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1. Introduction

1.1 The context
Paints and coatings are a common way to protect and decorate objects. Various industries
use coatings to enhance the properties of their products: building, automotive, marine,
aerospace industries, etc. Annually the coating industry produces more than 30 billion kg
of coatings and presently has a revenue of ca. 100 billion USD per year.
History. Coatings have been used since ancient times, starting from decoration
of caves by their dwellers. These ancient paints were composed of a variety of natural
pigments dispersed in water and primitive binders. Ancient Greeks and Romans (600 BC-

Fig. 1.1: A cave painting from Paleolithic period (ca. 17000 year before present), Lascaux, France.
400 AD) already knew that the preservation of objects is an additional function and and
added value of paints. In the same period, varnishes were used for protective purposes in
India, China and Japan. Between the 5th and 9th century AD, Indian and Chinese artists
used oil based paints. Later on, the application of oil-based paints moved westward,
gaining popularity during the Renaissance period and became the principal medium for
artworks. The Renaissance is also the period, in which multilayer application of paints
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was widely used. Many painters first applied a ground layer, and then other layers were
added to create color and image. Finally, a varnish finish was frequently applied on top of
the layers to provide protection.

Fig. 1.2: An oil painting ’The Tower of Babel’ of Pieter Bruegel the Elder, 1563.
Deliberate Seek. Scientific discoveries had triggered a deliberate seeking of new
pigments, paint formulations and color ranges since 18th century. Further, the increase
of use of iron and steel for construction and engineering, initiated by the industrial revolution, resulted in a steep increase in demand for anti-corrosive coatings to prevent oxidation, rusting and corrosion. The 20th century introduced a wide range of substrates to
be decorated and to be protected by coatings. It became common that the most of human
made objects are decorated and protected by coatings.
Concerns. At the beginning of 20th century the first health and environmental concerns about paint were raised. Lead, cadmium and other metals used in pigments appeared
to be hazardous to health and environment [1, 2, 3, 4, 5]. Next to metallic pigments, most
solvents were identified as unhealthy and as perils to the environment. Health related
problems refer to exposures of painters and end-users during solvent emission from drying coatings [5]. The environmental concern is related to the ability of volatile organic
solvents to potentially contribute to photochemical smog [6, 7], ozone pollution [6, 8],
ozone layer depletion and greenhouse effect [8]. Additionally, the flammability of the
most solvents raises a safety concern about their use.
Safety, health and environmental concerns have initiated restrictive legislations in
Europe and United States. At present, directives and regulations of The European Parliament and of The Council of The European Union [9, 10] restrict the use of hazardous
pigments and volatile organic components. The necessity to meet these and similar restrictions was the main driver for the development of paint and coating technology in 20th

8

1.1. The context

9

Fig. 1.3: Coatings and some their applications.

century.
While many pigments were replaced by less hazardous, many of these alternatives
were used for dual purposes, e.g. for providing color and anti-corrosive properties. The
reduction of solvents in coating compositions triggered the development of a variety of
new coating systems: high solid coatings, powder coatings, radiation cured and waterborne coatings [11]. Each of these new technologies has its pros and cons and their
development is still in progress.
Present. Presently, coatings are required to provide a wide range of added properties to objects, such as opacity, color, gloss, smoothness, adhesion, specific mechanical
properties, chemical resistance, corrosion protection and durability. In addition, legislative demands have to be met. To meet all these requirements, multilayer application of
coatings is frequently used, where each layer is designed to provide a specific functionality to a desired film performance. As a result, present coatings are complex systems,
composed of several layers with different compositions and functionalities. An example
of such system is an automotive coating (Figure 1.4), where the primer provides corrosion
protection and adhesion, the filler removes surface irregularities of the substrate, the base
coat gives color and the top coat provides a glossy appearance and protection against the
environment.
Sustainable coating performance refers to a long term functionality in terms of protection and delivering the desired aesthetic appearance. Understanding the factors that
contribute to performance failure is critical for coating development. A number of factors are recognized to be responsible for coating failure, like mechanical damage, UV
radiation, thermal stresses, moisture and exposure to chemicals. Mechanical damage dis-
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Top Coat

~50 µm

Base Coat

~30 µm

Filler

~30 µm

Primer

~5 µm

Substrate

Fig. 1.4: Schematic picture of a typical structure of an automotive paint, as an example
of multilayer coatings. The primer usually provides adhesion and the filler hides
irregularities of the substrate. The base coat delivers color, whereas the top coat
serves as a barrier layer, protecting the system from the environment. The typical
thicknesses of the layers are indicated in the figure.
rupts the integrity of the coating. UV radiation causes photodegradation of a coating and
thermal stresses promote physical ageing. Exposure of paint to moisture and chemicals
is a common reason for failure of the coating. The penetration of moisture is known to

Fig. 1.5: Blisters under coatings as a typical damage by water.
promote deterioration of coatings and their substrates. Water can cause blister formation, freeze-thaw damage and hygroscopic stresses. Furthermore, water may act as an
electrolyte, promoting corrosion of metal substrates. Additionally, coatings can appear in
contact with various liquids, such as cleaning fluid, fuels, de-icing fluids and hydraulic
liquids. Frequently these substances contain chemicals, which may cause degradation of
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a coating.
Understanding the penetration of moisture and organic solvents into coatings is
essential for further development of coating technology in terms of coating resistance
to penetrants. Transport in single layer coatings is addressed in numerous studies, e.g.
reviewed in [12, 13, 14]. However, only a few published studies address water transport
in multilayer coatings [15, 16, 17, 18, 19, 20].
Questions. There are many open questions about water transport in multilayer
coatings, which have to be answered for profound understanding of the process of deterioration. How does water redistribute inside a multilayer coating? What is the state of
water and its mobility in layers and how does this influence water transport? Are there
interactions between layers, which affect the water transport? How does temperature affect the kinetics? What are the mechanisms of multilayer coating failures due to water
uptake? How does the composition of the layers affect water transport? How do such systems respond to humidity and temperature fluctuations? How does lateral redistribution
in the layers influence the transport?

1.2 Goals and Outline
This thesis presents the results of a study that aimed to understand water transport in multilayer coatings. This investigation was performed in two ways: experimentally with high
resolution NMR imaging, combined with relaxometry and theoretically with an introduction and verification of a model for water transport.
The thesis starts with a concise overview of knowledge about water in coatings in
Chapter 2 and a description of NMR principles in Chapter 3. The results of the study
are presented in Chapters 4-8. Chapter 9 summarizes the main conclusions and outlines
follow-up.
The key Chapters 4 to 8 are outlined as follows.
First, water uptake in two-layered coatings, consisting of hydrophilic base coats and
hydrophobic top coats, is studied with high resolution NMR imaging in Chapter 4. The
objective of this chapter is to quantify water in the coating during the uptake, to estimate
the sample swelling and to understand how water redistribution in the layers limits the
rate of water transport.
Further, the study aims to evaluate water-polymer interactions in the polymer matrix of the base coats. This is done by assessing with relaxation analysis of the NMR
signal of the mobility of water and its interplay with the polymer phases in the base coat
in Chapter 5.
The next goal of the study is to find an exact relationship between the water transport kinetics in base coat/top coat systems and the layer properties. This is done by introducing and verifying a theoretical model for water transport in Chapter 6.
In addition, Chapter 7 uses this theoretical model to understand how the water
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content of the base coat/top coat systems respond to humidity fluctuations.
Finally, Chapter 8 aims to understand the penetration of plasticizer into a highly
crosslinked top coat. This is done by imaging plasticizer profiles in the coating during
uptake with high resolution NMR imaging and analysis of the penetration kinetics.
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2.1 Introduction
Penetration of water is an important process for the performance of organic coatings,
since water can promote degradation of a coating and the substrate and can be a reason
for failure of the decorative or protective function of the coating. Understanding water
transport in multilayer coatings requires an insight in of how water is present and diffuses
in individual layers.
Individual layers of multilayer organic coatings consist mostly of a polymeric binder,
fillers, pigments and various additives. Since pigments and fillers are usually impermeable or insoluble materials, the transport of water mainly takes place through polymeric
binder. Thus, this requires understanding of how water is present and migrates in polymeric materials.
The goal of this chapter is to give a concise overview of the state of the art knowledge on sorption and transport in polymeric coatings. First, equilibrium sorption in polymeric materials is discussed. Second, the kinetics of water transport is addressed. Finally,
the chapter concludes with a brief overview of published studies about water in multilayer
coatings.

2.2 Equilibrium Sorption in Coatings
The aim of this section is to give an overview of the state of the art of equilibrium sorption
in polymeric materials. It addresses typical sorption isotherms of polymers and discusses
the physical backgrounds.
The leading classification of equilibrium sorption isotherms, developed by Brunauer,
Emmett and Teller [21] for porous materials, was adopted for moisture sorption in polymers by Barrie [22]. The commonly observed isotherms for polymers are linear isotherms,
Type II and Type III, according to the BET classification (Figure 2.1). Linear isotherms
are usually observed for hydrophobic polymers. Type II isotherms are usually observed
for hydrophilic polymers [23, 24, 25, 26, 27], whereas Type III isotherms are typical for
less hydrophilic polymers [23, 28, 29].
Generally, the shape of the isotherm reflects how water is present in the polymer matrix. In polymers water may be present as dispersed and isolated molecules, as
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Henry's law

Clustering

Type II

(-)

Type III

Site Bonding

0.0

0.2

0.4

0.6

0.8

1.0

a (-)

Fig. 2.1: Sorption isotherms, typically observed for polymers. The linear isotherm, described by Henry’s law is typical for hydrophobic polymers. Type II and Type
III isotherms (according to the BET classification [21]) are usually observed for
hydrophilic and less hydrophilic polymers, respectively. The initial increase in
the Type II isotherm is due to strong bonding of water to the hydrophilic sites in
the polymer. The steep increase in the slope of Type II and Type III isotherms at
high water activities is usually attributed to clustering of the penetrant.

molecules that are bonded to hydrophilic sites, or as clusters.
When a hydrophobic polymer is considered, only low concentrations of water in
a polymer are possible. Therefore, water is diluted and is present as single molecules,
which are dispersed in the polymer matrix. This means that interactions between water
molecules are negligible. In this case the water in the polymer behaves as an ideal system
and Henry’s law holds, resulting in a linear sorption isotherm (Figure 2.1).
In case the polymer has a number of hydrophilic sites, such as polar groups, water
bind to these sites. In this case the sorption isotherm increases at low activities. With an
increase of the water activity, the water molecules occupy the sites, excluding them for
subsequently absorbed molecules. As a result, the sorption isotherm has a plateau region,
which is typical for Type II isotherms at low water activities (Figure 2.1). The Type II
isotherm at low activities can be described by localized sorption models of Brunauer,
Teller and Emmett (BET) [21] and of Guggenheim, Anderson and de Boer (GAB) [14,
22].
At higher water activities water is attracted by already absorbed water molecules,
which become sorption sites themselves. This results in absorption of new molecules,
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Sorbed Molecule
a)

b)
Cluster

Sorption Site
New Sorption Site
due to Sorbed molecule
Fig. 2.2: Presence of absorbed molecules in polymer matrix of hydrophobic polymers (a),
when penetrant concentrations are low and in hydrophilic polymers (b). The
solid circles denote penetrant molecules and open circles are hydrophilic sorption sites in polymer. The sorbed molecules may attract the subsequent penetrant
molecules, thus creating new sorption sites. This may result in cluster formation.

which subsequently become attractors for new water molecules too. As a result, clusters
of water are formed and the isotherm shows a steep increase at high water activities. This
behavior is observed in Type II and Type III isotherms at high water activities (Figure
2.1).
Clustering of water can be described by dissolution models, modified by Perrin et
al. [30] by taking into account the difference between water-polymer and water-water
interactions. This model has succeeded to describe some Type III isotherms for entire
activity range. Another approach is chosen by localized sorption models, i.e. BET or
GAB models, which describe cluster formation as multilayer adsorption. The BET model
assume that water in clusters is the same as liquid water, whereas GAB model consider
that the polymer exerts force on water clusters, limiting their size. The GAB model has
been successful in describing of Type II and Type III isotherms for activities between 0
and 0.95 [14], which is not the case for the BET model. In the GAB models the difference
between bonded water and water in clusters determine if the isotherm of Type II or Type
III. If water molecules are bonded to hydrophilic sites stronger than in clusters, Type II
isotherm will be observed. Otherwise the model will describe Type III isotherm.
The previous overview [14, 22] of types of sorption isotherm of polymeric material
and their theoretical models for them shows the relationship between the state of water in
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the polymer and the sorption isotherm. Linear isotherms suggest negligible water-water
interactions and usually are observed for hydrophobic polymers with a low absorption
capacity. Type II isotherm indicate that some water is bonded by hydrophilic sites at
low activities, i.e. polar groups, with a subsequent formation of water clusters at higher
activities. Type III isotherms indicate that sorption is mainly due to formation of water
clusters in the polymer.

2.3 Kinetics of Diffusion in Coatings
The goal of this section is to give an overview of typically observed diffusion types and
their physical background.
The simpliest case of diffusion is Fickian diffusion. For Fickian diffusion it is characteristic that the redistribution
of water occurs in a way that the concentration of water
√
is a unique function of x/ t, where x is a distance from film/penetrant interface1 . In this
cases diffusion is driven purely by the concentration gradient and there is a local equilibrium
√ at the sample surface. The total amount of water initially increases proportionally
to t [31]. When the diffusion coefficient steepely increases with water concentration,
a clear front develops that separatew the dry coating
regions from regions of the coating
√
with water. The front progresses linearly with t. In such cases small amounts of penetrant cause plasticization of the polymer matrix, resulting in a higher diffusivity value,
which in its turn allows quick penetrant redistribution behind the front.
Mostly, deviations from Fickian diffusion occur due to relaxation processes in the
polymer, e.g. caused by plasticizing penetrants. Such deviations become significant, when
the timescale of relaxation becomes comparable with the diffusion timescale. The ratio of
the relaxation timescale to the diffusion timescale is in fact the so-called Deborah number
De, first introduced for sorption in polymers by Vrentas et al. [32]. Diffusion in glassy
polymer systems typically occurs, when De ≫ 1, whereas diffusion in rubbery systems
is characterized by De ≪ 1. In both cases diffusion will have Fickian kinetics. When
the Deborah number becomes close to 1, the relaxation processes influence the transport
kinetics and deviation from the typical behavior √
can be observed. The cases, when front
progression rate departs from being linear with t and being linear with t, diffusion is
usually classified as anomalous diffusion [33].
A well known extreme case when relaxation processes participate in the driving
force of the diffusion is Case II diffusion [34]. It is characterized by sharp concentration
profiles, with a front, which progresses linearly with time. This was explained by diffusivity concentration dependency and relaxation processes by Thomas and Windle [34].
1

face
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This holds as long as penetrant has not reached the interface, opposite to water/coating inter-
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2.4 Water in Multilayer Coatings
Presently, only few studies have been dedicated to water uptake in multilayer films [15,
16, 18]. Carbonini et al. [15] studied the effects of the chemical composition of the
constituent layers on the water uptake in a multilayer system with electroimpedance spectroscopy. Park et al. [16] investigated multilayer coatings degradation and substrate corrosion during water sorption/desorption cycling. They showed that water absorption and
degradation of multilayered systems depend on the chemical characteristics of each layer
and on the layer position in the system. Allahar et al. [18] studied water transport in
both single and multilayer epoxy/urethane coatings. They showed that despite observed
Fickian diffusion in each single layer, the Fickian diffusion is not sufficient to describe
the process in the two-layered epoxy/urethane system.

17
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3. Nuclear Magnetic Resonance

3.1 Introduction
Investigation of water transport in multilayer organic coatings requires knowledge of water distributions in the layers and assessment of water polymer interactions.
Various techniques are used to probe water in organic coatings, such as gravimetry
[35], electrochemical impedance spectroscopy [15, 16, 18, 36], Fourier transform infrared
spectroscopy (FTIR) [37, 38, 39], fluorescent spectroscopy [40] and high resolution nuclear magnetic resonance (NMR) imaging [41]. Except for NMR imaging and FTIR, these
techniques only measure the total amount of water and do not probe interactions between
water and polymer. While FTIR is able to evaluate water-polymer interactions [42], it can
probe water distributions only in the direction, parallel to the coating plane [38, 39]. From
the listed techniques, NMR imaging is the only technique, which is capable to measure
with a high spatial resolution in the direction perpendicular to the coating plane.
The GARField approach for NMR imaging, introduced by Glover et al. [43], enables imaging with a high resolution of about 5 µm. It was successfully used to obtain
water distributions in drying films [44, 45, 46, 47, 48]. Additionally, NMR relaxation
analysis was used to evaluate mobility of polymer chains during crosslinking reactions
[49], crosslinking fronts in drying alkyd films [48] and to estimate diffusivity of water in
water-swollen cellophane [41]. Consequently, the combination of high resolution NMR
imaging with NMR relaxometry can provide information about mobility of the polymer
chains, water diffusivity and water content as a function of the position in the sample.
Thus, this is a promising combination for studying water transport in multilayer coatings.
The aim of this chapter is to give an overview of NMR principles. For the detailed
information about NMR we refer to the book ”Principles of Magnetic Resonance” [50].

3.2 NMR Principles
3.2.1 Magnetic Resonance
NMR is based on behavior of nuclei in magnetic fields. When a nuclear magnetic moment
⃗µ is located in a static magnetic field ⃗B0 , it precesses around the field direction with a
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Larmor frequency ω0 [rad/s]
ω0 = γ|⃗B0 |, ,

(3.1)

where γ is the gyromagnetic ratio of the nucleus. The gyromagnetic ratio has unique
values for each type of nuclei, e.g. for 1 H γ = 42.58 MHz/T. In this thesis we always
⃗0 aligned along z-axis.
place the static magnetic field B
Nuclei in a magnetic field can be excited by a radio-frequency field ⃗B1 , which is
oriented perpendicular to the static static magnetic field. The RF-field has an angular
frequency ωRF . Further in this chapter we will discuss the motions in a reference frame,
which rotates around the z-axis with an angular frequency equal to the radio-frequency
ωRF . In this rotating frame the RF-field is static and is described by
⃗B1 = (B1 cos ϕ, B1 sin ϕ, 0) .

(3.2)

where B1 is the RF-field intensity and ϕ is the phase of the field.
The excitation occurs at a resonance frequency, which matches the Larmor frequency, i.e. when ωRF = ω0 . For simplicity we consider the amplitude of the RF-field B1
to be constant, when the RF-field is applied.
It is important to note that in the rotating frame the magnetic moments precess with
the angular velocity ⃗Ω, which is described by[50]
⃗Ω(t) = (ω1 (t) cos ϕ, ω1 (t) sin ϕ, ω0 − ωRF )

(3.3)

In the absence of the RF-field, the precession occurs only around the z-axis with the
frequency ω0 − ωRF

3.2.2 Macroscopic Behavior
⃗ of the sample is measured. The magnetization
In NMR experiments magnetization M
⃗
vector M equals the sum of expectation values of nuclear magnetic moments ⟨⃗µi ⟩ in the
sample
⃗ = ∑ ⟨⃗µi ⟩ ,
M
(3.4)
i

⃗0 the magnetization is aligned along z-axis, M
⃗ =
In an equilibrium with the static field B
(0, 0, M0 ). The magnetization dynamics is described by Bloch’s equations[50, 51]
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dMx
dt

⃗ x − Mx
= (⃗Ω × M)
T2

dMy
dt

⃗ y−
= (⃗Ω × M)

dMz
dt

⃗ z − Mz −M0
= (⃗Ω × M)
T1

My
T2

(3.5)
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The first terms in the right side of the equations describes the precession of the magnetization in the rotating frame due to the external magnetic fields. The second terms describe
relaxation of the magnetization. The relaxation of the longitudinal component Mz is called
T1 relaxation or longitudinal relaxation, whereas the relaxation of transverse components
Mx and My is referred to as transverse relaxation or T2 relaxation. The nature of T1 and T2
relaxation is discussed later in Section 3.3 and Section 3.4, respectively. √
When the magnetization has non-zero transversal components, Mt = Mx2 + My2 >
0, the magnetization will precess in the laboratory frame around z-axis with Larmor frequency ω0 and will generate a RF-field with this frequency. The NMR signals are obtained
by recording this field.

3.2.3 Spatial Resolution
In order to enable imaging with a spatial resolution, magnetic fields gradients have to
be applied. To achieve high resolution one has to generate an inhomogeneous magnetic
field. The mobile universal surface explorer (MOUSE) [52], Stray field magnetic resonance imaging [53] and Gradient-At-Right-angles-to-Field (GARField) [43] are examples, where high static magnetic field gradients are generated. In the present study, the
GARField approach was used, which can operate with a spatial resolution of ca. 5 µm.
Since in this study GARField approach is used, we discuss only static gradients of the
magnetic field.
If the applied static field is position dependent, the Larmor frequency becomes
position dependent
ω0 (⃗r) = γ|B0 (⃗r)| .

(3.6)

Since nuclei will resonate at position dependent frequencies, measurements with spatial
⃗ r) generates
resolution become possible. In the excited sample, the local magnetization M(⃗
RF signal with the intensity, proportional to the local transverse magnetization and the
angular frequency ω0 (⃗r).
The GARField approach utilizes special shaped magnetic poles to generate a gradient in the magnetic field. The magnetic poles are designed to create a gradient of
G ≃ 40 T/m. To excite the sample hort pulses with a pulse duration of ca. 1 µs are
used. The use of short pulses results in a broad spectrum, with a width of about 1 MHz,
which corresponds to approximately 500 µm at the used gradient. As a result, such pulses
excite nuclei in the whole coating, which usually has a thickness of ∼ 100 µm. Since the
field of view, provided by the pulse spectral width, is directly related to the pulse duration,
all the pulses in the pulse sequence should have the same pulse duration.
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(a) CPMG pulse sequence
90Ox

180Oy

180Oy

0

te

180Oy

3te

2te

(b) Ostroff-Waugh pulse sequence
90Ox

0

90Oy

90Oy

te

90Oy

2te

3te

Fig. 3.1: A classical CPMG pulse sequence (a) and Ostroff-Waugh (OW) pulse sequence
(b), which are used in NMR measurements. First, a 90◦x pulse with x-phase is
used. Further, refocusing 180◦y -pulses (CPMG) or 90◦y -pulses (OW) are applied.
The time between the first 90◦x -pulse and the second pulse is te /2, whereas subsequent pulses are separated by te . The spin-echoes are obtained between the
refocusing pulses. Their intensity decays with the T2 relaxation time. The decay
is denoted by the dashed line.
3.2.4 Excitation
In NMR experiments pulse sequences are commonly used to excite samples. Series of
RF-field pulses are applied. During the pulse the magnetization precesses around the RFfield direction and rotates on a certain angle. Further, this angle is referred as flipping
angle. The pulses are characterized by a flipping angle αϕ and the ϕ of the ⃗B1 RF-field,
which determines the direction of RF-field in the rotating frame during the pulse
αϕ = γ|B1 |t p

(3.7)

where t p ms is the pulse duration.
A classical example is CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence, see
Figure 3.1a. It starts with a 90◦x -pulse, followed by a train of 180◦y -pulses. The time
between the 90◦x -pulse and the first 180◦y -pulse is te /2 and time between 180◦y -pulses equals
te . The time te is called the inter-echo or inter-pulse time. The first pulse brings the
magnetization along y-axis, resulting in magnetization lying in xy-plane. As a result,
signal can be recorded. This signal rapidly decays due to nuclear spins dephasing, which
is the result of magnetic field inhomogeneities. The subsequent 180◦y -pulses are applied
to refocus the nuclear spins, and the spins are refocused between the pulses. The resulting
peak in the signal is called a spin-echo, which can be recorded. Still, the total intensity of
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the signals of the recorded spin-echoes will decrease in time due to T2 relaxation.
According to Eq. 3.7, the product of the intensity and the pulse duration should
be twice bigger for 180◦ -pulses than for 90◦ -pulses. This can be achieved by tuning
the pulse duration t p or by adjusting the RF-field intensity |B1 |. As imaging with the
GARField approach requires the same pulse duration, using CPMG is possible only if the
intensity of the RF-field can be increased twice. When this is not possible due to equipment limitations, an Ostroff-Waugh (OW) pulse sequence is used[54], see Figure 3.1b.
The OW-pulse sequence is similar to CPMG pulse sequence, with the only difference that
in the OW-pulse sequence 90◦y -pulses are used instead of 180◦y -pulses. Therefore, when
OW-pulse sequence is used, all pulses have the same durations and intensities.
Still, even when the pulses are tuned to be 90◦ , only in a single slice of the sample
magnetization will be flipped 90◦ degrees. This is because of the intensity of the RF-field
is position dependent due to the shape of the pulse spectrum. The field intensity varies
with the frequency and the position. As a result, significant part of the magnetization will
be flipped with angles different than 90◦ .

3.3 T1 Relaxation
T1 relaxation of the longitudinal component of the magnetization Mz occurs due to dissipation of the energy absorbed by the nuclei to the lattice of the sample. This results in a
return to the equilibrium state, where the magnetization is completely aligned along z-axis
and and has its maximal value M0 .
Longitudinal or T1 relaxation plays an important role in the choice of repetition time
in NMR measurements. The NMR signal during the experiments is measured multiple
times with subsequent averaging. Subsequent measurements are separated by a repetition
time tr ms. When tr ≫ T1 , the magnetization restores to equilibrium after the previous
measurement. Otherwise, the NMR signal will be depressed, due to lower value of the
sample magnetization. Note, that if several types of nuclei are measured, than it is important that repetition time is bigger than their T1 relaxation time. Thus, T1 of the samples
should be determined.
Usually, the inversion recovery method [55] or saturation recovery method [56] are
used. In this study T1 values of the samples were measured with the saturation recovery
method. Several short pulses were applied to saturated the nuclear spins in the sample and
then magnetization recovery was probed.

3.4 T2 Relaxometry
The relaxation of the transversal magnetization occurs due to loss of coherence by the nuclear spins due to spin-spin interactions or diffusion of the measured protons in a magnetic
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field gradient. T2 relaxation time characterizes the local molecular motions [57, 58, 59]
and self-diffusion [60, 61] of the measured species.
When both self-diffusion and local molecular motions contribute to the relaxation
process, the measured T2 time reads
−1
−1
T2−1 = T2D
+ T2S
,

(3.8)

where T2D [s] is the relaxation due to diffusion and T2S [s] describes relaxation associated
with the mobility of the measured species.
The general expression for signal attenuation of protons diffusing in a gradient of
the magnetic field was presented by Hurlimann [61]. Due to an inhomogeneous excitation,
pathways have unique parameters for each position in the sample. The attenuation of the
signal of the diffusing species reads[61]
S(t) ∼

∑ M{q } exp

{qk }

k

[
]
−α{qk } γ2 G2 Dte2t ,

(3.9)

where {qk } defines a coherent pathway, M{qk } is a weighing factor for a coherent pathway and ϕ{qk } is the phase accumulation during diffusion. D [m2 /s] is the self-diffusion
coefficient and N ≡ t/te is the number of pulses. The parameter
(
)
N
N
N
1 N 2 N
α{qk } =
qk + ∑ qk ∑ ql (l − 1) + ∑ qk (k − 1) ∑ ql /N
3∑
k
k
l
k
k
includes the coherence pathway contributions.
It can be concluded that every coherent pathway evolves as a function of a rescaled
time γ2 G2 Dte2t and the overall signal S(t) will always be a function of γ2 G2 Dte2t. If the
measured signal of diffusing species decays monoexponentially as exp (−t/T2D ), the decay time can be described as
−1
T2D
= αγ2 G2 Dte2 .

(3.10)

The parameter α is a constant, which is defined by the evolution of coherent pathways for
a given pulse sequence.
It is known that for Ostroff-Waugh-like pulse sequences, the relaxation time determined by the correlation time τc associated with molecular motions as follows[57, 59]
[
]
tanh (te /τc )
−1
2
T2S = ⟨ω ⟩τc 1 −
,
(3.11)
te /τc
where ⟨ω2 ⟩ is the second moment associated with residual interactions[62].
The dependency of T2 on the echo-time is shown in Figure 3.2 for τc = 60 µs, ⟨ω2 ⟩ =
12.7 ms−2 and αγ2 G2 D = 1.5 ms−3 . The dotted line shows the relaxation time T2D purely
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determined by diffusion, whereas the dashed line shows the behavior of the T2S . The
dashed-dot line shows the total T2 time when T2S equals the plateau ⟨ω2 ⟩τc , whereas total
T2 is shown by the solid line. Given that te /τc ≫ 1 the slope of the curve is proportional
to the self-diffusion coefficient of the measured species. The switch to the linear mode
as well as the value of the plateau ⟨ω2 ⟩τc characterizes the mobility of the nuclei. Higher
plateau values and later transition times indicate a lower mobility of the nuclei, showing
that they are more tightly bonded. Lower plateau values and shorter transition times
indicate weaker bonding of the measured nuclei.
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Fig. 3.2: Typical behavior of the T2 relaxation time as a function of te2 for a system, completely dominated by diffusion in the field gradient (dotted line), dipolar interactions of the nuclei (no diffusion, dashed line). The solid line refers to the
relaxation behavior governed by both dipolar interactions and diffusion. The
dashed-dotted line shows the behavior when τc ≪ te .

3.5 NMR Signal
When the pulse sequence is used a train of spin-echoes is recorded. Generally, a sample
can contain a number of 1 H pools with distinct relaxation time. In the case of N distinct
1 H pools the signal of the n-th spin echo read
N

Sn (x,t) = Pn (x) ∑ ρk (x) [1 − exp(−tr /T1k (x))] exp(−nte /T2k (x)) ,

(3.12)

k=1
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where k refers to a number of a specific 1 H pool, ρk [mol/m3 ] is the density of 1 H nuclei of
the k-th specific pool. The k-th pool has longitudinal relaxation time T1k [s] and transversal
relaxation time T2k [s]. Note that the mentioned parameters reflect properties of a sample.
In contrast, the repetition time tr [s] and inter-echo (inter-pulse) time te [s] are settings in
the measurements. The function Pn (x) is a weighing factor for the n-th echo. It combines
effects of the excitation and coil sensitivity profiles and evolution of coherent pathways
in the used pulse sequences [61] and does not contain information about the measured
sample.

26
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4.1 Introduction
Visualizing the transient water distribution in multilayer coating systems is the contribution of individual layers to water uptake, kinetics and to determine influence of water on
the layers.
The investigation of water transport in multilayer coatings requires knowledge of
how water distributes in the sample and its individual layers. This knowledge is crucial for
understanding the contribution of individual layers to water uptake, to understand uptake
kinetics and influence of water on the layers.
High resolution NMR imaging based on the GARField approach features proton
distribution measurement in the sample. However, during water uptake both protons of
water and protons of the coating will be probed. Thus, the NMR study of water uptake
meets the challenge to distinguish the contributions of water to the NMR signal. This
requires proper calibration of the signal as related to the amount of water in samples.
The aim of this chapter is to visualize and analyze transient water distributions
in two-layered coatings during uptake on the basis high resolution NMR imaging. The
considered coatings consist of a hydrophobic top coat and a hydrophilic base coat. The
chapter starts with a determination of the relation between NMR signal profiles during
uptake and water distributions. Furthermore, the consequences of water uptake in terms
of swelling of the constituent layers is addressed. The chapter concludes with a discussion
of the observed water distributions during uptake and the overall water uptake process by
the considered systems.

4.2 Samples Description
Since this thesis is dedicated to investigation of water transport in multilayer coatings,
samples, which may represent multilayer coatings, have to be chosen. As such systems
two-layered base coat/top coat (BC/TC) systems were chosen. The considered top coats
are solventborne crosslinked systems whereas the base coats are waterborne physically
dries layers. This choice of layers provides significant contrast between them, therefore
this type of two-layered systems can be considered as a valid representative of multilayered coatings. Additionally, the chosen base coats contain multiple polymeric phases due
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to their waterborne nature. Thus, the chosen systems a valid candidate as a sample for
studying water transport in multilayer coatings.
The base coats consist of 40% w/w acrylic particles, 20% w/w polyurethane (PUR)
particles, 30% w/w DPP (di-keto-pyrrolo-pyrrole) pigment particles and 10% w/w polymeric dispersant in the sample, see Figure 4.1.

Fig. 4.1: Schematic presentation of the polymer matrix of the base coat and TEM image
of an unpigmented base coat (acrylic and PUR particles only).
The ingredients of the base coat material are as follows [63]. The acrylic particles are synthesized by emulsion polymerization and have a core/shell structure. The
core consists of BA (butylacrylate), BMA (butylmethacrylate) and HEMA (hydroxyethyl
methacrylate). The shell is made from BA, MMA (methyl methacrylate) and MAA
(methacrylic acid) and neutralized with DMEA (dimethylethanolamine). The shell/core
volume ratio equals approximately 1:7 and their glass transition temperature Tg is about
25 ◦ C. The PUR particles consist of hydroxyl functional carbonate and DMPA (2,2’-bishydroxymethyl propoionic acid) chain extended with isocyanate and neutralized with
DMEA [64]. The Tg of the PUR particles is approximately equal to 0 ◦ C. The polymeric
dispersant is nonionic comb-polymer with a backbone of styrene and maleic anhydride of
and hydrophilic hairs of PEO (polyethyleneoxide) and PPO (polypropyleneoxide). The
total hydroxyl, acid and amine numbers for the basecoat are respectively 0.15, 0.25 and
0.15 meq/g basecoat.
The top coat is a 2-component solvent borne polyurethane coating which comprises
polyacrylic polyol, polyester polyol and an isocyanate crosslinker. A glass transition temperature of the top coat equals approximately 60 ◦ C. Since experiments were performed
at 25 ◦ C, the top coat was still in the glassy state, the acrylic core/shell particles of the
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base coat were at transition between rubbery and glassy state and PUR particles were at
the rubbery state.
These 2-layered films were applied on glass cover slides with an area of 18 x 18
2
mm and a glass thickness of 150 µm. First, base coats were applied by spraying an
aqueous dispersion on the glass slides. After spraying, the base coat was dried at 60 ◦ C
for 1 hour. The top coat was sprayed on top of the base coat and then cured at 60 ◦ C for
approximately 20 minutes. To ensure that the samples were fully cured before using them,
the samples were stored for at least 4 weeks at room temperature. The base coat and top
coat thicknesses are varied to investigate their influence on water transport. The base coat
thicknesses were measured with a laser displacement sensor and the top coat thicknesses
were measured with a micrometer, see Table 4.1.

Sample
BC25TC57
BC50TC23
BC50TC64
BC50TC73
BC50TC102

BC thickness, (µm)
25
50
50
50
50

TC thickness, (µm)
57
23
64
73
102

Tab. 4.1: The list of samples used in experiments. The letters BC and TC refer to the base
coat and top coat, respectively. The numbers added to BC and TC represent the
thickness of the layers in µm
To place liquid in contact with samples, a glass tube was glued on top of the coating/film, see Figure 4.2. A marker at the bottom of the substrate allowed to trace deflections of the substrate and fluctuations of the setup due to instabilities. The sample was
positioned above the coil and aligned perpendicularly to the magnetic field.

4.3 NMR Equipment
The used NMR setup comprised an electromagnet with homebuilt magnet poles according
to GARField approach [43]. The electromagnet generated a magnetic field of 1.5 T and
the magnet poles have created the magnetic field gradient of 41 T/m. The sample is
excited with a home made surface coil with a diameter of 3 mm. The same coil is used to
record a signal. Home-built NMR equipment was used with acquisition systems described
by Kopinga and Pel [65]. The NMR signal was sampled with a frequency of 5 MHz at a
receiver bandwidth of 1.5 MHz. All pulses had the duration of 1 µs with rise and fall times
of ca. 0.25 µs, yielding an excitation profile with a width of 1 MHz. Since the effective
field of view (FOV) is determined by both the receiver bandwidth and pulse excitation
profile, the resulting FOV was about 1 MHz.
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Fig. 4.2: Schematic representation of the experimental set-up used for water uptake experiments. The glass tube is fixed on the sample to place water on top of it. The
marker is used to trace the substrate position displacements.

4.4 NMR Imaging Procedure
Profiles were measured by using an Ostroff-Waugh pulse sequence βx −te /2−[βy −te /2−
echo−te /2]n with β nominally equal to 90◦ [54]. This pulse sequence was chosen because
same β is required for each pulse, which is possible only with same pulse duration and
pulse excitation profile.
The duration of a single pulse equals 1 µs. To obtain the distribution of water, signal
profiles were measured with te = 100 µs and an acquisition window of 90 µs, corresponding to a resolution of 6 µm. For imaging, the first echo was used. The whole sample
was excited by a short pulse and then Fourier transformation was applied to the recorded
signal to retrieve the signal profiles.
Signal profiles were averaged 2048 times and the time between two subsequent
measurements has been set to tr = 0.5 s. A measurement of a single profile measurement
took 20 minutes.
The recorded profiles combine proton density distributions, T1 and T2 factors and
the effects of the coil and receiver sensitivities and flipping angle distributions. Figure
4.3 shows the signal profile of the column of an aqueous CuSO4 solution. Additionally it
shows the signal profiles of the dry and wet base coat/top coat sample (solid lines). The
density of the protons, T1 and T2 values in the solution should not vary with position, thus
the variation of the signal is due to sensitivity of NMR equipment and pulse excitation
profile.
The obtained signal should be a product of proton density, T1 , T2 factors and the
factor due to pulse excitation profiles and equipment sensitivity. In order to remove the
effects of the pulse excitation profile and equipment sensitivity, the measured signal profiles are divided by signal profile of the reference sample. As a reference sample aqueous

30

4.5. Results

31

14

Dry
W et

12

Reference

S (a.u.)

10
8
6
4
2
0
-250

-200

-150

-100

-50

x(

0

50

100

150

m)

Fig. 4.3: Signal profile of the dry (bold line), wet sample and the reference (an aqueous
0.01 M CuSO4 solution, dashed line). The reference signal profile reflects how
the combination of the excitation profile of the pulses and coil sensitivity result the NMR signal of a homogeneous sample. The reference signal is used to
eliminate this mapping from the NMR signal of the samples.
0.01 M CuSO4 solution is used. It has a T1 value of about 70 ms and T2 = 2.3 ms. For
the used settings there is limited signal loss due to longitudinal and transverse relaxation.
Thus, for the reference T1 and T2 factors are neglected and the corrected signals of the first
echoes read:
Sn (x) =

ρ(x)
[1 − exp(−tr /T1 )] exp(−nte /T2 ) ,
ρw

(4.1)

where ρ [mol/m3 ] is actual density of probed 1 H nuclei, ρw [mol/m3 ] is the density of 1 H
nuclei in liquid water (since it is the same in the reference sample), tr [s] is the repetition
time, T1 [s] is the longitudinal relaxation time, te [s] is the echo time, T2 [s] is the transversal
relaxation time and n is the number of spin-echo.

4.5 Results
4.5.1 Visualization and quantification of water uptake in multilayer coatings
This section focuses on the relationship between the NMR signal profiles and the distribution of water in a coating.
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Fig. 4.4: NMR signal profiles in the sample BC50TC64 during water uptake (a) and in
dry (dashed line), saturated with water (solid line) and heavy water (dotted line)
states (b). The time between subsequent profiles during uptake (a) is 20 minutes
and 6 hours for the first ten and the rest of the profiles, respectively. The vertical
lines refer to the positions of the interfaces. The vertical arrow denotes the signal
increase in the base coat and the horizontal arrow denote swelling.

The signal profiles of the sample BC50/TC64 are presented in Figure 4.4a. The
profiles as shown were corrected with the marker data, i.e. the profiles were corrected for
any displacement (bending) of the glass slide. In Figure 4.4a, therefore, the lower side
of the base coat, i.e. the interface between glass and base coat is a real, fixed reference
position. The different signal levels in the base coat and the top coat are due to signal loss,
which can be explained with the help of Eq. 4.1.
Figure 4.4a shows the profiles during a water uptake experiment. The time between
two subsequent profiles is 20 minutes for the first 10 profiles and 6 hours for the later ones.
The measurement time of a single profile is 20 minutes. The signal of the water on top of
the coating is lower than the signal in the base coat, which is due to the fact that the T1 of
pure water is much longer than the chosen repetition time, (see Eq. 4.1).
During water uptake, a signal increase is observed in the base coat layer. Since
T1 values are the same for dry and wet base coat, (see Table 4.2), there is no change
in T1 weighing of the signal during water uptake. Therefore, the signal increase can be
attributed to an ingress of water into the coating and to an increase of the coating background signal (i.e. signal of the polymer of the coating). An increase of the background
signal can be caused by an increase of the T2 of the polymer matrix due to mobilization
of the polymer.
To detect changes in the background signal of the coating water on top of the sample
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Layer/state
Base coat/dry
Base coat/wet
Top coat/dry
Water

T1 [ms]
200
200
350
3000

Tab. 4.2: T1 values of the the polymer systems and water.
was replaced by heavy water. Since deuterium is not probed, only the background signal
from the coating is measured. While the exchange between deuterons of heavy water
and protons of the polymer is possible, the number of exchangeable protons is negligible
(Section 4.2). There are only few differences between heavy water and water, like slightly
higher density and slightly stronger hydrogen bonding. It is known that in polymers heavy
water transport is similar to water transport [66, 67] and is used instead of water in studies
of water transport. The measured signal profiles for the dry sample and sample saturated
with water and heavy water are presented in Figure 4.4b. The signal level of the base
coat filled with D2 O is lower than signal level of the dry base coat. Due to the swelling
of the coating the hydrogen density of the polymeric material slightly decreases resulting
in lower signal level. Since a signal increase is not observed, it is concluded that during
water uptake the observed signal increase is only due to an increase of the amount of water
in the base coat layer.
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Fig. 4.5: The normalized signal increase in the wet base coat layer as a function of the
volume percentage of water in the H2 O/D2 O mixture on top of the sample.
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The water on top of the wetted sample was replaced by various D2 O/H2 O mixtures
in order to find a relation between the signal increase and the amount of water in the base
coat. The signal was integrated from the base coat/glass interface to the top coat/water
interface. In Figure 4.5 the NMR signal is plotted against the fraction of water in the
mixture on top of the sample. The normalized integrated signal change is calculated
according to △S/△Smax = [Smix − SD2 O ] / [SH2 O − SD2 O ], where Smix , SH2 O and SD2 O are
the levels of the integrated signal of the base coat layer in the case of exposure to a
D2 O/H2 O mixture, pure water or pure heavy water, respectively. A linear relation between
the signal and the amount of water in the mixture is observed. It can be concluded that
signal increase △S is proportional to the mass of water in the coating △m [mg], △S =
k△m, where k [mg−1 ] is a proportionality coefficient.
To quantify the signal increase △S in terms of the amount of absorbed water
△m [mg] the coefficient k should be found. The expression for k can be derived by the
integration of Eq. 4.1
k=

1
[1 − exp(−tr /T1 )] exp(−te /T2 )
ρw A

(4.2)

where ρw [mg/cm3 ] is the density of liquid water and A [m2 ] is the area of the base coat,
T1 [s] is the longitudinal relaxation time and T2 [s] is transversal relaxation time of water.
The signal loss in the wet base coat due to the T1 relaxation is equal to 8% with tr = 0.5 s.
To estimate the signal loss of water due to T2 relaxation, the signal decay of the whole
base coat saturated with D2 O was subtracted from the signal decay of the wet base coat,
see Figure 4.6. The T2 value of water in the base coat appears to be 6 ms. Therefore, only
2% of the signal is lost due to T2 relaxation, since with used echo time te = 100 µs. Since
the signal loss due to relaxation processes is limited, Eq. 4.2 can be approximated by
k≈

1
.
ρw A

(4.3)

4.5.2 The water uptake process
Now the origin of the signal has been established, the water uptake process itself can be
investigated. The uptake and the resulting mechanical response of the whole system will
be discussed in this section.
Shortly after exposure to water, profiles show that the water is visible near the
glass/base coat layer interface, see Figure 4.4. This means that redistribution of water
inside the base coat layer is faster than a single profile measurement. Moreover, it also
implies that that the water uptake rate is only limited by the penetration through the top
coat layer. As a consequence, the total amount of water in the base coat layer is the main
variable, which should be considered to characterize water uptake.
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Fig. 4.6: The signal decay of water in the base coat. The value of the T2 relaxation time
is 6 ca. ms. This value means that at used setting only 2% of the signal of water
in the base coat is lost due to T2 relaxation.

The total amount of water m(t) inside the base coat layer is obtained via integrating
the profiles from the BC/glass to the TC/water interface as the top layer hardly absorbs
any water. The swelling ∆H(t) is obtained as the change in distance between the top
coat/water interface and the marker from the second echo profiles, as they provide better
contrast between water and top coat. Since the top coat absorbs only a small amount of
water, the swelling is attributed to the base coat layer. The amount of water in the base
coat layer is shown as functions of time in Figure 4.7.
The relation between the amount of water in the base coat and its swelling of the
sample is presented in Figure 4.8, showing that the thickness varies linearly with the
mass. Since the volume change of the base coat can be approximated with ∆V = A∆H (A
is the area of the base coat layer), it can be concluded that the molar volume of water in the
base coat layer is constant. A linear fit gives a slope of ca. A∆H/∆m ≃ 1.1 ± 0.1 cm3 /g.
With the area of the base coat, obtained in the previous section, the molar volume of water
v = MA∆H/∆m in the base coat is estimated to be 18 ± 2 cm3 /mol. This value is similar
to the molar volume of liquid water. This may indicate that the most of absorbed water
results in volume increase, i.e swelling of the base coat.
The non-zero intercept of the data is an artifact of the procedure, introduced by
use of the first value of distance between the water/top coat interface and the marker
as zero-point for swelling. The distance between the interface and the marker for the
dry sample cannot be used as the zero-point due to poor accuracy of the interface in the
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Fig. 4.7: The amount of water in the base coat as a function of time during water uptake
as obtained with NMR. The whole uptake lasts several days, with an initial rapid
stage, where about half of total amount of absorbed water is taken up at first few
hours.
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Fig. 4.8: The swelling of the base coat (i.e. thickness change) as a function of the amount
of water in the base coat during water uptake. The linear relation indicates that
the molar volume of water inside the base coat layer is constant.
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absence of water. Another possible physical explanation could be that initial some water,
i.e. ∼ 0.2 mg/cm2 is adsorbed by the base coat with no volume change. However, it is
not possible to assess this on the basis of the swelling data.

4.6 Conclusions
The application of high resolution NMR imaging based on GARField approach showed
that it is an appropriate experimental technique for measuring water uptake in multilayer
coatings. The considered samples were two-layered coatings of a waterborne physically
dried base coat and a solventborne crosslinked top coat. Water distributions and swelling
could be simultaneously monitored during uptake.
The measurements of water uptake showed that the rate of water uptake is limited
by the penetration through the protective top coat layer. The penetrated water causes
swelling, which appears to be linear with the total amount of absorbed water. This implies
that the molar volume of water in the polymer matrix of the base coat is constant and has
a value, which is close to the molar volume of liquid water. This also means that water
transport in such type of systems is accompanied by swelling stresses in the base coats.
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5. Water-Polymer Interactions During Uptake

5.1 Introduction

The previous chapter has brought insight into water redistribution in two-layered coatings.
The studied systems consisted of a waterborne physically dried base coat and a solventborne crosslinked top coat. The next step in this study is evaluation of state and mobility
of water in the considered base coat/top coat systems, as it brings insight into how water
present in the coating. As the base coat is the main reservoir for water, the main focus
in this chapter is on investigation of water in the state of water in the base coat and its
influence on the polymer matrix.
A proper interpretation of NMR transverse relaxation times should form the backbone for such investigation. The contribution of water to the relaxation can be evaluated
by using heavy water. Additionally, there is an opportunity to identify contributions of the
various polymer phases of the base coat to the NMR signal decay, given a significant difference between polymer chains mobilities in these phases. Furthermore, the relaxation
time of water contains information about self-diffusion coefficient and local molecular
motions in the sample. The polymer relaxation time depends on chains mobility of the
polymer. Understanding these parameters is a key to get an insight of how water is present
in the base coat and what is the effect of water on the polymer matrix. Combined with
NMR imaging, NMR relaxometry has the potential to evaluate interactions within specific
layers of multilayer coatings.
The goal of this chapter is to investigate the interplay between water and polymer
of the base coat during uptake in the considered base coat/top coat systems. The base
coat is a waterborne physically dried system, which consists of acrylic, polyurethane and
pigment particles and includes a polymeric dispersant for the pigment. NMR relaxometry
is used to identify water and polymer phases of the base coat. Furthermore, it is evaluated,
whether water is highly mobile in the base coat and what is the influence of water on the
polymer phases.
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5.2 Experimental Details
5.2.1 Sample Description
The studied samples are two-layered base coat/top coat coatings. Here we give a brief
information about the samples and for more detailed sample composition we refer to Section 4.2. The base coats consist of 40% w/w acrylic particles, 20% w/w polyurethane
(PUR) particles, 30% w/w DPP (di-keto-pyrrolo-pyrrole) pigment particles and 10% w/w
polymeric dispersant in the sample. The acrylic particles are core/shell particles with a
glass transition temperature of about 25 ◦ C. The PUR particles have a glass transition temperature of about 0 ◦ C. The dispersant is a comb polymer with a hydrophobic backbone
and water-soluble side chains.
The top coat is a solvent borne highly crosslinked system with a glass transition ca.
60 ◦ C.
To place liquid in contact with samples, a glass tube was glued on top of the coating,
see Figure 4.2.

5.2.2 Data Processing
The obtained signals can be described by Eq. 3.12. To extract relaxation spectra, the
values of Pn (x) have to be known. To determine the values of Pn (x) a 0.01 molal CuSO4
aqueous solution was used as a reference. As the signal of this solution decays monoexponentially, the values of Pn (x) can be determined using Eq. 3.12:
(
)
nte
Sn,re f (x) = ρre f Pn (x) exp − re f ,
(5.1)
T2
where ρre f [mol/m3 ] is the density of 1 H nuclei in the CuSO4 solution and Sn,re f [a.u.] is
the intensity of the n-th echo. The echo trains Sn (x) of the studied samples, described by
equation Eq. 3.12, can be divided by correction factors obtained from CuSO4 solution
data, see Eq. 5.1. The corrected signal In becomes a simple multi-exponential decay and
is described in the following equation
In (x) ≡

Sn (x)
ρ (x)
(
) =∑ k
exp (−nte /T2k (x)) .
re f
k ρre f
Sn,re f (x) exp nte /T2

(5.2)

Each exponent represents a specific 1 H pool with distinct T2 value. Note that amplitudes
of the exponents are relative densities of 1 H nuclei with respect to the density of the
1 H nuclei in water. Consequently, the factors before each exponent are proportional to
concentrations of 1 H nuclei.
Considering the main objective of the present study, each of these pools should be
identified, their T2 values should be evaluated and be expressed in terms of 1 H quantities
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nk . Therefore, measured signal decays were fitted with a regularized inverse Laplace
transform algorithm (RILT) as proposed by Venkataramanan et al. [68], which resulted
in T2 spectra containing a number of peaks. The peaks refer to 1 H pools, with a position
corresponding to the T2 values of 1 H in the specific pool. The intensities of the peaks
reflect the densities ρk and the total amount nk of 1 H nuclei if profiles or total signals are
treated, respectively. The robustness of the fitting procedure is discussed in Appendix B.

5.2.3 Measurements
In this study we are interested in identifying the contributions of water and polymer to the
NMR signal and investigating the state of water in the polymer. For identification of the
contributions of water and polymer phases to the signal measurements of the sample in
dry, H2 O-wet and D2 O-wet situations were done. They were performed with te = 0.1 ms
and 8192 averages. The identification experiments were performed with primary and
acrylic BC/TC samples and with pure PUR films.
Experiments, dedicated to study the state and mobility of water in the polymer were
performed with te ranging from 0.1 ms to 0.6 ms and with 8192 averages. The primary
BC/TC sample was studied in partially and fully saturated states, which were achieved
by equilibrating the sample with an aqueous solution of polyethylene glycol (PEG) and
liquid water, respectively. The aqueous solution of PEG had a water activity equal to 0.9.
This water activity was obtained by tuning the PEG concentration in the solution[69].
Water uptake in the primary BC/TC sample was measured with te = 0.1 ms and
2048 averages. Measurements were performed with a repetition time of tr = 0.5 s, resulting in temporal resolution of 20 min. The acquisition time was tacq = 90 µs.
The parameter α in Eq. 3.10 was estimated from the signal decay of an 0.01 M
aqueous CuSO4 solution. Water in this solution has a T2 ≃ 2.6 ms. The self-diffusion
coefficient of water in the CuSO4 solution is equal to 2.5 × 10−9 m2 /s, which is equal
to diffusivity of pure water[70]. Using this value and the fact that for CuSO4 solution
T2S ≫ T2D in our experiments, we obtain that α = 5.

5.3 Results
5.3.1 Distinguishing Water and Polymer
T2 Relaxation Spectra
A prerequisite for understanding the interplay of water and the polymer matrix during
uptake is that the signals of water and polymeric material can be distinguished. This
section focuses on identifying the NMR signal components and assigning them to water
and polymeric components (acrylic, PUR and dispersant), respectively.
With the help of the RILT fitting procedure relaxation spectra were obtained for
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each position in the base coat of the primary BC/TC sample. Four T2 spectral components
were detected at each position in the base coat. The average T2 values for each component
is shown in Figure 5.1. The dashed line represents the original signal profile In (x). The T2
values are nearly constant as a function of position. Consequently, the properties of each
1 H pool, which are reflected by the T value, can be considered as homogeneous in the
2
studied base coat. Concerning the homogeneity, further analysis in our study is based on
the total signals of the base coat of the primary BC/TC sample.
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Fig. 5.1: The average T2 value of each spectral component in the wet base coat of the
primary sample as a function of the position. The dashed line represents the
signal intensity of the first echo of the coating.
The total signal was obtained by integrating the corrected signal in Eq. 5.2. As a
result, the expression for the total signal Int of the base coat reads
Int = ∑ Ak exp (−nte /T2k ) ,

(5.3)

k

where Ak ≡ ρ−1
re f

∫

ρk dx [µm] reflect a total amount of 1 H nuclei in k-th pool in the base

BC

coat. The density 1 H nuclei in liquid water ρre f = 0.11 mol/cm3 . The amount of 1 H nuclei
nk [mol/m2 ] in k-th pool relates to Ak as follows
nk = ρre f Ak .

(5.4)

The solid line in Figure 5.2a shows the relaxation spectrum obtained from the total signal of the wet base coat. Obviously, there are at least four typical 1 H pools that

42

5.3. Results

43

contribute to the signal. The bars show both the average spectral position and the total
intensity of the peaks. The total intensity equals the total amount of 1 H nuclei in the pool.
The next steps in our analysis focus on the identification of the peaks, i.e. understanding
the connection of the T2 components with water and polymeric ingredients of the primary
base coat.
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Fig. 5.2: The T2 spectra of the base coat in wet (H2 O (a) and D2 O (b)) and dry (c) states.
The bars mark the average spectral positions of the peaks and total intensity of
the peaks. The bars intensities are shown by the left scale and the raw spectra
intensities are shown by the right scale.

Water and Polymer
First, the signal of water in the relaxation spectrum will be identified in Figure 5.2a. Comparing the spectra of the primary base coat wetted with H2 O (Figure 5.2a) and wetted with
D2 O (Figure 5.2b) only revealed a significant difference in the intensity of the spectral
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component at T2 ≃ 6 ms. Whereas in the H2 O-wet spectrum a huge peak exists, this peak
is small in the D2 O-wet spectrum. This implies that this spectral component represents
water in the base coat (Table 5.1). The intensity of the water component corresponds
to 1.41 mg/cm2 . This value means that the base coat has absorbed approximately 26%
w/w of water. Note that the number of exchangeable protons in hydroxyl, acid and amine
groups in the base coat are equivalent to 0.4% w/w of water in the base coat. Therefore,
their amount can be neglected when relaxation spectra are discussed.
As a consequence, all other spectral components are from the polymeric matrix of
the coating, which may be sensitive to interaction with water. To detect the influence of
water on the polymer matrix, the T2 spectra of a dry base coat and one wetted with D2 O
have to be compared. The spectrum of the dry base coat contains three peaks, see Figure
5.2. The first component is at T2 ≃ 0.1 ms and two other components are located at T2 ≃
0.9 ms and T2 ≃ 2 ms, respectively. The spectra of the wet (H2 O and D2 O) system contain
a component at T2 ≃ 20 − 40 ms, which is absent in the spectrum of the dry base coat.
Since the T2 increases drastically due to an increase in polymer mobility, the component
at 20 − 40 ms is a consequence of polymer plasticized by water.
The next step in our analysis is the identification of the acrylic, PUR and dispersant
ingredients among the spectral components of the polymer.

Polymeric Compounds
The pigment particles of the base coat are in a crystalline state and hydrophobic. As
they have a T2 value much less than the used interecho time te , pigment is not visible in
relaxation spectra. Polymeric components in the relaxation spectra in Figure 5.2 should
originate from acrylic core/shell particles, PUR material and the polymeric dispersant.
In order to identify the T2 components of the polymer matrix and to determine the
polymer compounds that are plasticized by water, the spectra of a base coat of a pure
acrylic BC/TC system and of a PUR film are compared with the spectra of the base coat
of the primary sample.
The spectra of the base coat of the acrylic BC/TC sample are presented in Figure
5.3. The spectrum of the dry acrylic base coat contains a single component at approximately 0.1 ms, see Figure 5.3c. This implies that the components observed at 0.9 ms and 2
ms in the spectrum of the dry primary base coat (Figure 5.2) belong PUR particles and the
dispersant. The spectrum of the acrylic base coat wetted with D2 O is presented in Figure
5.3b. As compared to Figure 5.3a it includes a single additional component at 1 ms with
negligible intensity, it is concluded that the acrylic core/shell particles are not plasticized
by water. We conclude that the shell of the acrylic particles is not distinguished either due
to small intensity or due to overlap with the main component at 0.1 ms.
The spectrum of the wet acrylic base coat includes two additional T2 components,
see Figure 5.3a. Since the component at 1 ms is very small and since there is no spec-

44

5.3. Results

45

Wet

(a)

(H O)

0.12

2

0.06

0.02

0.00

0.00

Wet

(b)
2

n (mmol/cm )

0.04

(D O)

0.12

2

0.06

0.04

0.02

0.00

0.00

Dry

(c)
0.12

0.04

0.06

0.02

0.00

0.00
0.1

1

T2 (ms)

10

100

Fig. 5.3: The T2 spectra of the acrylic core/shell base coat in the wet (H2 O (a) and D2 O
(b)) and in the dry (c) states. The bars show the average spectral position and the
total intensity of the peaks.
tral component at 6 ms in the spectra of dry and D2 O wetted sample, these components
represent water in the pure acrylic base coat. Note that the amount of absorbed water
is significantly lower than the amount of water taken up by the primary base coat. The
analysis of the spectra of the acrylic sample implies that the T2 component at 20 − 40 ms
observed in the wetted primary base coat (Figure 5.2) represents plasticized PUR or plasticized dispersant. In order to investigate the contributions of PUR and dispersant to the
plasticized material, the PUR film was measured. The relaxation spectra of PUR films are
presented in Figure 5.4. The spectrum of the dry PUR, Figure 5.4c, contains two T2 components. Their spectral positions are at 0.8 and 2.5 ms, which are similar to the spectral
positions of the non-acrylic components in the primary system, Figure 5.2c. The spectra of the wetted PUR material feature an extra but small component at 15-40 ms. This
component belongs to PUR material, plasticized by water. The intensity of the plasticized
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Fig. 5.4: The T2 spectra of the PUR material in the wet (H2 O (a) and D2 O (b)) and in the
dry (c) states. The bars show the average spectral position and the total intensity
of the peaks.

PUR component is less than 5% of the total PUR intensity and cannot explain the intensity of the slow relaxing component in the primary sample, see Figure 5.2a and Figure
5.2b. In the primary system the intensity of the plasticized material is 32% of the nonacrylic polymeric components. Note that the mass ratio between the polymeric dispersant
and PUR particles in the primary sample was approximately 1:2. This implies that in the
primary system the component at 20-40 ms is mainly due to the dispersant plasticized by
water. Water in the wetted PUR material is represented by component located at approximately 4 ms. This position is similar to water spectral position in the primary base coat in
Figure 5.2a. The intensity of the water component equals the difference between intensity
of this component and corresponding component in the spectrum of PUR saturated with
heavy water Figure 5.4b. However, it is significantly lower than the intensity of water
component in the primary sample.
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A summary of the assignments of the T2 components is given in Table 5.1. Thus,
in the spectrum of the wet primary base coat, see Figure 5.2a, we assign the spectral
component at 0.1 ms to acrylic core/shell material, the components at 0.8 − 2.5 ms to
the PUR material and the dry dispersant. The component at 20 − 40 ms mainly belongs
to the plasticized dispersant with possibly a very small contribution of plasticized PUR.
The spectral component at T2 ≃ 6 ms represents mainly water. Note, that the T2 of water
has a smaller value than of the plasticized dispersant. Normally, one would expect that
the plasticizer has a similar or higher T2 value than the plasticized material. The reason
may be that either diffusion of water in the field gradient dominates the T2 relaxation
of the water or that protons of water are present at least in two different environments
with different mobilities. In the latter case, the measured T2 time may be affected by a
rapid exchange between these environments [71]. Whether or not diffusion explains this
observation is discussed in the next section.
An important observation is that the intensity of the water components in the spectra
of wet acrylic (Figure 5.3a) and wet PUR (Figure 5.4a) materials cannot explain the high
intensity of water spectral component in the primary system (Figure 5.2a). Therefore
we conclude that the hydrophilic PEO/PPO hairs of the polymeric dispersant absorb a
significant amount of water.

Spectral position
Compound

0.1 ms
0.8 − 2.5 ms
Acrylic PUR & dispersant

6 ms
water

20 − 40 ms
plasticized dispersant

Tab. 5.1: Identified compounds in the wet primary base coat of the primary sample and
their spectral positions, for te = 0.1 ms.

5.3.2 The diffusivity of water in the base coat
Water in the base coat is either strongly bonded to the polymer or highly mobile. The
binding of water to the polymer is reflected by the T2S time, whereas diffusion is described
by T2D in Eq. 3.8. If water molecules are highly mobile and have a high self-diffusion
coefficient, then T2D ≪ T2S and T2 ≃ T2D . The goal of this section is to find out whether
water binding to the polymer lattice or water diffusion dominates the T2 value.
Therefore, a primary sample, in fully or partially saturated state, was measured with
various echo times ranging from 0.1 to 0.6 ms. The relaxivity T2−1 of water as a function
of te2 obtained from the total signal of the fully saturated base coat is shown in Figure 5.5
(squares). The inverse T2 increases linearly with te2 and has an offset. This offset seems
to be the only influence of T2S in this case and the echo time dependency of the water
relaxation is only determined by diffusion in the field gradient. The slope of the curve of
the wet system in Figure 5.5 equals 2.7 × 109 s−3 , which leads to a self-diffusion constant
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Fig. 5.5: The relaxivity of water in the base primary coat as a function of te2 . The base coat
was fully saturated (a=1) (squares) and partially saturated (at a water activity
a = 0.9) (circles). The dashed lines represent linear fit and fit with Eq. 3.8 for
fully and partially saturated systems, respectively. Note, that the deviation of the
data for a = 1 (circles) from the line is due to local molecular motions of water,
characterized by T2S , see Section 3.4.
of water of approximately 1.8 × 10−10 m2 /s. This is only one decade less than the selfdiffusion coefficient of water. This agrees with the observation in our previous study that
in this particular system water very quickly redistributes in the base coat during water
uptake [19]. The value 1.8 × 10−10 m2 /s of the self-diffusion coefficient of water in the
fully wet base coat (26% w/w) is similar to values of the diffusivity of water in hydrated
hydrogels (20-60% w/w) [72].
The relaxivity T2−1 of water in the partially saturated base coat is shown in Figure
5.5 (circles). The relaxivity of the partially saturated system has a higher offset value.
Further a linear dependency on te2 is only observed for te ≥ 0.3 ms. The slope of the curve
in the linear regime equals 0.79 × 109 s−3 and is smaller than the one of the fully saturated
system. According to Eq. 3.10 this value corresponds to a self-diffusion coefficient of
0.5 × 10−10 m2 /s, which is significantly lower than in the completely wet system. That
the transition to the linear regime occurs at higher values of te than in the case of the
completely wet system indicates that the correlation time τc for water molecules is longer
in the partially saturated system. This is consistent with the increase in the offset.
Therefore, it is concluded that the self-diffusion coefficient of water increases with
concentration of water in the polymer and that the binding of water to the polymer is
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stronger at lower water concentrations. The dependency of the self-diffusion coefficient
on water concentration is shown in Figure 5.6. The correlation time of the 1 H motions τc
decreases with the water concentration.
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Fig. 5.6: Self-diffusion coefficient of water in the base coat (BC50TC64) as a function of
water activity a in the base coat. The increase of the self-diffusion value with
water activity indicate that water is highly mobile and less bonded when a = 1
than in the case when a = 0.9.
Another conclusion is that the diffusion of water in the field gradient does not explain the previously mentioned observation that T2 time of water is lower than the T2 time
of the plasticized dispersant. Therefore, the 1 H nuclei of water should be present in the
base coat at least in two environments, of which one has a low mobility. Further, there has
to be a rapid exchange of 1 H between these environments. The first environment should
be water in the dispersant. The possible candidates for the other environments may be exchangeable protons of the polymeric material (e.g. from hydroxyl, acid and amine groups)
or of water molecules which are bounded.

5.3.3 Water and Polymer during Water Uptake
Now the spectra are understood, the evolution of the spectral components during water
uptake can be analyzed. Tracking transient behavior of the water spectral component
provides information about the amount of absorbed water in the base coat as a function of
time. Analyzing the evolution of the spectral component of the dispersant in time gives
insight in the process of plasticization during water uptake.
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Fig. 5.7: A contour plot of the spectra of the base coat of the primary sample as a function of time during water uptake. The spectra are recorded with te = 0.1 ms.
PD abbreviation means polymeric dispersant, whereas PD* denotes plasticized
polymeric dispersant.

In Figure 5.7 T2 spectra of the base coat are plotted as a function of time. The
contour plot starts with the spectrum of the dry sample as in Figure 5.2c, and evolves to
a 4-component spectrum characteristic for a wet sample, Figure 5.2a. Initially, several
components are overlapping in the T2 range between 0.5 ms and 2 ms. From Figure 5.7
we conclude that T2 values of the acrylic, PUR material and non-plasticized dispersant
do not vary, whereas the T2 values of water and plasticized dispersant are increasing with
time.
The spectral component of water initially appears at T2 ∼ 1 ms. During the first 10
hours of uptake the T2 value of water increases until it stabilizes at the spectral position
with T2 ≃ 6 ms. The amount of water as a function of time was deduced from the change
in total intensity of the spectral components (Figure 5.8), since water is the only source
for new nuclei and the total number of the polymer 1 H nuclei is constant during uptake.
Fast initial and slow later stages of uptake are observed: half of the water is absorbed
during the first 10 hours, while an equilibrium is only reached after approximately 100
hours. The increase of T2 indicates that the mobility of water also increases in time. Note
that these measurements were performed with a te = 0.1 ms and mainly T2S is probed.
The T2 value of the plasticized dispersant evolves in time from T2 ∼ 1 ms to the
value of 20 − 40 ms during approximately 30 hours. The spectral component of plasticized dispersant cannot be quantified during the first four hours due to initial overlap of
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Fig. 5.8: The total intensities of water and plasticized dispersant components as a function
of time during water uptake. PD* denotes plasticized polymeric dispersant. The
datapoints for PD* start only after 4 hours. The fact, that it is already at the
plateau means that all PD* protons are mobilized by water from the beginning.

PUR, dispersant and water spectral components. After four hours the total intensity of
the plasticized dispersant is constant, see Figure 5.8. This indicates that all dispersant 1 H
nuclei susceptible to mobilization are plasticized at low water content.
While the maximal amount of plasticized material has been reached within 4 hours,
the process of mobilization of these nuclei proceeds up to 30 hours. This may be explained
by the following: even small amounts of water are enough to mobilize all polymeric
chains of the dispersant to a certain degree. With increasing water content the chains
obtain more freedom for motions and their T2 increases with the water content. To check,
whether or not the T2 is a unique function of the water content and there is no hysteresis, a
drying sample was monitored. The drying process appears to be much faster than uptake
(t ≤ 5 h). The average T2 values of plasticized dispersant both during uptake and drying
were estimated. Figure 5.9 shows the T2 of plasticized dispersant as a function of the
amount of water both for uptake and drying. Note that there is no significant hysteresis
between drying and uptake observed, indicating that there is a unique dependency of the
dispersant mobility on the amount of penetrated water.
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Fig. 5.9: The average relaxation time of the plasticized dispersant in the base coat as a
function of the amount of water in the base coat during uptake and drying. An
increase of the T2 indicates an increase of the mobility of the polymeric dispersant.

5.4 Depicting the Uptake Process
Combining all results we suggest the following picture for the water uptake process, Figure 5.10. Water is attracted by hydrophilic areas of the polymer matrix like the shell of
the acrylic particles and the polymeric dispersant.
A large fraction the water molecules migrate into the hydrophilic PEO/PPO hairs of
the dispersant causing its plasticization. We suggest that the polymeric dispersant forms a
hydrophilic layer near the pigment surface. When water gets into the system it mobilizes
all polymeric chains in this layer. The increase of water content provides more freedom
for the polymer chains to move.
In addition, the hydrophilic dispersant is an important contributor to the water uptake capacity of the base coat. The relaxation time of water suggests that its protons
exchange quickly between at least two environments.

5.5 Conclusions
In this chapter it has been shown that high resolution NMR imaging combined with NMR
relaxometry is a powerful technique for measuring water uptake in multilayered coatings
with multiphase polymer layers. In this particular case, water uptake in a two layer system
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Water
PUR Particle

Acrylic
Particle

Pigment
Particle

Fig. 5.10: Schematic picture of water uptake. Water is attracted by the hydrophilic elements of the polymer (e.g. hydrophilic shell of acrylic particles and polymeric
dispersant), and occupies space between the particles. A large fraction of the
water molecules migrate into the dispersant resulting in plasticization of the
dispersant material.

that consisted of a highly crosslinked solventborne top coat and a waterborne base coat
was studied. The relaxation analysis enabled to identify water and different polymeric
compounds in the base coat.
The plasticization of the polymeric dispersant by water was observed, as the mobility of its 1 H nuclei increased. A significant number 1 H nuclei of the dispersant was
mobilized during uptake. While this amount was plasticized within 4 hours, the mobility
of these plasticized domains was still increasing during 30 hours.
In the considered systems, the self-diffusion coefficient of water in the base coat
was estimated. When the base coat was partially saturated, the self-diffusion coefficient
was about 0.5 × 10−10 m2 /s, whereas in the fully saturated state the self-diffusion coefficient was 1.8 × 10−10 m2 /s. This high value proves that water is highly mobile in the
fully saturated base coat, whereas at lower concentrations water is stronger bonded to the
polymer matrix of the base coat.
It is concluded that initially water is attracted by hydrophilic areas of the polymer
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matrix, like the shell of the acrylic particles and hydrophilic PEO/PPO hairs of the dispersant. When the water content increases, water becomes mostly located in the hydrophilic
part of the dispersant and causes its plasticization and swelling. Thus, the sorption of water in the base coat is mainly hydrogel formation of water with the polymeric dispersant.

Appendix: Benchmarking the Fit Procedure
To validate the fitting procedure, we have investigated the stability of the RILT fit with
respect to the signal-to-noise ratio (SNR) variations.
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Fig. 5.11: The spectra of a wet base coat of the primary BC/TC sample for the original
data measured with 8192 averages (a), and the same data with artificial noise
added, (the SNR decreased by a factor of 3 (b) and 5 (c)).
Artificial noise was added to the original data, which decreases the SNR by factors
3 and 5. The spectra were obtained and compared with the original spectrum of the
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sample, see Figure 5.11. A decrease of the SNR by a factor of three does not significantly
change the number, positions and amplitudes of the T2 components. If the SNR is five
times smaller than in the original data, two components merge to one.
Note, that in this study relaxation measurements were performed with 8192 averages and uptake experiments with 2048, Figure 5.11a. Therefore, uptake experiments
were performed with SNR, which is a factor of two lower than SNR in relaxation measurements. Our stability analysis indicates that the SNR during the uptake measurements
is suitable for a proper resolution of the T2 spectra.
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6. Modeling Water Transport Kinetics

6.1 Introduction
In the previous chapters an empirical basis for understanding water uptake in a specific
base coat/top coat systems has been obtained. It was found that water redistributes in
the base coat instantly, i.e. becomes homogeneously distributed much quicker than the
time resolution of the measurements. It was concluded that the rate of water transport
is limited by penetration through the barrier, i.e. the top coat. Finally, it was concluded
that the polymeric dispersant in the base coat plays a key role in water uptake by the
coatings. The next step in the study of water uptake by two-layered systems is to develop
a theoretical model connecting the properties of the sample and water transport kinetics.
Presently, published studies have mostly focused on modeling water transport in single
layer coatings.
This chapter introduces a model for water transport in the base coat/top coat systems. The presented theory describes the process as Fickian diffusion with constant diffusivity through the top coat to the base coat. The latter acts as an instantaneous reservoir.
The chapter starts with a description of the conceptual model for water transport. The
model includes the barrier properties of the top coat, which define the timescale of the
process, and the base coat sorption isotherm, which defines the actual transport kinetics.
The chapter proceeds with an investigation of the barrier properties of the top coat and
verifies their relation with the timescale of the process. Further, the sorption isotherm
of the base coat is studied on the basis of gravimetry. This compared with the isotherm,
extracted from the uptake data via the model to confirm its role in defining the driving
force of water transport. The state of water in the base coat, reflected by the shape of the
isotherm is discussed. Finally, the ability of the model to predict water transport is verified
by a comparison of water transport, simulated via the model, with the experimental data.

6.2 Experimental Details
6.2.1 Samples
The investigated polymeric systems are two-layered base coat/top coat systems. For
a detailed description of the samples we refer to Section 4.2 in Chapter 4. Here, we
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briefly summarize the sample composition and the sample preparation for the experiments. The base coats are waterborne physically dried systems which consists of 40%
w/w acrylic particles, 20% w/w polyurethane (PUR) particles, 30% w/w DPP (di-ketopyrrolo-pyrrole) pigment particles and 10% w/w polymeric dispersant in the sample. The
acrylic particles have a glass transition temperature of ca. 25 ◦ C and the glass transition
temperature of the PUR particles is approximately equal to 0 ◦ C.
The top coat is a 2-component solvent borne polyurethane coating with a glass
transition temperature of approximately 60 ◦ C. Experiments were performed at 25 ◦ C.
Consequently, the top coat is still in the glassy state, the acrylic particles of the base coat
are at the transition between the rubbery and the glassy state, and PUR particles are in the
rubbery state.
The coatings were prepared on glass slides of 18 × 18 mm2 with various base coat
and top coat thicknesses. An overview of studied samples is given in Table 6.1, in which
BC and TC refer to the base coat and top coat, respectively. The numbers after BC or
TC indicate the layer thicknesses in µm. The lateral dimensions of the films are equal to
approximately 16 × 16 mm2 .
To place liquid in contact with the samples, a glass tube with a diameter of 1.1 cm
was glued on the top of the coating/film (Figure 6.1). A marker at the bottom of the substrate was placed to trace deflections of the substrate and fluctuations due to instabilities
of the setup.
Measured area
Water

Glue

Glass tube

Top coat layer

Base coat layer

Glass plate

Marker
Coil

Fig. 6.1: Schematic representation of the experimental set-up used for water uptake experiments.

6.2.2 NMR Measurements of Water in Coatings
In order to measure water content of the samples during water transport, high resolution
imaging, based on the GARField approach [43] was used. The total amount of water in
the base coat was estimated by integration over the base coat of water distribution profiles
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Sample
BC25TC57
BC50TC23
BC50TC64
BC50TC73
BC50TC102

BC thickness, (µm)
25
50
50
50
50

TC thickness, (µm)
57
23
64
73
102

Tab. 6.1: The list of samples used in experiments. The letters BC and TC refer to the base
coat and top coat, respectively. The numbers added to BC and TC represent the
thickness of the layers in µm
measured by NMR imaging. For a detailed discussion of the signal analysis we refer to
Section 4.4 and to our work [19]. In the measurements of water transport we have used
the same settings as in Chapter 4. Water transport was measured as a function of the
water activity in the environment. To vary the water activity experiments were performed
with water, dry air and PEG (polyethylene glycol) aqueous solutions. With PEG the water
activity of an aqueous solution can be regulated very accurately according to Ninni[69].
In case of pure liquid water, the water activity equals one, whereas with PEG solutions
it can be set to lower values. For dry air, the water activity equals zero. Additionally, a
dependency of water self-diffusion coefficient from the water activity was measured with
NMR diffusometry. For the details of the procedure of water self-diffusion coefficient
evaluation and the settings of NMR experiments we refer to Section 5.3.2 and our work
[20].

6.3 Theory
6.3.1 Model
This section introduces a model for water transport in two-layered base coat/top coat systems, where the hydrophobic top coat has a barrier function and the hydrophilic base coat
is an instantaneous reservoir. The latter means that water redistributes instantaneously in
the base coat upon entering the layer.
The state of water can be described in terms of the chemical potential µ [J/mol] and
the activity a, which are related as
µ = µ+ + RT ln a ,

(6.1)

where µ+ [J/mol] is the standard chemical potential. The description of the state of water
requires knowledge of chemical potentials and activities in the environment aex , in the top
coat aTC and in the base coat aBC . Water in the environment can be present as liquid, i.e.

59

6. Modeling Water Transport Kinetics

60

either pure water (a = 1) or an aqueous solution (a < 1), or as vapour (a < 1). In the case
of a vapour phase the activity is directly linked to the relative humidity: RH = a × 100%.
The top coat will act as a barrier only when it absorbs water in negligible quantities
and water has a low diffusion constant in the top coat. Thus, water in the top coat is diluted, behaves ideally and the chemical potential of water µTC (x) [J/mol] at depth x [m] in
the top coat can be related to its concentration ρ(x) [mol/m3 ] by the following expression
µTC (x) = µ+ + RT ln ρ(x)/ρS ,

(6.2)

where ρS [mol/m3 ] is the maximal concentration of water in the top coat, when it is in
contact with pure liquid water. Therefore, the activity of water in the top coat reads
aTC (x) = ρ(x)/ρS .

Environment

(6.3)

aex
x=0

Top Coat

J=D∆ρ/L
x=L

Base Coat

aBC

Fig. 6.2: A schematic of the 2-layered system with water on top of it. aex and aBC are
water activities in the environment and the base coat, respectively. J denote the
water flux through the top coat, D is diffusivity of water in the top coat and L
is the top coat thickness. △ρ is difference between the concentration at the top
coat/environment interface and the top coat/base coat interface. x is the position
in the top coat, which is distance from the top coat/environment interface.
As water behaves ideally the water flux J [mol/m2 s] is described by Fick’s law with
a constant diffusivity and the flux of water through the top coat reads
J=

D
[ρ(0) − ρ(L)] .
L

(6.4)

With the relationship in Eq. 6.3 means that flux in Eq. 6.4 can be rewritten as
J=
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Dρs
[aTC (0) − aTC (L)] .
L

(6.5)
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When the base coat acts as an instantaneous reservoir the water concentration and
the water activity in the base coat are homogeneous during the water transport. This
implies that the water activity is a unique function of the total water content in the base
coat
aBC ≡ aBC (n/nmax )

(6.6)

where n [mol] and nmax [mol] are the total amount of water and the water uptake capacity
of the base coat, respectively.
We assume that water instantaneously equilibrates at the interfaces. This implies
the following boundary conditions: aTC (0) = aex for the TC/environment interface and
aTC (L) = aBC (n/nmax ) for the BC/TC interface.
The rate of change in the total amount of water in the base coat follows from the
conservation law
dn
= AJ ,
dt

(6.7)

where A [m2 ] is the area of penetration
The combination of Eq. 6.5 and Eq. 6.7 results in the equation for water content in
the base coat during water transport
dn/nmax 1
= [aex − aBC (n/nmax )] ,
(6.8)
dt
τ
where the timescale τ assimilates both characteristics of the top coat (D, ρS , L) and the
base coat (nmax )
τ=

Lnmax
ADρs

(6.9)

Note, that DρS equals the permeability [12] of the top coat to water.
According to the model, water uptake in the systems of interest is governed by two
system-related parameters: the timescale τ, which is determined by the barrier properties of the top coat and the capacity of the base coat (Eq. 6.9) and the inverse sorption
isotherm of the base coat aBC (n/nmax ). The way, how the parameter τ is present in the
transport equation (Eq. 6.8), implies that it defines the timescale of the process. The inverse isotherm aBC (n/nmax ) defines the transport process kinetics (i.e. time dependency
of the water content n(t/τ)), in particular the sorption and desorption kinetics.

6.3.2 Influence Sorption Isotherms on Water Transport Kinetics
To explore how the shape of the sorption isotherms influences the transport kinetics, typical isotherms for polymeric materials, were used to simulate uptake (aex = 1) and drying
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Fig. 6.3: Left side: The sorption isotherms typically observed for polymeric materials:
linear isotherm, described by Henry’s law (i), Type II (ii) and Type III (iii)
isotherms, according to BET classification [21]. Right side: Uptake and drying kinetics, simulated by the model for systems with linear (a), Type II (b) and
Type III (c) isotherms. τ is the timescale of the process (Eq. 6.9), introduced by
the model. Note, that the drying occurs at much faster rate than the uptake for
the systems with the non-linear isotherms.
(aex = 0): ideal, Type II and Type III isotherms. For a detailed discussion of the physics
of the isotherm types we refer to Section 2.2. Eq. 6.8 was integrated numerically to obtain
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n/nmax as a function of t/τ for each isotherm (Figure 6.3).
For the ideal case, Henry’s law, the sorption and desorption kinetics are symmetric.
Type II and III isotherms result in slow uptake and fast drying. The drying process for
system with Type II isotherm features a slow rate later stage, which is absent in Type III
systems. This is due to the fact that in case of Type II isotherm drying is slow at low water
activities as the shape of the isotherm at low activities result in much smaller driving force
then for Type III isotherm.
The slow uptake rates in Type II and Type III systems are a result of the low driving
force at high water activities, combined with the large amount of water. The fast drying
rate is because high driving force is maintained during a major part of the drying process.
Note, that hydrophilic polymers usually have Type II or Type III isotherms.

6.3.3 Measuring the Barrier: D2 O/H2 O exchange
The permeability of the top coat in a two-layered system can be measured with a D2 O/H2 O
exchange experiment. This section discusses the theory behind this experiment, based on
the model, formulated in Section 6.3.1.
In the D2 O/H2 O exchange experiment a sample is saturated with water and then is
placed in a liquid environment with heavy water. The water exchanges with heavy water
through the top coat between the saturated heavy water environment and mixture of H2 O
and D2 O in the base coat. When Fickian diffusion with a constant diffusivity of water
in the top coat is assumed, this process can described with Eq. 6.8. If water and heavy
water behave identically in the base coat, the energy of water molecules in the mixture is
independent on proportions of H2 O and D2 O. This means that H2 O/D2 O mixture in the
base coat is an ideal mixture [73]. As a result, the water activity in this mixture is linear
with water content: aBC = n/nmax .
As the environment considered to be an infinite reservoir of heavy water, its water
activity aex = 0. Thus, the solution of Eq. 6.8 for the system, initially saturated by water
(n(0) = nmax ) and subsequently exposed to heavy water, reads
( t)
n ≡ nmax exp − ,
τ

(6.10)

where τ is the timescale for water transport (Eq. 6.9).
The amount of water can be measured with NMR. Due to the fact that protons
and deuterons have significantly different NMR frequencies, only water is probed in such
experiment.
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6.4 Results
6.4.1 Barrier Properties of the Top Coat
Understanding water transport in the top coat requires knowledge about the effect of top
coat properties on water diffusion in the film. In this section water permeation through
the top coat and the barrier properties of the top coat is investigated at room temperature.
First, the water permeability of the top coat is investigated with wet cup measurements on a free film. Glass cups with an area A = 0.95 cm2 were filled with water
and sealed with top coat free films of various thicknesses. The cups were exposed to
environments with various water activities aex . Saturated aqueous solutions of various
salts were used to create the proper environments with respect to the relative humidity.
The mass change △m was measured with a Mettler-Toledo AX205DR analytical balance after exposure of the cups to a specific environment with a duration of △t. The
typical durations of the exposure △t were in the order of few days. The flux of water
J = △m△t −1 A−1 M −1 was measured as a function of difference of water activities over
the films (where M = 18 g/mol is the molar mass of water). In the case of Fickian permeation through the film with a constant diffusivity, the flux reads
J=

DρS
△a ,
L

(6.11)

where △a is the difference of water activity over the film. Note, that there is a unit activity,
i.e. a = 1 inside the cups.
Figure 6.4 shows the measured fluxes for different samples as a function of the
water activity difference in the wet cup experiments. Linear relationships are observed
for all samples, proving that water permeates through the top coats via Fickian diffusion
with a constant diffusion coefficient. From the slopes of the lines, permeabilities of the
top coats can be estimated via Eq. 6.11: DρS ≃ (1.2 ± 0.3) × 10−9 molm−1 s−1 .
Further, to investigate how the presence of the base coat influences the top coat
properties, the wet cup experiment were also performed on a BC50TC64 free film, see
Figure 6.4. The film was fixed with the top coat facing the cup. It is assumed that the base
coat permeability is much higher than of the top coat and the flux is determined by the
permeability of the top coat.
The permeability of the top coat in BC50TC64 DρS equals 5 × 10−9 molm−1 s−1 .
Note, that this value is significantly higher than the permeability of free film top coats.
This indicates that there is an interaction between the layers which results in the weaker
barrier properties of the top coat when it is applied over the base coat in the two-layered
systems. A possible explanation can be a crosslinker migration from the top coat to the
base coat, which is known for this type of systems [74]. The loss of the crosslinker by the
top coat results in its higher permeability.
As water transports in the top coats via Fickian diffusion with a constant diffusiv-
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Fig. 6.4: Flux through the top coat as a function of water activity difference over the free
film top coats and the free film two-layered system. The abbreviations BC and
TC mean base coat and top coat, respectively. The numbers after the abbreviations denote the layer thickness in µm. It is assumed that the flux through the
BC50TC64 free film is determined by the permeation through the top coat only,
as water diffuses in the base coat much faster, than in the top coat. Note, that the
flux through the top coat in BC50TC64 is much higher than the flux in the free
film top coats of a comparable thicknesses.
ity, the barrier properties and timescale of water transport can be assessed via D2 O/H2 O
exchange experiment. The amount of water in the base coats was measured for every base
coat/top coat sample during the exchange. Figure 6.5 shows the total amount of water in
the base coat as a function of time as measured by NMR imaging.

Sample
BC25TC57
BC50TC23
BC50TC64
BC50TC73
BC50TC102

τ (h) nmax /A (mmol/cm2 )
1.56
0.031
1.77
0.086
3.38
0.077
3.47
0.068
3.75
0.054

f
0.9
0.96
0.93
0.93
0.88

Tab. 6.2: The timescales of water transport τ, uptake capacities nmax of the base coats and
the parameter f , which characterize the difference between water in the base
coat and liquid water. The parameter f is discussed in the next section.
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Fig. 6.5: The water content in a base coat n/A as a function of time t during H2 O/D2 O
exchange experiments for different BC/TC systems.
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Fig. 6.6: The product of parameters τA/nmax of the samples as a function of the top coat
thickness. The linear dependency verifies the relation in Eq. 6.9. From the slope
the permeability of the top coat can be estimated.
By fitting this data with Eq. 6.10, values for τ and nmax are obtained (Table 6.2).
The ratio τ/nmax appears to be proportional to L (Figure 6.6), which confirms Eq. 6.9. This
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means that the permeability of the top coats in two-layered systems does not varies much
between the various samples and top coat thicknesses. From the linear fit of these values
in Figure 6.6 the permeability DρS is estimated via Eq. 6.9: 4 ± 1.6 × 10−9 gm−1 s−1 .
This value is in line with the permeability, estimated from the wet cup experiment with
the sample BC50TC64. A clear advantage of D2 O/H2 O exchange method over wet cup
experiment is the time needed for the experiment: hours for the exchange vs. days for the
wet cup measurements.
Both the wet cup experiments and the D2 O/H2 O exchange experiments show that
the top coats in two-layered samples have significantly higher permeabilities than the free
films top coats. The higher permeability of the top coat layers can be a result of crosslinker
migration to the base coat [74]. As a result the crosslink density in a free film top coat is
higher than in the top coat in the base coat/top coat film, resulting in higher permeability
of the latter one.

6.4.2 Sorption Isotherms of the Base Coat
Understanding the water transport kinetics requires the knowledge of the sorption isotherms of the base coats. The shape of the sorption isotherm reflects how water is present
in the system. In this section the sorption isotherms of the base coats are studied with the
help of gravimetry and NMR uptake measurements.
We start with the sorption isotherm of the base coat in the two-layered system
BC50TC64. The sorption isotherm of this sample was obtained gravimetrically, by measuring its mass under equilibrium at various water activities. The contribution of water in
the top coat to the mass change was neglected, as most of the water is absorbed by the base
coat. The measurements were performed with a Mettler-Toledo AX205DR analytical balance. Figure 6.7 shows the desorption and sorption isotherms of BC50TC64. Their shape
is close to one other, therefore it is concluded that there is no significant hysteresis between sorption and desorption. Their shape is typical for Type III isotherms according to
the B.E.T. classification [21] and reflects a process of water clusters formation in the base
coat. Note, that while the small plateau in the data points at low water activities is typical
for Type II isotherms, we do not consider it as significant as it less than the experimental
error. Type III isotherms can be described by the so-called Guggenheim-Anderson-De
Boer (GAB) expression [75, 76]. We adopt the isotherm model under the assumption that
there is no difference between initially absorbed water and water in clusters
n
nmax

=

1 − f f · aBC
f 1 − f · aBC

(6.12)

where f refers to the difference between clustered water in polymer and liquid water f =
exp [(△g)/RT ], where △g [J/mol] describes the difference between of the free energies
per molecule, when it is absorbed to a cluster or when it condenses in liquid water. Note,
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Fig. 6.7: Sorption (circles) and desorption (squares) isotherms of BC50/TC64 obtained by
gravimetry and by fitting analytical solution (Eq. 6.14)the uptake data. There is
no significant hysteresis between sorption and desorption isotherms. The shape
of the isotherm is typical for Type III isotherm, indicating clustering of water in
the base coat.
that when f = 1, there is unlimited amount of water in the sample at a = 1, resulting
in infinite dilution of the base coat. When f is less than one, water sorption is limited
by various processes, e.g. by swelling stress: △g = σv1 where σ is the stress generated
by polymer as a response to the creation of extra volume v1 when a new water molecule
enters the polymer.
When the sorption isotherm is described by Eq. 6.12, Eq. 6.8 can be solved analytically for water transport. The solution for the initial condition n(0) = n0 reads
[
t
f
n − n0 1 − f
1
=−
+
τ
1 − f · aex nmax
f 1 − f · aex
]
aex (1 − f [1 − n/nmax ]) − n/nmax
× ln
aex (1 − f [1 − n0 /nmax ]) − n0 /nmax

(6.13)

For water uptake (n(0) = 0, aex = 1) the solution reads
t
1
=−
[n/nmax + 1/ f ln(1 − n/nmax )]
(6.14)
τ
1/ f − 1
By fitting this solution to the water uptake data in Chapter 4 (Figure 4.7) the parameter f can be retrieved and isotherms can be recovered. The isotherm of BC50TC64,
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Fig. 6.8: The sorption isotherms for all samples as described by Eq. 6.12 with parameters
obtained from the uptake data. There is no significant variation in the shapes of
the isotherms of the different samples.

obtained via fitting Eq. 6.14 to the water uptake data, is shown by the solid line in Figure 6.7. It is in a good agreement with the gravimetric isotherm. This confirms that the
driving force for uptake is determined purely by the sorption isotherm.
The results of the fit for all other samples are shown by Figure 6.8. The f parameter
for the isotherms varies between 0.88 and 0.96, which are typical values for water in
polymers [77, 78, 27]. The parameters are listed in Table 6.2 and point to difference
between water in the base coats and liquid water. Note, that while there is a tendency of
decrease of f for the samples with thicker top coats. While the accuracy of the fit does not
allow to conclude about this trend, the possible explanation can be bigger stresses exerted
on clusters in the samples with thicker top coats.
The combination of the observed isotherms and concentration dependence of the
self-diffusion coefficient, reported in Section 5.3.2, supports the conclusion that water is
present as clusters in the polymer matrix of the base coat. An increase of the cluster size
results in an increase of the self-diffusion coefficient, since water has more mobility in
bigger clusters. The maximal water content in the base coat is limited, probably by the
stress induced by the polymer matrix on growing clusters.
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6.4.3 Prediction of Transport
To verify the ability of the model to predict water transport, the water transport in the
sample BC50TC64 at different external water activities is measured with NMR and simulated with Eq. 6.8 on the basis of the sorption isotherm in Figure 6.7. The fitted sorption
has been used in the simulations, which were performed with analytical solution for water
transport (Eq. 6.13).
First, a drying experiment is performed with aex = 0 (RH≃ 0%). Initially, the base
coat is fully saturated. The amount of water in the base coat during drying is shown in
Figure 6.9. The rate of drying is much faster than the uptake rate: a few hours for drying
compared to several days for uptake. This asymmetry is due to the non-linear shape of the
sorption isotherm. Additionally, the response of the sample on a switch of water activity

Before experiment
1
0.95
0.9
1

During experiment
0.95
0.9
0.8
0

Tab. 6.3: Water activities before and during the experiment and in simulations.
was simulated and measured with NMR imaging. The water activity was adjusted by
using aqueous PEG solutions. The changes of water activities in the various experiments
are shown in Table 6.3. The results are shown in Figure 6.9. The simulated curves are
in good agreement with the experimental data, proving that the model put forward in
this chapter is correct and can predict the transient water content of the base coat under
various conditions on the basis of the top coat barrier properties and the base coat sorption
isotherm.

6.5 Conclusions
This chapter has shown that water transport in two-layered organic coatings, composed of
hydrophilic base coats and hydrophobic top coats, can be understood on the basis of the
top coat permeability and the base coat sorption isotherms. A theoretical model for water
transport in the considered systems was introduced and verified. The model described the
relation between the top coat permeability to water, the base coat sorption isotherm and
water transport kinetics. In this model, the top coat permeability determines the transport
timescale and the base coat sorption isotherm defines the driving force of transport, and
thus the water content in the base coat as function of time.
It was shown that polymeric systems with a non-linear base coat sorption isotherms
will have a faster drying rate than the uptake rate. In contrast, systems with linear sorption
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Fig. 6.9: Amount of water in the base coat of BC50TC64 during desorption processes.
The results of the simulations with the model are shown with solid lines, whereas
the NMR data is shown by squares.

isotherms, which obey Henry’s lay, show a symmetry between the time dependencies of
uptake and drying.
It was found in the study of the top coat barrier properties that the interplay between
the layers results in reduction of the top coat barrier properties. The permeability to water
of the top coat in two-layered systems was approximately 4 times higher that of free film
top coats. Additionally, the introduced D2 O/H2 O experiment proved to be a fast method
to estimate the top coat permeabilities.
The study of sorption isotherms of the base coats in the systems of interest has
shown that water absorption is a process of water clustering in the base coats. This conclusion is supported by the concentration dependency of water self-diffusion coefficient
in the base coat, which was measured in Chapter 5.
Practically, these findings mean that to understand water transport kinetics in the
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considered of two-layered coating systems, it is sufficient to measure the top coat permeability to water and the sorption isotherm of the system. The introduced model can be
used to predict water transport kinetics on the basis of these parameters, which are easy
to measure with balance and wet cup experiments. This is an important result, because it
enables an efficient screening of the water uptake properties in practice.
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7.1 Introduction
Coatings are frequently applied in multiple layers with distinct properties to meet the required specifications. During their service these systems are exposed to UV light, humidity and heat, resulting in weathering and reduction of their lifetime[79, 80]. The failure of
systems subjected to weathering occurs as a result of a complex interplay of UV exposure,
temperature and humidity. Water can be present in the form of water vapor or liquid, e.g.
rain or dew, and can promote deterioration of coatings, both as a single factor and in combination with UV light and heat. Carfagna et al. [81] showed how hygrothermal aging
affects mechanical properties of epoxy-based coatings. Martin et al. [82] and Nguyen et
al. [83, 84, 85] concluded that water damages acrylic melamine coatings both alone and
in combination with UV light and heat during artificial and natural weathering.
Natural, accelerated and artificial weathering exposures are standard durability tests
for polymeric materials [79, 80, 86]. Natural weathering means that samples are subjected
to natural conditions, i.e. direct sunlight, ambient outdoor temperature and moisture. Accelerated and artificial weathering are applied to perform durability tests in a shorter time
than in natural weathering tests. Accelerated weathering tests are performed outdoor, like
natural weathering tests, with the sole difference that the timescale of exposure is accelerated by concentrating natural sunlight and by applying artificial heating and cooling,
wetting and drying of the samples. Artificial weathering tests are performed under laboratory exposure of the samples to artificial UV light, heat and water. Natural weathering
includes a broad range of timescales, e.g. rainfall and day/night cycles introduce typical timescales in the order of hours and days, while humidity variations due to seasonal
change have timescales in the order of months. In accelerated and artificial weathering,
typical timescales are usually in the order of hours [80, 87]. Shi et al. [88] pointed out that
results from accelerated tests may differ from natural weathering if the exposure cycles
to water in accelerated tests become shorter than the drying timescale. In such case water accumulates in the sample, which would not occur in natural weathering conditions.
Since moisture significantly contributes to weathering, understanding how the frequency
of ambient humidity fluctuations influences the water migration in multilayer coatings is
crucial.
This thesis is mostly focused on water transport in hydrophilic base coat/hydrophobic
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top coat systems. In Chapter 4 it was found that the transport rate is limited by the penetration rate through the top coat and that water causes significant swelling of the base
coat. Chapter 5 has shown that polymeric dispersant in the base coat plays a key role
in promoting water uptake. Water plasticizes the dispersant and forms a hydrogel with
the dispersant. Chapter 6 proved that in this type of multilayer coating can be described
on the sole basis of the top coat permeability and the base coat sorption isotherm, accordingly to an introduced theoretical model. The top coat permeability determines the
typical timescale of water transport and the sorption isotherm defines the process kinetics.
This theoretical model can be used to investigate the response of the systems of interest
to ambient time-dependent humidity fluctuations.
The present chapter aims to gain insight in the influence of the layer properties of
base coat/top coat systems on the multilayer coating response to humidity fluctuations.
A basic description of the fluctuations is introduced in the model, in which the fluctuations are considered as harmonic oscillations of water activity. Special attention will be
paid to the influence of the shape of the base coat sorption isotherm on the response to
fluctuations. In order to understand the physics of the response, a linear model will be
discussed, which is applicable in case that the sorption isotherm is linear or the amplitude
of the humidity fluctuations is small. Second, a full non-linear model will be studied to
understand its consequences on the response.

7.2 Theory
7.2.1 Model
The aim of this section is to formulate a model for water transport in 2-layered coatings with hydrophilic base coats and hydrophobic top coats that are subjected to timedependent humidity fluctuations. Specifically, the water content of the base coat θ ≡
n/nmax is considered, where n [mol] and nmax [mol] are the actual amount of water in the
base coat and the water uptake capacity of the base coat, respectively. The rate of change
of the water content in the base coat can be connected with the difference in water activity
in the environment aex and in the base coat aBC , see Eq. 6.8. The time-dependency of the
water activity is taken into account by making aex in Eq. 6.8 time dependent:
dθ 1
= [aex (t) − aBC (θ)] ,
(7.1)
dt
τ
where aBC (θ) is the inverse sorption isotherm of the base coat and τ ≡ nmax L/ADρS is the
timescale of water transport, see Eq. 6.9. L [m] is the thickness of the top coat, A [m2 ] is
area of water penetration and DρS [mol · m−1 s−1 ] is the permeability to water of the top
coat.
In this study the fluctuations of water activity in the environment are modeled as
harmonic oscillations
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aex (t) = a0 + △a sin ωt ,

(7.2)

where a0 is the average external water activity and △a and ω are the amplitude and radial
frequency of the water activity fluctuations, respectively. Note, that the activity varies
by definition between 0 and 1. Consequently, this restricts the parameters: △a ≤ a0 and
△a ≤ 1 − a0 . Fluctuations in the water activity can be characterized by the average water
activity a0 , the activity range 2△a and their period 2π/ω. It is to be mentioned that every
fluctuation can be decomposed in harmonic functions of the type of Eq. 7.2.

7.2.2 Systems with linearized sorption isotherms: Understanding the Response
First, to understand the physics of the response to the activity fluctuations, we investigate
with linearized sorption isotherms. Linearizing the problem allows to obtain an analytical
solution for water content of the base coat during fluctuations and to get insight into how
the layers properties influence the response to the fluctuations.
A linear sorption isotherm can be written as follows
θ = kaBC ,

(7.3)

where k is the solubility of water in the base coat. By combining Eq. 7.1, 7.2 and 7.3 the
following expression for the water content oscillations are obtained
k△a
θ(t) = θ0 + √
sin (ωt − arctan ωτk)
1 + ω2 τ2 k2

(7.4)

where θ0 ≡ ka0 is the water content, when the system is in equilibrium with the average
water activity a0 . The water content in the base coat varies as a sine function with a phase
delay of ϕ = arctan ωτk.
The amplitude of the oscillations
is proportional to the amplitude of the activity
√
2
2
fluctuations and the factor 1/ 1 + ω τ k2 describes the damping of the oscillations, see
Figure 7.1. Note that k△a equals the amplitude of the water content fluctuations solely
when the base coat is able to responde instantly to the environment. The damping is due to
the inertia of the system, which is determined by τk. Note the similarity with a RC-circuit,
where the top coat has the role ofresistor and the base coat plays the role of capacitor. An
increase of τ results in a higher inertia of the sample, since it takes longer for water to
permeate through the top coat. An increase in the solubility in the base coat k leads to a
decrease in the amplitude since more water has to be stored. When the radial frequency
of the fluctuations becomes in order 1/τk a transition between damped and non-damped
oscillations occurs and vice versa. Thus, the damping occurs for oscillations with periods
much less than the transition point T ∗ ≡ 2πτk.
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Fig. 7.1: The damping of the amplitude of water content oscillations for the sample with
a linearized isotherm. The transition from the damping to no damping mode
occurs when the radial frequency of the oscillations is in the order of 1/τk, which
is denoted by the vertical line. This means that the product of the timescale τ and
the solubility k define the response time to the activity fluctuations of multilayer
coatings.
7.2.3 Non-linear systems subjected to small fluctuations
Now, when the response of the base coat/top coat systems to the activity fluctuations with
the linearized isotherm is understood and the role of the layers properties is established,
the response of the systems with non-linear sorption isotherms to activity fluctuations with
small amplitudes
For small water content fluctuations △θ, the inverse non-linear sorption isotherm
aBC (θ) can be written as follows
aBC ≃ a0 +

1
1
dk′ (a0 )
△θ
−
△θ2 + O(3)
k′ (a0 )
2k′ (a0 )3 daBC

(7.5)

where k′ (a0 ) ≡ (dθ/daBC )aBC =a0 is the differential solubility of water in the base coat at
a certain water activity. A linear approximation for a non-linear isotherm can be used as
long as the second order term can be neglected. Here, we introduce the relative error ε of
the linear approximation, which is defined as the ratio of second and first order terms in
Eq. 7.5
( ′ )
1
dk
ε≡ ′
|△θ|
(7.6)
2k (a0 )2 daBC aBC =a0
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By definition, this parameter should be small: ε ≪ 1, implying that a linear approximation
can be used, when there is little variation in the differential solubility in the considered
activity range.
When the linear approximation holds, the fluctuations of water content can be described with Eq. 7.4, where the constant solubility k has to be replaced by the differential
solubility k′ (a0 ). Since the maximal
√ amplitude of water content fluctuations △θmax for the
linear solution reads k′ (a0 )△a/ 1 + ω2 τ2 k′2 (a0 ), Eq. 7.6 can be used to formulate a criterion for judging whether the humidity fluctuations are small enough to use a linearized
approach can be used
( ′ )−1
√
△a
dk
′
= 2k (a0 )
(1 + ω2 τ2 k′ (a0 )2 ) .
ε
daBC aBC /=a0

(7.7)

This condition defines what values of the activity amplitude △a0 are acceptable
for using the linear approximation. The condition is visualized in Figure 7.2, where the
shaded region shows the amplitude values △a as a function of the radial frequency, which
result in a relative error less than ε in case of using the linear approximation. The linear approximation can always be used for damped oscillations, because the water content variation in the sample becomes smaller at higher frequencies leading to a smaller relative error.
If the solubility varies little with water activity, thus the plateau 2k′ (a0 ) (dk′ /daBC )−1
aBC =a0
will have higher values allowing to use linear solution at a broader range of values for
humidity fluctuations amplitude.
Regarding the frequency dependence, there are two modes of oscillations: damped
and non-damped. The damped mode occurs at high frequencies, for ω ≫ 1/τk′ (a0 ) the
oscillations are damped. In this case the condition in Eq. 7.7 is met because the damping
at high frequencies will result in small water content variations. In this case the solution
for the water content is described by Eq. 7.4 with k = k′ (a0 ). For low frequencies, ω ≪
1/τk′ (a0 ), when the period of humidity oscillations 2π/ω is less than the response time
2πτk′ (a0 ), needed for the base coat to equilibrate with the environment, no damping will
occur. In this case the solution for the water content reads
θ(t) = θ(aBC )|aBC =aex (t) .

(7.8)

7.3 Behavior of BC/TC systems
The aim of this section is to investigate how specific type of systems of interest, i.e. the
base coat/top coat systems, respond to humidity fluctuations. First, a brief description of
the samples is given. Further, the analysis, presented in the previous sections, is applied
to the systems and the response of the samples when variation of differential solubility is
significant.
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Fig. 7.2: The diagram showing whether values of external water activity fluctuation △a
are small enough to use linear approximation is valid. ε defines the relative error
of using the linearized approach. For example, if only 10% error is tolerated,
ε = 0.1. The linear approach can be used only if △a/ε is in the shaded area under
the solid line. The increase of the tolerated values of △a with the frequency
means that due to damping, linear solution can be used for the high frequency
fluctuations.
7.3.1 Sample Description
Although this chapter is devoted to a theoretical analysis, the theory will be applied on
the systems of interest in this thesis, i.e. a two-layered hydrophilic base coat/hydrophobic
top coat systems. Therefore, the most important features of these systems are briefly summarized. For a more detailed description of the composition of these samples, we refer to
Section 4.2 of the thesis. The base coat of the considered systems is a waterborne physically dried system, consisting of 40% w/w acrylic particles, 20% w/w polyurethane (PUR)
particles, 30% w/w DPP (di-keto-pyrrolo-pyrrole) pigment particles and 10% w/w polymeric dispersant in the sample. The glass transition temperatures are 25 ◦ C and 0 ◦ C for
acrylic and PUR particles, respectively. The top coat is a solventborne highly crosslinked
acrylic PUR layer with a glass transition temperature of ca. 60 ◦ C.
In this chapter we focus on one specific sample to demonstrate how the results of the
investigation apply to a practical reals system, BC50TC64. For the numerical simulations
the parameters of the sample were used, see Table 7.1. In this table BC and TC refer
to base coat and top coat, respectively and the numbers after BC or TC are the layer
thicknesses in µm.
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For the systems of interest, it was found that the sorption isotherm of the base
coat is of Type III, implying that water sorption in the base coat is the consequence of
water clusters formation. This sorption isotherm can be described by the GuggenheimAnderson-De Boer equation [75, 76]
θ≡

n
nmax

= (1/ f − 1)

f · aBC
,
1 − f · aBC

(7.9)

where θ is the water content in the base coat, n [mg] is the actual amount of water in the
base coat and nmax is the maximal amount of water that the base coat can absorb. Further,
aBC is the water activity in the base coat and f is a parameter, characterizing the difference
between water in the base coat and liquid water. It was observed and predicted by the
model for the sample BC50TC64, that water uptake by the sample lasts approximately 3
days while drying occurs less than in 5 hours.

Parameter
f
τ
nmax /A
L
LBC

value
0.93
3.4 h
1.39 mg/cm2
64 µm
50 µm

Tab. 7.1: The list of parameters of the sample BC50TC64. f characterizes the difference
between water in the base coat and liquid water. τ is the timescale of water
transport from Eq. 6.9 and nmax is water uptake capacity of the base coat. A is
contact area with water. L and LBC are thicknesses of the top coat and of the base
coat layers, respectively.

7.3.2 The Response to Humidity Fluctuations
First, we study when the oscillations in water content occur in damped or non-damped
mode. The key parameters for this are the timescale τ and the differential solubility of the
base coat k′ (a0 ). Since the sorption isotherm of the base coat is of Type III, the expression
for the differential solubility can be derived from the Guggenheim-Anderson-De Boer
relation (Eq. 7.9).
The transition from the sorption mode to the damping mode occurs at a period T ∗ ≡
′
2πτk (a0 ). In Figure 7.3 the different modes of the fluctuations are shown for the sample
BC50TC64. The solid line denotes the period T ∗ as a function of water activity. When the
period of the fluctuations becomes in order of T ∗ , the transition from the damping to the
no-damping regime happens. Important to note that the period increases at higher water
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Fig. 7.3: The transition line T ∗ ≡ 2πτk′ for the sample BC50TC64. This line does not define sharp transition, rather damping occurs when the periods of the fluctuations
are much less than T ∗ and no damping happens when the period is bigger than
the T ∗ value. Important to note, that the increase of T ∗ with the water activity
means that at high humidities fluctuations with periods in the order of days will
have non-damped response in the water content.

activities. The values for the transition point T ∗ at low relative humidity are less than
several hours when the RH is less than 50%. This means that fluctuations are not damped
at this humidity range, except for the fluctuations with timescales less than few hours.
As the most of humidity fluctuations have timescales starting from few hours, most
of realistic humidity fluctuations are not damped. In contrast, for humidities above 50%
the fluctuations with the periods more than a day are not damped.
The conclusion that at high humidities only slow humidity fluctuations, i.e. with
the periods in the order of days or weeks, are not damped at high humidities is valid for
the majority of polymeric systems. It is known that sorption isotherms of hydrophilic
polymeric materials have either Type II or Type III shape. In these cases , the differential
solubility k′ increases with increasing activity, leading to a shift of the value of T ∗ .
To illustrate the response of the base coat/top coat systems in water content to fluctuations with large amplitudes, i.e. when the linear approach does not work, the numerical
solutions for water content in the base coat of a specific sample, BC50TC64, were calculated. The solutions were obtained for low, high and full humidity range, i.e for activity
variations between 0 and 0.5, between 0.5 and 1 and between 0 and one, respectively.
The whole activity range is considered to study how variation of the differential solubility
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influences the response of the samples. The low activity range mimics natural conditions
of the desert in Arizona. The high activity range refers to tropical regions such as Florida.
The solutions for the response in water content in the BC50TC64 for activity variations between 0 and 0.5, between 0.5 and 1 and the whole activity range, are shown in
Figure 7.4a, b and c, respectively. Note, the values of transition period T ∗ are 3.3 hours
for the case with a0 = 0.25, 6.5 hours for a0 = 0.5 and 19 hours for a0 = 0.75, which is
consistent with the obtained solutions: the fluctuations with oscillation periods less than
T ∗ are damped and the slower humidity fluctuations induce bigger water content variations. The narrow ’hills’ in the oscillations and broad ’valleys’ for the high and whole
humidity ranges (Figure 7.4b and Figure 7.4c, respectively) are the consequence of the
asymmetry between uptake and drying for these samples. The drying of the samples takes
hours while days are needed to equilibrate the sample with high humidity.

7.4 Conclusions
In this chapter it was shown that the response of two-layered hydrophilic base coat/hydrophobic top coat systems to humidity fluctuations can be damped. The response time is
determined by the product of the timescale of permeation through top coats and solubility
of the base coat and draws the borderline between regimes of damped and non-damped oscillations. Humidity fluctuations with timescales less than the response time are damped.
The response time depends on the considered humidity range for systems with nonlinear sorption isotherms, as water solubility varies with the water activity. For polymeric systems with non-linear sorption isotherms this means that at high humidity range
(RH>50%) only humidity fluctuations with timescales in order of days or weeks will have
an non-damped response. Particularly for the specific systems of interest, studied in this
thesis, only humidity fluctuations with periods more than a day, will result in a significant
variations of water content in the coating. In contrast, for low humidity range, i.e. with
RH less than 50%, the most of fluctuations are non-damped.
The practical outcome of this investigation is that at high humidity range, only slow
humidity fluctuations, i.e. with a timescale of days or weeks, will result in significant
water content variations and hygroscopic stresses for the systems of interest. This applies
to the majority of two-layered systems with hydrophilic base coats: hydrophilic polymers
normally have Type II or III isotherms, thus their differential solubilities increase with
water activity.
The damping of short timescale humidity oscillations, i.e. with periods less than a
day, implies that a most of the humidity fluctuations in accelerated/artificial weathering
will have limited influence on the water content in the samples due to damping. As a
consequence, accelerated or artificial weathering does not represent natural weathering in
terms of moisture exposure, especially at the high humidity range.
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Fig. 7.4: Response in water content of the base coats during humidity oscillations at low
(a), high (b) and whole activity ranges (c), on the basis of numerical simulation.
T is the activity oscillation period, which values are shown in the legend.
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8.1 Introduction
Penetration of hydraulic fluids in multilayer coatings, used in aerospace applications, promotes deterioration of these systems. Presently, phosphate-ester based hydraulic fluids
are commonly used in aircrafts, for example SkydrolTM , and dominate the market. It is
known that the exposure to Skydrol fluids results in plasticization and deterioration even
of highly crosslinked systems, like aerospace top coats [89]. Immersion in Skydrol is
a standard test for paints and coatings, described by ISO 2812 and ASTM D1308-02.
Furthermore, it is known that Skydrol absorption can result in a depression of the glass
transition temperature of polymers[90]. It acts as an organic solvent [91] and causes a
decrease in mechanical performance [92].
Little is known about how Skydrol penetrates into organic coatings.The main component of Skydrol fluids is TBP (tri-butyl phosphate), which constitute more than 60%
w/w in the latest generations. TBP is a plasticizer and an organic solvent, and it is expected that it plays a key role in Skydrol absorption. Therefore, TBP uptake by coatings
is one of the first steps in understanding Skydrol uptake.
It is well known that solvent penetration in polymeric systems is accompanied
by structural relaxation processes, this may result in non-Fickian kinetics of the process
[93, 94, 33]. A notable example of diffusion in presence of relaxation processes is Case
II diffusion [34]. Since the top coat can be plasticized by the forementioned type of penetrants, TBP uptake by multilayer coatings differs from the water uptake by multilayer
systems with hydrophobic top coats considered in the previous chapters. Therefore, the
investigation of TBP penetration in multilayer coatings starts from understanding TBP
uptake by the top coat layers only.
This chapter aims to understand the TBP penetration into a highly crosslinked top
coat and to investigate how relaxation processes influence the uptake kinetics. The penetration is studied at a temperature near the glass transition temperature of the coating as
an extreme case with the faster uptake. A combination high resolution NMR imaging and
NMR relaxometry was used to measure TBP uptake. TBP redistribution in the coating,
kinetics of uptake, swelling and plasticization of the coating were studied.
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8.2 Experimental Details
8.2.1 Samples
The studied system is a highly crosslinked polyurethane top coat. The top coat is a 2component, ambient curing coating, based on a polyester polyol with an OH number
of 250 mgr/KOH solids and glass transition temperature of 34 ◦ C and a methylene biscyclohexylisocyanate based polyisocyanate with isocyanate equivalent weight of 191 on
solids. The glass transition temperature of the cured coating is 77 ◦ C.
The samples were sprayed in a single application on square glass slides with thickness of 150 µm and side of 18 mm. After spraying samples were stored for a week at room
temperature and then cured at 80 ◦ C during 3 days. The dry film had a thickness of ca.
120 µm.
To place TBP in contact with the film, a glass tube with a diameter of 11 mm was
glued on top of the sample. Silicon glue was used to fix the tube. On the bottom of the
glass slide, a marker was attached to trace fluctuations and sample bending. A schematic
picture of the experimental setup is shown in Figure 8.1.
Measured area
TBP
Glue
Glass tube

Top coat layer
Glass plate

Marker
Coil

Fig. 8.1: Schematic representation of the experimental set-up used for TBP uptake experiments. The coating has a thickness of 120 µm. The glass tube has a diameter of
11 mm. The glass plate has a thickness of 150 µm and a side of 18 mm.
As the process was measured at a temperature of 80 ◦ C, a special designed chamber
was used to host the RF coil and the sample. The chamber was heated with hot water and
the temperature was monitored with a thermocouple installed inside the chamber. The
temperature fluctuations during the measurement were less than 0.5 ◦ C.

8.2.2 NMR Experiment
In order to measure the process of TBP penetration into the coating, an Ostroff-Waugh
pulse sequence[54] was used with a flipping angles nominally equal to 90 ◦ C. A detailed
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description of NMR settings and equipment is given in Chapter 4. Below, the key experimental settings are summarized. NMR signals were measuered with te = 0.1 ms and 1024
echoes were recorded. An acquisition time equal to 0.09 ms was used, which corresponds
to a spatial resolution of ca. 5µm. The signals were averaged 1024 times with a repetition
time of 1 s. Thus, the time between the two subsequent measurements was approximately
20 minutes.
The recorded signals were treated with the procedure, described in Chapter 4, using
CuSO4 0.01 M aqueous solution as a reference. As a result, the following signal for the
n-th echo was obtained

Sn (x) =

ρ(x)
[1 − exp(−tr /T1 )] exp(−nte /T2 ) ,
ρw

(8.1)

where ρ [mol/m3 ] is the actual concentration of probed 1 H nuclei, ρw [mol/m3 ] is the
density of 1 H nuclei in liquid water, tr [s] is the repetition time, T1 [s] is the longitudinal
relaxation time, te [s] is the echo time, T2 [s] is the transversal relaxation time and n is the
number of spin-echo.
The T1 values were as follows: about 2 s for TBP and ca. 0.3 s for the coating and
for the coating with TBP inside. This means that the T1 term in Eq. 8.1 can be neglected
for the signal of the sample. Regarding the TBP signal, it loses about 60% of the intensity
due to T1 factor at the used settings.

8.2.3 Data processing
During the process of TBP penetration, three regions in the sample: liquid TBP on top of
the sample, dry coating and coating, which has absorbed some TBP. In order to understand
the process, TBP distributions are evaluated, swelling of the sample is considered as well
as plasticization of the coating by TBP. This is done on the basis of the measured spin
echoes of liquid TBP, dry top coat and top coat with TBP, which are shown in Figure 8.2.
In order to determine swelling and TBP front position, the liquid TBP/coating interface
and coating with TBP/dry coating interface have to be traced. The position of the TBP
front is traced on the basis of the first echo, since there is sufficient contrast between
the signals of coating with TBP and the dry top coat. Tracing the liquid TBP/top coat
interface is not possible on the basis of the first echo due to lack of the contrast, therefore
the 20th spin echo was used as it provides sufficient contrast between the two regions. To
assess plasticization of the sample, T2 relaxation analysis was performed: T2 spectra of
total signal of the coating were obtained with regularized inverse Laplace transform [68].
The details of the procedure are given in Section 5.2.2.
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Fig. 8.2: T2 relaxation decays of NMR signals of liquid TBP (squares), the top coat with
TBP (circles) and the dry top coat (triangles). The vertical line marks the position
of the 20th echo, which is used to locate the interface between liquid TBP and
coating, which has absorbed TBP.

8.3 Theory
The aim of this section is to discuss how relaxation processes can affect the kinetics of
solvent uptake in polymeric materials. The problem is considered to be one-dimensional
since during the uptake by coatings penetration in the direction, perpendicular to the coating plane, is much faster than redistribution in the coating plane.
When penetration into the polymer causes swelling of the sample, it can be considered as a strain ε of the material. In one-dimensional case of swelling, the strain of the
material is connected to the penetrant volume fraction ϕ and its concentration ρ [mol/m3 ]
ε = ϕ = ρv

(8.2)

where v [m3 /mol] is molar volume of the penetrant. This relation is valid if the swelling
of the material is only due to the volume of the penetrant.
It is known that stresses in polymeric materials, induced by strain, can experience
relaxation, which is associated with the viscosity of the material. The stress relaxation of
a material with a strain ε can be described by the Maxwell relationship
∂ε σ 1 ∂σ
= +
∂t
η E ∂t
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where σ [Pa] is stress in the material, η [Pa · s] and E [Pa] are viscosity and Young’s modulus of the material, respectively. This model introduces a relaxation timescale τR [s], which
characterizes the time needed for stresses to relax in the material under a constant strain.
η
(8.4)
E
Fast relaxation is usually observed for rubbery systems, whereas glassy polymers
have a slow relaxation stress relaxation. In case of relaxation processes induced by
penetration, the relaxation timescales should be compared with the diffusion timescale
τD ∼ L2 /D. The ratio between the relaxation and diffusion timescales is called the Deborah number for solvent diffusion in polymers [32]
τR ∼

ηD
(8.5)
EL2
Thus, diffusion in glassy polymers is usually characterized by De ≫ 1, whereas diffusion
in rubbery systems occurs with De ≪ 1.
To illustrate the influence of stress relaxation on diffusion, its contribution in the
process is considered. The stresses in the polymer increase the chemical potential µ0 (ρ)
[J/mol] of the penetrant by σv
µ = µ0 + σv
(8.6)
De =

Then, the flux of the penetrant J [molm−2 s−1 ] can be described as follows
[
]
D0 ∂µ
D0 ∂µ0
∂σ
J=−
=−
+v
RT ∂x
RT ∂x
∂x

(8.7)

where D0 [m2 /s] is the self-diffusion coefficient of the penetrant.
When De ≪ 1, the stresses will relax fast compared to diffusion and there will be
no stress term in the flux, and µ = µ0 (ρ).
The case De ≫ 1, means that the viscous term of Maxwell relation in Eq. 8.3 can
be neglected. In this case only elastic stress is present, which is a unique function of the
penetrant concentration σ = Eρv.
Both in the cases when De ≪ 1 and De ≫ 1 the chemical potential is a unique
function of penetrant concentration. This allows to rewrite flux Eq. 8.7 as
[
]
D0 ∂µ0
∂ρ
J=−
+ Ev2
(8.8)
RT ∂ρ
∂x
where in case of De ≪ 1 the elastic modulus should be taken as zero, E = 0. Note, that
this flux is in fact the Fick’s first law J = −D(ρ)∂ρ/∂x with a concentration dependent
diffusion coefficient
D0 (ρ) ∂µ0
D(ρ) =
+ Ev2
(8.9)
RT ∂ρ
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Therefore, when the stress relaxation term can be neglected or the relaxation process happens much faster than diffusion, Fickian kinetics of the process will be observed.
This implies that in these extreme cases the concentration profiles should be a function of
x/t 1/2 , where x is the distance from the solvent/coating interface.
The situations, when De ∼ 1, the relaxation of the stress, has to be taken into account. In general, analytical solution for the stress of Eq. 8.3 reads
(
)
E(ρ(x,t)t)
σ(x,t) = exp −
η(ρ(x,t))
×

∫t
0

)
E(ρ(x,t ′ )t ′ )
E(ρ(x,t ))v∂ρ/∂t exp
dt ′
η(ρ(x,t ′ ))
′

′

(

(8.10)

Note, that the stress includes history term.
Substituting this stress into the flux in Eq. 8.7 will cause its modification. The
resulting flux will not be invariant to Fick’s law, and consequently, the uptake kinetics
will differ from Fickian kinetics.

8.4 Results
The aim of this section is to get an insight into TBP penetration in the coating. This is
done with high resolution NMR imaging, which is used to assess TBP distributions and
swelling during the process. Additionally, T2 relaxation analysis is performed to evaluate
mobilities of TBP and polymer chains of the coating.
First, to assess the TBP penetration, signal profiles of the sample during the uptake
were measured, see Figure 8.3. The interface between liquid TBP and and the top coat
was set at 0 µm by repositioning the profiles and is denoted by the vertical line. The time
between the two subsequent profiles is approximately 20 minutes. The light grey lines
are the profiles during the first 50 hours of the uptake and the dark grey profiles were
measured beyond 50 hours. For t < 50 h a sharp progressing front is observed, denoted
by the upper horizontal arrow. Further, little signal variation is observed behind the front,
while it moves through the sample. After the front has reached the substrate (t > 50 h),
the signal increase is observed everywhere in the sample, which is shown by the vertical
arrow. Swelling occurs during the whole uptake, and is denoted by the lower horizontal
arrow.
To evaluate the kinetics of the uptake, the front position is analyzed. The position
of the front f [µm] is estimated as the distance of this front to the TBP/coating interface,
see Figure 8.4. The front progresses into the sample, until it reaches the substrate at ca. 50
hours. The observed front position is compared with the two extreme cases of penetration
kinetics: Fickian diffusion ( f ∼ t 1/2 ) and Case II diffusion ( f ∼ t) [34]. Apparently, the
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Fig. 8.3: Signal profiles of the coating during the TBP penetration. The bold line shows
the signal profile of the dry coating. The signal profiles during the first 50 hours
of the uptake are shown by dark grey lines and the dark grey lines show signal
profiles after 50 hours. The time between two subsequent profiles is 2.5 hours.
The arrows denote the TBP fronts progression during the first 50 hours (upper
horizontal arrow), swelling (lower horizontal arrow) and the signal increase in
the sample after 50 hours (vertical arrow). The vertical line denote the position
of liquid TBP/top coat interface.
front progression rate is between these two extremes. By fitting a power law, it has been
found that power equals 0.63, i.e. f ∼ t 0.63 . Therefore, it is concluded that the uptake rate
has non-Fickian kinetics.
In order to evaluate the amount of absorbed TBP and its influence on the sample, the
swelling of the sample during the penetration is estimated, see Figure 8.5. The swelling
was estimated from the change in the distance between the marker and the TBP/coating
interface. The swelling increases until 70 hours and its end value is ca. 35 µm, which is
29% of the initial thickness of the sample. The amount of absorbed TBP, nT BP [mol], is
calculated as follows
nT BP /A = 27 ×

△H
,
vT BP

(8.11)

where △H [m] is swelling of the coating, vT BP = 274 cm3 /mol is molar volume of liquid
TBP and A [m] is the area of TBP penetration. The number 27 is the number of protons
in a single TBP molecule. In the calculation it is assumed that the extra volume of the
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Fig. 8.4: The position of TBP front f in the sample as a function of time. Note that
the front position is defined as a distance between the TBP front and the liquid
TBP/coating interface.

sample gained during swelling equals the volume of TBP, absorbed by the coating, i.e.
the TBP molar volume equals molar volume of liquid TBP.
The right y-scale in Figure 8.5 shows an estimate of the number of TBP protons
nT BP [mol/m2 ] in the sample.
To evaluate the plasticization of the sample, the mobilities of the protons in the
coating are assessed via their T2 values during uptake. Figure 8.6 shows the T2 relaxation spectra, obtained from the total signal of the coating during TBP penetration. When
t < 50 h, low mobility protons are observed with T2 ≃ 0.1 ms and highly mobile protons
with T2 values between 0.9 and 2 ms. For t > 50 h an extra population of protons with
intermediate mobility appear with T2 values between 0.3 ms and 0.8 ms. Further, an increase of the mobility of the highly mobile protons is observed, indicated by increase
of their T2 values to the value of ca. 4 ms. To quantify the amount of the observed
protons, the total intensity of the spectrum of protons with the low and intermediate mobility (0.1 ms ≤ T2 ≤ 0.8 ms) protons was calculated as well as the total intensity of highly
mobile protons (T2 > 0.8 ms). Figure 8.7a shows the number of protons with low and
intermediate mobilities and the number of highly mobile protons are shown by Figure
8.7b. The number of visible protons is presented as a function of number of TBP protons,
absorbed by the coating. The number of low/intermediate mobility protons stays nearly
constant until the number of TBP protons reaches the value of ca. 0.3 mmol/cm2 , which
corresponds to approximately 50 hours of uptake. After this their number increases with
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Fig. 8.5: The swelling of the coating as a function of time. The right axis shows the
estimate of TBP protons, corresponding to the swelling values. The estimation
is based on the assumption that TBP in the coating has the same molar volume
as liquid TBP. The vertical line marks the moment the TBP front reaches the
substrate.
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Fig. 8.6: T2 relaxation spectra of the total signal of the top coat during TBP uptake. Several spectral components indicate several proton species with different mobilities. Before 50 hours, two spectral components are observed: at T2 ∼ 0.1 ms
and in the range T2 ∼ 2 ms. After 50 hours some scattered spectral components
appear between these two. Note the increase in T2 after 50 hours, when the front
reaches the substrate.
the amount of TBP and time. The slope of the increase equals approximately 1, when
compared to number of protons in absorbed TBP, however with a poor accuracy. The
number of highly mobile protons is linear with swelling and there are 1.5 highly mobile
protons per absorbed TBP proton in the coating. This means that one TBP molecules
mobilize about 40 protons of the coating, of which 13 are highly mobile and ca. 27 have
a low or intermediate mobility. It is important to note, that the number highly mobile
protons increases linearly with the swelling during the whole uptake and the protons of
intermediate mobility appear only after 50 hours.

8.5 Discussion
The previously described observations suggest that the following processes occur during
penetration,
First, the sharp fronts of TBP indicate a steep dependency of diffusion coefficient
from the TBP concentration. The timescale of TBP diffusion in the unplasticized system
is τD ∼ 50 h, being the time, needed for the TBP front to reach the substrate. Behind the
front, the coating is plasticized and TBP will have a significantly higher diffusion coeffi-
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Fig. 8.7: Amount of visible protons originating from TBP and coating of high (T2 >
0.8 ms, triangles) and low (T2 < 0.8 ms, circles) mobilities as a function of
amount of TBP in the sample.

cient. As little signal variation is observed behind the fronts, this means that the diffusion
timescale in plasticized coating is less than the time for measurement of NMR signal profile, i.e. 20 minutes. This implies that the diffusion coefficient in plasticized coating is
at least 100 times bigger than the diffusivity of TBP in the unplasticized coating. Note,
that this is the increase of intrinsic diffusion coefficient, implying that the differences of
self-diffusion coefficient of TBP in the coating faces at least a similar increase.
From the front progression rate, the TBP penetration exhibits non-Fickian kinetics,
i.e. the front position moves in the coating proportionally to t 0.63 . The possible reason for
the deviation from Fickian kinetics can be stress relaxation process in the coating. The
typical stress relaxation time in this type of coatings can be estimated from the typical
elastic modulus of glassy polymers, which is in order of 109 Pa and typical values of
viscosities of such systems, which lie in the range of 1013 − 1015 Pa · s ([95, 96]). Consequently, the relaxation times in the system of interest in the glassy state lie in the range
of ca. 3 − 300 h. Combined with the diffusion timescale of about 50 h, we get that the
Deborah number for TBP uptake in the top coat is between 0.1 and 10. This implies that
the stress relaxation affects the uptake kinetics.
Finally, the mobility increase of the polymeric chains combined with the increased
permeability of the coating indicate that the coating is significantly plasticized. It is known
that solvents can cause depression of glass transition temperature [97]. Consequently,
knowing that the temperature during the studied case was close to the glass transition
temperature, the plasticized coating can appear in the rubbery state.
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8.6 Conclusions
In this study it was found that relaxation of stress due to swelling by TBP (tributyl phosphate) plays a key role in the uptake by highly crosslinked top coat, resulting in nonFickian kinetics of penetration. The stress relaxation time is comparable to TBP diffusion
timescales, resulting in modification of driving force in such a way, that it departs from
Fickian diffusion.
Further, it was concluded that TBP absorption significantly increases the permeability of the top coat. The possible implications of are that the top coat becomes prone to
other penetrants and cannot perform well as a barrier in multilayer coating when exposed
to hydraulic fluids, which comprise TBP in significant quantities.
Finally, it was concluded that the presence of TBP forces the top coat to appear in
rubbery state due to depression of glass transition temperature. This can result in degradation of the mechanical properties of the systems and loss of protective properties of the
top coat.
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9.1 Conclusions
In this thesis it has been shown that for understanding water transport in a hydrophilic
base coat/hydrophobic top coat system, knowledge of the sorption isotherm of the base
coat and of the permeability of the top coat is sufficient. The permeability of the top coat
determines the timescale of the transport, whereas the sorption isotherm of the base coat
defines the driving force of water transport and the details of the time-dependency of the
process.
Practically, this implies that quantitative, simple and cost-efficient tests of water transport in such type of multilayer coatings can be performed by gravimetric
measurements of the base coat sorption isotherm and the top coat permeability and
by using these parameters to estimate the water content of the sample as a function
of time.
It was found that two-layered polymeric systems with non-linear base coat sorption isotherms (i.e. Type II or Type III) dry much faster than they take up water. This
implies that mostly incidental penetration of water will have little consequences in terms
of presence of water in the coating, as water will rapidly escape the sample when drying
starts.
A theoretical investigation showed that in most of the considered systems subjected
to humidity fluctuations, the response time is in the order of days for high humidities and
has values of a few hours at low humidities. The response time is determined by the product of the timescale of penetration through the top coat and the differential solubility of
the base coat. This means that most two-layered polymeric base coat/top coat systems
with hydrophilic base coats are relatively inert to most humidity fluctuations, as the response in terms of water content will be damped. As accelerated and artificial weathering
tests include only humidity fluctuations with typical timescales less than a day, this raises
concerns if these tests can be compared to natural moisture exposure.
Furthermore, it was found that the polymeric dispersant in the base coat is a key
contributor to the water uptake. Water absorption by the base coat is mainly a process of
hydrogel formation of water with the dispersant in the base coat. This indicates that water
soluble and hydrophilic components of the base coat are promoters for water absorption.
Finally, it was shown that stress relaxation is a key contributor to the driving force
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of the penetration of a plasticizer into a highly crosslinked top coat, resulting in nonFickian kinetics of the uptake process. The plasticizer, which is tributyl phosphate, causes
a steep increase in the permeability of the film and may cause degradation of mechanical
properties of the coating. This implies that, practically, tributyl phosphate (the main component of common aerospace hydraulic fluids) makes multilayer protective coatings more
permeable and causes significant stresses in the system.

9.2 Outlook
The study presented in this thesis has answered some of the scientific questions about
transport phenomena in multilayer coatings. Still, a number of problems has to addressed.
Some of these problems have to be discussed to complete the picture, obtained in this
study. Other problems are considered as a logical follow-up to the main findings of in this
work.

9.2.1 Water Redistribution: Lateral Transport
The starting point of one-dimensional water transport in multilayer coatings may not always be valid. Typical examples of deviating geometries are when the water contact area
with the coating is smaller than the coating surface area, see Figure 9.1a, when the layer
thicknesses vary in the plane of a coating, see Figure 9.1b, or when a localized damage is
present, e.g. due to stone chips or cracks, see Figure 9.1c.
In such cases, a profound investigation of the redistribution of water in the plane of
the coating is needed. Furthermore, consequent hygroscopic stresses, which may occur
as a result of different water redistribution rates and swelling rations of the layers, have
to be understood. This requires measurements of water redistribution in the plane of the
coating and understanding stresses in the system.
Measurements of such water redistributions can be achieved via a modification of
GARField high resolution NMR imaging in terms of the ability to measure in a second
dimension. A possible approach can be the addition of secondary field gradients to a
primary static gradient to measure in an additional dimension, such used by Godward
et al. [98] to enhance the stray-field imaging technique, or implemented by Casanova
and Blumich [99] for the modification of the mobile NMR. For this kind of problem,
an imaging in the second dimension in the order of millimeters is sufficient. Regarding
the stresses, their evaluation will require a detailed study of stress-strain relationships of
individual layers, as well as of the whole multilayer coating.
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Fig. 9.1: A schematic pictures of situations when lateral redistribution of water may play
a role: (a) limited contact area with water, (b) significant variations of the layers
thicknesses and (c) presence of localized damage.

9.2.2 Water Redistribution: Hampered Behind the Barrier
Another challenge in multilayer coatings is when instant redistribution of water in the
layer beneath the barrier is fully hampered. This situation is met, when the layer under
the top coat is has low permeability. A related topic is water transport through coating
on permeable media, such as wood, bricks or concrete. The instant redistribution in these
cases does not occur due to the size of the material.
In such cases, understanding the redistribution of water beneath the barrier, as wa-
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ter is associated with various damage mechanisms in coatings and porous media. Furthermore, the failure mechanisms of the barrier layer in such systems have to be studied.
When coated porous media are concerned, it is known that blister formation or adhesion
loss are frequent failure phenomena. The redistribution in multilayer coatings can be studied with high resolution NMR imaging, used in this thesis, while coated bulk media can
be assessed with NMR imaging with resolution of millimeters [65].

9.2.3 Behind the Sorption Isotherm: The Influence of the Composition
Knowing that the sorption isotherm of the base coat is a key feature that determines the
response of multilayer coatings to moisture, the obvious research challenge is to determine
how the sorption isotherm depends on the composition. This knowledge is important for
further development of coatings with respect to their water resistance.
Regarding the cases, when base coats comprise multiple polymer phases, the first
step should be studying sorption isotherms of the individual phases. A next step addresses
the question how sorption isotherms of the single phases result in sorption isotherm of
a multiphase layer. Note that hygroscopic stresses can result in complex interactions
between multiple polymer phases, since water induced swelling of one phase can induce
stress on other phases, influencing their water sorption. It is known that the stresses
can significantly influence sorption in composites of multiple polymer phases [100, 101].
Thus, one of the key challenges is to verify to what extent interaction between coating
layers occurs, and to determine interactions between polymer phases of multiphase layers.
The objective is verifying if there is an interaction between the layers of the coating and
to determine the nature of interactions between the polymer phases of multiphase layers.
Such investigation requires accurate measurements and modeling of the water sorption isotherm for each polymer phase. Furthermore, this study may benefit from studying enthalpy and entropy of sorption, which can be performed with sorption calorimetry
[102]. Knowledge of these parameters is an important empirical basis for modeling the
isotherms.

9.2.4 The Temperature: Key Parameter in Transport
The present study was done under isothermal conditions at room temperature. It is known
that temperature strongly influence the rates of transport, the absorption capacities and
even water-polymer interactions. Therefore, evident follow-up is concern the role of the
temperature. The aim of such study is understanding temperature dependency of water
transport, the combination of temperature variations in time and water water transport,
and the response of multilayer coatings to a combination of temperature and humidity
fluctuations.
The temperature dependency of water transport is most evident in the potential
effect on the top coat permeability and the base coat water absorption. The model intro-
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duced in Chapter 6 should be verified over a wider temperature range, i.e. if the diffusivity
of water in the top coat remains constant at all temperatures. The question to consider is
whether supersaturation of water can occur in the sample, e.g. as a consequence of temperature decrease of a coating saturated with water, and its consequences for multilayer
coatings. Consequently, measurements of top coat permeabilities and the base coat sorption isotherms have to be performed at different temperatures. Further, a model for the
hygrothermal response of multilayer coatings has to be developed.

9.2.5 Ion Transport in Multilayer Coatings: The Influence of Water
Water in coatings can facilitate ion transport to the substrate. This process can be critical
for the coating performance, since the presence of ions is an important ingredient of corrosion mechanism. Obvious follow-up of the present study is to answer the question how
ions migrate in multilayer coatings in the presence of water.
Furthermore, it should be evaluated if ions can accumulate in multilayer coatings
due to trapping of permeated ions during drying.

9.2.6 Plasticizer Ingress in Multilayer Coatings and Composites: Effects of Stress
Relaxation
This thesis presented a study of the penetration of phosphate-ester hydraulic fluids penetrate into multilayer coatings. There is still a number of open questions to be answered.
First, to understand the transport it should be known how TBP (tributyl phosphate)
is present in the polymeric material and how does it interact with the coating. This will
require evaluation of TBP sorption isotherms, TBP self-diffusion coefficients and an analysis of the dependency of the viscoelastic properties of the material as a function of the
TBP content. The self-diffusion coefficients can be measured with NMR, whereas the
viscoelastic properties, i.e. elastic modulus and Maxwell’s relaxation time can be analyzed with DMA (dynamic mechanical analysis). Measurements of sorption isotherms is
an experimental challenge as the TBP vapor pressure is low. It makes difficult to control
its activity.
Second, follow-up should address non-isothermal conditions, i.e. determining how
temperature influences transport of plasticizer. Such study should include the investigation how temperature regulates diffusion and the stress relaxation rates.
Third, the present study has only considered the top coat layer. Even when the
plasticizer migration in the top coat is fully understood, an open question is how plasticizer
will penetrate into a multilayer coating. One of the key questions then concerns the effect
of stress relaxation in multilayered structure.
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Summary
Coatings form the interface between structures and the environment in many application domains. They play a crucial role in providing protection, e.g. against corrosion,
they form a barrier against an aggressive environment and they create the aesthetic appearance. To fulfill such functionalities, coatings are often composed of multiple layers,
wherein each layer is designed to add a specific feature to the coating. The top coat serves
as a barrier, whereas a base coat provides color and primers secure a good adhesion and
corrosion protection. Nowadays, it is common that most objects are protected and decorated by coatings.
Water penetration often forms a key factor in deterioration of a coating and its
substrate. For example, water penetration may contribute to blister formation, leeching
of water soluble components, hygroscopic stresses or freeze-thaw damages. Furthermore,
water may act as a solvent or an electrolyte carrier, and may promote biodegradation. Consequently, a profound understanding of water penetration into (multilayer) coatings lays
the foundation for improved product durability. Such a fundamental approach includes
water penetration kinetics, water induced structural changes in coatings and clarification
of the state of water in coatings.
Most of the published studies are devoted to single layer coatings and only little is
known about the water penetration in multilayer systems. Investigation of water transport
in multilayer systems requires experimental techniques that measure transient water distributions and evaluate water-polymer interactions. The only technique combining these
features is high resolution NMR (nuclear magnetic resonance) imaging.
This thesis presents a study into water transport in multilayer coatings. This investigation was performed in two ways: experimentally with high resolution NMR imaging,
combined with relaxometry and theoretically with an introduction and verification of a
model for water transport.
The thesis starts with an overview of knowledge about water in coatings in Chapter
2. This chapter focuses on water in polymers, since in organic coatings water mainly permeates in polymeric binder. The relation between the state of water in the polymer matrix
and equilibrium sorption is addressed and the mechanisms of water transport kinetics are
discussed.
Further, the thesis proceeds with a description of NMR principles in Chapter 3. It
discusses the NMR basics, principles of imaging and how information about molecular

111

112

Summary

motions of the measured species is present in the NMR signal.
The key results of the study are presented in the Chapters 4-8.
First, water uptake was studied in two-layer systems consisting of hydrophilic base
coats and hydrophobic top coats. The base coat consisted of acrylic, polyurethane and
pigment particles and the formulation included a polymeric pigment dispersant.
Chapter 4 presents the results of visualization of water transport in the two-layered
systems on the basis of high resolution NMR imaging. The water transport rate in the
studied systems appeared to be barrier limited. Mainly the base coat absorbed water,
where it quickly redistributed. The swelling of the base coat showed to be linearly related
with the absorbed water quantity.
Further, Chapter 5 presents the results of a relaxation analysis of the NMR signal,
which was introduced to identify water and polymeric phases in the base coat. Polymeric
dispersant plasticization was observed. This polymeric dispersant appeared to be a major
contributor to the water uptake capacity of the base coat. It was found with NMR diffusometry that high water mobility occurred under saturated conditions, whereas in partially
saturated systems water mobility decreased and bonding to the polymer played a key role.
In Chapter 6 a theoretical model was formulated for the transport in multilayer
coatings, composed of a hydrophobic top coat and a hydrophilic base coat. This model
basically assumed instantaneous equilibration of water in the base coat and Fickian water
transport in the top coat. According to the model, the sorption isotherm of the base coat
is the driving force of the process and the top coat permeability to water determines the
timescale of transport. The asymmetry of the observed uptake/drying rates appeared to be
due to the non-linear sorption isotherm of the base coat. Furthermore, top coats applied
on base coats showed a higher permeability than free films and water uptake capacities
of base coats decreased, when thicker top coats were applied. The ability of the model
to predict water transport using the base coat sorption isotherm and the top coat permeability was validated experimentally. Practically, it is sufficient to measure the base coat
sorption isotherm and the top coat permeability to understand water transport. This
enables design of a simple and efficient procedure to test water resistance of this type
of coatings. Such procedure will include only basic and cost-efficient equipment, like
balances for gravimetric measurements of sorption isotherms and permeability.
In the next step, the model was used for a theoretical investigation of the response of
multilayer coatings to relative humidity fluctuations, which is presented in Chapter 7. The
theoretical investigation showed that in most of the considered systems the response time
is in the order of days for high humidities and has values of a few hours at low humidities.
The response time is determined by the product of the timescale of penetration through the
top coat and the differential solubility of the base coat. This means that most two-layer
polymeric base coat/top coat systems with hydrophilic base coats are relatively inert to
most humidity fluctuations, as the response in terms of water content will be damped. As
accelerated and artificial weathering tests include only humidity fluctuations with typical

112

Summary

113

timescales less than a day, this raises concerns if these tests can be compared to natural
moisture exposure. Finally, the thesis addresses migration of plasticizer into a top coat.
It was found that stress relaxation results in non-Fickian kinetics of the uptake process.
The plasticizer, which is tributyl phosphate, causes a steep increase in the permeability
of the film and may cause degradation of mechanical properties of the coating. This implies that, practically, that tributyl phosphate (the main component of common aerospace
hydraulic fluids) makes multilayer protective coatings more permeable and causes significant stresses in the system.
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