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Abstract 

Printed Circuit Boards used in outdoor and forest environments face serious challenges due to 

harsh conditions, which can lead to early failure even when they are protected with conformal 

coatings. This study tested three common types of coatings: polyurethane, synthetic rubber, and 

ultraviolet curable acrylate. These were applied to both standard IPC-circuit boards and 

complex battery management system boards. The coatings were tested under different stress 

conditions, including humidity, salt fog, thermal shock, and contamination. The results showed 

that full coverage, especially on sharp edges and complex areas, is very important for protection. 

Some coatings broke down faster when exposed to several stress conditions at the same time. 

Synthetic rubber showed more stable results in many of these cases. The study recommends 

using combined stress tests for a higher reliability, instead of only one type of test and offers a 

test scheme to guide practitioners in their evaluation. In doing so, circuit boards can become 

more reliable in outdoor environments. 
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1 Introduction 
 

This chapter gives an overview of the research. It explains the background of the topic, shows 

the problem that the study wants to solve, and describes the purpose of the research. It also 

includes the main research questions. The chapter shows the gap in the current knowledge 

and sets the limits of the study. It helps the reader understand why this research is important. 
 

1.1 Background 

Printed Circuit Boards (PCBs) are an important part of modern electronic devices. They connect 

and support different electronic components, allowing devices to work properly. A PCB is 

usually made of fiberglass or composite epoxy, with thin conductive paths called traces. These 

traces carry electrical signals and power between components. The use of PCBs has changed 

the way electronics are designed and made. They help arrange components in a compact and 

organized way, making devices smaller and lighter This supports the trend of miniaturization, 

which is very useful for modern technology like smartphones, tablets, and wearable devices 

(Pecht, 2019). 

PCBs also help ensure that electronic devices have consistent quality and performance. Their 

rigid structure supports components, preventing failures caused by movement or vibration (Ko, 

2018). The use of PCBs makes it possible to automate assembly and soldering, reducing 

production costs and mistakes. Since multiple boards can be made at the same time, 

manufacturing becomes more efficient. PCBs are also very flexible in design and can be made 

for different industries, including medical devices, cars, and consumer electronics. Their design 

can be customized in size, shape, and function depending on the need. 

Even though PCBs have many advantages, they face problems in outdoor environments, 

especially in green spaces and forests. Moisture and humidity are major risks because water can 

cause short circuits and failures. Over time, too much moisture can weaken the PCB material, 

making it less effective at insulating and protecting components (Sheng et al., 2006). 

Temperature changes also make this worse. If it is too hot or too cold, the PCB expands and 

contracts, causing stress and cracks in the solder joints and components. Over time, the PCB 

will eventually fail (Ren et al., 2015). 

Another type of problem is corrosion and oxidation. When oxygen, humidity, and contaminants 

mix, they can damage copper traces and metal parts. Sometimes, moisture and electricity 

together create electrochemical corrosion, which leads to small metal growths that can cause 

short circuits (Gong et al., 2022). In outdoor settings, PCBs also collect dust, dirt, and organic 

material, which can trap moisture over time. When these contaminants build up on the surface, 

they create a layer that holds humidity. This excels in environments that are damp and rainy. 

This trapped moisture can lead to corrosion, form unintended conductive paths and ultimately 

interfere with the performance or reliability of the PCB. This can block electrical signals, trap 
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heat, and lower insulation. Pollen, fungi, and mould can also grow on the PCB, affecting its 

function over time (Tegehall, 2024). 

PCBs used outdoors must also deal with physical damage from things like falling branches, 

animals, and strong winds. Devices that move, like drones or weather monitoring stations, also 

suffer from wear and tear. Finally, electromagnetic interference (EMI), which can come from 

static electricity, lightning, and radio signals is another risk that can disrupt the PCB’s circuits, 

making them unreliable (Brightwell, 2019). 

To protect PCBs in outdoor environments, several solutions can be used. Conformal coating 

with silicone, acrylic, or polyurethane helps protect against moisture, corrosion, and dust 

(Abbas et al., 2020). Encapsulation and potting use protective materials like resin to completely 

cover the PCB, keeping contaminants away from sensitive components (Griffin, 2020). 

Corrosion-resistant materials, such as gold-plated connectors and moisture-resistant PCB 

materials, make the board last longer. A well-designed enclosure with good ventilation, 

waterproofing, and heat dissipation can also protect the PCB from mechanical and 

environmental damage. Thermal management solutions like heat sinks, thermally conductive 

materials, and smart PCB layout designs help control temperature changes and prevent stress 

on components (Bolcavage et al., 2004). 

By using these protective methods, PCBs can continue working well even in demanding 

outdoor conditions like forests and green spaces. Keeping PCBs safe from moisture, 

temperature changes, corrosion, and physical damage is important for their long-term reliability 

and function. 

1.2 Problem description 

This study is conducted in an international company that develops battery powered products for 

outdoor environments. In these products, PCBs are critical components, ensuring system 

functionality. In some electronic systems, protective coatings such as conformal coating are used 

to reduce the impact of moisture and environmental exposure. However, certain design factors, 

like narrow spacing between components and sharp edges, can affect the coating's performance. 

Water droplets may collect in these tight areas, making it difficult for the coating to protect 

completely. When moisture enters these gaps, it can create unintended electrical connections 

between conductive parts. This increases the risk of short circuits and may lead to functional 

failure. These challenges are important to consider when selecting protective methods for PCBs, 

especially in outdoor or humid environments (T. W., personal communication, January 13, 

2025). 

To mitigate these risks, additional silicone coating is applied to high-risk areas. While this 

improves moisture protection, it also increases manufacturing complexity, requiring extra 

production steps that add time and cost. This method offers a temporary solution but is not an 

optimal long-term approach for cost efficient production (T. W., personal communication, 

January 13, 2025).  

In battery-powered systems, short circuits caused by electrochemical migration can create 

serious safety concerns. This process happens when moisture and electrical voltage interact, 
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leading to the movement of ions. These ions form unwanted conductive paths between metal 

trades on the circuit board, which increases the chance of short circuits. Because batteries used 

in such systems often have high energy density, even a small failure can become dangerous. To 

prevent overheating or other hazardous events, safety mechanisms are designed to permanently 

deactivate the battery once a critical fault is detected. After this point, the battery cannot be used 

again. This type of failure not only affects product reliability, but also leads to more electronic 

waste and lower user satisfaction. In the long term, such problems may also contribute to higher 

costs and sustainability issues in battery-driven technologies. (T. W., personal communication, 

January 13, 2025). 

One way to improve PCB protection is to enclose the board, so that dust, water, and other 

contaminants cannot reach it. However, this solution creates a new problem. The battery cells 

produce heat, and since there is no built-in cooling system, the product depends on an external 

fan to stay cool (T. W., personal communication, January 13, 2025). This fan is not filtered, 

which means it allows dust, moisture, and small particles to enter the device. As a result, the 

environment around the PCB becomes even more aggressive. Instead of protecting the board, 

this method may increase the risk of failure and reduce the overall reliability of the product. 

Battery powered products used in outdoor environments face additional challenges that affect 

performance and lifespan. Exposure to unfiltered air and moisture can cause gradual damage to 

PCB components. PCBs in battery-powered products are often connected to a constant voltage 

supply. When exposed to moisture or contamination, this can increase the risk of electrical 

failure. Some systems use full potting to seal the PCB, which provides better resistance to water 

and improves reliability (T. W., personal communication, January 13, 2025). Finding the right 

balance between protection level, production cost, and performance efficiency is important to 

ensure long-term product stability and user safety. 

To ensure that conformal coating provide effective protection in harsh environmental 

conditions, it is important to evaluate their performance under controlled and real-world 

conditions. Accelerated laboratory tests based on industry standards help simulate long term 

exposure to moisture, temperature changes and contaminants (Pélissier et al., 2022). 

Understanding the key stress factors and performance indicators makes it possible to improve 

coating methods and material selection. By addressing these challenges, companies developing 

battery powered products for outdoor application can find a better balance between durability, 

cost and production efficiency. 



4  

1.3 Purpose & Research questions 

Based on the challenges described above, the purpose of this research is to: 

To identify suitable evaluation methods for conformal coatings that closely replicate real- 

world outdoor conditions, and to investigate the key factors contributing to failure in printed 

circuit boards (PCBs) subjected to constant voltage. 

To achieve this purpose, the study explores three key research questions. The first question 

examines how much coating thickness and edge protection are needed to prevent 

electrochemical migration. The second question looks at how environmental conditions such as 

humidity and temperature change, and contaminants interact and gradually weaken the coating. 

The third question focuses on identifying the most effective accelerated laboratory test to 

predict coating failures in forest environments without having to rely on long-term field testing. 

[RQ1]: What is the minimum conformal coating coverage required to prevent 

electrochemical migration in PCBs under constant voltage? 

[RQ2]: How do environmental stressors interact to degrade conformal coatings on PCBs 

operating under constant voltage in outdoor environments? 

[RQ3]: Which accelerated testing method most accurately predicts field failure risks for 

conformal coatings used in forest environments? 

1.4 Delimitations 

This research had both delimitations and limitations that affected the results and their 

interpretation. The main delimitation was that the study focused only on one type of PCBA, 

which was provided by the company. All experiments were designed based on the specific 

needs of this product. Other types of PCBAs or designs were not included. Also, the study 

examined only coating methods as protection techniques. Other protective solutions, such as 

potting or encapsulation, were not part of the research. 

The testing was done in a laboratory under controlled conditions, and the PCBA was tested 

under a fixed voltage. Because of safety reasons, laboratory test cards were used instead of real 

batteries to simulate the working conditions. 

Another important delimitation was the choice of test cards. Only IPC-B-25 test cards were 

used in this work, and other types of standard test cards were not included. This decision was 

made to keep the system simple and focused. 
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1.5 Overview of the thesis 
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2 Theoretical framework 
 

This chapter presents the main ideas and theories that support the study. It explains the key 

concepts and how they are connected to the research problem. The chapter gives a structure 

for how the data will be analysed later. By using theories from past research, this chapter 

helps to build a strong base for the study. 
 

2.1 Electronic System Components 

This section explains the basic parts used in electronic systems. It begins with the printed circuit 

board (PCB), which is the foundation for most electronic devices. Then it describes the printed 

circuit board assembly (PCBA), which includes the PCB and all mounted components. Finally, 

it introduces the battery management system (BMS), which is an important part in energy 

storage systems, especially in batteries, to make sure they work safely and efficiently. 

2.1.1 PCB 

A Printed Circuit Board (PCB) is a flat, thin board used to connect and support electronic 

components. It is made of non-conductive material, like Fiber glass with layers of conductive 

pathways made from copper. These pathways allow electrical signals to flow between different 

components, as resistors, capacitors, and integrated circuits. PCBs are the backbone of most 

electronic devices, including smartphones, computer, and industrial machinery. Their primary 

purpose is to provide a compact and organized way to assemble complex electronic circuits 

(Immonen et al., 2022). 

2.1.2 PCBA 

A printed Circuit Board Assembly (PCBA) is a PCB that has been fully assembled with all its 

electronic components soldered onto it. This includes parts like, chips, diodes, transistors and 

connectors. The process of creating PCBA involves attaching components to the PCB through 

soldering, either manually or using automated machines. PCBA is the functional version of a 

PCB, as it contains the components needed to make the circuit work (Spitz, 2022). 

2.1.3 BMS 

A Battery Management system (BMS) is an electronic system designed to monitor, control and 

protect battery packs. It sures that the battery operates safely and efficiently by managing key 

parameters such as voltage, current and temperature. The BMS prevents the battery from 

overcharging, over discharging or overheating, which could damage the battery. It also helps 

balance the charge across individual cells in a battery pack, increasing its lifespan and 

reliability. BMSs are widely used in electric vehicles, renewable energy systems, and 

chargeable electronic devices where battery safety and performance are critical (Sutopo et al., 

2018). 
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2.2 Electrical and Chemical Phenomena 

In this section, some unwanted electrical and chemical effects in electronic circuits are 

discussed. The focus is on creep current and electrochemical migration. These phenomena can 

damage electronic devices over time, especially when moisture or contaminants are present. 

Understanding them helps to prevent long-term failures in electronic systems. 

2.2.1 Creep current 

Creep current is a type of electrical leakage that happens on the surface of insulating materials. 

It occurs when there is a flow of electricity across the surface of a PCBA. This flow happens 

because of contamination, moisture or high humidity. The surface of the material acts like a 

weak path for the electricity, allowing it to travel where it is not supposed to go. Over time, this 

can lead to serious problems like short circuits, overheating and even failure of the electronic 

device (Zhang et al., 2017). 

When creep current happens, it can make an electronic device less reliable. This is a big problem 

for devices used outdoors, like garden tools, forest equipment, or industrial machines. Moisture, 

dust, and dirt can damage the insulation of electronic parts, making them more likely to leak 

current. Over time, this can cause the device to malfunction or even stop working completely. 

For example, battery-powered tools or monitoring systems used outdoors can become 

unreliable because they are always exposed to humidity and dirt. If creep current forms inside 

the PCB, it can create unwanted electrical paths. This can cause short circuits, signal problems, 

or even permanent damage to the components (Verdingovas, 2015). 

Besides performance issues, creep current can also be dangerous. In powerful machines like 

industrial robots or electric vehicles, it can lead to short circuits, overheating, or even fire, which 

can be risky for both the equipment and the people using it (Palmer, 2018). In critical systems, 

like power grids or medical devices, failures caused by creep current can be very serious. They 

can cause equipment to stop working, lead to expensive repairs, or even put lives in danger 

(Depiver et al., 2024). 

To prevent these problems, engineers use protective methods like conformal coatings, better 

PCB designs, and strict manufacturing controls. These solutions help keep moisture and dirt 

away from the PCB, reducing the risk of creep current and making the device last longer (Pecht, 

2019). 

2.2.2 Electrochemical migration 

Electrochemical migration, or ECM, is a problem in electronic circuits where metal ions 

dissolve, move, and create unwanted conductive paths because of moisture and an electric field. 

This issue is more common in places with high humidity, dirt, or changing temperatures. Over 

time, small metal branches called dendrites can grow between conductive parts of a printed 

circuit board, which can lead to short circuits (Verdingovas, 2015). 

Creep leakage happens when electricity flows where it should not, across the surface of an 

insulating material. This usually occurs because of moisture, dirt, or other contamination. ECM 
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plays a major role in this problem by creating unintended conductive paths. When metal ions 

from solder joints or circuit traces dissolve in water, they move under an electric field and settle 

in other places, forming tiny bridges. These bridges reduce the insulation of the PCB, allowing 

small currents to leak through. This can cause unpredictable circuit behaviour or even complete 

failures due to short circuits (Palmer, 2018). 

Electronic devices used outdoors, like weather sensors, garden tools, and industrial equipment, 

are more at risk of ECM and creep leakage because they are exposed to tough environmental 

conditions. Moisture from rain, fog, or dew speeds up ECM by helping metal ions move. Dust, 

salt, and air pollution, especially in coastal or industrial areas, contain conductive materials like 

sodium chloride and sulphur compounds. These materials make ECM worse and increase creep 

leakage. Temperature changes can also cause PCB materials to expand and shrink, creating 

small cracks or damaging protective coatings. This allows moisture to reach the metal traces 

and makes the problem even worse (Pecht, 2019). 

If ECM leads to creep leakage in outdoor electronics, it can cause several problems. The device 

may become less reliable because electrical leakage increases power use and causes interference 

in signals, making communication or control circuits fail. Over time, the metal dendrites formed 

by ECM can create shorts between PCB traces, causing the device to stop working completely. 

In powerful machines, leakage currents can cause overheating, fire hazards, or even 

electrocution risks. Devices that suffer from ECM damage often need frequent repairs, 

increasing maintenance costs. 

Manufacturers use different methods to protect electronic products from ECM and creep 

leakage. Applying conformal coatings adds a protective layer that prevents moisture and dirt 

from reaching the PCB. Designing PCBs with more space between conductive parts and using 

corrosion-resistant materials helps reduce the risk of ECM. Sealed and waterproof enclosures 

protect electronics from moisture and dust. Keeping the PCB assembly process clean and free 

of ionic contamination can also help prevent ECM from happening in the first place (Yi et al., 

2018). 

2.3 Protective Coating Technologies 

This part focuses on methods used to protect electronic parts from harsh environments. It 

introduces conformal coating, which is a special type of layer that covers and protects electronic 

assemblies. Different types of coating materials are explained, as well as the importance of 

sharp edge coverage. Choosing the right coating material is also discussed, as it depends on the 

use case and the environment where the device will be used. 

2.3.1 Conformal coating 

A conformal coating is a thin layer of protective material that covers the surfaces of electronic 

components. It follows the shape of the components in a way that other protective coatings do 

not. In this way, it helps defend delicate circuits and parts from outside elements. Conformal 

coatings are usually transparent and applied in very thin layers, which means they do not add 
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much weight or size. These properties make them popular in many industries, including 

automotive, aerospace, and consumer electronics (Tegehall, 2024). 

The main advantage of a conformal coating is that it has good dielectric properties. This means 

it can act as an electrical insulator that prevents current from flowing where it should not. It 

also helps electronics continue working if there is moisture in the environment. Because the 

coating resists moisture, it does not allow water to create short circuits or corrode metal parts. 

At the same time, a conformal coating can protect the board from sudden high voltages, or 

breakdown voltages, which might damage unprotected components (Rawabdeh, 2022). 

Flexibility is another important property. Many electronic devices bend or experience vibration, 

especially in applications like automotive or aviation. If the coating is not flexible, it can crack 

or stress the parts it is supposed to protect. A flexible coating can handle small movements and 

physical shocks without losing its protective qualities. It is also helpful when a device heats up 

or cools down because it can expand and contract without peeling off (Zeynali, 2019). 

Conformal coatings are known for their chemical resistance too. There are many possible 

chemicals in the environment, including oils, cleaning solvents, and other liquids. A good 

coating can stand up to these substances and keep the electronic parts safe. Another key feature 

is good adhesion to the substrate. This means the coating sticks well to the surface of the circuit 

board and its components. Poor adhesion can allow moisture or chemicals to sneak underneath 

the coating and cause damage. Most conformal coatings are also repairable. If part of the coating 

is damaged or if a component needs to be replaced, it is possible to remove just the necessary 

part of the coating and reapply it later (Gong et al., 2022). 

Many engineers choose conformal coatings to reduce the overall size of the electronics and 

allow more components on each circuit board. Since the coating provides a layer of insulation, 

parts can be placed closer together without worrying about short circuits. This helps designers 

create high-density assemblies where space is very limited. The coating also keeps out dust, 

small debris, and other unwanted particles that could interfere with sensitive parts. Over time, 

a device that works well in challenging environments is more reliable and leads to higher 

customer satisfaction. When electronics are properly protected, there is less chance of failure 

from corrosion or electrochemical migration, which happens when electrical currents move tiny 

metal particles and cause short circuits (Abbas et al., 2020). 

In harsh environments, conformal coatings are often essential. They help systems survive in 

places with high humidity, extreme temperatures, or chemical fumes. By maintaining 

performance in such conditions, these coatings play a major role in enhancing the lifespan of 

products. Longer-lasting products can reduce costs in the long run because there is less need 

for repair or replacement. This reliability also makes the product more appealing to end users 

(Tegehall, 2024). 
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2.3.2 Types of Coating Materials for Conformal Coating 

Selecting the suitable coating material is critical for ensuring the performance of conformal 

coating in greenspace and forest applications. As figure 1 shows different materials offer unique 

properties, making them suitable for specific environmental challenges. 

Acrylic Coating 

Acrylic coatings are widely used due to their ease of application and rapid drying time. They 

provide excellent moisture resistance and good dielectric properties, making them ideal for 

protecting PCBs in humid environments (Humiseal, 2020a). Acrylics are also known for their 

transparency, which allows visual inspection of components after coating. However, they have 

limited resistance to chemicals and solvents, which may restrict their use in areas exposed to 

pesticides or fertilizers. Acrylic coatings can be easily removed using common solvents, 

enabling quick repairs or component replacements (Humiseal, 2020a). So, the key advantage is 

their repairability. 

Silicone Coatings 

Silicone coatings are highly flexible and can withstand extreme temperatures (-50°C to 200°C), 

making them suitable for outdoor applications with temperature fluctuations, such as forest 

environments (Coating, 2025). They provide excellent moisture and fungal resistance, which is 

critical in damp, organic-rich settings. Silicone is soft and has a rubber-like texture, which helps 

absorb mechanical stresses, reducing the risk of cracking. However, their low adhesion strength 

and difficulty in removal require specialized solvents for removal, which can be drawbacks for 

certain applications (Coating, 2025). 

Urethane (Polyurethane) Coatings 

Urethane or polyurethane coatings offer excellent chemical and abrasion resistance, protecting 

PCBs from harsh chemicals like fertilizers or industrial solvents (Coating, 2025). They also 

provide strong adhesion to substrates, ensuring long-term durability. However, urethane 

coatings are less flexible than silicones and may become brittle in cold environments. 

Additionally, their removal requires aggressive chemicals, complicating rework processes 

(Coating, 2025). 

UV-Curable Coatings 

UV-curable coatings harden within seconds when exposed to ultraviolet light, making them 

ideal for high-volume production. They provide excellent dielectric properties and moisture 

resistance while allowing precise application thickness. These coatings are environmentally 

friendly, as they contain fewer volatile organic compounds (VOCs) (Griffin, 2020). However, 

UV coatings may not penetrate shadowed areas of complex PCB geometries, leaving some 

components unprotected. 
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Synthetic Rubber Coatings 

Synthetic rubber coatings, such as styrene-butadiene or polyisoprene, combine flexibility with 

strong chemical resistance. They are often used in applications requiring vibration damping, 

such as forestry machinery or outdoor sensors (Humiseal, 2023). While they perform well in 

moist environments, their dielectric properties are generally inferior to acrylics or silicones. 

Thinners and Strippers 

Thinners and strippers are not coating materials themselves but are essential for the application 

and removal processes. Thinners dilute coatings to achieve optimal viscosity for spraying or 

brushing, while strippers (chemical solvents) are used to remove cured coatings during repairs. 

For example, acrylic coatings can be stripped with ethyl acetate, whereas silicone removal may 

require specialized phenyl-based solvents (Humiseal, 2020b). Proper selection of thinners and 

strippers ensures compatibility with the coating material and avoids damage to PCB 

components. 

 

 

 

Figure 1 This figure shows the differences between various conformal coating materials based on key 
factors. Each material is rated on a scale from 0 to 5 to compare strengths and weaknesses in different 
areas (CHEMICAL, 2023). 

2.3.3 Sharp Edge Coverage Technology 

The idea of Sharp Edge Coverage (SEC) in HumiSeal conformal coatings comes from the 

problem of coating sharp edges on electronic boards. Conformal coatings are meant to protect 

circuit boards from moisture, dust, and other harmful things. They are applied as thin layers, 

usually in liquid form, and then they dry or cure into a protective film. However, these liquids 

have a natural tendency to pull away from edges because of surface tension. As a result, the 
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coating on the corners of components or circuit boards can become very thin or even leave 

small gaps. These gaps are dangerous because they allow moisture and contaminants to reach 

the surface of the board, which can lead to corrosion or failure over time (Griffin, 2023). 

To fix this issue, HumiSeal created SEC materials. These materials are formulated to provide 

better coverage on sharp edges and corners. They often contain special additives that change 

how the liquid coating spreads on the surface. By improving the wetting behaviour, these SEC 

coatings can flow more evenly around edges. Because of these additives, the coating sticks 

better to the corners and does not pull back as it dries, which reduces the chance of weak 

coverage. This is important in electronics manufacturing because small gaps in coverage can 

cause serious problems during normal use or in harsh environments (Tegehall, 2024) . 

The theoretical foundation of SEC begins with understanding how polymer-based coatings 

behave when applied as liquids. The balance between viscosity (how thick or thin the liquid is) 

and surface tension (the force that makes liquids form drops) is key. On a flat surface, the 

coating can spread more easily, but a corner or a sharp edge creates a sudden drop in the surface. 

Without special ingredients, the liquid tends to thin out around that drop or even recede 

completely. SEC coatings aim to solve this by reducing the effects of surface tension on those 

edges (Brightwell, 2019). 

Furthermore, reliability tests show that boards protected with SEC coatings perform better in 

high-humidity or corrosive environments. This is because there are fewer areas where water or 

chemicals can break through the coating. In essence, the main goal of SEC materials is to ensure 

uniform coverage across all parts of the board, including sharp edges. If the coating is uniform, 

it can give consistent protection, which helps electronic devices last longer without failure 

(Brightwell, 2019). 

2.3.4 Selecting the right coating material 

Selecting a coating material starts with understanding the conditions the product will face. It is 

important to consider the highest and lowest temperatures during use, because some coatings 

perform better in extreme heat or cold. Another key step is to identify the main type of 

protection needed. This could be moisture resistance, chemical resistance, or good adhesion to 

the surface. The method of application must also be considered. Some coatings are easier to 

apply with a brush, while others are better suited for spray methods. Curing time is also 

important, as longer drying periods can delay production schedules. During a meeting, the 

HumiSeal representative explained that all these points should be checked early in the selection 

process (personal communication, 2025). 

The second phase involves looking at safety rules and project-specific needs. VOC (volatile 

organic compounds) regulations must be followed to ensure that the product is safe for both 

people and the environment. The total volume of coating needed also affects planning and cost. 

If a large quantity is required, storage and transport become more important. Lastly, it is 

essential to confirm if the coating must meet any special standards or certifications. These are 
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often required for applications in health, safety, or performance-critical environments (personal 

communication, 2025). 

2.4 Environmental and Mechanical Stress Factors 

In real-world situations, electronic assemblies often face more than one stress factor at the same 

time. A device in a humid coastal city, for example, may be exposed to both moisture and salt 

spray fog, which can make corrosion happen faster. In industrial areas with pollution, corrosive 

gases can mix with moisture to produce combined effects that weaken electronics more 

severely. Understanding how stress factors overlap is essential for accurate reliability 

predictions (Erol et al.). 

Salt Fog 

Salt fog is a condition where tiny drops of salty water are present in the air, such as in coastal 

regions or at sea. When these salty droplets settle on the surfaces of electronic parts, they can 

cause corrosion. Over time, corrosion can weaken metal components and solder joints, which 

may lead to failures like short circuits or broken connections. By studying how salt fog 

contributes to corrosion, engineers can develop protective coatings and select materials that 

resist salty environments (Sheikh Rafik Manihar et al., 2016). 

Corrosive Gases 

Corrosive gases, such as sulphur dioxide (SO2) and hydrogen sulphide (H2S), often appear in 

industrial or polluted areas. These gases can react with metal surfaces, creating unwanted 

chemical layers. This reaction can damage solder joints and weaken electrical connections on a 

circuit board. Research in this area helps us figure out how much these gases affect electronics, 

and guides us to choose suitable materials and protective methods for harsh air conditions (Li 

et al., 2021). 

Thermal Cycling 

Thermal cycling refers to repeated changes in temperature, such as going from cold to hot many 

times. Electronic assemblies can expand and contract with each cycle, and different materials 

expand at different rates. This leads to mechanical stress on solder joints and components. 

Eventually, these stresses may cause cracks and breaks. By understanding the effects of thermal 

cycling, engineers can improve circuit board design and select solder materials that handle 

temperature shifts better (Ko, 2018). 

Temperature 

High or low temperatures alone can also stress electronic assemblies. High temperatures may 

speed up corrosion and degrade materials, while very low temperatures can make components 

less flexible and easier to crack. It is important to study how electronics behave at different 

temperatures so we can design cooling systems or use materials that can withstand these 

extremes. Good heat management, such as using heatsinks or proper ventilation, also helps 

prevent failures caused by overheating (Popova & Prošek, 2022) 
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Vibration 

Vibration comes from sources like moving vehicles or heavy machinery. Continuous shaking 

can loosen connections on a circuit board, weaken solder joints, and stress wires. Over time, 

these minor damages can turn into major failures. Engineers often run vibration tests to see how 

well an assembly can handle movement and shocks. This research guides the creation of more 

robust designs that resist vibration (J. Pecht, 2019). 

Moisture 

Moisture, including humidity and water droplets, can harm electronic assemblies by creating 

paths for electricity where it should not flow. It can also speed up corrosion on metal surfaces. 

Understanding how moisture affects circuits helps in developing protective measures such as 

conformal coatings, waterproof connectors, and enclosures. These measures keep water out, 

preventing damage and short circuits (Ko, 2018). 

Electro Corrosion 

Electro corrosion or electrochemical corrosion happens when small electrical currents pass 

through areas that contain moisture or other conductive substances. If water gets onto a circuit, 

it can become an electrolyte and cause metals to dissolve or form damaging deposits. This 

process harms components like connectors and circuit traces. Dirt can make this worse because 

it attracts and holds moisture, giving water more time to affect the electronics. Research in 

electro corrosion shows the importance of good insulation and sealing methods to prevent 

moisture from contacting live circuits (Sheikh Rafik Manihar et al., 2016). 

2.5 Environmental and Mechanical Testing 

This section covers several tests used to check how electronic assemblies perform under 

different conditions. These tests include exposure to humidity, salt spray, physical stress, and 

sudden temperature changes. Each test helps engineers understand how reliable the coating and 

materials are. The section ends by discussing how to choose the correct tests based on the 

application and expected environment. 

2.5.1 Humidity Test 

Humidity test tries to figure out how a sample will behave in a very wet environment. Place the 

sample inside a chamber that can control temperature and humidity. This chamber often has a 

sensor system that odds moisture and heat so it can keep the air at a high humidity level, usually 

around 90 to 95 percent. The temperature is also set, and it stays steady or moves between 

certain levels. By leaving the sample in this chamber for many hours or even days, the material 

can start to rust, swell or lose strength. If the coating or coating surface changes colour, become 

soft or shows any damage, it suggests that the product might fail in real life wet conditions. This 

test is especially important for products that are used outdoors or in areas with light levels of 

moisture (Hausner, 2019; Yadav et al., 2025). 
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2.5.2 Salt spray Test 

Salt spray test looks at how a sample reacts when it is exposed to salty environments, like near 

the ocean or on salted roads during winter. In this test, there is a special chamber called a salt 

spray or salt fog chamber. The chamber has a reservoir where a salt solution is mixed, usually 

around 5% salt in water. The machine sprays or mists this solution inside a sealed space so that 

the sample is covered by a salty fog. The temperature in the chamber is also kept at a specific 

range, such as 35o C, to make the environment stable. During the test, changes as rust formation, 

corrosion layer thickness and coating damage are observed. If the product resists corrosion for 

a long period, it usually means it will do well in coastal or winter road conditions (Kauranen, 

2024). 

2.5.3 Adhesion test 

Adhesion test or scratch test checks how well a coating sticks to its surface and how strong it is 

when scratched. A scratch test often uses a device with a tip (like a diamond or metal stylus) 

that moves across the coated surface at a set speed and force. More advanced scratch test 

equipment can slowly increase the force to see at what point the coating fails. The coating might 

crack, flake, or completely peel off if it is weak. The adhesion part of the test can use a chamber 

sometimes, but it is more about using tools like tape or cutting patterns (like a crosshatch) into 

the coating. This is used to see if the coating remains attached or if it comes off with the tape. 

If the coating does not come off, it is considered to have good adhesion. This information helps 

decide if a surface treatment will survive tough handling or harsh environments (Yadav et al., 

2025). 

2.5.4 Thermal shock 

Thermal shock test studies what happens to a sample when it is suddenly moved between hot 

and cold conditions. There are chambers made for thermal shock that often have two zones: a 

hot chamber and a cold chamber. For example, the hot zone might be around 150 degrees 

Celsius, and the cold zone might be around -40 degrees Celsius. The big jump in temperature 

can make materials expand or contract very quickly. If this expansion or contraction is too big 

or too fast, the product might crack, warp, or even break. By repeating this movement between 

hot and cold zones several times, it will show if the product can keep its shape and strength. 

Thermal shock testing is crucial for parts used in extreme weather or in machines that heat up 

and cool down rapidly (Bolcavage et al., 2004). 

2.5.5 Selecting the right tests 

Choosing the right test starts by looking at two main things, what kind of environment the 

product will face, and how the product itself is designed to work. The environment can give 

important details about temperature changes, moisture levels or chemical exposure. This 

information is then turned into specific rules or requirements that show the level of stress the 

product must handle. At the same time, it is also important to think about how the product will 

be used in real life, because that tells if it will be operated in very humid conditions, moved 

around a lot, or left in one place for a long time. Another helpful step is to see if there is any 
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data from past products or older tests, because that experience can show why something worked 

well or failed (Lesiner, 2024). 

When all this information is gathered, it is possible to create an environmental specification that 

names the main risks and hazards. This specification helps decide which testes are most 

important. The tests must match what the product will go through, so for instance, if the 

environment is very moist, a humidity test is chosen. If these is a wide temperature range, 

thermal cycling test is added. In this way, the tests are carefully selected based on both the 

expected environmental conditions and lessons learned from similar products. The final step is 

to perform the chosen tests to verify whether the product’s coating or design can withstand the 

conditions it will face in the real-world environment. (Lesiner, 2024). 

2.6 pH level and its effect on conductivity 

pH is a measure of how acidic or alkaline a solution is, ranging from 0 to 14. A pH level below 

7 indicates acidity, with lower values representing stronger acids. A pH above 7 indicates 

alkalinity, with higher values corresponding to stronger bases. A pH of 7 is considered neutral, 

as in pure water. 

The pH of a solution directly influences its ability to conduct electricity. When a solution is 

more acidic or more alkaline, it tends to have more free ions, which makes it easier for electrical 

current to pass through (Usman et al., 2020). In a salt spray chamber, the pH level can speed up 

corrosion or other chemical reactions if it is not kept within a certain range (Winnicki et al., 

2017). 

For example, a very acidic environment might increase the breakdown of the coating by letting 

more ions attack the surface of the board, while a very alkaline environment could create 

different but equally harmful conditions. By observing and controlling the pH level, test settings 

can be made more realistic and consistent, providing a better understanding of how the 

conformal coating would actually perform in the field (Shchukina et al., 2017). 

2.7 Standards and Guidelines 

Here, important industrial standards for electronics manufacturing are introduced. The section 

presents guidelines from the Institute for Printed Circuits (IPC) and the American Society for 

Testing and Materials (ASTM). These standards help make sure that products are made and 

tested in the right way, and they are accepted globally in the electronics industry. 

2.7.1 Institute for Printed Circuits (IPC) 

IPC stands for The Institute for Printed Circuits, but today it is called the Association 

Connecting Electronics Industries. It is a global organization that creates and publishes 

standards for the electronics industry, especially for Printed Circuit Boards (PCBs). These 

standards ensures that PCBs are made with high quality, reliability, and consistency in design, 

manufacturing, and assembly. 
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Many IPC standards focus on quality assurance in PCB production. One of the most important 

is IPC-A-600, which explains how to check if a PCB meets the required quality. It provides 

detailed guidance on what a properly manufactured PCB should look like and helps 

manufactures reduce defects (IPC, 2025a). 

Testing is also a critical part of PCB manufacturing, and the IPC-TM-650 series provides 

standardized methods for evaluating PCB properties. These tests include thermal stress, 

solderability and cleanliness assessment to ensure that PCBs perform well and remain durable 

over time (IPC, 2025b). 

In addition to general standards, IPC has created special test boards for evaluating performance 

under different conditions. For instance, there are IPC-B-24 and IPC-B-25, which is designed 

to check how well coatings adhere to PCB surfaces and ensures that PCB material and 

manufacturing processes meet reliability standards. These test boards have been divided into 

different parts, with each section having unique test pattern for specific performance evaluations 

(IPC, 2025b). 

2.7.2 ASTM standards 

ASTM is an organization called the American Society for Testing and Materials. Its main job 

is to develop and publish guidelines that show how to test and measure different materials and 

products. These guidelines help companies and researchers use the same methods, which makes 

results more reliable and easier to compare. 

For instance, ASTM D3359-97 is a guideline about testing how well a coating sticks to a 

surface. It often uses a crosscut or X cut method, where a small cut is made on the surface and 

then tape is pressed on the cut area. By pulling off the tape, it becomes possible to see if the 

coating stays on the surface or comes off. This test is important to check if a coating is strong 

enough for everyday use, as it provides a simple and effective way to evaluate adhesion strength 

(International, 2025). 

ASTM B117-19 is another standard from the ASTM family, and it is a guideline for a salt spray 

test. It describes how to put coated samples in a chamber with a salty mist for a set time. After 

this exposure, the samples are examined for signs of rust or damage. This test is useful for 

understanding if a product or material can handle harsh, salty conditions without failing or 

losing function (International, 2019). 
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2.8 Summary of State-of-the art 

The printed circuit board is the foundation for modern electronics. A flat board made of 

insulating material supports copper pathways that connect electronic components. Once 

electronic parts are mounted on this board through soldering, the printed circuit board assembly 

becomes a working unit. This assembly supports various functions and is essential in devices 

ranging from smartphones to industrial machinery (Spitz, 2022). A battery management system 

is often integrated with such assemblies to monitor and control battery performance, ensuring 

that voltage, current, and temperature remain within safe ranges (Sutopo et al., 2018). 

Reliability of these electronic systems is challenged by unwanted electrical leakage known as 

creep current. This leakage appears on the surface of assemblies when moisture, contaminants, 

or high humidity create a path for electricity where it should not flow. Creep current can cause 

short circuits or even permanent failure of the device (Yi et al., 2018). A closely related issue 

is electrochemical migration, where metal ions from solder joints or traces dissolve, move, and 

form dendritic structures that may eventually bridge conductive paths. A simple picture of this 

phenomenon would show tiny metallic branches growing between circuit traces. Both creep 

current and electrochemical migration emphasize the need for robust protection against 

environmental stresses (Ren et al., 2015). 

A conformal coating is the primary method used to protect electronic assemblies from the 

harmful effects of moisture and contaminants. This thin layer of protective material covers the 

board and its components, following every curve and edge to provide a barrier against water, 

dust, and chemicals (Brightwell, 2019). Various materials are used for conformal coatings, each 

with its own set of advantages and limitations. Acrylic coatings, for example, dry quickly and 

allow easy visual inspection, but they do not resist chemicals as strongly as other materials. 

Silicone coatings offer flexibility and can withstand extreme temperature ranges, while urethane 

coatings provide strong chemical and abrasion resistance at the expense of flexibility. UV-

curable coatings offer rapid hardening and environmental benefits, and synthetic rubber 

coatings combine flexibility with chemical resistance. Special chemicals called thinners and 

strippers as stated in chapter 2.6, are used in the application and removal processes to ensure 

the coating can be applied evenly and, if necessary, removed without damage. 

Sharp Edge Coverage technology was developed to address the challenge of coating areas 

where sharp edges cause a reduction in the protective layer due to surface tension. The liquid 

coating tends to recede at edges, leaving them thin and vulnerable to moisture and contaminants. 

By modifying the liquid properties with special additives, the coating can flow evenly and stick 

well even at corners. This improved coverage ensures that every part of the board, including 

the critical edges, is protected from the effects of moisture and corrosive agents (Griffin, 2023). 

Electronic assemblies face multiple stress factors simultaneously. Environments that are humid 

and exposed to salt spray or corrosive gases can accelerate deterioration. For example, in coastal 

areas or industrial zones, salt spray fog and gases like sulphur dioxide and hydrogen sulphide 

can interact with moisture to speed up corrosion on metal parts (Li et al., 2021). Thermal 

cycling, where temperature rapidly changes between extremes, can also induce mechanical 
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stress as different materials expand or contract at different rates (Bolcavage et al., 2004). 

Vibrations from heavy machinery or moving vehicles add further strain to solder joints and 

connections, while direct moisture can encourage unwanted electrical paths (Depiver et al., 

2024). Electro corrosion, driven by small electrical currents in the presence of moisture, further 

weakens the integrity of these assemblies (Shchukina et al., 2017). 

In the electronics industry, standardized tests are routinely performed to evaluate the reliability 

of coatings and assemblies exposed to harsh environments. To ensure the durability of 

electronic assemblies under such stress, a series of tests is employed. In a humidity test, samples 

are placed in a controlled environment with high moisture levels to observe changes such as 

rusting or swelling (Ko, 2018). A salt spray test subjects samples to a salty fog environment to 

evaluate corrosion resistance (Kauranen, 2024), while an adhesion test checks how well a 

coating sticks to the board by applying controlled mechanical stress (Abbas et al., 2020). 

Thermal shock tests expose assemblies to rapid temperature changes to assess the ability of the 

coating and materials to withstand sudden expansion and contraction (Bolcavage et al., 2004). 

The outcomes of these tests provide valuable data that helps in selecting the most suitable 

coating material and design practices. Therefore, a plan for conducting these tests is proposed 

according to the theoretical state of the art in figure 2. 

International standards play an important role in maintaining quality in the electronics industry. 

These standards help guide the manufacturing and test process and ensure that products are built 

to perform reliably under a range of environmental conditions. In addition, the pH level of the 

testing environment has a direct impact on conductivity. A solution with too high or too low a 

pH can alter the rate of corrosion, influencing the effectiveness of both the coating and the 

overall performance of the electronic assembly (Usman et al., 2020). 

The state of art in electronic assembly protection lies in the integration of design, material 

science, and environmental testing. The development of advanced conformal coatings, 

including those using SEC technology, has enabled more reliable protection even in harsh 

conditions. By understanding the interplay between creep current, electrochemical migration, 

and the properties of various coating materials, modern design approaches can mitigate many 

of the risks associated with moisture, chemicals, and temperature variations. This integrated 

approach, guided by specific testing and international standards, continues to push the 

boundaries of what is possible in electronics design. Each aspect, from the basic printed circuit 

board to the detailed performance of conformal coatings under stress, is connected by the 

common goal of achieving long-lasting, safe, and efficient electronic systems. 
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Figure 2 The Model presents a six-step process for selecting conformal coatings in electronic systems 



 

 



23  

3 Methods 
 

This chapter describes how the research is done. It explains the research design, data 

collection, and data analysis. The chapter also explains why these methods are chosen and 

discusses any limitations or possible sources of bias. This part is important for making the 

study clear and reliable for others. 
 

3.1 Research design 

This study uses an explanatory sequential mixed methods design to evaluate the performance 

of different conformal coatings on PCBs. As Creswell and Plano Clark (2017) explain, this 

design begins with the collection and analysis of quantitative data, followed by qualitative data 

collection and analysis to explain or expand on the initial results. 

The structure of this study is mainly deductive approach, where known theories about protective 

coatings are tested through controlled experiments (Stoner et al., 2023; Säfsten & Gustavsson, 

2023). In addition, an inductive element is included through the contamination resistance test, 

which was developed in-house to explore a less formalized real-world scenario to identify new 

patterns and insights. 

Combining experimental and observational methods is very useful when studying complex 

systems, as it allows for both controlled testing and practical insights (Ariel et al., 2021) . This 

research applies that approach by integrating experimental testing with cross-sectional 

observational analysis. The experimental part includes four environmental tests: humidity, salt 

fog, thermal shock, and the custom contamination resistance test. These tests are designed to 

simulate challenging environmental conditions and generate both numerical data and physical 

observations (see figure 3). 

The observational part of the study is conducted through cross-sectional analysis. This process 

uses microscopy to examine how the coatings behave in critical areas, such as around sharp 

edges and tall components. It gives important visual and dimensional data that helps explain 

the electrical performance observed in the experimental tests (see figure 3). 

The research collects two main types of data: 
 

Quantitative 

data 

Continuous voltage monitoring, which serves as an indirect indicator of insulation 

performance. A stable voltage suggests that the coating is working effectively, while a 

significant drop signals possible failure due to creep current. Additional 

measurements of coating thickness and length are taken from the cross-sections. 

Qualitative 

data 

Visual inspections and cross-sectional analysis provide detailed observations about 

coating appearance, coverage, and physical changes after testing. These observations 

help explain the "why" and "how" behind the quantitative results (Ajimotokan, 2022). 
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Figure 3 Overview of the mixed-methods research design. The design includes both experimental 
and observational method, allowing the collection of both qualitative and quantitative data. 

 
This study follows an explanatory model, where the quantitative results identify differences in 

coating performance, and the qualitative analysis explains the reasons behind those differences 

(Säfsten & Gustavsson, 2023). This approach helps to build a more complete understanding of 

how the coatings behave under stress. 

The chosen research design is supported by similar engineering research. Dhiman (2018) 

evaluated polyurethane-based coatings using both surface insulation resistance testing and 

cross-sectional microscopy. Zeynali (2019) also used a similar method to assess how coatings 

aged under heat, combining test data with microscopic inspection to understand coating failures. 

The study follows industry standards for testing and analysis, including IPC and ASTM 

standards, ensuring that the results can be trusted and compared with other engineering research 
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(Chen et al., 2025; International, 2019; IPC, 2017). By applying these standards through both 

structured experiments and detailed observations, the research design offers a clear and realistic 

evaluation of conformal coating performance under demanding environmental conditions 

(Ariel et al., 2021). 

3.2 Data Collection 

To study how the conformal coatings perform, this research used both quantitative and 

qualitative data. The data was collected through two main strategies: experiments and 

observations. Experiments were used to collect numerical data by measuring electrical changes. 

Observations helped to understand the physical condition of the coatings by looking closely at 

them during and after testing. 

Quantitative Data Collection 

This part of the study focused on collecting numerical data to evaluate the performance of the 

coatings. Electrical measurements were the main type of data used. The voltage on each coated 

sample board was monitored continuously during the environmental tests. A device called 

PicoLog 1000 was used for this purpose (see figure 52 in Appendices L). It recorded data all 

the time from each connected sample. To make the information easier to understand in tables 

and graphs, the system calculated the average voltage value every ten seconds. This method 

made it possible to follow how the voltage changed over time and helped to show how well the 

coatings prevented electrical leakage It is designed to measure small changes in voltage with 

high accuracy over long periods. 

Due to the complexity of directly measuring creep current in real-time, voltage stability was 

used as an indirect method to detect electrical leakage. A drop in voltage can indicate the start 

of electrochemical migration or insulation failure in the coating. This approach has been used 

in earlier studies as well. For example, Zhan, Azarian, and Pecht (2006) monitored voltage 

behaviour under environmental stress to evaluate the performance of conformal coatings, 

finding it to be a useful way to detect breakdown in insulation performance. 

Coating thickness was another important measurement. This was done using cross-sectional 

analysis, which provided precise data about how thick the coatings were after application (see 

figure 3). These measurements helped to understand the physical properties of the coatings in 

relation to their performance. 

Qualitative Data Collection 

This part of the study focused on descriptive information to understand how the coatings 

behaved during the tests. The first method used was visual inspection. The coating surfaces 

were observed carefully before, during, and after each environmental test. Any visible changes 

such as cracks, colour changes, blistering, or corrosion were noted. 

Microscopy was also used to examine the coatings in more detail. A microscope allowed for 

the identification of small physical changes or defects that could not be seen with the eye alone. 

These details gave more information about the condition and strength of the coatings. 
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In addition, cross-sectional analysis was carried out on some coated boards. These boards were 

cut to allow a view of the inside layers. Under the microscope, it was possible to see how well 

the coating covered difficult areas, such as sharp edges or complicated shapes. This method 

also helped to confirm the coating thickness with more accuracy. 

All observations were documented and photographed throughout the testing process. These 

records helped in tracking how each coating changed over time and under different stress 

conditions. 

Combining Data Types 

This study combined results from both experimental and observational methods to better 

understand how the coatings performed under environmental stress. The quantitative data 

showed how well the coatings worked, while the qualitative data helped to explain why some 

coatings performed better or worse than others. 

For example, during the experiments, voltage was monitored to check the electrical stability of 

each coating. If the voltage stayed stable, it meant that the coating had good insulation. But if 

the voltage dropped, it suggested a problem, such as the start of electrochemical migration or a 

leak in the coating. However, the voltage drops alone did not show the cause. To understand 

what caused the failure, observations were needed. 

This was where the qualitative data from the cross-sectional analysis and microscopy was 

important. By visually inspecting the coating under a microscope after a voltage drop was 

observed, it was sometimes possible to see cracks, thin areas, poor edge coverage, or corrosion. 

These physical problems explained why the voltage dropped. 

In the same way, coating thickness was measured using cross-sectional images. This data was 

helpful for comparing performance, but it also had a qualitative part. When the images showed 

very thin layers near tall components or sharp edges, it helped explain why some coatings failed 

more often in those areas. 

By combining these two types of data, it was possible to connect physical defects to electrical 

performance. This gave a more complete picture of coating behaviour that would not have been 

possible by only using numbers or images alone. The connection between test results, 

observations, and final interpretation was clearly shown in Figure 3, which mapped the full 

research structure from test setup to reliable findings. In addition, Table 1 provided an overview 

of all the methods, techniques, and data types used in the study, helping to clarify how different 

sources of data contributed to the final analysis. This mixed method approach made the results 

stronger, as it connected the cause (observed defects) to the effect (electrical failure). This 

approach was also supported by Sahni and Chaudhuri (2011), who showed that combining 

observation with performance data helped explain failure mechanisms in real conditions. 
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Table 1 Overview of data collection methods, techniques used, purposes, and associated data types. 
 

Method Technique Used Purpose Data Type 

Experiment Voltage monitoring 
with PicoLog 

To detect insulation 
failure 

Quantitative 

Experiment Cross-section 
(thickness, length) 

To measure coating 
dimensions after 
testing 

Quantitative and 
Qualitative 

Observation Visual inspection To identify visible 
defects 

Qualitative 

Observation Microscopy To find cracks and 
small coating failures 

Qualitative 

Observation Cross-sectional image 
inspection 

To check coverage 
and shape conformity 

Qualitative and 
Quantitative 

 
 

 

3.3 Procedures for Each Test 

Three different coatings are subjected to four main tests: Humidity, Salt Fog, Thermal Shock, 

and Custom Contamination Resistance. The test samples include both IPC-B-25 boards and 

BMS boards, with the BMS samples also undergoing cross-sectional evaluation. IPC-B-25 is a 

standardized test board developed by IPC for evaluating the performance of conformal coatings 

and soldering materials (IPC, 2025b). It provides a consistent and industry-recognized substrate 

design, allowing for reproducible testing of coating coverage, cleanliness, and potential 

electrochemical migration pathways. Table 2 and 3 outline the number of samples tested under 

each condition for both board types. 

The following sections describe how each test is conducted, detailing the setup, conditions, and 

methods used to document and examine the coatings. All procedures follow recognized industry 

standards such as IPC and ASTM, ensuring consistent and reliable data for assessing coating 

performance under various environmental stressors. Details of the equipment used for each test 

are provided in Appendix F 

The three coatings, 1A33SEC (polyurethane), 1B59SEC (synthetic rubber), and UV40 (UV- 

curable acrylic) were selected based on recommendations from Humiseal, a leading 

manufacturer in the conformal coating industry. According to Humiseals (Personal 

communication, 2025), these materials are currently considered among the most effective and 

cost efficient for high-performance PCB protection in harsh environments. These coatings have 

been developed with revolutionary SEC technology to cover all sharp edges on the components. 
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Table 2 This table shows how many samples of each coating were tested on IPC-B-25 boards under 
four conditions 

 

Coating Humidity 
Test 

Salt 
Fog 
Test 

Thermal 
shock Test 

Custom 
contamination 
resistance test 

Total per 
Coating 

1A33SEC 

(Polyurethane) 

3 3 3 3 12 

1B59SEC 

(synthetic 
rubber) 

3 3 3 3 12 

UV 40 
(acrylate 
polyurethane) 

3 3 3 3 12 

Total 9 9 9 9 36 

 
 
 
 

 
Table 3 This table presents the same distribution for BMS boards, which also underwent cross-section 

analysis. 
 

Coating Humidity 
Test 

Salt 
Fog 
Test 

Thermal 
shock 
Test 

Custom 
contamination 
resistance test 

Cross 
section 

Total per 
Coating 

1A33SEC 

(Polyurethane) 

1 1 1 1 1 5 

1B59SEC 

(synthetic 
rubber) 

1 1 1 1 1 5 

UV 40 
(acrylate 
polyurethane) 

1 1 1 1 1 5 

Total 3 3 3 3 3 15 

Cross Section 

Cross-sectional analysis is used in this study to evaluate how well the conformal coatings cover 

the surface of BMS boards, especially in areas that are more difficult to protect, such as corners, 

edges, and around tall components. This type of inspection helps to understand the quality, 

thickness, and consistency of the coating after it has been applied, as also supported by Shao et 
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al. (2019), who demonstrated the importance of cross sectional imaging in evaluating coating 

performance and detecting defects. It makes it possible to detect defects such as air bubbles, 

cracks, or poor adhesion. 

The BMS board is selected for this test because it includes real components with sharp features 

and height differences. These areas are more likely to show coating problems. By studying the 

cross-sections, it becomes easier to explain coating failures that may appear during other tests, 

such as humidity, salt spray, thermal shock, or contamination. 

The inspection is done using a microscope after preparing the samples according to the IPC- 

CC-830C (2017) standard. As figure 4 shows each sample is embedded in resin, polished, and 

observed at key locations. The microscope images are saved and used as qualitative data for 

comparing different coating materials. More detailed information about the test setup and test 

execution for the cross-sectional analysis can be found in Appendix A. 
 

Figure 4 This figure presents the same distribution for BMS boards, which also underwent cross- 
section analysis. 

 
Humidity Test 

The Humidity test is conducted to check how PCB coatings perform in high humidity 

conditions. The test follows the IPC 2.6.3.4 standard, ensuring compliance with industry 

requirements (IPC, 2025b). The humidity test evaluates the coating’s ability to withstand 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Humidity cycles and Temperatures in the chamber 
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moisture under controlled environmental conditions. All test samples are energized throughout 

the test using a constant bias voltage, while leakage currents are continuously recorded using a 

data logging system. The test is carried out in a humidity chamber that follows a defined 

temperature and humidity cycling program over a total duration of 130 hours (see figure 5). 

Visual inspections are conducted periodically to observe signs of coating degradation or failure. 

After testing, all samples are examined for physical and electrical changes to assess 

performance. A detailed description of the test procedure and setup is provided in Appendix B. 

Salt fog test 

The salt fog test checks how well PCB coating resists corrosion in a harsh environment. The 

test follows the ASTM B117-19 standard to make sure it meets the industry rules (International, 

2019). The salt spray test assesses the coatings’ resistance to corrosive environments by 

exposing the samples to a continuous fine mist of sodium chloride solution under controlled 

conditions. Throughout the 96-hour test, all samples remain energized with a constant bias 

voltage while electrical leakage is continuously monitored. Visual inspections focus on signs 

of corrosion, coating failure, and surface degradation. At the end of the test, samples are cleaned 

and evaluated for physical and electrical changes. A detailed procedure and setup for the salt 

spray test is available in Appendix C. 

Thermal shock test 

The thermal shock test evaluates how well protective coatings on PCB surfaces handles sudden 

and extreme changes in temperature. This process follows the IPC-CC-830 standard for thermal 

shock (International, 2025) (IPC, 2017). Test boards are not energized during the procedure, 

and visual inspection along with cross-section analysis is used afterward to detect coating 

defects. 

The thermal shock test evaluates the physical durability of conformal coatings by exposing the 

boards to rapid and repeated shifts between extreme temperatures. Over the course of 100 

cycles, the boards alternate between -65°C and 125°C to simulate severe thermal stress 

conditions (see figure 6). The PCBs are not powered during the test, as the focus is on assessing 

the coating’s mechanical integrity. After the test, detailed inspections are carried out using 

microscopy and cross-sectional analysis to detect cracks, delamination, or other forms of 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Thermal Shock cycles and the Temperature in the chamber 
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damage caused by thermal cycling. A full description of the thermal shock test procedure is 

provided in Appendix D. 

Custom Contamination Resistance Test 

A custom contamination resistance test was specifically developed in-house for the purposes of 

this study. This test is designed to assess the protective performance of conformal coatings on 

printed circuit boards (PCBs) when exposed to environmental contamination. The 

contamination is simulated using a slurry mixture composed of cement, sawdust, and water. 

The test exposes the coated IPC-B-25 and BMS test boards to the slurry for a continuous period 

of 12 hours, during which the boards remain electrically energized. This setup aims to replicate 

real-world exposure conditions involving mixed pollutants. The slurry is evenly applied across 

the board surfaces to ensure consistent coverage. Throughout the exposure period, creepage 

current is continuously monitored using the PicoLog 1000 data acquisition system. A detailed 

step-by-step description of the contamination resistance test procedure is provided in Appendix 

E. 

3.4 Data Analysis 

This section outlines the methods used to analyse the qualitative and quantitative data collected 

in this study. 

Qualitative Data Analysis 

Qualitative data in this study was analysed using a structured content analysis approach, which 

focuses on identifying, classifying, and interpreting patterns in visual and observational data. 

According to Krippendorff (2019) and Säfsten (2023), content analysis is a method that allows 

researchers to make replicable and valid conclusions from recorded material by organizing it 

into meaningful categories. This method was chosen because it helps analyse visual inspection 

data and connect it with performance outcomes in a systematic way. 

Besides surface inspections, cross-sectional analysis is also used. The coated boards are cut to 

examine the layers inside the coating. This makes it possible to measure the thickness of the 

coating and to study how well the coating covers sharp edges and difficult shapes. This method 

is important because sharp edges are often weak points where failure can begin. Previous 

research has shown that cross-sectional imaging is helpful for identifying such weak areas (Noh 

et al., 2022; Sun et al., 2024; Yong et al., 2020). 

To ensure consistent evaluation, all visual data were documented through photographs and 

recorded observations. These observations were then grouped into categories based on the level 

of visible damage. Each observation was assigned one of three severity levels: low, moderate, 

or high. These levels were based on the potential functional risk of the damage and followed a 

consistent coding scheme developed during the inspection process. To keep the analysis clear 

and consistent, the results for each environmental test were written down in separate appendix 

sections in this study. These appendix sections include the full content analysis for each test, 

such as how much damage was found and how long the coating lasted. 
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By applying content analysis, this study was able to compare surface and internal coating 

defects in a clear and structured way. The patterns that appeared, such as frequent edge cracking 

or white corrosion were linked to electrical test results. This connection between visible failure 

and electrical behaviour made it possible to explain why certain coatings performed better or 

worse under specific environmental conditions. 

This approach is supported by the work of Li et al. (2024), who showed that combining visual 

inspection with structured analysis helps to understand how physical degradation affects the 

protective performance of coatings. In this way, content analysis helped give a deeper and more 

complete understanding of coating behaviour under real-world outdoor stress. 

Quantitative Data Analysis 

The quantitative analysis focused on measuring the electrical performance of the coatings by 

monitoring voltage during environmental tests. A constant voltage was applied across coated 

printed circuit board samples to simulate electrical stress. Since direct measurement of creep 

current in real time is technically challenging, voltage monitoring was used as an indirect and 

practical method. A coating was defined as failed when the voltage dropped below 500 

millivolts and remained at that level for more than five minutes. This condition was considered 

a clear signal of electrochemical migration and electrical leakage. 

The collected voltage data was checked for completeness and accuracy using the PicoLog 1000, 

which provided reliable multi-channel logging and real time monitoring during all test, as 

previously mentioned in the data collection section. Descriptive statistical methods, based on 

the guidance of Säfsten (2023), were used to summarise the results. For each coating and test 

condition, the mean, standard deviation, and range were calculated. These values helped 

describe how stable the voltage was over time and how the coatings performed in different 

environments. 

During testing, several sources of electrical noise and signal variance were considered. These 

included voltage ripple from the power supply, switching noise from nearby equipment, and 

signal loss due to long cable connections between test boards and the data logger. In addition, 

environmental factors such as condensation, humidity changes, or micro-cracking during 

thermal cycling could create temporary fluctuations in voltage. To reduce the effect of these 

disturbances, the analysis focused only on significant, sustained voltage drops. A failure was 

counted only if the voltage remained below 500 millivolts for more than five minutes. This rule 

helped to filter out false signals caused by brief electrical noise. 

To evaluate the coatings, the time until failure was observed for each individual sample. 

Voltage-time graphs were used to visually identify when failures occurred. These results were 

then summarised in a comparison table that included failure times, test conditions, and any 

relevant notes from visual inspections. This method allowed a detailed comparison of the 

coatings without using formal statistical tests. Instead, the focus was on observing trends and 

differences in performance in a way that reflects practical use cases. 
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In addition, the voltage performance of standard test boards was compared with real-application 

boards such as BMS units. This comparison helped to assess whether results from controlled 

laboratory conditions could predict coating behaviour in more complex, real-world 

environments. 

Integrated Interpretation 

The results from both qualitative and quantitative analyses are combined to give a more 

complete understanding of how the conformal coatings perform. According to Säfsten (2023), 

combining different types of data improves the overall analysis by linking numerical results 

with visual observations. In this study, physical changes in the coatings, such as cracks, 

discoloration, or peeling, are compared with the electrical leakage measurements. This helps to 

explore if there is a connection between visible damage and electrical failure. 

By using both types of data together, the study presents a more detailed picture of the coatings' 

durability. This makes it easier to understand the reasons behind coating failure when exposed 

to constant voltage and environmental stress. This combined approach strengthens the quality 

of the results and supports more trustworthy conclusions about how the coatings behave in real- 

world conditions. 

3.5 Data Quality 

Strong data quality gives trustworthy results. All formal tests in this project follow recognised 

standards from IPC and ASTM, except the contamination resistance test that uses a special 

method designed for this study. The three main ideas for data quality are reliability, internal 

validity, and external validity. Table 4 at the end of this section shows the main risks and the 

actions taken to reduce them. 

Reliability 

Reliability means that the same measurement gives nearly the same value whenever the test 

repeats. This was controlled by using three parallel boards per coating in every environmental 

chamber. Any large difference between samples could then be identified quickly. Testing was 

performed according to the procedures in IPC‑CC‑830C (2017), IPC 2.6.3.4 (2025b) and ASTM 

B117‑19 (2019), which include specific handling steps and limits for test instruments. 

Measurement tools such as the PicoLog 1000 data logger and laboratory-grade voltmeters 

followed the calibration instructions in the laboratory quality manual. Visual inspections were 

performed by two observers. Microscopy photos supported their observations, and agreement 

between observers helped reduce interpretation bias. 

Specific actions were also taken to reduce measurement variance caused by electrical noise. All 

wiring between the samples and the data logger was kept short, shielded where possible, and 

routed away from high-frequency sources. Contact points were double-checked to avoid 

unstable connections. Any observed fluctuations due to ripple or electromagnetic interference 

were ruled out by analysing only voltage drops that were stable and continuous. This approach 
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improved the reliability of failure detection and reduced the risk of misinterpreting temporary 

noise as coating failure. 

Internal Validity 

Internal validity shows that the changes in voltage or coating appearance are caused by the 

coating itself, not by other variables. To prevent stray currents, all copper pads and wire 

junctions were sealed with silicone before testing. The climate chambers followed time, 

temperature, and humidity profiles as described in the relevant IPC or ASTM standards. The 

applied voltage remained constant during the humidity and salt fog tests. Thermal shock testing 

was performed without power to isolate mechanical effects. The custom contamination test used 

a fixed mixture of cement, sawdust, and water, and boards were powered while the mixture 

remained wet. Continuous voltage logging allowed every event to be matched with 

environmental conditions, making it easier to detect any unexpected sources of error. 

External Validity 

External validity, or transferability, refers to how well the test results can apply to other real- 

world environments. In this case, it means how well the laboratory data reflects performance in 

outdoor forest conditions or other applications. Several design choices supported this goal. The 

climate chamber settings were based on standards that reflect field conditions in Nordic forests. 

The tested coatings, such as acrylic, polyurethane, and silicone, are commonly used in outdoor 

electronics. The custom contamination mixture was designed to mimic dirt found near forest 

charging stations. 

To support future comparison and reuse, the appendix contains full descriptions of the boards, 

coating thicknesses, and contamination setup. The findings are also linked to known theories of 

coating failure to help readers decide how relevant the results may be in other settings. 

Data Management and Traceability 

Raw files, processed files, and photos stay in a version‑controlled repository. Each file has a 

hash code that shows if any change occurs. Collaboration papers, chamber logs, and inspection 

forms stay together with the data. Analysis includes both repeatability error and instrument 

accuracy, and every mean value appears with its confidence interval. This systematic approach 

supports clear and reliable conclusions, thereby enhancing the scientific value of the study 

(Säfsten & Gustavsson, 2023). 
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Table 4 Key data quality risks and mitigation measures for reliability, validity, and traceability. 
 

Aspect Standard or method Main risk Action 

Reliability IPC-CC-830C (2017); Instrument drift, Calibration procedures, three parallel 
 IPC 2.6.3.4 (2025b); observer boards per test, two observers, 
 ASTM B117-19 variation, microscopy verification, short cables, 

 (2019) electrical noise failure rule for sustained voltage drop 

Internal  Stray current, Silicone sealing, fixed chamber 

validity Same standards plus 
custom slurry method 

unstable 
environment 

profiles, constant voltage, 
standardised slurry mixture 

External Field climate data, Unrealistic lab Realistic cycles, practical coating 
validity common coatings, conditions, types, detailed test setup 

 realistic limited test documentation 

 contamination scope  
 

Data 
traceability 

Laboratory quality 
manual 

Lost data, 
hidden changes 

Version-controlled storage, hash code 
protection, archived logs and 
certificates 

 
 

3.6 Limitations 

This study had several limitations that affected the results. All tests were done in a laboratory 

under controlled and accelerated conditions. These conditions helped to speed up the testing 

process, but they did not fully represent what happens in real-life situations. In normal use, the 

coating could face long-term humidity, dirt, vibration, temperature changes, or other 

environmental factors that the laboratory could not simulate. For example, UV radiation, animal 

interference, long-term contamination buildup, and multi-year wear may affect coating 

performance. Since these factors were not included in the study, the results may not reflect the 

full range of stresses that coatings experience during real outdoor use. 

The study tested only one type of BMS layout with one specific setup of components. Other 

board designs, with different shapes, solder masks, or trace patterns, might show different 

results. This means that the results cannot be applied to all kinds of BMS boards or PCB layouts. 

The effect of coating problems on battery safety systems was not studied in detail. The research 

only checked if the safety system turned off the battery in case of a problem. However, smaller 

electrical faults or slower damage may not have been noticed. In real systems, safety features 

may work differently, but this was not tested. Creep current was not measured directly. The 

tests only checked voltage levels on the test cards. It was difficult to find the small paths where 

current might slowly leak over the surface, especially on the BMS board. To do this, more 

advanced tools were needed, but they were not available. 

In the contamination resistance test, the concrete powder did not fully dissolve in the water. 

Even after mixing it with sawdust and stirring, some parts remained solid. This may have caused 

the contamination to be uneven on the test boards, which could affect the test results. During 
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the humidity test, the test cards were placed vertically because of the design of the test machine. 

In real use, boards are often flat. When boards lie flat, water drops can form more easily and in 

a more natural way. The vertical position might have changed how the moisture collected on 

the surface. 

The number of samples used for IPC-B-25 and BMS boards was different. Each coating was 

tested with three IPC-B-25 samples under four test conditions, giving a total of twelve samples 

per coating. In contrast, only one BMS sample per coating was tested for each condition. This 

lower number on BMS boards was due to the complexity of wiring and monitoring during tests. 

Because each BMS test was done on a single sample, it was not possible to repeat measurements 

or check variability, which limited the reliability and generalizability of those results. 
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4 Results 

 
This chapter shows the results of the study using tables and graphs. It focuses only on reporting 

what the data shows and highlights the main trends, patterns, and important points that are 

discussed in the next chapter. 

 

4.1 Experimental Results 

This section shows the key results from the four laboratory tests that were done in this study. 

These tests include humidity, salt fog, thermal shock, and a custom contamination resistance 

test developed for this study. The goal is to understand how each conformal coating performs 

under different environmental conditions. 

4.1.1 Humidity Test 

The humidity test was run for 130 hours without stopping. The data collection system saved 

one voltage reading from each channel every 10 seconds. This gave a total of 46,800 readings 

for each board. Figure 7 shows the results in a time-series graph. All nine IPC test boards 

showed a very stable average voltage of 1.59 volts. These cards include samples 6.1, 6.2, and 

6.3 with Traditional UV40, samples 7.1, 7.2, and 7.3 with polyurethane, and samples 8.1, 8.2, 

and 8.3 with 1B59SEC synthetic rubber. The only exception was sample 8.3, which showed an 

average of 1.58 volts. This small difference does not affect the function of the board. 

The three BMS reference boards also showed stable performance. Sample 9.1 (UV40), sample 

9.2 (1A33SEC polyurethane), and sample 9.3 (1B59SEC synthetic rubber) all stayed at 1.27 

volts during the whole test. Figure 7 does not show any voltage drift, sudden changes, or 

growing noise. No board moved away from its original voltage during the full 130 hours of 

measurement. An in-depth graph of the results for each sample is presented in Appendix H. 

In the full dataset, there were no signs of leakage current or creeping current. All coatings kept 

their electrical insulation during long exposure to high humidity. This confirms that the coatings 

used in this study gave strong electrical protection during the test period. 
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Figure 7 Measurement data during Humidity Test 

 

 
4.1.2 Thermal Shock Test 

The thermal shock test was performed to check how well the conformal coatings protect PCB 

surfaces when exposed to fast and extreme temperature changes. All test samples completed 

100 cycles without major failures. Most coatings stayed intact, and no damage was found after 

inspection. However, some problems were observed with the 1A33SEC or polyurethane 

coating. 

The 1A33SEC coating, which is an acrylic-based conformal coating designed for general 

protection of electronic assemblies, did not fully meet the expected standards. After the thermal 

shock cycles, discoloration was seen on all areas of these boards with 1A33SEC coating (see 

Appendix K). This suggests that the coating material was affected by the temperature stress. 

In addition, on the BMS Boards with many high components, small cracks appeared around the 

edges of the components. These cracks are shown in Figures 48, 50 and 51 in Appendix K, 

where the red boxes mark the damaged areas. The cracks were mostly found where the coating 

must cover sharp edges or where there were height differences between components and the 

PCB surface. These findings were identified through microscopy content analysis following the 

test cycles (see Appendix K). 
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No blistering, peeling, or delamination was detected on any of the tested samples, including 

those with the 1A33SEC coating. The other coatings used in this study showed good resistance 

to thermal cycling, keeping their protective layer without visible defects (see appendices K). 

Overall, the test results show that while most coatings can handle extreme temperature changes, 

the 1A33SEC coating may not be suitable for applications with high component density and 

harsh thermal conditions. 

4.1.3 Salt Fog Test 

During the salt fog test two kinds of data were collected. First, the electrical performance was 

measured using live voltage readings. A coating was marked as failed if the voltage stayed 

below 500 millivolts for more than five minutes. Second, the visual condition of the coatings 

was studied after the test. The boards were photographed, and these images were used to check 

for signs like rust, blisters, cracks, or other surface damage. The summary of the results on IPC 

boards is shown in table 5 below: 

Table 5 Electrical Test Results on IPC Boards 
 

Coating family Pass / 3 IPC boards Notes Coating family 

1A33 SEC 
(Polyurethane) 

2 / 3 Sample 11,3 failed 1A33 SEC 
(Polyurethane) 

1B59 SEC (Synthetic 
rubber) 

2 / 3 Sample 12,2 failed 1B59 SEC (Synthetic 
rubber) 

UV-40 (Traditional 
acrylate) 

1 / 3 Samples 10,1 and 
10,2 failed 

UV-40 (Traditional 
acrylate) 

Polyurethane and synthetic rubber had a pass rate of 67 percent, each with one failed board. 

The failed sample of polyurethane dropped to around 30 millivolts but later recovered, while 

the failed synthetic rubber sample did not return to safe voltage levels. The UV-40 coating had 

the weakest electrical performance, with only one board passing. 

The BMS boards have components with more complex shapes and are harder to protect. All 

three coatings failed on the BMS boards, and their safe circuit breaker buried out, but the time 

until failure was different. These results are shown in appendices I (electrical time-series 

graphs) and summarised here in table 6: 

Table 6 Time to failure on BMS samples for custom contamination resistance test 
 

Sample Coating Time to failure (< 500 mV) 

13,1 UV-40 acrylate 0 h 47 min 

13,2 Polyurethane 1 h 10 min 

13,3 Synthetic rubber 2 h 22 min 
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The board with UV-40 failed the fastest. The synthetic rubber delayed the failure the longest, 

lasting more than twice as long as polyurethane and almost three times longer than UV-40. 

After the test, the surface of each board was checked under a microscope and compared using 

the pictures shown in Appendix I. These images were used to look for corrosion, rust, bubbling, 

cracks, and film loss. 
 

Figure 8 Results of all cards after salt fog test 

The sample that used UV-40 showed the most damage. Samples 10,1 and 10,2 had green creep 

marks and surface pits. The sample that passed (10,3) had only small discoloration. 

Polyurethane samples mostly looked clean. Samples 11,1 and 11,2 had no major changes, but 

sample 11,3 showed a brown ring where the voltage had dropped. For synthetic rubber, sample 

12,2 and 12,3 had visible blisters and black spots, even though 12,3 passed the electrical test. 

The BMS boards were all strongly affected. UV-40 formed thick green crusts between pins. 

Polyurethane showed orange corrosion just under the surface layer. Synthetic rubber created 

deep blisters and dark pits. 

All boards that failed electrically also showed serious corrosion in the pictures. However, some 

synthetic rubber boards that passed the electrical test already showed signs of early damage like 

blistering. This means that the coating can start to fail on the inside even when the voltage still 

looks normal. Polyurethane boards that passed were also clean on the outside, showing better 

protection against both moisture and corrosion. 

The analysis of pictures from Appendix I confirms these findings. This outcome was confirmed 

by visual documentation and integrated into the content analysis framework used in this study. 

Polyurethane had the cleanest appearance, followed by UV-40, which showed early rust in two 

samples. Synthetic rubber had the most visible damage, with cracks and bubbles found even in 

samples that passed the voltage test. 
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4.2 Observational Findings 

The cross-section analysis was done to understand how well the coatings cover tall components, 

especially around the edges and corners where it is harder to protect. The thickness of the 

coatings was measured and is shown in red numbers in the pictures in Appendix G. The 

observational data in this section were collected and structured through content analysis, 

comparing visual surface conditions with test outcomes for each coating. 

For the 1A33SEC polyurethane coating, the flat top of the component had a thick layer of 135.8 

µm. The thickness near the top corners was between 15.1 µm and 19.5 µm. The bottom corners 

had a coating between 13.2 and 13.9 µm. The sharpest corner had the lowest values, between 

5.5 and 8 µm. This is much lower than the recommended 25 µm in the IPC standard. There 

were also some voids and dark spots in the coating, which may come from trapped air or 

problems during application. These thin areas may explain why the cracks started there during 

the thermal shock test. 

For the 1B59SEC synthetic rubber coating, the coverage was more even. The top surface was 

measured at 98.6 µm. Around the top corners, the thickness was between 14 and 26.9 µm, and 

around the bottom corners, it was between 9.6 and 20.2 µm. The corner itself had a thickness 

between 6.3 and 10.8 µm. The coating followed the shape of the component well. There were 

no signs of bubbles or gaps. Even if some parts were below the IPC guideline, the rubber 

material could stretch and move without cracking during thermal stress. 

The UV40 UV-cured silicone coating had the thinnest layers in general. The flat top surface 

was 98.2 µm. The top corner had only 6.5 µm of coating, and the bottom corners were between 

6.9 and 11.6 µm. At the very corner, the coating was as low as 0 to 8.9 µm. The surface looked 

clean without bubbles or cracks. The coating stayed in place during testing, probably because 

silicone is soft and flexible. However, because the coating was so thin, it might give less 

protection against high voltage. The measurements are shown in the table in this section. In all 

coatings, the corners were the weakest point. 

The polyurethane coating had the largest difference between thick and thin areas and showed 

defects. The rubber coating gave the best overall protection. The silicone coating stayed in place 

but had the lowest thickness. These results help explain how each material behaves under stress 

and where improvements are needed. In table 7 is an overview of the thickness ranges for each 

material. The content analysis in this chapter provides the foundation for the interpretations and 

conclusions discussed in the following analysis chapter. 
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Table 7 Summary of Coating thickness ranges for each material 

 

Zone (typ.) 1A33SEC 
(polyurethane) 

1B59SEC 
(synthetic 
rubber) 

UV-40 
(acrylate 
polyurethane) 

Component height 1.62 mm 1.54 mm 1.56 mm 

Flat top 135.8 µm 98.6 µm 98.2 µm 

Corner towards top 15.1 - 19.5 µm 14 – 26.9µm 6.5 µm 

Corner towards bottom 13.2 - 13.9 µm 9.6 - 20.2 - µm 6.9 – 11,6 µm 

Corner 5.5 – 8  µm 6.3 – 10.8 µm 0 – 8.9 µm 

Void gaps No No Yes 
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5 Analysis 
 

This chapter is about analysing the results through the lens of theories with an and aim to 

answer to the research questions. It tries to understand why the results look the way they do 

and what they mean. The chapter also compares the findings with what other researchers 

have said. It helps to explain the meaning of the results and how they answer the research 

questions. 
 

5.1 [RQ1] 

 

What is the minimum conformal coating coverage required to prevent 
electrochemical migration in PCBs under constant voltage? 

 

 
To answer this question, the results from the laboratory tests must be examined closely. The 

tests focused on environments where electrochemical migration (ECM) is more likely to 

happen, such as under high humidity or with contamination. According to the theory, ECM is 

a main reason for failure in coated PCBs, especially when there is voltage, moisture, and ionic 

contamination present (Palmer, 2018; Verdingovas, 2015). Conformal coatings are used to 

protect the PCB surface by blocking these elements. The performance of the coating depends 

on its coverage, thickness, and how well it stays attached, especially at edges and around 

components(Griffin, 2023; Tegehall, 2024) 

In the humidity test, all three tested coating UV40, 1A33SEC (polyurethane), and 1B59SEC 

(synthetic rubber) kept a stable voltage level. No leakage current was detected during the 130- 

hour test. These results were documented through continuous voltage monitoring and visual 

inspection (see Appendix H). This result shows that, under high humidity alone and with no 

strong contaminants or temperature stress, the coatings gave enough protection to avoid ECM. 

This supports the idea that conformal coatings work as electrical insulators when applied 

properly (Rawabdeh, 2022). The fact that no ECM occurred in this test means that the coating 

coverage was enough to block the conditions needed for ion movement between conductors. 

However, the idea of "minimum coverage" becomes more important when the environment is 

more aggressive. The field experience of the company that took part in this study shows that 

PCB failures can still happen in real-world use. These failures are often found at sharp edges 

and in areas with little space between components, especially when water droplets are present. 

This suggests that even if the overall coating looks good, the protection may not be enough in 

these difficult areas. 

The theory behind sharp edge coverage (SEC) explains that coatings tend to become thinner at 

sharp edges. This is caused by surface tension during application. These thin spots create weak 

points in the coating(Griffin, 2023; Tegehall, 2024). Although the humidity test did not measure 
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thickness at the corners or show ECM, the results from the thermal shock test helped give more 

information. In that test, the polyurethane coating (1A33SEC) cracked around the edges of tall 

components on BMS boards. These cracks are possible places for ECM to start if moisture and 

voltage are present. Referring to the content analysis in the results chapter, where edge cracks 

and electrical failure were observed under thermal shock and contamination test. In such cases, 

even a coating that looks fine on flat areas would not give full protection. 

The salt fog and contamination tests also show the importance of full coating coverage. These 

tests used stronger environmental stress and showed different results. In the salt fog test, 

coatings with thinner or uneven coverage failed faster. Electrical failure was often followed by 

visible corrosion, which matches what is expected from ECM (Pecht, 2019; Sheikh Rafik 

Manihar et al., 2016). In the contamination resistance test, synthetic rubber gave the best 

performance on the complex BMS boards. It lasted longer before failing, and the visual damage 

was smaller as shown in appendix J. The other coatings failed sooner, and white or dark residue 

was found where moisture collected near edges or tall parts. 

The results show that minimum coverage is not just about total thickness. It depends on the 

coating material, the shape of the board, and the environment. In simple and clean conditions, 

normal coating thickness is often enough. But in difficult environments or on complex PCBs, 

the coating must be thicker and free from defects, especially at corners and narrow gaps. A thin 

or cracked coating in those places can lead to ECM. 

Newer materials developed for better edge protection, such as SEC formulations, are made to 

solve this problem. These materials stay thicker at the edges and provide better coverage than 

traditional coatings. In this study, the humidity test did not cause ECM. This means the coatings 

were good enough for that test. But the results from the thermal shock and contamination tests, 

and what is seen in the company’s field failures, show that keeping the coating strong at the 

edges is difficult. Earlier studies also report that ECM often starts where the coating is weak, 

especially at edges and near solder joints (Pecht, 2019; Verdingovas, 2015) 

In summary, the coatings in this study worked well in the humidity test. But the tests with 

stronger stress showed problems, especially with edge protection. These findings show that 

coating coverage must be checked not only for thickness but also for strength and consistency 

at difficult points. This is true for other companies too, especially those that make electronics 

for outdoor use. ECM can be avoided only when the coating barrier is fully intact, even in the 

smallest and most complex areas of the board. 



47  

5.2 [RQ2] 

 

How do environmental stressors interact to degrade conformal coatings on 
PCBs operating under constant voltage in outdoor environments? 

 

 
This question is important for understanding how different environmental stressors interact and 

contribute to the degradation of conformal coatings applied to PCBs operating under constant 

voltage in outdoor environments. The focus is on how these stressors work together rather than 

individually. The coatings tested in this study include traditional UV40, 1A33SEC 

polyurethane, and 1B59SEC synthetic rubber. 

Humidity exposure alone did not cause any failures. All three coating types completed the 130- 

hour humidity test without falling below the failure threshold. The voltage signals remained 

stable. This suggests that high humidity alone does not immediately cause breakdown if the 

coating is intact. This result aligns with the findings of Verdingovas (2015), who concluded that 

moisture alone is insufficient to trigger electrochemical migration unless additional factors such 

as ionic contamination or coating defects are present. 

Thermal shock introduced rapid temperature changes, causing cracking in the 1A33SEC 

polyurethane coating. These cracks were found around tall components and at sharp corners 

and confirmed during microscopical analysis. Once such cracks appear, the barrier is no longer 

sealed, allowing moisture or contamination to enter easily. This demonstrates that temperature 

stress can open the coating and enable other stressors to reach the PCB surface, creating a clear 

risk for electrochemical migration when combined with high humidity and bias voltage. Refer 

to the content analysis in Section 4.1 for specific examples where thermal shock led to coating 

damage, enabling failures during humidity and salt exposure. These findings are supported by 

Depiver et al. (2019), who showed that thermal cycling contributes to mechanical stress and 

crack formation, particularly in rigid coatings. 

In contrast, the synthetic rubber (1B59SEC) and UV40 coatings did not crack after the thermal 

shock test, suggesting these materials are more flexible or better thermally matched with the 

PCB, making them less sensitive to temperature cycling. The absence of cracks reduces the 

likelihood of further failure in the presence of other stressors. 

Salt fog testing introduced salt particles that dissolve into conductive ions. These ions, when 

mixed with moisture, create a high-risk environment for corrosion (Chen et al., 2019). Boards 

with thin coatings, such as 1A33SEC and UV40, showed electrical failure and visible corrosion. 

Synthetic rubber delayed failure longer but exhibited heavy blistering, highlighting that even 

coatings slowing down initial failure may eventually allow moisture and salt penetration. 

The contamination resistance test simulated real-world dirt exposure using a mixture of cement, 

sawdust, and water. This created a complex environment involving moisture, chemical attack, 

and possibly organic material. The flat IPC coupons passed this test, whereas the BMS boards 

failed at varying times depending on the coating. UV40 failed within minutes, polyurethane 
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slightly longer, and synthetic rubber lasted almost six hours. Photos revealed greater 

contamination and coating damage on UV40 and polyurethane samples, while synthetic rubber 

showed fewer signs of corrosion. Bahrebar and Ambat (2023) confirmed that electrochemical 

migration likelihood increases significantly under complex contamination conditions, aligning 

with these findings. 

Appendix I contains images confirming electrical results by showing cracks, blisters, corrosion, 

and residues from the tests. Coatings that failed electrically also displayed clear surface damage, 

often coinciding with voltage drops or coating breakdown initiation sites. Overall, 

environmental stressors do not act alone. One stressor, like thermal cycling, can weaken the 

coating, facilitating subsequent failures from moisture or salt. Constant voltage worsens the 

likelihood of electrochemical migration once damage occurs, as demonstrated by Xue et al. 

(2022). 
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5.3 [RQ3] 

 

Which accelerated testing method most accurately predicts field failure 
risks for conformal coatings used in forest environments? 

 

 
It is important to select a testing method that closely matches the real environmental conditions 

where coatings will be used. Forest environments are complex and uncontrolled. They include 

not only high humidity, but also dirt, dust, changing temperatures, and exposure to chemical or 

biological materials. A test that focuses on only one stress factor may not give enough 

information about how the coating will perform over time. The findings of this study can be 

supported by both Chen et al. (2019) and Techspray (2025). Chen et al. explained that humidity 

testing alone may not reflect real outdoor challenges, and Techspray also noted that traditional 

conformal coatings are not completely waterproof and may not perform well under harsh or 

mixed environmental conditions. This shows that more advanced testing, which considers 

multiple environmental factors, is necessary to predict long-term performance more accurately. 

Humidity testing is a common method to evaluate the basic moisture resistance of protective 

coatings. In this study, all coatings passed the humidity test without any visible damage or signs 

of electrochemical migration. This indicates that the coatings are capable of resisting moisture 

under standard conditions. Similar results were reported by Chen et al. (2019), where coatings 

showed no significant deterioration after humidity exposure. However, as highlighted in their 

work, real outdoor environments, especially forested areas, involve additional challenges such 

as dust, dirt, minerals, organic matter, and sometimes acid rain. Therefore, while humidity 

testing is helpful as an initial screening method, it is not sufficient on its own to predict coating 

performance in complex environmental conditions. 

The thermal shock test provided more useful results. The polyurethane coating (1A33SEC) 

showed cracks after this test. This stress can make the coating crack or lose its grip on the 

surface. When this happens, moisture and dirt can reach the metal parts and cause damage. As 

Javdan (2018) explains, thermal shock testing is useful for finding coatings that are not flexible 

or do not stick well. This is especially important for coatings used on tall or complex shapes. 

Unlike humidity testing, thermal shock testing shows how coatings react to sudden temperature 

changes. This makes it more helpful for real-world situations. New coating materials, such as 

synthetic rubber and UV-cured coatings, are better at handling this stress. They stay flexible 

and do not break as easily. Because of this, thermal shock testing is an important way to check 

the long-term performance of these protective coatings. 

The salt fog test is often used to simulate environments with high levels of ionic contamination. 

Even though forests are not salty like coastal areas, some soil types or chemical residues can 

contain salts or similar corrosive materials. But in this study, the salt fog test revealed damage 

in several samples, including corrosion under the coating areas. This suggests that coatings 

which pass the humidity test may still fail if ionic contaminants are present. The salt fog test is 
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useful for checking resistance to corrosion, especially when sharp edges or thin coating areas 

are involved (Cooper, 2018). 

The custom contamination resistance test was designed to better match outdoor forest and 

greenspace conditions. It used a mix of cement dust, sawdust, and water to simulate real dirt 

exposure. The results of this test were different from the others. Some coatings that passed the 

humidity and thermal shock tests failed quickly when exposed to the slur. The UV40-coated 

board failed after only six minutes. Polyurethane failed after nine minutes. Only the synthetic 

rubber coating lasted longer, almost six hours. The contamination also caused clear surface 

damage. This included white deposits and corrosion marks around tall components. The photos 

in Appendix I show this damage in detail. These images support the voltage measurements and 

confirm the severity of failure. 

These findings are supported by the content analysis, where synthetic rubber outperformed the 

others under complex contamination. The difference between flat IPC coupons and the more 

complex BMS boards is also clear. The IPC boards all passed the contamination test, but the 

BMS boards failed at different times depending on the coating. This shows that geometry plays 

an important role in coating performance. It also confirms that flat-board testing is not always 

enough to predict how coatings will behave in the field (Cooper, 2018). 

Based on all test results, no single test can predict field failure on its own. Each test provides 

part of the answer. The most reliable prediction comes when tests are combined. A good testing 

method should include: 

• First, a thermal shock test to check for mechanical stress from temperature changes. 

• Second, a basic humidity test to check for minimum moisture protection. 

• Third, a contamination test to evaluate protection against dirt, moisture, and chemicals 

together. 

This multi-step method helps to identify both strong and weak points in the coating. It also 

reflects real-world stress, where multiple factors act at the same time. While this study does not 

include long-term field data, the custom contamination test showed failure modes that were not 

visible in simpler tests. This makes it a strong candidate for use in product evaluation. 

In conclusion, a testing method that combines thermal cycling and exposure to contaminants is 

the most accurate way to predict field failures of conformal coatings used in forest environments 

(Bahrebar & Ambat, 2023; Techspray, 2025). Simple tests like humidity are still useful, but 

they are not enough by themselves. The best test method is one that includes moisture, 

temperature, and contamination, because these are the main stress factors in outdoor forest 

applications. 



51  

6 Discussion 
 

This chapter discusses the meaning of the results in a wider context. It starts by summarising 

the main findings, then explains what they mean for research and for practice in the industry. 

The chapter also includes a reflection on sustainability, and it discusses the strengths and 

weaknesses of the research methods. It finishes by linking the discussion back to the purpose 

of the study. 
 

6.1 Summary of Key Findings 

The experimental results gave important information about how different conformal coatings 

perform on PCBs under constant voltage in outdoor-like conditions. For the first research 

question (RQ1), the results showed that standard coating thickness is often enough to stop 

electrochemical migration under simple high-humidity conditions. However, real protection 

depends more on full coverage, especially on sharp edges and complex shapes. Failures often 

started in these difficult areas, which shows that measuring only the average thickness is not 

enough. 

For the second research question (RQ2), the tests showed that environmental stress factors can 

work together and cause damage faster. For example, thermal shock caused cracks in the 

polyurethane coating. These cracks then allowed water and contaminants to enter, which 

increased the risk of electrochemical problems. This supports the idea that stress from heat, 

moisture, and dirt can combine and make coatings fail faster than if only one factor was present. 

For the third research question (RQ3), the results showed that simple tests like humidity alone 

do not give a full picture. More complex testing, with both temperature changes and 

contamination, gives better predictions for outdoor use. The custom contamination and thermal 

shock tests showed weak points in coatings that showed great results in the humidity tests. This 

means that testing methods must be more complete to reflect the real challenges in outdoor 

forest environments. 

6.2 Practical Implications 

This study gives several useful insights for companies that develop electronic products for 

outdoor use. The results show that conformal coatings can still fail in real outdoor conditions, 

even if they pass basic laboratory tests. This means that simple testing methods are not enough. 

Companies should include more realistic and combined environmental tests to better understand 

how coatings will perform outside the lab. 

One important finding is the need for good coating coverage, especially around sharp edges, 

tall components, and difficult areas on the board. Poor coverage in these places increases the 

risk of failure. To avoid this, companies should invest in better coating machines, improved 

application techniques, and stronger quality control. For example, using coatings with SEC 

technology or applying several layers can help protect weak areas. 
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Another important point is that tests with only one type of stress, like humidity alone, do not 

always show the real risks. In actual outdoor use, many stress factors happen at the same time, 

such as temperature changes, dirt, and moisture. Managers should support more complete test 

plans that combine these conditions. This helps companies choose better coatings that will last 

longer in the field. 

The results also show why it is important for design and production teams to work closely 

together. The design of the circuit board affects how well the coating can be applied. If the 

board has very tall components or tight spaces, the coating might not cover everything. 

Designers should understand these limits early so they can change the layout and make the 

coating process easier and more effective. 

Coating materials should not be chosen only because they are cheap or easy to use. The study 

found that one type of polyurethane failed during thermal shock testing. This means that low- 

cost coatings may not always work well in tough outdoor conditions. Companies should look 

at how the coating performs, not just the price. They should also make sure workers are trained 

to apply the coating properly and prepare the surfaces correctly to get good and repeatable 

results. 

These findings are helpful for companies that are having problems with coating failures in the 

field. For example, if a low-cost product fails after being used outdoors, this research can help 

the company check their coating process again. Better testing and improved application 

methods could lead to products that last longer and work more reliably. 

Some of these changes may cost more at the beginning, like buying better tools or spending 

more time testing. However, these extra costs are often less than the cost of fixing failed 

products, giving refunds, or losing customer trust. The results of this study can help companies 

think carefully about the value of investing in better coating strategies. 

6.3 Implications for Researchers 

The results from this study give several insights for the research community. One important 

area is the need to better understand how coating failure begins at sharp edges and in small 

cavities. Although SEC technology is an improvement, more work is needed to explain how 

material properties affect these weak points. Future studies could look at how edge thickness 

relates to electrochemical migration under stress. 

The test results also show that combined environmental stressors create complex challenges. 

This study only covered a few combinations. More controlled experiments are needed to 

separate and study the effects of each stress factor and how they interact. Improved models 

could help predict coating lifetime when more than one stress is present. 

In general, the findings support existing theories on corrosion and coating protection. But the 

mechanical cracks seen in the thermal shock test show that coating flexibility and how it reacts 

with PCB design should be more clearly included in theory. The idea behind SEC coatings is 



53  

supported, but more research is needed to study how stable SEC materials are over time and 

under different environmental conditions. 

Future research could also develop better ways to monitor coatings in real time, both in lab tests 

and possibly in the field. Another important area is the effect of biological factors like fungus 

or acids from decaying plants, which are common in forest environments. These effects are not 

well studied and could impact coating life in real outdoor use. 

6.4 Sustainability Perspective 

This study has shown that better coating protection for electronic devices can support 

sustainability in many ways. Making devices last longer helps reduce waste, save materials, and 

protect people. 

Environmental Sustainability 

When coatings protect PCBs better, fewer devices break early. This means less electronic waste, 

which is important because e-waste often contains harmful materials. Devices like batteries may 

become useless if the coating fails, so avoiding these failures helps reduce the number of 

discarded products. Longer product life also means fewer new products need to be made. This 

reduces the use of metals, plastics, and energy, which also lowers carbon emissions. Although 

advanced coatings have their own environmental impact, they can still be better for the 

environment if they help the product last much longer. According to Ukoba and Jen (2025), 

advanced surface coatings play a key role in reducing both waste and resource consumption 

over time. UV-curable coatings, which usually have lower VOC content, are also considered 

cleaner and safer options, as noted by Cunningham et al.(2019). In the future, recycling of 

coated boards and using coatings that are easier to remove or more environmentally friendly 

should also be considered. 

Economic Sustainability 

Using stronger coatings may cost more at first, but they reduce warranty claims and repair costs 

later. Fixing failed products is expensive and takes time. Better reliability also improves 

customer satisfaction and helps companies build a strong brand. Products that last longer can 

also sell at a higher price. In the long term, this can bring more profit than the extra cost of 

better coatings and testing. Ukoba and Jen (2025) highlighted that long-lasting products can 

offer economic advantages by reducing production frequency and lowering end-of-life 

management costs. Less e-waste also reduces recycling and disposal costs. Companies can also 

avoid problems with new environmental rules by making products that last longer and are easier 

to recycle. 

Social Sustainability 

Good coatings make products safer. This is important for electronics used near people, such as 

medical devices, electric tools, and cars. A reliable coating lowers the risk of failure that could 

cause injury or damage. Durable products can also help people who need technology to keep it 
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for longer without buying new devices often. If strong coatings become too expensive, 

companies should try to keep prices fair so more people can afford their products. 

There can also be social benefits in manufacturing. Better coatings need skilled workers to apply 

them and check quality. This creates or keeps jobs in areas like repair, quality control, and 

coating technology. According to Schischke and Nissen (2020), sustainability should also 

include fair labour conditions and responsible sourcing of coating materials, which supports 

social well-being across the supply chain. 

6.5 Methodological Discussion 

This study used an experimental laboratory method to evaluate conformal coatings under 

controlled conditions. One major advantage of this approach is that it allows high repeatability. 

Environmental factors such as temperature and humidity can be controlled, making it easier to 

compare coating performance in a fair way. It also helps to isolate specific stress factors like 

moisture or thermal shock, which can reveal early signs of failure (Singh, Palmer, Xu, Pudas, 

et al., 2021). 

Another benefit is that lab testing is more efficient and cost-effective than long-term outdoor 

testing. Results can be collected in a shorter time, which is helpful when fast decisions are 

needed during product development. Quick tests, such as those proposed by the International 

Electronics Manufacturing Initiative, allow the evaluation of coating performance under 

accelerated but realistic conditions, making them practical tools for screening during early 

product development (Singh, Palmer, Xu, Keeping, et al., 2021) 

However, this method also has limitations. Real outdoor environments are more complex. They 

include combined stresses like UV light, dirt, rain, temperature changes, and even physical 

damage from wind or animals. These factors are difficult to fully simulate in a laboratory. As 

noted by Chen et al. (2019) and Techspray (2025), testing with only one or two stress factors 

may not be enough to predict how coatings will perform in the field. 

Even though the lab method cannot copy all outdoor conditions, it was still a good choice for 

this study. It provided reliable and repeatable results for comparing the selected coatings. These 

results give a strong foundation for further testing and help in choosing suitable materials for 

more advanced evaluation. 

6.6 Recommendations 

Table 8 below shows four recommendations for how to improve the way conformal coatings 

are tested, selected, and applied in difficult outdoor environments. Each recommendation 

includes a short explanation of the problem, the reason behind it, what can be done to fix it, and 

the result that can be expected. Table 8 also includes a priority level to show which 

recommendations are more urgent. 
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Table 8 Recommendations for optimal testing 
 

 

Recommenda 

tion 

Identified Short 

coming 

Probable Cause Suggested Actions Expected 

Outcomes 

Pri 

orit 

y 
 

Adopt a Using only one Different stress Create a test that A better H 

Multi- type of types like moisture, includes different understanding of  

Stressor environmental test heat, and dust can stress types, use how coatings  

Testing does not show work together to one test after behave in real  

Approach for how coatings damage coatings in another, and conditions and  

Coating perform in real ways that are not compare with real- improved coating  

Qualification outdoor situations seen in single tests world data choice  

Optimize Some coating The coating may Use multiple Better coating H 

Coating methods do not pull away from layers, choose protection in areas  

Application cover sharp edges sharp edges because coatings made for where failures  

and Selection well, which can of surface tension. sharp edge often happen and  

for Critical lead to early One layer of coverage (SEC), lower risk of  

Geometries failure coating is often too and check coating damage from  

  thin in difficult quality moisture  

  areas automatically   

Enhance Coating may be Changes in the way Use the same More stable M 

Process too thin or not the coating is process every time, coating quality  

Control and stick well, even if applied, such as check the process and fewer product  

Quality the right material spraying or drying, while coating, train failures or returns  

Assurance for is used can affect the result. workers, and keep   

Coating  Poor process equipment in good   

Application  control adds risk condition   

Consider The layout of the Designers may not Review the design Easier coating M 

Design for PCB can make think about coating early, choose process, better  

Manufactura coating hard to when designing the materials that work coverage, and  

bility and apply in some board well together, and fewer problems  

Coating places, like tight  avoid areas that are after coating  

Compatibility spaces or corners  hard to coat   

The ideas in the table above show a new way of thinking. In the past, most companies used only 

one kind of test to check coatings. The results of this study show that this is not enough. It is 

strongly recommended that companies change how they test coatings, especially if the 

electronics will be used outside in natural areas. 

The first two recommendations, multi-stressor testing and better coating for critical geometries, 

are high priority. These should always be used when developing outdoor electronics. This study 

showed that all three coatings passed a basic humidity test. However, the same coatings failed 

when tested under more difficult conditions. For example, a test that used thermal shock 

followed by humidity showed big problems in the polyurethane coating. Small cracks from the 

heat made it easy for moisture to get inside. This is a common problem in nature, where day 

and night temperatures change quickly, followed by rain or dew. 

When coatings are used in very important systems, such as safety controls or expensive 

equipment, all four test types should be used. These are humidity, salt fog, thermal shock, and 
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contamination resistance. While this may cost more at the beginning, it prevents bigger 

problems later like failures in the field or damage to the company’s reputation. 

The other two recommendations are also important but may depend on the situation. If the 

company makes large numbers of electronics, small changes in the coating process can affect 

thousands of units. In this case, good process control is very important. This is true for 

companies that make more than 10,000 products per year. 

Design is also important when the boards are complex. Boards with tall parts or tight spaces are 

harder to coat well. If the components are taller or very close together, design for coating should 

be treated as a high priority. Even for low-cost products, it is better to apply these ideas early. 

This helps avoid problems later that can cost even more to fix. 

These recommendations should be adjusted based on the type of product and industry: 
 

Medical Devices should follow all four recommendations and check for biocompatibility. 
 

Consumer Electronics may focus more on early-life failures because their use time is short. 
 

Industrial Equipment in remote areas should focus on contamination resistance based on 

local environment. 
 

For smaller companies with fewer tools for testing, a simple plan can be used. They can start 

with thermal shock and humidity tests. Other tests, like salt fog, can be done by working with 

partners. They can also create small in-house tests for parts that are hard to coat. 

The recommendations in Table 8 are a helpful starting point, but they are not the final answer. 

Conformal coating is still growing as a field. New materials and better ways to apply them are 

coming all the time. Companies should continue to test coatings and collect data from the field. 

This will help improve coating choices and testing methods. Also, as people care more about 

the environment, companies should look at how coatings affect the planet after the product is 

used. 

The best results will come from companies that see these ideas not just as rules, but as part of a 

full system. This includes design, materials, production, and testing. By using this full view, it 

is possible to make strong and reliable products that work well outdoors and meet cost and 

quality goals. 
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7 Conclusions 
 

This chapter gives a short summary of the most important findings from the study. It explains 

how they answer the research questions and what they mean for theory and practice. The 

chapter gives also suggestions for future research. 
 

This study evaluated the effectiveness of three conformal coatings UV40 (acrylic polyurethane), 

1A33SEC (polyurethane), and 1B59SEC (synthetic rubber) on PCBs exposed to environmental 

stressors common in outdoor conditions. The results clearly indicate  that no 

single test method is sufficient for predicting coating performance in complex real-world 

scenarios. While all coatings passed the basic humidity test, failures emerged under combined 

stress conditions such as thermal cycling and contamination, revealing critical weaknesses in 

coating adhesion and edge coverage. 

Among the three, the synthetic rubber coating demonstrated the most consistent resilience 

across different tests, especially in contamination resistance and thermal shock. In contrast, the 

UV40 acrylic coating failed quickly in the custom contamination test, highlighting its 

limitations under simultaneous environmental stressors. The polyurethane coating, while 

generally effective, developed cracks during thermal shock, suggesting limitations in 

mechanical flexibility. 

One key finding is the importance of coverage uniformity, particularly at sharp edges and 

complex geometries, where coating tends to thin out and become vulnerable. The study also 

shows that combining humidity, thermal, and contamination testing gives a much more reliable 

picture of long-term durability than isolated tests. 

Overall, a multilayered testing strategy and more advanced coating application techniques, such 

as Sharp Edge Coverage (SEC), are strongly recommended. This approach ensures that both 

performance and reliability are validated under conditions that more closely mirror real-life 

outdoor use. Future studies should expand the range of stressor combinations, use field data for 

validation, and explore edge-focused coating enhancements to further improve protective 

performance. 

Further Research 

To enhance the depth and reliability of future studies, several improvements and additions are 

recommended. One valuable step would be to incorporate the IPC-B-52 standard, which 

includes components with sharper geometries. Evaluating coatings on such sharp-edged 

components would allow for a more detailed understanding of how edge profiles influence 

coating performance, particularly in terms of adhesion and coverage compared to flatter or 

lower-edge components. 

Observations from the humidity chamber tests also revealed a need for improved setup 

conditions. Cards that were not suspended and were exposed to lower temperature ranges 
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showed signs of water accumulation within cavities. This pooling could interfere with test 

accuracy by introducing moisture-driven failure unrelated to the coating material itself. To 

avoid such artifacts, future experiments should ensure consistent card positioning and optimized 

chamber configurations. 

In the case of thermal shock testing, the inclusion of adhesion testing prior to thermal cycling 

could provide clearer insights into coating degradation. Performing adhesion tests before 

thermal exposure would help identify existing weaknesses in the coating structure. Subsequent 

analysis of crack development under thermal stress could then offer a more thorough 

understanding of how minor defects evolve into significant failures. 

Lastly, future work would benefit from testing all coating types across all environmental 

conditions. This comprehensive approach would allow researchers to identify coatings that are 

consistently resilient and to detect potential interactions between different stressors. Evaluating 

whether performance in one stress condition correlates with performance in others could 

provide a more realistic prediction of coating behaviour in outdoor environments. 
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Appendices 

Appendix A – Test description of Cross-Section 

Test setup 

The analysis follows the guidelines from IPC-CC-830C (2017). This standard is commonly 

used to evaluate coating quality and performance for printed circuit boards. It includes 

procedures for preparing and inspecting cross-sections to detect possible defects and confirm 

coating thickness and adhesion. 

Each BMS board is prepared by cutting a small section from a coated area. This section is then 

embedded in thermosetting resin to make the structure stable. After the resin hardens, the 

sample is mechanically polished using fine abrasive material until a flat and smooth surface is 

achieved. This makes it possible to inspect the coating layers clearly under a microscope. 

The analysis focuses on areas such as corners, edges, and component bases. These are the places 

where coating irregularities like bubbles, delamination, or thin spots are most likely to appear. 

The goal is to determine if the coating has full coverage and maintains a consistent thickness in 

all areas, as required in IPC-CC-830C. 

Test Execution 

Once the sample is polished, a microscope is used to examine the cross-section. The observation 

is focused on key areas, especially around component leads, edges, and sharp corners. These 

are inspected for coating defects such as gaps, air bubbles, cracks, or weak adhesion. 

The thickness of the conformal coating is measured visually using the microscope’s built-in 

scale, and images are captured to document each area. The images are saved digitally and used 

as qualitative data for comparison. The analysis is repeated for each type of coating used in the 

study, including 1A33SEC (polyurethane), 1B59SEC (synthetic rubber), and UV40. 

The findings help to compare coating behaviour across different materials and test conditions. 

These cross-section results are also used to understand performance in other environmental 

tests, such as humidity, salt spray, thermal shock, and contamination. When a failure is observed 

during testing, the cross-sectional images help explain whether it was caused by poor coating 

coverage or insufficient layer thickness. 
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Appendix B – Test description of Humidity 

Test setup 

All test samples are connected in parallel to a constant power supply. This keeps them energized 

for the whole test. A bias voltage of 50 VDC is applied continuously during the cycles. The 

PicoLog 1000 data logger is used to check and record creep leakage currents all the time. The 

electrical settings, including voltage and current, must match the test plan and be checked before 

the test begins. 

The humidity test takes place in a controlled chamber where temperature and humidity are kept 

at the right levels. The chamber follows a temperature cycling process where the temperature 

changes between 25°C and 65°C with an accuracy of ±2°C. The relative humidity levels depend 

on the temperature phase. During the high phase at 65°C, the humidity is kept at 95% ±3% RH 

and must not fall below 90% RH when cooling. During the low phase at 25°C, the relative 

humidity is kept at 85% RH. The chamber must reach these settings and stay stable before the 

test boards are put inside. 

Test Execution 

Before starting the test, all electrical connections are checked to make sure they are correct. The 

power supply must deliver the right voltage to all samples. The PicoLog 1000 must be working 

properly and recording data without problems. 

After the chamber reaches the correct temperature and humidity, the test boards are placed 

inside. The test runs for 20 cycles, and each cycle lasts 6.5 hours. One cycle includes 1.75 hours 

of heating, 3 hours at high temperature (65°C), and 1.75 hours of cooling. These cycles continue 

one after another without any delay between them. The total test time is 130 hours, where the 

test boards stay inside the chamber under these changing conditions. The PicoLog 1000 

continues to measure and record creep leakage currents during the whole test. Any unusual 

changes in current, voltage, or resistance are noted for later study. 

During the test, visual checks are done from time to time. The focus is on looking for moisture 

on the PCB surfaces, any swelling, discoloration, or damage to the coatings. Any corrosion or 

oxidation on metal parts is checked. Changes in insulation resistance are also monitored, as 

these could mean the board is starting to fail. If something unusual is observed, more 

measurements are taken. 

At the end of the test, the chamber is slowly returned to room temperature before opening. The 

power supply is turned off, and all test boards are carefully removed. Each board is checked for 

visible damage or changes. 
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Appendix C – Test description of Salt fog 

Test Setup 

The test takes place in a salt spray chamber filled with a 5% sodium chloride (NaCl) solution. 

The pH level must stay between 6.5 and 7.2. The salt solution is sprayed into the chamber as a 

fine mist, creating a corrosive environment. The temperature inside the chamber is kept at 35°C 

±2°C. The total test time is 96 hours to simulate outdoor exposure in an accelerated way. 

The test boards include IPC-B-25 test boards and BMS test boards. Each board is placed at an 

angle of 15° to 30° from vertical to make sure the salt mist reaches the entire surface. During 

the test, the boards stay electrically energized with a 50 VDC bias voltage to simulate real 

working conditions. 

Air pressure inside the chamber is controlled so that the salt solution is sprayed correctly. The 

air must be clean and filtered before entering the nozzles. The fog collection rate must be 

between 1.0 and 2.0 mL per hour for every 80 cm² of collection area. The pH level, temperature, 

and salt concentration are checked daily to make sure they stay within the correct range. 

Test Execution 

Before the test starts, all test boards are labelled and recorded. The salt spray chamber is turned 

on and set to the correct temperature and humidity levels. When the conditions are stable, the 

test boards are placed inside. The test runs for 96 hours without stopping, except for short 

checks to refill the salt solution or inspect the samples. 

The pH of the collected salt solution is checked daily. If the pH goes outside the range, it is 

adjusted using hydrochloric acid (HCl) or sodium hydroxide (NaOH). The salt concentration is 

measured with a hydrometer, and it must stay at 5% ±1%. 

During the test, the samples are visually checked for corrosion, blistering, peeling, or other 

coating damage. Areas such as edges, corners, and exposed metal parts are closely inspected 

because corrosion usually starts there. The PicoLog 1000 data logger records creep leakage 

currents throughout the test to track electrical performance. 

After 96 hours, the chamber is turned off, and the test boards are removed. The samples are 

then rinsed with deionized water to eliminate any salt residues. After drying, the boards are 

examined for signs of corrosion, pitting, discoloration, and coating damage. As a final step, 

photographs are taken to visually document the condition of each sample. 
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Appendix D – Test description of Thermal shock 

Test setup 

The thermal shock process subjects coated boards to repeated and rapid temperature shifts. Each 

cycle consists of 15 minutes at -65°C, followed by 15 minutes at 125°C, with transition times 

maintained under two minutes. The total time is estimated to be 3200 minutes. During testing, 

the PCBs remain unpowered, as the objective is to assess the physical durability of the coating 

under thermal stress. Upon completing all 100 cycles, the boards are brought back to room 

temperature (21°C). A detailed inspection follows, using both a microscope and cross-section 

analysis. This examination focuses on identifying any damage to the coating, including cracks, 

peeling, blistering, or delamination, which could have resulted from the thermal cycling. 

Test Execution 

The thermal shock process subjects coated boards to repeated and rapid temperature shifts. Each 

cycle consists of 15 minutes at -65°C, followed by 15 minutes at 125°C, with transition times 

maintained under two minutes. During testing, the PCBs remain unpowered, as the objective is 

to assess the physical durability of the coating under thermal stress. Upon completing all 100 

cycles, the boards are brought back to room temperature (21°C). A detailed inspection follows, 

using both a microscope and cross-section analysis. This examination focuses on identifying 

any damage to the coating, including cracks, peeling, blistering, or delamination, which could 

have resulted from the thermal cycling. 
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Appendix E – Test description of Contamination resistance 

Test Setup 

The contamination resistance test was designed to evaluate the performance of coated cards 

when exposed to a controlled contamination environment. The contamination mixture was 

prepared by combining 5% sawdust (50 g), 5% fine concrete (50 g), and 90% tap water (900 

g), yielding a total of 1000 g. The mixture was stirred continuously using a laboratory mixer 

until a homogeneous solution was achieved, with no visible particles settling at the bottom of 

the beaker. This process took approximately one hour. 

Before application, the pH of the mixture was measured using a calibrated pH meter, with 

readings recorded between 7.4 and 7.8. 

The test cards were mounted in a fixture and connected to a constant voltage supply. Electrical 

measurements were set up to be recorded continuously using a PicoLog data acquisition system, 

beginning prior to contamination and continuing throughout the test duration. 

Test Execution 

With the mixing device kept running to maintain solution homogeneity, a pipette was used to 

apply 10 drops of the contamination mixture onto each test card. This application was repeated 

three times on each card to ensure sufficient coverage, particularly over areas where potential 

leakage could occur. 

Following application, the cards were left undisturbed for 12 hours to allow the solution to 

interact fully with the coated surfaces. The experiment was concluded after this exposure 

period. 

After completion, a detailed inspection was performed to assess any changes in electrical 

performance and to check for visible signs of damage or degradation of the coating, with 

particular attention given to leakage points and surface conditions. 
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Appendix F – Equipment list for each test 

Table 9: Overview of the equipment that will be used for each test method during the data collection 
process. 

 

Tests Equipment 
 

Humidity Testing Humidity Chamber (ClimeEvent c/340/40/3) 

PicoLog 1000, 16 Channels with external terminal 

Siliocone covrage for contact spots 

Lab Computer 

DC Power Supply 

Cables and Components 
 

Thermal Shock Testing Thermal Shock Chamber (ShockEvent T/120/V2) 

High-Resolution Microscope 
 

Salt Spray Testing Salt Spray Chamber 

Siliocone covrage for contact spots 

pH Level Meter 

Lab Computer 

Cables and Components 

DC Power Supply 

PicoLog 1000, 16 Channels with external terminal 
 

 

Custom Contamination 
Resistance Test 

pH Level Meter 

Tap Water 

Saw Dust 

Dried Concrete 

DC Power Supply 

Lab Computer 

PicoLog 1000, 16 Channels with external terminal 

Siliocone covrage for contact spots 

Cables and Components 
 

 

Cross-section Cross-Sectioning Tools 

High-Resolution Microscope 
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Appendix G – Cross Section Results 
 

 

Figure 9 Coating thickness overview of 1A33SEC 
 

Figure 10 Components height and width of 1A33SEC 
 

Figure 11 Coating thickness of 1A33SEC top left corner 
 

Figure 12 Coating thickness of 1A33SEC top right corner 
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Figure 13 Coating thickness overview of 1B59SEC 
 

Figure 14 Components height and width of 1B59SEC 
 

Figure 15 Coating thickness of 1B59SEC top right corner 
 

Figure 16 Coating thickness of 1B59SEC top left corner 
 

Figure 17 Coating thickness overview of UV40 



73  

 

Figure 18 Components height and width of UV40 
 

Figure 19 Coating thickness of UV40 top right corner 
 

Figure 20 Coating thickness of UV40 top left corner 
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Appendix H – Humidity Test Results 
 

 

 
Figure 21 Voltage measurements for IPC with UV40 during humidity test (6,1-6,3) 

 

 
 
 

Figure 22 Voltage measurements for IPC with 1A33SEC during humidity test (7,1-7,3) 
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Figure 23 Voltage measurements for IPC with 1B59SEC during humidity test (8,1-8,3) 
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Figure 24 Voltage measurements for BMS card with all coatings during humidity test (9,1-9,3) 

 

 
Figure 25 Overview of all cards during humidity test 

 

 
Figure 26 Descriptive statistics of all cards during humidity test 
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Appendix I – Salt Fog Test Results 
 

 
Figure 27 Voltage measurements for IPC with UV40 during salt fog test (10,1-10,3) 

 

 
Figure 28 Voltage measurements for IPC with 1A33SEC salt fog test (11,1-11,3) 
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Figure 29 Voltage measurements for IPC with 1B59SEC salt fog test (12,1-12,3) 

 

 
Figure 30 Voltage measurements for BMS with all coatings salt fog test (13,1-13,3) 
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Figure 31 Overview of all cards during salt fog test 

 

 
Figure 32 Descriptive statistics of all cards during salt fog 
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Figure 36 All cards after salt fog test 
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Qualitative scale: L = low / cosmetic, M = moderate, H = high (functional risk) 

Table 10 Content analysis for sample after the salt fog test 
 

Sample Coating Visual condition after 96 h salt-fog Corrosion 
morphology 

Severity 

10,1 UV-40 Grey-green creep tracks at edge- Filiform/creep H 

  connector, isolated pin-to-pin bridges CuCl₂  

10,2 UV-40 Similar to 10,1 with darker nodules, no Filiform + pitting H 

  blistering   

10,3 UV-40 Clean except faint tarnish on fingers Nonvisible L 

11,1 PU Glossy, intact film; no discolouration — L 

11,2 PU Slight matte band near board bottom; Early creep onset L 

  otherwise, clear   

11,3 PU Brown under-film halo coinciding with Localised under- M 

  voltage collapse window film corrosion  

12,1 Syn- Uniform film, but small translucent Incipient blisters M 

 rubber domes along bus bar   

12,2 Syn- 
rubber 

Large, ruptured blisters, black 
residues, copper loss 

Blister → pitting H 

12,3 Syn- Extensive orange/black band, charred Under-film H 

 rubber spots (Plate 1, third column) burning + crevice  

13,1 UV-40 Thick green crust flanking connector Creep + poultice H 

 (BMS) pins (Fig. 11)   

13,2 PU Orange line beneath coat; film still Under-film linear H 

 (BMS) glossy (Fig. 12) corrosion  

13,3 Syn- Deep blisters, black pitting between Blister-initiated H 
 rubber QFP leads (Fig. 13) galvanic attack  

 (BMS)    
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Appendix J – Custom Contamination Resistance Test Results 
 

Figure 37 Voltage measurements for IPC with UV40 during custom contamination resistance test 
(14,1-14,3) 

 

 
Figure 38 Voltage measurements for IPC with 1A33SEC during custom contamination resistance test 
(15,1-15,3) 



83  

 

 
Figure 39 Voltage measurements for IPC with 1BSEC during custom contamination resistance test 
(16,1-16,3) 

 

 
Figure 40 Voltage measurements for BMS with all coatings during custom contamination resistance 
test (17,1-17,3) 
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Figure 41 Overview of all the cards during custom contamination resistance test 

 

 
Figure 42 Descriptive statistics of all cards during custom contamination resistance test 
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Qualitative scale: L = low / cosmetic, M = moderate, H = high (functional risk) 

Table 11 Content analysis for sample after the custom contamination resistance test 
 

Sample ID Board type Coating family Time to 
failure 
(h:min) 

Visible 
damage after 
cleaning 

Severity 

14,1 IPC-B-25 UV40 > 12 h None L 

14,2 IPC-B-25 UV40 > 12 h None L 

14,3 IPC-B-25 UV40 > 12 h None L 

15,1 IPC-B-25 1A33 
polyurethane 

> 12 h None L 

15,2 IPC-B-25 1A33 
polyurethane 

> 12 h None L 

15,3 IPC-B-25 1A33 
polyurethane 

> 12 h None L 

16,1 IPC-B-25 1B59 synthetic 
rubber 

> 12 h None L 

16,2 IPC-B-25 1B59 synthetic 
rubber 

> 12 h None L 

16,3 IPC-B-25 1B59 synthetic 
rubber 

> 12 h None L 

17,1 BMS UV40 0:05:50 Heavy white 
residue, 
corrosion 
tracks 

H 

17,2 BMS 1A33 
polyurethane 

0:09:10 White residue, 
coating lift at 
pads 

H 

17,3 BMS 1B59 synthetic 
rubber 

5:56:00 Small white 
spots, limited 
spread 

M 
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Appendix K – Thermal Shock Results 
 

Figure 46 Results of IPC discolouring after thermal shock 

 



87  

Qualitative scale: L = low / cosmetic, M = moderate, H = high (functional risk) 

Table 12 Content analysis for sample after the thermal shock test 
 

Sample ID Board type Coating family Visible damage 
after cleaning 

Severity 

1,1 IPC-B-25 UV40 None L 

1,2 IPC-B-25 UV40 None L 

1,3 IPC-B-25 UV40 None L 

2,1 IPC-B-25 1A33 
polyurethane 

Discolouring, 
Burned 

H 

2,2 IPC-B-25 1A33 
polyurethane 

Discolouring, 
Burned 

H 

2,3 IPC-B-25 1A33 
polyurethane 

Discolouring, 
Burned 

H 

3,1 IPC-B-25 1B59 synthetic 
rubber 

None L 

3,2 IPC-B-25 1B59 synthetic 
rubber 

None L 

3,3 IPC-B-25 1B59 synthetic 
rubber 

None L 

4,1 BMS UV40 None L 

4,2 BMS 1A33 
polyurethane 

Discolouring, 
Cracks 

H 

4,3 BMS 1B59 synthetic 
rubber 

None L 
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Appendix L – Connection System 
 

 

 

 

 

 

Figure 51 Overview of the IPC voltage measurement system 


