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ABSTRACT 

This paper demonstrated a holistic approach to the study of corrosion degradation 

mechanism of organic coatings using impingement flows. A state-of-the-art impingement flow 

testing device was developed for the experimental investigations of coating degradation behavior 

under various fluid flow conditions. The testing device employed Electrochemical Impedance 

Spectroscopy (EIS) to monitor and quantify the coating performance. This study prepares us for 

a pathway to investigate the degradation mechanism of coatings using both mechanistic and 

electrochemical approaches. This paper provided a limited amount of experimental data to show 

the capability of the current experimental setup. A pigmented marine coating was tested under a 

90-degree jet impingement flow of a looped 3.5% wt. NaCl solution. The measured impedance 

results indicated that the coating barrier property decreased for all tested flow rates. It was also 

found impingement flow can accelerate the coating degradation process comparing with the 

standard stationary immersion tests.  
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INTRODUCTION 

Objective  

Corrosion has a significant economic and social impact on our society. Among all the 

corrosion prevention techniques, applying organic coatings is a conventional but one of the most 

cost-effective methods. Organic coatings generally perform well and can have a long service life. 

However, they tend to degrade within their working environment over time. Thus, understanding 

the degradation mechanism of coatings and predicting its service life is crucial for both corrosion 

prevention and coating development. Coating performance studies usually employ accelerated 

testing techniques to determine the quality of the coatings. In real life, corrosion is not only the 

result of the electrochemical reaction but also can be influenced by fluid flow. The fluid flow 

over the coatings can accelerate the degradation process of coatings. Hence, the coating 

degradation induced by a fluid flow would be a great topic to investigate. This work focuses on 

the device design of an impingement flow system. This impingement flow system can generate 

different flow conditions. With Electrochemical Impedance Spectroscopy (EIS) measurement 

device, it can monitor the organic coating corrosion degradation mechanism under the 

impingement flow characteristics. Due to the fluid flow that can accelerate this corrosion 

process, this setup is also an accelerated testing technique. This device is crucial for the 

evaluation of organic coating performance.  

The organization of this paper contains five sections. The first section gives the basic 

introduction of corrosion and corrosion prevention methods. The second section offers the theory 

support of impingement flow and Electrochemical Impedance Spectroscopy (EIS). The third 

section is the literature review, and it provides the current progress on the organic coating 

degradation study under impingement flow by using the EIS technique. The fourth section 
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focuses on the device design. After that, experimental data is presented in the results and 

discussion section. The final section is for the conclusion and future work.  

Corrosion 

Corrosion has been an inevitable part of our daily lives. Corrosion is generally considered 

as the wastage of a metal due to the action of corrosive agents. However, the broad definition of 

corrosion is the degradation of material through contact with its environment. Corrosion 

commonly takes place on metallic materials. Nevertheless, it can also be found on non-metallic 

materials such as concrete and plastics [1]. This study focused on the corrosion of organic 

coatings that are employed to protect metallic substrates. 

The deterioration process of metallic material caused by corrosion is mostly from an 

electrochemical reaction. This reaction usually comes in the form of metal oxidation. It takes 

place at the interface between the exposed metal surface and its environment. Three necessary 

conditions to facilitate corrosion to occur are metallic materials, oxygen, and electrolytes. Based 

on the differences in the environments, corrosion researchers and engineers categorize corrosion 

into atmospheric corrosion, aqueous corrosion, and soil corrosion. Besides, based on the failure 

mechanisms, corrosion can be classified into general attack corrosion, localized corrosion, 

galvanic corrosion, environmental cracking, flow-accelerated corrosion, intergranular corrosion, 

dealloying, fretting corrosion, high-temperature corrosion. It is sporadic to see the corroding 

structure only under a single corrosion mechanism. In this study, flow-accelerated corrosion in 

an aqueous environment is the focus.   

Since the fluid flow can affect the nature, number, and peak intensity of the chemical 

species of the corrosion process [2]. Flow-accelerated corrosion has a corrosion mechanism in 

which the fluid flow damages the protective layer on the metal surface. Therefore, it creates an 

https://en.wikipedia.org/wiki/Corrosion
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opportunity for the underlying metal substrate to have contact with water, oxygen, and ions to 

initiate corrosion.  

Flow-accelerated Corrosion 

Fundamental researches covered on the topic of flow-accelerated corrosion can be dated 

back to at least three decades ago. Corrosion researchers and engineers have investigated the 

corrosion mechanism under various flow types and hydrodynamics conditions. These findings 

improved our understanding of the corrosion mechanism. The learnings from these studies also 

promoted the creation of corrosion detection technologies as well as the development of 

corrosion prevention products and processes.  

Many studies used a mechanistic approach to describe the conjoint relationship between 

fluid flow and corrosion.  Heitz classifies four main types of flow-accelerated corrosion. They 

are classified as mass transport controlled corrosion, phase transport controlled corrosion, 

erosion-corrosion, and cavitation corrosion [3] shown in Figure 1. 

 

Figure 1. Four main mechanisms of flow-accelerated corrosion: (a) mass transport-controlled 

corrosion (b) phase transport corrosion (c) erosion-corrosion (d) cavitation corrosion [3] 
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Mass transport-controlled corrosion is a relatively uniform type of corrosion. A 

convective diffusion layer locates near the fluid-solid interface. The rate of convective mass 

transfer determines the overall corrosion rate. Mass transport-controlled corrosion governs the 

actual electrochemical process. Mass transfer-controlled corrosion tends to have a smooth 

surface finish on the corroded area. Phase transport corrosion has a wetting of the metal surface 

by a corrosive phase. The phase caused the wetting of the metal, and it contains the corrosive 

agent is the determinant. The corroded area usually tends to be a rough surface. Erosion 

corrosion is a result of combined effects between the mechanical forces from the fluid flow and 

the electrochemical process at the liquid-solid layers. For a liquid flow, the mechanical forces are 

typically from shear stress within the high-velocity turbulence region or the impact of abrasive 

elements. The surfaces affected by erosion-corrosion sometimes have shallow pits, or other local 

phenomena depends on the flow direction. When the vapor bubbles explode in a fluid flow near 

the liquid-solid interface, it causes a sudden change of pressure, can cause cavitation corrosion. 

The implosion produced by these vapor bubbles can remove the protective surfaces when the 

flow velocity of fluid flow changes, disruptions, or alterations in the flow direction can also 

cause cavitation due to the hydro-mechanical effects. The surface morphology of cavitation 

corrosion appears as a series of closely spaced sharp-edged pits or craters.  

Implication of Corrosion  

Corrosion has a significant impact on the global economy. According to the National 

Association of Corrosion Engineers (NACE), the annual global cost due to corrosion is estimated 

at around $ 2.5 trillion. It is equivalent to 3.4% of the global GDP [4]. For the U.S. alone, the 

cost due to corrosion exceeds $1 trillion for the first time in 2013. Corrosion affects three 

primary economic sectors globally: services, industry, and agriculture. In the U.S., the corrosion 
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cost to the industry sector accounts for nearly 20% of the entire cost of corrosion. Besides, the 

metallic corrosion impacts nearly every U.S. industry sector [5].  The above figures are merely a 

direct cost of corrosion to our economy. For the indirect cost caused by corrosion such as plant 

downtime, loss of product, loss of efficiency, environmental contaminations, structure failures, 

overdesigned products would generate even a much higher cost to our economy [6].  

Flow-accelerated corrosions commonly exist in off-shore and marine technologies, oil 

and gas production, and of the processes within energy industries. It can cause wall thinning of 

carbon steel piping, tubing, and vessels. Once the wall thickness reaches the critical thickness 

required for supporting the operating stresses, it can lead to catastrophic failure of the 

component. Flow-accelerated corrosion is a significant mode of failure for pipelines in the oil 

industry [7]. Furthermore, flow-accelerated corrosion can cause damages to the pumps, 

impellers, valves, heat exchanger tubes, and other hydraulic types of equipment and also to 

components used in the process industries [3]. Wei et al. studied the corrosion degradation 

behavior of a fusion-bonded epoxy powder coating system under both the flowing and static 3% 

NaCl aqueous solution. The experimental results indicated that the flowing condition aggravated 

the deterioration of coatings [8].  

Corrosion Prevention 

Although the cost due to corrosion is enormous, the corrosion process could still be 

preventable or at least delayed. According to the National Association of Corrosion Engineers 

(NACE), applying corrosion prevention practices can create significant global savings of up to 

35 percent of the cost of corrosion damage. It is an equivalent saving of $375-875 billion per 

year [4]. Corrosion can be prevented by using many techniques, including painting/coating, 

sacrificial anode, cathodic protection, and natural products of corrosion itself. However, no 
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matter which types of corrosion prevention is chosen, the prevention strategies should be 

dependent on the type of mechanism concerned. This study emphasizes on the organic coating 

prevention method.  

Organic Coatings 

For corrosion prevention, applying organic coating is one of the most cost-effective 

modes for metallic objects and structures [9]. It functions as both decoration and protection [10].  

Organic coating creates a barrier between the underlying metal substrate from its environment. 

This barrier can reduce the amount of transportation of oxygen, water, and ions significantly. 

Hence, this substrate receives protection [11]. Organic Coatings can also provide cathodic 

protection when pigmented with active metals or can passivate surfaces [12]. Corrosion 

prevention type of organic coatings, in general, has a very long service lifetime. For example, 

modern coatings used by the Bureau of Reclamation have service lives of 20–25 years. In 

contrast, some of the legacy coatings that contained red lead and chromate pigments had a 

service life of over 50 years [13]. The failure modes of organic coatings on the metal substrate is 

a complicated process and it is typically hard to give a substantial answer. However, it can be 

generalized into three main processes: (1) the transportation of water and ionic species across the 

coating films; (2) the creation of anodic and cathodic at the solid and liquid interface; (3) the 

defects within the coatings, the delamination, or the compositional changes of organic coatings 

[14]. Sometimes, the failure mode is a result of the combined process listed above. Therefore, 

understand the protection mechanism of coating and predict coating service life will be 

beneficial to develop better coating formulations and rank the performance of organic coatings.  
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Organic Coating Corrosion Testing Methods  

Corrosion test is required for organic coating research and manufacturing. The two main 

findings when conducting a corrosion test on the organic coating: coating performance and 

service life prediction. Ranking the coating performance and develop better coatings becomes 

feasible with these results. There are currently two main approaches to test the performance of 

organic coatings: filed or service testing and laboratory testing.  

Field or Service Testing 

Field or service testing is a reliable coating performance evaluation method. Most of the 

field test is done on-site. However, the measurements of the residual coating properties could be 

performed within a laboratory environment after extensive exposure tests.  The advantage of 

field testing is that the material sample is exposed and tested within a real working environment. 

The downside of field testing is very costly in time.  The duration of some field testing could 

take many years. For example, zinc-coated metal samples need to test for more than 30 years. 

Some of the field tests are destructive, which means it must damage the organic coatings to be 

able to get the coating performance data.  

Laboratory Testing  

Almost every type of corrosion test can be performed in a laboratory environment. 

Typically, accelerated testing methods of organic coatings are prevalent to conduct [15].  There 

are many types of acceleration tests on coatings. These tests are performed by increasing the 

exposure time and intensity to temperature, light, moisture and humidity, mechanical stresses, 

and even environmental pollutants [16][17][18][19].  The principle for accelerated testing on 

organic coating is to apply a coating failure stress that is generally at a much higher intensity 

than that in real-life situations. As a result, coating fails in a relatively shorter time. The most 
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crucial part of accelerated testing is that the failure mechanism should stay the same as the 

failure mechanism in a real-life situation. The commonly used accelerated testing methods for 

organic coatings are the salt fog chamber test, QUV test, thermal cycling test, and cyclic wet-dry 

test [20][21][22][23]. One of the standard accelerated coating testing methods is salt-fog testing 

under the ASTM B117 [24].  
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THEORY AND METHODS 

This chapter discusses the theory of impingement flow and the hydrodynamic 

characteristics associated with it. Besides, the theory used in Electrochemical Impedance 

Spectroscopy (EIS) and its relevance to the components of the coating system is also introduced 

here.  

Types of Impingement Flow  

Impingement flow can be classified into two main groups: free-surface flows and 

submerged flow shown in Figure 2 [25]. For the submerged impingement flow, it is typically 

defined as the impinging jets exuding into a reservoir that contains the same liquid as the 

impinging jet. This study focuses on the submerged impingement flow. 

 

Figure 2. Different types of impingement flows: (a) free surface flow (b) submerged flow [25] 

For the submerged impingement flow system, the impinging jet and the stagnant fluid 

together can create turbulence in the transition zone which is near the fluid-solid wall interface 

shown in Figure 3 [26]. 
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Figure 3. Schematic of the flow regimes of a submerged, normal impinging jet flow [26] 

The flow characteristics of an impinging jet on a flat surface usually have three major 

zones: the laminar zone, the high turbulence transition zone, and the low turbulence wall jet zone 

shown in Figure 4. A hydrodynamic boundary layer is also formed. In Efird's study [27], there 

are a diffusion boundary layer and viscous layer within this hydrodynamic layer.  
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Figure 4. Hydrodynamic characteristics of a jet impinging on a flat surface: (a) laminar region 

(b) high turbulence transition region (c) low turbulence wall jet region (d) hydrodynamic 

boundary layer [27] 

Impingement Flow Wall Shear Stress  

The wall shear stress induced by the impingement flow is a significant factor. It is 

directly related to the viscous energy loss within the fluid boundary layer. Wall shear stress 

represents the intensity of drag in the fluid, acting on the fluid-solid interface. Efird [27] believes 

shear stress can represent the intensity of turbulence in the fluid as well. The total shear stress in 

a fluid past a fixed wall is the combination of the viscous and the Reynolds stresses [27]. 

Nevertheless, Reynolds’ stress becomes zero at the wall.  The wall shear stress is expressed as,  

𝜏𝑤 = 𝑣(
𝜕𝑈

𝜕𝑦
)𝑦=0 

Where, U is flow velocity, and 𝑣 is the dynamic viscosity of the fluid.  
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For impingement flow, shear stress is a function of fluid velocity, radial position, and 

critical radius [28].  Giralet and Trass derived the equation for the wall shear stress in an 

impinging jet as the function of the radial distance from the centerline [29]. The expression is,  

𝜏𝑤 = 0.179 𝜌𝑉2𝑅𝑒−0.182(
𝑟

𝑟0
)−2 

Where 𝑅𝑒 is Reynolds number and it can predict the whether the flow is laminar or turbulent, 
𝑟

𝑟0
 

is the ratio between impinging jet nozzle diameter and radial distance on the wall to the center of 

the jet line.  

Impingement Flow Mass Transfer  

The mass transfer coefficient in the diffusion layer has a direct influence on the flow-

induced corrosion, an expression of the mass transfer coefficient rate shows as the following, 

𝑘𝑑 =
𝐷𝐽

𝛿𝑑
 

Where, 𝐷𝐽 is the diffusion coefficient for species J. 𝛿𝑑 is the diffusion boundary layer thickness.  

Electrical Impedance Theory 

The simple concept of electrical resistance is defined as the ability of a circuit to resist the 

flow of current. It obeys Ohm`s law. However, many electrical systems in the real world show 

much more complex behavior, and we are using impendence to measure an electrical circuit`s 

tendency to resist the flow of an alternating electrical current. The mathematical expression for 

impedance Z is  

Z = Vac/Iac 

Impedance definition: it is like resistance but has a broader application to the real world. 

It follows Ohm`s law at all current and voltage levels. Its resistance value is independent of 

frequency. It requires AC current and voltage signals through a resistor are in phase with each 
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other. It is usually measured by applying an AC potential to an electrochemical cell and then 

measuring the current through the cell. The potential excitation is typically in the sinusoidal form 

[30]. Therefore, the response to this potential is an AC current signal also in a sinusoidal form. 

For the expression of impedance is shown in the following,  

𝑍 =
𝐸𝑡

𝐼𝑡
=

𝐸0 sin(𝜔𝑡)

𝐼0 sin(𝜔𝑡 + ∅)
= 𝑍0

sin(𝜔𝑡)

sin(𝜔𝑡 + 𝜙)
 

Where, 𝑍0 is the magnitude of impedance, and 𝜙 is the phase shift. The impedance is a complex 

number,  

𝑍(𝜔) =
𝐸

𝐼
= 𝑍0 exp(𝑗𝜙) = 𝑍0(cos 𝜙 + 𝑗𝑠𝑖𝑛𝜙) 

There are two ways to present the impedance data: Nyquist plot and Bode plot. For the 

Nyquist plot, the real portion of the impedance value is plotted on the X-axis, and the imaginary 

part is plotted Y-axis. On a Nyquist plot, the higher frequency data is plotted on the right side, 

and low-frequency data was plotted on the left side. The inconvenient side of EIS is that it cannot 

tell what frequency the data was recorded. Another way to present the impedance is by using the 

Bode plot. The advantage of the Bode plot is it shows the relationship between the impedance 

and frequency.  

Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical Impedance Spectroscopy (EIS) is a powerful technique for studying a 

complicated system that involves electrochemistry [30]. Impedance data is measured, and it 

stands for the resist tendency of an alternating electrical current. A fully defined impedance 

requires the magnitude, phase angle, and frequency.  

EIS has been widely used to predict the service lifetime of corrosion protective coatings, 

rank the coatings systems, and measure the water uptake in coatings. EIS data are also analyzed 

to develop meaningful models to analyze the physical behavior of coating degradation [31].  
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An electrochemical impedance instrument typically consists of a potentiostat, associated 

electronics to measure the impedance, and an electrochemical cell to contain the sample. 

Typically, an electrochemical cell is composed of three electrodes, working, counter, and the 

reference electrode. For EIS measurements of coatings, the working electrode connects to the 

metal substrate, a platinum mesh is employed as the counter electrode and saturated calomel 

electrode is used as the reference electrode. 

The significant advantage of using EIS is that it can sensitively measure the deterioration 

of organic coating before any other detection methods. For example, before any discoloration or 

cracking takes place, EIS measurement data would show substantial changes. Besides, EIS data 

could be interpreted by equivalent circuit models that would help us to explain the physics of 

coating degradation. Also, EIS has the advantage of being able to combine with flow 

acceleration device to provide in-situ monitoring for the degradation of organic coatings. 
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LITERATURE REVIEW 

Many studies focused on the shear stress of impingement flow and its impact on the 

corrosion rate. In Efird`s work, he found that shear stress contributes to corroding species 

movement within the viscous and diffusion boundary layers [27]. Wang et al. studied the 

corrosion mechanism of magnesium (Mg) alloys (MgZnCa) plates and AZ31 stents) under 

different fluid flow conditions representative of the vascular environment. The flow shear stress 

accelerates the overall corrosion (including localized, uniform, pitting and erosion corrosions) is 

because of the increased mass transfer and mechanical force [32]. Zhang and Cheng 

experimented with micro-electrodes flush-mounted on X65 pipeline steel to study the shear 

stress effect caused to corrosion under impingement flow. Moreover, the surface morphology 

result indicated the shear stress thinned and even removed the scale. Hence, it increased the 

corrosion rate. The highest corrosion rate on the microelectrodes is found to be the center where 

has the highest flow velocity and shear stress [33]. Demoz and Dabros studied the shear stress 

controlled-corrosion at the impinged jet wall of a pipe, they found the shear stress on the 

impinged jet wall increased radially at giving stagnation and jet wall region in the order of 2 and 

2.9 times the jet radius, respectively. The jet-impinged wall shear stress at all radical position 

was 5-120 times that at the pipe wall at any given Reynold number [26]. Zhou et al. found that 

the flowing fluid enhanced the release of coating materials from the coating surface into the 

surrounding working fluid and the fluid shear stress decreased the thickness of coatings [31]. 

Some other researches focused on the angle of attack of impingement flows. Hukovic et 

al. studied the corrosion resistance of copper-nickel alloy under a 90-degree impingement flow at 

a different flow velocity of impingement flow. They found out increased fluid velocity results in 

a decrease in corrosion resistance, which was measured by Electronic Impedance Spectroscopy 
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measurements [34]. Toor et al. studied the effect angle variation on the corrosion performance of 

carbon steel in a flow loop, and with/without solid particles. These results suggested at 45 degree 

of impact angle the corrosion rate was the highest. Toor believes this was due to a balance 

between the shear and normal impact stress at this angle. The synergistic effect at 45-degree and 

the 90-degree angle was more significant as compared to the other angles [35]. It was also found 

a high mass loss on the uncoated sample at a low impact angle of silica-containing impingement 

flow [36]. This was also proved by Zhang and Cheng also investigated the impact angle of 

impingement jet on the microelectrodes flush mounted to the jet wall. They found the fluid flow 

velocity and shear stress, and the corrosion rate of the micro-electrodes shows a higher value at 

the location far away from the nozzle than those at the side close to the nozzle at the oblique 

impact angles. The corrosion behavior of the steel electrode located at the center of the sample 

holder generally increases when the impact angle decreases due to the enhancing shear effect on 

the corrosion scale [33].  Zhou et al. also found that the flowing rate of the working fluid has a 

significant influence on the degradation rate of organic coatings [37]. The local shear stress 

decreased with the increasing of Reynold number and tended to converge at a higher value of 

Reynold number. It was also found that shear stress was a function of the ratio between the 

impact height and radial distance [38].  

Fluid flow is a significant contributor to the corrosion rate.  Toor et al. also looked at the 

impingement flow velocity effect on the corrosion rate of metals. The result showed that the 

corrosion rate increases with an increase in the impingement flow velocity. It was found that the 

corrosion product or oxide layer was not stable under these high flow velocity conditions, which 

resulted in more material loss [35]. Jiang et al. studied the performance of corrosion inhibitors 

under the effect of flow velocity and found the critical flow velocity is different between 
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inhibitors [39]. Erosion-corrosion has been studied in many pieces of research and applying 

small particles in the working fluid can have significant impact on corrosion rate as well as 

coating performance [40], [41],[42].  

Many studies utilized Electrochemical Impedance Spectroscopy (EIS) to evaluate coating 

performance [43].  It is the most used technique to evaluate the protective properties of coatings 

on a metal substrate. EIS on coating studies has been widely received and has a significant 

advantage over traditional testing techniques when measuring a complex system, especially has a 

low corrosion rate [44].  

Shreepathi et al. used EIS to predict the service life of organic coatings in a C4-type 

environment, and he found that EIS could detect the initiation of corrosion earlier than the visual 

defects appeared [45]. Using the EIS technique can also help rank the performance of organic 

coating [46]. For flow accelerated corrosion, Zhou et al. used EIS to study flow accelerated the 

degradation of the organic clear coating immersed in laminar flows[31]. Chen et al. utilized EIS 

to study the inhibition performance of corrosion inhibitors in turbulent flow conditions [47]. 

A lot of these focused on the corrosion rate of the metal substrate, instead of that of 

organic coatings [39][48][49][50][51]. The existing work on coating degradation employed 

laminar flow without considering flow impingement.  In addition, EIS was not utilized in those 

studies on impingement flow’s effect on corrosion. In this paper, we have designed and set up a 

device that can use EIS to correlate the coating degradation with the flow characteristic of the 

impingement flow system. In this way, we could understand the mechanism of organic coating 

degradation and predict the service life of coatings under impingement flow. 

Any experiment designed to measure coating quality must include a mechanism to stress 

the coating and induce its failure. By making periodic EIS measurements during the stress 
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process, a rate of coating failure can be estimated. EIS is a nondestructive measurement. This 

study enables researchers to study the coating deterioration process in a function of time and 

hydrodynamic characteristics.  

There are two main approaches to study the organic coating degradation: from the 

hydrodynamic characteristics of the flow: try to correlate the shear stress and mass transfer 

coefficient to the corrosion rate. The second approach is using EIS to study the deterioration 

process. If we can combine both methods, that will help us to get a better understanding of the 

degradation behavior and corrosion mechanism. 
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IMPINGEMENT FLOW SYSTEM DEVICE DESIGN  

Design Intent 

This design intends to build an impingement flow system to study the degradation 

mechanism of organic coatings under the following influences of a wholly submerged 

impingement flow: 

1. The influence of flow velocity of impingement flow 

2. The influence of shear stress of impingement flow 

3. The influence of mass transfer rate of impingement flow  

4. The influence of impact angles of impingement flow 

5. The influence of the fluid composition of impingement flow  

Design Considerations 

When designing this impingement flow system, many design considerations have been 

adapted to ensure the functionality and robustness of the final design. Since this study relates to 

the impingement flow system, this system must provide an apparatus to generate continuous, 

consistent, and controlled impingement jet flows to meet the testing needs. Coating corrosion 

degradation tests usually require some time to complete. Therefore, the entire impingement flow 

system should be capable of running continuous tests without any interruption until the failure of 

organic coatings.  

Since the flow velocity affects many fluid characteristics, this system should include a 

pump that can provide a range of flow rates. Also, flow nozzles should be utilized to generate a 

fluid flow. The flow nozzles should offer a range of sizes and are interchangeable. Multiple 

different testing cells at the same or different impact angles should be designed because this will 
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meet the needs of performing several tests at once. Besides, organic coatings under the impact of 

different impingement jet angles can be studied.  

 The components used for building this design cannot be corroded, and particularly those 

parts which have direct contact with the working electrolyte. For example, the gauges used to 

measure the flow rate and flow pressure should not be corroded at any time. Furthermore, the 

working electrolyte should flow within an enclosed loop system to prevent any external 

contamination. Since Electrochemical Impedance Spectroscopy (EIS) is used to quantify the 

coating performance, this system should offer an enclosed space that is free of electromagnetic 

noise. Besides, there is a coating sample requirement when using EIS. The area of study for the 

coating needs to be within the range of 10 cm2 to 30 cm2 for the goal of getting a higher 

probability of exhibiting a defect in the coating, and a large electrode area will exhibit higher 

currents than a smaller area. A static immersion test on coatings is also required as a benchmark 

test. This system should be designed to perform dynamic, static, and combined cyclic 

impingement flow tests. Also, this system should allow the usage of different types of fluid 

flows, such as deionized water, salted water, or even fluid with small particles.  

Experimental Setup  

An impingement flow system was designed and built specifically for this experimentation 

shown in Figure 5.  It consists of air diffuser, reservoir, pump driver and pump head, flowmeters, 

pressure gauges, testing cell, Faraday cage, Electrochemical Impedance Spectroscopy (EIS), and 

data acquisition system (DAQ).  The actual experimental setup is shown in Figure 6.  
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Figure 5. Impingement flow experimental setup 

 

Figure 6. A picture of the impingement flow system 

Apparatus  

For the apparatus used for building this impingement flow system, the Electrochemical 

Impedance Spectroscopy (EIS) and its controlling software were realized by a computerized 

PCI4 300 EIS measurement device made by Gamry Instruments shown in Figure 7.  
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Figure 7. A picture of computerized Gamry PCI4 EIS 300 instrument [52] 

For the pump system, the pump driver was a Masterflex L/S 7554-90 series pump driver 

along with a Materflex easy-load three pump heads. The pump has an adjustable RPM (20-600) 

to achieve various flow rates. For the tubing used in this entire system, it was provided by 

Masterflex, and the gauge is L/S 16.  

Faraday cage 

In order to achieve high-quality EIS measurements, the environmental electronic noise at 

low current should not be picked up by the system. A Faraday cage is a grounded conductive 

enclosure that reduces current noise received by the working electrode and voltage noise 

received by the reference electrode. The EIS testing cell must be placed in the Faraday cage 
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during the measurement. For this study, the Faraday cage was constructed by a fine steel mesh 

and 2x2 wood blocks shown in Figure 8. The overall sizes of the Faraday cage is 3 ft x 3ft x 3ft.  

 

Figure 8. A picture of Faraday cage 

Three main things need to be considered while building a Faraday cage. First, the 

Faraday cage should be covered by metal mesh in all six faces and block the external electronic 

noise. Second, the Faraday cage should include access for cables, tubes, and other wirings. The 

Faraday cage should also include a ground wire. Last but not least, the faraday cage should be 

big enough to allow multiple testing cells to fit inside as well as providing the visibility to allow 

the testers to check the progress of the organic coatings.  

Electrochemical testing cell  

A testing cell is where the actual coating testing takes place under the impingement flow. 

It is a piece of apparatus that holds organic coating samples in place under a submerged 

impingement flow to constant strike the system shown in Figure 9.  For this study, a testing cell 

was crafted from polycarbonate. It consists of a cylinder tube with glued on top and bottom 

covers and separated top and bottom covers. For the cylinder tube, it has 2 inches of inner 
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diameter and 4 inches of height. The outer diameter is about 2.2 inches. It is not only corrosion-

free but also can provide a transparent look for easy observation during the testing process. The 

testing cell has access for the nozzles, inlet tubes, outlet tubes, electrodes. The bottom plate of 

the testing cell has a CNC machined circle-shaped groove shown in Figure 10. Its depth is 1/16 

of an inch. The purpose of this is to fit an O ring so that there will be a great seal during the 

testing process. Besides, a 30 degree and 60-degree testing cell were made by using 

polycarbonate shown in Figure 11.  

 

Figure 9. Testing cell for the 90-degree impingement flow 
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Figure 10. A picture of the bottom testing cell O-ring and coating sample 

 

Figure 11. A picture of a 90-degree testing cell, 60-degree testing cell, and 30-degree testing cell 
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Figure 12. A picture of electrodes, nozzle, and inlet and outlet flow tubings 

 

Figure 13. A picture of the entire testing cell assembly 

Electrodes 

The three-electrode setup was used for this apparatus. The metal substrate of the coating 

sample serves as a working electrode. As counter electrodes, a pair of platinum meshes were 
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used on the left and right sides of the impinging jet flow nozzle shown in Figure 13. A third 

platinum electrode is acting as the reference electrode. 

Working fluid 

The working fluid is a 3.5 wt% NaCl solution. It was prepared by dissolving NaCl 

powder into deionized (DI) water. 

Flowmeter 

Two Gilmont flowmeters with glass ball inside were used. One is used for measuring 

inlet flow velocity, and the other one is used for measuring outlet flow velocity. Both are needed 

to be calibrated regularly to ensure accurate readings. 

Peristaltic driver and pump heads 

The peristaltic pump has a unique design. It has a drive system that turns a set of rollers 

that compress and release flexible tubing as they rotate. A vacuum that was created by the 

squeezing action draws fluid through the tubing. The advantage of the peristaltic pump is that the 

working liquid is no longer in contact with the internal structure of the pump. Hence, there will 

be no corrosion contamination from the pumps. 

Pump tubing 

The pump Tubing used here is specialized for the Masterflex pump driver and head. It is 

an L/S 16-gauge tubing from Masterflex.  

Working fluid reservoir  

The working fluid reservoir is a glass container with lids that has access to the inlet and 

outlet tubing. 
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Air diffuser 

An oxygen air diffuser has been used to pump oxygen into the working fluid reservoir. It 

ensures the oxygen is saturated inside of the working fluid during the test.  

Elcometer 

The thickness of the coating sample was measured by using an Elcometer 415 coating 

thickness gauge before and after the impingement tests. This thickness measurement was 

explicitly measured in the active region on the coating sample. This measurement was conducted 

at room temperature. 

Gloss measurements 

The gloss of the coating surface was evaluated by using a NovoTrio statistical gloss 

meter before and after the impingement tests. Gloss is an indication of surface smoothness. 

Typically, the higher gloss value indicates a much smoother surface finish. The gloss 

measurements conducted for all tested samples are based on three different grazing angles: 20°, 

60°, and 85°.  This measurement was conducted at room temperature. 

Testing Procedure 

For the testing procedure, it generally takes three primary steps: the first primary step is 

to prepare the coating samples and perform pre-measurement tests on these samples. The second 

primary step is to set the EIS devices and running the tests for an extended time. Lastly, the third 

step is to measure coating sample properties after the submersion is completed and to analyze 

EIS data 

The organic coating sample fitted in this setup should be applied on a fabricated S-36 Q-

panel, which is purchased from Q-Panel Lab Products. The fabricated Q-panel size is 2-inch x 2-

inch. The organic coating was sprayed onto these fabricated Q-panels and get fully cured based 
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on the manufacturer's instruction. For this study, the organic coating used was the chlorinated 

rubber-based primer with pigmented aluminum flakes, and the topcoat is aliphatic polyester 

polyurethane resin shown in Figure 14. 

 

Figure 14. A picture of testing coating sample and the attached working electrode 

For the coating sample preparation, the organic coating samples should be prepared at 

least 24 hours before the test to ensure the coating sample gets fully cured. Please refer to the 

manufacturer's instruction for curing time and plan ahead of time. In order to utilize the testing 

setup in this study, the organic coating should be applied to a fully prepared steel Q-panel to 

ensure proper adhesion. For the pre-test, steps are described in the following: First, polish the Q-

panel with 320 grits of sandpaper then move onto a 600 grits sandpaper. Then the polished Q-

panel should be cleaned with acetone and hexane and then let it air dry. Designated liquid paints 

are spray-coated on the Q-panel at the recommended air pressure to the prepared side of Q-panel 

uniformly in a spraying booth.  
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After the spray, the sprayed panels are cured at room temperature for at least 24 hours or 

follow the manufacturer's instruction. The next step is to attach a wire to the center of the 

uncoated side of the panels. Then epoxy is applied to the connection region to ensure the 

enclosure fully.  

The following ASTM  testing methods on organic coatings are recommended to perform 

but has to base on the specific needs: D1640 drying time,  D3363 pencil hardness, D5402 MEK 

double rubs, D4366 König pendulum hardness, D465 acid number, D2794 impact resistance, 

D522 mandrel bend test (conical), D3359 adhesion by tape test (crosshatch), D523 gloss,  D2369 

non-volatile content, D1545 viscosity by bubble tube (Gardner-Holdt viscosity), D2196 

Brookfield viscosity. For the required coating sample measurements, at least six measurements 

of coating thickness are performed with an electrometer at different locations of panels then find 

out the average value. The gloss values are measured with NovoTrio statistical gloss meter. The 

weight of each coating panel could be measured before and after the test if the weight-loss of 

coatings is of interest.  

Pre-test check-up list and EIS setting 

For the EIS setting, the scanning frequency range should be set from 10-2 to 105 Hz with 

10 points per decade with 15 mV AC perturbation coupled with the open circuit potential. EIS 

measurements were carried out every day during the immersed period. The data harvesting can 

be set automatic by using a sequencing method within the controlling software.  

Then the next step is to check the flow system to ensure there is no overflow or any 

leakage. Fill the reservoir with a working fluid. Use the ultrasonic cleaner as a reservoir if the 

working fluid is nanofluid. Turn on the pump. Check the display of rotameter and pressure gauge 

to ensure each gauge is appropriately working. Adjust pump driver speed to achieve the required 
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and consistent flow rate and flow pressure. Start to run the EIS data recording. Adjust the flow 

rate and repeat the test and four coated samples need to be tested for the same flow condition. 

Post-test coating measurement data analysis 

Perform the thickness and gloss measurement on coatings after the test. For the EIS data, 

the Nyquist and Bode plot should be investigated. Then the impedance data can be used to 

generate equivalent circuit models. 
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RESULTS AND DISCUSSION 

Coating degradation under the influence of flow velocity has been investigated in this 

study. For all the flow rates, the impedance modulus decreased with the immersion time shown 

in Figure 15 and Figure 16. The higher the flow rate, the coating impedance drops at a much 

faster speed.  

 

Figure 15. Impedance modulus as a function of frequency for coating samples under 90-degree 

3.5% NaCl impingement flow at a flow rate of 3.683 cm3/s 

 

Figure 16. Impedance modulus as a function of frequency for coating samples under 90-degree 

3.5% NaCl impingement flow at a flow rate of 5.233 cm3/s 
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Based on the coating study, at low frequency, the impedance serves as a reliable indicator 

of the corrosion resistance of coating samples. Here in Figure 17, the impedance value at a 

frequency of 0.01 Hz has been plotted against time for the impingement flow at 3.683 cm3/s 

under a 90 degree of impact. The result indicates this tested coating lost at least half of the 

corrosion resistance capability within 200 hours of the continuous experiment. 

 

Figure 17. Organic coating sample under 90-degree impingement flow at a flow rate of 3.683 

cm3/s 

In order to further understand the coating capability, it is reasonable to assume the first 

several data points represent the coating performance at its highest. In other words, the coating 

resistance is the highest upon immersion. From here, the impedance measurements are 

normalized based on the first data point. In Figure 18, an overview of coating protective 

capability over time is provided. 
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Figure 18. Normalized coating impedance modulus at different flow conditions as a function of 

time 

In Figure 18, Experiment 1 shows the results of a marine coating sample tested in a 90-

degree impingement flow at a flow rate of 3.683 cm3/s. For Experiment 2, the marine coating 

was tested in a parallel flow apparatus at a flow rate of 3.683 cm3/s. The impedance data were 

recorded for both experiments. Then the impedance data at 0.01 Hz frequency was selected and 

normalized based on the initial data point. The results of both experiments indicate a decrease in 

impendence during the entire testing cycle. The impedance for a parallel flow showed a much 

rapid decay than the impedance data from an impingement flow system at the same flow rate.  
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For the equivalent circuits of the impingement flow system at a 90-degree impact with a 

flow rate of 3.683 cm3/s, the coating behavior can be represented as a traditional CPE model 

shown in Figure 19. A typical CPE model indicates that the failure mechanism is due to the 

water diffused into the underlayer of the coating. Here Ru is the uncompensated solution 

resistance, Y0 is the CPE phase angle, alpha is the CPE exponent, Rp is the polarization 

resistance. Wd is the Warburg constant. Due to the limitation of the scope of this paper and the 

focus of device design, we choose not to present the modeling results using the equivalent circuit 

model. 

 

Figure 19. CPE diffusion model for 90-degree impingement flow at a flow rate of 3.683 cm3/s 

 

  



 

36 

CONCLUSION AND FUTURE WORK 

In this work, the corrosion degradation of organic coatings under the impingement flow 

system has been studied. An impingement flow device has been designed and built to help better 

understand the coating degradation mechanism under different impingement flow conditions 

through an experimental approach. Electrochemical impedance spectroscopy (EIS) was utilized 

to quantify and monitor the changes in coating protective quality. A coating degradation test 

under different impingement flow rates was carried out. The results indicate that organic coating 

samples have degraded faster at a higher flow rate. By comparing our testing results with a case 

employing parallel flow, we observed the parallel flow seems to deteriorate the coating sample in 

a faster manner. However, this is only based on the observation and comparison of one set of 

data. Through this study, we have proved the robustness of the current impingement flow device 

and demonstrated the experimental procedures. 

Since this paper is mainly focused on the device design. For future work, the focus 

should shift to the experiment testing. For example, more experiments should be carried out to 

study the coating degradation under the influence of shear stress and mass transfer rate and their 

relationship. Furthermore, more tests should be performed to compare the coating degradation 

differences under different angles of impingement flows. For the organic coating degradation 

study, the method of topology study is also recommended to investigate the change of surface 

properties of different regions on the coating surface due to the influence of impingement flow. 
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