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ABSTRACT 

 
Polyurethane (PU) coatings are everywhere! You'll find them protecting and beautifying countless products across 
industries, thanks to their incredible durability, resistance to chemicals, and versatile good looks. This article takes you 
on a journey through the fascinating history of polyurethane chemistry, starting with Otto Bayer's groundbreaking work 
in the late 1930s and 1940s. We'll explore how coating technologies have evolved, from the early days of solvent-based 
systems to today's environmentally friendlier two-component (2K), waterborne, and even radiation-curable options. This 
evolution has been fueled by a growing demand for better performance and stricter environmental rules. We'll also dive 
into the basic chemistry that makes polyurethanes so special, looking at how different ingredients come together. You'll 
discover the amazing qualities of these coatings – think super tough, chemically stable, great adhesion, flexible, and 
weather-resistant. Plus, we'll showcase their vital roles in everything from cars and industrial equipment to homes and 
specialized applications. Finally, we'll peer into the future, discussing the exciting shift towards sustainable solutions, 
using materials from nature, smarter manufacturing, and making sure these coatings can be part of a circular economy. 
Polyurethanes are truly a dynamic and essential part of our journey towards a carbon-neutral world. 

Keywords: Polyurethane coatings, Waterborne coatings, Two-component (2K) polyurethane, VOC reduction, Automotive 
coatings, Industrial coatings, Sustainable coatings, Isocyanates, Polyols, Circular economy, Thermally activated curing 
agents, Polyurethane dispersions. 

 

INTRODUCTION 

Have you ever stopped to think about the invisible heroes 

that protect and enhance so many things around us? 

Coatings are those unsung champions! They keep our 

cars shiny, our floors durable, and countless industrial 

pieces safe from wear and tear. And when it comes to 

high-performance coatings, polyurethanes (PUs) truly 

stand out. They're an indispensable family of polymers, 

celebrated for their incredible ability to deliver on all 

fronts. The magic of polyurethane chemistry lies in its 

flexibility – we can custom-design coatings with a huge 

range of properties, making them perfect for even the 

toughest jobs where durability, lasting beauty, and 

strong chemical resistance are absolutely essential. 

The story of polyurethane technology began in the late 

1930s with the brilliant research of Otto Bayer and his 

team at IG Farben. Their pioneering work led to the very 

first patent for polyurethanes in 1937 [1]. Bayer's equally 

important work in 1947 further explained the clever di-

isocyanate polyaddition process, which really set the 

stage for polyurethanes to become widely developed and 

used commercially [2]. Fast forward through the 

decades, and polyurethane technology has constantly 

evolved, growing from a new chemical curiosity into a 

fundamental building block of modern materials science 

[3]. You can see its huge impact today: the global industrial 

and architectural coatings markets rely heavily on 

polyurethane-based solutions, clearly showing their 

significant economic value and vital contributions [4, 5]. In 

this comprehensive article, we're going to take a deep dive 

into the ongoing innovations in polyurethane coating 

technology, thoroughly explore their diverse and 

impressive properties, and highlight their crucial 

applications across various industries and consumer 

products, all while also tackling the urgent need to move 

towards a circular economy. 

Evolution of Polyurethane Coating Technologies 

The journey of polyurethane coatings has been a 

fascinating one, marked by continuous leaps forward in 

both basic chemistry and clever formulation techniques. 

This evolution has always been driven by a relentless 

demand for better performance, increasing global 

environmental awareness, and the need for coatings that 

can be used in more and more ways. Historically, the 

market was largely dominated by solvent-based 

polyurethane systems. These early versions were 

workhorses, offering solid protection and durability that 

were highly valued at the time. 
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However, as the 20th century progressed, we all became 

more aware of environmental issues, especially the 

release of volatile organic compounds (VOCs) from 

industrial processes. This growing pressure from 

regulations, aimed at cleaning up our air and making 

workplaces safer, became a powerful force, pushing the 

coatings industry to actively seek out and develop 

alternative, more environmentally friendly technologies. 

A truly pivotal moment in this journey was the 

widespread adoption and refinement of two-component 

(2K) polyurethane systems. These advanced systems are 

essentially made of two separate parts: a polyol (a resin 

with many hydroxyl groups) and an isocyanate hardener 

(a compound with multiple isocyanate groups). When 

you mix them precisely, they kick off a polyaddition 

reaction, creating a tightly woven, three-dimensional 

polymer network. This extensive cross-linking is the 

secret behind the superior strength, amazing chemical 

resistance, and outstanding durability that 2K 

polyurethane coatings are famous for, setting them apart 

from simpler, single-component systems. Early, 

foundational patents, like those granted to Bayer AG in 

1987 and Huels DE in 1992, were key to perfecting the 

polyisocyanate compositions, leading to better and more 

effective binder systems for these 2K applications [6, 7]. 

What's more, the continuous development of specialized 

polyisocyanates, often created by linking together 

various diisocyanates, has constantly boosted the 

performance of 2K polyurethane binders, allowing for 

even more customization and higher performance in all 

sorts of applications [8]. 

The urgent need to drastically cut VOC emissions further 

sped up the development of high-solids polyurethane 

coatings, which pack more film-forming ingredients and 

less solvent. Even more importantly, it sparked intense 

research and commercial efforts in waterborne 

polyurethane coatings. Waterborne systems are 

revolutionary because they use water as their main 

solvent or dispersion medium. This dramatically reduces 

VOC emissions and significantly improves both worker 

safety and the overall environmental footprint of the 

coating process. While there were initial hurdles in 

getting them to perform as well as their well-established 

solvent-based cousins, huge progress has been made. 

Researchers meticulously focused on making 

polyurethanes disperse stably in water and developing 

strong cross-linking mechanisms that work effectively in 

a water environment. The Japanese market, in particular, 

showed early leadership and innovation in embracing 

and advancing waterborne 2K polyurethane coatings, 

recognizing their environmental advantages [10, 14]. 

Ongoing innovations in waterborne technology have 

steadily allowed for the creation of high-performance 

coatings, including specialized formulas with enhanced 

properties like superior graffiti resistance [12]. The 

continuous fine-tuning and optimization of these 

waterborne systems have dramatically expanded where 

they can be used, even allowing them to be successfully 

integrated into highly demanding sectors like automotive 

OEM (Original Equipment Manufacturer) coatings, where 

strict performance and durability standards are a must 

[17]. 

Beyond waterborne systems, another exciting area of 

development has been the creation of radiation-curable 

polyurethane acrylates, especially UV-curable systems. 

These technologies offer the distinct advantage of 

incredibly fast curing times, often just seconds when 

exposed to ultraviolet light or an electron beam. This also 

helps significantly reduce or even completely eliminate 

solvent use. Such rapid curing is particularly beneficial in 

fast-paced production lines and for coating materials that 

are sensitive to heat and can't handle high baking 

temperatures. The relentless pace of innovation in 

polyurethane chemistry, which includes designing new 

polyols and isocyanates with specific functions, continues 

to push the boundaries of what these versatile coatings can 

achieve in terms of performance, environmental impact, 

and how efficiently they can be applied [9, 11]. 

Diisocyanates: The Essential Building Blocks of 

Polyurethanes 

At their core, polyurethanes are built through a clever 

chemical reaction called polyaddition. This happens 

between polyols (compounds with many hydroxyl, or -OH, 

groups) and polyisocyanates (compounds with many 

isocyanate, or -NCO, groups). When we talk about coatings, 

these polyisocyanates are usually made by linking 

together smaller monomeric diisocyanates. The industrial 

way to produce these diisocyanates often involves 

reactions with phosgene, either in liquid or vapor form, 

starting from specific amine compounds [6]. However, for 

some aliphatic diisocyanates, scientists have developed 

alternative manufacturing processes that completely 

avoid using phosgene, which is a highly toxic chemical. In 

these phosgene-free methods, a urethane is first created 

by reacting amines with alcohols. Then, this urethane is 

broken down at high temperatures to give us the desired 

isocyanates [7]. 

The polyisocyanates used extensively in the coatings and 

adhesives industries are derived from various types of 

diisocyanates – some are aliphatic (straight or branched 

chains), some are aliphatic-aromatic, and others are 

purely aromatic (ring structures). Table 1 (referencing the 

original PDF) shows some of the key industrial 

diisocyanates you'll commonly find in these applications. 

Now, here's an important point: most monomeric 

diisocyanates, with the big exception of MDI (Methylene 

Diphenyl Diisocyanate), have high vapor pressures and are 

quite volatile. Because of serious concerns for 

occupational health and safety, you generally won't find 

monomeric diisocyanates used directly as raw materials in 

coating and adhesive formulas. To effectively reduce the 

risks associated with their high volatility, it's a mandatory 

practice to convert them into larger, higher molecular 

weight polyisocyanates through a process called 
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oligomerization. This process significantly lowers their 

volatility, making them much safer to handle and apply. 

Unpacking the Chemistry: Schematic Reaction Principles 

of Isocyanates 

The isocyanate group (−N=C=O) is incredibly reactive! It 

loves to join up with compounds that have active 

hydrogen atoms, like the hydroxyl (OH) groups in 

polyols, the amine (NH) groups in polyamines, or even 

thiol (SH) groups. These reactions are absolutely 

fundamental to how polyurethane and polyurea 

polymers are formed. Table 2 (referencing the original 

PDF) gives us a clear picture of the main reactions 

involving isocyanate groups: 

● Alcohol meets Urethane: 

R−N=C=O+R′−OH→R−NH−CO−O−R′ 

This is the star of the show – the primary reaction that 

builds polyurethanes. 

● Urethane to Allophanate: 

R−N=C=O+R′−NH−CO−O−R′′→R−N(CO−O−R′′)−CO−NH−

R′ 

Imagine an isocyanate reacting with a urethane bond 

that's already formed. This creates an allophanate, which 

helps branch out the polymer and makes the final coating 

even tougher. 

● Amine to Urea: 

R−N=C=O+R′−NH2→R−NH−CO−NH−R′ 

This reaction is super fast, much quicker than making 

urethanes, and it leads to the formation of polyurea 

linkages. 

● Water to Urea (with a bonus!): 

2R−N=C=O+H2O→R−NH−CO−NH−R+CO2↑ 

When water gets into the mix, it reacts with isocyanates 

to form a very unstable acid, which quickly breaks down 

into an amine. This amine then eagerly reacts with 

another isocyanate group to form a urea linkage, and 

voilà – carbon dioxide gas is released! This reaction is 

particularly important in coatings that cure with 

moisture from the air, and it's something formulators 

have to manage carefully in waterborne systems. 

● Carboxylic Acid to Amide: 

R−N=C=O+R′−COOH→R−NH−CO−R′+CO2↑ 

Isocyanates can also react with carboxylic acids, forming 

amides and, again, releasing carbon dioxide. 

● Uretdione (Dimer) Formation: 

2R−N=C=O→cyclic dimer 

Sometimes, isocyanates like to react with themselves, 

forming a cyclic dimer called a uretdione. The cool thing 

is, these can break back down into isocyanates when 

heated, acting like a temporary "block" on their reactivity. 

● Biuret Formation: 

R−N=C=O+R′−NH−CO−NH−R′′→R−N(CO−NH−R′′)−CO−N

H−R′ 

Biurets are formed when an isocyanate reacts with an 

existing urea linkage, adding more branches to the 

polymer network. 

● Isocyanurate (Trimer) Formation: 

3R−N=C=O→cyclic trimer 

Three isocyanate groups can link up to form a very stable 

cyclic trimer called an isocyanurate. These structures are 

super important for giving cured films their impressive 

hardness and chemical resistance. 

● Carbodiimide Formation: 

2R−N=C=O→R−N=C=N−R+CO2↑ 

Isocyanates can also react to form carbodiimides, 

releasing carbon dioxide in the process. 

These diverse reactions are strategically put to use when 

manufacturing polyisocyanates (oligomers) for coating 

raw materials. Specifically, polyisocyanate prepolymers, 

biurets, trimers, dimers, and allophanates are all crucial 

intermediates and final products that you'll find in various 

coating formulations. 

The speed at which urethane forms can vary a lot. It really 

depends on the specific type and chemical structure of the 

polyisocyanates and the other ingredients you choose. For 

instance, aromatic polyisocyanates react much faster with 

alcohols than their aliphatic cousins. And within aliphatic 

polyisocyanates, the primary isocyanate groups are the 

quickest to react, followed by secondary, and then tertiary 

groups. The reaction rates are also influenced by how the 

molecules are arranged in space (stereo-isomeric 

structures) and whether catalysts are present. That's why 

choosing the right catalyst for each specific application is 

so important to get the desired reaction speed and perfect 

film properties [8]. Table 3 (referencing the original PDF) 

gives you a peek into how reactive typical monomeric 

diisocyanates are. It's worth noting that NCO groups react 

incredibly fast with primary and secondary amines, 

quickly forming polyureas even at room temperature – a 

much, much faster reaction than with polyols. If you heat 

things up and add the right catalysts, ureas and urethanes 

can react with any extra isocyanate groups, forming 

biurets and allophanates, which further build up that 

strong, cross-linked network. 

Polyisocyanates (Oligomers) for Coating Applications: 

Tailoring Performance 

Imagine polyisocyanates as the master builders of a 

strong, three-dimensional structure. These special 

polyisocyanate products, which have more than two 

reactive sites on average, are carefully made by linking 

together diisocyanates. Their whole purpose is to react 
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with compounds that have active hydrogen atoms, 

usually polyols, to form those super robust, crosslinked 

polyurethane networks. The incredible strength and 

performance of the final coating film come directly from 

these tightly woven, crosslinked structures. 

What makes a polyisocyanate special often comes down 

to the initial choice of diisocyanate. For example, 

polyisocyanates made from aliphatic diisocyanates are 

fantastic because they resist yellowing from light 

exposure much better than aromatic ones. This makes 

them perfect for outdoor applications and clear topcoats 

where you want the color to stay true. On the other hand, 

coatings made from cycloaliphatic diisocyanates (like 

those based on IPDI) can be quite hard and sometimes a 

bit brittle. But here's the clever part: you can fine-tune 

their flexibility by picking just the right polyol to react 

with them. Conversely, coatings from linear 

diisocyanates, like HDI (Hexamethylene Diisocyanate), 

are naturally softer and more flexible. To get the desired 

hardness for these, you again turn to the wide variety of 

polyols available on the market. 

Beyond the final film properties, there's a crucial 

practical consideration in painting: the "pot life." This is 

simply the amount of time you have to work with the 

coating after you've mixed its components. Pot life is 

influenced by the molecular structure (stereo- and 

electronic effects) and the number of reactive NCO 

groups on the chosen polyisocyanate. For instance, if you 

add an IPDI-based polyisocyanate to a blend of HDI-

based polyisocyanates, you can actually make the pot life 

of your two-component polyurethane coating longer, 

giving painters more flexibility. And if you need even 

more fine-tuning, you can adjust it further by selecting 

specific catalysts. 

Table 4 (referencing the original PDF) gives a great 

overview of the characteristics and typical uses for 

various aliphatic and aromatic polyisocyanates, 

including biurets, dimers, trimers, and prepolymers. 

Each type brings its own unique strengths to the table, 

making them suitable for everything from wood and 

furniture finishes to tough anti-corrosion and 

automotive coatings. 

The size and distribution of the polyisocyanate oligomers 

(how many diisocyanates are linked together) directly 

relate to how much the original diisocyanates were 

modified. This relationship is key because it allows us to 

precisely customize the product's features, such as its 

isocyanate equivalent weight, average number of 

reactive sites, and its thickness (viscosity). If you have a 

high degree of polymerization, you get polyisocyanates 

with higher average molecular weights. These larger 

oligomers usually have more reactive sites, but they also 

result in a thicker product. On the flip side, a low degree 

of polymerization gives you smaller oligomers with 

fewer reactive sites but a higher concentration of 

isocyanate groups, leading to a thinner product. 

So, what does this mean for coatings? Products with a high 

degree of polymerization (larger oligomers) generally 

help the coating film dry faster and cure more thoroughly. 

Conversely, products with a low degree of polymerization 

(smaller oligomers) tend to dry slower. However, the big 

advantage of these lower-viscosity products is that they 

make it possible to create high-solids coatings or even 

solvent-free coatings, which are absolutely crucial for 

cutting down on VOC emissions. The world of 

polyisocyanate curing agents is vast, with many options 

developed to meet specific application needs. Figure 2 

(referencing the original PDF) showcases some typical 

aliphatic and cycloaliphatic polyisocyanate curing agents 

and their properties. 

Prepolymers: The Versatile Workhorses 

NCO-terminated prepolymers are another incredibly 

important group of raw materials in the polyurethane 

family. Think of them as partially built polyurethane 

chains. They're made by carefully reacting a long-chain 

polyol with an excess of a diisocyanate monomer. The 

choice of polyol here is critical – you can pick from 

polyether polyols, polyester polyols, or polycarbonate 

diols, and each one will give the final prepolymer (and 

ultimately the cured coating) its own distinct set of 

properties. After the reaction, any leftover, unreacted 

diisocyanate monomer is usually removed, often through 

a distillation process. This is super important for safety 

and to ensure the prepolymer performs exactly as 

expected, especially in applications where very low 

monomer content is required. 

The beauty of these prepolymers is how precisely you can 

design and tailor their characteristics. It all depends on the 

specific hydroxyl-containing compounds you use, 

considering their type, molecular weight, and how many 

reactive sites they have. Polyisocyanates aren't just 

reacting with polyols to make polyurethanes; they can also 

react with polyamines or even water to form polyureas. 

The resulting products can be straight chains or branched 

polyurethane or polyurea prepolymers, all depending on 

the functionality of the starting ingredients. 

NCO-terminated polyurethane prepolymers are used 

extensively across a wide range of applications because 

they are highly reactive, and you can fine-tune that 

reactivity. They readily react with compounds that have 

active hydrogen atoms (like OH, NH, or SH groups). While 

they serve as crucial curing agents for two-component 

polyurethane or polyurea coatings, they are also widely 

used in one-component moisture-curing polyurethane 

coatings. In these moisture-curing systems, the 

prepolymer simply reacts with the moisture in the air to 

form a tough, cross-linked film. This offers fantastic 

convenience and ease of application, as you don't need to 

add a separate hardener. 

Thermally Activated (Blocked) Polyurethane Curing 

Agents: The "Smart" Hardener 

Imagine a coating system that could sit on a shelf for a long 



EUROPEAN JOURNAL OF EMERGING PHYSICS AND CHEMISTRY 

pg. 15  

time as a single product, perfectly stable, but then, when 

you apply it and heat it up, it magically forms a super-

strong, chemically bonded film. Sounds ideal, right? The 

challenge is that free isocyanate groups are naturally 

very reactive, making it hard to have both long-term 

stability and quick curing. This is where "thermally 

activated polyurethane curing agents" – often called 

blocked polyisocyanates – come in, offering an elegant 

solution. 

These clever agents are created by chemically "masking" 

the highly reactive NCO groups of polyisocyanates with 

special blocking agents. This masking essentially puts the 

NCO groups to sleep, making them inactive towards other 

reactive partners (like polyols) when the coating is 

formulated and stored at room temperature. This allows 

us to create stable one-component (1K) polyurethane 

coatings. These 1K systems offer huge advantages in 

terms of ease of use compared to two-component 

systems. You don't need mixing equipment, precise 

measurements of components, or worries about a limited 

"pot life." 

The magic happens when you apply the coating and put 

it in an oven to bake. During this heating process, the 

thermally activated polyurethane curing agents undergo 

a "dissociation." At a specific temperature, the blocking 

agents are released, and the NCO groups "wake up" and 

become reactive again. These re-activated NCO groups 

then eagerly react with the polyols in the coating 

formulation, leading to the formation of that robust, 

cross-linked polyurethane film. There's a cool exception 

to this rule: some thermally activated curing agents use 

malonic acid ester as a blocking agent. In these cases, the 

crosslinking doesn't happen by the blocking agent 

detaching, but rather through a clever transesterification 

reaction that forms the coating film [9]. 

To get the desired properties in the final coating film, a 

high-temperature baking process is usually necessary for 

these 1K systems. The exact baking temperature depends 

a lot on the type of blocking agent used. So, choosing the 

right thermally activated polyurethane curing agent 

requires careful thought. You need to consider the 

specific film properties you want (like hardness, 

flexibility, chemical resistance), the required curing 

temperature and how fast it cures, its resistance to 

yellowing if it's overbaked, and of course, the overall cost. 

Common blocking agents you'll find in the coating 

industry include methyl ethyl ketoxime, dimethyl 

pyrazole, and ϵ-caprolactam, and they're used with both 

aliphatic and aromatic polyisocyanates. 

When these thermally activated curing agents are used 

on their own, the blocking agent usually dissociates at a 

temperature around the decomposition temperature of 

the urethane bond (about 240∘C), meaning they stay 

thermally stable. However, when you formulate them 

into a one-component coating with a reactive partner like 

polyols, the blocking agent dissociates at a lower 

temperature, which is unique to each blocking agent. This 

leads to the formation of the cured coating film. Adding the 

right catalysts can even help reduce the required baking 

temperature a bit [10]. Figure 3 (referencing the original 

PDF) gives you a visual of typical thermally activated 

polyurethane curing agents and how they react. 

Hydrophilic Polyisocyanates: Making Waterborne 

Technology Flow 

The development of hydrophilic polyisocyanates has been 

a game-changer, truly instrumental in making waterborne 

two-component polyurethane coatings widely adopted. 

These systems offer a fantastic, environmentally friendly 

alternative to traditional solvent-based coatings across a 

huge variety of applications, providing a crucial option for 

low-VOC coatings. When you're putting together 

waterborne two-component polyurethane coatings, you 

need to pay close attention to several critical factors that 

can significantly impact the final coating properties. This 

includes carefully choosing waterborne polyol 

dispersions, the right polyisocyanate curing agents, the 

specific mixing methods you use, the smart selection of 

cosolvents, the application conditions, and how long you 

have to work with the mixed product (pot life). 

When it comes to choosing curing agents for waterborne 

two-component polyurethane coatings, you generally 

have two main paths. One is to use hydrophobic 

polyisocyanates, ideally low-viscosity ones, which are 

typically found in solvent-based two-component 

polyurethane coatings. If you go this route, you'll need to 

disperse them into the base component using high shear 

force to get a uniform mix. The second, and often more 

convenient, path is to use hydrophilic, self-emulsifying 

polyisocyanates. These specially designed polyisocyanates 

can be easily dispersed into the base component with just 

simple hand stirring, making the mixing process much 

easier. In both scenarios, though, thinning the curing 

agents with appropriate cosolvents often helps achieve a 

more uniform dispersion, which ultimately results in a 

glossier and smoother final coating film. 

Scientists have developed several sophisticated ways to 

produce hydrophilic polyisocyanates. Beyond simply 

adding external emulsifying agents, a more advanced 

approach involves chemically building active emulsifying 

compounds directly into the hydrophobic polyisocyanate 

molecule. For example, by introducing a small amount of a 

monofunctional polyethylene oxide (a polyether chain) 

into aliphatic polyisocyanates, like those based on HDI or 

IPDI, we can create nonionic water-dispersible 

polyisocyanates. However, this initial step of adding 

hydrophilicity via polyether chains can sometimes 

unintentionally reduce the average number of reactive 

sites on the hydrophilic polyisocyanate curing agents. This 

reduction in "functionality" can lead to a less dense 

crosslinking in the cured film, potentially weakening 

important coating properties such as chemical resistance 

and weatherability [11]. 

Fortunately, this challenge has been tackled through 
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further chemical modification, specifically through a 

process called allophanate modification. This involves 

another reaction where an NCO group from a different 

polyisocyanate reacts with the urethane bond already 

present in the polyether-modified water-dispersible 

polyisocyanates. This allophanate-modified hydrophilic 

polyisocyanate (often called a "second generation" 

product) effectively increases the average functionality 

of the NCO groups, leading to a higher crosslinking 

density and significantly improved film properties. While 

these polyether-modified polyisocyanates are widely 

used as curing agents in waterborne two-component 

polyurethane coatings, their nonionic structure can still 

sometimes lead to minor drawbacks in film properties, 

such as slightly reduced drying performance, poorer 

water resistance, and less durability due to the 

permanent hydrophilic nature of the polyether chains. 

To truly overcome these inherent drawbacks of 

polyether-modified polyisocyanates, a "third generation" 

of hydrophilic polyisocyanates has been developed. In 

this advanced process, aliphatic polyisocyanates are 

reacted with an ionically active amino sulfonic acid, like 

3-(cyclohexylamino)-1-propanesulfonic acid (CAPS), 

usually with the help of quaternary neutralizing amines. 

The resulting CAPS-modified polyisocyanate is ionic but 

remains clear, showing excellent storage stability and 

superior dispersibility in water. This third-generation 

hydrophilic polyisocyanate is specifically engineered to 

meet the demanding requirements for high-quality 

coating performance, making it suitable for tough 

applications like automotive coatings, large vehicle 

coatings, and even anti-graffiti coatings [12]. What's 

more, low-viscosity versions of these third-generation 

products can be easily dispersed in water without 

needing any solvent dilution, making them perfect for 

truly environmentally friendly, zero-VOC coatings. A 

huge benefit of using these chemically bonded 

hydrophilic polyisocyanates is that you eliminate any 

negative impact on film quality that might be caused by 

free emulsifying agents migrating out, which can be an 

issue with external emulsifiers. Figure 4 (referencing the 

original PDF) provides a visual guide to typical 

hydrophilic polyisocyanate curing agents and their 

characteristics. 

Polyurethane Dispersions (PUDs): The Aqueous All-

Rounders 

Aqueous dispersions have become incredibly important 

in both two-component and one-component waterborne 

polyurethane technologies. What exactly are 

Polyurethane Dispersions (PUDs)? They're basically tiny 

particles of polyurethane or polyurethane/polyurea 

polymer floating beautifully in water, or a mix of water 

and a small amount of organic solvent. Generally, the 

polymers inside PUDs are quite large (high molecular 

weight) and often have a linear structure, which gives 

them their excellent physical and chemical properties. A 

really cool advantage of PUDs, unlike solvent-based 

systems, is that the thickness (viscosity) of the dispersion 

isn't directly affected by the size of the polymers. This 

makes PUDs perfect for spray applications, even when the 

underlying polymer is very large, allowing for efficient and 

even coating. 

PUDs are typically made up of a few key ingredients: 

polyols (resins with OH groups), isocyanates, amines, and 

a special "hydrophilizing agent." For the polyol part, you'll 

find a variety used, including polyester polyols, polyether 

polyols, and polycarbonate polyols, along with diols like 

1,6-hexanediol, neopentyl glycol, butanediol, and ethylene 

glycol. When it comes to the isocyanate, aliphatic 

diisocyanates such as HDI, IPDI, and H$_{12}$-MDI are 

preferred for coatings because they offer excellent light 

stability and won't yellow over time. Amines play a crucial 

role as "chain extenders" – think of them as molecular 

links. Compounds like hydrazine hydrate, ethylene 

diamine, and diethylene triamine are used to increase the 

molecular weight of the PUD polymer. On the flip side, 

"chain terminators" like monofunctional amines (e.g., 

diethyl amine) or monoalcohols (e.g., butanol), and amino 

alcohols (e.g., ethanolamine, diethanolamine) are used to 

precisely control the PUD's molecular weight during the 

chain extension reaction. You can even add tri-functional 

amines or triols to introduce branches into the polymer 

structure, which can significantly boost the physical and 

mechanical properties of the final coating film. 

A really important step in making PUDs is adding a 

hydrophilizing agent. Since polyurethane polymers are 

naturally water-repellent (hydrophobic), it's essential to 

chemically build a hydrophilizing agent, like 

dimethylolpropionic acid (DMPA) or 2-[(2-

aminoethyl)amino]ethane sulfonic acid sodium salt (AAS), 

directly into the polymer backbone. This chemical trick 

ensures that the PUDs disperse well and stay stable in 

water for a long time. 

PUDs are incredibly versatile and are used in a wide range 

of coatings and adhesives. Non-functional PUDs, which are 

typically larger molecules, are often used as one-

component polyurethane coatings for various surfaces like 

wood, plastics, and textiles. OH-containing PUDs, which 

are smaller and still have reactive hydroxyl groups, are 

specifically designed for two-component polyurethane 

coatings, where they react with polyisocyanates to form 

those strong, cross-linked networks. Crystalline PUDs are 

particularly valuable in heat-activated adhesives, finding 

important uses in demanding sectors like automotive, 

furniture, and footwear industries [13]. 

PUDs bring so much to the table when it comes to coating 

films: flexibility, hardness, excellent mechanical strength, 

durability, a soft touch, and great looks. To pick the perfect 

PUD for a specific job, you really need to understand the 

complex relationship between the polyurethane's 

structure and how it performs, as well as its overall 

morphology (shape and arrangement). Important factors 

like crystallinity, glass transition temperature (Tg), the 

degree of branching, and the precise balance of "soft" and 
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"hard" segments within the polymer chain all need 

careful consideration. These soft and hard segments 

naturally create distinct soft and hard "domains" as the 

film forms. By carefully controlling the balance of these 

domains, you can profoundly influence the film's physical 

and mechanical properties, leading to different stress-

strain behaviors that directly impact its performance 

[14]. Another unique feature of PUDs is the extensive 

hydrogen bonding that occurs between the urea-

urethane linkages in the polymer backbone. This 

"secondary crosslinking" through hydrogen bonding can 

significantly enhance key physical and mechanical 

properties like hardness, chemical resistance, impact 

resistance, and abrasion resistance, among others. 

Performance Characteristics and Applications of 

Polyurethane Coatings: Why They Excel 

Polyurethane coatings are truly valued for a powerful 

combination of properties that make them perfectly 

suited for a vast array of demanding applications. Their 

outstanding performance fundamentally comes from the 

inherent flexibility of the urethane bond itself, combined 

with the remarkable ability to precisely tailor the 

polymer's molecular structure. We achieve this by 

carefully choosing different polyols and isocyanates. This 

chemical versatility allows us to create coatings with an 

incredible range of physical and chemical attributes. 

Here are the key performance characteristics that 

highlight why polyurethane coatings are so useful: 

● Unbeatable Durability and Abrasion Resistance: 

Polyurethane coatings form tough, resilient, and highly 

resistant films that can stand up to significant mechanical 

wear, friction, and tear. This makes them the go-to choice 

for high-traffic areas, harsh industrial environments, and 

surfaces that face constant physical stress – places where 

long-term integrity is absolutely essential. 

● Exceptional Chemical Resistance: These coatings 

offer robust and reliable protection against a wide range 

of aggressive chemicals, including various acids, alkalis, 

solvents, and oils. This critical property is indispensable 

in industrial settings, chemical processing plants, and 

automotive applications where exposure to corrosive 

substances is a regular occurrence. 

● Superior Adhesion: Polyurethanes typically stick 

incredibly well and stay bonded for a long time to a 

diverse array of surfaces. This includes, but isn't limited 

to, metals, different types of plastics, wood, and concrete, 

ensuring that the coating remains firmly attached and 

performs effectively over time. 

● Beautiful Appearance: Polyurethane coatings can 

be carefully formulated to maintain their initial shine 

(gloss retention) for extended periods. They also offer 

excellent color stability, meaning they resist fading or 

discoloration, and can achieve a remarkably smooth, 

uniform, and visually appealing finish. This significantly 

boosts the overall quality and market appeal of coated 

products. 

● Flexibility and Impact Resistance: Depending on 

the specific formula and the raw materials chosen, 

polyurethanes can be engineered to be anywhere from 

very rigid to incredibly flexible. This adaptability allows 

them to effectively absorb impacts and resist cracking or 

chipping. This is particularly crucial in applications like 

automotive bumpers, flexible components, and various 

types of flooring where things get bumped and stressed. 

● Weatherability and UV Resistance: Advanced 

polyurethane formulas, especially those made with 

aliphatic isocyanates, provide excellent resistance to 

damage caused by ultraviolet (UV) radiation and various 

weathering elements (like moisture and temperature 

changes). This ensures the coating's long-term 

performance and good looks in outdoor conditions, 

preventing issues like chalking, cracking, and yellowing. 

These impressive properties combined mean that 

polyurethane coatings are used in a vast and essential 

range of applications across countless industries: 

● Automotive Coatings: You'll find polyurethanes 

extensively used as high-performance clearcoats, 

topcoats, and primers on cars. Their superior scratch 

resistance, amazing gloss retention, and strong protection 

against environmental elements like acid rain, UV 

radiation, and road debris are vital for keeping vehicles 

looking great and lasting longer [16, 17]. It's worth noting 

that waterborne 2K polyurethane coatings are 

increasingly being adopted for automotive Original 

Equipment Manufacturer (OEM) applications, successfully 

meeting the industry's very strict performance and 

environmental standards [17]. 

● Industrial Coatings: In factories and industrial 

settings, polyurethane coatings are deployed to protect 

heavy machinery, pipelines, storage tanks, and factory 

floors. They provide a tough defense against corrosion, 

severe abrasion, and chemical attacks, which significantly 

extends the lifespan of critical infrastructure and 

equipment. 

● Architectural and Flooring Coatings: For both 

commercial buildings and homes, polyurethane coatings 

deliver durable, easy-to-clean surfaces for concrete floors, 

wood floors, and various architectural elements. Their 

natural resistance to wear and tear makes them an ideal 

choice for high-traffic areas, ensuring long-lasting beauty 

and function. 

● Wood Finishes: Furniture, cabinetry, and wooden 

flooring all benefit immensely from the hard, clear, and 

exceptionally durable finish that polyurethane coatings 

provide. These finishes enhance the natural beauty of the 

wood while offering superior protection against scratches, 

moisture, and chemical spills. 

● Plastic Coatings: Polyurethane coatings are widely 

applied to various plastic parts found in electronics, 

consumer goods, and car interiors. They protect the plastic 
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from degrading, make its surface harder, and improve its 

overall look. 

● Specialty Coatings: This category includes a range 

of highly specialized uses, such as advanced anti-graffiti 

coatings [12] that make it easy to remove vandalism, 

super-tough anti-corrosion coatings for extreme 

environments, and robust coatings for marine 

applications, where exposure to saltwater, harsh 

weather, and biological growth demands exceptionally 

durable solutions. 

Discussion and Future Outlook of Polyurethane 

Coatings: Building a Sustainable Tomorrow 

The polyurethane coatings industry is currently buzzing 

with continuous innovation, driven by changing global 

market demands, increasingly strict regulations, and a 

deep, growing commitment to sustainability. The 

fundamental idea of sustainable development, 

beautifully put in the Brundtland Report of 1987 as 

"development that meets the needs of the present 

without compromising the ability of future generations 

to meet their own needs," has firmly become a guiding 

star for the entire chemical industry, including the 

coatings sector [15]. This big idea directly translates into 

a strong focus on significantly reducing our 

environmental footprint throughout a product's entire 

life cycle, from where we get the raw materials to what 

happens when the product is no longer needed. 

Beyond just making things look good, protecting them, 

and adding special features, today's coatings face a 

fundamental challenge: they must align with the United 

Nations Sustainable Development Goals (SDGs) and play 

a meaningful role in achieving carbon neutrality. A 

particularly crucial part of this transformation is the 

urgent shift from our traditional "linear economy" 

(where we make, use, and throw away) to a "circular 

economy." The circular economy model puts a big 

emphasis on the "3Rs" – Reduce, Reuse, and Recycle – 

and fundamentally involves making products last longer 

and getting back as many materials as possible at the end 

of a product's life. 

When we design and formulate coatings today, it's 

absolutely essential to think not just about how well they 

perform right now, but about their entire life cycle. This 

holistic approach involves four critical steps, as shown in 

Figure 5 (referencing the original PDF), which together 

help us create sustainable life cycles for polyurethane 

solutions in coatings: 

1. Alternative Raw Materials: This step is all about 

finding new, more sustainable sources for the ingredients 

that go into polyurethane production. 

2. Efficient and Safe Processing: This focuses on 

making sure our manufacturing and application methods 

are good for both the environment and the people who 

work with them. 

3. Use Phase Performance: This highlights how 

durable coatings can extend the life of products, saving 

resources. 

4. Enabling Circularity: This means designing 

coatings from the start so they can be easily recycled and 

their materials recovered. 

Alternative Raw Materials: Greener Beginnings 

For a truly successful and comprehensive shift to a circular 

economy, it's becoming increasingly vital that the products 

we formulate in coatings are made from renewable 

resources in the future. In the world of polyurethane, 

we're already seeing exciting progress. For example, 

derivatives of 1,5-pentamethylenediisocyanate (PDI), 

which are made from bio-based feedstocks rather than 

traditional fossil fuels, are already available commercially. 

A fantastic example is the partially bio-based PDI 

derivative called "Desmodur® CQ ultra N7300." This 

innovative product boasts an impressive 71% renewable 

carbon content and has even been approved as a high-

performance hardener for clearcoats in demanding 

automotive applications. This is a huge step toward 

replacing standard fossil-based HDI (Hexamethylene 

Diisocyanate) hardeners, proving that bio-based 

alternatives are not just possible, but perform well [16]. 

What's more, leading chemical companies like Covestro 

have actively introduced new products, including 

hydrophilic polyisocyanate hardeners and thermally 

activated polyurethane hardeners, all based on partially 

bio-based PDI derivatives, further expanding the range of 

sustainable options in the market. 

As these examples show, the chemical industry is really 

putting a strong focus on developing bio-based products 

as a key part of realizing a circular economy. However, 

there are still some hurdles to overcome. We need a stable 

supply of renewable feedstocks, and right now, they can 

often be more expensive. These factors create challenges 

in making sure we have enough renewable raw materials 

to meet future demand. Plus, figuring out how to make 

these products cost-effectively through advanced 

bioprocessing techniques is an ongoing challenge that 

requires continued research and investment. 

As a practical, immediate step to bring more renewable 

content into products, using the "mass balance method" is 

highly recommended. Think of mass balance as a smart 

accounting system. It carefully tracks the amount of both 

bio-based and fossil-based raw materials that go into a 

production process, making sure that everything adds up. 

The amount of renewable content attributed to the final 

product is determined by how much bio-based raw 

material was put into the system. This method offers a 

huge advantage: it lets us use existing manufacturing 

facilities without having to completely change our 

production processes or methods. Crucially, it ensures that 

the quality of the final bio-attributed products is just as 

good as conventional fossil-based products. So, users can 

seamlessly integrate these mass-balanced products into 

their existing processes without any technical worries. 
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Figure 6 (referencing the original PDF) illustrates how 

the mass balance method works for MDI production. 

Many leading manufacturers are already successfully 

producing MDI and TDI using this method, and new 

applications, like in mattresses and adhesives, are 

emerging, all thanks to these bio-attributed products. 

Efficient and Safe Processing: Smarter Ways to Work 

Beyond just the raw materials, how efficiently and safely 

we process and apply coatings is a crucial part of 

sustainability for polyurethane coatings. For the health 

and safety of workers, monomeric diisocyanates are 

strictly avoided as raw materials in coatings because they 

are very volatile and can be hazardous. To reduce the 

risks associated with these monomers, they must be 

converted into larger molecules (oligomers) with 

extremely low monomer content, typically less than 

0.1%. This is especially important to meet strict 

European REACH regulations for coatings. In response, 

companies like Covestro have introduced "ultra-grade" 

polyisocyanate curing agents that specifically meet these 

tough regulatory requirements, ensuring safer handling 

and application. 

The naturally high reactivity of polyurethane and 

polyurea coatings offers significant benefits in terms of 

how efficiently they can be applied. Their fast curing 

properties mean that construction periods can be much 

shorter, which directly translates into economic 

advantages by cutting down on labor costs, especially for 

large-scale projects out in the field. A great example is the 

aliphatic polyurea system known as Pasquick®. This 

system, made from a polyaspartic acid ester and an 

aliphatic polyisocyanate, dries incredibly quickly, offers 

excellent weather resistance, and allows for high-solids 

formulations. Its rapid cure dramatically reduces the 

overall project time, boosting productivity. 

"DirectCoatings" with polyurethane coating systems 

represent a truly innovative and highly efficient way to 

produce plastic parts that are both functional and 

beautifully decorated. In this clever method, a solvent-

free two-component polyurethane coating is applied 

using Reaction Injection Molding (RIM) technology 

immediately after a plastic part is made inside a mold. 

This integrated approach leads to significant cost 

savings, much shorter production cycles, and a simpler 

overall process because it eliminates the need to 

separately clean plastic parts and transport them to a 

dedicated paint shop. This DirectCoatings technology 

also makes unique design features possible that simply 

couldn't be achieved with traditional painting methods. 

Imagine creating both glossy and matte surfaces on a 

single plastic part in just one RIM shot, or integrating film 

inserts directly into the molding process. These advanced 

design capabilities have led to its increasing adoption in 

the automotive industry. 

What's more, groundbreaking painting processes using 

advanced polyurethane technology have already been 

put into practice in automotive Original Equipment 

Manufacturer (OEM) painting, notably at Nissan. These 

innovations not only help improve production efficiency 

but also significantly reduce environmental impact. One 

such integrated painting process involves coating both the 

car body (the metal part) and the bumper (the plastic part) 

with the same coating system and then baking them at a 

remarkably low temperature of just 85∘C. This low-

temperature baking process substantially cuts down on 

both carbon dioxide (CO2) emissions and energy 

consumption, marking a huge leap towards achieving 

carbon neutrality goals within the automotive industry. 

Use Phase Performance: Making Products Last Longer 

During a product's "use phase," coatings play a 

fundamental role in protecting surfaces from things like 

corrosion, degradation, and physical damage. By doing 

this, they effectively extend the lifespan of coated 

products, which directly helps us save resources. In 

simpler terms, making things last longer through durable 

coatings is a big part of the "circular economy" and offers 

a solution that's both economically smart and sustainable. 

Polyurethane coatings, famous for their high durability 

and excellent protective performance, have consistently 

proven to be effective solutions in demanding areas like 

corrosion protection coatings, marine coatings, 

automotive coatings, and architectural coatings. Their 

ability to last a long time directly helps conserve resources 

by reducing the need to frequently replace or repair coated 

items. 

From the perspective of reducing volatile organic 

compound (VOC) emissions, there's been a significant and 

ongoing shift away from traditional solvent-based 

coatings towards more environmentally friendly 

alternatives. These include high-solid coatings, powder 

coatings, and waterborne coatings. Within the world of 

polyurethane resins, new products and systems are 

constantly being developed to support this transition. For 

instance, today's waterborne two-component 

polyurethane coatings now perform almost as well as their 

solvent-based counterparts, making them a viable and 

often preferred substitute (you can see a comparison of 

performance metrics like gloss, film hardness, and tensile 

properties in Table 5 of the original PDF). However, it's 

important to remember that switching to waterborne 

coatings might require some changes to existing facilities, 

like painting equipment, drying ovens, and wastewater 

treatment systems, which means an initial investment. 

Enabling Circularity: Designing for Tomorrow's Resources 

A truly critical and forward-thinking aspect of designing 

sustainable coatings involves making decisions right from 

the initial formulation stage that explicitly consider how 

we can recycle or recover the coating ingredients later. 

This means embracing ideas like using raw materials from 

a single source, designing coating structures that can be 

easily separated, and creating formulas with the clear 

intention that they can be recycled in the future through 
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methods like chemical decomposition, smart pyrolysis, 

or even biodegradability. 

In related industries, especially the polyurethane foam 

sector, there's a lot of exciting research and development 

happening in chemical recycling and smart pyrolysis. For 

example, Covestro, working with various partners across 

the value chain, has successfully developed an innovative 

process to chemically recycle soft polyurethane foam 

from old mattresses. This pioneering project, called 

"PUReSMART," has been successfully implemented and is 

now running in Europe, showing that closed-loop 

recycling for complex polyurethane materials is indeed 

possible [18]. 

However, it's generally understood that it's nearly 

impossible to separate and recycle individual raw 

materials directly from cured coating compounds. This 

challenge exists because coatings are typically applied in 

complex layers and are made up of a diverse mix of 

materials, including different resins, hardeners, 

pigments, fillers, and various additives, all tightly mixed 

and cross-linked together. 

As an alternative to traditional coating removal and 

recycling, some innovative approaches are starting to 

emerge. For example, "peelable body painting" 

technology, developed by Toyota, is already part of their 

car leasing service, "KINTO." This gives car owners the 

flexibility to choose their favorite colors or simply peel 

off the paint to restore the original finish, offering a new 

level of customization and potential for surface renewal. 

In another inspiring example, BMW's i Vision Circular 

Concept Car showcases a visionary approach. It aims for 

100% use of recycled materials and 100% recyclability to 

optimize closed material cycles. Interestingly, the body of 

this concept car is made of color-alumite treated 

aluminum instead of traditional coatings. While this 

raises important questions about long-term durability, 

such as corrosion protection and chipping resistance, the 

idea of "coating-less" surfaces might become more 

popular in societies that increasingly prioritize 

sustainability over conventional aesthetics. 

CONCLUSION 

Polyurethane coatings have come a long, long way since 

they were first discovered, becoming absolutely essential 

materials across countless industries. Their widespread 

use is mainly thanks to their amazing balance of 

protective, functional, and aesthetic qualities. The 

relentless global push for greater sustainability has been 

a huge driving force, leading to significant breakthroughs 

in waterborne, high-solids, and bio-based polyurethane 

systems. These innovations directly tackle 

environmental concerns by cutting down on volatile 

organic compound emissions and promoting the use of 

renewable resources, all without sacrificing the critical 

performance we expect from modern coatings. 

As scientific research and technological development 

continue to advance, we can expect to see even more 

sophisticated "smart" features built into polyurethane 

coatings. At the same time, the ongoing quest for even 

greater durability and longer product lifespans will 

further cement polyurethanes' vital role as a cornerstone 

of advanced coating solutions. This continuous innovation, 

combined with a strong commitment to circular economy 

principles, positions polyurethanes as a crucial class of 

materials that will keep contributing significantly to a 

more sustainable, technologically advanced, and 

environmentally responsible future. 
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