after 

surface treatment. Thus, as the cross-sectional area of the plastic deformation layer increases, 

so does the compressive residual stress, leading to improved corrosion resistance following 

AWT processing with the convergent nozzle. This finding aligned with the study conducted 

by T. Wang et al. [61]. Additionally, the AWJ #30/60 specimens formed more grain 

refinement and sub-grains on the specimen surface compared to other AWT and blasted 

specimens. During AWT, smaller standoff distances increased the energy impacting the 

substrate, enhancing sub-grain formation. Consequently, AWT processing reduce grain size, 

forming new grains and sub-grains in the hardened surface layer. These formations 
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ultimately remove parameters negatively affecting corrosion, thereby enhancing corrosion 

resistance. However, in AWT processing using the divergent nozzle, both AWT #30/60 and 

AWT #80 specimens exhibited similar or lower corrosion resistance compared to blasting 

under conditions other than a 100 mm standoff distance. This is corroborated by Tables 4-1 

and 4-2 of this chapter, showing that under 100 mm standoff distance, specimens treated 

with the divergent nozzle reached a maximum hardness of over 260 HV and crystallite sizes 

under 27 nm, indicating increased corrosion resistance due to surface particle refinement 

and hardened layers. 

4.3.4  EIS analysis on the AWT-processed specimens 

Figure 4-6 presents the Nyquist plots results of AWT and blast specimens. The Nyquist 

plots indicate an increase in corrosion resistance as the capacitive loop expands [82]. Among 

the tested specimens, the milling specimen exhibited the largest Nyquist loop diameter, while 

among the surface-treated specimens, the AWJ #30/60 specimen had a larger loop diameter 

than the other surface-treated specimens. This implies that AWT using a convergent nozzle 

had a beneficial effect on corrosion resistance compared to AWT with the divergent nozzle 

and blast treatment. In particular, the AWJ #30/60 (100) specimen had the largest capacitive 

loop diameter among the treated specimens, signifying the highest corrosion resistance. 

Additionally, the Nyquist loop diameters of all specimens after treatment tended to increase 

with decreasing standoff distance. 

The EIS data were analyzed using an equivalent circuit, as shown in Figure 4-7, to further 

investigate the surface improvement effects after treatment. The Randles circuit is suitable  

for indicating the situation of a film-free steel surface [83], [84]. The equivalent circuit 

consists of solution resistance (Rs), a constant phase element of the double electrical layer 

(CPEdl), and charge transfer resistance (Rct). A higher Rct value indicates better corrosion 

resistance. Additionally, for the calculation of the CR, the Stern-Geary constant [16] was 

used to derive icorr from Rct, and CR was then calculated using Equations 4-3 and 4-4. Where 

the integer K is determined based on the type of metal or environmental conditions. In this 

study, a commonly used value of 0.0209V, as generally applied in engineering assessments, 

was employed. 
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Figure 4-6 EIS results of all specimens in 3.5 wt% NaCl solution. 

 

Figure 4-7 Equivalent circuit used to fit EIS data of all specimens. 
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icorr: Current density (μA /cm2), K: Stern-Geary constant (0.0209 V), 

Rct : Charge transfer resistance 

 

  

The Rct values and CR of AWT-processed and blasted specimens are presented in Table 

4-4. As shown in the table, the Rct value of the milling plate is the highest among all surface-

treated specimens. Additionally, for all treated specimens, the Rct values exhibited a similar 

trend as the semicircular diameter of the Nyquist loop under the same conditions.  Rct values 

increased with the use of a convergent nozzle in AWT processing, particularly with smaller 

 

𝑖𝑐𝑜𝑟𝑟  =
K 

𝑅𝑐𝑡
 (4-4) 

Table 4-4 Fitted impedance parameters from EIS of the treated and untreated specimens.  

Specimens 

Standoff 

distance 

(mm) 

Rs 

(Ω cm2) 

CPEdl 

(×10-3) 

(Ω-1 sn cm-2) 

n 
Rct 

(Ω cm2) 

icorr 

(μA /cm2) 

Corrosion 

rate, CR 

(mm/yr) 

Untreated - 7.16 0.37 0.874 2,860 7.31 0.085 

 100 8.05 1.62 0.750 2,640 7.92 0.092 

AWJ #30/60 200 10.0 1.58 0.770 2,600 8.04 0.093 

 300 7.16 1.40 0.743 2,090 10.0 0.116 

 100 1.23 1.82 0.773 2,300 9.09 0.105 

AWT #30/60 200 8.26 3.75 0.797 1,760 11.9 0.138 

 300 2.58 4.75 0.728 1,650 12.6 0.147 

 100 13.7 1.58 0.750 2,470 8.46 0.098 

AWT #80 200 1.26 3.17 0.722 2,120 9.84 0.114 

 300 5.21 4.29 0.743 2,050 10.2 0.118 

 100 3.69 2.82 0.786 2,300 9.09 0.105 

Blasting 200 8.04 2.37 0.844 1,880 11.1 0.129 

 300 7.14 4.39 0.765 1,820 11.5 0.133 
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standoff distances. Rct values were influenced by surface modifications. Therefore, it was 

observed that the Rct values of AWJ #30/60 specimens were larger than those of specimens 

treated with divergent nozzle and blast treatment, likely due to elevated energy intensity 

affecting the formation of subgrains and crystallite size reduction on the treated surface. It 

was also noted that under the same treatment conditions, smaller standoff distances and 

smaller abrasive particle sizes resulted in larger Rct values. 

 In terms of CR, the AWJ #30/60 specimen exhibited CR similar to the milling specimen 

at standoff distances of less than 200 mm, with an error range of less than 10%. However, 

for specimens processed under different conditions, they exhibited CR 1.4 to 1.7 times higher. 

Additionally, under all processing conditions, CR decreased as the standoff distance 

decreased, and increased with larger abrasive particle sizes. Nevertheless, from a 

macroscopic perspective considering long-term usage and durability, the CR observed after 

all treatments remained consistently below 0.15 mm per year, indicating an overall very low 

CR. Consequently, it became evident that the use of the convergent nozzle and shorter 

standoff distance during AWT processing further accentuated these characteristics.  

Based on all the structural and electrochemical test results mentioned above, it can be 

concluded that the surface of steel subjected to AWT treatment exhibits superior corrosion 

resistance compared to steel treated with the blast method. Additionally, it is evident that the 

hardened subsurface layer, characterized by subgrain formation and reduced grain size, is 

more extensive in AWT-processed steel plates than in blasted steel plates. Particularly, when 

AWT processing is conducted using the convergent nozzle with a standoff distance of 200 

mm or less, similar Rct values and CR within a 10% margin of error were achieved compared 

to the milling specimen. Therefore, it can be inferred that the formation of the subsurface 

layer has a more significant beneficial effect on corrosion resistance than surface roughness. 

4.4  Summary 

Chapter 4 investigates the impact of various treatment conditions during the AWT 

process on the surface hardness and microstructure changes of steel plates. The study 

elucidates the impact of these mechanical characteristics of the surfaces on the 

electrochemical properties of the steel surface. Additionally, we investigate the correlation 

between the influence of surface roughness, as discussed in Chapter 3, and the 
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electrochemical characteristics. 

The findings of this study can be summarized as follows: 

1) AWT-processed steel plates exhibited greater surface roughness, hardness, and 

microstructural changes in surface particles compared to blasted ones. Furthermore, 

these characteristics increased as the use of the convergent nozzle and a reduction in 

standoff distance were implemented during the AWT processing. Therefore, the 

maximum values for surface roughness, hardness, and microstructural changes were 

obtained for AWJ #30/60 specimens treated with the convergent nozzle and a 

standoff distance of 100mm. 

2) AWT-processed steel plates with the convergent nozzle showed a greater tendency 

for plastic deformation compared to other surface-treated steel plates. Additionally, 

an increase in hardness was observed as plastic deformation occurred. Under all 

types of treatment, a decrease in standoff distance led to an increase in hardness and 

surface plastic deformation. However, except for the conditions using a standoff 

distance of 100mm, AWT processing with the divergent nozzle exhibited hardness 

and plastic deformation similar to the blast treatment. 

3) The AWT processing with the convergent nozzle improved corrosion resistance 

compared to blast treatment. This enhancement in corrosion resistance is primarily 

attributed to the increase in energy imparted to the steel surface, resul ting in surface 

hardening and plastic deformation, which in turn modified the microstructure.  

4) In the case of AWT using the divergent nozzle, it exhibited a corrosion behavior 

similar to the blasted steel plate. Furthermore, under the same conditions during 

AWT, smaller abrasive particle sizes were associated with higher corrosion 

resistance, although the difference was not significant. 
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CHAPTER 5   CORROSION REMOVAL EFFICIENCY BY AWT 

PROCESSING 

5.1  Introduction 

Due to the increasing factors of corrosion such as the construction of structures in marine 

environments and the use of anti-freezing agents, the importance of maintaining and 

repairing steel structures has been emphasized. In particular, the attachment of  a large 

amount of chloride is a direct cause of severe corrosion in weathering steel structures. In the 

case of weathering steel, it is designed to form a stable and protective rust layer when 

exposed to less aggressive environments with low chloride content [85]. This rust layer is 

dense and tightly adhered, delaying additional corrosion. However, in highly saline, high-

temperature, and humid environments, weathering steel experiences significantly increased 

CR as it cannot form a dense oxide layer. Furthermore, another significant factor affecting 

the durability of structures in aggressive environments influenced by seawater or coastal 

areas is pitting corrosion. Pitting corrosion is a localized form of corrosion where the 

protective oxide layer within the metal substrate is destroyed by halogen elements such as 

chlorine [86]. This allows chloride ions to penetrate deep into the steel surface, leading to 

the formation of small pits or crevices. Figure 5-1 illustrates the areas of extensive pitting 

corrosion on structural components of weathering steel bridges. While pitting corrosion may 

be less extensive, it can cause more rapid and severe damage to the metal than general 

corrosion. Therefore, detecting the symptoms of pitting corrosion early and addressing them 

promptly is crucial. On the other hand, chlorides can also cause severe damage to regular 

 

Figure 5-1 Extensive pitting corrosion on a weathering steel bridge member. 
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steel structures. If chlorides and corrosion products are not adequately removed, moisture 

can infiltrate from the coating to the boundary between the coating and the steel due to 

differences in chloride concentration. Once moisture and chloride have penetrated, a new 

corrosion reaction occurs beneath the coating, leading to blistering and delamination of the  

coating [11]. Thus, proper surface preparation is crucial for both weather-resistant and 

regular steel to ensure the structural integrity and longevity of the structure.  

The depth of corrosion in weathering steel structures can reach several millimeters. Even 

when conventional abrasive blasting methods are used to treat heavily corroded steel, 

achieving a visually clean surface with no impurities at Sa 2.5 level or higher may not 

prevent flash rusting within a few hours at room temperature. Research findings indicate that 

significant instances of flash rusting were observed on the treated surface within 24 hours 

after abrasive blasting, primarily due to the presence of residual corrosion products and 

chlorides [17]. In Japan, regulations stipulate a time frame of 4-24 hours between abrasive 

blasting and coating application to prevent flash rusting and surface contamination [87]. 

Therefore, if flash rusting occurs within 24 hours after abrasive blasting, repeated cleaning 

becomes necessary, leading to increased construction cycles and costs. However, the 

challenge of addressing corrosion in deep areas, such as pitting corrosion, remains 

unresolved despite repetitive blasting procedures [15].  

To investigate the effectiveness of chloride and corrosion product removal and the 

feasibility of AWT conditioning, Chapter 5 uses two types of test specimens with varying 

degrees of corrosion: weathering steel and carbon steel plates. For weathering steel, severely 

corroded handhole components from bridges exposed to sea breezes were utilized. For 

standard carbon steel, specimens were exposed to chloride and subjected to accelerated 

corrosion to create corroded test specimens. The efficiency of corrosion products and 

chloride removal during AWT processing under different conditions is assessed using 

weathering steel plates with substantial corrosion thickness. Lastly, to evaluate the presence 

of flash rusting in corroded carbon steel plates after AWT processing, a quantitative 

assessment method known as the "turning time" method is introduced, considering cleaning 

efficiency and the elapsed time following treatment. 
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5.2  Experimental method 

5.2.1  Preparation of specimens 

 For the corrosion removal efficiency test, a handhole plate from a heavily corroded 

bridge was used as the sample (Material: weathering steel SMA400AW, Construction year: 

1998). A piece measuring 120 × 60 × 9 mm was cut from the original handhole plate 

(dimensions: 1260 × 120 × 9 mm) for testing purposes. This bridge located approximately 5 

km from the coastline in Kagoshima, Japan (Lat. 31°37'04" N, Long. 130°23'20" E), is 

subject to sea breezes and consequently faces severe corrosion issues as shown in Figure 5-

2(a). These issues are exacerbated by a moist environment (17°C, 75% RH), airborne sea 

salt, and anti-freezing salt exposure (0.35 mdd), as depicted in Figure 5-2(b). Weathering 

steel is typically designed to form a protective rust layer that prevents further corrosion. 

However, in this case, an atypical rust formation led to delamination, with the delaminated 

corrosion products reaching a thickness of approximately 10 mm. Following the removal of 

the plate-like rust layers, the average and maximum corrosion depths of the dense rust layer 

were determined using a laser-focus measuring system and weight loss data measurements 

[88]. These depths were found to be 0.2 mm and 0.5 mm, respectively. The AWT process 

was carried out to identify the corrosion removal efficiency of the bridge samples. For the 

specific operating conditions of AWT to evaluate conditioning efficiency, a standoff distance 

of 300 mm was chosen, while the remaining conditions are as detailed in Table 3-1, already 

 

Figure 5-2 Heavily corroded weathering steel member. 

 [Map source: Geospatial Information Authority of Japan (GSI)] 
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described in Chapter 3 of this paper. The efficiency of removing corrosion products and 

chlorides was examined and compared based on the type of nozzle and abrasive particle size 

during AWT processing. To serve as a control group, a standoff distance of 300 mm was 

maintained for assessing the efficiency of corrosion removal through blasting. The other 

variables are also detailed in Table 3-4, already described in Chapter 3 of this paper. 

In the turning test, a specimen was prepared from a common steel plate conforming to 

JISG 3106 SM490A standards The dimensions of the specimen were set to 150×70×6 mm. 

To uniformly apply salt to the specimen, an ultrasonic spray method [89], a precision 

quantitative salt attachment technique, was utilized. It has been reported [90,91] that the 

amount of salt adhered to bridge parts in a marine environment exceeds 1000~10,000 mg/m². 

Following this method, a quantity of salt equivalent to 1000 mg/m² was applied to the surface 

of the specimen. Subsequently, the specimen was subjected to corrosion for approximately 

one month in a constant temperature and humidity chamber, replicating atmospheric 

conditions through a cyclic electrostatic dew point [92,93]. This cycle was designed to 

simulate the high-corrosion environment of Ryukyu University (2015/01-2019/09) during 

the summer. The temperature and humidity of the cyclic electrostatic dew point are presented 

in Figure 5-3.  

Figure 5-4 shows the appearance of the corroded steel plate. The surface and inherent 

salt content of the corroded steel plate were 1,850 mg/m2 and 118 mg/m2, respectively. 

Additionally, the average and maximum corrosion depths were 0.1 mm and 0.3 mm, 

respectively. For the turning test, the formation of flash rust on the steel surface over time 

 
 

Figure 5-3 Wet and dry cycle used accelerated 

corrosion. 

Figure 5-4 Appearance of corroded 

carbon steel plate. 
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was examined following AWT and blast treatment. The AWT conditions for the turning test 

were a standoff distance of 300 mm and garnet #80, with a processing time of 30 seconds to  

reach ISO 8501-1 Sa 3. For blasting, a standoff distance of 300 mm and garnet #80 were 

selected, and the spray time was 90 seconds to reach ISO 8501-1 Sa 3. Following this, the 

turning test was conducted in a constant temperature and humidity environment, based on 

the average summer daytime conditions at Ryukyu University (2015/01-2019/09), at 30°C, 

90% RH (measured values: 29°C, 82% RH). The time intervals for the turning test were set 

at 0, 4, 12, 24, 36, 48, and 72 hours, resulting in seven different time points.  

5.2.2  Analysis methods for corrosion removal efficiency  

The efficiency of chloride and corrosion product removal after AWT processing on a 

severely corroded weathering steel bridge sample was analyzed through observation of the 

surface and cross-section of the treated specimens. To assess the occurrence of flash rust on 

the steel surface over time post-surface treatment, the appearance was monitored using a 

digital camera. For the turning tests, the surface images of the specimens were binarized, 

enabling the extraction of data on the recurrence rate of corrosion and the number of affected 

points. Additionally, the surface morphology of all samples was examined and analyzed 

using a 3D digital optical microscope (VHX-1000, Keyence Co., Ltd.). The elemental 

chemical composition of the treated surfaces was measured using the SEM-EDX method 

introduced in Section 2.2.2 of this paper. 
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5.3  Test results 

5.3.1  Removal efficiency of corrosion products and chlorides in AWT 

processing  

Prior to commencing this study, preliminary tests were conducted to assess the 

effectiveness and feasibility of removing corrosion products from corroded specimens using 

both conventional convergent nozzle and newly developed divergent nozzle in AWT 

processing. Figures 5-5 and 5-6 display the surface morphology and SEM-EDX images of 

the corroded specimens treated with the AWJ (convergent) and AWT (divergent) nozzles, 

respectively, under the conditions of a 300mm standoff distance and garnet #80. 

Independently of the nozzle type, surfaces treated with AWT satisfied the Sa 3 level with no 

residual corrosion products. Moreover, the removal efficiency of corrosion products and 

chlorides was investigated by sequentially measuring SEM-EDX images from untreated 

areas at point 1 to the central areas of treated sections at point 5. The treated areas were 

approximately 60 mm and 90 mm for the AWJ and AWT nozzles, respectively, with the 

majority of corrosion products and chlorides being removed from the treatment areas.  

Notably, Cl clusters present prior to the processing were completely eliminated after AWT  

 

Figure 5-5 Elemental composition investigation from the unprocessed part to the midpoint 

of the AWJ #80 specimen. 
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processing with all types of nozzles. This was particularly evident in the treated and 

boundary areas at point 2, where a significant portion of the corrosion products was removed, 

demonstrating the excellent rust removal efficiency of AWT. Consequently, at the same 

standoff distance, AWT nozzle formed a treatment area 1.5 times larger than that of AWJ 

nozzle and demonstrated superior effectiveness in removing both corrosion products and 

salts within these areas. Therefore, when applying AWT to corroded components, the use of 

divergent nozzle is considered to be more efficient. 

In this study, the SEM-EDX images of the surfaces treated with AWT and blasting are 

presented in Figure 5-7. As shown in Figure 5-7(a, b), before surface treatment, a substantial 

amount of corrosion products and Cl clusters were observed, which significantly decreased 

after blasting. However, some corrosion products and Cl clusters still remained on the 

blasted surface. In contrast, as seen in Figure 5-7(c-e), most contaminants and chlorides were 

completely removed after AWT processing under all conditions. Furthermore, the amount of 

residual abrasive materials remaining on the surface was considerably lower in the case of  

AWT-processed specimens. Figure 5-8 presents the cross-sectional SEM-EDX images of  

 

Figure 5-6 Elemental composition investigation from the unprocessed part to the midpoint 

of the AWT #80 specimen. 



 

CORROSION REMOVAL EFFICIENCY BY AWT PROCESSING 

 

85 

 

various surface treatments. Figure 5-8(a) shows the presence of corrosion products, 

including internal chlorides, before surface treatment. These corrosion products included 

secondary pitting corrosion, with the depth of the secondary pits reaching several hundred 

micrometers. Figure 5-8(b) illustrates that, after blasting, corrosion products remained under 

the steel plate, and a significant amount of residual abrasives was detected. This suggests 

that blasting has limitations in removing thick or deeply embedded corrosion products. 

Moreover, the abundant residual abrasive material on the steel surface after blasting could 

act as a protective layer for corrosion products and chlorides [15], potentially causing early 

onset of corrosion underneath the coating. In contrast, as indicated in Figure 5-8(c-e), almost 

all corrosion products and chlorides were removed after AWT processing under all 

conditions. Compared to blasting, AWT leaves significantly less residual abrasive materials 

 

Figure 5-7 Elemental composition investigation illustrates the remaining chlorides and 

corrosion residues across untreated and treated surfaces: (a) Significantly 

corroded state, (b) Blasted, (c) AWJ #30/60, (d) AWT #30/60, and (e) AWT #80 

samples. 
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and is also expected to create complex surface profiles, enhancing coating adhesion [94]. 

When performing surface treatment on corroded structures, it is essential to remove all 

contaminants within the official corrosion. Failure to do so can lead to the formation of 

bubbles, cracks, or eventual delamination of the coating [11]. 

5.3.2  Turning time test 

Figure 5-9 presents the appearance, surface morphology, and microscopic photographs 

of corroded steel plates immediately after AWT and blast treatments This figure illustrates 

the results of surface treatments that achieved the ISO 8501-1 Sa3 standard for each 

processing technique. As depicted, no rust was observable to the naked eye on any of the 

treated surfaces post-treatment, all displaying a uniform metallic color. Additionally, it was 

challenging to detect any rust even under high magnification using a microscope. The surface 

 

Figure 5-8  Cross-sectional electron microscopy images depicting unprocessed and 

processed specimens: (a) Significantly corroded state, (b) Blasted, (c) AWJ 

#30/60, (d) AWT #30/60, and (e) AWT #80 samples. 
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of the steel plates treated with AWT exhibited a higher gloss compared to those treated with 

blasting, with the roughness profile peak values being about 1.3 times higher. 

Figure 5-10 shows the surface conditions over time, from immediately after AWT and 

blast treatment up to 72 hours. The turning test was conducted at different time intervals 

following each surface treatment, under the average summer daytime conditions at Ryukyu 

University (30°C, 90% RH), showing the treated surface states at 0, 4, 12, 24, 36, 48, and 

72 hours. Figure 5-10(a) depicts the surface condition of steel over time following AWT 

processing, showing no occurrence of flash rust for up to 72 hours and maintaining surface  

conditions exceeding the Sa 3 level. In contrast, the specimens treated with blasting 

exhibited extensive corrosion and flash rust formation as early as 4 hours after treatment, 

with the severity increasing over time, as illustrated in Figure 5-10(b). 

 Figure 5-11 presents the SEM-EDX mapping results of the surface before and after 

AWT processing, as well as over time. The substantial amount of corrosion products and 

chlorides present on the corroded steel plate before treatment were completely removed 

immediately afterwards, and no corrosion products or chlorides were detected on the treated 

surface even after 72 hours. However, the SEM-EDX images, which are based on atomic 

percentage, were measured on a micro-scale. Therefore, using the area ratio method  

 

Figure 5-9 Microscope images of the processed surfaces: (a) AWT #80 and (b) Blasted 

samples. 
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Figure 5-10 Turning time test of severely corroded specimens after surface treatment: (a) 

AWT #80 and (b) blasted specimens. 
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introduced in Chapter 2 of this paper, a more comprehensive quantitative comparison and 

evaluation of the residual elements' distribution over a broader range were possible. The 

elements measured were Al, Si, and Cl, with Al and Si being the main components of garnet, 

and Cl representing the chloride content. 

Figure 5-12 presents the area ratio results of residual elements for each treated specimen 

over time after turning. For the AWT-processed samples, irrespective of time elapsed, Cl 

showed less than 1% (considered as noise), Si was around 4-5%, and Al was about 4% in 

terms of area ratio. In the case of the blasted specimens, Cl was at 2%, Si ranged between 9-

10%, and Al was at 8%. Although there was no significant variation in the elemental area 

ratios over time, the blast-treated specimens exhibited a Cl area ratio twice as high as that 

of the AWT-processed ones, likely due to the influence of clustered Cl. Furthermore, the area 

ratios of Si and Al in the blast-treated samples were approximately double those in the AWT-

processed samples, indicating that the residual surface area of these elements was 

significantly greater in the blasted specimens compared to the AWT-processed ones. 

 

Figure 5-11 Elemental composition investigation illustrating the AWT-processed samples 

after the turning test (0, 24, and 72hrs). 
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Figure 5-13 illustrates the relationship between the re-corrosion ratio (α) and the number 

of corrosion points (N) over time, following immediate treatment with AWT and blasting. 

The analysis and evaluation were conducted for the target area of the specimen surface 

(120×70mm). The dotted lines in each graph of the figure represent the regression lines for 

the re-corrosion rate and number of corrosion points over time for the blasted specimens, 

showing that both α and N increase linearly with time, with correlation coefficients above 

0.8. Notably, for the blasted specimens, the most significant increase in α and N occurred 

between 4-12 hours, with a relatively constant rate maintained from 12-24 hours. This 

observation supports the standards currently adopted in Japan [87], which stipulate the 

 

Figure 5-12 Area ratio of elements on the AWT-processed specimens after the turning test: 

(a) AWT and (b) Blasted specimens. 
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recommend a time frame of 4-24 hours between blasting and coating application to avert 

flash rust and surface impurities, underscoring the criticality of achieving the right surface 

conditions for coating within the first 12 hours. In the case of AWT processing, there was no 

occurrence of re-corrosion or flash rust over time, leading to α and N values converging 

close to zero across all time conditions, indicating no significant difference. Therefore, the  

 

Figure 5-13 Turning test results over time from immediately after surface treatment:    

(a) Corrosion ratio and (b) Number of corroded points.  
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quantitative evaluation of surface cleanliness over time following AWT treatment revealed 

that flash rust and re-corrosion do not occur for up to 72 hours. Moreover, AWT processing 

has been proven to completely remove residual corrosion products and chlorides from the 

surface in a processing time reduced by one-third compared to blasting. 

To examine the tensile adhesion behavior between the surfaces of steel specimens treated 

in various ways after the turning test and an epoxy adhesive, the method introduced in 

section 3.2.3 of this paper was employed. Figure 5-14 illustrates the relationship between 

the load (P) and displacement (δ) during the pull-off test between the specimens in the 

turning time test and the epoxy adhesive. Under all treatment conditions, the force exerted 

on the substrate was found to be approximately 6-8 kN for AWT-processed samples and 5-7 

kN for blasted samples, indicating that AWT consistently exerted a higher force than blasting. 

Additionally, no signs of bending due to irregularities such as warping were observed on the 

fracture surfaces under any surface treatment condition. Therefore, the test results indicate 

that the relationship between P and δ during load application provides reliable adhesion 

results for all treated surfaces. Table 5-1 presents the observations of the fracture states of 

the steel surfaces and dollies using a digital microscope after the completion of the pull-off 

test. The failure mode of the epoxy adhesive after the tensile adhesion test was 

predominantly interfacial failure between the steel surface and the epoxy adhesive under  

 

 

Figure 5-14 Relationship between load P and displacement δ after pull-off test: (a) AWT 

and (b) Blast treatment. 
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most treatment conditions. Notably, for the blasted specimens, corrosion products visibly 

remained on the surfaces of the steel plate and dollies after more than 4 hours of the turning 

test. In contrast, for AWT-processed specimens, no corrosion products were observed on the 

surfaces of the steel and dolly after the pull-off test, up to a maximum of 72 hours post-

treatment. 

 Figure 5-15 shows the tensile adhesion strength (σ) between the steel surfaces treated 

under various conditions after the turning test and the epoxy adhesive. The tensile adhesion 

strength is represented by the results of three tests conducted per condition and their average 

values. The dotted lines in the graph represent the adhesion strength between the epoxy 

adhesive and the carbon steel plates (milling) treated under identical conditions, as explained  

in Chapter 3. Regardless of the presence of flash rust, it was observed that the adhesion 

strength of the corroded steel plates treated with AWT and blasting was higher than that of  

the carbon steel plates. This increase in adhesion strength is attributed to the surface  

Table 5-1 Destruction state of epoxy adhesive after pull-off test. 
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deformation of the steel during corrosion, supporting the conclusion in Chapter 3 of this 

paper that surface deformation ratio has the highest correlation with adhesion strength of the 

epoxy adhesive. For AWT-processed samples, the adhesion strength remained nearly 

constant from immediately after treatment up to 72 hours, indicating that no flash rust 

developed during this period. A noticeable decrease in adhesion strength was observed in the 

48-hour turning test specimens. This could be attributed not to surface corrosion but to a 

variation in the deformation of the corroded steel plate compared to other specimens under 

the same conditions. On the other hand, for the blasted surfaces, a trend of decreasing 

adhesion strength over time was noted. Specifically, after 4 hours, the adhesion strength 

decreased by 36% compared to uncorroded surfaces. This decrease could be attributed to 

initial corrosion increasing surface roughness while simultaneously damaging the chemical 

structure of the surface, thereby reducing adhesion [95]. From 12 to 48 hours of the turning 

test, the adhesion strength fluctuated, initially increasing and then decreasing. This could be 

due to the formation of fine defects on the surface from ongoing corrosion, creating an 

effective roughness [95] and allowing the adhesive to better penetrate and form mechanical 

interlocks. However, continued corrosion would likely weaken the surface integrity over 

 

Figure 5-15 Effect of surface properties on adhesion strength to epoxy adhesive after 

turning test over time. 
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time, leading to a decrease in adhesion strength. The adhesion strength of specimens after 

72 hours of turning time decreased by up to 55% compared to immediately post-treatment. 

This suggests severe damage to the steel surface due to prolonged corrosion, significantly 

reducing structural integrity and adhesion. In conclusion, corrosion has a complex impact 

on adhesion strength, varying with the extent and duration of corrosion. While initial 

corrosion might temporarily enhance adhesion, prolonged corrosion tends to have a 

detrimental effect, suggesting the need for further research.  

5.4  Summary 

Chapter 5 examines the efficiency of removing corrosion products and chlorides from 

severely corroded weathering steel bridge components treated with AWT under various 

conditions. Additionally, this chapter also investigates the cleaning efficiency of AWT on 

the corroded carbon steel plates, examining the occurrence of flash rust over time post -

treatment, and elucidates the adhesion behavior between the treated steel surface and epoxy 

adhesive. 

The main outcomes of this chapter are as follows: 

1) Under all conditions, AWT processing demonstrated superior corrosion product and 

chloride removal efficiency compared to blast treatment. Notably, it was capable of 

completely removing deeply and densely corroded areas, such as pitting corrosion. 

2) The application of AWT on corroded steel plates reached the cleanliness level 

specified by ISO 8501-1 Sa 3 in a processing time that was one-third shorter than 

that required for blasting. Additionally, the removal of most pollutants and chlorides 

was confirmed not only through visual examination but also through quantitative 

SEM-EDX analysis of the remaining elemental quantities. 

3) The results of the turning time test revealed that, unlike blast treatment where 

significant amounts of rust developed comprehensively within just 4 hours, AWT 

processing showed no occurrence of flash rust for up to 72 hours. 

4) In conclusion, AWT processing completely removed residual chlorides and 

contaminants from the surface in a shorter processing time compared to blasting, 

thereby preventing re-corrosion and the development of flash rust. This result 

supports the standards adopted in Japanese civil bridge construction, which stipulate 
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the recommended time frame of 4-24 hours between blasting and coating application. 

Furthermore, AWT offers economic advantages as it eliminates the need for repeated 

treatments. 
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CHAPTER 6   ENGINEERING APPLICATION OF AWT  

6.1  Introduction 

AWT is an innovative approach for cleaning severely corroded steel structures and 

materials, with potential applications across various fields. However, the practical 

applications and research concerning the effectiveness of AWT cleaning remain limited. 

Consequently, it is essential to verify how AWT can be applied and utilized in real-world 

conditions. Especially in the case of structures like bridges at high altitudes, conventional 

blasting methods experience a significant reduction in efficiency due to pressure losses at 

such altitudes, often not achieving the standard site requirement of 0.8 MPa [96]. Moreover, 

the extensive dust produced during blasting not only makes complete recovery challenging 

but also leads to environmental contamination and poses health risks to workers. For bridges' 

interiors or enclosed spaces, the usage of blasting methods is restricted due to the risk of fire.  

To overcome the limitations of the previously mentioned blast cleaning process  has 

developed specialized equipment for the application of AWT processing in the field and its 

engineering applications. The equipment for on-site AWT application is designed to maintain 

a pressure above 230 MPa, regardless of the altitude, and includes technology to collect and 

purify both the waste abrasive materials and the treated water after the operation. Most 

importantly, the equipment and machinery are customized according to the shape and height 

of the components to maximize processing efficiency. Additionally, to address potential 

safety issues during AWT processing, the company has independently developed an AWT 

processing safety guide. 

In order to verify the practical applicability of AWT for cleaning, Chapter 6 examines 

the effectiveness of corrosion removal on severely corroded bridge components by applying 

AWT under the treatment conditions selected based on the content presented in the preceding 

chapters. To accurately assess the efficacy of AWT in removing corrosion products and 

chlorides, core samples from the components were taken before and after treatment. These 

samples were then examined using SEM-EDX to observe the cross-sections. Additionally, 

the surface condition of the components treated on-site was monitored over 24 hours to check 

for the occurrence of flash rust. The findings of this chapter provide a substantial basis for 
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the use of AWT cleaning technology in the maintenance of severely corroded structures and 

will serve as an important reference in the field of surface cleaning engineering.  

This study presents a novel approach to surface treatment technologies. Moving beyond 

the traditional focus on the effectiveness of corrosion product removal, it systematically 

analyzes and evaluates the surface characteristics of steel from a multidisciplinary 

perspective, including material science, surface science, electrochemistry, and mechanics.  

This study focuses on revealing the characteristics and limitations of steel surfaces treated 

with blasting on corroded plates, a topic that has remained unresolved for the past 150 years. 

Based on these findings, a new surface treatment technology, AWT, has been developed. 

AWT offers a novel approach for accurately establishing the necessary roughness and anchor 

patterns according to the conditions of corrosion and construction requirements. This method 

adopts the selection of optimal construction parameters, including the grain size of abrasive 

materials and the distance of treatment. This technology emphasizes not only the 

effectiveness of removing corrosion but also the capability to reproduce specific surface 

characteristics values as a surface treatment method. Particularly in cases like the repainting 

of steel bridges, it is essential to meet various roughness standards and surface cleanliness 

conditions. This study explores the reproducibility of surface characteristics under specific 

surface treatment conditions, which previous methods have not explicitly defined. 

Furthermore, AWT enables accurate determination of the suitable surface roughness before 

painting with minimal measurements, thereby expecting to reduce construction periods and 

costs for materials and labor. 

6.2  Experimental method 

6.2.1  Application of AWT to the actual field 

The efficiency of corrosion removal by directly applying AWT processing to a corroded 

bridge was evaluated, and the feasibility of its engineering application was investigated. To 

ascertain the corrosion removal efficiency of the AWT process, the divergent nozzle and 

Garnet 80 mesh size were selected, with a standoff distance of 300 mm, and other conditions 

were set in accordance with Table 3-3 in chapter 3. Specialized equipment developed was 
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Field photograph of the bridge where AWT processing will be directly applied. 

 

 

Lateral view of the bridge [97]. 

 

 

Plan view of the bridge [97]. 

 

 

Processing location in bridge. 

Figure 6-1 The exterior appearance and detailed design plans of the bridge [97].  
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utilized for the on-site application of AWT. Figure 6-1 presents the bridge design and the 

section under examination, which is located in Kagoshima, Japan (latitude 31° 37' 04" N, 

longitude 130° 23' 20" E). The section designated for AWT processing was the lower truss 

member between points P1 and P2, situated in a moist environment with minimal exposure 

to sea breeze and sunlight, where it was severely corroded.  

6.2.2  Analysis methods for corrosion removal efficiency. 

Figure 6-2 visually represents the actual implementation of AWT processing at the site. 

The ambient temperature and relative humidity at the location were maintained at 15°C and 

65% RH, respectively. Widespread instances of pitting corrosion phenomena, with a 

diameter of 5mm, were observed on various parts of the structural member. Core samples of 

structural steel (20 mm in diameter) were cut and collected before and after the AWT 

processing. The cross-sections of these cut samples were analyzed for residual elements 

using SEM-EDX. Additionally, Figure 6-3 describes the method for measuring the chloride 

content on the treated surface. The surface soluble salts were measured twice using the  

 

Figure 6-2 Implementation of AWT in severely corroded structures on-site: (a) Heavily 

corroded component, (b) Focused area of pitting corrosion, (c) Cutting with a 

hole saw pre-AWT, (d) Pitting corrosion area component post-AWT, and (e) 

Sample extracted using a hole saw. 
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Bresle patch test, which was conducted on a square patch of 1,250 mm² area following the 

ISO 8502-6 testing method. The test involved injecting a solution onto the test area and 

leaving it immersed for one minute before measurement. To meticulously investigate the 

removal efficiency of corrosion products and chlorides, Ion chromatography was employed 

to record the chloride content in the water used in the AWT processing.  

6.3  Test results 

6.3.1  Efficiency of corrosion and chloride removal during AWT in the field 

After the application of AWT processing, the surface chloride content of the structural 

steel member was measured at 12mg/m² and 14mg/m², respectively. These values meet the 

standard requirement of less than 50mg/m² stipulated in the Japanese manual for corrosion 

prevention in bridge coatings [98]. Such findings indicate the potential for meeting the 

surface salt standards required for pre-coating of steel and various materials in a range of 

applications, from naval vessels to structures and equipment used in NASA space missions. 

In particular, structures like naval submarine tanks and bilges require chloride levels below 

30mg/m² [99], while structures used in NASA space missions demand chloride levels less 

than 50mg/m² [100]. These results highlight the capability of AWT processing to meet 

surface preparation requirements in diverse fields. For a more accurate measurement of 

surface chloride content, water extracted during the Bresle patch test was analyzed using Ion 

chromatography. According to the results of Ion chromatography, the salinity of the treated 

 

Figure 6-3 Assessment of surface salinity levels following AWT processing using the  

Bresle patch method. 
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steel surface after AWT processing was measured at 3.67 and 3.98 mg/m², demonstrating 

excellent chloride removal efficiency. Subsequently, Ion chromatography analysis 

determined the salinity of the water used in AWT processing to be 13.4 mg/m², confirming 

the absence of cross-contamination with the water used in the treatment [101]. 

As depicted in Figure 6-4, the efficiency of chloride and corrosion product removal by 

AWT processing was investigated by examining images of core samples extracted from 

pitting corrosion areas, using microscopy and SEM-EDX. As shown in Figure 6-4(a), pitting 

corrosion of up to 500 µm depth was observed, with chloride residues found inside the pits. 

In contrast, Figure 6-4(b) displays the state of the area post-AWT processing. After the 

treatment, only abrasive residues remained, with chlorides and corrosion products being  

completely removed. These results clearly demonstrate the superior efficiency of AWT in 

removing chlorides and corrosion products. 

Figure 6-5 visually represents the presence or absence of flash rust overtime on a 

structural steel member severely affected by pitting corrosion after AWT application. In 

Japan, the time between the blast treatment and coating application is typically limited to 4 -

24 hours to prevent flash rust and surface contamination [87]. No occurrence of flash rust  

 

Figure 6-4 Microscopic analysis and SEM-EDX images of core specimens extracted from 

an area of pitting corrosion: (a) Section before treatment and (b) Section after 

AWT processing. 
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was observed up to 24 hours after AWT, and the surface condition met the optimal Sa 3 level 

for surface quality before coating or painting [102]. Notably, the absence of flash rust in the 

pit area indicates that contaminants and chlorides were completely removed, even in the 

deeply corroded sections. During blast cleaning, even when no visible corrosion products 

are observed on the treated surface, flash rust can occur within a few hours at room 

temperature. According to related research, within 24 hours of blast cleaning, considerable 

localized rust was observed on the surface due to the residual corrosion products and 

chlorides [17]. However, in this study, localized corrosion was observed around the treated 

area 24 hours after AWT processing. This corrosion is presumed to be caused by aqueous 

contaminants, including corrosion products that came into contact with the treated area 

during the rinsing process after AWT processing. This type of corrosion appears in a band-

like formation near the treated area and differs from corrosion caused by chlorides or 

corrosion products [17]. Therefore, this suggests the need to consider measures such as 

 

Figure 6-5 Changes in surface state through time: (a) Beginning state of the corroded steel 

member, (b) Directly following AWT application, (c) 12 hours later, and (d) 24 

hours later. 



 

ENGINEERING APPLICATION OF AWT 

 

104 

 

masking in future on-site applications of AWT processing on corroded structures to prevent 

the effects of corrosion in the target areas. 

6.3.2  Comparison of mechanisms of surface treatment effects 

Considering the surface characteristics and the effectiveness in removing corrosion 

products and chlorides, it can be summarized that using the divergent nozzle with garnet 

mesh size 80 as the abrasive is the ideal condition for achieving optimal AWT process results. 

Furthermore, this technology has been applied to actual corroded steel structures, 

demonstrating its effectiveness in removing corroded parts of steel and chlorides. The AWT 

processing, utilizing ultra-high-pressure water, successfully removed thick layers of rust and 

corrosion products from pitting areas hundreds of micrometers deep in a single treatment. 

The cleaning mechanism of AWT significantly differs from that of blasting. Figure 6-6(a) 

illustrates a schematic of the blasting mechanism, which, unlike AWT, removes target 

materials by sweeping or scraping the surface. As a result, as seen in Figure 6-6(b), a 

considerable amount of residual abrasive remains on the surface after blasting, and the 

removal of corrosion products beneath the steel surface is limited. 

In contrast, AWT induces a water wedge effect due to the divergent flow of the jet, 

leading to the formation of small cracks on the surface and sides of the target material. This 

amplifies the crack surfaces, contributing to the removal of the material. Figure 6-7 displays 

 

Figure 6-6 Impacts of blast treatment mechanisms: (a) Fundamentals of blasting and (b) 

After blasting the cross-sectional appearance of the steel plate. 
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the cross-section of a steel plate after AWT, showing the dense layers of corrosion formed 

in various directions. The high-pressure water jet, infused with abrasive particles during 

AWT, penetrates the rust layers directly, breaking them apart through the water wedge effect 

and completely removing the thick layers of rust remaining on the steel surface. Additionally, 

the abrasive particles, working in conjunction with the high-pressure water, penetrate 

beneath the steel surface, effectively removing corrosion products through erosion and 

cracking. As a result, there is no occurrence of flash rust due to residual corrosion 

productsand chlorides for 24 hours after treatment, maintaining a cleanliness level of Sa 3 

or higher. Furthermore, as mentioned in Chapter 3 of this paper, it creates the most favorable 

surface characteristics for subsequent coating and demonstrates high efficiency in the 

removal of corrosion products. 

 

 

 

 

Figure 6-7 Principle of AWT polishing impact. 
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6.3.3  Quantitative assessment of steel surface quality under AWT conditions 

Table 6-1 illustrates the impact of the treatment pressures on diverse surface properties 

and their effectiveness in removing corrosion and chloride. While most surface 

characteristics showed similar results regardless of different pressures, a notable difference 

was observed in the maximum erosion depth. Specifically, at the same standoff distance, a 

pressure of 230 MPa resulted in approximately 1.3 times deeper erosion than 180 MPa. This 

outcome is expected to enhance corrosion removal efficiency while maintaining erosion 

depths below 200 µm, thereby preventing stress concentration in epoxy adhesives and 

improving adhesive efficiency. In contrast, at 180 MPa, residual corrosion products and 

chlorides were still observed after AWT processing, indicating lower efficacy.  

Table 6-2 presents the effects of varying abrasive supplies on surface characteristics and 

the efficacy of removing corrosion products and chlorides. With an abrasive supply of 600 

g/min, the abrasive achieved up to 1.3 times wider treatment range compared to other 

conditions and demonstrated superior contaminant removal efficiency. While the maximum 

erosion depth and the amount of residual abrasives were consistent in most conditions, the 

surface roughness was approximately 1.3 times lower compared to other settings, resulting 

in a smoother surface.  

 

Table 6-1 Various surface property values according to processing pressure.  

Parameters 
Pressure (MPa)* 

180 230 

Treatment range (mm) 44 45 

Maximum erosion depth (μm) 97 158 

Surface roughness, Ra (μm) 22 23 

Residual abrasives, Area ratio of Si (%) 3.3 3.9 

Observed residual corrosion product and chloride Present Absent 

*(Constant conditions: Abrasive supply: 200 g/min, Standoff distance: 300 mm,  

  Number of processing: one time) 
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Table 6-2 Various surface property values according to abrasive supply. 

Parameters 
Abrasive supply (g/min) * 

200 400 600 

Treatment range (mm) 45 50 60 

Maximum erosion depth (μm) 197 176 193 

Surface roughness, Ra (μm) 23 22 17 

Residual abrasives, Area ratio of Si (%) 3.7 3.9 3.9 

Observed residual corrosion product and 

chloride 
Present Absent 

*(Constant conditions: Pressure: 230 MPa, Standoff distance: 300 mm, Number  

  of processing: one time) 

 

Table 6-3 Various surface property values according to processing counts. 

Parameters 
Processing counts (N)* 

1 2 

Treatment range (mm) 42 46 

Maximum erosion depth (μm) 158 197 

Surface roughness, Ra (μm) 22 23 

Residual abrasives, Area ratio of Si (%) 3.3 3.9 

Observed residual corrosion product and chloride Absent Absent 

*(Constant conditions: Pressure: 230 MPa, Abrasive supply: 200 g/min, Standoff  

  distance: 300 mm) 

 

Table 6-3 shows the impact of treatment frequency on surface properties and the removal 

of corrosion products and chlorides. Reciprocating treatments led to about 1.3 times deeper 

erosion depths than single treatments, with this trend expected to become more marked with 

shorter treatment distances. Nevertheless, apart from the maximum erosion depth, other 

surface characteristics showed comparable outcomes to those from single treatments. 

Optimal surface characteristics for coating application include a wide treatment area and the 

prevention of excessive erosion depth and roughness. Additionally, the removal of corrosion 

products and chlorides is considered the most crucial element of surface treatment. From 

this perspective, within the scope of this study, the most effective AWT processing 
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conditions were identified as a pressure of 230 MPa, an abrasive supply of 600 g/min, and a 

single treatment application. 

Tables 6-4 to 6-11 extensively detail the range of surface characteristics formed under 

various AWT processing conditions, including nozzle type, standoff distance, and garnet 

variety. Table 6-4 displays the results of the treatment range based on these conditions. The 

range of treatment areas formed by a single AWT processing from 20 mm to 90 mm under 

different processing conditions, showcases the adaptability of the treatment across a broad 

spectrum. This indicates that AWT processing is capable of efficiently addressing corrosion 

products on structures of various scales, ranging from tight spaces to broad areas of steel 

bridges, in practical field applications. 

 

Table 6-4 Treatment range by AWT processing conditions. 

Treatment range  

(mm) 
20~ 40 40~ 60 60~70 70~80 80~ 90 

Nozzle types 
(Divergent/Convergent) 

Convergent Divergent/Convergent Divergent 

Standoff distance 

(mm) 
100 100/ 200/ 300 200/ 300 300 

Garnet (#) 30-60/ 80 80 

 

Table 6-5 Maximum erosion depth by AWT processing conditions. 

Maximum erosion depth 

(μm) 
100~ 200 200~ 300 300~ 400 500~ 

Nozzle types 
(Divergent/Convergent) 

Divergent/ Convergent Convergent 

Standoff distance 

(mm) 
300 200 100/ 200 100 

Garnet (#) 30-60/ 80 

 

Table 6-5 presents the results of maximum erosion depths achieved under various 

conditions during AWT processing. The data indicate that maximum erosion depths of up to 

400 µm can be attained by adjusting various nozzle types, standoff distances, and garnet 

varieties. in contrast, erosion depths exceeding 500 µm were only achieved using the 

convergent nozzle at a standoff distance of 100 mm. These findings suggest that AWT can 

effectively remove the majority of corrosion products and chlorides under all conditions. 
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The practical application of AWT is expected to be versatile enough to cater to structures   

located in high positions or varying terrains and settings. Furthermore, the utilization of the  

convergent nozzle is anticipated to be effective in efficiently removing thick layers of rust,  

extending to several tens of millimeters.  

Table 6-6 provides the results of surface roughness, Rzjis, achieved under various AWT 

processing conditions. The surface roughness values, ranging from 60 to 100µm for the 

single treatment under various conditions, are expected to meet the quality standards 

required in various industrial sectors. For instance, while Japanese steel bridge repainting 

works necessitate an Rzjis value below 75µm, heavy industries, and machinery 

manufacturing that require increased friction or enhanced mechanical properties may 

demand higher levels of roughness. Additionally, fields requiring strengthened mechanical 

bonding, such as specialized coatings or the emerging area of composite materials like fiber-

reinforced polymer (FRP), may also find higher roughness levels advantageous. Hence, these 

research outcomes are not limited to specific industrial sectors but can be applicable across 

various industries that require a range of roughness levels.  By further refining and 

Table 6-6 Surface roughness by AWT processing conditions. 

Surface roughness, Rzjis 

(μm) 
60~ 75 75~ 90 90~100 

Garnet 

(#) 
80 30-60 

Nozzle types 

(Divergent/Convergent) 
Divergent Convergent 

Standoff distance 

 (mm) 
100/ 200/ 300 

 

Table 6-7 Surface deformation ratio by AWT processing conditions. 

Deformation ratio 

(DR) 
1~ 2 2~ 3 3~ 3.5 3.5~ 4.5 

Garnet 
 (#) 

- - 80 30-60 

*Nozzle types 

(Divergent/Convergent) 
- - Divergent 

Standoff distance 
 (mm) 

100/ 200 /300 

*Measurements for the convergent nozzle are excluded since Rzjis significantly exceeds 75μm. 
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diversifying the processing conditions and integrating them into robotic automation and AI 

systems, it is expected that a consistent range of surface roughness values can be obtained.  

Table 6-7 displays the results of surface deformation ratio (DR) under various conditions. 

This study focused on surface conditions prior to repainting steel bridges, and therefore, 

surfaces treated with the convergent nozzle exceeding an Rzjis of 75µm were excluded from 

DR and adhesion analysis. During AWT processing at varying standoff distances, the DR  

exhibited a consistent range depending on the type of garnet used. Notably, larger particle 

sizes showed a tendency to increase DR values. While most material surface quality 

management relies on evaluating micro-scale roughness values, DR extends beyond mere 

roughness, enabling an interpretation of macroscopic changes in surface morphology. 

Consequently, DR will be a critical determinant in establishing the appropriateness of 

surface preparation before painting. 

Table 6-8 shows the adhesion strength results between steel surfaces treated under 

various conditions and epoxy adhesives, also indicating the ranges of roughness and DR that 

yield optimal adhesion. Under identical treatment conditions, a garnet mesh size of 80 

displayed about 1.3 times higher adhesion compared to 30/60 during AWT processing. The  

ranges for maximum adhesion in terms of roughness and DR, as presented in Tables 6-6 and 

6-7, were 60-75µm and 3-3.5, respectively, with a noted decrease in adhesive strength for 

values exceeding these ranges. This indicates that beyond certain levels of roughness and 

surface morphology changes, the adhesion to the adhesive diminishes. Furthermore, 

according to this study, under all AWT conditions, the adhesive strength between steel plates 

and epoxy adhesive was over 7MPa, satisfying the minimum requirement of 5MPa for the 

adhesive strength between paint and steel surfaces in coated steel structures as per ISO 12944.  

This suggests effective protection against corrosion and environmental factors due to the  

Table 6-8 Adhesion strength by AWT processing conditions. 

Adhesion strength (MPa) 7~ 9 9~ 12 

Garnet (#) 30-60 80 

*Nozzle types (Divergent/Convergent) Divergent 

Standoff distance (mm) 100/ 200/ 300 

*Measurements for the convergent nozzle are excluded since Rzjis 

significantly exceeds 75μm. 
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strong bonding of the coating to the steel surface. However, as the adhesion strengths 

reported in this study are between adhesives and steel surfaces, not coatings, future research 

will analyze actual coating application results to ascertain a more accurate relationship 

between surface properties and paint adhesion. 

Table 6-9 provides the distribution levels of residual abrasive material on steel surfaces 

under various AWT processing conditions. The analysis, focusing on the area ratio of silicon 

(Si), a primary component of garnet, revealed that all AWT processing conditions resulted 

in less than 4% area ratio of residual abrasives. This indicates that AWT technology can 

reduce the quantity of residual abrasives to less than one-third compared to traditional 

blasting techniques, thereby minimizing potential damage and impact on the steel surface 

from the abrasive materials themselves. Additionally, the consistency in the amount of 

residual abrasive material enables a more precise analysis of its correlation with surface 

roughness, topography, and the adhesion properties of epoxy adhesives. 

Table 6-10 details the corrosion rates of steel plates subjected to various AWT processing 

conditions. The corrosion rates observed across all treatment conditions were less than 

0.15mm per year, indicating an exceptionally low rate in terms of long-term use and 

durability of steel plates. However, as noted in Section 4.3.4, a micro-scale analysis revealed 

that under conditions with a standoff distance of less than 200mm and the use of the 

convergent nozzle, the corrosion rate was up to 1.7 times lower compared to other conditions. 

This reduction in corrosion rate is attributed to the formation of a hardened surface layer 

with plastic deformation and residual compressive stress from the AWT processing, 

enhancing the material's resistance to corrosion. Such outcomes suggest that the application 

of this treatment on areas of bridges under tension, such as cables and bolt connections, can 

extend the material's fatigue life and enhance its corrosion resistance through effective  

Table 6-9 Residual abrasive quantities by AWT processing conditions. 

Area ratio of Si (%) < 4 

Nozzle types 
(Divergent/Convergent) 

All types 

Garnet (#) All types 

Standoff distance (mm) 100/ 200/ 300 
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corrosion removal and the peening effect. Therefore, this technology is also projected to 

extend its application to various industries beyond civil engineering, including aerospace, 

automotive, marine oceanic, and rail industries, where durability and high strength are 

essential requirements. 

Table 6-11 illustrates the levels of chloride on steel surfaces after AWT processing under 

various conditions, with chloride concentrations remaining below 15mg/m² in all scenarios. 

This result meets the surface chloride standards required in diverse fields such as Japanese 

road bridges, the U.S. Navy [99], and NASA [100] underscoring the capability of AWT 

processing to fulfill a range of surface treatment specifications. This study confirms the 

potential of AWT processing to enhance various surface characteristics of steel plates, 

effectively removing corrosion and chloride, thus making it applicable in numerous 

industrial sectors. However, the current research did not extensively evaluate the effects of 

surface treatment on the tensile and yield strength, fatigue, and other durability aspects of 

steel plates. Particularly, the impact of the maximum erosion depth resulting from AWT 

processing on the durability of steel plates is a critical consideration. Future research will 

focus on quantitatively assessing the influence of surface characteristics on the mechanical 

and physical properties of steel treated with AWT. 

 

 

Table 6-10 Corrosion rate by AWT processing conditions. 

Corrosion rate (mm/yr) < 0.15 

Nozzle types (Divergent/Convergent) All types 

Garnet (#) All types 

Standoff distance (mm) 100/ 200/ 300 

Table 6-11 Corrosion removal efficiency by AWT processing conditions.  

Surface salinity (mg/m2) < 15 

Nozzle types (Divergent/Convergent) All types 

Garnet (#) All types 

Standoff distance (mm) 100/ 200/ 300 
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6.4  Summary 

Chapter 6 reveals that AWT processing under various operational conditions consistently 

manifests reproducible surface properties and provides broad-scope values of treatment 

range, maximum erosion depth, and surface roughness. Moreover, it significantly reduces 

the chloride content on the surfaces of structural steel components. This meets the criteri a 

set by the Japanese anti-corrosion painting manual and other international standards, proving 

its effectiveness in surface preparation for diverse industrial applications ranging from naval 

vessels to NASA space missions. The superior efficiency of AWT in removing chlorides and 

corrosion products is further substantiated through the analysis of pitting corrosion areas or 

deepest corroded parts. Maintaining a cleanliness level above Sa 3 without flash rust even 

after 24 hours post-treatment emphasizes its potential applicability in various industries, 

including bridge construction, maritime, and aerospace sectors.  

The key findings of this chapter are as follows: 

1) AWT processing can be flexibly adjusted to meet specific treatment requirements, 

allowing its application even in challenging conditions such as elevated or confined 

spaces. Furthermore, when applied to corroded steel plate, it was able to maintain 

surface chloride levels below 20 mg/m², while simultaneously achieving surface 

treatment conditions of Sa 3 or higher as per ISO 8501-1. 

2) AWT processing effectively eliminated corrosion products and chlorides to a depth 

of several hundred micrometers, while preserving a surface condition of Sa3 or 

higher for a continuous 24-hour period following treatment, with no incidence of 

flash rust, consistent with the condition immediately after treatment.  

3) AWT processing exhibits reproducibility in achieving specific consistent surface 

properties under varying conditions, offering wide scope values of the treatment 

range, maximum erosion depth, and surface roughness. This demonstrates its 

applicability in diverse industrial sectors such as bridge construction, maritime, and 

aerospace industries. 
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CHAPTER 7   CONCLUSIONS AND FUTURE WORK 

7.1  Summary and conclusions 

Corrosion is an inevitable phenomenon in steel structures, with the degree of corrosion 

varying depending on the atmospheric conditions, material of the structure, and corrosion 

prevention methods employed. Consequently, effective corrosion cleaning is a crucial 

procedure for maintaining steel structures. Although various surface treatment methods have 

been proposed and used, the diversity of standards and specifications, along with the reliance 

on the experience and subjective judgment of field engineers, leads to the incompleteness of 

surface treatment. This can result in incomplete rust removal and subsequent corrosion after 

painting, especially in cases of severe corrosion. This paper highlights the limitations of 

traditional blast cleaning methods and discusses the effectiveness of a new surface treatment 

method, AWT processing. 

Chapter 2 of this dissertation presents the potential of surface treatment using AWT and 

discusses its effectiveness under appropriate conditions. Chapter 3 delves into a thorough 

analysis of the relationship between the surface properties of AWT-processed steel plates 

and the adhesive strength of epoxy adhesives. In Chapter 4, the changes in mechanical 

properties and the impact on corrosion resistance of AWT-processed steel are examined. 

Chapter 5 evaluates the efficiency of removing corrosion products and chlorides when 

applying AWT to severely corroded steel members. Finally, Chapter 6 verifies the cleaning 

effect of applying a portable AWT device to an actual corroded bridge member and 

investigates the reproducibility of achieving consistent surface properties under various 

conditions during treatment. 

In conclusion, AWT has demonstrated its potential as an effective method for corrosion 

cleaning, especially showing outstanding performance in treating severely corroded 

structures. This study has drawn the following conclusions to propose a new methodology 

for the maintenance and long-term durability enhancement of corroded steel structures.  

1) AWT processing achieved a surface state of Sa3 or higher with a single treatment, 

effectively removing most corrosion contaminants and chlorides. Considering the 

surface properties of steel such as treatment range, maximum erosion depth, surface 
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roughness, and residual abrasive quantity, this study proposes AWT processing 

conditions of 230 MPa pressure, 600 g/min abrasive supply, and single treatment as 

an effective surface treatment method. 

2) Using AWT processing with the divergent nozzle and smaller abrasive particles can 

mitigate the issues of limited treatment range, excessive roughness, and deep erosion 

depth seen with the convergent nozzle. AWT processing leaves much less residual 

abrasive on the steel surface compared to blast processing. The difference in the 

amount of residual abrasive under various AWT processing conditions is minimal. 

Among the surface properties of the treated steel, the surface deformation ratio has 

the highest correlation with the tensile adhesion strength of the epoxy adhesive. 

Additionally, there exists an optimal surface property for maximum adhesion 

between the substrate and the epoxy, where the surface deformation rat io and 

roughness are within the deformation range of 80-100 μm, DR is 3-3.5, and 

roughness (Rzjis) is estimated to be less than 75 μm. 

3) Steel plates treated with AWT showed increased surface roughness, hardness, and 

microstructural changes compared to those treated with blasting, particularly when 

the convergent nozzle was used and the stand-off distance was reduced, enhancing 

these properties and resulting in heightened plastic deformation and hardness. These 

changes contributed to improved corrosion resistance through surface hardening and 

microstructural alterations, and AWT processing with the convergent nozzle 

demonstrated better corrosion resistance compared to using the divergent nozzle and 

blast treatment. 

4) AWT processing effectively removes corrosion products and chlorides compared to 

blast treatment, reducing the processing time required to achieve the cleanliness level 

of ISO 8501-1 Sa 3 by one-third. Additionally, it suppresses the occurrence of flash 

rust for up to 72 hours, preventing re-corrosion. These results align with Japan's civil 

bridge construction standards for painting and are expected to provide economic 

benefits by eliminating the need for repeated treatments. 

5) AWT processing can reproduce consistent surface properties under various treatment 

conditions, providing a wide range of values for treatment range, maximum erosion 
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depth, and surface roughness to be expected to satisfy the surface conditions required 

in diverse industrial sectors. Additionally, this technology significantly reduces the 

corrosion products and chloride content in structural steel components. This meets 

the criteria of Japan's anti-corrosion painting manual and other international 

standards, proving its effectiveness in surface preparation for a variety of industries, 

from naval ships to NASA space missions. The surface state maintains a cleanliness 

level of Sa 3 or higher and prevents the occurrence of flash rust even 24 hours after 

treatment. 

7.2  Recommendation for future work 

This dissertation utilizes AWT as a surface treatment technology to generate various 

surface properties of steel and presents its application scope and efficacy. By applying this 

technology to severely corroded steel structures, its engineering applicability and 

practicality are verified. However, the current research still implies potential for 

development, suggesting the need for further studies in the future. 

1) Future work should investigate the impact of surface characteristics of AWT-

processed steel plates on the adhesion of coatings applied subsequently. While this 

study focused on the relationship between surface characteristics and the adhesion 

of epoxy adhesives following AWT processing under various conditions, it is crucial 

for practical application to examine the adhesion between treated surfaces and 

coatings after coating application, and to establish quantitative evaluation criteria 

for suitable surface conditions prior to painting. 

2) Evaluating the durability and corrosion resistance of coatings applied to severely 

corroded steel structures treated with AWT is essential. This study demonstrated the 

effective removal of corrosion products and salts from corroded test specimens and 

components using AWT, particularly proving the absence of flash rust for up to 72 

hours during the turning test. However, this research did not examine the 

deterioration of coatings after surface treatment and painting. Therefore, it is 

necessary to paint and coat AWT-processed surfaces and then assess the long-term 

degradation of the coatings through accelerated corrosion tests and atmospheric 

exposure tests. This will allow for a more detailed examination of corrosion beneath 
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the coating, as well as its durability and corrosion resistance.  

3) In addition to evaluating the efficiency of removing corrosion product and chloride 

from corroded member surfaces through AWT processing, it is also necessary to 

assess whether sufficient quality can be ensured in narrow spaces and gaps between 

members, such as tight areas and areas adjacent to bolts, where surface treatment of 

structures is challenging. 

4) The application of AWT on steel induces a multitude of surface characteristics. This 

study assessed the surface attributes post-AWT processing on the carbon steel, 

considering factors such as treatment range, maximum erosion depth, surface 

roughness, alterations in surface topography, and the distribution of residual 

abrasives. However, for broader industrial application of this technology, it is 

imperative to evaluate the surface characteristics that emerge when this technology 

is applied to a diverse array of materials, including aluminum alloy, in addition to 

conventional steel. Furthermore, there is a requirement for an expanded assessment 

of surface characteristics to ascertain the material's durability, extending beyond the 

surface properties addressed in this research. 

5) Future research will focus on developing a capability to adjust the treatment distance 

between the laser tool and the target material during AWT processing. This will 

facilitate the application of the quality achieved in the laboratory of AWT to actual 

structures by establishing precise rules for controlling distance and angles. 
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