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Abstract 
 
Corrosion protection is commonly achieved by applying a thin polymer coating 
on metal surfaces. In this doctoral thesis, a waterborne hydroxyacrylate-
melamine copolymer coating was used for this purpose. The first step was to 
find the optimal curing conditions. To this end the effect of curing time at 
180 °C on the conversion of the cross-linking reaction, surface topography, 
nanomechanical and nano-wear properties were investigated using atomic 
force microscopy, AFM. The results demonstrated that optimal performance 
required 10 min curing at 180 °C. This resulted in 80% conversion of the cross-
linking reaction, as well as good barrier performance with polarization 
resistance of the order of 109 Ω·cm2 during 35 days in 0.1 M NaCl solution as 
determined by Electrochemical Impedance Spectroscopy (EIS). It also resulted 
in minor surface roughness and high surface elastic modulus in the order of 
GPa.  
 
This waterborne coating and its nanocomposite containing 0.5 wt.% cellulose 
nanocrystals (CNC) were systematically studied, focusing on their corrosion 
protection performance and the effect of environment and localized wear on 
the properties of the top surface. The results show that both coatings have high 
polarization resistance, Rp. For the matrix coating the polarization resistance 
displays a slightly decreasing trend with time, as expected for a barrier coating. 
In contrast, the CNC nanocomposite coating exhibits an unusual and 
unexpected increase in polarization resistance with time. The difference in the 
time dependence of Rp can be attributed to the reinforcement effect of CNC, 
which form strong hydrogen bonding interactions with the matrix coating. 
Further, the appearance of a second time constant in the corresponding EIS 
spectra implies formation of a more protective second layer at the metal-
coating interface. The presence of this compact layer also contributes to the 
corrosion protection offered by the CNC nanocomposite coating. In addition, 
both coatings show only limited water-uptake during long term exposure to 0.1 
M NaCl. The water up-take is too small to measurably change the coating 
capacitance, as studied by EIS. However, AFM studies of surface 
nanomechanical properties show that for the CNC nanocomposite some water 
penetration occurs, which irreversibly renders the surface softer. 
 
Inspired by the CNC nanocomposite coating and its favorable corrosion 
protective properties, 0.5 wt.% cellulose nanofibrils, CNF, nanocomposite 
coatings were also studied using the same methodologies. The results revealed 
that the CNF nanocomposite coating cannot provide efficient corrosion 
protection performance even over a period of 24 h. The measured polarization 
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resistance decreases rapidly over time, and consistently water uptake is readily 
observed by analyzing coating capacitance using EIS technique. The substantial 
difference in corrosion protective properties of the CNC nanocomposite and the 
CNF nanocomposite are explained mainly from the perspective of 
microstructure, matrix-CNC or matrix-CNF interactions by using scanning 
electron microscopy (SEM) and Fourier transform infrared spectroscopy 
(FTIR). The results show the presence of defects on the surface and in the bulk 
and absence of strong hydrogen bonding interactions between matrix and CNF. 
These are two reasons for why the CNC nanocomposite performs well in terms 
of corrosion protection, whereas the CNF nanocomposite does not.  
 
In real applications good barrier coatings may also fail due to external forces 
such as erosion by wind and water, impact of solid particles or sliding motions 
against other objects, which may destroy the coating integrity. This motivated 
further studies of the matrix and the CNC nanocomposite, by focusing on their 
nanomechanical and nano-wear properties using local measurements by 
means of AFM. The effect of applied normal load, ranging from 50 – 400 nN, 
scanning speed, ranging from 1 – 20 µm/s, operating environment including 
air and water, as well as exposure to corrosive 0.1 M NaCl solution, were 
systematically studied and discussed. 
 
Keywords 
 
Hydroxyacrylate-melamine copolymer, cellulose nanocrystals (CNC), cellulose 
nanofibrils (CNF); Electrochemical impedance spectroscopy (EIS), atomic 
force microscopy (AFM); corrosion protection performance, water uptake, 
nanomechanical and nano-wear properties, coating, nanocomposite. 
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Sammanfattning 
 
Korrosionsskydd uppnås vanligtvis genom att applicering av en tunn 
polymerbeläggning på metallytan. I denna doktorsavhandling studerades först 
en vattenburen hydroxyakrylat-melamin-sampolymerbeläggning för att hitta 
de optimala härdningsförhållandena. Effekten av härdningsbetingelserna, t ex 
längd på härdningstiden vid 180 °C, på omvandling av tvärbindningsreaktion, 
yttopografi och nanomekaniska egenskaper och nanodegrarderingsegenskaper 
undersöktes med användning av AFM. Resultaten visar att det optimala 
härdningsförhållandet är vid 180 ° C under 10 min, vilket kan ge 80% 
omvandlingen av tvärbindningsreaktionen, liksom goda barriärprestanda med 
en polarisationsresistens i storleksordningen 109 Ω·cm2 under lång tids 
exponering under 35 dagar för 0,1 M NaCl-lösning utvärderat med 
elektrokemisk impedansspektroskopi (EIS). Mindre ytråhet och hög ytelastisk 
modul i storleksordningen GPa uppnås också för prover under optimalt 
härdningsförhållande.  
 
Vidare studerades ovan vattenburen beläggning och dess nanokomposit 
innehållande 0,5 viktprocent cellulosa nanokristaller (CNC) systematiskt med 
fokus på deras korrosionsskyddsprestanda. Mätningarna utfördes med 
elektrokemisk impedansspektroskopi (EIS) teknik i 0,1 M NaCl-lösning. 
Resultaten visar att båda beläggningarna har hög polarisationsbeständighet i 
storleksordningen 108 - 109 ohm · cm2. För matrisbeläggningen uppvisar 
polarisationsmotståndet en svag minskande trend medan CNC-
nanokompositbeläggningen uppvisar en ökande trend. Skillnaden i Rp-
beteenden kan delvis tillskrivas förstärkningseffekten av CNC där starka 
vätebindningar bildas mellan CNC och matrisbeläggningen. Dessutom innebär 
närvaron av en andra tidskonstant i motsvarande EIS-spektra att ett mer 
skyddande andra skikt bildats, troligen vid gränsytan mellan metallen och 
beläggningen. Närvaron av detta kompakta skikt bidrar också till de 
korrosionsskyddande egenskaperna hos CNC-nanokompositbeläggningen. 
Dessutom uppvisar båda beläggningarna endast begränsat vattenupptag under 
långvarig exponering, vilka är för obetydliga för att mätbart förändra 
beläggningskapacitansen, vilket studerades med EIS. 
 
Inspirerad av CNC-nanokompositbeläggningen och dess gynnsamma 
korrosionsskyddande egenskaper studerades också 0,5 vikt-% CNF-
nanokompositbeläggningar på samma sätt. Resultaten avslöjar att CNF-
nanokompositbeläggningen inte kan ge effektivt korrosionsskydd ens under 24 
timmar. Det uppmätta Rp-värdet minskar snabbt över tiden och därigenom 
ökar vattenupptaget över tiden, vilket studerades med EIS. Den väsentliga 
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skillnaden i korrosionsskyddande egenskaper hos CNC-nanokompositen och 
CNF-nanokompositen förklarades huvudsakligen från perspektivet av 
mikrostruktur, matris-CNC eller matris-CNF-interaktioner genom att använda 
svepelektronmikroskopi (SEM) och Fourier transform infraröd spektroskopi 
(FTIR). Resultaten visar att närvaron av defekter på ytan och i bulk och 
frånvaro av starka vätebindningar mellan matris-CNF i den beredda CNF-
nanokompositbeläggningen bidrar till de dåliga barriäregenskaperna. 
 
I själva verket kan en bra barriärbeläggning också förstöras på grund av yttre 
krafter som infallande fasta partiklar eller glidande rörelser mot andra föremål, 
vilket förstör beläggningens integritet. Därför studerades CNC-
nanokompositbeläggningen ytterligare med fokus på dess nanomekaniska och 
nano-nötnings egenskaper med användning av (atomkraftsmikroskopi) AFM-
teknik. Effekten av applicerad normal belastning från 50 - 400 nN, 
skanningshastighet från 1 - 20 um/s, typ av omgivning inklusive luft och vatten, 
samt exponering för korroderand 0,1 M NaCl-lösning, studerades och 
diskuterades systematiskt. 
 
 
Nyckelord 
 
Hydroxyakrylat-melamin-sampolymer, cellulosananokristaller (CNC), 
cellulosananofibriller (CNF); Elektrokemisk impedansspektroskopi (EIS), 
atomkraftsmikroskopi (AFM); korrosionsskyddsprestanda, vattenupptag, 
nanomekaniska egenskaper och nano-slitage, coating, nanokomposit. 
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Summary of papers 
 
In Paper I we focused on studying a waterborne hydroxyacrylate-melamine 
copolymer coating with respect to its optimal curing conditions and 
nanomechanical and nano-wear properties. The coating was thermally cured at 
180 °C for various length of time such as 2 min, 10 min and 30 min. Conversion 
of the cross-linking reaction at each curing condition was evaluated by 
recording Fourier transform infrared spectra. The convesion was calculated 
based on internsity changes of a well-resolved IR band, corresponding to a 
chemical group that was consumed during the cross-linking reaction. The effect 
of curing conditions on coating properties such as corrosion protection 
performance, surface roughness and surface nanomechanical properties were 
also elucidated. The results show that a 10 min curing time is sufficient for 80% 
conversion of the cross-linking reaction, which can provide good polarization 
resistance of ≈109 ohm·cm2 during exposure to 0.1 M NaCl solution for 35 days. 
Samples cured for 10 and 30 min show similar surface roughness and surface 
elastic modulus and both of them were not significantly affected by exposure to 
0.1 M NaCl. However, a fiber-like feature was found on topography images of 
samples after exposure and interpreted as being due to migration of low 
molecular weight components to the coating surface. These fiber-like areas 
could be an indication of weak areas formed, presumably due to stresses in the 
process of coating application and thermal curing.  
  
In addition, nano-wear results studied by AFM show that a wear depth of 5-10 
nm was observed under normal loads ranging form 50 nN to 150 nN, and this 
was due to plastic deformation of the coating surface. Stick-slip phenomenon 
occurred in the same normal load range with features of periodic surface 
ripples on lateral force images. In addition, topography images after wear 
measurements show similar surface ripples formed due to plastic deformation. 
A didrect correlation between stick-slip spacing and ripple spacing were found 
by performing 2D FFT analysis. Both spacings increase with increasing normal 
load, and the two quantities remain similar under each load ranging from 50 to 
150 nN. Abrasive wear was found to be dominant when the normal load reaches 
300 nN. 
 
In Paper II the research topic was moved forward to corrosion protection 
performance of the coating studied in Paper I and its nanocomposite 
containing 0.5 wt.% CNC (cellulose nanocrystals), investigated using 
electrochemical impedance spectroscopy (EIS). Experiments were conducted 
in 0.1 M NaCl for 35 days on carbon steel. The results show that both the 
hydroxyacrylate-melamine copolymer coating as a matrix and its 
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nanocomposite containing 0.5 wt.% CNC show efficient barrier performance, 
but in different ways during long-term exposure. For the matrix coating, it 
displays a high polarization resistance of the order of 109 Ω·cm2, and it was 
found to decrease slightly with exposure time. A stable coating capacitance was 
observed indicating limited water penetration and stable barrier performance. 
For the 0.5 wt.% CNC reinforced nanocomposite coating, at the beginning it 
shows a one order lower polarization resistance than the matrix coating, but 
the polarization resistance increases with exposure time to become higher than 
that of the matrix coating at the termination of EIS measurements. This 
suggests better barrier performance with time during exposure. A stable 
coating capacitance was observed despite of the hydrophilic nature of CNC, 
revealing very limited water penetration which not measurably change the 
coating capacitance. In addition, a second time constant was observed in EIS 
spectra for the nanocomposite coating after exposure for two weeks. It cannot 
be interpreted as faradic process in failed coating due to the fact that the 
polarization resistance increases with time and the open circuit potential (OCP) 
remains stable during exposure. Instead we proposed that a compact layer 
formed by released metal ions or corrosion product and CNC particles at the 
metal-coating interface. However further studies are necessary to provide 
direct evidence for verifying this hypothesis. In addition, Fourier transform 
infrared spectroscopy (FTIR) results suggest formation of hydrogen bonds 
between matrix and CNC which results in formation of a strong interphase and 
contributes to the barrier performance of the 0.5 wt.% CNC reinforced 
nanocomposite coating. 
 
Inspired by the favourable corrosion protection performance of the CNC 
nanocomposite coating, 0.5 wt.% CNF (cellulose nanofibrils) reinforced 
nanocomposite coatings were investigated using the same methodology for 
evaluating the corrosion protection performance in Paper III. The EIS results 
show that the as-prepared CNF nanocomposite coating cannot provide 
effective barrier performance on carbon steel. This is witnessed by that fact that 
polarization resistance of the nanocomposite coating containing 0.5 wt.% CNF 
is one order magnitude lower than that of the CNC reinforced nanocomposite 
coating and rapidly decreases with time. Consistently, the effect of water 
penetration is observed in the corresponding EIS spectra. The difference in 
barrier performance of the two nanocomposite coatings were discussed from 
the perspectives of microstructure and matrix-additive interactions. 
Differences in properties of the utilized CNC and CNF were also taken into 
considerations. SEM results reveal that the 0.5 wt.% CNC reinforced 
nanocomposite is a dense and homogeneous coating, whereas voids were 
observed both at the surface and in the bulk of the 0.5 wt.% CNF reinforced 
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nanocomposite coating. FTIR results suggest that hydrogen bonding 
interactions are only noticeably present in the CNC nanocomposite coating. 
Both these two factors play a large role for the difference in barrier performance 
of the CNF nanocomposite and CNC nanocomposite coatings. Notably, the 
presence of a higher amount of amorphous regions in CNF and higher surface 
density of introduced surface polar groups could also contribute to the failure 
of 0.5 wt.% CNF nanocomposite as a barrier coating on carbon steel. 
 
In Paper IV we focused on studying the nanomechanical and nano-wear 
properties of the nanocomposite coating containing 0.5 wt.% CNC using the 
atomic force spectroscopy technique. This is because in real life applications of 
organic coatings are also subject to wear due to exposure to wind, water, solid 
particles or sliding motions against other solid objects. In this paper the 
nanomechanical properties of the as-prepared coating were investigated in air 
and in water. Samples exposed for one week to 0.1 M NaCl was also studied in 
air in order to evaluate possible effects of exposure to these properties. The 
utilized methodology includes three consecutive steps. The first step is to scan 
the surface topography using the gentle Quantitative Imaging (QI) mode, which 
provides information on the nanomechanical properties of the nanocomposite 
coating. In the second step, contact mode AFM was used, exerting both load 
and shear on the coating surface in the middle of the above scanned area. The 
load was increased progressively and step-wisely from 50 nN to 400 nN. This 
provides information on the local wear properties of the coating. The final step 
is similar to the first one, and here QI mode is again used for collecting 
topography and nanomechanical images. The results show that the coating 
surface is softer in water than in air due to limited penetration of water. The 
stick-slip phenomenon is less pronounced in water than in air due to the 
lubricating effect of water. In addition, there is no significant difference in the 
nanomechanical response of the worn area and unworn one, indicating that 
local surface wear does not affect the remaining coating. 
 
The surface of the sample exposed for one week was found to be softer and more 
easily worn in air compared to that of the pristine nanocomposite coating. This 
might indicate the initiation of coating degradation, but not failure of the 
barrier coating properties due to the fact that this nanocomposite coating 
provides effective barrier performance for 35 days exposure, as is studied in 
Paper II. 
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1. Introduction 
 
The application of organic coatings is one key strategy for corrosion protection 
of carbon steel surfaces. Waterborne organic coatings are of particularly 
interest due to environmental and health benefits compared to solvent based 
alternatives, such as low emission of volatile organic compounds (VOCs). 
Mechanically stable waterborne organic coatings in corrosive liquid media with 
excellent performance are thus of high interest, and one major investigation 
direction in the field of corrosion protection of metal surfaces. The aim of this 
thesis project was to systematically study the corrosion protective properties of 
a waterborne acrylate-based copolymer coating on carbon steel. The matrix 
coating was studied on its own and in combination with nanocellulose 
materials as fillers by determining their chemical, wetting, nanomechanical 
and electrochemical properties. The primary techniques were Atomic Force 
Microscopy (AFM) and Electrochemical Impedance Spectroscopy (EIS). 
 
1.1. Carbon steel and its corrosion mechanism 
 
Carbon steels are one of the most widely used material class for industrial 
applications in automotive, construction of equipment, tanks as well as 
pipelines, rail sectors and packaging industry [1]. Carbon steels are a series of 
alloys of iron and carbon containing carbon for up to about 1 wt.%, Mn up to 
1.65%, and some other elements in specific quantities [2]. The presence of 
carbon can increase hardness and tensile strength of steels, but decrease their 
ductility. Manganese can complex the element of sulphur to control 
solidification cracking of steels, enhancing their toughness and strength [3]. 
 
A drawback is that carbon steels are prone to corrosion when exposed to 
various practical environments, posing restrictions on its life expectancy in 
service. The World Corrosion Organization reported in 2010 that the annual 
cost of corrosion consumes over 3% of the worldwide GDP [4]. In offshore 
pipeline applications corrosion can lead to metal loss and potential pipeline 
rupture, posing risk on structure integrity of facilities. Corrosion is also a 
general issue when considering process safety in chemical industries. Corroded 
water systems can bring contamination to drinking water, affecting health of 
humans and other life forms. In this thesis standard cold rolled mild steel 
(Arkema, Q-panel, DC04) was utilized as metal substrate for waterborne 
organic coatings. 
 
The description of corrosion of metal surfaces is best started by considering a 
corrosion cell. The basic elements of a corrosion cell include a cathodic site, an 
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anodic site, an ion conductor (the aqueous phase) and an electron conductor 
(the metal substrate). On the anodic site iron atoms on the metal surface are 
oxidized into metal ions and may dissolve into the aqueous phase, leaving 
excess electrons on the anodic site. The produced electrons are transferred to 
the cathodic site where they are consumed in reduction reactions, such as 
reduction of dissolved oxygen in a neutral electrolyte as is indicated in this half 
electrochemical reaction O2 + 2 H2O + 4e–→4 OH–. The produced anions OH– 

are transported to the anodic site and combine with dissolved metal ions, 
forming hydroxide or oxides that may precipitate on metal surface as corrosion 
products. The produced hydroxide and oxide compounds may form a corrosion 
product layer on the surface such as rust. A schematic illustration of a corrosion 
cell (example of iron) is shown in Figure 1.  
 

 
 

Figure 1. Schematic of a corrosion cell in neutral solution. 
 
From the discussion above we see that corrosion can be limited by 
counteracting the anodic and/or the cathodic electrochemical reactions or the 
electrons/ions conductive path. In practice corrosion can, for example, be 
controlled by ways of coatings and linings such as acrylics for industrial 
products or a layer of refractory tile inside a furnace wall; by corrosion 
inhibitors; materials with high corrosion resistance such as stainless steels; 
cathodic protection techniques which counteract corrosion reactions by 
applying a direct current to the anode. 
 
In this PhD thesis, the applied strategy for corrosion protection of carbon steel 
is to utilize a waterborne organic coating and its nanocomposite with 
nanocelluloses as additives. Two types of nanocellulose materials, cellulose 
nanocrystals (CNC) and cellulose nanofibrils (CNF), were used. 
 
1.2. Waterborne organic coatings for corrosion protection 
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Waterborne coatings are increasingly applied in industries such as construction 
and automatization. They provide a cost-effective process. Meanwhile they 
have advantages in respects of high corrosion protection, good resistance to 
abrasion and heat, low impact on environment and human health. Waterborne 
coatings basically comprise resin, pigments, additives as well as solvents. A 
variety of resin types have been successfully applied such as acrylic, epoxy, 
alkyd, polyester, fluoropolymer and urethane. The market share of waterborne 
coatings is growing. For example, Grand View Research reports that by 2022 
its global market is expected to exceed $146 billion, where acrylate-based 
waterborne coatings are expected to account for 80% of the share [5]. Similar 
estimates can be found in other reports. 
 
The primary function of an organic coating is to separate the base metal surface 
from corrosive electrolyte, acting as a barrier coating. This barrier coating 
fulfils its role either by retarding penetration of corrosive species such as 
oxygen and chloride ions through the coating layer or by reducing the corrosion 
rate by separating the anodic and cathodic sites, which could block the charge 
transfer between them. 
 
The barrier coating used in this work is a thermal curable waterborne 
hydroxyacrylate-melamine copolymer coating [6]. The corrosion protection 
performance of samples was evaluated using electrochemical impedance 
spectroscopy (EIS) technique, which will be introduced in chapter 3 
Experimental Instruments.  
 
However, organic coatings are susceptible to external mechanical forces. This 
could reduce their effective service period. Therefore, good mechanical 
properties of an organic coating are the prerequisite to design an effective and 
long-lasting anti-corrosion barrier coating. Relevant mechanical properties 
might include stiffness, elastic modus, wear resistance and friction properties 
which are important in order to keep the structural integrity. Local variations 
of such properties and initiation of wear on the coating surface are particularly 
valuable to understand when considering long-term corrosion protection 
performance in practical environments. For this reason, atomic force 
microscopy (AFM) was regarded as an optimal choice for generating 
mechanical and wear information on the nanometer scale with high spatial 
resolution. It was used for quantitative imaging to elucidate the variations of 
nanomechanical properties across the studied surfaces. In my thesis work I 
utilized the so-called quantitative imaging mode (QI). Alternative modes are 
also available, and I used contact mode for wear measurement at a series of 
loads, providing a powerful and flexible analysis approach for both soft and 
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hard surfaces [7]. This is a relatively novel approach as only limited research 
up to now has been conducted for local mapping of nanomechanical properties 
of anti-corrosive organic barrier coatings [8]. In addition, local changes of 
nanomechanical properties due to exposure to corrosive electrolyte can also 
contribute to the understanding of coating degradation, but so far hardly any 
attention has been paid to this issue. This situation is in contrast to the 
significant amount of data available for local corrosion events on uncoated 
metals [9].  
 
I n this project the nanomechanical and nano-wear properties of the used 
organic coating were correlated to its corrosion protection performance. AFM 
results demonstrate good nanomechanical properties, satisfying the 
prerequisite of a good corrosion protection coating. EIS results demonstrate 
high corrosion resistance for the used organic coating in 0.1 M NaCl. Key 
variables studied were effects of the exposure time and the addition of 
nanocellulose fillers.  
 
1.3. Cellulose nanocrystals (CNC), cellulose nanofibrils (CNF) and 

nanocomposite coatings containing nanocellulose for corrosion 
protection 

 
Cellulose nanocrystals (CNC) and cellulose nanofibrils (CNF) are bio-based 
nanofillers that have many advantages, including sustainable and abundant 
sources, low toxicity and impact on the environment, [10, 11]. So far, much 
research has been focused on the characterization of mechanical and chiral 
nematic liquid properties of nanocellulose reinforced composite materials and 
their use in the field of packaging, and for pharmaceutical, optical and 
automotive applications [12, 13]. In contrast, only few studies have been 
conducted on applying nanocellulose, either cellulose nanocrystals (CNC) or 
cellulose nanofibrils (CNF), reinforced waterborne coatings for corrosion 
protection [14].  
 
Cellulose nanocrystals (CNC) are mainly rod-like or whisker-like nanoparticles 
with dimensions of 5-80 nm in diameter and several hundred nanometers in 
length [13]. They are prepared by strong acid hydrolysis from various sources 
such as wood pulp, cotton, manila, tunicin and bacteria [15]. In the acid 
hydrolysis process, the non-cellulose components and major amorphous 
components of cellulose are removed, producing CNC particles with high 
crystallinity and half ester sulphate groups (OSO3–) on their surface.  
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Cellulose nanofibrils (CNF) are flexible fibers with similar or larger diameter 
than that of CNC and several µm in length [13]. One commonly used production 
method is TEMPO-mediated oxidation (2,2,6,6,-tetramethylpipelidine-1-xoyl 
radical). The resulting CNF contain both amorphous and crystalline regions, 
resulting in a lower crystallinity than that of CNC, and carboxylate groups are 
introduced during the TEMPO oxidation step.  
 
Both CNC and CNF are nanomaterials with excellent mechanical properties [10, 
16-18] due to the almost perfect crystalline structure of CNC or crystalline 
sections of CNF, combined with intra- and inter-chain hydrogen bond networks 
[19]. This has made CNC and CNF popular reinforcement agents in polymer 
composite coatings with improved mechanical properties [20-23]. The general 
characteristics of CNC and CNF are summarized in the Table 1.  
 

Table 1. Summary of related characteristics of CNC and CNF 
 

Characteristics CNC CNF Reference 

Size 

5-80 nm in 
diameter 
100-250 nm in 
length 

5-70 nm in diameter 
several µm in length 

[13] 

Shape Mainly rod-like or 
whisker-like 

Cellulose chain 
containing both 
amorphous and 
crystalline segments 

 

    

Crystal 
structure Ib crystal structure 

Ib crystal structure 
in the crystalline 
segment 

[22] 

Tensile 
strength 2~6 GPa 2~4 GPa [23] 

Young’s 
modulus 50~143 GPa 50~143 GPa [22, 23] 

Crystallinity 54~88% 51~69% [22, 23] 
 
In addition, as has been reported, CNC is a highly crystalline nanofiller that can 
reduce the penetration of gas or water molecules across reinforced films, 
whereby improving barrier properties [24, 25]. Only few studies have been 
conducted on applying CNC reinforced waterborne coatings for corrosion 
protection [14, 26]. Ma et al. used cellulose nanocrystals as additives in epoxy 
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resins and investigated the corrosion protection performance of 60 µm thick 
barrier coatings using electrochemical impedance spectroscopy [14]. They 
found excellent corrosion protection in 3.5 wt.% NaCl for up to 30 days, and 
the best protective ability was found for an additive concentration of 1.0 wt.%. 
The improved performance due to addition of cellulose nanocrystals was 
attributed to its ability to block pores present in the unmodified matrix. In 
another study El-Fattah et al. used cellulose nanocrystals in a polyurethane 
matrix and found improved performance over short times for a loading of 1-4 
wt.% as determined by open circuit potential, electrochemical impedance 
spectroscopy and salt spray tests [26]. 
 
1.4. Motivation and scope 
 
Corrosion results in enormous costs for the society. At the same time the most 
efficient corrosion protection systems used today are toxic to humans and the 
environment, and there is a need to find new, equally good or better, solutions 
with less environmental impact. This thesis work is a step towards such new 
solutions, and it aims to comprehensively elucidate the corrosion protective 
performance of a waterborne acrylate-based organic coating and its 
nanocomposites containing nanocellulose materials. The whole PhD project 
has been conducted by following these designed research questions step by step. 
 
What is the optimal curing condition of the waterborne hydroxyacrylate-
melamine copolymer coating and how would the curing conditions influence 
its nanomechanical and wear properties, both before and after exposure to 
corrosive electrolyte? 
 
How would cellulose nanocrystals (CNC) influence the corrosion protection 
performance of the CNC reinforced nanocomposite coating? 
 
How would cellulose nanofibrils (CNF) influence the corrosion protection 
performance of CNF reinforced nanocomposite coating and its comparison 
with CNC reinforced nanocomposite coatings? 
 
How is the nano-wear property of the CNC reinforced nanocomposite coating? 
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2. Materials 
 
This section contains descriptions of the utilized materials and specimen 
preparation methods developed for the various characterization methods that 
were employed in this thesis work. 
 
The introduced materials include carbon steel, hydroxyacrylate-melamine 
copolymer coating (matrix coating), CNC, CNF, CNC nanocomposite coating, 
and CNF nanocomposite coating. The specimens preparation processes used 
for scanning electron microscopy (SEM), Fourier-transform infrared 
spectroscopy (FTIR), electrochemical impedance spectroscopy (EIS) and 
atomic force microscope (AFM) measurements are described. The preparation 
process of substrate surface will also be reported in this section. 
 
2.1. Carbon steel and surface preparation  
 
The substrate chosen for this thesis work was Q-panel carbon steel which 
provides an industry recognized standard test surface for barrier coatings. It is 
a cold rolled mild steel (DC04) provided by Arkema. The chemical composition 
(%) of steel DC04 (1.0338) is shown in Table 2 for reference. 
 
Table 2. Chemical composition of the used carbon steel subject to EN 10130-
2006 [27] 
 

C Mn P S Fe 
≤ 0.08 ≤ 0.4 ≤ 0.03 ≤ 0.03 balance 

 
The dimensions of the utilized Q-panel steel coupons were 2 cm × 2 cm. The 
square coupons were ground with waterproof silicon carbide paper until 1200 
grit, where the grain size is 15 µm. The ground surface was then ultrasonically 
cleaned in absolute ethanol for 10 min. Next it was dried with nitrogen gas and 
further in an oven at 55 °C for 10 min. After cooling to room temperature, the 
substrate surface was ready for application of various coating dispersions as-
prepared in this project. 
 
2.2. Thermal curable hydroxyacrylate-melamine coating 
 
The utilized copolymer coating dispersion was provided by PTE Coatings 
(Gamleby, Sweden). The main components are hydroxyacrylate resin and 
hexakis(methoxymethyl)melamine (HMMM) as cross-linker. The exact 
composition of this commercial product is not available, but its solid content is 



 8 

(38±3) wt.% and its pH is 7.7 at 20 °C as measured by a pH-meter (PHM210, 
meterLAB®). 
 
This thermally curable system forms a continuous coating based on a cross-
linking reaction. The cross-linking reaction is a transesterification reaction 
between hexakis(methoxymethyl)melamine (HMMM) and the hydroxyacrylate 
resin [6]. To be precise, —OH groups from the hydroxyacrylate resin react with 
—OCH3 groups from HMMM, forming a cross-linked coating while releasing 
methanol.    
 
In the following text, the cured hydroxyacrylate-melamine copolymer coating 
will be referred to as “the matrix coating”. 
 
2.3. Cellulose nanocrystals (CNC) and cellulose nanofibrils (CNF) 
 
The used cellulose nanocrystals (CNC) are pure and consistently show only a 
small amount of amorphous component as determined by X-ray diffraction 
spectra [24]. CNC were prepared by the acid hydrolysis method [28, 29]. Kraft 
pulp was hydrolyzed in concentrated H2SO4, introducing half ester sulfate 
groups with a density of 300 mmol/kg. NaOH was used for neutralization. The 
produced CNC sample was in dried sodium salt of half ester sulfate form. As 
also reported previously, it is completely re-dispersible in water [30].  
 
SEM images (Figure 8a in chapter of Key Results and Discussions) show that 
the CNC particles have cylindrical shape. The dimensions observed are 8 × 200 
nm, which have been used for various calculations. For example, the surface 
charge density is estimated to be 0.4 e-/nm2, equal to 60 mC/m2, as determined 
by conductometric titrations following standard procedures [31, 32]. The 
density of the CNC sample is 1.5 g/cm3 [33]. The surface area/weight ratio is 
about 200 m2/g.  
 
The utilized cellulose nanofibrils (CNF) were prepared via the 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) catalyzed oxidation method, together 
with a treatment of mechanical defibrillation by using a Super-masscolloider 
(KZA10-15JIV, Japan). The raw material was hardwood bleached chemo-
thermomechanical pulp (Aspen, grade 325/85/100 H T). The rotating disks for 
mechanical treatment utilized 100 µm distance with a rotation speed of 1500 
rpm. The produced CNF contains 1.67 mmol/g of carboxylate groups bound on 
the surface. The dimensions are 4-6 nm in width and up to microns in length 
[34]. A more detailed description of the preparation procedures can be found 
elsewhere [34]. The produced CNF product was in dispersion form containing 
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0.6±0.05 wt.% of CNF. This concentration was determined by heating 3 g (m0) 
of the CNF dispersion at 90 °C in air in a muffle oven until the sample weight 
remained constant (mt) after 2-3 days. The weight percentage was determined 
from the equation wt.%=(mt ⁄ m0)×100%. The pH of this CNF dispersion was 
7.4 as measured at 20 °C using a pH-meter (PHM210, meterLAB®). 
 
We note that the CNC and CNF samples were prepared by our co-worker at 
Alberta University, Canada. 
 
2.4. Nanocomposite coatings containing CNC or CNF 
 
The CNC nanocomposite coating dispersion prepared in this thesis work 
contains 0.5 wt.% cellulose nanocrystals (CNC) of the total dry mass. The 
detailed preparation process is reported in Papers II and III. In brief, 0.2 g of 
the dry CNC powder was added into 100 g of the matrix coating dispersion. The 
mixture was first magnetically stirred for 2 min at 500 rpm at room 
temperature (≈ 22 °C). It was then ultrasonicated for 2 min at the same 
temperature as controlled by a water bath. The stirring and ultrasonication 
steps were repeated at least 4 times. The mixture was then stored in a sealed 
bottle to avoid evaporation, and kept still for around 2 days to remove gas 
bubbles introduced during stirring. 
 
A similar procedure was applied to prepare the CNF nanocomposite coating 
dispersion, which contained 0.5 wt.% cellulose nanofibrils (CNF) based on total 
dry mass. The only difference was that 32 g of CNF dispersion was added into 
100 g of the matrix coating dispersion.  
 
The measured pH of both nanocomposite coating dispersions was 7.7.  
 
Prior to applying the dispersions on carbon steels, they were gently 
magnetically stirred and ultrasonicated to break up any aggregates that may 
have formed during storage. 
 
2.5. Specimen preparations  
 
For the matrix coatings, two types of specimens were prepared in this project. 
One set of samples were diluted (4 g of water was added to 12 g of matrix 
dispersion) before applying to substrate surface and the other set of samples 
was prepared from the undiluted dispersion. The diluted sample set was used 
for characterizing coating surface properties at the early stage of this project, 
and the undiluted set was mainly used for corrosion protection related tests.  
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2.5.1. Specimen for Fourier-transform infrared spectroscopy (FTIR) 
 
The coating applying process was carried out in a laminar flow hood in order to 
avoid exposure to monomers in the coating dispersions and volatile organic 
components. Here, freshly prepared carbon steel samples were allowed to cool 
for 15 min before the matrix coating dispersions were applied with a handheld 
cube applicator. The applicator sliding speed was 1.4 ± 0.1 mm/s. The gap 
depth of this applicator was 90 µm. The applied samples were left in the fume 
hood for around 60 min for pre-drying. The pre-dried samples were cured at 
180 °C for different length of time in a preheated muffle oven. The chosen 
curing temperature is 30 °C higher than that reported for this cross-linking 
reaction on glass yarn [6].  
 
In order to investigate the influence of curing time on the conversion of cross-
linking reaction, curing times of 2, 10, 12, 30 and 42 min were selected. The as-
prepared carbon steel surface was utilized as background for FTIR 
measurements for this series of samples. The cured coatings were placed in a 
desiccator for at least three days prior FTIR measurements to allow further dry, 
cooling and aging of the coating films. 
 
To find the characteristic bands of CNC and CNF, corresponding powder 
specimens were prepared. Small amount of CNC powder and CNF dispersion 
were dried in an oven at 60 °C for three days. After cooling for 30 min in sealed 
bottles, FTIR spectra were recorded with air as background. 
 
To investigate possible chemical interactions between additives and matrix 
coatings, CNC nanocomposite and CNF nanocomposite specimens were 
prepared. The preparation procedures of nanocomposite coating specimens, 
including substrate preparation, coating application process and curing 
process were the same as for the matrix coating without additives. As will be 
mentioned in the Key Results and Discussions chapter, the optimal curing 
condition was found to be 180° for 10 min, considering both cross-linking 
reaction conversion in the cured coating layer and energy consumption. 
Therefore, all nanocomposite coatings were cured at 180 °C for 10 min. The 
cured coatings were placed in a desiccator for at least three days prior FTIR 
measurements to allow further drying and aging. 
 
2.5.2. Specimen for scanning electron microscope (SEM) 
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Samples of matrix, CNC nanocomposite and CNF nanocomposite coatings were 
all cured at 180 °C for 10 min with the same thickness of about 20 µm. The 
preparation process was the same as for the samples used for FTIR studies.  
 
In order to be able to study the cross-section surface of matrix and 
nanocomposite coatings on carbon steels the samples were carefully 
mechanically cut. Prior to imaging, a 10 nm thick Au layer was deposited using 
an Edward Auto 306 instrument (FL400/AUTO304, HHV Ltd., United 
Kingdom). The samples were fixed onto a SEM-specific sample stage using 
conductive carbon tape. In addition, the investigated surfaces were also 
connected to the sample stage with conductive carbon tape to avoid charge 
accumulation on the surfaces. 
 
For the specimen preparation of CNC and CNF, small amount of acid 
hydrolyzed cellulose nanocrystals and TEMPO-oxidized CNF dispersions were 
placed on Cu grids, which were coated with glow-discharged carbon. Excess 
liquids on the grids were removed by a piece of filter paper. Then the grids were 
left in ambient conditions to allow evaporation of the liquid phase for at least 
24 hours, prior to depositing a thin conductive layer such as Au. This was done 
by my co-worker in Alberta, Canada. 
 
2.5.3. Specimen for open circuit potential (OCP) / electrochemical 

impedance spectroscopy (EIS) 
 
Specimens of matrix coatings, CNC nanocomposite and CNF nanocomposite 
coatings were all prepared under the same curing conditions of 180 °C for 10 
min with the same dried coating thickness of about 20 µm. At least three 
parallel samples for each specimen were prepared to ensure the reproducibility 
of the results. The specific coating process was the same as that for FTIR 
measurements. The samples were put in a desiccator for at least three days 
prior to electrochemical measurements. 
 
2.5.4. Specimen for atomic force microscope (AFM) 
 
Specimens of matrix coatings cured for different times at 180 °C, before and 
after exposure to 0.1 M NaCl solution, as well as nanocomposite coatings 
containing either CNC or CNF were prepared in order to study the 
nanomechanical and wear properties. The preparation process was the same as 
that of the FTIR specimens. 
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The samples exposed to 0.1 M NaCl solution for certain times were rinsed with 
deionized water three times, dried with a flow of N2 gas and then kept in a 
desiccator for at least three days for further drying.  
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3. Experimental instruments 
 
In this PhD-project, a muffle furnace provided a stable heating temperature of 
180 °C for curing matrix and nanocomposite coatings for various lengths of 
time on demand. Fourier-transform infrared spectroscopy was utilized for 
revealing the characteristic absorption bands of matrix coating, CNC, CNF, as 
well as investigating structural changes in the matrix coating under various 
curing conditions and chemical interactions between CNC or CNF and matrix 
coating in the nanocomposite coatings (Papers Ⅰ, Ⅱ, Ⅲ). Scanning electron 
microscopy (SEM) was used for visualizing the morphology of CNC and CNF 
and microstructure both on top surface and in bulk of the matrix coating, CNC 
nanocomposite and CNF nanocomposite coating (Papers Ⅱ, Ⅲ). 
Electrochemical impedance spectroscopy was utilized for studying corrosion 
protection properties of matrix and nanocomposite coatings (Papers Ⅰ, Ⅱ, Ⅲ). 
Atomic force microscopy was employed for characterizing the surface 
nanomechanical properties and nano-wear of matrix coating and 
nanocomposite coatings (Papers Ⅰ, Ⅲ, Ⅳ).  
 
3.1. Muffle furnace  
 
Stable and even heating atmosphere was important for preparation of 
reproducible coating samples throughout my whole PhD-project. A 
programmable muffle furnace (Thermolyne type 47900, model F47925) was 
utilized for this purpose. It can provide a temperature up to 1200 °C in a 2-liter 
cubic chamber. The chamber is equipped with four individual heating elements 
inside refractory lining, giving excellent distributed heating to samples in the 
chamber. A rear-mounted thermocouple device is used to monitor the chamber 
temperature (°C) which can be read from a LED display panel at the front side 
of the furnace. 
 
The furnace was used for drying ground carbon steel substrate at 55 °C for 10 
min, and thermal curing of matrix and nanocomposite coatings at 180 °C for 
each designed length of time. Prior to heating the samples, the furnace was 
preheated at the desired temperature for at least 30 min to ensure a stable 
temperature inside the chamber. 
 
3.2. Scanning electron microscope (SEM) 
 
Scanning electron microscope (SEM) was utilized for visualizing the surface 
and cross-section morphology of samples with a focused electron beam. The 
electron beam scans the sample surface following a raster pattern. When the 
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electron beam hits the sample surface, it interacts with atoms at different 
depths within the specimen, producing various signals such as secondary 
electrons (SE) and back-scattered electrons (BSE). The SE signal is mainly 
emitted from an interaction depth close the sample surface and can be detected 
by the Everhart-Thornley detector [35], therefore can be used to reveal sample 
surface features with the highest achievable resolution. The BSE signal is 
mainly produced by atoms at deeper interaction areas within the specimen and 
strongly related to the atomic number of the elements. It is therefore suitable 
for studying the composition distribution of the samples. This technique 
requires a conductive specimen surface in order to remove excess charges from 
the sample surface for producing high quality images. In this project the  
 

 
 

Figure 2. Schematic of incident electron-specimen interaction volumes at 
different depths within a sample. The produced signals at corresponding 
depths are reported to the right. The sketch is inspired by references [36, 37] 
 
secondary electrons (SE) signal was collected by a scanning electron 
microscope (SEM, FEI Nova 200) for characterizing surface structures of as-
prepared samples. Morphologies of cellulose nanocrystals (CNC), cellulose 
nanofibrils (CNF) as well as topography and cross-section structure of matrix 
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coating, 0.5 wt.% CNC reinforced nanocomposite and 0.5 wt.% CNF reinforced 
nanocomposite coating were characterized. The electron-specimen interaction 
volume at different depths within sample is shown in Figure 2.  
 
3.3. Fourier-transform Infrared spectroscopy (FTIR) 
 
Chemical bonds in a molecule have their characteristic vibration forms as well 
as frequencies. When the frequency of external infrared light matches the 
vibration frequency of one chemical bond or a group of bonds, the light at this 
frequency will be absorbed. In order to identify various chemical bonds or 
organic functional groups, Fourier-transform infrared spectroscopy (FTIR) can 
be a suitable technique for this purpose. This instrument can provide a 
wavenumber range such as mid-infrared (4000 – 400 cm-1) for scanning 
sample surfaces, and the generated absorbance or transmittance spectrum can 
be used for identification of chemical bonds or functional groups in the sample. 
 
For FTIR measurements in this project a FTIR spectrometer (TENSOR 37, 
Bruker Optik GmbH, Germany) was utilized. Measurements were performed 
over the frequency range of 4000 - 650 cm-1 with a resolution of 4.0 cm-1. Thin 
film samples such as matrix and nanocellulose reinforced nanocomposite 
coatings were studied with Infrared Reflection-Absorption Spectroscopy 
(IRRAS). IRRAS is suitable for studying thin films adsorbed on reflective 
substrate such as metals. The theory of this technique can be found in 
references [38-40]. Powder samples such as CNC and CNF were investigated 
with Attenuated Total Reflection (ATR). ATR is suitable for studying solid or 
liquid specimens directly. When the incident infrared light passes the ATR 
crystal, it reflects off the internal surface in contact with the sample at least 
once and forms an evanescent wave which can penetrate into samples for 1-2 
µm [41]. The exiting light reaches a detector and results in an absorption 
spectrum. A mercury cadmium telluride (MCT) detector cooled with liquid 
nitrogen was used for both measurements. An equipped software of OPUS 7.5 
(copyright© Bruker Optik GmbH 2014) was employed for collecting and 
analyzing spectra. All the measurements were conducted at room temperature 
(≈ 22 °C). 
 
The FTIR spectra allowed characterization of the vibrational modes of matrix 
and nanocomposite coatings as well as of CNC and CNF. It was also utilized for 
determining of conversion of the cross-linking reaction in the matrix coating 
and identification of matrix – additive interactions in the nanocomposite 
coating. This technique was utilized in the work reported in Papers Ⅰ, Ⅱ and 
Ⅲ. 
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3.4. Electrochemical impedance spectroscopy (EIS) 
 
Electrochemical impedance spectroscopy (EIS) is a powerful non-destructive 
characterization technique for evaluating anti-corrosive properties of organic 
coatings in aqueous corrosive media. Typically, a small voltage perturbation, 
such as 10 mV sinusoidal voltage, is applied to the working electrode in a three-
electrode electrochemical cell. The response from the electrochemical cell was 
recorded and shown in Nyquist or Bode plots. An equivalent circuit that meets 
the simplest principle and can describe the actual corrosion process of the 
corrosion cell is used for quantitative analysis. Information such as polarization 
resistance or corrosion resistance of the coated metal substrate, and coating 
capacitance variations which is related to water uptake of the organic coating 
can be extracted from the analysis. The principle of the EIS technique as 
applied in my thesis work is illustrated in Figure 3. 
 

 
 

Figure 3. Schematic of EIS measurements and data interpretation. WE, RE 
and CE stands for working electrode (coated carbon steel), reference electrode 
(saturated Ag/AgCl) and counter electrode (Pt mesh). 
 
The electrochemical instrument used in this project is a Multi Autolab 
instrument (Metrohm Autolab B.V. Netherlands) or PARSTAT 4000A 
Potentiostat Galvanostat (Princeton Applied Research) with high input 
impedance (1014 ohm). EIS measurements were performed in 0.1 M NaCl 
solution under open circuit potential (OCP) conditions. A perturbation voltage 
of 10 mV was applied to the electrode-electrolyte interface in a three-electrode 
electrochemical cell, in which the coated carbon steel acts as working electrode, 
a saturated Ag/AgCl electrode as reference electrode and a platinum mesh as 
counter electrode. The response from the electrochemical cell was typically 
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recorded over the frequency range of 104–10-2 Hz on an exposed area of 1 cm2 

of the working electrode. Experiments were terminated after 35 days of 
exposure. Samples of matrix coating, CNC nanocomposite coating and CNF 
nanocomposite coating were studied in order to compare their corrosion 
protection performance and the effect of nanocellulose on the performance of 
the nanocomposite coating. EIS results for each experimental condition were 
performed on at least three parallel samples for sake of reproducibility. 
 
In my PhD-project, the obtained EIS data were presented as Bode plots, which 
show impedance or phase angle as a function of frequency. On the Bode 
modulus plot the plateau value at the lowest frequency is commonly assigned 
as the polarization resistance since the electrolyte resistance is negligible. This 
assignment is based on a mathematical deduction process using a simple 
equivalent circuit, as shown in Figure 4 [42]. 
 

 
 

Figure 4. The simple equivalent circuit model used for evaluation of the 
polarization resistance for samples showing one time constant. Here Rs and Rp 
are the solution resistance and the resistance of the coating, respectively; C is 
the coating capacitance. 
The impedance contains real (in-phase) and imaginary (out-of-phase) 
contributions and can be viewed as a vector in the complex mathematical plane. 
The total impedance for this equivalent circuit is Z (Eq. 1). 
 

𝑍 = 𝑍# + 𝑍% + 𝑍& = 𝑅( + 𝑅) + (−𝑗/𝜔𝐶)                                                 (1) 
 

By re-writing Eq. 1, Eq. 2 is obtained. However, the impedance can also be 
defined and expressed as a complex number as in Eq. 3. 
 

𝑍 = 𝑅( +
12

(345416
47#)

− 83516
4

(345416
47#)

                                                     (2) 
 

𝑜𝑟	𝑍 = 𝑍< + 𝑗𝑍<<                                                                   (3) 
 

The variables in Eq. 3 can be substituted by components in Eq. 2, as shown in 
Eq. 4.  
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𝑍< = 𝑅( +

16
(345416

47#)
, 𝑍<< = >3516

4

(345416
47#)

                                            (4) 
 

For a vector, by definition, its modulus can be written in form of Eq. 5. By 
replacing the symbol of Z´ and Z" with their expression in Eq. 4, Eq. 6 is 
obtained. 
 

|𝑍| = @(𝑍<)% + (𝑍<<)%                                                            (5) 
 

|𝑍| = AB𝑅(% +
%1C16

(345416
47#)

+ 16
4

(345416
47#)

D                                                  (6) 
 

Eq. 6 describes the correlation between |𝑍| and the angular frequency	𝜔 (𝜔 =
2𝜋𝑓), and the frequency dependence can be seen in a plot with frequency (f) as 
the horizontal axis and |𝑍| as the vertical axis, as is shown in Figure 5. 
 

 
 

Figure 5. An example of a plot of Eq. 6 in a coordinate system with frequency 
(f) as the horizontal axis and |𝑍| as the vertical axis.  
 
For the simplest corrosion system, the physical meaning of Eq. 6 is exactly the 
impedance modulus plot of an electrochemical impedance (EIS) spectra. The 
plateau value at both the lowest and the highest frequency can be obtained by 
calculating the boundary value of |𝑍| using Eq. 6. 
 
The boundary value of |𝑍| in Eq. 6 can be approached by Eqs. 7 and 8. Therefore 
in a Bode modulus plot, the plateau value at the lowest frequency can be 
assigned to be 𝑅) + 𝑅(, while the number at the highest frequency is 𝑅(. 
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lim
3→L

|𝑍| = 𝑅) + 𝑅(                                                                   (7) 
 

lim
3→M

|𝑍| = 𝑅(                                                                        (8) 
 

However, in practice for an organic barrier coating, often 𝑅( ≪ 𝑅), thus 𝑅) +
𝑅( ≈ 𝑅). 
 
Based on the above deduction process, the plateau impedance modulus on EIS 
spectra at the low frequency limit will be referred to as polarization resistance 
(Rp). However, sometimes the plateau value at the lowest frequency cannot be 
observed due to the frequency limitation of the electrochemical instrument. In 
this case the polarization resistance will be extracted by fitting the Bode plots 
with equivalent circuits. Three types of equivalent circuits were utilized 
depending on the number of time constants observed in the Bode phase angle 
plots, as well as the microstructures of the applied coatings, as is shown in 
Figure 6.  
 

 

 
 
Figure 6. Equivalent circuits used for fitting of EIS spectra showing one time 
constant (a) or two time constants (b, c). 
 
The equivalent circuit in Figure 6a is suitable for fitting data for a homogeneous 
barrier organic coating showing one time constant in Bode plots. Figure 6b 
matches a barrier coating with pores and two time-constant in the 
corresponding Bode plots. While Figure 6c is for a homogeneous coating which 

(a) 

(b) 

(c) 



 20 

contains two parallel layers. Upon considering the corresponding 
microstructure of coating samples visualized by scanning electron microscopy 
(SEM) in this project, the equivalent circuit a was used for fitting 
electrochemical impedance spectroscopy (EIS) spectra for the matrix coating 
and EIS spectra with one time constant for the nanocomposite coating 
containing 0.5 wt.%CNC, or alternatively 0.5 wt.%CNF. Equivalent circuit b 
was utilized for fitting EIS spectra with two time constants from the mentioned 
CNF nanocomposite. The equivalent circuit c was used for EIS spectra with two 
time constants for the CNC nanocomposite. The SEM images will be shown and 
discussed in the chapter “Key results and discussions”.  
 
In the above equivalent circuits, the constant phase element (CPE) represents 
non-ideal capacitive responses of a coating layer and/or metal-coating 
interface. The CPE is defined in Eq. 9: 
  

𝑍5)P = 1
[𝑌L(𝑗𝜔)T]V                                                  (9) 

 
where Y0 is a constant, n (0 ≤ n ≤ 1) is a parameter indicating the homogeneity 
of the coating layer and/or metal-coating interface. Y0 represents a resistor if n 
= 0 or a pure capacitor if n = 1. 
 
For an organic coating on carbon steel immersed in electrolyte, the polymer 
layer acts as a dielectric medium with a low relative dielectric constant, whereas 
the carbon steel and the electrolyte solution are electrically conductive. The 
coating coated carbon steel thus forms a capacitor, and the capacitance (C) is 
defined as: 
  

𝐶 = 	𝜀𝜀L
X
Y
                                                        (10) 

 
where 𝜀 and 𝜀L	are the relative dielectric constant of the organic coating and the 
permittivity of vacuum, respectively. A denotes the effective exposed area of the 
coating surface, and d is the coating thickness. 
 
For an organic coating, the typical value of the relative dielectric constant is 4 
— 8 at 20 °C. In contrast, the relative dielectric constant of water is 80 at 20 °C. 
This large difference in the relative dielectric constant is the theoretical 
foundation for monitoring changes in capacitance, or Y0, to evaluate water 
uptake of coatings.  
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By fitting the obtained Bode plots with suitable equivalent circuits, two key 
parameters are obtained: polarization resistance or corrosion resistance and 
coating capacitance which is correlated to water uptake of the coating.  
 
3.5. Atomic force microscope (AFM) 
 
In this project an atomic force microscope (AFM) has been used for mainly 
three purposes. Topography and nanomechanical properties were determined 
using either Peak Force tapping or, alternatively, QI mode, where force curves 
are recorded at every image pixel and the nanomechanical properties extracted 
from such force curves. During measurements of each force curve the tip 
touches the surface gently and intermittently. In contrast, nanoscale wear 
measurements were conducted in contact mode. Here the tip was dragged 
along the surface under different applied loads, with the purpose to eventually 
disrupt the surface layer. 
 
For the matrix coating, the topography, nanomechanical response and wear 
resistance of the coatings were investigated before and after exposure to 0.1 M 
NaCl for 35 days, by utilizing a Bruker ICON™ AFM (Bruker, USA) in Peak 
Force Tapping mode. The samples after exposure to 0.1 M NaCl for 35 days 
were studied using silicon Tap300DLC probes (Budget Sensors). The spring 
constant of the utilized probes was in the range of 30 N·m-1 and 36 N·m-1, as 
determined using the thermal calibration method [43]. The end tip radius of 
the utilized probes varied between 9-14 nm, as determined either by utilizing a 
polycrystalline titanium roughness sample or measuring the elastic modulus 
on a reference sample (polystyrene) with known modulus. Nanomechanical 
properties of matrix coatings before exposure to 0.1 M NaCl were measured 
using a RTESPA300 probe (Bruker AFM probes) with a measured spring 
constant of 16.6 N·m-1 and an outer tip radius of 5 nm (as determined using the 
polystyrene reference sample). All the measurements were carried out in air at 
ambient temperature (≈ 22 °C) with a scan rate of 1 Hz and setpoint (i.e. the 
maximum force of the measured force curves) of 50 nN. To facilitate 
comparison of matrix samples among different experiments the indentation 
depth was kept within the range 3-6 nm in all measurements of 
nanomechanical properties. 
 
The local surface wear of the samples before and after exposure to the 0.1 M 
NaCl solution was also explored. The wear measurements were carried out in 
AFM contact mode employing Tap300DLC probes and using loads from 10 nN 
to 300 nN. DLC stands for “diamond like coating” and such tips were used to 
avoid wear of the tip, which is of particular importance for the nano-wear 
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measurements. The scan rate was 2 Hz and the lateral force was captured. Next, 
the resulted wear area was imaged in Peak Force Tapping mode, to minimize 
further wear, with the peak force set to 50 nN. In Paper I, the wear depths 
were analyzed using the bearing analysis, which is a standard tool within the 
NanoScope analysis software. 
 
For the cellulose nanocomposite coatings, topography and nanomechanical 
measurements were conducted with quantitative imaging (QI) mode while the 
nano-wear response was measured in contact mode. A SPM/AFM (Nanowizard 
3 JPK instrument) instrument was utilized for these measurements. The 
utilized cantilever was TAP300DLC with a spring constant in the range 32 — 
39 N·m-1. The tip radius of the used cantilever was between 10 — 16 nm as 
determined by SEM. The setpoint for topography imaging was 50 nN. Nano-
wear measurement was performed using a series of loads of 50, 100, 200, 300 
and 400 nN with a scan rate 2 Hz. All the measurements were conducted at 
room temperature (≈ 22 °C). 
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4. Key results and discussions 
 
This chapter contains a summary of key results obtained during this PhD 
project. The three main materials studied are the hydroxyacylate-malamine 
matrix coating, and this matrix reinforced by 0.5wt.% CNC or 0.5 wt.% CNF. 
The major results reported include corrosion protective properties, nanoscale 
mechanical and wear properties and other surface characteristics such as 
morphology and IR-spectroscopy investigations.   
 
The corrosion protection properties of the matrix and the CNC nanocomposite 
coating were systematically studied and reported in Paper Ⅱ. While for the 
CNF nanocomposite coating, its corrosion protection performance was 
discussed and compared to that of the CNC nanocomposite coating in Paper 
Ⅲ. The quantities used for evaluating anti-corrosive properties are open 
circuit potential (OCP), polarization resistance (Rp), and non-ideal coating 
capacitance (Y0) using electrochemical impedance spectroscopy (EIS). Among 
them, the polarization resistance (Rp) is the difference between measured total 
electrochemical resistance and electrolyte resistance at the interface of 
electrode-electrolyte under open circuit potential (OCP) condition, by 
definition [44, 45]. It can be regarded as a measure of the corrosion protective 
ability of a barrier coating. For an intact coating it is dominated by the coating 
resistance; in contrast, for a failed coating it may be dominated by faradic 
processes at the coating-metal interface. The non-ideal coating capacitance (Y0) 
is an important parameter for evaluating water absorption in the coating during 
exposure to corrosive solutions, based on the mentioned large difference in 
dielectric constant between water and polymer coating [46]. The results in 
Paper Ⅱ show that both the matrix and the CNC nanocomposite coating 
display high polarization resistance at the level of G Ω·cm2. However, they show 
different behaviors with increasing exposure time to 0.1 M NaCl solution. While 
the polarization resistance (Rp) of the matrix coating decreases with time as 
observed for most barrier coatings, the nanocomposite coating displays 
increasing polarization resistance with time. A hypothesis for explaining this 
unexpected result was proposed, which involves formation of a compact layer 
composed of CNC and corrosion products at the metal-coating interface. The 
results in Paper Ⅲ reveal that the CNF nanocomposite coating cannot provide 
sufficient barrier performance for the carbon steel substrate. The difference in 
barrier performance of these two nanocellulose reinforced nanocomposite 
coatings were discussed in terms of their microstructure evaluated via SEM and 
interactions between matrix and CNC, or alternatively CNF, through FTIR. The 
difference in structure of the cylindrical-like and highly crystalline CNC [29, 33, 
47] and the fiber-like and partly amorphous CNF [34] is also regarded as an 
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important reason for their different performance as additives in the corrosion 
protection application. 
 
4.1. Thermal curing, morphology and matrix – additives interactions 
 
4.1.1 Effect of curing time on cross-linking reaction conversion 
 
The conversion of the cross-linking reaction for the matrix coating during 
thermal curing was evaluated using FTIR spectroscopy in Paper I. During the 
cross-linking reaction, —OCH3 groups from HMMM were consumed. 
Therefore, the corresponding IR absorbance band of this group will decrease 
with curing time. In my work, the band located at 911 cm-1 was utilized for 
calculation of the conversion due to clear separation from other bands in the 
IR spectrum. In order to minimize any differences in signal intensity in 
different measurements, the band intensity at 911 cm-1 was normalized to the 
intensity of the band at 1740 cm-1, which is not involved in the cross-linking 
reaction and remains constant. The conversion of the cross-linking reaction, X, 
is calculated by Eq. 11 [48]. 
 

𝑋 = [(𝐻\## 𝐻#]^L⁄ )L −	(𝐻\## 𝐻#]^L⁄ )`]
(𝐻\## 𝐻#]^L⁄ )L
a  × 	100%               (11) 

 

 
 

Figure 7. Conversion of the cross-linking reaction for matrix coatings cured at 
180 °C for different periods of time. The line is a guide for the eye. 
 
The subscript 0 represents the air-dried sample before the thermal curing 
process, while subscript t indicates samples thermally cured for a specific time. 
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The obtained conversion of the cross-linking reaction as a function of time is 
shown in Figure 7. The above calculation method is based on the assumption 
that no cross-linking reaction occurs in the air-dried sample. In my studies I 
mainly used a curing time of 10 min, and for such samples the conversion is 
about 80%.  
 
4.1.2 Morphology of CNC, CNF, matrix coating and nanocomposite coating  
 
The morphologies of CNC, CNF, matrix coating, 0.5 wt.% CNC reinforced 
nanocomposite as well as 0.5 wt.% CNF reinforced nanocomposite coatings 
were reported in Papers II and III, and they were visualized using scanning 
electron microscope (SEM) in Figure 8. CNC particles are in cylindrical shape 
with dimensions of 8 x 200 nm (Figure 8a). CNF fibers possess width of 4-6 
nm and length in microns (Figure 8b). Figures 8d, f and h show that all three 
coating samples have similar thickness of about 20 µm, indicating that the 
coating application process is reproducible. In addition, no dis-bonding was 
observed for matrix and CNC reinforced nanocomposite coating even though 
the cross-section surface was prepared by mechanical cutting. This suggest 
high coating adhesion to the carbon steel substrate, which is important for good 
corrosion protection performance. The observed dis-bonding for the CNF 
reinforced nanocomposite coating in Figure 8h is attributed to the mechanical 
cutting, and it might suggest that accumulation of the long CNF fibers next to 
the carbon steel surface has a detrimental effect on the coating adhesion. The 
top surface of the matrix coating reported in Figure 8c suggests that the matrix 
coating surface is flat and homogeneous as also observed by AFM imaging over 
smaller areas. The surface of the CNC nanocomposite coating shown in Figure 
8e also displays homogeneous features with some distributed particles with 
diameters less than one micrometer. These particles might be CNC aggregates. 
For the CNF reinforced nanocomposite coating the top surface displayed in 
Figure 8g provides evidence for some defects. These defects could facilitate the 
penetration of water and corrosive species from the electrolyte and leading to 
poor barrier performance. 
 
The difference in microstructures among the three coatings is consistent with 
their corrosion protective performance as will be discussed later. A defect-free 
surface is necessary for a coating to provide good barrier performance, and in 
our studies we did not manage to achieve this with the fibre-like CNF additives. 
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Figure 8. Scanning electron microscope (SEM) topography of CNC (a), CNF 
(b), matrix (c), 0.5 wt.% CNC nanocomposite (e), 0.5 wt.% CNF nanocomposite 

(b) 

(c) (d) 

(e) (f) 

(g) (h) 

(a) 
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(g). Cross-section images of matrix (d), 0.5 wt.% CNC nanocomposite (f) and 
0.5 wt.% CNF nanocomposite (h). 
 
4.1.3 Interactions between matrix and nanocelluloses  
 
The FTIR spectra of CNC (Papers Ⅱ, Ⅲ), CNF (Paper Ⅲ), matrix coating 
(Papers I, Ⅱ, Ⅲ), 0.5 wt.% CNC reinforced nanocomposite (Papers Ⅱ, Ⅲ) 
and 0.5 wt.% CNF reinforced nanocomposite (Paper Ⅲ) were analyzed to 
identify their characteristic infrared absorption bands, as described in detail in 
the papers. A comparison of the IR spectra obtained for the matrix and cellulose 
nanocomposite coatings are shown in Figure 9 and provide information on 
possible chemical structure changes and interactions in the nanocomposites. 
At position of 3130 cm-1 in region 1 in Figure 9, a new band is observed in the 
spectra of the CNC nanocomposite coating. This peak can be indexed to —OH 
vibrations for chemical groups that are involved in strong hydrogen bonding. 
In Paper I this absorption band was assigned to interactions between CNC and 
unreacted –OH groups in the hydroxyacrylate resin. This interaction is 
important for forming a strong interphase between CNC and matrix coating, 
and may contribute to the corrosion protection performance of the CNC 
 

 
 

Figure 9. Infrared spectra of matrix coating, 0.5 wt.% CNC nanocomposite 
and 0.5 wt.% CNF nanocomposite coatings. 
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nanocomposite coating. In contrast this band does not appear clearly in the IR 
spectra of the CNF reinforced nanocomposite coating.  
 
The band at 1600 cm-1 found for CNF (Paper Ⅲ) appears to be present also in 
the CNF containing nanocomposite (Figure 9, region 2), but it is not very 
pronounced due the presence of other bands at similar wavenumbers.   
 
4.2. Corrosion protection of matrix and nanocomposite coatings 

containing CNC and CNF 
 
4.2.1. Open circuit potential (OCP) and electrochemical impedance 
spectroscopy (EIS)  
 
Open circuit potential (OCP) and electrochemical impedance spectroscopy 
(EIS) of bare carbon steel, matrix coatings and 0.5 wt.% CNC or 0.5 wt.% CNF 
reinforced nanocomposite coatings are shown in Figure 10. For carbon steel, 
the OCP value varies from -0.6 V (vs. Sat. Ag/AgCl) to -0.7 V (vs. Sat. Ag/AgCl) 
during 6 hours exposure to 0.1 M NaCl solution (Figure 10a). The 
electrochemical impedance data in Figure 10c-d display one time constant. The 
electrochemical process corresponding to the observed time constant is a 
faradic reaction, i.e. redox reaction, at the metal/electrolyte interface. Based on 
the above analysis and discussions on Figure 6 in chapter 3, the equivalent 
circuit 6a is selected for fitting the corresponding EIS spectra for purpose of 
quantitative analysis. 
 
For the matrix coating, the OCP value remains stable at a value close to zero 
during exposure for 35 days (Figure 10a). Thus, the coated carbon steel displays 
a more noble character than bare carbon steel, as expected for an efficient 
barrier coating. It should be noted that when a coating fails, the OCP-value 
approaches that of bare carbon steel. The EIS spectra in Figure 10e-f show one 
time constant during the whole exposure period. The displayed one time 
constant is due to the barrier property of the matrix coating. Based on the above 
analysis and discussions on Figure 6 in chapter 3, the equivalent circuit 6a is a 
suitable choice for fitting the corresponding EIS spectra. 
 
For the nanocomposite coating reinforced by 0.5 wt.% CNC, the OCP values is, 
just as for the matrix, close to zero and remain stable for 35 days. The EIS 
spectra in Figure 10 g-h show one time constant for two weeks. Thus, at this 
stage there appears to be no benefit of adding CNC. However, during the later 
three weeks a second time constant appeares and the plateau modulus value at  
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Figure 10. Open circuit potential (OCP) data for bare carbon steel and carbon 
steel coated with the matrix (a), and corresponding data for the nanocomposite 
coatings (b). Electrochemical impedance spectra of carbon steel (c, d). The 
corresponding data for matrix coating (e, f), 0.5 wt.% CNC reinforced 
nanocomposite (g, h), and 0.5 wt.% CNF reinforced nanocomposite coating (i, 
j). Points are measured data and solid lines are fitted data using corresponding 
equivalent circuits reported in Figure 6 of Chapter 3. The data were recorded 
in 0.1 M NaCl solution. 
 
the lowest frequency is not reached at 10-2 Hz. The appearance of the second 
time constant is interpreted as being due to the formation of a compact layer at 
the interface of carbon steel/CNC nanocomposite coating, which is also the 
proposed hypothesis in Paper Ⅱ. This compact layer is built up with time. 
Since a similar process is not observed for the matrix coating the build-up 
process must be advanced by the presence of CNC, which tends to be 
accumulated inside the coating due to the high surface energy [49] and might 
form certain compound together with corrosion products at the metal/coating 
interface. The chemical nature of this compact layer is as yet not clarified, and 
the role of CNC in the build-up process is as yet speculative. It seems likely that 
it involves reduction of the transport rate of corrosive species through the 
coating, which contributes to the barrier performance of the CNC 
nanocomposite coating. Based on the above analysis and discussions on Figure 
6 in chapter 3, the equivalent circuit 6a can be used for fitting EIS spectra 
obtained during the former two weeks; while 6c is a suitable choice for fitting 
corresponding EIS spectra obtained during exposure from week 3 to week 5. 
 
For the nanocomposite coating containing 0.5 wt.% CNF, the OCP value is -
0.44 ± 0.08 V at the beginning of exposure, which is somewhat higher than that 
of the bare carbon steel but lower than for the other two coatings. The EIS 
spectra in Figures 11 i-j show two time constants. The presence of the second 

(i) (j) 
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time constant in the EIS spectra can be attributed to the faradic process or 
metal dissolution at the metal/coating interface. This was confirmed by the fact 
that corrosion products (red rust) were observed by eye at the end of the 
exposure time. The formation of corrosion products during exposure can be 
responsible for the slight increase of the OCP value with time. Taking the 
microstructure of CNF nanocomposite into consideration (Figure 8g-h) and the 
above analysis, the equivalent circuit 6b can be utilized for fitting. 
 
For quantitative analysis of the corrosion protection performance of matrix, 0.5 
wt.% CNC reinforced nanocomposite and 0.5 wt.% CNF reinforced 
nanocomposite coatings, the measured EIS spectra were fitted by 
corresponding equivalent circuits, as discussed above. The polarization 
resistance (Rp) was extracted from spectra fitting. Figure 10a shows that the Rp-
value for carbon steel is 2500 Ω·cm2 at the beginning and increases to 5700 
Ω·cm2 after 6 hours exposure. The increase in Rp is due to the accumulation of 
corrosion products on the metal surface. For the matrix coating, the 
polarization resistance drops from 4 × 109 Ω·cm2 to 2 × 109 Ω·cm2 but still stays 
at the same order after exposure for 35 days, as shown in Figure 10b. This 
indicates minor loss of protection performance of the matrix coating during 
exposure to 0.1 M NaCl. In summary the above results together suggest that the 
matrix is a high-performance barrier coating with good long-term stability for 
35 days in 0.1 M NaCl. For the nanocomposite coating containing 0.5 wt.% CNC, 
the Rp-value is 2.2±0.2 × 108 Ω·cm2 at the beginning of exposure. However, the 
important new feature is that Rp is increasing with time during exposure and 
reaches 1.91 × 109 Ω·cm2 at the end of exposure for 35 days, while for the matrix 
coating there is a downward trend. This is the highlight of Paper Ⅱ. The new 
phenomenon must be attributed to the presence of CNC in the nanocomposite 
coating since nothing similar is observed for the matrix. In conclusion the 0.5 
wt.% CNC reinforced nanocomposite coating is also a high-performance barrier 
coating with good stability during long-term exposure to 0.1 M NaCl solution. 
Further insight could have been obtained by analysis of the coating-metal 
interfaces, but such studies were not possible due to the high metal-coating 
adhesion. For the nanocomposite coating containing 0.5 wt.% CNF, the Rp-
value drops by a factor of two from 1.5 ± 1.6 × 107 Ω·cm2 to 6.0 ± 4.2 × 106 Ω·cm2 
after one day of exposure, see Figure 10b. This result clearly suggests failure of 
this coating, indicating that addition of CNF to 0.5 wt.% in the used coating 
system cannot contribute to the barrier performance. Attempts were also made 
with higher concentrations of CNF, but equally poor results were obtained. 
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Figure 11. Polarization resistance of bare carbon steel (a), matrix, 0.5 wt.% 
CNC nanocomposite and 0.5 wt.% CNF nanocomposite coating (b).  
 
Coating capacitance (Y0) is another important parameter to evaluate the water 
uptake of a barrier coating during long-term exposure to corrosive solution. 
Figure 12 shows the fitted Y0-values (value of the non-ideal capacitance) for 
matrix, 0.5 wt.% CNC nanocomposite and 0.5 wt.% CNF nanocomposite 
coatings. For the matrix coating, the Y0-value remains almost constant during 
the whole exposure, which means that the absorbed water content in the matrix 
coating is too small to noticeably change the dielectric constant of the coating. 
The absorption of water can facilitate the penetration of ions from the 
electrolyte into the coating and lead to corrosive species eventually reaching the 
metal surface. It is suggested that limited amount of water do penetrate the 
coating and is responsible for the slightly decrease of polarization resistance 
(Rp) (Figure 11), but the content is too limited to affect the non-ideal 
capacitance value. For the CNC nanocomposite coating, the fitted Y0-value is 
similarly close to constant but show a minor downward trend with time, while 
an upward trend indicates water absorption into the coating. This means that 
also for the nanocomposite containing 0.5 wt.% CNC the water uptake with 
time is too low to be detected by EIS. In Paper II this feature was regard as 
one indirect evidence of the existence of a compact layer at the interface of the 
metal/coating interface. In Paper IV we show by nanomechanical mapping 
that water indeed penetrates the top surface of the coating. 
 
In contrast, the non-ideal capacitance of the nanocomposite with 0.5 wt.% CNF 
clearly increases with time, consistent with the idea that water more easily 
penetrates this coating.  
 

(a) 

(b) 
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Figure 12. Non-ideal capacitance value (Y0) as a function of exposure time to 
0.1 M NaCl for the matrix (a), and for the 0.5 wt.% CNC nanocomposite and the 
0.5 wt.% CNF nanocomposite coating (b). An increasing Y0-value is evidence 
for water up-take.  
 
4.3. Nanoscale mechanical properties and nano-wear 
 
4.3.1 Matrix coating 
 
Excellent nanomechanical properties such as elastic modulus, deformation and 
wear resistance are significant for maintaining the coating integrity during 
service life. In Paper I, topography, elastic modulus and deformation of the 
matrix coating were systematically studied using AFM. General details about 
such measurements can be found in reference [7]. The effect of curing time and 
exposure to corrosive solution of the matrix coating were investigated. The 
results reveal that with increasing curing time from 2 to 30 min, the surface 
roughness (Ra, arithmetic average) decreases from 1.1 nm to below 0.8 nm, 
indicating that the surface becomes smoother with relatively longer curing time. 
The elastic modulus increases from 0.93 GPa±0.1 GPa (2 min curing) to 
1.35±0.1 GPa (10 min) and 1.38±0.1 GPa (30 min). Consistently, the 
deformation of the matrix coating cured for longer time is smaller than that 
obtained using a curing time of 2 min. The influence of the curing time on 
topography and the nanomechanical properties of the matrix coating was 
attributed to a higher cross-linking conversion in the matrix coating in Paper 
I. In this section, results obtained from the matrix coating cured for 10 min are 
shown as this curing time was used in the following studies.  
 
4.3.1.1 Nanomechanical properties before and after exposure to 0.1 M NaCl 

solution 

(a) 

(b) 
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Figure 13. Topography (left), elastic modulus (middle) and deformation (right) 
images measured with AFM for the matrix coating cured at 180 °C for 10 min. 
Data are shown before (a-c) and after (d-f) exposure to 0.1 M NaCl for 35 days. 
The cross-section profile (a1-f1) of topography, elastic modulus and 
deformation are taken along the corresponding white and blue lines. 
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Figure 13 shows the measured topography, elastic modulus and deformation 
property images of the matrix coating cured for 10 min, before (a, b, c) and after 
(d, e, f) exposure to 0.1 M NaCl solution for 35 days. The cross-section data in 
Figures 14 a1, b1 and c1 show minor changes along the white line in the 
corresponding images, indicating a homogeneous surface in term of surface 
height and nanomechanical properties. For surfaces after exposure, the 
topography shows a roughness of 0.7 nm and elastic modulus of 1.25 GPa±0.1 
GPa, both of which are similar to that of the matrix coating before exposure. 
The results indicate that the studied matrix coating has excellent resistance to 
the corrosive solution in terms of surface morphology and nanomechanical 
properties. The cross-section data in Figures 14d1, e1 and f1 also show small 
variations along the corresponding blue lines in the images above them, 
indicating that the surface homogeneity remains after exposure to 0.1 M NaCl 
for 35 days. However, some new features that extend above the surface are 
observed. These features are softer than the surrounding and suggest that low 
molecular weight components in the coating has migrated to the surface at the 
same time as some water have penetrated into the coating. In the description 
above we emphasize the homogeneity of the coating, but nevertheless some 
inhomogeneities are observed, which may suggest local variations in cross-
linking density. 
 
4.3.1.2 Nanoscale wear properties 
 
Wear measurements using the AFM technique allowed further investigation of 
the nanomechanical properties of the matrix coating, which is of importance 
considering the erosion that coatings are exposed to in real life applications. 
Figure 14 shows the wear process recorded during wear measurements (lateral 
photodetector variations) and topography images recorded after the wear 
measurement. Effects of curing time and exposure for 35 days to corrosive 
solution were studied and discussed in detail in Paper I, but in this section 
only data for the sample cured for 10 min are reported. In this measurement, a 
series of normal loads ranging from 10 — 300 nN were applied on the sample 
surface. The wear depth as a function of load recorded from the topography 
images is provided in Figure 14b. The data shows that when the applied load is 
increasing to 150 nN, the wear depth increases roughly linearly with load and 
reaches about 10 nm at the load of 150 nN. The small value suggests that the 
change is mainly caused by plastic deformation even though some abrasion also 
occurs as seen by accumulation of material at the side of the worn area. The 
abrasion is significant at a load of 300 nN. We note that in the abrasive wear 
regime (300 nN) the wear depth for the unexposed sample is two times larger 
than that of the sample exposed to 0.1 M NaCl for 35 days. In Paper I this was 
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attributed to the lubricating effect of low molecular weight species which 
migrated to the sample surface during long-term exposure. Later we will see 
that the surface of the nanocomposite coating containing CNC reacts differently 
after exposure to 0.1 M NaCl. 
 

 
 

Figure 14. Left: Lateral deflection recorded during wear measurements (a, c) 
and topography after wear (b, d) before (a, b) and after (c, d) exposure to 0.1 M 
NaCl for 35 days. The data were recorded with an AFM tip on the matrix coating 
cured at 180 °C for 10 min. Right: Wear depth as a function of applied normal 
load, before and after exposure to 0.1 M NaCl solution for 35 days. 
 
4.3.1.3 Stick-slip behavior 
 
Variations in the lateral photodetector signal during scanning are shown in 
more detail in Figure 15, and the corresponding topographical images recorded 
after wear are provided in Paper I. Regular ripples can in both types of images 
be clearly observed at loads of 50 — 150 nN, which is in the predominantly 
plastic deformation regime.  These ripples occur due to stick-slip as discussed 
in detail in Paper I. Stick-slip is most likely to occur when sliding one surface 
against another with low but sufficient load and not too high elastic modulus 
[50]. For plastic deformation to occur, the yield strength of the material must 
be exceeded. The peak and valley values observed in the right panel of Figure 
15 are corresponding to the stiction and sliding process, respectively. In Paper 
I we carried out a Fourier transform analysis of the topographical and lateral 
photodetector variations to determine the characteristic stick-slip length (for 
details see Paper I). The characteristic distance was the same in both types of 
images, providing strong evidence for attributing the topographical ripple 

(a) (b) 

(c) (d)
d 
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structures directly to the stick-slip phenomenon. Since the pattern persists 
after the wear measurements the deformation is of plastic nature. 
 

 
 
Figure 15. Stick-slip friction behavior observed during wear measurement 
under loads from 50 to 300 nN. The left image shows the lateral photodetector 
variation and the right images selected line scans obtained at the loads where 
ripple structures are found. The data are for a pristine coating cured at 180 °C 
for 10 min. 
 
4.3.2 Nanocomposite coating containing 0.5 wt.% CNC 
 
The 0.5 wt.% CNC reinforced nanocomposite coating demonstrated favorable 
and unique barrier performance for carbon steel during long-term exposure 
(Papers II and III) as discussed above. Therefore, in Paper IV the 
nanomechanical and wear properties of the nanocomposite coating were 
investigated both in air and in water. Effects caused by exposure to 0.1 M NaCl 
solution were also evaluated. Our data show that the nanomechanical 
properties of the coating surface is strongly affected by the environment (air or 
water), and that exposure to the corrosive solution affects the coating surface 
well before any deterioration of the corrosion protective properties are found. 
The latter finding is different compared to that of the matrix coating where 
minor effects due to exposure to 0.1 M NaCl was found. 
 
4.3.2.1 Nanomechanical properties in air and in water 
 
In the topography images, Figure 16, we observe a relatively flat surface with 
average roughness of less than 1 nm, and an rms roughness of about 1 nm is 
also obtained in all worn areas with only a weak tendency for increasing surface 

41.1 mV 

9.6 mV 

400.0 nm 
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roughness with the load applied during the wear measurements. We note that 
a large decrease in height, ≈ 20-30 nm, was observed during wear 
measurements at the highest load (Figure 16a), but this was not observed in the 
topography image after wear (Figure 16c). Thus, the major part of the 
deformation of the surface observed during wear is recovered and thus of 
elastic nature. However, in the image of the worn area it is clearly seen that 
some worn material has been pushed to the side by the tip and accummulated 
at the edge of the worn area when a high load has been applied. The ripple-like 
structures that just can be distinguished in the worn area is due to plastic 
deformation and closely linked to the stick-slip behaviour as discussed in detail 
for the matrix coating in Paper I. Thus, even though the deformation during 
wear measurements is predominately elastic, it also has a plastic component, 
as also was observed for the matrix coating. The depth of the wear scar observed 
for the nanocomposite coating is less than that observed for the matrix coating, 
suggesting that the presence of CNC has a beneficial effect on the wear 
resistance. 
 

 

 
 

Figure 16. Topography image recorded during wear measurements (a), before 
wear measurements (b) and after wear measurements (c). The load applied 

50 nN 

100 nN 

200 nN 

300 nN 

400 nN 
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during wear measurements are shown in Figure 16a, and the worn area is 
located in the middle of Figure 16c. 
 

 

 

 
 
Figure 17. Topography (a, d), deformation (b, e) and stiffness (c, f) of the 0.5 
wt.% CNC reinforced nanocomposite coating measured with AFM in air (a-c) 
and in water (d-f) with dimensions of 1 × 1 µm. 
 
It is interesting to note the difference in nanomechanical properties of the CNC 
nanocomposite determined in air and water, see Figure 17. The surface is more 

(b) 

(c) 

(e) 

(f) 
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deformable in water than in air, and thus the surface stiffness is also smaller. 
This suggests that some water penetrates into the top surface of the coating, 
but as observed with EIS spectroscopy the water uptake in the whole coating is 
very small. In the deformation image in water, where the coating has become 
softer, some small areas with high deformation is clearly seen (Figure 17e).  
 
4.3.2.2 Effects of scanning speed and environment on friction forces and stick-

slip properties 
 
The sliding speed is expected to affect friction forces, wear properties and the 
stick-slip length. For these reasons the sliding speed was varied from 1 µm/s to 
20 µm/s in air. However, over this limited sliding speed range, no clear effect 
on friction forces (Figure 18) was observed. In water the friction force was lower 
than in air due to some lubricating effect of water. The more pronounced 
abrasive wear in water is attribute to the lower water-coating interfacial energy 
compared to the surface energy against air, as judged from the water contact 
angle of about 80° (Paper II) as well as the softening of the surface by water 
penetration as seen in the deformation image (Figure 17). 
 

 
 
Figure 18. Friction force as a function of load determined in air at four 
different sliding speeds from 1 µm/s to 20 µm/s and in water at 4 µm/s.  
 
Inspection of the speed-dependence of the stick-slip properties, illustrated in 
Figure 19, suggests no clear speed dependence in the investigated range (1 µm/s 
— 20 µm/s). Determination of the characteristic stick-slip length would require 
a Fourier transform analysis, as reported in our previous work (Paper I). 
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Figure 19. Variation of the photodetector signal along scan lines recorded at 
a series of scanning speeds evaluated at a load of 400 nN. Additional data can 
be found in the supplementary information to Paper IV. 
 
4.3.2.3 Effects of exposure to 0.1 M NaCl 
 
Interestingly, and in contrast to what was observed for the matrix coating, 
soaking in 0.1 M NaCl irreversibly changed the properties of the nanocomposite 
surface when again recorded in air. We find larger deformation and lower 
surface stiffness after exposure to 0.1 M NaCl compared to that on the pristine 
coating (Paper IV). This is consistent with recent AFM IR measurements on 
another type of coating that also noted irreversible changes due to exposure to 
solutions [51]. Thus, it appears that water permanently affects the surface layer, 
and with time such changes may develop into pathways for water and other 
corrosive species to reach the underlying substrate. The presence of hydrophilic 
CNC particles clearly facilitates some water penetration into the coating surface, 
which is an unwanted effect. In our case, however, coating failure does not 
occur during the time span of our EIS measurements (35 days).  
 

(a) 

(c) (d) 

(b) 
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Figure 20. Topography of the 0.5 wt.% CNC nanocomposite before and after 
wear recorded in air. The coating was exposed to 0.1 M NaCl for one week prior 
to measurements. The sliding speed was 4 µm/s and the worn area is located 
in the middle of the image shown to the right with dimensions of 1 × 1 µm. 
 
The increased softness of the surface due to exposure to 0.1 M NaCl for one 
week also results in reduced wear resistance. Data obtained after exposure is 
reported in Figure 20, and this should be compared with the data shown in 
Figure 16. After exposure to 0.1 M NaCl abrasive wear is observed in the load 
range 200 – 400 nN, and the wear is significant at the highest load used (400 
nN).  
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5. Conclusions and outlook 
 
This doctoral thesis is concerned with a systematic study a waterborne 
hydroxyacrylate-melamin copolymer system, particularly focusing on its 
corrosion protection performance. In addition, nanocomposite coatings 
containing 0.5 wt.% CNC, or alternatively 0.5 wt.% CNF, were also thoroughly 
studied using the above waterborne coating as a matrix. The study covers work 
from materials preparation, materials characterization and application as a 
barrier coating for corrosion protection of carbon steel surfaces. This also 
includes characterization of mechanical and wear properties at the nanometer 
to micrometer length scale. The innovative points compared to previous 
research in the field are summarized as bellow: 
 
1. The utilized waterborne coating was specially prepared as a 
development product that eventually will be commercially available. The 
research results will hopefully facilitate its development in practice, including 
the possible use of additives to further improve protective and mechanical 
properties. 
 
2. A systematical study on the corrosion protection performance of the 
as-prepared nanocellulose reinforced nanocomposite coating was conducted in 
this doctoral thesis, which has not been explored to any large extent before. 
 
3. The comparative study on corrosion protective performance of 
nanocomposite coating containing the same amount of either CNC or CNF was 
also conducted for the first time and gave insight to why these additives change 
the performance very differently. 
 
4. Measurement of local nanomechanical and nano-wear properties 
provided evidence for changes in the coating surface, well before coating failure 
was observed. This opens possibilities for understanding the very early stages 
of coating degradation and failure. 
 
Corresponding knowledge gaps were, at least partly, filled by the obtained 
research results. The research results are summarized in the following text by 
answering the research questions raised in chapter 1.  
 
1. What is the optimal curing condition of the waterborne 
hydroxyacrylate-melamine copolymer coating and how would the curing 
conditions influence its nanomechanical and wear properties, both before and 
after exposure to corrosive electrolyte? 
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Conversion of the cross-linking reaction reaches 80 % for matrix coating cured 
at 180 °C for 10 min. The as-cured matrix coating provides a significantly high 
and stable corrosion resistance or polarization resistance at the order of 109 
ohm·cm2 during long-term exposure for 35 days in 0.1 M NaCl solution. 
Samples cured for 10 min and 30 min demonstrate similar surface roughness 
and surface elastic modulus. Exposure to 0.1 M NaCl solution doesn’t bring 
pronounced changes to these coatings. However a fiber-like feature was 
observed at the surface after exposure due to migration of low molecular weight 
components from the matrix coating. The wear depth for the unexposed surface 
at the load of 300 nN was two times larger than that of the exposed surface due 
to the lubricating effect of the migrated small molecular components. At loads 
below 150 nN, a similar wear depth of 5-10 nm was found for samples cured for 
10 and 30 min. The curing time of 2 min was not sufficient to produce samples 
with reproducible characterization results. In conclusion, the optimal curing 
condition for the utilized matrix coating is 180 °C for 10 min on carbon steel. 
 
2. How would cellulose nanocrystals (CNC) influence the corrosion 
protection performance of the CNC reinforced nanocomposite coating? 
 
The matrix coating itself can provide efficient corrosion protection 
performance for carbon steel with high polarization resistance at order of 109 
ohm·cm2 and limited water uptake indicated by stable coating capacitance. 
However the polarization resistance decreases slowly with time due to gradual 
coating degradation during exposure. The addition of a small amount of CNC 
brings in an increasing trend for the polarization resistance with time. Water 
uptake of the CNC nanocomposite coating is also too small to measurably 
change the coating capacitance, indicating that the water uptake is limited 
despite of the hydrophilic nature of CNC. Particularly, the unique corrosion 
protective behavior of the CNC composite coating was hypothesized to be due 
to formation of a compact layer composed of corrosion products and CNC at 
the interface of metal-coating. This compact layer was confirmed by i) the 
presence of a second time constant in the corresponding EIS spectra; ii) stable 
OCP values over exposure time and iii) growing polarization resistance over 
time. In addition, strong hydrogen bonding interactions between CNC and 
matrix coating also contribute to the good barrier performance of the 
nanocomposite coating by forming a strong interphase at the CNC-coating 
interface. 
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3. How would cellulose nanofibrils (CNF) influence the corrosion 
protection performance of CNF reinforced nanocomposite coating and its 
comparison with CNC reinforced nanocomposite coatings? 
 
The 0.5 wt.% CNF reinforced nanocomposite coating demonstrates a one order 
of magnitude lower polarization resistance, which also rapidly decreases with 
time over 24 h compared to CNC nanocomposite coating. Consistently, water 
uptake was readily observed by fitting the corresponding EIS spectra. In 
conclusion, the as-prepared nanocomposite coating containing CNF cannot 
provide sufficient barrier performance. By comparing with the CNC 
nanocomposite coating, the failure of CNF nanocomposite coating can be 
mainly attributed to i) the presence of defects both on the top surface and in 
bulk as revealed by SEM characterizations; ii) the absence of strong hydrogen 
bonding interactions between CNF and matrix coating, which plays a 
significantly role in the reinforcement effect of CNC; iii) intrinsic properties of 
CNF such as lower crystallinity and higher density of surface polar groups 
introduced during preparation, as well as the presence of more amorphous 
regions in CNF may also contribute to the poor barrier performance of the as-
prepared CNF nanocomposite coating. 
 
4. How is the nano-wear property of the CNC reinforced nanocomposite 
coating? 
 
The nano-wear study on 0.5 wt.% CNC reinforced nanocomposite coating 
shows that the as-prepared nanocomposite coating is softer in water than in air. 
This could result from limited penetration of water. In addition, the worn area 
under a series of loads ranging from 100 to 400 nN demonstrate similar 
nanomechanical and wear responses as corresponding non-worn areas both in 
air and in water, indicating that local wear do not damage the surface properties 
of the remaining coating. Moreover, exposure to corrosive solution such as 0.1 
M NaCl solution made the CNC nanocomposite coating softer and more easily 
worn compared to the unexposed pristine nanocomposite coating. 
 
In conclusion, both the matrix coating and 0.5 wt.% CNC nanocomposite 
coating are good barrier coatings for carbon steel surfaces in 0.1 M NaCl 
solution. In order to obatin more insight into this promising material system, 
here follows a few suggestions for future studies. 
 
1. A more high-resolution scanning electron microscope (SEM) could be 
used to visualize the presence of the proposed compact layer at the metal-
coating interface in the CNC nanocomposite coating. An instrument equipped 
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with EDX is recommended for doing elemental mapping to reveal the chemical 
composition of this compact layer. 
 
2. Other CNC nanocomposite coatings with concentration in the range of 
0.5 – 1.0 wt.% is recommended for further study, including its polarization 
resistance, and nanomechanical properties, to further elucidate the 
reinforcement effect of CNC on the matrix coating. 
 
3. The use of surface modified CNC, particularly the possibility of 
introducing covalent bonds between CNC and matrix, would be worth 
exploring both from corrosion protection performance and nanomechanical 
and wear points of view. 
 
4. Nano IR measurements to gain chemical insight into the reason behind 
the changes in surface nanomechanical properties due to exposure to different 
environments would be very valuable. 
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Errata list 
 
Paper I: in section 3.4. line 19 and line 21 and in Conclusion line 7, 109 O·cm2 
should be 109 Ω·cm2;  
 
Paper II: in figure 5b the infrared (IR) band at 1750 cm-1 was found not 
reproducible in paper III. Therefore, the origin of this band observed in Paper 
II is not clear; 
 
Paper II: in section 2.2, line 1-2, the pH value of the matrix coating suspension 
should be 7.7 instead of 6.7 — 6.8 at 20 °C.  
 


