
Proceedings – Int. Workshop on Atmospheric Icing of Structures IWAIS 2022 - Montreal, Canada, June 19-23 

 

1 of 3 

Polyurethane coatings: the relationship between 

crosslink density and ice-nucleation  
Ehsan Bakhshandeh1, Reza Jafari1, Gelareh Momen1 

1 Department of Applied Sciences, University of Quebec in Chicoutimi (UQAC), 555, boul. de l’Université, Chicoutimi, 

Quebec, G7H 2B1, Canada  

ehsan.bakhshandeh1@uqac.ca*, Reza_Jafari@uqac.ca, Gelareh_Momen@uqac.ca 

 

 
Abstract— Polyurethane (PU) based coatings are one of the 

most commonly utilized top coats in different industrials due to 

their specific properties such as excellent mechanical strength 

and durability, toughness and good abrasion. However, due to 

the relatively hydrophilic nature of PU coatings, they don’t 

show good icephobic properties in most cases. Even if they gain 

icephobicity by different methods, they don’t retain this feature 

for a long time. Therefore, designing and fabricating an 

icephobic PU-based coatings with high durability has become a 

major challenge for their industrial application. In the current 

study, PU based coatings were prepared from an acrylic polyol 

and two widely used aliphatic isocyanates with various %NCO 

in different ratios (stochiometric and non-stochiometric) to 

fabricate coatings with various crosslink density and 

mechanical properties. The roles of crosslink density and 

formation of hydrogen bonding between water molecules and 

urethane linkage on ice nucleation temperature and freezing 

delay times has been deeply investigated by DSC and Kruss 

machine equipped with a cold chamber. The results clearly 

showed that the ice nucleation temperature and freezing delay 

time changes to lower temperatures for stochiometric samples 

(as high crosslink density PU coatings (H-PU)) compared with 

non-stochiometric series (as low crosslink density PU coatings 

(L-PU)). This observation could be directly related to crosslink 

density and possibility of hydrogen bond formation between 

urethane groups and water molecules. The results showed that 

ice nucleation temperature of PU coatings with the same 

chemical structure and roughness depends on various 

parameters such as mechanical properties, crosslink density 

and the ability to form hydrogen bond with water molecules. 

 

Keywords— Polyurethane, ice-nucleation, freezing delay times, 

mechanical properties, coatings technology 

 

I. INTRODUCTION 

Over the past decades, many strategies have been 

proposed to alleviate and/or eliminate the adverse impact of 

icing [1-4]. Several research works were done on various 

active or passive methods for delaying or preventing ice 

formation and decreasing ice adhesion strength. Active ice 

removal methods are mostly energy-intensive compared to 

passive methods and hence developing an icephobic surface 

is an important topic. Since, coatings have become an 

important part of the various substrate and structures as they 

protect the structures or increase their durability against 

different types of erosion and damage. Various types of 

coatings are now designed and developed as anti-icing or 

icephobic coatings [5-8]. 

Different types of Polyurethanes (PUs) based coatings 

exhibited good adhesion on several substrates such as metals, 

woods, leathers and, … [9].  

Gradually PU based coatings took over various industries as 

a tough and durable coating material that has great resistance 

to extreme weather conditions, like intense sunlight, wind 

and rain [5-10]. one of unique property of polyurethane 

coatings is their ability to strongly interact through formation 

of powerful interchain hydrogen bonding between urethane 

linkages that provides excellent mechanical properties to 

polyurethane coatings, unmatched by most other coatings 

systems [11]. For this reason, polyurethanes are inherently 

relatively hydrophilic material and it is still challenging to 

design superhydrophobic or even hydrophobic PU based 

coatings with high durability, especially under low 

temperatures (below freezing point). Therefore, it can be said 

hydrophobicity and icephobicity have become a bottleneck 

which seriously restricts the industrial application of PU 

coatings in harsh cold weathers.  

Many efforts have been made to conquer this shortcoming, 

but still appropriate modifications of PU based coatings are 

needed to obtain stable superhydrophobic, anti-icing or 

icephobic coatings [9-12]. Since, Ice nucleation on surfaces 

is an important factor that governs the extent of ice 

accumulation and rate of ice formation. To the best of our 

knowledge, there are no reports on the effect crosslink 

density and potential for hydrogen bonding with water 

molecules of PU based coatings on ice formation. 

This study offers an accurate discussion of the effect of 

crosslink density on ice-nucleation temperature of PU 

coatings. Several reports have discussed the nucleation 

process on potential anti-icing surfaces. 

 

2.EXPERIMENTAL 

 

2.1. METHODS AND MATERIALS 

 

PU clear coatings with different crosslink density were 

prepared by mixing two components, an acrylic polyol 

(WorléeCryl A 1218) and two widely used aliphatic 

isocyanates (Desmodur® N 75 BA and Desmodur® N 3300) 

with various %NCO in different ratios (stochiometric and 

non-stochiometric). The mixture of Xylene: n-Butyl acetate 

with weight ratio of 60:40 used as solvents to dilute coating 

to apply by using a film applicator on Al surfaces. 

The different compositions prepared are shown in Table 1. 

PU coatings with a dry thickness of 130±10 micron was 

applied on Al substrate. Differential scanning calorimetry 

(DSC) using a DSC Q200 (TA Instruments) used to 
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investigate the effect of the coating on ice nucleation 

temperatures. For each sample, we placed a 5 mg deionized 

water droplet into a zero-aluminium pan, each pan covered 

by a very thin layer of a coating. the pans sealed with a lid. 

The sample was cooled down from 40 °C to −40 °C at a rate 

of 5 °C/min and reheated to 40 °C at the same rate. 

 

TABLE 1 Compositions of PU clear coatings 

Samples Polyol 

(gr) 

Polyisocyanates 

(gr) 

N 75 N 3300 

PUA-S 10 1.35 - 

PUA-NS 10 1.08 - 

PUB-S 10 - 1.02 

PUB-NS 10 - 0.816 

 

Freezing delay times were measured using a Kruss™ 

DSA100 goniometer equipped with a cold chamber and a 

Peltier stage able to cool to -20 °C. Humidity within the cold 

chamber were controlled; we used anhydrous calcium sulfate 

desiccants to minimize the effect of condensation on the 

measurements. 

 

2.2. Results and discussion 
 

Differential scanning calorimetry is used to measure the 

delay in ice nucleation on the surface of coatings in contact 

with a water droplet.  Fig. 1 indicates the ice nucleation 

temperatures and table.2 summarize the freezing delay time 

for all samples. The results clearly show that the ice 

nucleation temperature changes to higher temperatures from 

PUB to PUA in both series (stochiometric and non-

stochiometric) of samples. On the other way, comparison 

between stochiometric and non-stochiometric samples 

clearly showed ice nucleation temperature for stochiometric 

samples are lower than non-stochiometric samples. 

. 

 
 

Fig. 1Delayed ice nucleation on the surface of PU clear coatings  

 

 

 

TABLE 2. freezing delay times on the surface of PU clear coatings 

 

Samples Ice nucleation 

Onset 

temperature °C 

Freezing delay times 

(second) 

PUA-S -18.04 580.5 

PUA-NS -16.45 545.6 

PUB-S -20.22 593.2 

PUB-NS -18.22 525.8 

 

According to the literature [13,14] water absorbed or in 

contact with a hydrophilic polymer like polyurethanes 

present thermodynamic properties that are somewhat 

different from those of water in the bulk liquid phase. Based 

on various thermodynamic properties of water absorbed in 

hydrophilic polymers, they proposed non-freezable bound 

water that does not crystallize even when the sample is 

cooled down to −100°C [15]. 

Based on this mechanism, for PU coatings with more 

crosslink density and more polar urethane groups the onset 

freezes point (FP) occurred in lowest temperatures for both 

series samples. This behaviour directly related to crosslink 

density and the potential for hydrogen bond formation 

between urethane groups and water molecules [13]. 

Hydrogen bonds between the surface and water molecules 

are promoted owing to the presence of the hydrophilic 

urethane groups in the coatings 

To confirm the results achieved by DSC, freezing delay time 

was performed by using a Kruss machine at - 10 ◦C. Table. 2 

represents the complete freezing times for all samples as well 

as the form of frozen droplet. It is expected that the results of 

freezing times agree with those obtained using DSC 

measurements as ice nucleation temperature. The results 

showed a clear prolonging of the freezing delay time by 

increasing crosslink density of PU coatings. The presence of 

more polar groups and urethane linkage in coatings with 

higher crosslinking density lead to more strong hydrogen 

bonds formation with water molecules. These hydrogen-

bonded water molecules remain unfrozen for a longer time 

[14]. The results show that the ice formation phenomena of 

water on the PU surface are related to the interaction 

between polymers and water molecules and the formation of 

hydrogen bonds between water molecules and the 

hydrophilic functional groups. 

For PU coatings with more crosslink density and more polar 

urethane groups the onset freezes point (FP) occurred in 

lowest temperatures for both series samples. This can be one 

of the main reasons for observing a greater decrease in ice 

nucleation temperature and increase in freezing delay time. 

the activation energy barrier (Δgact) is a critical factor [13,16] 

linked to the transfer of water molecules across the ice–water 

interface. The formation of hydrogen bonds between water 

molecules and hydrophilic groups (urethane groups) 

increases viscosity; this change decreases the mobility of 

water molecules at the interface. In other words, Δgact is an 

energy barrier associated with the self-diffusion of water 

molecules to add up to an ice nucleation [13,16] (Fig. 2). 
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Fig. 2 Schemes of more urethane linkage in coatings with 

higher crosslinking density (H-PU coatings) lead to more 

strong hydrogen bonds formation with water molecules and 

decreases Ice nucleation temperature. 
 

 

3. CONCLUSIONS 

The aim of this study is to understand how crosslink 

density of PU coatings could influence ice formation and ice 

nucleation temperature on the coating surface. This 

understanding is very important for designing PU coating 

that resist or retard ice formation. The roles of crosslink 

density and formation of hydrogen bonding between water 

molecules and urethane group on ice nucleation temperature 

and freezing delay times has been studied by DSC and Kruss 

machine equipped with a cold chamber. The results showed 

that the ice nucleation temperature and freezing delay time 

change to lower temperatures and higher time for 

stochiometric samples as high crosslink density samples 

compared with non-stochiometric series as low crosslink 

density samples. This observation could be directly related to 

possibility of hydrogen bond formation between urethane 

groups and water molecules.  
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