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1. Introduction
1.1 History
In 1929 the brilliant chemist Wallace Hume Carothers (1896 - 1937) entered the laboratories of Du Pont de Nemours & Company in Wilmington, Delaware. Before being ’head
hunted’ by the DuPont company, he was teaching organic chemistry at Harvard University [1]. His new task at DuPont was to produce a polymer that would replace natural
fibers, such as wool, cotton and silk [2].
After two years the group of Carothers did not have a lot of results from their fundamental research. They had only managed to synthesize Duprene. This artificial rubber
is still in use for O-rings and wetsuits. At the beginning of 1934 Carothers refocussed on
earlier attempts to derive polyamides from ²-caprolactam. So far the team of Carothers
was unable to obtain fibers because of the high melting temperature. The polymer decomposed before melting. Carothers’ renewed efforts resulted in the production of polyamide
9 and polyamide 5-10 fibers.
Looking for a new textile fibre, the head of the chemical department at DuPont, Dr.
E.J. Bolton ordered a systematic investigation into potential polyamides. This task was
entrusted to Gérard Berchet. From a number of potential polyamides, DuPont in 1933
decided on the polyamide from hexamethylenediamine and adipic acid, also known as
polyamide 6.6. It took up to 1938 to reach a full scale industrial production. Hot melt
spinning and fibre straining methods had to be developed. W. H. Carothers never saw
the big success of his work. Suffering from deep depressions he committed suicide on 29
April 1937.
The development of polyamide 6 followed a slightly different route [3]. Due to lack of
purity, Carothers did not succeed to polymerize ²-caprolactam in 1930. After the succes of
DuPonts polyamide 6.6, a German company called I.G. Farbenindustrie Aktiengesellschaft
renewed the efforts to polymerize ²-caprolactam and managed to produce polyamide 6.
This was sold under the tradename Perlon.
Since the invention of polyamides, the name is followed by numbers. These numbers
reveal the chemical structure as they are equal to the number of carbon atoms in the
structural units. Polyamide 6.6, read as polyamide six six, has two structural units each
containing 6 carbon atoms. These two units come from the remains of hexamethylenediamine and adipic acid. Polyamide 6 is constructed from ²-caprolactam, a single structural
unit having 6 carbon atoms.
The names polyamide or nylon are used to designate the same polymer and are completely equivalent. Whereas polyamide refers to the chemical structure, the designation
nylon is somewhat more arbitrary. A committee at DuPont gathered a number of possible
1
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names. With stockings on his mind one of the committee members proposed Norun (no
run) and corrected that to Nuron. Nylon is a corruption of Nuron and chosen for ease of
pronunciation.

1.2 Use of Nylon
After going into production nylon quickly replaced silk for making sheer stockings. Nylon
can be stretched more than silk, but most of all, it is much cheaper than silk. Starting
as a fiber for clothing, nylons are nowadays applied in a variety of applications, ranging
from clothing to engineering parts.
The use of plastic has overtaken the use of aluminium and glass in many countries [4].
The nylon production is only a small fraction (<18%) with respect to the total demand
for plastic. The estimated global usage of polyamide materials is about 1.5 billion tonnes
per year [5]. The use of polyamides has been increasing with 6.6% per year since 1988 in
Western Europe. The automotive sector is mainly responsible for this. A milestone in the
use of polyamides in the automotive sector is the release of Zytel by DuPont in 1968. This
glass fiber reinforced polyamide is significantly stiffer and the water uptake is reduced by
1-2 percentage points[6]. The improved properties of Zytel lead to new applications like:
engine cooling fans, transmission trust washers and spring guides [7].
In general, the present demand for polyamides mainly originates from three sectors:
general engineering, automotive and electrical engineering (see figure 1.1(a) [5, 8]). Examples of applications in the field of electrical engineering are: connectors, plugs, sockets
and housing for lighting and power tools. In general engineering purposes nylon is used
as: knife handles, push chairs, furniture and kitchen products [8].
Others

Others

5%

13%

Automotive
31%

General

Polyamide 6
48%

Engineering
18%

Polyamide 66

Packaging

47%

Electronics

13%

25%

(a)

(b)

Fig. 1.1: Figure (b) shows the usage of the type polyamide in Western Europe in 1998. The
application areas for polyamide in Western Europe are shown in figure (a) and it is
shown that polyamide is most used in the automotive and electronics industry [5].

The most used polyamides are polyamide 6 and polyamide 6.6, see figure 1.1(b) [5, 9].
Over 93% of the West European polyamide usage consists of polyamide 6 and polyamide
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6.6 [5, 10]. This is due to two reasons: compared to other polyamides, the production
cost of polyamide 6 and polyamide 6.6 are low and they exhibit excellent properties at
room temperature [11]. Polyamide 6 is easier to process, while polyamide 6.6 has superior
mechanical properties and a higher temperature resistance [9].
The average passenger car contains 100 kg of plastic from which 18 kg is polyamides [5,
12]. The reason to use polyamides in the automotive industry is weight reduction [7]. A
weight reduction of 6-10% increases the fuel efficiency by 5-7% [13]. Steel parts are
replaced by polyamide to reduce the weight of the car [9, 12, 14].
Polyamide is used for gears and bearings because of its low friction coefficient without the use of a lubricant. In case of sliding contact between polyamide/polyamide or
polyamide/metal no surface damage occurs [3, 15]. The low friction coefficient is a result
of softened material forming a thin layer on the surface which acts as a self-lubrication
layer [16, 17].
Polyamide is mainly found under the hood of a car. Oil pans, engine covers, air
induction systems, cooling fans all are made of polyamide [8]. Polyamide offers excellent
resistance against hydrocarbons. Hydrocarbons are not able to break the hydrogen bonded
structure of polyamides. Fluids like: petrol, diesel and oil do not affect the polyamides.
The resistivity for hydrocarbons makes polyamides very suited for the use under the hood
of a car [3, 12]. Often there is very little space around a car engine. Complex shapes and
geometries are made easily from polyamide by injection or blow moulding [7, 14].
Polyamide is able to cope with high temperatures. Polyamide 6.6 has a melting temperature of 260 o C [18]. This is very high compared to bulk polymer, such as polyethylene
(130 o C) or polypropylene (170 o C). A polyamide will not show softening behavior before
reaching the melting temperature. This behavior is a result of the hydrogen bonds in the
polyamide, which stabilize the material [3].
The disadvantage of polyamide is its sensitivity to moisture. The amide groups in
polyamide form hydrogen bonds with water and are responsible for the hydrophilic nature
of the material. At 20 o C, the polyamides of technical importance, PA6 and PA6.6 absorb
7.5-9% and 9-11% weight percent of moisture, respectively. Water acts as a plasticizing
agent for polyamide and has a dramatic effect on the material properties. The stiffness
decreases and its toughness increases upon exposure to water. As moisture is absorbed
the dimensions of the polyamide change [3, 19].
Ions are also able to change the material properties of polyamide [20–23]. Cations interact with the oxygen on the amide group and are able to create extra crosslinks between
polyamide chains [24–27]. In the worst case the ions can eventually cause degradation of
the polyamide [28, 29]. The presence of ions changes the chemical potential with respect
to liquid water and affects the water transport.
In this thesis we will focus on the water uptake by polyamide 6 (PA6) since this material is frequently used and absorbs a lot of water. Especially, attention will be paid to the
distribution of water during absorption, because this influences the mechanical behavior.
A homogeneous saturated bar exhibits different mechanical behavior with respect to a
bar containing the same amount of moisture but now localized at specific spots or zones
in the bar. A better characterization of the water distributions and plasticizing behavior
during water sorption can lead to an accurate prediction of the mechanical behavior of

4
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the material. Ions are able to alter the water uptake process and the mechanical behavior
of polyamide. For this reason it is important to study the uptake behavior of water in
the presence of ions and the migration of the ions themselves.

1.3 NMR imaging as research tool
Water uptake is studied by many different tools. Each of these tools has its own advantage
and disadvantage.
The first type of research tools obtains only bulk information. No spatial information is
obtained. The amount of moisture is often measured using Thermo Gravimetric Analysis
(TGA) [30]. A TGA allows for measuring the mass of absorbed water as a function of
time or relative humidity. Sorption isotherms and diffusion coefficients are determined in
this way [31–35]. To measure dimensional changes, a simple caliper, dilatometry and a
density collum are used [19, 36–38]. The glass temperature is measured using differential
scanning calorimetry (DSC) and dynamic mechanical testing (DMTA) [39–42].
A second class of research tools investigates a specific parameter of the nylon/water
system. Fourier transformed infrared spectroscopy (FTIR) is used to measure the interaction of the water with the polymer [43–45]. Positron annihilation spectroscopy (PALS) is
used to evaluate the free volume inside polymeric material [46]. Small angle neutron scattering (SANS) gives information about the lamellae spacing during water uptake [47, 48].
In dielectric experiments molecular mobility is probed in the form of orientation time of
permanent electric dipoles [49–52].
The previously described methods either lack spatial resolution or contain limited information about the water itself during the uptake process. As mentioned the distribution
itself seems to be a key parameter for understanding the material properties. Therefore
we use NMR imaging (MRI) in this thesis. NMR imaging can measure depth profiles
during ingressing water as a function of time and is able to provide information about the
mobility of the polymer matrix. This gives specific water distributions and an indication
of the local mechanical properties of the polymeric matrix. The plasticization effect of
water can directly be measured. As such, NMR imaging is the perfect tool to study how
water penetrates the nylon and subsequently affects the material properties of polyamides.

1.4 Goal of this thesis
The goal of the research presented in this thesis is to get a more profound understanding of
the water uptake process and the influence of ions on the water uptake process. Exposure
to water and ions changes the mechanical properties of nylon. A better understanding of
the water uptake process and the specific water distributions during water uptake is of
vital interest for improvement and prediction of the mechanical properties of polyamide
6 exposed to water. To avoid degradation due to ion ingress, the migration speed of the
ions themselves is investigated and the relation between the transport of ions and the
transport of water.
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Since water uptake can never be completely avoided, the water uptake process should
be better characterized to predict the effects. First of all, the water uptake process itself,
i.e. the distribution, the rate and amount need attention. The water distributions as a
function of time during uptake are poorly documented at this moment. Secondly, more
information about the effect of water on the polymeric material is needed. It is well known
that water plasticizes the nylon, but the plasticization as a function of position during
water uptake is not available. The relation between the amount of water and the local
plasticization should be established. Does water equally affect the complete amorphous
phase? It is well known that water transport takes place through the amorphous phase,
but it is not known which fraction of the amorphous phase is influenced by water. Further,
in reality nylon will seldom be exposed to pure water. The water will always contain some
pollution in the form of ions. Ions are able to influence the properties of polyamide, but
the influence of ions on the water uptake process has never been investigated. Thus, at
first instance ions are added to the water to study the effect of ions on the water uptake
process. Later, the migration of ions through the polymeric matrix is studied. As a tool
for this research NMR imaging is used because it provides spatial resolved information
about the water and polymer mobility.
The outline of the thesis is as follows. In chapter 2 a literature review about the sorption mechanism of polyamides is given. In chapter 3 the NMR backgrounds are discussed.
In the chapter thereafter, chapter 4, the water uptake process at room temperature is
quantified. In chapter 5 electrochemical impedance spectroscopy is combined with NMR
imaging to investigate the transport of small amount of water. The plasticization of the
nylon during water uptake will be examined in chapter 6. The next two chapters 7 and 8,
deal with uptake of electrolyte solutions. In chapter 7 the uptake of water in the presence
of monovalent ions is studied. In chapter 8 paramagnetic ions are used and the movement
of the ions is measured. In chapter 9 the most important conclusions are drawn. Finally,
an outlook is given in which options for further research are discussed.
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2. Nylon and water sorption
2.1 Introduction
The morphology of polyamide 6 is discussed in the first part of this chapter. The macroscopic structure is explained starting from the molecular level of a polyamide chain. The
second part of this chapter will give a detailed literature review about the water absorption mechanism and the consequences for the morphology and macroscopic properties of
the polyamide.

2.2 Nylon
2.2.1 Molecule
The smallest structural element in the polyamide 6 chain is the polyamide monomer, see
figure 2.1. From these monomeric units the polyamide chain is made by polycondensation.

O

H

O

N
NH
n

(a)

(b)

Fig. 2.1: (a) ²-caprolactam, the monomer of polyamide 6. Figure (b) shows a polyamide 6
polymer.

In our studies we used the DSM Akulon K123 with an average molecular weight of 32.000
g mol−1 meaning that on average, a polymer chain consist of 283 monomer units. If such
a chain would be fully stretched it would have a length of 0.3 µm.
The polyamide monomer consist of two parts: an amide group and a carbon backbone.
The amide group is by nature hydrophilic and the carbon backbone consist of 6 carbon
atoms and has a hydrophobic nature.
Highly ordered areas and areas where the chains are situated completely random are
formed when the polyamide chains are slowly cooled down from the melt. The ordered
areas are crystalline domains and the other areas are amorphous domains.
7
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2.2.2 Crystalline Structure
Crystallization is driven by minimalization of the free energy [18]. The process of crystallization means that the polyamide chains are packed closely to each other in a well defined
lattice. Crystallization is enabled by the regular structure of monomers on a polyamide
chain and the hydrogen bonds which act as a binder to hold the chains together.
Starting at a nucleation site, lamellae start to grow outwards, see figure 2.2(a). These
lamellae are stacks of chains. Chains are folded along themselves or new chains are
simple stacked on top. The dimensions of the lamellae depend heavily on the cooling
trajectory [53]. The thickness of a lamellae is in the order of 50 - 60 Å. The width of a
lamella ranges from 100 - 600 Å. The structure formed by the lamellae stacks growing
outwards is called a spherulite, figure 2.2. These spherulites can have a diameter in the
order of 2-200 µm [3, 10, 53]. Several types of crystal structures exist, but in figure
2.2 only the most stable ’α’-crystal structure [3, 54, 55] is shown. In this monoclinic
’α’-crystal the polyamide chains are aligned antiparallel, see figure 2.2(c). The distance
between the chains is determined by the hydrogen bonds. The size of a unit cell in this
plane is therefore 17.24 Å× 9.56 Å [3, 10, 56].
In the in-plane dimension of the lamellae, the next plane is located at a distance of
4.16 Å. However this second plane is not exactly aligned with the first plane but shifted
by a distance of 3/14 C. For more details we refer to [3, 57, 58]. Including the dimension
in the y-direction the unit cell of a polyamide 6 ’α’-type of crystal 17.24 Å× 9.56 Å×
8.01 Å.
The crystalline domains can be destroyed by increasing the temperature. At a temperature of 220 o C the crystalline structures melt [3]. Also the chains in the amorphous
domain gain mobility by an increase in temperature. At the glass transition temperature
(Tg ≈ 60o C) segments of polymer chains are mobile and the amorphous phase goes to a
rubbery state.

2.2.3 The crystal structure
Wide Angle X-ray Scattering (WAXS) is used to determine the type of crystalline structure present in the film. Based on intensities in the Bragg angle it is possible to distinguish
different types of crystal structure present in the film [3, 32].
Figure 2.3 shows a typical WAXS spectrum of a polyamide 6 film as a function of the
Bragg angle 2θ. The first and third vertical dashed lines indicate the reflections at angles
2θ equal to 20.1 and 23.9 degrees. These reflections are attributed to the 200 and 002-202
planes in the ’α’-phase [3, 44, 59], thus being the main component in the crystalline phase.
At 21.4o the reflection for the 200/001/201 planes of the ’γ’-type of crystal is expected
as shown by the vertical dashed line in figure 2.3. From this figure it is difficult to extract
the ratio of the ’α’ and ’γ’ structured regions since the reflections overlap. However it can
be concluded from the high intensity at 20.1o and 23.9o that the ’α’-type of crystal is the
most dominant form of crystal present in this example.
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Fig. 2.2: Figure (a) shows a spherulite, the diameter of such a structure can increase up to
200 µm. A spherulite consists of lamellae growing outwards. Lamella are folded polymer chains as shown in figure (b). The width of such a lamellae is in the order of
100-600 Å and their thickness in the order of 50-60 Å [10, 53]. The space in between
lamellae is 60-100 Å [47]. The smallest structural element of the crystalline phase is
the unit cell as shown in figure (c) with dimensions of 17.24 Å× 9.56 Å× 8.01 Å.

2.2.4 Film morphology
In this work nylon films are used. To see the spherulites and morphology of a polyamide
film an optical microscope with polarized light is used. In our case - thin slices of 30 µm
are cut from the nylon film using a microtome. These slices are fixed on a glass plate in
such a way that the direction in which usually water uptake takes place is parallel to the
glass plate.
Figure 2.4 shows the cross section of a film using polarized light. The light and dark
areas originate from the different directions of the lamella in the film. If the direction of
the lamella is parallel to the direction of propagation, the light passes through the lamella
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Fig. 2.3: A Wide Angle X-ray Scattering (WAXS) spectrum of a polyamide 6 film. The intensity
of the diffraction angle 2θ is recorded between 5o to 35o as shown on the horizontal
axis. The high intensity of reflections at 20.1 and 23.9 degrees show that the main type
of crystalline phase is in the so-called ’α’-ordening.

and this area is dark. A bright area originates from the situation where the direction
of the lamella is perpendicular to the polarization direction. The light cannot pass and
the lamella appear bright in the image. A spherulite is constructed from lamella growing
outwards from a nucleation point. Spherulites have lamella oriented in every direction
and the so-called maltese cross appears over a spherulite.
A polarization image of a nylon 6 film that we used in our study in shown in figure 2.4.
Two interesting features are visible typical for polymer films. First, the bulk part of the
polyamide film consist of spherulites. Spherulites with a diameter up to 50 µm are visible
in this example. Second, trans-crystalline regions exist near the top and the bottom of
the film [3, 60]. During the process of crystallization trans-crystalline regions are formed
by lamella that start to grow at the surface right next to each other, forcing each other
to grow downwards. In this way, lamella are formed perpendicular to the surface.
2.2.5 Degree of crystallinity and melting
Differential Scanning Caloriometry (DSC) is used to measure the glass transition temperature Tg , melting temperature Tm and the degree of crystallinity. These three parameters
can be extracted from a DSC measurement. Figure 2.5 shows the heat flux as a function
of temperature for a dry nylon sample.
The melting temperature Tm is also visible in this DSC measurement. As can be seen

2.2. Nylon
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Fig. 2.4: The cross section of a film visualized with an optical microscope and polarized light.
This cross section reveals spherulites with a maximal diameter of 50 µm.

in figure 2.5 the melting trajectory starts at 200 o C. At 200 o C small crystals start to melt
first and at 220 o C the majority and bigger crystals is also melting.
The degree of crystallinity can be measured based on the area of the melting peak.
An analysis of the melting peak, using a value of 240 J/g [55, 59] for the melting enthalpy
of a ’α’ 100% crystalline sample, resulted in a degree of crystallinity of 21-25% for the
film samples.
The glass transition temperature Tg , quantifies the temperature where co-operative
movement of chain segments sets in and the mechanical behavior of a material changes
from hard elastic to rubbery. The plateau at 40 o C indicates the onset of a glass transition
temperature. If the Tg is extracted, in the middle between two plateau levels, a value of
50 o C is found. The DSC is only used for measuring the Tg of dry samples.

2.2.6 The amorphous phase
Roughly 75% of the nylon consist of amorphous material. In these amorphous domains
the polymer chains are less tightly packed without any order. Due to the loose packing
the density of the amorphous phase is less than in the crystalline phase. In the amorphous
phase the polymer chains have less interaction with each other and have a certain degree
of mobility. As temperature is increased the geometrical constraints are lifted. When
the glass transition temperature Tg is reached, rotation or translation of polymer chain
segments is enabled. This is accompanied by an increase in free volume, expansion and
a change of other physical properties [61]. For example, the modulus of elasticity is
dramatically reduced above the Tg .
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Fig. 2.5: Differential scanning calorimetry measurement of a dry polyamide 6 film. A heating run
is performed at a rate of 10 o C/min in between 0 o C and 260 o C. The glass transition
temperature of this sample as measured by DSC is at 50 o C. The melting temperature
is measured to be 220 o C. Based on the melting peak the degree of crystallinity is
calculated and is equal to 21-25%.
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Fig. 2.6: Model sorption isotherm of polyamide 6. The moisture content θ is shown as function of
the water activity aw . The moisture content is defined as the mass increase percentage
with respect to the dry situation. At higher water activity water molecules start to
cluster giving the fast increasing steepness of the sorption isotherm. Values for the
maximal weight increase, with respect to the dry polyamide, as found in literature
range from 5% to 12%.

2.3 Water sorption in polyamide
2.3.1 Sorption mechanism
The hydrophilic character of nylon, caused by the amide functionality, enables the sorption
of large amounts of water [18]. Water mass fractions of about 9% are reported for nylon
6 in literature [36, 44, 45, 47, 62–64]. Extreme values for water uptake are found by Papir
et al. [41] with a water content of only 5% and by Hinrichsen [38] and his coworkers who
found a water content above 12% in nylon 6.
The equilibrium sorption is described by the sorption isotherm. The sorption isotherm
gives the relation between the absorbed amount of moisture and the water activity aw
(RH = aw × 100, for more information we refer to chapter 7). The typical shape of the
sorption isotherm of nylon 6 is shown in figure 2.6. Figure 2.6 shows a model sorption
isotherm for nylon 6. The moisture content θ is shown as function of the water activity
aw . The moisture content is defined as the mass increase percentage with respect to the
dry situation. The sorption isotherm rises quicker at increasing water activity. The first
fractions of moisture interact with the hydrophilic sites on the polymer and form hydrogen
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bonds. At higher water activities, water molecules start to cluster and this gives a fast
rise of the sorption isotherm.
The amount of absorbed water and the interaction between water and nylon is studied
using many different techniques. A first systematic study resulted in a hypothesis of the
sorption mechanism [31]. According to Puffr et al. sorption occurs as shown in figure
2.7. The first water molecule is tightly bound. It forms a double hydrogen bond between
two carbonyl groups. The next two water molecules join existing hydrogen bonds with a
single bond. These water molecules are referred to as loosely bound water. In this way
three water molecules are bound to two amide groups. The rest of the water molecules is
condensed into void spaces and does not interact with the polymer.
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Fig. 2.7: Hydration of polyamide according to Puffr and Sebenda [31]. Figure (a) shows the dry
state and figure (b) shows the hydrated state. During hydration the first water molecule
forms a double hydrogen bond between two carbonyl groups, e.g. firmly bound water.
The next two water molecules have a single hydrogen bond, loosely bound water.

The idea of Puffr et al. is confirmed by Papir et al. [41]. By mechanical relaxation
measurements over a broad temperature range the existence of loosely and tightly bound
water is shown. It is also concluded that the transition from loosely to tightly bound water
occurs at a moisture content in the film of 2% which equals an external water activity of
aw = 0.4.
By studying the NMR linewidth of a polyamide/water system, Kawasaki [33] found
two types of water. At low moisture content the water appeared to be immobile and
at moisture content higher than 4% (aw = 0.5) the water molecules are considerable
more mobile. Positron Annihilation Lifetime Spectroscopy (PALS) on polyamide plates
revealed two sorption steps. Up to a water activity of 0.4 the local free volume decreases.
This is followed by an increase in free volume at aw 0.5. During the first step preexisting
free volume is filled by water molecules and in the second step plasticization leads to an
increase in free volume.
Although two types of water or two states of water are often measured, a third type of
water is also not excluded [32, 65]. Thermal Stimulated Depolarization Currents (TSDC)
used by Frank et al. [64] showed three regimes of sorption. Also in the NMR study of
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Kawasaki et al. is hinted towards the existence of a third type of water [33].
Rarely, a sorption mechanism is proposed that does not match with the theory proposed by Puff et al. Le Huy et al. state that all water molecules interact with the amide
group in the same way [39]. Different diffusion times originate from water molecules
moving within a cluster of water molecules or from one cluster to another. For D2 O in
polyamide 6 rods, Loo et al. found no evidence for tightly and loosely bounded water.
From NMR T1 and T2 measurements the existence of differently bounded water molecules
could not be concluded.
It is unclear where exactly in the amorphous phase of the nylon matrix the water is
absorbed. This question is only answered in the work of Murthy et al. [47, 48, 66]. In this
work two types of amorphous phase are distinguished. The first type of amorphous phase
is in between the lamella stacks (interlamellar) as shown in figure 2.2. The second type of
amorphous phase is located outside the lamella stacks. The biggest part of the amorphous
phase is located outside the lamella stacks. It is estimated that in highly crystalline
samples only 1/3 of the amorphous component is in the interlamellar region [47]. By
increasing the draw ratio and excluding water from the interlamellar spaces the total
amount of absorbed moisture only decreased by 2% [66]. Therefore it is concluded that
the largest fraction of moisture diffuses into the amorphous regions outside the lamella
stacks.
The general accepted model for water sorption in nylon is based on the ideas of Puffr
et al. This model consist of the sorption of a least two types of water. Murthy and
coworkers showed that the majority of the moisture is absorbed in the amorphous regions
outside the lamella stacks.
2.3.2 Water uptake and material properties
In this section the effects of water sorption on material properties and morphology are
described. Three topics will be discussed: the crystalline structure, dimensional changes
and Young’s modulus.
Although water only enters the amorphous regions, water does affect the crystalline
phase in two ways. First, water increase the mobility of chains at the crystalline interface.
This allows for crystallites to grow. Second, the increased mobility can even cause a complete change in the crystal structure [54, 55]. As moisture diffuses into the interlamellar
regions it causes a reversible increase (≈10 Å) of the lamellar spacing [47, 67].
Also macroscopic dimension changes are studied. In the study of Monson et al.,
the dimensional changes are studied during water uptake. The dimensional changes in
equilibrated sample range from 1.5% to 2.0% for polyamide 6 plaques [19]. In this study
it is also concluded that the expansion is isotropic. Kawasaki et al. used polyamide fibers
and measured the extension as a function of the moisture content [33]. During the first 4%
of moisture, the extension of the fiber is 1%,as the moisture content increases to 14% the
extension slowly increased to 1.5%. Inoue et al. measures the length change simultaneous
with the amount of water absorbed. During water absorption the expansion of the film
lags behind the water absorption. This time lag is caused by the dry parts of the film,
which are still unexpanded and stiff, thereby limit the sorption of the total film [36].

16

2. Nylon and water sorption

The stiffness characterized by the Young’s modulus decreases severely during the first
3-5% of moisture [36, 68]. Higher moisture contents only slowly decrease the Young’s
modulus to a stationary value.
2.3.3 Characterization
Measuring the sorption isotherm by gravimetry
The sorption isotherm describes the relation between moisture content and relative humidity or water activity. In the present study the sorption isotherm was determined by
gravimetry. The mass of the dry films is measured before storage at a certain relative
humidity RH [%] in a climate chamber. After storing the samples in the climate chamber
at room temperature for a period of two weeks the mass is measured again to determine
the amount of absorbed moisture.
Measuring the glass transition temperature by DTMA
The Tg gives vital information for a quantitative understanding of the plasticizing effect of water. The glass transition temperature was determined using DMTA (Dynamic
Mechanical Thermal Analysis) on a Thermal Analysis DMA2980. In contrast to a DSC
measurement the sample is fixated and evaporating moisture does not cause experimental
problems.

3. NMR
3.1 Introduction
In 1946 nuclear magnetic resonance (NMR) was discovered independently by Felix Bloch [69,
70] and Edward Purcell [71]. Almost thirty years later the concept of NMR imaging was
demonstrated. Paul Lauterbur [72] showed its use for medical purposes and Peter Mansfield [73] for materials in 1973.
Since then, NMR imaging is applied to diverse fields of material science. Applications
range from stress imaging in polymers to fluid flow in reactions or porous media [74]. The
technique is used in these applications because of its ability to look inside and investigate
non-transparant objects and its non-destructive character.
NMR imaging is ideally suited for investigating polymer solvent systems. It is able
to probe spatially resolved distributions of the mobile solvent molecules. Fluid ingress or
evaporation from polymers is important because the material properties of the polymer
may considerably be modified. NMR imaging is used to measure evaporation of a solvent
from a polymeric system [75, 76]. As the solvent evaporates, film formation starts for
example by a crosslinking reaction [77]. The resulting decrease of mobility of the polymeric
material is also studied by NMR imaging [77, 78]. When a solvent enters the polymer
plasticization or swelling takes place. Examples are the exposure of vulcanized rubber
to a solvent [79] or the sorption of methanol in PMMA [80]. Nylon is here of special
importance because of the severe plasticization effect of water on nylon [81].
To study thin films a high spatial resolution is desired. The required high gradient
in the magnetic field can be obtained by using the fringe field of a magnet. In case of
STRAFI (Stray Field Imaging) the fringe field of a superconducting magnet is used [82].
The NMR MOUSE (Mobile Universal Surface Explorer) or similar devices use an array
of permanent magnets to create the magnetic field gradient [83–86].
In this work another experimental arrangement is used, the so-called GARField setup [87].
By using specially shaped magnet pole tips a high constant gradient is created in the horizontal plane. With this setup it is possible to obtain a resolution of 5 µm (1D) in one
direction in our experiments.
The aim of this chapter is to introduce the basics of NMR, the used pulse sequences
and the arrangement of the NMR setup used in the experiments. For more information
about the NMR technique, see the textbooks [74, 88].
17
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3.2 NMR bases of magnetism
Water transport into polyamide films is studied in this thesis. To study water transport
the amount of mobile hydrogen nuclei are measured with NMR. Hydrogen nuclei 1 H are
spin- 21 nuclei. To explain the basics of NMR, the behavior of spin- 12 nuclei can be described
by a classical vector model [74, 89].
In this classical model the 1 H nuclei are considered to be small magnetic dipoles with
a magnetic moment ~µ [Am2 ]. The magnetic moments are also referred to as ’spins’. In
NMR the net magnetic moment of all nuclei present in the sample is measured. The net
~.
magnetic moment per unit volume is called ’magnetization’ M
X
~ =
M
µ~i
(3.1)
i

This equation shows that the magnetization depends on the density of 1 H nuclei in a
sample. Application of an external magnetic field B~0 [T], this magnetization tends to
orient itself along the external field.
When the magnetization is not exactly aligned with the external magnetic field it
experiences a torque. This torque results in a rotation of the magnetization around the
main magnetic field B~0 , as shown in figure 3.1(a).
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Fig. 3.1: Figure (a) shows the Larmor precession in laboratory frame (x,y,z) and figure (b)
shows the same precession in a rotating frame (x’,y’,z). This figure also shows the
decomposition into a transverse Mxy and longitudinal component Mz . Only the signal
component in the transverse plane Mxy is measured by NMR.

~ under the influence of a stationary
The motion of the macroscopic magnetization M
~
field B0 is described by the Bloch equation in absence of relaxation:
~
dM
~ × B~0 .
= γM
(3.2)
dt
~ and field strength B
~ moves the magnetization
The vector product of the magnetization M
vector in a circular path and drives the precession.
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This rotation or precession occurs at a frequency ω0 [rad s−1 ]. The so called Larmor
frequency is proportional to the magnetic field strength according to:
ω0 = γ|B~0 |.

(3.3)

The proportionality constant γ [rad s−1 T−1 ] in equation 3.3 is the gyromagnetic ratio
and is specific for the type of nucleus. For hydrogen nuclei it is equal to γ/2π = 42.58
MHz/T. For example, for 7 Li the gyromagnetic ratio is equal to 16.55 MHz/T.
Only in a fixed frame of reference (x,y,z) the precessing motion is observed. If the
frame of reference is also rotating with ω0 around the z-axis (x’,y’,z) the magnetization
vector is stationary, as shown in figure 3.1(b). For ease of understanding we look in the
rotating frame of reference from now on.

3.3 Pulsed NMR
In equilibrium the magnetization vector points in the same direction as the main magnetic
field B~0 . Radio frequency (RF) irradiation is used to push the magnetization vector out
of equilibrium to generate NMR signal. The magnetic component in an RF field at the
Larmor frequency creates a small magnetic field B1 along the x’ or y ’ axis. This small
magnetic field exerts a torque on the magnetization, which starts to rotate around the
field. Applying an RF-field to the sample for a period of time is called a ’RF pulse’, by
which the magnetization can be rotated over a certain angle α (’flip angle’).
α = γB1 tp .

(3.4)

In this equation is B1 [T] the magnitude of the RF field and tp [s] is the time during which
the RF field is applied. Equation 3.4 is only valid on resonance, i.e. when the frequency
of the RF pulse matches the larmor frequency.
Only the magnetization in the transverse xy-plane is measured in NMR experiments,
see figure 3.1(b). Magnetization precessing in this Mxy plane induces a voltage in a
stationary coil. In the case of a 90-degree pulse (α = π/2), the magnetic field B1 is
applied long enough to rotate the magnetization over an angle of 90o .
The simplest NMR pulse sequence consists of a single 90o pulse. This pulse rotates the
magnetization from the z-axis in into the xy-plane, where the magnetization is recorded.
Just after the pulse the signal has a maximum but it starts to decrease immediately
due to relaxation processes that operate to restore thermal equilibrium or destroy the
coherence of the magnetization. Relaxation processes will decrease the magnetization in
the xy-plane and thereby decrease the NMR signal as time proceeds. This signal decrease
is called a Free Induction Decay (FID).
The inhomogeneity of the magnetic field results in a range of Larmor frequencies
across the sample. This variation of Larmor frequencies results in dephasing of the local
magnetizations contributing to the total transverse magnetization following the 90o pulse.
The phase coherence is lost but the dephasing can be reversed by a second pulse, a 180o
pulse. The subsequent refocussing of the magnetization results in the formation of a
so-called spin echo. This experiment is called a Hahn Spin echo experiment.
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3.4 Relaxation
~ is out of equilibrium, spin-lattice relaxation restores
When the magnetization vector M
the component parallel to the main magnetic field, Mz , see figure 3.1(b). Spin-lattice
relaxation or longitudinal relaxation is characterized by the relaxation time T1 [s]. Transverse relaxation is responsible for disappearance of magnetization components from the
transverse plane, orthogonal to the main magnetic field. This transverse relaxation is
characterized by the relaxation time T2 [s].
~ . The Bloch
Both T1 and T2 relaxation act on the macroscopic magnetization vector M
equation can be expanded to mathematically describe the relaxation effects:




1/T2
0
0
0
~
dM
~ +  0 .
1/T2
0 M
= − 0
(3.5)
dt
0
0
1/T1
M0
This signal decrease or signal decay as a function of T1 and T2 is written as:
·
µ
¶¸
µ
¶
−tr
−texp
S ∝ ρ 1 − exp
exp
,
T1
T2

(3.6)

where ρ [mol m−3 ] is the hydrogen density in the sample. In this equation, texp [s] is
the experimental time and tr [s] is the time between two subsequent experiments. The
experimental time texp is equal to the echo time te [s] in the case of a Hahn Spin echo experiment. In the following text the relaxation processes are briefly discussed and thereafter
it is explained how T1 and T2 are measured.
T1 Relaxation
During T1 relaxation the energy of the spin system changes. Energy is exchanged between
the spins and their surroundings or the lattice. In equilibrium the total energy is given
by the Boltzmann distribution. After the RF pulse has perturbed the system out of
equilibrium, energy is exchanged with the lattice to return to its thermal equilibrium.
The saturation recovery pulse sequence is used to measure the spin-lattice relaxation
time. The sequence is shown in figure 3.2. At the beginning of this pulse sequence a
number n [-] of randomly spaced pulses with different flip angles Ry destroy the magnetization. After these pulses the longitudinal magnetization starts to restore. A restoration
to 98% of its value takes four times T1 . After a time of restoring t1 [s] Mz is flipped
into the xy-plane by αx , a nominal 90ox pulse. After a time τ [s] another nominal 90oy
pulse (αy ) refocusses the magnetization. An echo is generated after a time τ . To measure
the complete restoration of the longitudinal magnetization this process should be done
systematically for a series of values of t1 .
T2 Relaxation
In contrast to longitudinal relaxation, the transverse relaxation not necessarily changes
the energy of the system. The relaxation is driven by random fluctuations in ω compared
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Fig. 3.2: Saturation recovery sequence to measure the longitudinal relaxation. The sequence
starts with a number of n saturation pulses with flip angle R. The magnetization Mz
starts to built up and after a time t1 the magnetization is flipped into the transverse
plane by αx , a nominal 90o pulse. After a time τ a second pulse refocusses the magnetization to generate an echo. The height of this echo shows how much magnetization
was present along the z-axis after a time t1 . If t1 is varied systematically, the whole
longitudinal relaxation curve can be measured.

to ω0 . As a result the spins dephase. The disappearance of transverse magnetization
or transverse relaxation has several contributions that determine its characteristic time
T2 . First, diffusion is responsible for randomly moving the hydrogen nuclei in the field
gradient leading to a decrease of Mxy due to loss of coherency. Second, the interaction
with other magnetic moments such as dipole-dipole interactions, which are of particular
importance in solid materials. Third, internal field gradients caused by paramagnetic
impurities.
In this study the Ostroff-Waugh (OW) pulse sequence is used to measure the transverse
decay time T2 [90]. In this sequence the intensity and duration of the pulses are the same,
exciting the same region of the sample every time. This pulse sequence consist of multiple
equally spaced pulses (αxo − τ − [αyo − τ − echo − τ −]n ), where α is a nominal 90o pulse.
Figure 3.3 shows the Ostroff-Waugh pulse sequence. The refocussing pulses (n ≥ 2) are
equally spaced and the time difference between two pulses is the so-called ’inter echo time’
te [s].
Directly after the first pulse (t = 0), relaxation starts and the magnetization starts
to dephase. A second pulse is given at t = 0.5 te = τ to rephase the magnetization and
form an echo. This echo is formed at t = te . The transverse relaxation is shown in figure
3.3 (b) and its characteristic time constant T2 .
Different pulse sequences are available to measure the transverse relaxation. The decay
time T2 is dependent on the chosen pulse sequence [74, 91]. The most commonly sequence
is the CPMG sequence [92]. In the CPMG sequence the refocussing pulse αyo is a 180o
pulse. Throughout this thesis the OW pulse sequence is used. Even tough the absolute
relaxation times will differ from values measured with a CPMG sequence, the relaxation
curve can still be used for the interpretation of mobility differences. Relaxation times are
still determined by mobility and mobility differences of hydrogen nuclei in a material.
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Fig. 3.3: Figure (a) shows the Ostroff-Waugh (OW) pulse sequence for measuring the transverse
relaxation curve. The duration of a pulse is tp and the time between the refocussing
pulses is the inter echo time te . Figure (b) shows how the signal decay is measured. In
between two pulses an echo is formed. Connecting the maxima of the echoes gives the
transverse relaxation curve.

Transverse relaxation in polymers
The transverse signal decay of a polymeric system is discussed in relation with the polymer
morphology. Relaxation is driven by molecular motion. In polymeric systems the correlation frequencies of molecular motions are in the range of 10−4 - 109 Hz [93]. This broad
frequency range originates from the numerous structural regions and molecular entities
in a polymer. A semi-crystalline polymer consists of crystalline zones and amorphous
domains.
The transverse signal decay contains information about the molecular structure and
mobility differences in a polymer [91]. The relation between the transverse relaxation time
and type of polymer morphology, is shown in figure 3.4. The timescales and boundaries
should not be taken too strict, the figure acts merely as an indication of relaxation times.
Note that an increased mobility of the polymer (larger value of T2 ) can also be induced
by temperature or by introduction of a solvent.
crystalline
-6

10

glasses

rubbers/polymer melts

liquid

T2 (s)

1

Fig. 3.4: The dependency between polymer structure and transverse relaxation time T2 [91]. T2
is shown on the horizontal axis. On the left side of the figure rigid materials with limited
segmental mobility are shown. On the right side more soft materials like rubbers are
located. The increased mobility can also be induced by temperature or a solvent. To
complete the figure, a liquid (e.g. water) is included.

The material presented in figure 3.4 can roughly be split in two groups. First, materials with little molecular mobility: crystallites and glassy material. Second, the softer
materials: rubbers and polymers plasticized by a solvent or temperature.
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In a crystal, the close packing of polymer chains by van der Waals or hydrogen bonding
disables molecular motion. In the disorder of the glassy state mobility is restricted by
spherical hinderance such as the presence of entanglements, spherulites and interaction
with other chains. Rubber or polymer melts are polymeric systems at a temperature
higher than their Tg . The polymer backbone can freely move and polymer chains slide
along each other. Movement can still be hindered by the presence of crystalline zones and
entanglements. To complete the figure, the T2 of a liquid (e.g. water) is included.

3.5 NMR imaging
3.5.1 Principles
Spatial resolution is achieved by a gradient in the magnetic field. In the GARField setup
the gradient is created by the shape of the magnet pole tips, see figure 3.5.
climate chamber
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Fig. 3.5: A photograph of the electromagnet (a) and the heart of the electromagnet (b). The
electromagnet provides the static magnetic field B0 of 1.4 T. Figure (b) shows the
home built magnet pole tips and the climate chamber surrounding the sample. The
magnet pole tips give the high gradient in the magnetic field needed to obtain a spatial
resolution of maximal 5 µm.

~ = |B
~ 0 | + y · Gy results in
Application of a spatially dependent magnetic field |B|
a unique frequency for each position along y, which allows one to obtain 1D spatially
resolved information from a sample.
ω(y) = γ(|B0 | + y · Gy )

(3.7)

In this equation y [m] is the position in the magnetic field. In the present study a setup
with a field gradient Gy = 43 T/m and a static field B0 of 1.4 T is used.
The gradient relates a frequency difference in the NMR signal to a distance in the
magnetic field. Of interest is the smallest difference in position that can be distinguished,
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i.e. the value of the resolution ∆y [m]. According to equation 3.7 ∆y is related to a ∆ω
[rad s−1 ] according to:
∆ω
∆y =
.
(3.8)
γG
The best resolution ∆y depends on the minimal frequency difference that can be
extracted from the NMR signal. This minimal frequency difference dependens on the
time the signal can be recorded. After a pulse the receiver of the NMR is blanked for
some time (dead time). The recording window in between two pulses is therefore smaller
than the inter echo time te . The time of the recording window is called window width or
acquisition time taq [s]. The NMR signal is sampled with frequency fs [Hz] for a total time
of taq , with time interval ts [s], and a number of samples Ns [-]. The minimal frequency
difference in the NMR signal depends on the ratio of the maximum frequency that is
measured fs and the total number of samples Ns . In case of quadrature detection, the
frequencies are in the region -fs /2 to fs /2. For the smallest frequency difference this gives:
∆ω =

2π
taq

or ∆f =

1
.
taq

(3.9)

By combining equation 3.8 and equation 3.9 the following expression for the resolution is
obtained:
2π
∆y =
.
(3.10)
γGtaq
The quality of the NMR signal depends on the resolution and noise. For smaller values
of ∆y the minimum slice thickness decreases and also the magnetization present in that
slice. In our experiments, most of the noise originates from ohmic losses in the receiving
electronics and noise of the pre-amplifier. To increase the signal-to-noise ratio (SNR)
subsequent NMR signals are
√ averaged. The signal increases according to the square root
of the number of averages Nav . The noise voltage is proportional to the square root of
the bandwidth of the receiver [89]. In case of a constant sample time ts , the number of
samples Ns determines the bandwidth. The product ts Ns is equal to the acquisition time,
which then determines the bandwidth. The signal-to-noise ratio then becomes:
SN R ∝

s

Nav
.
taq

(3.11)

The acquisition time also determines the resolution. An enhanced resolution decreases
the sample volume per spatial point and this decreases the signal-to-noise ratio.
For averaging purposes the pulse sequence should be repeated multiple times. However, repetitions cannot take place directly after each other. A waiting time should be
incorporated. This waiting time is referred to a repetition time tr [s] and is located in
between the subsequent pulse sequences. To have maximum signal the magnetization
must be fully restored and therefore the repetition time should be equal to 3 or 4 times
T1 .

3.5. NMR imaging
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3.5.2 Measuring cell
The NMR setup uses a surface coil for exciting the signal and detecting the magnetization
from the sample. The surface coil has 13 turns and a diameter of about 0.5 cm. The
sensitive region of the surface coil will be slightly larger than the coil itself and has
approximately a diameter of 0.8 cm. The sample is placed directly on top of the surface
coil. The NMR signal originates from a cylinder on top of the surface coil with a diameter
of 0.8 cm. To make the placement of the sample reproducible, the sample holder contains
three tips surrounding the coil. The glass plate underneath the sample is placed on top
of those three tips, see figure 3.6.
To control the environmental conditions a climate chamber is built surrounding the
sample stage, see figure 3.6(b). This climate chamber allows to control the temperature
of the sample in a range from 3 o C to 90 o C. The temperature is controlled by pumping
water at the desired temperature through the walls of the climate chamber. This is done
by using a Lauda E200 temperature controller. Also the relative humidity (RH ) inside the
chamber can be controlled by injecting an air/water mixture at the right temperature into
the climate chamber. At room temperature of 23 o C the relative humidity is controllable
from 30% to 97%. At higher temperatures also lower RH values are possible.
The typical sample contains a thin glass slide of 18×18 mm with a thickness of 100
µm or 140 µm. To perform water uptake experiments a glass tube is placed on top of
the sample that can be filled with water, see figure 3.6(a). This tube is a glass cylinder
with a wall thickness of 2 mm and an inner diameter of 11 mm. The tube is fixed with
glue on top of the glass plate. The glue used in this study is a silicone glue (type: Dow
Corning 3140). Also the nylon film is fixed with glue on the glass plate. Because the glue
is a silicone glue which contains mobile hydrogen nuclei (T2 ≈ 80 ms) it also shows up in
our measurements.
3.5.3 Excitation profile
In the GARField setup a surface coil is located below the sample to excite the spins and
measure the signal. Signal is only obtained from a limited distance and area above the
surface coil. The amount of signal obtained as a function of the distance above the coil
is called ’excitation profile’. The exact shape of the excitation profile mainly depends
on two factors: the frequency content of the pulse and the sensitivity profile of the coil.
In case of a homogeneous sample the signal appears to vary with position due to the
inhomogeneous excitation profile of the surface coil. To correct for this excitation profile
a 0.02 M CuSO4 solution is used as a reference.
To illustrate the use of a CuSO4 reference solution, depth profiles of CuSO4 solution
and a wet nylon film are measured. The corresponding signal profiles are shown in figure
3.7(a). The signal intensity is plotted as a function of the distance with respect to the
water/glass interface. The glass plate below the samples is shown on the right of the
figure. The measurements are performed using an inter echo time te = 100 µs and 1024
averages. The repetition time tr is set to 0.3 s.
The excitation profile has a thickness of 500 µm with a plateau over the first 200 µm
from the glass plates. The signal intensity starts to drop when the distance to the glass
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Fig. 3.6: Figure (b) shows a schematic representation of the magnet pole tips, the climate chamber and the plateau for placing the sample. The brass climate chamber surrounds the
sample. The temperature in the climate chamber is controlled by pumping water at
the desired temperature through water channels in the wall of the climate chamber.
Shown in figure (a) is the sample holder containing the surface coil with a sample on
top. The glass plate underneath the sample is placed over the surface coil on the sample positioning tips. On this glass plate a nylon film is glued as well as a glass cylinder
to hold a fluid.

plate increases. The signal profile of the wet nylon film is also shown in figure 3.7(a).
To obtain a hydrogen density profile the signal profile of the nylon film is divided by
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Fig. 3.7: A signal profile of a 0.02 M CuSO4 solution and a water saturated nylon film measured
with te = 100 µs are shown in figure (a). The signal profile from the 0.02 M CuSO4
is the result of the frequency content of the pulse and the sensitivity of the coil. In
figure (b) the profile from the nylon film is divided by the profile from the CuSO4
solution. The CuSO4 solution acts as a reference. A homogenous sample now gives a
constant signal intensity as a function of distance, because of the use of the reference.

the profile from the 0.02 M CuSO4 solution, see figure 3.7(b). The corrected signal in
the nylon film and in the water on top of the nylon film is now constant as a function
of position. This simplifies the interpretation of the signal profiles. The vertical axis of
figure 3.7(b) represents the density of mobile hydrogen nuclei with respect to water.
The use of the reference CuSO4 solution can be further explained by dividing equation
3.6 by the signal decay of the CuSO4 reference solution. The longitudinal relaxation time
of the reference solution T1,ref [s] (≈ 70 ms) is small compared to the repetition time,
T1,ref ¿ tr . Therefore, neglecting the longitudinal relaxation of the reference solution
and assuming that the echo time is small compared to the transverse relaxation time T2
(≈ 2.5 ms) of the reference solution, te ¿ T2,ref this division gives:
·
µ
¶¸
µ
¶
−tr
−texp
ρ
I≡
1 − exp
exp
.
(3.12)
ρw
T1
T2
In this equation ρw [mol m−3 ] is the hydrogen density of liquid water and texp is the
experimental time. For the OW-sequence the experimental time texp [s] is subdivided in
a number of pulses n with a certain time spacing 2τ : texp = 2τ n. For imaging purposes,
the NMR signal intensity or signal profiles are used at n = 1.
The influence of the excitation profile on the relaxation times is investigated. The
RF pulse not exactly matches the local larmor frequency and the sample experiences
an effective flip angle which varies as a function of distance. For more details we refer
to [74, 94]. Different flip angles could give rise to different relaxation times and the
magnitude of this effect is quantified now. For this analysis a CuSO4 solution and nylon
film is used. The reference CuSO4 solution is a liquid and its relaxation will be dominated
by diffusion. Evaluating the decays from the CuSO4 solution gives a T2 in the range of 2.5
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- 2.7 ms. In the nylon film the influence of diffusion is less. For the analysis on the nylon
film, the incorporation of signal decays from the silicon glue must be avoided. Therefore,
the variation of T2 over a region of a 150 µm slice, starting at the bottom of the nylon
film, is examined and a decay time of 1.3 - 1.5 ms is found. These numbers from CuSO4
and the nylon film indicate that the T2 only varies a little in the measurement region.
The T2 can be used to measure relative mobility differences as a function of position.

4. Quantification of water uptake
4.1 Introduction
It is accepted that water penetrates polymers in general and nylon 6/6.6 in particular
through the amorphous phase [3, 54, 55]. Water weakens hydrogen bonds between neighboring amide groups and lifts the steric hinderance of the polymer chains. Consequently,
the amorphous phase is plasticized, the glass transition temperature Tg [K] is lowered and
the mechanical properties are altered. Reimschuessel [68] and Yokouchi and coworkers [95]
describe the correlation between mechanical properties, such as the modulus of elasticity
E [Pa], and the glass transition temperature Tg .
The rate in which mechanical properties change is related to the rate of water uptake. The key parameter for characterizing the rate of water uptake in nylon 6 is the
(mutual) diffusion coefficient. Absolute values have been obtained in various studies,
but are difficult to compare as they are dependent on morphological parameters such
as crystallinity [33], the experimental technique used to determine the diffusion coefficient [19, 30, 35, 43] and the temperature [3]. The reported diffusion coefficients range
from 1×10−14 m2 s−1 to 5×10−13 m2 s−1 [3, 35, 36, 63]. In general, it is observed that
the diffusion coefficient increases with concentration [35, 36]. A single study [63] reports
a maximum in the diffusion coefficient at a relative humidity of 50%. All aforementioned
numbers are obtained by gravimetry, which is a bulk method and no spatial information
about the diffusion process is obtained.
To obtain spatial information in a non-destructive way about the water ingress, NMR
imaging can be used. By far the most extensive 1D imaging study was conducted by
Blackband and his coworkers [96]. In this study, blocks of nylon 6.6 were immersed in
water and detailed experimental results are generated for a temperature of 100 o C. This
includes the uptake profiles as measured by NMR and the resulting diffusion coefficient.
Gravimetric experiments revealed a Fickian mass uptake, proportional to: t1/2 , especially
at temperatures higher than 50 o C. Finally, from the resulting NMR signal profiles a
concentration dependent diffusion coefficient was obtained using the Boltzmann transformation [96]. Fyfe et al. [97] performed another set of experiments investigating the
water absorption into nylon 6.6 at a temperature of 100 o C. In their study the Fast Low
Angle Shot (FLASH) NMR technique was employed. The results obtained by gravimetric
analysis and NMR imaging pointed to a Fickian diffusion process.
In all these NMR imaging studies no attention was paid to the exact amount of
water during the uptake process. The signal intensities are directly interpreted as water
quantities [96, 98]. Only D.Y. Artemov [99] pointed out the complexity of the NMR
signal of water in nylon. The signal contribution of plasticized polymer, which appears
simultaneously with ingressing water, should not be underestimated. Especially below
29
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the glass transition of the dry nylon, the signal of the nylon itself will strongly increase
with the water content due to plasticization.
In this chapter, the combined process of water uptake and plasticization of nylon 6
films is studied at room temperature with quantitative NMR imaging. By converting
signal profiles into moisture content distributions on the basis of a gravimetric calibration
procedure, a quantitative relationship between the diffusivity and the water content is
obtained and the importance of plasticization is shown. To understand the signal component that is due to polymer plasticization, experiments using D2 O are conducted. The
morphology of the nylon films is characterized and the relation between the water content
and the glass transition temperature is established. For a better understanding of the
diffusion process the concentration dependency of the diffusion coefficient is calculated
from the moisture content profiles.

4.2 Material
4.2.1 Preparation
Films of polyamide 6 are prepared from commercially available polyamide 6 (Akulon K123,
Mn = 16.000, Mw = 32.000, DSM, The Netherlands). Films are made by compression
moulding of dried pellets at a temperature of 280 o C for 10 minutes between two steel
plates, separated by a spacer of 200 microns. The obtained films, having a thickness of
200 µm, were stored prior to experiments in a container containing silica gel as drying
agent.
For the water uptake measurements in the NMR, films are cut into circular disks
with a diameter of approximately 11 mm. These disks were attached to a 140 µm thick
microscope cover glass using silicone glue (type: Dow Corning 3140). Subsequently, a
glass cylinder is glued on top of the cover glass surrounding the nylon film. Before an
experiment the films are stored in an oven at 100 o C for five hours in order to remove
residual traces of moisture. Weight loss was not detected anymore after five hours.
4.2.2 Material Properties
Sorption Isotherm
The sorption isotherm describes the relation between moisture content and relative humidity or water activity. In the present study the sorption isotherm was determined by
gravimetry, figure 4.1. The mass of the dry films is measured md [g] before storage at a
certain relative humidity RH [%] in a climate chamber. The relative humidity in the climate chamber is created using saturated salt solutions. Saturated salt solutions of LiCl,
CH3 COOK, MgCl2 ·6H2 O, K2 CO3 , Mg(NO3 )2 , NaNO3 , NaCl, KCl, KNO3 and K2 SO4
give a stable equilibrium relative humidity of 12, 22, 33, 43, 53, 65, 75, 85, 93 and 97%
respectively [100]. After several days of storage in the climate chambers, the wet weight
is obtained mw [g]. The moisture content θ is calculated as:
θ=

mw − md
× 100%.
md

(4.1)
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Note that the moisture content is defined as a mass-to-mass percentage.
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Fig. 4.1: The sorption isotherm of a nylon 6 film. The figure shows the weight increase (θ,% by
mass) with respect to the dry state as a function of the relative humidity (RH,% ). The
disproportional increase of the moisture content above 65% RH is due to the formation
of water clusters.

In our case the moisture content θ of a fully saturated film is 7.4%. In the literature
moisture content values are reported in the range from 4% [41] up to 10% [33, 36, 63].
The moisture content increases disproportionally above relative humidities of 65% with
respect to the lower humidities. The slope of the sorption isotherm changes from 5.2 for
0 < θ < 3.3% to 11.6 for 3.3 < θ < 7.5%. This is most likely due to the formation of water
clusters. Despite the differences in raw material (e.g. molecular weight) and processing
conditions (influences of crystallinity [53]), the shape of the obtained sorption isotherm is
similar to the ones in literature.
Crystallinity
The crystalline part forms a barrier to water transport and must be characterized to
understand the water uptake behavior. Wide angle X-ray scattering (WAXS) experiments
using a Philips pw1830 diffractometer (Cu Kα) were employed to determine the structure
of the crystalline phase. In all cases two intense peaks were detected at angles 2θ equal
to 20.2 and 23.9 degrees. These reflections are attributed to the 200 and 002-202 planes
in the α-phase [3, 44, 59], thus being the main component in the crystalline phase.
To measure the degree of crystallinity of the samples, differential scanning calorimetry
measurements (DSC) using a Mettler 822e were conducted under a nitrogen atmosphere.
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The heating rate was 10 K/min in a range between 253 K to 533 K. An analysis of
the melting peak, using a value of 240 J/g [55, 59] for the melting enthalpy of a 100%
crystalline sample, resulted in a crystallinity of 21-25 % for the film samples. Note that
the degree of crystallinity is calculated as a mass percentage. This number can easily be
transformed into a volume percentage using the density of the crystalline and the density
of the amorphous phase, 1.23 kg l−1 and 1.08 kg l−1 respectively [59]. The density of the
total sample is 1.11 kg l−1 and this gives a volume degree of crystallinity of 24-28 %.
Glass Transition Temperature
As the glass temperature drops due to ingressing water, more hydrogen nuclei on the
polymer backbone are mobilized and appear in the NMR signal. For understanding the
NMR signal quantitatively the Tg gives vital information.
The glass transition temperature was determined using DMTA (Dynamic Mechanical
Thermal Analysis) on a Thermal Analysis DMA2980. The sample was placed in the tensile
testing clamps and heated between 223 K and 373 K with a heating rate of 5 K/min. The
measurements are performed using an amplitude of 20 µm at a frequency of 1Hz. The
glass transition temperature was assigned to the maximum of the tanδ. An alternate
definition for the glass transition temperature like the maximum of the loss modulus only
lowers the Tg with 10 K.
The samples were conditioned in the same way as for the gravimetry measurements.
Since the employed DMTA was not equipped with a RH control, an error will occur in the
DMTA measurements at relative humidities that differ from the surrounding RH in the
room. Moisture loss of these samples by evaporation during fixation and the first moments
of cooling down of the DMTA could lead to an overestimation of the Tg . The maximal
effect of evaporation will only be present at two samples of the highest RH (93% and
97%), and was estimated by examining samples immersed in liquid water. These samples
were fully wetted and thereafter exposed to environmental relative humidity. The mass
of these samples is measured before and after this evaporation period. Assuming a time
of five minutes for fixation and cooling, such an exposure to air at room temperature will
lower the moisture content only by 0.7%.

4.3 NMR setup and imaging
The water uptake process is measured using the GARField setup, see chapter 3 for more
details. Nylon contains different types of hydrogen nuclei. Both the environment and
the mobility of the nucleus lead to a difference in transverse relaxation. Crystallites
or entanglements will severely limit motions of nuclei and give a fast decay (short T2 )
while parts in the amorphous phase or dangling chains have a higher mobility and will
contribute to a higher value of T2 . In the simpliest case a mono-exponential decay can
be used to fit the measured decay. The transverse decay is often analyzed using a multiexponential decay curve [62, 101–105]. Neglecting the longitudinal relaxation and the
noise in the experiments, such a multi-exponential decay is described by equation 4.2.
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Each component is governed by an amplitude Ai and a relaxation time T2,i .
I(n) =

N
X

Ai exp

i=1

³ −2τ n ´
T2,i

(4.2)

The transverse signal decay is very sensitive to the polymer structure and mobility
and is therefore a measure for the effect of water on the nylon matrix. Often several
exponential components are used to interpret the signal decay. Without interpreting the
components of the multi-exponential decay, a more practical approach to characterize the
signal decay is based on an average relaxation time hT2 i [106]:
hT2 i =

N
X
I(2τ i)
i=1

I(2τ )

× te .

(4.3)

To obtain the hydrogen density profiles and relaxation times, the Ostroff-Waugh (OW)
pulse sequence is used (αxo −τ −[αyo −τ −echo−τ −]n ) [90]. In this sequence α is a nominal
90o pulse. To cover the relaxation curve a train of 256 pulses is given. The inter echo
time 2τ is set to 100 µs with an acquisition time (taq ) of 90 µs.
An inter echo time of 100 µs together with an acquisition time of 90 µs theoretically
gives a resolution of 6 µm, ∆z = (γGtaq )−1 . However due to misalignment with the B0
field and the sample preparation the actual resolution can be less. The actual resolution
can be calculated from the slope of the signal intensity profiles at the glue/nylon interface.
In the NMR signal intensity profiles, the glue/nylon interface covers 25 µm and thus the
actual resolution is approximately 12µm.
NMR measurements of the water uptake process are conducted with 1024 averages
and a repetition time of tr = 0.5 s. As a consequence, measuring a single profile takes
17 minutes. Experiments with equilibrated films are conducted using a higher number of
averages (8192). The longitudinal relaxation time T1 of dry and fully wet nylon films are
300 ms and 140 ms, respectively. The repetition time of 0.5 s does not saturate the signal
from the fully wet films.

4.4 Results
This section describes the experimental results concerning water uptake on a nylon 6 film.
The NMR signal was calibrated, meaning that signal intensities are related to the amount
of water in the film. The rate of the diffusion process was examined by calculation of the
diffusion coefficient with the Matano-Boltzmann method. By means of a relaxation study,
heavy water and DMTA measurements the interaction between water and the polymer
matrix is examined
4.4.1 Water Uptake and Signal Calibration
Measuring the uptake process results in NMR signal profiles as shown in figure 4.2. Such
signal profiles should be considered as a superposition of a plasticizing front and a waterfront. The signal on the vertical axis shows the number of mobile 1 H nuclei probed
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(T2 ≥ 100 µs) with respect to water. The horizontal axis is the distance with respect to
the water/polymer interface.
The right hand side of figure 4.2 corresponds to the glass plate on the bottom of the
sample as shown in figure 3.6. Whereas glass is not detected in the NMR the layer of
silicon glue, the nylon film and the water above the nylon film can clearly be distinguished.
Their signal intensities are explained by the relation between the T1 and T2 of the material
and the experimental parameters te and tr . The relatively long T1 of the water (tr /T1 < 1)
surpresses the signal from the water.
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Fig. 4.2: NMR signal profiles measured during the uptake of water by a 200 µm nylon film. The
water on top of the nylon layer is visible at the left side of the figure, whereas the
glue underneath the layer is visible at the right side of the figure. The time between
subsequent profiles is 17 minutes. It takes water six hours (1) to reach the bottom of the
film and then another four hours (2) to fill the film completely. Polymer plasticization
is most clearly shown near the water/nylon interface (3).

The bold line in figure 4.2 displays the situation before water is introduced and the
nylon is still dry. Three different processes can be distinguished. Two of them occur
chronologically: (1) a front develops and reaches the bottom (t < 6 h) and (2), water
distributes homogeneously throughout the film (6 < t < 10 h). From the beginning of
the experiment a slower process (3) occurs which is most clearly observed as a signal rise
near the glass polymer interface.
To quantify the diffusion of water the actual moisture content θ should be considered
instead of the NMR signal. To convert the NMR signal into moisture content both the
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mass and the NMR signal of samples equilibrated at a certain RH have been measured.
Figure 4.1 shows the sorption isotherm as obtained by gravimetry. The signal intensity of
equilibrated samples is obtained by measuring a serie of samples conditioned at different
relative humidities using the climate chamber in the NMR equipment. Figure 4.3 shows
the moisture content as a function of the measured NMR signal intensity. The data is
fitted with a double exponential growth function. This fit is shown as a dashed line in
figure 4.3.
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Fig. 4.3: The signal calibration curve. This curve describes the relation between the NMR signal
and the moisture content θ of nylon films equilibrated with water vapor at various RH
values. The figure shows that the relation between signal and θ is non-linear. The
fit (dashed line) through the data (¥) is used to convert signal profiles into moisture
content profiles.

Obviously the relation between θ and the NMR signal is non-linear. The curve shows
that at low water content the signal intensity is very insensitive to water content changes.
With increasing water content the signal becomes more sensitive to the water content.
At high water content, a small amount of water leads to a large signal variation which is
probably due to plasticization of the polymer matrix.
Now the relationship between the NMR signal and the water content is known, the
NMR profiles can be converted into moisture content profiles. Figure 4.4 shows the
original NMR profiles (a) and the moisture content profiles (b) after application of the
signal calibration. As long as the moisture content is below 2% the signal coming from
the moist nylon is too low to be detected, since the signal to noise ratio of the chosen
number of averages (1024) is not high enough.
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Fig. 4.4: Transfering NMR signal profiles (a) into moisture content profiles (b). The figure
shows the two main effects of the signal calibration on the shape of the profiles. The
slow, homogeneous signal increase at the end of the uptake process is hardly visible
in the moisture content profiles. Very little water enters the film at this stage, mainly
plasticization occurs. The curvature of the moisture content profiles is also changed.
At low signal intensities the curves are lifted upwards, meaning that the water content
at low signal intensities is underestimated when the NMR signal profiles would be used
for quantification.

The most distinct effect of the calibration is visible at the water/nylon boundary and
in the late stage of the uptake process (as indicated by 3 in figure 4.2). In the late stage,
when the film is almost saturated, an homogenous NMR signal rise in the profiles is
detected. This slow signal increase is hardly visible in the water content profiles, meaning
that only little (additional) water is ingressing into the film at this stage. The late stage
rise in the NMR signal is a result of further plasticization of the polymer matrix. Polymer
chains become more mobile and their hydrogen atoms start to contribute to the signal.
Furthermore, the calibration introduces extra curvature in the profiles. Especially
at signal intensities lower than 0.08 the profiles are tilted upwards. Figure 4.3 already
shows that a supposed linear relation between signal and moisture content results in
underestimation of the moisture content at low signal intensities. At low moisture content
the water strongly interacts with a rather immobile amorphous phase, which results in
fast relaxation of the signal [105] and thereby underestimation of the signal.
Although the calibration has been used to quantify the signal its applicability to
dynamic water uptake processes still has to be proven. The calibration curve is obtained
by measuring the signal from samples that have been equilibrated with a defined RH.
The uptake proces however is a non-equilibrium situation. Our calibration will be only
applicable if local equilibrium occurs throughout the nylon film during water ingress.
This means that the state of the polymeric matrix is only determined by the local water
content. To check the validity of the calibration, the average relaxation time and intensity
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of the first echo have been investigated for both the calibration samples and the uptake
process. The average relaxation time hT2 i is very sensitive for the local polymer mobility
and is therefore a measure for the effect of water on the nylon.
Figure 4.5 shows the average decay time as a function of the signal intensity for both
the calibration and the uptake process. The solid squares are the values obtained in the
signal calibration experiment and the open circles refer to the signal at 125 µm, with
respect to the water/nylon interface, during a water uptake experiment as shown in figure
4.2. There is a good match between the data points from the uptake experiment and the
signal calibration measurement, showing a unique coupling between the signal intensity of
the first echo and hT2 i . This justifies the use of the calibration curve for non-equilibrium
processes like water uptake in nylon 6.
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Fig. 4.5: The average relaxation time hT2 i as a function of the signal intensity for calibration (¥)
and uptake experiment(◦). The average relaxation time is taken at a distance of 125 µm
from the nylon/water interface. The similarity of both calibration experiment and a
water uptake experiment proves that the static calibration can be used for obtaining
water content profiles during uptake.

Finally it can be concluded that NMR signal intensity profiles (as shown in figure
4.2) and obtained by others [81, 98] do not give a correct representation of the water
content in the film. When the amorphous phase becomes plasticized, the hydrogen nuclei
on the polymer backbone start to contribute to the signal. Furthermore, water exhibits
a fast signal decay due to interaction with the polymer and cannot be detected by the
NMR equipment. For these reasons the relation between signal and water content is not
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linear. This will especially be the case when experiments are performed below Tg of the
dry nylon.
4.4.2 Uptake Kinetics
The water uptake can be analyzed by the non linear diffusion equation, equation 4.4. In
this equation is θ the mass fraction of moisture (i.e. moisture content), t [s] the time,
D [m2 /s] is the effective diffusion coefficient.
∂θ
∂ ³
∂θ ´
=
D(θ)
.
∂t
∂x
∂x

(4.4)

To quantify the diffusion coefficient the Matano-Boltzmann method is used [107]. The
essence √
of this method is that the spatial coordinate is transformed into a new coordinate
λ = x/ t. In this equation is x the distance with respect to the water uptake. For a
detailed analysis we refer to Crank [108].
Since this Boltzmann transformation assumes an infinite geometry and constant boundary conditions, a limited number of profiles (1 < t < 6 h) is selected for the transformation.
The outcome of the Boltzmann transformation is shown in figure 4.6. The open squares
in this figure are the datapoints and the black line is the Boltzmann transformation of a
simulation, which will be discussed later on. All datapoints coincide on a single master
curve, proving that the diffusion coefficient depends on the moisture content only and that
the non-linear diffusion equation (equation 4.4) can be used to describe water ingress in
this system.
The moisture content dependent diffusion coefficient can be calculated according to
equation 4.5.
Z
1 ³ dθ ´−1 θ
D(θ) = −
λdθ0 .
(4.5)
2 dλ θ 0
A spline is used to calculate the diffusion coefficient according to equation 4.5. For water
contents lower than 2% this spline is extrapolated linearly. The concentration dependence
of the diffusion coefficient is shown in figure 4.7. The diffusion coefficient increases with
concentration, which is in agreement with previous studies [32, 33, 35, 36]. Only one
particular study reported a maximum for the diffusion coefficient at an RH of 50% at
23 o C [63]. Moreover, the magnitude of the obtained diffusion coefficient is in agreement
with values reported in the literature (1×10−14 - 1×10−13 m2 s−1 at 25 o C [19]).
In contrast with previous studies on nylon 6.6, a highly non-linear relation between
the moisture content and the diffusion coefficient is observed [96, 98]. At a moisture
content above 5%, the diffusion coefficient rises exponentially, whereas previous studies
report a linear relation between the concentration and the diffusion coefficient in the entire
moisture content range.
Knowing the concentration dependency of the diffusion coefficient, the non-linear diffusion equation (equation 4.4) is solved numerically. The black line in figure 4.6 shows the
Boltzmann transformation of the calculated moisture profile. Measurement and simulation are in good agreement, indicating that the correct relation for the diffusion coefficient
has been obtained. Furthermore this shows that the effective diffusion coefficient is only
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Fig. 4.6: Moisture content (θ) profiles as a function of λ = x/ t, wherein λ is the Boltzmann
coordinate, x is the distance with respect to water/nylon interface and t is the time.
The data points (¤) are obtained from the Boltzmann transformation of the moisture
content profiles and the solid line represents the simulated profiles.

a function of the moisture content D(θ), so implicit time dependency. For the transport
process this implies the absence of memory effects and thus a local equilibrium in the
system.
The diffusion coefficient as discussed above expresses the effective rate of transport in
a transient situation, while the self-diffusion coefficient Dself [m2 s−1 ] gives information
about the motion of water in absence of a concentration gradient and nett transport.
Assuming that all volume changes are small, the concentration of water in the nylon
c [mol m−3 ] is proportional to the moisture content as measured by the NMR.
θ≈

c · Mw,H2 O
× 100
1000 · ρd

(4.6)

Where Mw,H2 O [g mol−1 ] is the molecular weight of water and ρd [kg m−3 ] is the density
of dry nylon. The relation between the effective diffusion coefficient and the self-diffusion
coefficient can be found in textbooks [108].
θ ³ ∂aw ´
D(θ) ≡ Dself
(4.7)
aw ∂θ T
In principle the self-diffusion coefficient can be interpreted in terms of free-volume models [109, 110], which is beyond the scope of this thesis.
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Using equation 4.7 and the sorption isotherm, the self-diffusion coefficient can be
calculated. This is shown in figure 4.7, pointing out that for θ > 5% the value of the selfdiffusion coefficient starts to deviate significantly from the effective diffusion coefficient.
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Fig. 4.7: The effective diffusion coefficient D and self-diffusion coefficient Dself as a function of
moisture content θ. Both coefficients exhibit a highly non-linear dependency on the
moisture content. The inset shows the storage term (θ∂aw )/(aw ∂θ) as a function of
moisture content. Water storage capacity increases faster above θ = 5% and limits the
effective diffusion coefficient.

This self-diffusion coefficient will be larger than the diffusion coefficient because of
storage effects represented by the term (θ∂aw )/(aw ∂θ) in equation 4.7. The effective
diffusion coefficient that determines the speed of the waterfront in the nylon layer is
limited by the presence of the storage term. In case that θ rises steeply around a certain
value of aw , the tangent (∂θ/∂aw ) is steeper than the line θ/aw , which makes the complete
term (θ∂aw )/(aw ∂θ) smaller than one.
The inset in figure 4.7 shows the storage term as a function of moisture content. The
storage term almost decreases linearly up until a moisture content of 5%. At higher
moisture content, the difference between the effective and the self-diffusion coefficient
is the largest because the water storage capacity increases with moisture content. It is
concluded that the effective diffusion coefficient for water uptake at room temperature
shows a highly non-linear concentration dependency.
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4.4.3 Plasticization
The amorphous phase is the place for storage and transport of water. More insight into
the effect of water on the amorphous phase (plasticization) is obtained by exposing the
nylon film to D2 O. The measurements are conducted using an excess of D2 O because
the hydrogen on the amide group (N-H) is likely to exchange [48]. The resulting signal
will solely consist of hydrogen nuclei on the polymer backbone (-CH2 -) in the amorphous
phase of the film. Figure 4.8 shows the profile of a film equilibrated with D2 O. Thereafter
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Fig. 4.8: Signal intensities as a function of depth in a nylon layer exposed to D2 O and H2 O.
Signal intensities are measured after equilibration. The D2 O results depict that half of
the signal with respect to H2 O originates from the plasticized polymer.

the heavy water is removed and normal water is put on top of the film. A profile of the
equilibrium situation for H2 O is also shown in figure 4.8.
This experiment shows that roughly half of the signal in a saturated film comes from
water, whereas the other half originates from mobilized polymer. Quantitatively, it can be
argued that for every observable monomer of nylon about 5.5 molecules H2 O appear in the
signal of a water uptake experiment. According to the theory of Puffr et al. [31], water in
nylon is bound to specific sites (the amine groups) or exists as clusters. For bound water
they found that three water molecules are bound to two neighboring amide groups [31,
45, 65]. Following the ideas of Puffr et al. and assuming that all detectable water is
associated with all detectable nylon monomers, this would mean that 1.5 molecules of
water are bound by the amide group of a mobile monomer and 4 molecules of water are
organized in a cluster in the neighborhood of this monomer.
The signal intensities of the water and the deuterium signal can be understood by
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calculating the proton density of water in nylon ρw , N [mol m−3 ] with help from figure
4.8. The sample saturated with water contains hydrogen nuclei from the polymer and
hydrogen from the guest water molecules. The intensity from the water saturated sample
can therefore be written as:
IH2 O =

ρw,N + ρN H + ρCH2
,
ρw

(4.8)

where ρN H [mol m−3 ] is the hydrogen density of the amide group and ρCH2 [mol m−3 ] is
the density of hydrogen nuclei on the carbon atoms on the polymer chain. The signal
intensity from the sample saturated with heavy water is:
ID2 O =

ρCH2
.
ρw

(4.9)

Combining equations 4.8 and 4.9 and substituting the ratio of hydrogen nuclei on the
1
ρCH2 , a relation for the hydrogen density of water in nylon
polymer backbone: ρN H = 10
ρw,N is obtained. In this relation the hydrogen density of water in nylon is calculated
with respect to the hydrogen density of liquid water:
ρw,N
= IH2 O − 1.1ID2 O .
ρw

(4.10)

Equation 4.10 shows that the signal intensity from figure 4.8 is an underestimation for the
amount of hydrogen nuclei on the polymer, i.e. the 1 H on the amide group will exchange
with 2 H and this effect should be compensated.
The hydrogen density of water in nylon can be related to the moisture content θ:
θ=

ρw,N 11 Mw,H2 O
× 100.
ρN 2 Mw,nylon6

(4.11)

In this equation is ρN [mol m−3 ] the hydrogen density of dry nylon. The hydrogen density
of dry nylon is approximately equal to the hydrogen density of water ρw . The molecular
weight of a nylon monomer Mw,nylon6 [g/mol] is 113 and the signal intensities IH2 O and
ID2 O are 0.15 and 0.07, respectively. These numbers give a value for θ of 6%. Comparing
this value to the value obtained by gravimetry (i.e. 7.5%), it is concluded that almost all
water is observed in a saturated system.
Similarly, the fraction of the amorphous phase visible in our NMR measurements is
calculated. The expected signal from the total amorphous phase is equal to:
S=

ρa
.
ρw + ρN

(4.12)

Wherein ρa is the proton density of the amorphous phase. The density of the crystalline
and amorphous phase are respectively 1.23 kgl−1 and 1.08 kgl−1 . Compensating for the
degree of crystallinity it can be shown that ρa equals 0.72ρN [59]. Combining the equations
4.11 and 4.12 and setting θ to 7.5%, the signal of the total amorphous phase should be
0.75. The signal intensity of the D2 O saturated nylon 6 in figure 4.8 is much lower: 0.07.
This indicates that water only influences a small part of the amorphous phase: 10%.
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The reason for this small fraction is the heterogenous structure of the amorphous
phase, as described by Litvinov and coworkers [105]. The amorphous phase is composed
of a soft amorphous region and a rigid non-crystalline interfacial region. They stated that
the rigid fraction is not affected by water and has a signal decay much shorter than 100
µs. This rigid fraction is not detected in our measurements. Murthy et al. [47, 48] also
distinguished two types of amorphous domains in highly crystalline nylon: a small fraction
(1/3) inside the lamellae stacks and a larger fraction outside. Absorbed D2 O was mainly
found in the amorphous region outside the lamellae. For understanding the kinetics of
water transport the existence of this heterogeneity is a crucial issue. Apparently the
amorphous phase has preferential zones where water is absorbed or can be transported.
As plasticization in the equilibrated state has been examined and quantified the glass
transition temperature during a dynamic uptake process is discussed now. Figure 4.9
shows the glass transition temperature and average relaxation time as a function of moisture content. The process of plasticization during water uptake can be visualized by
looking at the glass transition temperature. For understanding the NMR signal, the Tg
as a function of moisture content is important. The Tg is measured as a function of moisture content with DMTA at the same relative humidity values as the sorption isotherm
enabling a direct conversion from RH to moisture content. The Tg of the dry nylon is
75 o C and drops to -3 o C for an almost saturated film (θ = 7%). At low moisture content
the Tg decreases with increasing moisture content. Above a moisture content of about 2%
it drops at a lower rate. A similar behavior was also measured by others who measured
a fast decrease of Tg up to a moisture content of 4% followed by a slower decrease going
to 10% of moisture [37].
When the glass transition temperature drops due to the uptake of moisture, the amorphous phase will be mobilized. The glass temperature drops to room temperature at
θ > 3% as can be seen in figure 4.9. The connection between the glass transition temperature and the NMR signal can be made by analyzing hT2 i , which is also plotted in
figure 4.9. The hT2 i as a function of the water content is extracted from the calibration
data set. The relaxation time starts to increase at moisture content of 2.5%. The first
fraction of water (θ ≤ 2.5%) will be strongly bound to the polymer matrix [105] and
therefore exhibits a fast signal decay. As NMR is more sensitive to local mobility changes
the NMR relaxation time increases before the glass transition temperature reaches room
temperature. The increase in relaxation time brings the signal decay in the detectable
range hT2 i > 100 µs.
With the help of the DMTA data (figure 4.9) NMR signal profiles are converted into
Tg profiles. The results are depicted in figure 4.10, providing a unique view on material
properties (e.g. stiffness) of the nylon as moisture penetrates the film. Such data can be
used as input for numerical studies. The noise level of the NMR excludes the first 2% of
moisture from detection during an uptake measurement as concluded earlier. This implies
that data from Tg above 30 o C cannot be trusted, as indicated by the horizontal dashed line
in figure 4.10. At 30 o the Tg approaches the experimental temperature and the polymer
will be mobilized significantly, bringing the hT2 i within the detection limits. Combined
with the NMR data, the DMTA measurements provide a unique spatial distribution of
the Tg during water uptake.
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Fig. 4.9: The glass transition temperature Tg and the average relaxation time hT2 i as a function
of the moisture content θ. An increase in moisture content decreases the Tg and
increases the average relaxation time.

4.5 Conclusion
The water uptake of 200 µm thick nylon 6 films at room temperature was explored using
NMR. The uptake process was measured at room temperature both spatially and time
resolved, providing a unique view at the processes. The relation between the NMR signal
and the moisture content was established by simultaneously measuring the mass and the
NMR signal of films at various relative humidities. On the base of such calibration, the
NMR signal profiles were converted into moisture content profiles. The calibration was
validated by coupling signal intensities to average transverse relaxation times. A highly
non-linear relation between signal and moisture content was observed, which underlines
the need for calibration. This will especially be the case when water ingress is studied at
temperatures below the glass transition temperature of the dry nylon. The most important
effect of the calibration is the distinction between water ingress and plasticization. The
calibration showed that the signal increase in the late state of the process when the film
is nearly saturated, is mainly due to polymer plasticization.
By applying a Matano-Boltzmann analysis a highly non-linear relation between the
water content and the diffusion coefficient was found. The diffusion coefficient exponentially increases as a function of the moisture content. This does not agree with previous
studies that report a linear relation, which underlines the necessity of a proper calibration. Analysis shows that this diffusion coefficient is a combination of two parts; the
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Fig. 4.10: The time dependent evolution of the glass transition temperature in the nylon film
during moisture uptake. The profiles show that the local Tg decreases when moisture
penetrates the film. The time interval between subsequent profiles is 17 minutes. The
horizontal dotted line at 30 o C is the experimental noise level, above which the Tg
values cannot be trusted.

self-diffusion coefficient and a storage term, which is governed by the sorption isotherm.
The self-diffusion coefficient increases more rapidly with the moisture content than the
diffusion coefficient due to the local storage of water.
Heavy water experiments provide a profound insight in the plasticization of the amorphous phase. During uptake, the plasticized polymer gave rise to about half of the NMR
signal intensity, whereas the other half originated from ingressing water. Water seems to
affect only a small fraction (10%) of the amorphous phase due to the heterogeneity of the
amorphous phase. As a consequence the water will diffuse along preferential pathways
through the amorphous phase.
By combining the NMR signal and DMTA measurements, the spatial and temporal
variations in the glass transition temperature during water uptake could be monitored.
Such profiles give information about material properties like stiffness or swelling during
water uptake.
NMR imaging gives spatially resolved information and enables non-destructive measurements. Our study stresses that a calibration of the NMR signal is a prerequisite for
obtaining proper relationships for the diffusion coefficient and self-diffusion coefficient.
Further, Tg profiles can be calculated, which enables a quantitative visualization of the
plasticization process during water uptake.
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5. A comparison of EIS and NMR imaging
5.1 Introduction
In this chapter the water transport in nylon 6 films is measured by two different techniques, electrochemical impedance spectroscopy (EIS) and NMR imaging. EIS has two
major advantages compared to NMR imaging. First, it is a relatively low-tech technique.
Secondly, EIS is able to detect small amounts of moisture at the substrate. Imperfections
in a coating form conducting channels between the electrolyte fluid on top of the film and
the substrate underneath. EIS is therefore very sensitive to pinholes and imperfections in
a coating.
EIS has many applications in the field of coating and corrosion science. The changing
dielectric and conductive properties during water uptake are used to study the protective
properties of a polymeric layer [111, 112].
In EIS, a potential is applied between the metal substrate and a diluted saline solution
on top of the film. From this solution water will start to penetrate the polymer film and
give rise to a changing impedance. The typical frequency in which the impedance is
generally measured ranges from 1 mHz up to 1 MHz [113]. A frequency sweep is done
multiple times to track a process in time.
However, EIS has also disadvantages. The EIS results are not spatially resolved.
The measured impedance is the average effect over the whole film. For a quantitative
interpretation of the water uptake speed there is a need to assume a constant diffusion
coefficient. The diffusion coefficient is calculated by matching timescales of the changes
in film capacitance to a diffusion coefficient [114–116]. As water diffuses into the film, the
dielectric constant of the film increases, which subsequently increases the film capacitance.
The dielectric constant of the saturated film is calculated according to an empirical mixing
rule, using input of the initial dielectric constants of water, polymer, air and their volume
fractions [111, 117–119]. The measured film capacitance is than used to calculate the water
volume fraction. Impedance data is modeled with networks of resistors and capacitances.
The capacitor describes the capacitive function of the polymer and the resistor represents
the conducting water phase in the polymer. To describe data sets, complicated networks of
capacitances and resistors are commonly used, often without a clear physical justification
for each element [116, 120, 121].
The goal of this chapter is twofold. First, we want to explore the complementarity
of the sensitivity of EIS with the spatial resolution of NMR imaging in a study of water
ingress in a polymeric film. Secondly, we aim to understand how EIS spectra are related to
the water distribution in a polymer film during uptake. To this end, the water uptake in a
200 µm nylon 6 film is measured and the recorded impedance is examined and compared
47
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to water distributions previously measured with NMR [122].
First the EIS data is examined and the water uptake process is split in three stages.
As a next step this data is modeled/fitted using electrical equivalent circuits. Using the
water distributions measured with NMR, the EIS impedance data is easily explained. The
block-shaped waterfront leads to a simple model for prediction of the film capacitance.
The predicted film capacitance shows a good agreement with the EIS impedance at a high
frequencies.

5.2 Sample preparation
In this study we use 200 µm thick nylon films made by compression moulding. For more
details about the production process of the films used for NMR imaging, see section 8.2.1.
For EIS measurements, the nylon is hot-pressed on a 2 mm thick aluminum plate.
Before application of the nylon layer, the aluminium plate is sandblasted in order to
create a rougher surface for better adhesion. A spacer of 200 µm is put on the aluminum
plate and its inner space (7 × 7 cm ) is filled with nylon pellets. Subsequently the
aluminium plate with the nylon on top is sandwiched between two steel plates and is
compression moulded at a temperature of 280 o C for 10 minutes.
For the dielectric measurements films obtained by compression moulding are exposed
to specific values of relative humidity (RH). Humid conditions are defined by using saturated aqueous salt solutions. Samples are stored over these salt solutions in a closed
container for a period of a week to fully saturate the sample.

5.3 Methods
5.3.1 EIS
Electrochemical impedance spectroscopy measurements are conducted over the frequency
range from 0.05 Hz up to 1×105 Hz. The measurements are done at open circuit potential
using a voltage amplitude of 5 mV. A PMMA tube with an inner radius of 1.85 cm is
clamped onto the nylon coated aluminium and is subsequently filled with 0.05 M NaCl
solution. An Ag/AgCl reference electrode is used in combination with a platinum mesh
as the counter electrode. The measurement and acquisition system consists of a Solartron
1286/1287 electrochemical impedance analyzer. The complete water uptake process is
measured four times to ensure the reproducibility of the experiment.
5.3.2 Dielectric spectroscopy
The dielectric constants of equilibrated films are determined by using a Novocontrol setup
containing a HP precision LCR meter (type: 4284A) and a standard sample cell (type:
BDS1100). The films are clamped between two gold plated parallel electrodes with a
diameter of 2 cm. A sinusoidal voltage with a root mean square amplitude of 0.1 V is
applied in a frequency range between 20 Hz and 1 MHz. A number of 4 averages is used
to increase the accuracy.
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5.3.3 NMR imaging
For a detailed description of the NMR setup we refer to the literature [77, 122, 123].
Here the most important issues are briefly discussed. A NMR setup in the GARField
arrangement is used to measure the water uptake process [87]. Specially shaped magnet
poles give a magnetic gradient of 43 T/m at a static field of 1.4 T. The Ostroff-Waugh pulse
sequence is used to measure the water uptake profiles, (αxo −τ −[αyo −τ −echo−τ −]n ) [90].
Using a nominal flip angle α of 90o degrees and a 1 µs pulse, only the first echo (n = 1) is
utilized for imaging purposes. The inter echo time 2τ is set to 100 µs and the acquisition
window is 90 µs. These settings result in a theoretical spatial resolution of 6 µm.

5.4 Impedance
5.4.1 Equivalent Electronic Circuits
Impedance measurements are performed by application of an oscillating potential over a
material and by recording the resulting current. The ratio of the potential with respect
to the current is called the impedance and can be decomposed in a magnitude and phase
angle. This section will explain the necessary electric elements to fit or model the data
resulting from an EIS experiment.
If the current is in phase with the applied potential, the material acts as a resistor.
The impedance is equal to the resistance. In case the system behaves as a capacitor, the
current will exhibit a phase lag of 90o . The impedance Z [Ω] of a capacitor is a function
of the capacitance C [F] and the angular frequency ω [rad s−1 ]:
Z=

1
,
jωC

(5.1)

where j is the imaginary number, j 2 = −1. When the capacitance of the film has a pure
dielectric origin, C equals:
²²0 A
C=
,
(5.2)
d
wherein the capacitance is a function of its area A [m2 ], the separation distance of the
plates d [m], the permittivity of free space ²0 [F m−1 ] and the dielectric constant of the
material ². This dielectric constant is a measure for the amount of polarization in the
material and is dependent on water content, temperature and frequency [124, 125].
A non-ideal dielectric material can be considered as a parallel circuit of an ideal capacitor and a resistor [119]. The resistor describes the energy dissipation of the material [126],
which can be due to the switching of dipoles or to the movement of ions (e.g. OH− , H+ ,
Na+ , Cl− ) under influence of the electric field. Movement of charge carriers results in
conduction and conduction is promoted when the material is plasticized and contains
water [116]. The total impedance of a circuit containing a resistor R [Ω] and a capacitor
C in parallel is given by:
1
1
= + jωC.
(5.3)
Z
R
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Many systems do not behave as a perfect capacitor. Several explanations for this phenomena are encountered in literature, such as the presence of a double layer, non-homogeneous
coating composition, the existence of polarizable groups and dipole relaxation [127–130].
To model a non-ideal capacitor a so called constant phase element (CPE) or imperfect
capacitor can be used [131]. A CPE improves the match with the measured data as the
capacitance is made frequency dependent. The impedance of a CPE is [130]:
h ³ π´
³ π ´i
1
1
ZCP E =
(jω)−n = ω −n cos −n
+ j · sin −n
.
(5.4)
Q
Q
2
2

The impedance of a CPE is a function of the amplitude Q [sn Ω−1 ] and fitting factor n
[-], the imaginary number j and the angular frequency ω [rad s−1 ]. For n = 1 the CPE is
equal to a normal capacitor (Q = C) and for n = 0 it is equal to a resistor(Q−1 = R). The
phase angle of this CPE element over the complete frequency range is equal to −nπ/2.
The impedance of a parallel circuit of a resistor and a CPE is given by:
1
1
= + (jω)n Q.
Z
R

(5.5)

5.4.2 Impedance and water uptake
The analysis of electrical elements to evaluate the impedance data was discussed in the
previous section. Hereafter, methods to calculate the diffusion coefficient and the water
volume fraction are discussed.
The diffusion coefficient characterizes the rate of water uptake, which can also be estimated from EIS measurements. The first assumption for estimating the diffusion coefficient is that the process is Fickian [115, 116, 120, 132, 133]. For a Fickian diffusion process,
the diffusion constant is not a function of the concentration. However, for many polymer
solvent systems the diffusion coefficient is a function of concentration [80, 122, 134]. In
many cases it is assumed that the uptake process is Fickian, although no experimental
evidence exist. The second assumption is that a change in capacitance is directly coupled to a change in moisture content. By assuming that all water manifests itself in the
same way, effects like plasticization and water/polymer interactions are neglected. For a
Fickian process the relation between the amount of uptake and the diffusion coefficient
can be found in textbooks [108]. The measured capacitance is set equal to the theoretical
mass uptake curve that is known for a Fickian uptake process. In practice the rate of
change of the capacitance at the start of the experiment is taken to estimate the diffusion
coefficient [120, 135].
In electrochemical impedance studies the water volume fraction is frequently calculated
on the basis of the Brasher-Kingsbury equation [111]. In this equation, the water volume
fraction φ is calculated from the capacitance of the film Cf (t) [F] at any time and the
capacitance at the start of the experiment Cf (0) [F]. Taking the dielectric constant of
water to be equal to 80, the Brasher-Kingsbury equation reads:
³
´
log Cf (t)/Cf (0)
.
(5.6)
φ=
log(80)
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First the result of the EIS water uptake measurements will be discussed and linked to NMR
imaging measurements. Afterwards, the EIS measurements are modeled using equivalent
circuits and the behavior at high frequency is examined.
5.5.1 Stages in water uptake as revealed by EIS
The EIS measurements give information about the water uptake process in the nylon
layer. The acquired magnitude and phase angle of the EIS measurements during water
uptake are shown in figure 5.1. The time between subsequent curves is one hour. Based
on the behavior of the phase angle and impedance magnitude, the process data can be
divided into three stages.
During the first stage I (0 < t < 3 h), the phase angle displays a capacitive behavior
with a phase angle φ approximately equal to -90o over the whole frequency span. The
magnitude |Z| [Ω], as shown in figure 5.1(a), also displays a capacitive behavior at the
start of the process (t = 0 h), as indicated by the slope of -1 in the loglog plot. During
the first three hours the phase angle is independent of frequency, but drops slowly from
-90o to about -80o degrees over the whole frequency span. At the start of the experiment,
the nylon film is exposed to the saline solution and water will start to enter the film. The
largest part of the film consist of dry material, which will result in a capacitive behavior.
Water uptake is visible by a decrease of |Z| since the film capacitance decreases.
In the second stage II (3 < t < 5 h) the phase angle rapidly drops in the low frequency
range f < 10−1 Hz. The most significant drop is exhibited at a frequency of 10 Hz, where
the phase angle drops to about -5 degrees. At three hours, the magnitude curves starts to
deviate from capacitive behavior as the slope changes towards zero at low frequencies. A
slope of zero reveal a conduction mechanism. When water penetrates the film, it enhances
conduction in several ways: by mobilization of the polymer matrix and the presence
of water itself. Already at three hours, the phase angle shows signs of a conducting
mechanism at a frequency of 10 Hz. This indicates that at least traces of water have
reached the aluminium substrate.
During the third stage III (t > 5 h), the transition from resistive to capacitive behavior
shifts towards higher frequencies. The magnitude curves in figure 5.1(a) at a time of 5
hours, show a horizontal line at low frequencies up to 200 Hz and a slope of minus one at
higher frequencies. So, a change from resistive to capacitive behavior is measured at 200
Hz. After 10 hours the phase angle goes towards zero and the magnitude has a plateau at
frequencies lower than 200 Hz. This indicates that conduction is taking place throughout
the whole film, implying that the film has to contain a significant amount of water, even
at the nylon/metal interface. At high frequencies f >1000 Hz charge carriers do not
have the time to move throughout the whole film and capacitive behavior is observed at
these frequencies. The conductivity at low frequencies when introducing moisture is in
agreement with observations of other authors for nylon 4.6 [49].
Another interesting characteristic of the last stage (t > 5 h) is the development of a
minimum in the phase angle at approximately 30 Hz. This phenomenon is often attributed
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to electrochemical processes occurring at the interface, such as the formation of a double
layer [136, 137]. This also indicates that a significant amount of water is present at the
nylon/metal surface.
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Fig. 5.1: The magnitude (a) and phase angle (b) during water uptake of a nylon 6 film as
measured with EIS. Based on these measurements the water uptake process can be
divided into three stages. In the first stage I (0 < t < 3 h) capacitive behavior is
observed. During the second stage II (3 < t < 5 h), resistive behavior is measured at
low frequencies, being an indication for long distance conduction. The third stage III
(t > 5 h )is characterized by an electrochemical process at the metal/nylon interface
and is visible in the measurements as a minimum of the phase angle.

5.5.2 Comparison with NMR water profiles
Three stages in the uptake process were identified in the previous section. In this section, these stages are compared with water distributions measured with NMR imaging.
Therefore, the three stages in the water uptake process are re-examined.
Figure 5.2 shows water distributions as measured with NMR imaging. In a previous
chapter NMR signal intensities were quantified and related to moisture content θ [%] [122].
Moisture content is defined as the percent of weight increase with respect to the dry
situation and is shown on the y-axis of figure 5.2. The horizontal axis shows the distance
in micrometer from the water/nylon interface. The water on top of the film is shown on
the left of the figure. The signal from the liquid water is lower than the signal in the film
because of the relatively long T1 of the water with respect to the repetition time of the
NMR experiment (tr /T1 < 1 ). The glue layer underneath the film is shown on the right
side of figure 5.2. The horizontal dotted line is the noise level of the NMR measurements
and indicates that the first 2% of moisture cannot be detected using NMR. In the figure,
the first NMR profile (17 min) is shown together with the profiles for 3, 5, 10 and 16
hours.
The impedance data showed that the system behaves capacitive during the first three
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Fig. 5.2: Moisture content profiles as obtained from calibration of NMR imaging measurements.
The top of the film at the water/nylon interface corresponds to the left side of the
figure. The chosen repetition time suppresses the water signal on top of the film. A
moisture content below 2% cannot be measured with 1024 averages as indicated by
the noise level, the horizontal dotted line. The first measurement at 0.3 h is shown
together with measurements at times of 3, 5, 10 and 16 hours.

hours. This is explained by the existence of a dry bottom layer, acting as an insulator,
which is supported by the NMR imaging measurements in figure 5.2. This figure shows
that only the top 125 µm contain a significant amount of water after three hours of water
uptake.
The second stage (II) of water uptake takes place from 3 to 5 hours. During this time
span a resistive component is measured with EIS at the low frequencies that is attributed
to conduction. Charge carriers can move from electrode to electrode. From the NMR
imaging measurements it is concluded that the waterfront as defined for θ above the noise
level (θ >2%), has not reached the bottom in this period. The combination of NMR
imaging and EIS here proves that small traces of water are migrating ahead of the main
waterfront as observed by NMR imaging. This illustrates the sensitivity of EIS to small
amounts of moisture, as water is detected at the substrate, before this is measured with
NMR. With NMR there is no moisture at the bottom measured before the end of this
second stage (t = 5 h).
During the final (t > 5 h) stage a minimum in the phase angle is formed, which is
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attributed to water accumulating at the interface. The frequency range in which resistive
behavior is measured is shifting towards higher frequencies, which is attributed to further
plasticization of the nylon. The NMR imaging profiles show that water has reached the
substrate but the amount of water is still increasing at the substrate. The upper part
of the film is almost saturated. This gives rise to increasing plasticization in the whole
film. As the polymer matrix becomes more mobile, charge carriers can move more freely
throughout the film. In the EIS measurements, this is observed by a resistive behavior
that shifts slowly to higher frequencies. Because of the bottom of the layer is filling up with
water, also more water will accumulate at the nylon/metal interface. The accumulation
of water at the interface is also detected with EIS as the formation of a minimum in the
phase angle.
5.5.3 Equivalent Electrical Circuit modeling of EIS data
In section 5.5.2 a phenomenological interpretation of the impedance data is given. Now
we are familiar with the water distributions observed with NMR imaging, equivalent
electrical circuits [112, 116] are used to obtain information by fitting the impedance data.
Fitting gives quantitative information about the resistance and capacitance of the nylon
film as fluid enters the film.
Constant phase elements are used to get a better match with the data, although their
physical origin is still a matter of discussion. Several options for the physical origin of the
CPE and corresponding frequency dependent behavior are encountered in literature, such
as rough electrode surfaces, variation of coating composition, the existence of a double
layer and dissipative processes [127–129, 136]. Considering the film to be a parallel circuit
R-CPE, the n parameter of the CPE controls the phase angle of the capacitive part of
the frequency spectrum. An n value of 0.8 gives, for example, a phase angle of -72o .
A number of dielectric spectroscopy measurements have been performed to investigate
the origin of the CPE in this study. Dielectric measurements have been performed on
nylon films equilibrated with water vapor at a certain RH. In the dielectric measurements
the same effect is observed as in the EIS measurements, the phase angle deviates from
-90o over a large frequency span. The material behaves as an imperfect capacitor as
φ 6= -90o and n 6= 1. According to equation 5.4, n 6= 1 gives a in-phase or dissipative
component. This effect is described by the n parameter in the CPE. Dissipative processes
are characterized by the imaginary part of the dielectric constant or the loss factor [126].
Dielectric spectroscopy measurements showed that the loss factor appears to be dependent
on the amount of moisture in the film. The loss factor increases with increasing moisture
content. More moisture gives rise to plasticization and more mobility. This enables
molecules, dipoles and ions to follow the electric field and thereby absorb energy. A high
loss factor and dissipative processes in polyamides are attributed to motions of methylene
and amide group or even the polymer backbone [138]. This was also found by an other
author [125]. Energy dissipation as a result of moisture and plasticization in the nylon is
the physical origin of the CPE in this study.
The modeling of the three stages during water uptake by electrical circuits will now
be discussed. The water uptake during the first three hours (stage I) is modeled with the
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circuit in figure 5.3. The lower branch in figure 5.3 is the film capacitance Qf,1 [sn Ω−1 ],
which is modeled by a CPE. This CPE is described by its amplitude Qf,1 and parameter
nf,1 . As in many corrosion/coating studies the amplitude (Q in equation 5.4) of the CPE
is considered to characterize the system [117, 131]. The electrolyte is modeled by Re [Ω]
with a value of 0.177 Ω. The resistance Rf is equal to 3.5×106 Ω and constant during
the first three hours. Together with CPE Qx [sn Ω−1 ] with nx [-], the resistance Rf [Ω]
is used to model the minor drop of the phase angle at approximately 200 Hz as seen in
figure 5.1(b).
At the start of the first stage the film is dry. This dry state is analyzed first. For the
dry film n = 1 indicating that the CPE behaves as a perfect capacitor. Using properties
of the dry film as input, the capacitive impedance at the start of the experiment can
be understood by estimation of the capacitance and resistance of the dry film. The
capacitance of a dry film can be approximated by equation 5.1, using a dielectric constant
² of 3 [139]. This gives a capacitance of 1.4×10−10 F, which is close to the value of
our first fit/measurement for the film CPE (Qf,1 in figure 5.4(a)). A dry nylon film has
a resistance of 1×1015 Ω [140]. Considering the film to be a parallel R-C circuit, the
frequency at which the system switches from resistive to capacitive behavior is given by
1/(RC). For the dry nylon film a switching frequency of 1×10−5 Hz is calculated. Since
the measurements start at 0.1 Hz, only capacitive behavior is observed in a dry layer.
During the first three hours (stage I) the EIS measurements show a capacitive behavior
since the phase angle is constant and close to -90o (nf,1 = 1) over the whole frequency
range, figure 5.1(b). The film constant phase element (CPE) Qf,1 increases slightly but
the spectrum is capacitive since the n-values nf,1 are close to one, as can be seen in figure
5.4(b). The overall behavior is capacitive and little attention should be paid to the small
decrease in the phase angle as modeled by the elements Qx and Rf . During the first three
Re

Qx

Rf

I
Qf,1

Fig. 5.3: Equivalent circuit used to model or fit the water uptake process in the nylon film during
the first three hours. The resistance of the electrolyte is Re . The film capacitance of
the nylon film is modeled with a CPE with amplitude Qf,1 and nf,1 . The upper branch
containing Qx ,nx and Rf is introduced to compensate for the small minimum in the
phase angle at 200 Hz. During the first three hours the impedance of the film is
capacitive, which is caused by the dry bottom layer of the film.

hours the impedance is dominated by the capacitive behavior of the film as fitted by Qx
and Qf,1 [sn Ω−1 ]. Although the upper part of the nylon film is water saturated at 3 hours,
conducting properties are not visible in the EIS data. This is due to the dry lower part
of the film which does not contain water as observed by NMR imaging. This lower part
is not plasticized: i.e. it acts as a barrier for conduction [141, 142].
In the second stage (II) the phase angle drops significantly, as shown in figure 5.1(b),
and this is now dominating the spectrum. In this period the elements Qx and Rf had to
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Fig. 5.4: The fit parameters from the equivalent circuits as a function of time. The vertical
dotted lines define the three stages of uptake as discussed earlier. The main focus of
figure (a) should be on Qf,1 and Qf,2 and their continuity as a function of time. The
corresponding n-values to the constant phase elements are plotted in figure (b). The
Qf,2 describes the resistive (nf,2 <0.2) behavior of the film and its value shows that
during the time span from 3 to 5 hours water reaches the bottom. The film capacitance
Qf,1 remains capacitive as nf,1 drops to maximal 0.8 during the water uptake. At the
start of an uptake experiment the film resistance Rf and Qx are needed to describe
subtle effects in the data. Starting at 5 hours a process occurring at the interface is
measured and fitted by Qint . Furthermore, the inset in figure (b) shows the position of
the waterfront normalized by the film thickness. This gives an overview of the water
uptake during the first 5 hours as determined from the NMR profiles (◦).

be removed and a second CPE is introduced Qf,2 [sn Ω−1 ] with factor nf,2 [-], see figure 5.5.
As its n-value is close to zero (nf,2 <0.2), Qf,2 mainly behaves as a resistor. The film CPE
Qf,1 is continued from the first stage and increases significantly, see figure 5.4(a). This
CPE increases due to the increase of the dielectric constant, meaning that a large amount
of water is entering the film. Moisture increases the conductance in the film, leading
to the introduction of Qf,2 to describe the resistive properties of the film. The sharp
Re

Qf,2 ( nf,2<0.2)

II

Qf,1

Fig. 5.5: The equivalent circuit for the second stage (II), from 3 to 5 hours. Just like in figure
5.3, CPE Qf,1 describes the capacitive behavior of the film. Conductive effects are
modeled by Qf,2 with nf,2 ≤0.2. Conductance becomes more pronounced after three
hours as is shown by the increase of Qf,2 in figure 5.4(a).

increase of Qf,1 indicates that water is entering the film, but also that the water uptake is
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not finished at t = 5 h. Furthermore, water reaches the metal substrate considering the
resistive behavior of Qf,2 .
In the last stage (III) of the water uptake (t > 5 h) the model had to be extended
with a CPE to describe interface effects: Qint [sn Ω−1 ] with nint [-] see figure 5.6. Constant
phase elements Qf,1 and Qf,2 are continued from the previous stage. The film capacitance
Qf,1 is about stationary, which indicates that the nylon film is almost saturated. The film
starts to fill up completely and this increases the conductance even further. This increase
in conductance is fitted by the increase of Qf,2 (nf,2 = 0). As nf,2 = 0 for Qf,2 , this
CPE acts as a resistor. The decreasing impedance can be seen as an increase of the CPE
magnitude or decrease of the resistance. Water accumulating at the aluminium/nylon
interface gives rise to the formation of a double layer, leading to a minimum in the phase
angle and a trend to display more phase lag at a frequency of 0.1 Hz. A double layer at
the interface is introduced by Qint and nint .
Re Qf,2 (nf,2=0) Qint
III

Qf,1

Fig. 5.6: The equivalent circuit for the last part (t > 5 h) of the uptake process, stage (III). Just
like in the previous two stages CPE Qf,1 describes the capacitive behavior of the film.
Conductive effects are modeled by Qf,2 with nf,2 =0. The minimum in the phase angle
at 10 Hz is a result of the formation of a double layer at the interface and is described
by Qint .

To verify the quality of the fit a comparison between the equivalent circuits and the
measured data is shown in figure 5.7. The figure shows the phase angle and magnitude
of the impedance as a function of the frequency. The phase angle is used to compare
the fitted models and the data, because it contains more details than the magnitude.
Curves are shown for a time of 2, 4 and 10 hours during uptake. During the second stage
(3 < t < 5 h) the largest discrepancy between the chosen circuits and the data is found
with a chi-squared of 0.008. At a time of 4 hours it can be seen in figure 5.7 that the
main difference is located at frequencies higher than 1×104 Hz, which is not troublesome
because all significant changes take place at lower frequencies. The chosen circuits give a
good representation of the data.
Now we know the exact relation between the EIS spectra and the presence of water in
nylon 6, the film capacitance is used to estimate a diffusion coefficient that describes the
water uptake process. Assuming a Fickian diffusion process, the time needed to reach a
stationary value for the film CPE Qf,1 is used to estimate the diffusion coefficient. For a
Fickian diffusion process, the relation
between the film thickness l [m], time t [s] and the
√
diffusion coefficient D is: l = 4Dt. The CPE Qf,1 takes 5 hours to become stationary.
Using a film thickness of 200 µm and assuming a Fickian diffusion process the estimated
diffusion coefficient is 1.8×10−12 m2 s−1 . This value is in line with diffusion coefficients
on the basis of NMR imaging measurements [122], ranging from 10−14 to 10−12 m2 s−1
showing a distinct non-linearity as established in an earlier chapter. However, as EIS
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Fig. 5.7: A comparison between measured data and results of the equivalent circuit modeling.
Figure (a) shows the magnitude of the impedance and figure (b) the phase angle.
Measured curves are shown for each stage of the uptake process, at respectively 2, 4
and 10 hours. The equivalent circuit data is shown with symbols at 2h (¤), 4 h (◦)
and 10 hours (4). Small differences can be seen at frequencies higher than 1000 Hz
at 4 hours. During the first and last part of the water uptake process the data and
the model are in excellent agreement. The equivalent circuit models, as introduced in
figure 5.3, can be used to represent the data.

is a bulk method, no information about the concentration dependency of the diffusion
coefficient can be obtained.
The modeling of the impedance data revealed several phenomena. During the first
three hours the spectrum remained capacitive, revealing the domination of the dry part
in this time span. At three hours a change towards resistive behavior is detected, revealing that at least small amounts of water have reached the aluminium substrate of the
film. Even though small amounts of water have reached the substrate more water is still
entering the film as is observed by the gradual but significant increase in Qf,1 . Another
phenomena, detected from 5 hours onwards, is the accumulation of water at the interface
and the formation of a double layer. Furthermore, an approximated diffusion coefficient
is calculated, which is in agreement with values found in an earlier study.
5.5.4 High frequency data and the waterfront
The NMR measurements show that the main part of the water migrates through the film
with a reasonable sharp front (see figure 5.2). Assuming a totally sharp front, the capacity
of the film can be modeled by two capacitances in serie. The model is compared with the
EIS measurements at high frequencies to see whether this ingressing waterfront also can
be extracted from EIS measurements.
At high frequencies the EIS measurement also shows capacitive behavior and this is
used for a comparison with the result of the model. The spectrum is considered to be
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capacitive at high frequencies even though the phase angle drops from -90o to -75o during
the water uptake. Loss phenomena, like long distance conduction, do not occur at higher
frequencies and the material exhibits capacitive behavior with a phase angle of -90o . At
high frequencies the motion of charge carriers is suppressed and the impedance of the
film is mainly determined by the dielectric constants of the wet and dry part of the film.
Therefore, the waterfront can be modeled by a series circuit of two capacitances. The
predicted capacitance from this model will be compared with the EIS data at a frequency
of 1 × 105 Hz.
First the total capacitance of the coating is calculated from the EIS data, assuming
the film to be a parallel RC-circuit, where C and R are functions of the frequency ω. The
relation between the impedance and the total capacitance C is given by:
C(ω) = −

Zi
.
|Z|2 ω

(5.7)

In this equation is Zi [Ω] the imaginary part of the impedance and |Z| [Ω] is the magnitude
of the impedance. The total coating capacitance at high frequency C HF [F] is calculated
from the EIS measurements at a frequency of 1×105 Hz using equation 5.7. The resulting
capacitance is plotted as a function of time in figure 5.8(a) up until a time of five hours
when the water has reached the bottom of the nylon film. The capacitance is increasing
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Fig. 5.8: The film capacitance during the first 5 hours as calculated from the EIS data (¤) and
equivalent circuit modeling (◦) at high frequency (a) and the capacitance calculated by
the capacitance model (b). Figure (a) shows that the capacitive part of the film from
equivalent circuit modeling is equal to the capacitive part as directly calculated from
the impedance data at 1×105 Hz. Figure (b) shows the capacitance as calculated from
our model. To calculate Ct , NMR measurements are used as input for the position of
the waterfront in the film during uptake. The dotted lines for Ct show the result of a
10 µm thickness variation. Both the trend during the first 5 hours and the capacitance
values from the model Ct are in good agreement with the measured values C HF and
HF . This means that the position of the waterfront of the bulk
the fitted values Cf,1
amount of water also can be extracted from the EIS data.

when time progresses. This is due to the increasing wet part of the film with a high
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dielectric constant as the waterfront progresses. More water into the nylon film increases
the capacitance, since a higher dielectric constant of the water fraction is involved [117].
For comparison, the capacitive part of the film CPE (Qf,1 ) used in the equivalent
circuit modeling is calculated by combining the equations 5.4 and 5.7. This calculation
HF
is done at 1×105 Hz. The result of this calculation is shown as Cf,1
(◦) in figure 5.8(a).
The datapoints in figure 5.8(a) show a discontinuity at 3 hours. At 3 hours the uptake
process enters the second stage (II) and a switch is made from one equivalent circuit
HF
to another. This results in a discontinuity in Cf,1
. Nevertheless, from figure 5.8 is
HF
is
concluded that the capacitance calculated from the equivalent circuit modeling Cf,1
HF
in good agreement with the values of C . It is concluded that the same information
about water uptake is obtained either by fitting or by direct calculation of the capacitive
properties at a frequency of 1×105 Hz. The capacitive behavior of the nylon film dominates
the impedance at high frequencies.
To model the data at 1×105 Hz, a capacitance model is introduced. This model
considers water ingress as a change in thickness of a dry and a wet layer. The thickness of
the wet layer increases, while the thickness of the dry layer decreases as water ingresses.
The model is shown in the inset of figure 5.8(b), where the capacitors represent the wet
and dry parts of the film. The capacitance of the total film Ct [F] can be related to the
capacitance of the wet Cw [F] part and the dry part Cd [F] as follows:
1
1
1
=
+
.
Ct
Cw Cd

(5.8)

The capacitances Cd and Cw can be substituted by the expression for a parallel plate
capacitor, equation 5.2. This leads to:
1
f
d−f
=
+
.
Ct
²w ²0 A ²d ²0 A

(5.9)

The total thickness of the film is d and the area exposed to saline solution is A. The total
film thickness d is equal to 200 µm. The area A is 10.8×10−4 m2 and the permittivity
of vacuum ²0 is 8.85×10−12 Fm−1 . The dielectric constant of the wet and dry part is ²w
and the dielectric constant of the wet part is ²d . The size of the capacitor representing
the wet layer is given by the position of the waterfront with respect to the top of the film
as given by f [µm]. The size of the dry capacitor decreases proportionally with the front
position and is given by d-f [µm].
To validate the model, Ct is calculated by using the front position as obtained with
NMR imaging and compared with C HF obtained with EIS. The front position f is defined
as the position of the front at 2% moisture content, i.e. the smallest amount of water
detectable by our NMR setup. The position of the front, scaled by the film thickness, is
shown in the inset of figure 5.4(b). The capacitance Ct increases fast during the first hours
whereafter the rate of increase slows down. This is explained by the water distribution,
see figure 5.2. The large concentration gradient at the start of the process when the nylon
is still dry, causes the front to cover 50 µm within the first 17 minutes. After 1 hour the
front speed slows down and the front reaches the bottom of the film just before six hours.
Additionally the dielectric constants of the wet and dry zones are needed in order
to predict Ct . These dielectric constants are based on the high frequency capacitance
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C HF . The value for the dry film is calculated on 0 h and at 5 h the value for the wet
film is calculated. The dielectric constants of the dry ²d and wet ²w zones are 5 and 14,
respectively. In order to verify these values dielectric spectroscopy measurement have been
performed. From the dielectric spectroscopy measurements the real part of the dielectric
constant at 1×105 Hz is taken for comparison. The resulting values are 3 and 9 for the
dry and wet system respectively. The dielectric constants based on C HF and the values
from the dielectric spectroscopy measurements are listed in table 5.1.

dry
wet

dielectric spectroscopy
3
9

C HF
5
14

Table 5.1: Dielectric constants calculated from C HF and values measured with dielectric spectroscopy. The higher dielectric constant of water increases the dielectric constant of
the nylon film when containing water. The deviation is explained by poor contact
between the measuring electrode and the nylon film in the dielectric spectroscopy
measurements.

There is reasonable agreement between the dielectric spectroscopy values and the ones
calculated from C HF . The discrepancy can be attributed to poor contact between the
measuring electrode and the nylon film. The existence of thin air layer lowers the effective
value of the dielectric constant.
Figure 5.8 shows C HF as taken from the EIS measurements and the capacitance Ct
as calculated by the model. A source of error in this model to calculate Ct , are small
variations in the film thickness. Small variations are likely present as the EIS measurements require a rather large area of 10.8×10−4 m2 . A local thickness variation of ten
micrometers results in different capacitive values as the dotted lines in figure 5.8(b) show.
Still, the model is able to predict the trend of the high frequency capacitance C HF , given
its sensitivity for small and local variations of the film thickness.
As the waterfront runs into the film, the thickness of the wet layer of film increases.
The question arises, when the capacitance of the wet part of the film Cw gives a significant
contribution to the total film capacitance Ct . It is concluded from the equivalent circuit
modeling that the behavior is only completely capacitive during the first three hours, see
figure 5.4(b). The influence of the wet part can directly be shown through application of
the front model. To determine the relative importance of the wet part of the film in the
high frequency approach, equation 5.9 is rewritten into:
´
1 ³ Cw
1
=
+1 .
Ct
Cw Cd

(5.10)

In this equation Cw refers to the capacitance of the wet part of the film and Cd to the
dry part of the film. The importance of the dry part is given by the ratio Cw /Cd . If
this ratio is larger than one, the capacitance of the dry part has a larger influence on the
total capacitance Ct than the capacitance of the wet part. The ratio Cw /Cd is plotted as
a function of time in figure 5.9. After 3.5 hours the ratio Cw /Cd is equal to one, which
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Fig. 5.9: The ratio of the capacitance of the wet part Cw and the capacitance of the dry part
Cd . This figure shows that the capacitance of the wet part becomes dominant after 3.5
hours.

marks the transition from dominance of the dry part to dominance of the wet part. This
finding is consistent with earlier conclusions from the equivalent circuit analysis. During
the first stage I (0 < t < 3 h) the behavior was completely capacitive as now is understood
by the domination of the dry part. After three hours the behavior starts to deviate from
capacitive behavior as shown by the film CPE Qf,1 , nf,1 in figure 5.4(b). It is concluded
that the wet part of the film also starts influencing the high frequency part of the EIS
measurements after 3 hours of uptake.
Using the capacitance C HF as the film capacitance the water volume fraction can
be calculated using the Brasher-Kingsbury equation, equation 5.6 [111, 119, 143]. During the first five hours of water uptake the film capacitance approximately doubles as
shown in figure 5.8(a). A value of 80 for the dielectric constant of water gives a water
volume fraction of 0.18. This means that 18% of its volume or 16% of its mass would
be occupied by water. As the maximal absorbed amount of moisture for this material
is equal to 7.5% [122], the number calculated by the Brasher-Kingsbury equation is too
high. The mismatch can be explained through the existence of swelling and interactions
between water and polymer by hydrogen bonding [54]. Water is not residing in the film
as free/liquid water, so its dielectric constant is not equal to 80. For nylon, it is known
that part of absorbed water strongly interacts with the polymer in the form of hydrogen
bonds. Furthermore, the increase in dielectric constant is not solely due to water. The
nylon film will be plasticized by the water, which will also lead to an increase of the di-
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electric constant ² as illustrated by the dielectric temperature/moisture study of Steeman
et al. [49]. Consequently, the moisture fraction in nylon 6 cannot be calculated on the
basis of the Brasher-Kingsbury equation, because of the occurrence of swelling, polymer
water interaction and plasticization.
Finally it is concluded that the main part of the water runs through the film as a
sharp front. The series capacitance model using the position of the waterfront and the
dielectric constants as input is able to predict the capacitive part of the EIS impedance
at a frequency of 1×105 Hz. The capacitive part as calculated directly from the EIS data
is remarkably similar to the capacitive part of the film CPE Qf,1 as fitted in the equivalent circuit modeling. Both give the same information about the waterfront. The series
capacitance model also revealed that the dry part of the film dominates the impedance
behavior up until three hours, which is in agreement with findings from equivalent circuit
modeling.

5.6 Conclusion
The water uptake of 200 µm thick nylon 6 films is studied with electrochemical impedance
spectroscopy (EIS) and NMR imaging.
Based on the EIS measurements the uptake process is divided into three stages. During
the first stage of water uptake the spectrum as measured by EIS is capacitive. When this
first stage ends the NMR measurements show that at the bottom of the film a dry part
still exist. The water has only penetrated the top of the nylon film and a dry layer still
exist, which dominates the impedance behavior and results in the capacitive spectrum.
During the second stage the EIS spectrum becomes resistive. Small amounts of water
reach the substrate and lower the resistivity of the film. Charge carriers are now able
to move from electrode to electrode. The NMR profiles show that the bulk part of
the water is close to the substrate at the end of this stage. The NMR is only able to
measure moisture quantities larger than 2%. EIS has a higher sensitivity showing that
small amounts of moisture precede the front as measured by NMR. The film resistance,
as fitted by equivalent circuits, shows a sharp decrease in the period from three to five
hours, indicating the existence of conduction from electrode to electrode.
Although only the leading edge of the waterfront has reached the substrate at the start
of the third stage the film is not fully saturated. The film becomes gradually more and
more saturated as seen by both NMR imaging and EIS. In the equivalent circuits modeling
this is detected by a stationary film resistance. The EIS spectra show a minimum in the
phase angle, which indicate the presence of electrode processes.
The majority of the water moves into the nylon with a block-like front as observed
in NMR measurements. By means of a simple capacitance model the position of the
waterfront is coupled to the total film capacitance. This model establishes the relation
between de NMR data and the EIS measurements, as the calculated film capacitance
from the model and the capacitance from the EIS measurements show the same trend
and matching values. The position of the waterfront in the nylon film is successfully
coupled to the impedance measured with EIS at a frequency of 1×105 Hz. This means
that the movement of the main amount of water into the film can be measured both by
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EIS and NMR imaging. Furthermore this underlines the validity of simplifying a nylon
film with an ingressing waterfront in two layers with a high and a low dielectric constant.
EIS is able to detect small traces of water which cannot be detected by NMR imaging.
The impedance data combined with the water distributions from an NMR imaging study
are successfully used to further understand the water transport in nylon 6.

6. Plasticization during water uptake
6.1 Introduction
Water is an important plasticizer for the hydrophilic polyamide 6. Plasticization leads
to a loss of mechanical properties [68, 144–146]. The inter-chain hydrogen bonds are
reorganized and partially replaced by interaction with the guest water molecules as water
enters the amorphous phase of nylon [31, 54]. This increases the mobility of the polymer
chains and the glass transition temperature is lowered.
Although the plasticization mechanism is understood, little is known about the timescale
of plasticization with respect to the timescales of water uptake. For example: how long
after the exposure to water is nylon fully plasticized?
Plasticization has been investigated using many different techniques. On a macroscopic
level the swelling of nylon is measured by dilatometry [33, 36, 37]. The glass transition
temperature is measured by DMTA [40, 147]. Plasticization increases the molecular mobility and the polarization mechanism, which changes the dielectric properties [49]. Dielectric
spectroscopy is used to study the dielectric properties as a function of temperature and
moisture content [50, 148, 149]. Although with these techniques it is possible to measure
the plasticization as a function of time, it is not possible to obtain spatial information.
Other techniques probe the effects of plasticization on a local molecular level, but can
only handle equilibrated samples. Positron Annihilation Lifetime Spectroscopy (PALS)
is able to probe the free volume that arises in the rubbery state when plasticized [150].
Another technique to probe the local structure is Small Angle Neutron Scattering (SANS).
SANS is able to probe small distances, such as the increase in distance (≈10 Å) between
two lamellae as the amorphous material is plasticized.
NMR has also been used to investigate the polymer-water interaction. Imaging experiments provide information about the density of the amorphous phase and rate of water
uptake [62, 104]. The plasticizing effect of water has been demonstrated on the bases of
static T2 relaxation experiments using D2 O [102, 105]. These experiments show that the
amorphous phase is heterogenous with respect to plasticization.
However, combining the imaging capabilities of NMR with relaxometry can provide
more information. Information as a function of space and time about the relation between
water ingress and plasticization can be obtained. Practical questions with respect to the
use of nylon can be answered. For example: how long can nylon be exposed to water
in order to keep its stiffness intact? To answer this exemplary and practical question,
information about the relation between water ingress and the subsequent plasticization
of nylon must be gathered. This chapter aims to obtain this information, NMR imaging
experiments will be performed using water and heavy water. Heavy water does not
65
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appear in the NMR signal, but plasticizes the amorphous phase. NMR relaxometry
experiments on a sample subjected to heavy water are done to measure and characterize
the changing polymer mobility as a result of plasticization. Experiments with normal
water are performed to gain knowledge about the ingress of water with respect to the
plasticization process.

6.2 NMR
The necessary steps to measure the water uptake and quantitatively analyse the measured
T2 relaxation curves are explained in this section.
The water uptake process in the thin nylon film is measured with the so-called GARField
approach [87]. Special shaped magnetic pole tips give a gradient in the magnitude of the
magnetic field of 43 T/m. The relaxation decay is measured by the Ostroff-Waugh pulse
sequence (αxo − τ − [αyo − τ − echo − τ −]n ) [90]. In this sequence α is a nominal 90o pulse
and the inter echo time te is equal to 2τ . To cover the relaxation curve a train of n pulses
is given. The effective pulse duration is 1 µs, which excites a slice of 450 µm. The time
in between the pulse sequences is the repetition time tr [s].
The profiles are the result of plotting the intensity of only the first echo as a function
of position. Previously the intensity of this first echo was calibrated in order to relate the
intensity directly to the amount of moisture. The result of this calibration is shown in
figure 4.3. At low moisture content (θ < 5%), the amplitude or intensity of the echo is
an underestimation for the amount of moisture.
The relaxation curve and its decay time T2 is a direct measure for the mobility of the
1
H nuclei. Crystallites and entanglements will severely limit motion and lead to a fast
transverse decay. In contrast, completely loose chains are more mobile and will exhibit
a slower decay, see also section 3.4. The use of the Ostroff-Waugh pulse sequence in
combination with the high gradient modulates the amplitude of the echoes. For both the
modulation and the excitation profile of the coil a correction must be applied to directly
quantitative interpret the T2 values and amplitudes.
The transverse relaxation curve is measured by a train of pulses, which generate spin
echoes. The tops of the echoes give the relaxation curve, see figure 3.3. The sample
consist of several groups/pools of hydrogen nuclei having the same mobility. For a sample
containing N pools of 1 H the intensity of the nth spin echo is given by:
Sn (x) = Pn (x)

N
X
k=1

h
i ³
´
ρk (x) 1 − exp(−tr /T1k (x)) exp −nte /T2k (x) .

(6.1)

The kth pool of the sample is characterized by its density ρk [mol m−3 ] and transverse
T2,k [s] and longitudinal T1,k [s] relaxation time. Experimental settings are the inter
echo time te [s] and repetition time tr [s]. The weighing factor Pn (x) corrects for the
inhomogeneous excitation as a function of the location with respect to the coil and the
modulation of subsequent echoes.
If the repetition time tr is sufficiently long with respect to the longitudinal relaxation time T1 for all hydrogen, the T1 contribution to the signal decay can be neglected.
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Equation 6.1 becomes:
Sn (x) = Pn (x)

N
X
k=1

³
´
ρk (x)exp −nte /T2k (x) .

(6.2)

The weighing components of Pn (x) are obtained by using a 0.02 M CuSO4 solution
as a reference. This solution has the same hydrogen density ρw [mol m−3 ] and transverse
relaxation time T2ref [s] as water. The signal decay of the aqueous CuSO4 reference
solution decays mono-exponential and is described by:
³ nt ´
e
Sn,ref (x) = ρw Pn (x)exp − ref .
(6.3)
T2
In order to obtain the weighing factors Pn (x), first T2ref is determined. These first six
echoes are modulated by the factors: 0.67, 1.0, 1.0, 0.92, 0.92, 0.95 given that α = 90o .
For the subsequent echoes the modulation becomes smaller until the amplitude reaches a
stable value at 0.94 [82]. The first echo is the most affected by the OW-sequence and the
second and third echo have the highest intensity. Consequently, the first six echoes are
excluded from the determination of T2ref .
The decay time of the reference T2ref has to be obtained from the reference solution
of 0.02 M CuSO4 . This reference solution is measured with 1024 averages and with te
= 100 µs. The use of a shorter repetition time tr = 0.3 s is the advantage from the
CuSO4 solution. The transverse decay of the reference solution on a single position is
shown in figure 6.1. The horizontal axis shows the time and the vertical axis the signal
intensity/amplitude of the echoes.
Figure 6.1 shows the measured decay (¤) of the CuSO4 solution and the fitted T2ref .
The amplitude modulation of the first six echoes is clearly visible in the main figure. The
first echo has a low intensity, while the intensity of the second echo is again higher.
Once T2ref is determined, the measured data is divided by the mono-exponential decay
governed by T2ref . This gives the factor ρw Pn (x) for the amplitude of each echo, a
combination of the hydrogen density of liquid water, the excitation profile of the coil and
the amplitude modulation from the OW-sequence.
The signal decay from the sample Sn (x) is now corrected using Pn (x) and quantified
using ρw . The corrected signal decay is described by In (x) as:
In (x) ≡

Sn (x)
Sn,ref (x) · exp(nte /T2ref )

.

(6.4)

Substitution of equation 6.2 gives the corrected multi-exponential decay. An advantage
of using the reference is the determination of ρw , which enables scaling of the amplitudes
ρk in equation 6.2 with respect to liquid water.
In (x) =
=

N
X
ρk (x)
k=1
N
X
k=1

ρw

exp(−nte /T2k (x))

Ak exp(−nte /T2k (x))

(6.5)
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Fig. 6.1: Relaxation curve of a 0.02 M CuSO4 solution. This curve is measured with te = 100 µs
and 1024 averages. The inset shows the complete curve while the main figure shows
only the first 17 echoes (¤). The solid line shows the fitted T2ref , which is fitted
excluding the first 6 echoes and is used to determine weighing factors Pn (x).

In this equation, each pool of 1 H has its own relaxation time T2 . The amplitudes Ak
give the relative density of hydrogen nuclei with respect to the hydrogen density in liquid
water for each separate pool.

6.3 Results
6.3.1 Plasticization profiles
How fast is the local plasticization with respect to the amount of water locally? To answer
this question, we measure the uptake process of both H2 O and D2 O in a nylon film. In
this study we use 200 µm thick nylon films made by compression moulding, see section
8.2.1 for more information about the samples.
Assuming that the effect of D2 O on the polymer matrix is the same as the effect
of H2 O, the D2 O uptake experiment shows the plasticization speed as only plasticized
polymer appears in the signal. These plasticization profiles are compared to water uptake
profiles in terms of uptake speeds.
Nylon films are exposed to D2 O and H2 O. During exposure profiles are recorded with
the OW pulse sequence with te = 100µs and 1024 averages. This gives a theoretical spatial
resolution of 6 µm and a temporal resolution of 17 minutes.
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First we discuss the results of the D2 O uptake measurements. The resulting signal
profiles of the nylon film are shown in figure 6.2. The D2 O/nylon interface is on the left
side of the figure. The silicon glue underneath the nylon film is shown on the right side
of the film. The vertical axis shows the hydrogen density of the mobile hydrogen with
respect to water. The signal originates from the hydrogen nuclei on the -CH2 - groups
on the polymer backbone, as the hydrogen on the amide group N-H is most likely to
exchange [48]. The dry profile is shown as t = 0 h. During the uptake profiles are shown
at t = 1.3, 4.2, 7,4 12.9 and 17.3 h.
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Fig. 6.2: Signal profiles measured during uptake of D2 O into a nylon film. The profiles are
measured with te = 100 µs and 1024 averages for a single profile. The bottom of the
film is shown on the right side of the figure. The vertical axis shows the fraction of
mobile hydrogen (T2 > 100 µs) with respect to liquid water. The horizontal axis shows
the position. After 7.4 hours the plasticizing front reaches the bottom and the film is
saturated after 17.3 hours. These timescales indicate that the plasticizing front goes
slower into the film than water does.

While the plasticizing front moves into the film the degree of plasticization also increases. This increase is best visible at a distance of 25 µm with respect to the water/nylon
interface, where the signal level increases during the uptake process. The plasticization
increases as the amount of D2 O increases. This could either mean that the same amorphous fraction is further plasticized or that new amorphous material is plasticized. For
plasticization of nylon 6.6 fibers, Smith et al. showed that not all amorphous material is
plasticized simultaneously and this effect is attributed to the heterogeneities in the amorphous phase [102]. The plasticizing front reaches the bottom after 7.4 hours of uptake
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and the film is homogeneously plasticized after 17.3 hours.
Water uptake profiles are shown in figure 6.3. The vertical axis shows the moisture
content θ [%] as a function of the distance with respect to the water/nylon interface. As
shown in figure 6.3 it takes water about 5 hours to reach the bottom and another 6 hours
to fill up the entire film. The moisture content profiles show that the bottom of the film
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Fig. 6.3: Moisture content profiles during water uptake in nylon films. Moisture reaches the
bottom of the film at 6 hours and to saturate the complete film takes another 7 hours.
A comparison of timescales with the D2 O plasticizing profiles in figure 6.2 shows that
the waterfront moves faster through the film.

near the glue, is more than half saturated with moisture at 7.4 hours. At 12.9 hours the
film is saturated with H2 O. Timescales for the D2 O uptake process are different. The D2 O
plasticizing profiles just reach the bottom at 7.4 hours and the film starts to plasticized
at the bottom. The film is halfway plasticized by moisture at 12.9 hours. From these
observations it can already be concluded that the waterfront moves through the film at a
higher rate than the plasticization front.
To quantify the uptake speed of the plasticizing profiles, Boltzmann transformation
method is applied on the profiles shown in figure 6.2 and figure 6.3 [107]. The Boltzmann method requires an infinite geometry and a constant boundary condition at the
water/nylon interface. To fulfill these requirements, plasticizing profiles between 4.2 and
7.4 h are selected to perform the transformation. Moisture content profiles between 1 h
and 6 h are used for the Boltzmann transformation. The result of the Boltzmann trans-
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Boltzmann transformation of water content profiles of a H2 O uptake study (¤). For ease
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Fig. 6.4: Comparison of the signal profiles for a water (H2 O) and a heavy water (D2 O) uptake.
For ease of comparison both the vertical axis are scaled to their maximal values for θ
and signal. The H2 O (¤) and D2 O (°) measurements correspond
√ to the right and left
axis. The horizontal axis is the Boltzmann coordinate λ ≡ x/ t. As this coordinate
is proportional to a diffusion coefficient the figure shows clearly that the waterfront
ingresses faster than the plasticizing front does.

from mobile polymer (°) is just bigger than the noise level, meaning that plasticization
is started. At the same λ for H2 O, the film already contains a moisture content of 5%.
The film already contains a significant amount of water before plasticization starts. A
similar conclusion is obtained by Smith et al. who found that the first 3% of water only
causes local plasticization in nylon 6.6 fibers [102]. From figure 6.4 it is concluded that
the H2 O front moves faster into the nylon film than the plasticizing front as obtained from
the D2 O experiment.
6.3.2 Relaxation analysis on equilibrated samples
It is known that the amorphous phase is inhomogeneous and only a small part is affected
by water [102, 105, 122]. The aim of this section is to investigate how the heterogeneous
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structure of the amorphous phase manifest itself in the plasticization behavior. For this
purpose we use heavy water and NMR relaxometry. Heavy water does not appear in the
NMR signal, but we assume that it plasticizes the amorphous phase of the nylon in the
same way as water does. To complete the analysis, films are also saturated with H2 O.
Together with the results from the D2 O experiment this aims to get a full understanding
of the 1 H signal in equilibrated samples.
As a starting point, the sample is saturated with D2 O. This simplifies the relaxation
spectrum by eliminating the hydrogen nuclei of water. The relaxation curve of a dry film
is compared to the relaxation curve of a film saturated with D2 O. To be able to investigate
rigid parts of the polymer matrix, the echo time is set to 50 µs. The signal decay from a
rigid part is fast and by shortening the echo time from 100 µs to 50 µs a larger part of the
nylon is probed. Curves measured with 1024 averages are analyzed at a single point of
the nylon film. Figure 6.5 shows the signal decay on a single position of a dry nylon film
(◦) and the same film saturated with D2 O (¤). The solid line represents a bi-exponential
fit of the decay of the D2 O saturated nylon film.
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Fig. 6.5: T2 relaxation curve from the middle of a dry (◦) film and a film saturated with D2 O (¤).
These curves are measured with an inter echo time of 50 µs and 1024 averages. The dry
film shows a fast relaxation, whereas the film saturated with D2 O shows components
that exhibit a slower relaxation. The curve from the D2 O saturated film also contains
two components.

The difference in intensity of the first echo in figure 6.5 shows again the plasticizing
effect of D2 O. A second observation is the difference in the decay of the curve. The signal
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of a dry film decays quickly (T2 = 50 µs) and gives an almost mono-exponential decay.
The decay from the saturated D2 O film shows a slower decay and more than a single
time constant can be distinguished within the decay. The slower decay is the result of
the increased ability of the polymer chains to move. The mobility of the polymer chains
is increased, because D2 O has replaced the inter-chain hydrogen bonds.
The multi-component signal decay of the D2 O saturated film indicates that there
are different pools of 1 H nuclei with their own mobility within the amorphous phase in
the nylon. The analysis of figure 6.5 shows that the transverse relaxation curve can
be described with a bi-exponential decay (see equation 6.5, for N = 2). This suggest
that there are at least two distinct groups of hydrogen on the polymer in case that the
amorphous phase is saturated with water. Two groups of polymer chains appear in
the signal and highlight the heterogeneity of the amorphous phase. The two groups of
S
L
hydrogen are characterized by a short timescale T2,P
[ms] and a long timescale T2,P
[ms]
S
L
and their corresponding amplitudes AP [-] and AP [-]. In other words, a group of slow
S
L
) and a more mobile group of hydrogen nuclei (T2,P
). The
moving hydrogen nuclei (T2,P
L
S
L
decay constants are T2,P = 0.6 ms and T2,P =0.07 ms with amplitudes of AP = 0.06 and
ASP = 0.23 respectively.
This enables us to distinguish at least four groups of polymer chains in saturated
nylon, see figure 6.6. About 25% of the polymer is in crystalline domains. The fractions
of the amorphous phase are revealed by the amplitudes of the bi-exponential function:
6% of the nylon is a soft amorphous state due to D2 O and a more rigid fraction of the
amorphous phase equals 23%. The largest part of the amorphous phase (46% of the total

crystalline

amorphous

{

{

25 %
23 %

little plasticized

6%

plasticized

46 %

non-plasticized

Fig. 6.6: Phase composition of a nylon film. The crystallinity of 25% and the visible fractions of
the amorphous phase (29%) make up for 54% of the phase composition. A large part
(46%) of the amorphous phase is not affected by H2 O. Most likely this phase is too
rigid to play a role in the water uptake process or water transport.

nylon) is not involved in water uptake or transport, because this phase remains rigid.
This leads to the conclusion that only 6% of nylon is significantly affected by water and
therefore forms pathways for water transport.
Next, the nylon film is exposed to normal water (H2 O) to introduce the hydrogen
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from the guest water molecules into the signal. All types of hydrogen are present and the
relaxation analysis on saturated samples is complete.
The nylon sample is saturated with water and the transverse relaxation decay is measured. The measurement is conducted using te =50 µs and 1024 averages. The signal
decay at a single point at a distance of 100 µm from the water/nylon interface is examined. The signal decay for the sample equilibrated with water is shown in figure 6.7(a).
The open symbols (¦) in figure 6.7(a) gives the measured data for the H2 O saturated
sample and the solid lines display the fits. The signal decay from the H2 O saturated
sample is fitted with a tri-exponential function. Figure 6.7(a) also shows the decay of the
D2 O-experiment (¤) and the dry sample (◦).
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Fig. 6.7: Figure (a) shows transverse relaxation decay of a dry film (◦), a film saturated with
D2 O (¤) and a film saturated with H2 O (¦). The H2 O relaxation curve shows a slower
decay, indicating a pool of very mobile 1 H is present. The fit of the H2 O decay shows
at least three components in this curve. In figure (b) the H2 O and D2 O curves are
subtracted (H2 O - D2 O) giving a mono-exponential decay.

Figure 6.7(a) shows that the signal of a H2 O saturated film decays much slower than
the curve for a D2 O saturated sample and a dry sample. This long relaxation time
can only be attributed to very mobile 1 H nuclei in a H2 O saturated nylon film. The
water 1 H nuclei have a larger mobility than the polymer chains, as also concluded by
Litvinov et al. [105]. Note that in a D2 O experiment only hydrogen nuclei on the polymer
backbone are measured, whereas in the H2 O-experiment hydrogen nuclei on the polymer
backbone and hydrogen nuclei from the water in the nylon are observed. Simple reasoning
says that the difference between the D2 O signal and the H2 O signal should give the
signal of the hydrogen nuclei from water. The result of this substraction is shown in
figure 6.7(b) as IH2 O -ID2 O . The resulting curve of the substraction decays nicely monoexponentially. A mono-exponential decay is expected for liquid water in the nylon, because
of its homogeneous surroundings. The estimated decay time of IH2 O -ID2 O is 1.75 ms. From
figure 6.7 it is concluded that the hydrogen nuclei affiliated with water are more mobile
than the polymer, therefore they give rise to an extra component in the relaxation curve.
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6.3.3 Relaxation analysis during uptake
The aim of this section is to determine how the different fractions in the amorphous phase
are mobilized with respect to the total amount of water present during a water uptake
process. How fast is plasticization with respect to water uptake? In this section the
transverse relaxation curves are monitored as a function of time to examine the plasticizing
effect of ingressing water. First, a nylon film is exposed to D2 O to identify the signal
contribution of the polymer. Second, the film is exposed to H2 O and compared to the
D2 O experiment.
The nylon film is exposed to D2 O and the uptake process is measured with an inter
echo time of 50 µs and 1024 averages. The temporal resolution of this measurement is 17
minutes. During the D2 O uptake, the decays are extracted from a single point, at 100 µm
from the liquid/nylon interface. Initially, the nylon film is dry and its signal decays
mono-exponentially, as seen in figure 6.5. From previous experiments (see figure 6.5) it is
known that two groups of hydrogen nuclei contribute to the signal, when saturated with
D2 O. This means that a double-exponential signal decay is expected in the saturated
state. The decays are fitted with a bi-exponential function. Results of this analysis are
shown in figure 6.8. Figure 6.8(b) shows the time constants and figure 6.8(a) shows the
amplitudes as a function of time during the uptake experiment. During the first two hours
the front has not yet covered 100 µm, the nylon film is still dry and its signal decay can
be fitted with a mono-exponential decay. Note that the amplitude of the long component
is negligible (ALP ≈ 0). After 2 hours the D2 O front reaches the point of interest and the
signal decay is no longer a mono-exponential decay. The vertical line at t = 14 h marks
the moment the matrix is completely plasticized. Previously, we found that at around
4.2 h the D2 O-front passes the middle of the film, figure 6.2. At 4.2 h the polymer is
plasticized by the D2 O. This is also observed in figure 6.8 where plasticization is visible
as an increase of the soft amorphous fraction ALP .
During the first 2 hours the amorphous phase is rigid at the point of interest, not
significantly affected by D2 O. The mobility of this rigid phase increases slightly at t = 2 h
as its relaxation time increases from 50 µs to 60 µs. The relaxation is dominated by the
S
rigid component of the amorphous phase characterized by T2,P
and ASP . The amount of
rigid phase is significant affected by D2 O at t = 4 h as shown by the increase of ALP and
decrease of the amount of rigid material ASP . Part of the rigid amorphous material is
plasticized and converted to soft amorphous material.
Plasticization and the growth of the soft amorphous ALP fraction starts at t = 4 hours
L
and from that moment on T2,P
, and thus the mobility of the soft plasticized fraction,
does not vary much. This means that although the fraction of mobile chains gradually
increases, the dynamics of the mobile chains does not vary much.
Our findings resemble the model of Litvinov et al. [105] for heterogeneity of the nylon
matrix at elevated temperatures of at least 140 o C. In this model the crystalline and
soft amorphous phase are separated by a so called semi-rigid phase in plasticized nylon 6
fibers. Upon the introduction of D2 O or by raising the temperature the fraction of soft
material increases at the expense of rigid material.
The nylon film is now exposed to H2 O to introduce the hydrogen nuclei from the guest
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Fig. 6.8: The amplitudes (a) and time constants (b) of bi-exponential fits of signal decays measured during the uptake of D2 O in a nylon film. The inter echo time is set to 50 µs
and 1024 averages are used. These relaxation curves are extracted at a single point
S
in the film at 100 µm from the D2 O/nylon interface. The shortest time constant T2,P
L shows a
increases slightly and its amplitude ASP decreases. The long component T2,P
L
significant rise and an increasing amplitude AP . The short and long component are
coupled to a semi-rigid and soft amorphous fraction. The figure shows that the D2 O
plasticizes the semi-rigid material into a soft amorphous phase.

water molecules into the signal. Previously we used D2 O to measure solely the effect on
the polymer from exposure to water. Assuming that the D2 O behaves similar to H2 O
both experiments are compared to see water uptake and plasticization combined in a
single experiment.
A nylon film is exposed to H2 O and the uptake process is measured. Similar to the
D2 O experiment, the measurement is done with te = 50 µs and using 1024 averages.
Relaxation curves are analyzed at a distance of 100 µm from the liquid/nylon interface
(the middle of the film). Since the waterfront reaches the point of interest at t = 2 h, the
fit results do not show any change up to 2 h. Up to a time of 2 hours the decay is fitted
with a mono-exponential function, because only the dry nylon is present. For t > 2 h
the transverse decays are examined with a tri-exponential decay as is needed to describe
the equilibrated film. To accurately determine the amplitude of the third component, the
outcomes of the D2 O-experiment are used as input. The amplitude of the component with
the intermediate mobility is fed with the amplitude ALP as found in the D2 O experiment.
From 2 h to 14 h the amplitude is assumed to increase linearly from 0 up to a value of
0.07, see figure 6.8(a).
The fit parameters for the relaxation curves during the water uptake are shown in
figure 6.9. Figure 6.9(a) shows the amplitude as a function of time and figure 6.9(b)
shows the relaxation times. Up to a time of t = 2 h the amplitude ALP is zero. At t = 4 h
significant plasticization starts (see figure 6.8(a)) and the amplitude ALP as found in the
D2 O-experiment is used as input for the fitting routine.
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Fig. 6.9: Amplitude and time constants of relaxation curves during the H2 O uptake process.
Curves measured with an inter echo time of 50 µs are evaluated on a single point in the
middle of the film, i.e. 100 µm from the water/nylon interface. From 2 hours onwards
the decays are described by a function containing three exponents each representing a
specific 1 H pool. Figure (a) shows the size of each pool and figure (b) the corresponding
relaxation time. The amplitude AL
P is taken from the D2 O uptake experiment. Two
short components appear in the spectrum and one more mobile component (T2,W ) with
a relaxation time of 1.8 ms and an amplitude (AW ) of 0.08. This is most likely the
water present in the polymer.

The shortest time constant and most immobile fraction of hydrogen nuclei is described
S
with T2,P
. As the initial conditions are the same as for the experiment using D2 O it is
expected to be in agreement with the shortest component found in the D2 O experiment,
S
approximately 50 µs. Figure 6.9(b) shows a most immobile component T2,P
with a corresponding time of 45 µs. This short relaxation time constant is present throughout the
whole process while its amplitude ASP decreases gradually during the first 14 hours of the
process. To describe the most mobile pool of 1 H the parameters T2,W and AW are used.
When introducing H2 O the decay contains a long relaxation time which is not observed
in the D2 O spectrum, as visible in figure 6.7(a). When the sample is fully saturated the
relaxation time T2,W is 1.8 ms. This slow relaxation is fitted by T2,W and AW , see figure 6.9
and most likely originates from the water-hydrogen nuclei inside the nylon. The amplitude
of AW increases before the amplitude of ALP does. The corresponding amplitude of water
AW increases during the first 10 hour to a value of 0.08. The more mobile component
AW enters the spectrum first, which is in agreement with our earlier conclusion that the
nylon first contains water and subsequently is plasticized.
To confirm the identification of relaxation components, the fit results for water and
heavy water are compared. Figures 6.8 and 6.9 are combined into figure 6.10. The legend
of this figure indicates whether the data came from a H2 O measurement. The intermediate
component from the water fit is taken from the D2 O experiment, so the trend of ALP is
taken from the D2 O experiment in figure 6.8(a). To highlight the H2 O results, these
results are shown as solid symbols.
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Fig. 6.10: Comparison of the results of D2 O and H2 O uptake experiments shown earlier in figure
6.9 and figure 6.7. As this figure shows an excellent agreement between the D2 O and
H2 O experiment it is concluded that the two shortest time constants can be attributed
to signal coming from hydrogen nuclei on the polymer backbone. The 1 H pool with
a time constant of 1.8 ms originates from water. Furthermore, the amplitude of the
water component AW increases before the polymer components do. This supports
our earlier conclusion that plasticization lags the water when entering the polymer.

Several observation are made in figure 6.10. The shortest components from the H2 O
S
and D2 O data are matching. The time constants T2,P
show an exact match and it is
concluded that they originate from hydrogen on the polymer backbone. This match is
also found in the amplitudes ASP and shows a decrease during the first 10 hours. The rigid
polymer is affected by the ingressing water and its mobility increases. This is supported
L
by the increase of ALP , a more mobile polymer component as proven by the match of T2,P
.
This means that both polymer components are identified in de relaxation data of the H2 O
and in the D2 O experiment. The third and remaining component T2,W can thus only be
attributed to water inside the nylon film. The long components T2,W is not present in
the D2 O relaxation spectrum and therefore describes the amount of water in the nylon
film. In the saturated state, after 14 hours, its amplitude is 0.08. This amplitude means
that the hydrogen density with respect to the liquid water of the reference solution is
0.08. Assuming small volume changes as a result of water uptake, equation 4.11 is used to
convert the amplitude AW into moisture contents. In this equation is the concentration
of water in the nylon c calculated as:
1
c = AW ρw ,
2

(6.6)

where ρw [mol m−3 ] is the hydrogen density of liquid water. The factor 1/2 is due to the
fact that the equation is expressed as a function of the number of hydrogen nuclei, instead
of the number of water molecules. Using an amplitude of 0.08, this calculation gives a
moisture content of 0.07. This value is a good match to the maximal amount of water in
the film 7.5%. The obtained relaxation time of the water component T2,W is 1.8 ms when
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the film is saturated, see figure 6.10(a). By simply subtracting the decays from H2 O and
D2 O (see figure 6.7(b)) a decay time of 1.75 ms was found. This match confirms that this
component is indeed due water.
Comparing the amplitudes in figure 6.10(b) strengthes our conclusion with respect to
the sequence in the uptake process. It is concluded that water first enters between the
polymer chains and that the polymer is mobilized approximately 2 hours later. This is in
line with earlier observations from the Boltzmann analysis on the profiles, where it was
also concluded that water runs through the film in front of plasticization.
6.3.4 Quantitative imaging based on T2 relaxation data
The goal of this section is to determine whether it is possible to image quantitatively
the water uptake process without using a calibration procedure. Previously the signal
intensity of the first echo was calibrated for this purpose, but with knowledge of the
relaxation curves it might be possible to extract the amount of water from the relaxation
curves. This methods would enable direct quantitative imaging without calibrating the
signal.
In the previous section the water component is identified in the signal decays measured
with te = 50 µs. In figure 6.9 water is indicated by T2,W and its amplitude AW . When
correctly identified the amplitude AW represents the local amount of water, AW is equal
to θ. To verify whether AW is the moisture content, AW is compared to the moisture
content on the bases of the signal calibration. The signal calibration gives the relation
between the intensity of the first echo of te = 100 µs measurements and the local moisture
content and has been used to obtain the moisture content profiles shown in figure 6.3.
To compare the amplitude AW (te = 50 µs) to the outcome of the signal calibration
(te = 100 µs) a measurement is done with alternating inter echo times. This measurement
is done using alternating 50 and 100 µs for the inter echo time and 1024 averages. The
relaxation curve for the te = 50 µs measurement is fitted and the amplitude AW is extracted and used to calculate the moisture content θ. From the te = 100 µs measurements
the first echo is extracted at the same position and subsequently converted to moisture
content θ by calibration. For this conversion the aforementioned signal calibration is used.
The resulting amplitude and moisture content values are shown as a function of time
in figure 6.11. The solid line shows the calibrated signal of the first echo based on te =
100 µs. The second data set in this figure is the moisture content from the amplitude
(¤) of the te = 50 µs relaxation curve. Figure 6.11 shows an excellent match between
the amplitude AW and the calibrated signal θ. This proves that the water component is
correctly identified from the relaxation curve with inter echo time te = 50 µs and that its
amplitude can be used to quantify the local water fraction.
Is it also possible to quantify the amount of water from a relaxation curve measured
with te = 100 µs? Previously it was concluded that the amount of water θ can directly
be extracted from relaxation curves measured with te = 50 µs. However, standard water
uptake experiments are conducted at te = 100 µs, because of the higher spatial resolution
of 6 µm of this inter echo time. If the same amplitude for the water component is
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Fig. 6.11: The rise of the moisture content in the middle of the film during water uptake. The
horizontal axis shows the time during water uptake. The left vertical axis shows
the moisture content θ. In order to find θ, the signal intensities of the first echo
are quantified using the signal calibration. Also shown is the amount of moisture
taken from the amplitude (AW ) of the longest component found in a relaxation curve
measured with an inter echo time of te = 50 µs. The adequate agreement shows that
the moisture content can be calculated from the amplitude of the water component
of the relaxation curve.

encountered in the te = 100 µs relaxation as in the te = 50 µs relaxation curve, it is
possible to directly quantify NMR imaging signal intensity profiles without the need for
a calibration.
As a first step the relaxation curves measured with te = 50 µs and te = 100 µs from
saturated samples are compared to see whether the amount of water can also be extracted
from te = 100 µs decay curves. For this purpose the amplitudes of the water component in
the signal should match. Relaxation curves at a distance of 100 µm from the interface are
compared in figure 6.12. The open circles (◦) show the data points for an inter echo time
of te = 100 µs and the diamond (¦) the data points from te = 50 µs data. To compare
the curves directly, the intensity of the te = 100 µs curve is corrected for the smaller slice
thickness.
Apart from the first point of the te = 50 µs data (H2 O, te = 50 µs) in figure 6.12,
the relaxation curves are the same. To extract the water fraction, the curve for 100 µs is
S
fitted. At te = 100 µs it is not possible to probe the shortest component T2,P
measured
earlier, a bi-exponential decay function is used. Zooming in on the longest component of
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Fig. 6.12: Transverse relaxation curves of a water saturated film for inter echo times of 50 µs
and 100 µs. The similarity in the curves shows that the longer inter echo time of
100 µs mainly suppresses the amplitudes of the fast relaxing components originating
from the polymer in the system. The amplitude of the most mobile component is
hardly affected and can be used to quantify the amount of water.

te = 100 µs which is previously identified as water, an amplitude of 0.08 is found. The
same value is found earlier for the inter echo time of 50 µs (as shown in figure 6.9). So
the 100 µs value can directly be used for quantification of the water fraction.
The second step is to fully examine the range of saturation degrees. If quantification
is possible for the full range of saturation values, then it is possible to quantify the NMR
signal without calibration. To verify this, water profiles are calculated on the basis of
amplitudes of relaxation decays and compared with profiles obtained by calibrating the
first echo.
The previously described measurement with alternating inter echo times is used in this
analysis. The inter echo times were alternated between te = 100 µs and te = 50 µs. Water
contents profiles are calculated from the water component of the relaxation curve AW and
by signal calibration from the intensity of the first echo of the te = 100 µs measurement.
A typical example is shown in figure 6.13. The solid line shows the calibrated profile
from the intensity of the first echo of te = 100 µs data. The moisture content from
relaxation data of te = 100 µs is shown by (◦). For relaxation data of te = 50 µs, the
moisture content is shown by (¤).
Near the water/nylon interface (x = 0 µm) the film is saturated. The bottom is
still dry, so this water distribution contains all possible saturation values and is therefore
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suitable to test if quantitative imaging based on relaxation data is possible.
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Fig. 6.13: Moisture content distributions obtained from relaxation data and obtained by calibration of the first echo. The moisture content from calibrating the first echo is
shown by the solid line (-). The moisture content obtained from relaxation data with
te = 100 µs is shown by (◦) and relaxation data with te = 50 µs is shown by (¤). The
left vertical axis shows the moisture content θ. At higher moisture contents (θ > 5%)
the correct amount can be extracted from the relaxation curves. At lower moisture
contents the NMR relaxation data signal leads to an underestimation of the amount
of moisture.

The fit of te = 100 µs (◦) and te = 50 µs (¤) is in excellent agreement with the
calibrated moisture content profile (-) above a moisture content of 5%. At lower moisture
content, an analysis based on relaxation data underestimates the moisture content. The
signal calibration revealed the same issue, that at low signal intensity the signal is an
underestimation for the amount of moisture. This is most likely caused by a fast signal
decay due to polymer/water interactions.
Can a T2 filter be applied to remove the polymer signal and directly measure the
water uptake quantitatively? A T2 filter is often applied to select the part of the signal
corresponding to the penetrated fluid [62, 80, 134, 151]. Only the water fraction, which
has a longer relaxation time, remains in the signal by increasing the inter echo time.
From figure 6.9(b) it can be concluded that the inter echo time must be set to 400 µs in
order to remove the majority of the polymer signal. Taking a worst case scenario, a not
fully saturated sample is evaluated. Taking the decay time and amplitude from the water
fraction in a not fully saturated sample (0.6 ms and 0.07) as shown in figure 6.9 the effect
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of an inter echo time of 400 µs is calculated using a mono-exponential decay, equation
6.5. The calculation reveals that the 400 µs inter echo time, decreases the amplitude of
the water signal to 0.038 and therefore only 50% of the water fraction will be measured.
This is due to the small mobility difference between water and polymer at low moisture
contents and is most likely caused by water/polymer interactions. A T2 filter leads to an
underestimation of the water fraction at low moisture contents θ ≈ 5%.

6.4 Conclusion
The relation between water ingress and plasticization of nylon 6 films is examined by
NMR relaxometry. Using D2 O, only hydrogen attached to the polymer backbone are
measured and plasticization is studied. The outcome of this D2 O experiment is used to
fully understand how fast and which fraction of the amorphous phase is plasticized.
Based on NMR profiles it is concluded that the waterfront moves through the nylon
matrix ahead of the plasticization front. A significant amount of water has to be present
to break the inter-chain hydrogen bonds and plasticize the nylon matrix before major
water transport takes place. The fact that polymer plasticization lags the water uptake
was further emphasized in a T2 relaxation study.
The signal can be split into components that are attributed to hydrogen nuclei on the
nylon backbone and hydrogen from guest water molecules. Subtracting the relaxation
curve measured with D2 O from the curve measured with H2 O yields a mono-exponential
decay with a relaxation time of 1.75 ms. The water component is identified according
to the simple idea that the polymer contribution is removed from the signal. Also in
the T2 relaxation study on saturated samples the water component is characterized by a
relaxation time of 1.8 ms.
The relaxation analysis shows that 6% of the polymeric matrix is significantly plasticized and 23% is slightly affected by water. At a moisture content of 5% significant
plasticization occurs and part of the amorphous phase gets a significant higher mobility.
This part is most likely located at some distance from the crystalline domains, so its
mobility is not restricted by the crystalline zones. The part that is only slightly affected
by water is in close proximity of the crystalline zones. A quarter of the nylon consist
of crystalline areas and is unaffected by water. This leaves 46% of the polymer matrix
unaffected.
Quantitative imaging on the bases of relaxation curves is possible at moisture contents
over 5%. Quantification based on the relaxation data at low moisture contents underestimates the amount of water. Quantification of the amount of water by application of a T2
filter on te = 100 µs data, also leads to an underestimation of the amount of water. To
remove polymer contributions from the signal, the inter echo time has to be set to 400 µs
minimally, which leads to a suppression of the amplitude of the water signal.
Based on NMR relaxometry, it is shown that the waterfront precedes the plasticization
front during penetration of the nylon film. The relaxation spectrum is successfully split
in two polymer components and a water component. The amplitudes of the polymer
components show that only a small part of the amorphous phase is important for water
transport.
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7. The influence of monovalent ions on water uptake
7.1 Introduction
The presence of water and ions can and will influence the mechanical properties of nylon,
depending on the nature of the ion such as size and valence. Mechanical properties
like: glass transition temperature, brittleness and Youngs modulus are reported to be
influenced by ion ingress. This is most observed in case of multi-valence ions [22, 25, 152–
154]. Water and ions influence the mechanical properties, but how does the presence of
ions influence the water uptake process? This question justifies the study into the nylon
uptake behavior of water and ions when exposed to salt solutions. In this chapter, we will
consider the combination of nylon 6 (PA6) and monovalent ions.
Salt ions are able to influence the nylon material properties by an interaction of the
metal cation with the amide group on nylon. Most of the work reported in literature
is focussed on the combination of NaCl and LiCl with nylon. In the study of Kim et
al. [25] NaCl and LiCl are dissolved together with nylon 6 and an increase of the glass
transition temperature is found only for the LiCl mixtures as a result of the interaction of
the lithium ion and the amide group in nylon. A deterioration of mechanical properties of
nylon 6 and nylon 6.6 is only found when exposed to lithium salts [155, 156]. The working
mechanism as also reported in other studies, is a complex formation between the oxygen
on the amide group and the lithium cation [24, 25, 27].
Most authors agree that sodium ions are not able to influence the nylon morphology [22, 156]. Wyzgoski et al. state that NaCl is not absorbed by the nylon and therefore
has no effect on the morphology [155]. This in contrast to studies where ion transport of
chloride and sodium was measured and sodium is clearly absorbed [157, 158]. Glass et al.
used a diffusion cell to measure transport of sodium and chloride and observes that the
chloride ion diffuses quicker through the nylon membrane [159]. The opposite is found
by Iijima et al. [158], who attributed the quick sorption of the sodium to the smaller ion
radius and assumed the absence of a hydration shell while entering the polymer. The
concentration profiles of sodium and chloride are also shown to be asymmetric inside the
nylon. The conclusion of the work done by Orendorff et al. is that the ions will only
enter the polymer matrix if the packing of nylon chains allows entrance of ions with their
hydration shell [160].
Whereas the sorption of ions has received some attention, little attention has been
paid to the behavior of the water in the presence of ions. It is most likely that the only
option for ions to move into the nylon matrix is the presence of water, which can shield
the charge of the ion.
It is generally accepted that water is absorbed by nylon, gives rise to plasticization
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86

7. The influence of monovalent ions on water uptake

and swelling [19, 54, 122]. A suitable tool to measure water uptake and plasticization is
nuclear magnetic resonance (NMR) imaging. Both ingressing water and the effect of the
water on the polymeric material is measured [62, 96].
The present chapter will focus on the water and ion uptake of nylon films, which
are exposed to saline solutions containing monovalent ions. First, NaCl solutions will be
studied and thereafter the study is expanded to LiCl, KCl and KNO3 . The saline solutions
are put directly on top of the nylon film and the water uptake of the film is measured by
magnetic resonance imaging. The water uptake from electrolytes is compared to water
vapor experiments with the same water activity. To detect ingress of the ions and to
study the dynamics of the water in the nylon, a relaxation study is conducted.

7.2 Theory
7.2.1 Water activity and chemical potential
In this study nylon films are brought in direct contact with salt solutions of NaCl, LiCl,
KCl and KNO3 . To understand and describe the effects of the presence of salt the concepts
of water activity and chemical potential are introduced. First the sorption of pure water
in the nylon films will be discussed based on the water activity and chemical potential.
Later the effects of salt on the water activity both in the solution and in the nylon film
are discussed.
The water activity aw [-] is the ratio of the partial vapor pressure over the solution to
that over pure water [161]. The relation between relative humidity RH and water activity
is: RH = aw ×100. To understand the direction in which the water uptake takes place
the chemical potential µ [J mol−1 ] is used. In general, activity aw of water is related to
the chemical potential µw as:
µw = µ+
w + RT · ln aw .

(7.1)

−1
In this equation is µ+
w [J mol ] the chemical potential of pure liquid water (aw =1), R [J
−1
−1
K mol ] the gas constant and T [K] the temperature.
The sorption of water vapor is shown in figure 4.1. A lower activity and chemical
potential means that the driving force for uptake is lower and this will result in a lower
uptake rate and a smaller quantity of water in the film. This effect is visible in the
sorption isotherm for the nylon 6 film, figure 4.1. As the water activity increases the
chemical potential increases and leads to an increase in moisture content in the nylon
film.
Ions in a solution lower the water activity with respect to pure water (aw = 1). Each
salt has a specific relation between the molarity of the solution and the water activity. For
NaCl, LiCl, KCl and KNO3 this relation is shown in figure 7.1 [162–164]. This figure shows
the water activity aw as a function of the molarity [mol l−1 ] of the solution. At a higher
salt concentration the water activity of the solution decreases, see figure 7.1. According
to equation 7.1, this also decrease the chemical potential. For NaCl, KNO3 and KCl the
complete curve up to a saturated solution is shown. A saturated NaCl solution of 6.13 M
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Fig. 7.1: The water activity of NaCl, LiCl, KNO3 and KCl as a function of the concentration of
the salt [162–164]. The water activity of pure water equals one. In general the water
activity decreases as the salt concentration increases. For example, a saturated LiCl
solution (18.45 M) gives a water activity equal to 0.12.

gives a water activity of 0.75 as can be seen in the figure. The curve for LiCl continues
until a water activity of 0.11 is reached at a saturated solution of 18.8 M.
In general, the effect of water activity differences can be expressed in the osmotic
pressure.
RT · ln as = −V Πs
(7.2)
In this equation is V [m3 mol−1 ] the molar volume of the solute and Πs [Pa] is the osmotic
pressure. The water activity of the solution as then becomes:
as = exp(−Xs ) with Xs =

V Πs
.
RT

(7.3)

In case of an ideal solution of a monovalent cation and anion, the osmotic pressure is
given by:
Πs = 2ρs RT.
(7.4)
Combining equation 7.4 and equation 7.3, Xs reduces to:
Xs = 2V ρs .

(7.5)

Wherein ρs [mol m−3 ] is the salt concentration per volume unit and V [m3 mol−1 ] is the
molar volume.

88

7. The influence of monovalent ions on water uptake

Ions in a nylon film lower the water activity in the film. The total chemical potential in
the film µw is dependent on the salt concentration ρs [mol m−3 ] and the moisture content.
The chemical potential in the film without any salt present is µ0w [J mol−1 ].
µw (θ, ρs ) = µ0w (θ) + ∆µw (ρs )

(7.6)

The introduction of salt causes a chemical potential difference with respect pure to water
∆µw (ρs ). At constant moisture content, the change in chemical potential of water due
to the insertion of ions can be found by using the Gibbs-Duhem equation [165]. The
chemical potential change as a result of salt ions in the film is:
∆µw = −ρ−1
w Πn ≈ −2RT

ρs
.
ρw

(7.7)

Here ρw [mol m−3 ] is the number of water moles present per volume. The chemical
potential in absence of ions is:
0
µ0w (θ) = µ+
w + RT · ln(aw )

(7.8)

As salt ions are introduced the chemical potential is given by:
µw (θ, ρs ) = µ+
w + RT · ln(aw ).

(7.9)

An expression for the water activity in the film in the presence of salt is found by
combining equations 7.7, 7.8 and 7.9.
µ
¶
−2ρs
0
0
aw = aw exp(−Xn ) ≈ aw exp
(7.10)
ρw
In this equation is Xn ≡ Πn /(ρw RT ). Equation 7.10 describes the relative change of the
water activity at constant water content θ in a film as the result of the presence of salt.
Consider the following example where the effect on the water activity from the insertion
of ions is calculated. Initially the system is saturated at a water activity of 0.75 (a0w =0.75).
The introduction of 0.1 mole of salt into the solution in the film lowers the water activity
in the film (aw = 0.61) by 19% as is calculated from equation 7.10. Salt in the nylon
suppresses the water activity in the film. The film is still equilibrated at a water activity
of 0.75. Due to the introduction of salt the water activity in the film is lower (0.61),
consequently more water is driven into the film. In the film the water activity has to
increase from 0.61 to 0.75 in order to equilibrate the film. The corresponding amount
of moisture is extracted from the sorption isotherm in figure 4.1. The sorption isotherm
shows that an extra 1.5% of moisture enters the film. More water is absorbed by the film
as the consequence of salt ions in the film.
7.2.2 Diffusion coefficient
The nonlinear diffusion equation (equation 4.4) is used to describe the water uptake into
nylon films. This equation describes the moisture content θ (see equation 4.1) as a function
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of time t [s], position x [m] and the effective diffusion coefficient D [m2 s−1 ]. The initial
and boundary conditions for this equation are:
θ = 0 for x > 0, t = 0
θ = θmax at x = 0, t > 0

(7.11)

The water activity at the interface is set by θmax [%] and is equal to the maximal moisture
content for the specific water activity. A commonly used method to calculate the effective
diffusion coefficient is the so-called Matano-Boltzmann transformation
[107]. The position
√
coordinate is transformed into a new coordinate λ = x/ t [m s−1/2 ]. If the diffusion
coefficient depends only on moisture contents and the system is in local equilibrium the
measured datapoints should all collapse on a single master curve. For more information
we refer to [108]. The moisture dependent diffusion coefficient can be calculated from this
master curve using equation 4.5
After the coordinate transformation towards λ the individual profiles collapse onto a
single master curve as shown in figure 4.6. The effective diffusion coefficient is calculated
from this master curve using equation 4.5. Figure 4.7 shows the diffusion coefficient D as
a function of the moisture content θ [122].
The diffusion coefficient as obtained from a water uptake experiment acts as a reference
for water uptake rate and describes the whole range of water activity. When the nylon
film is exposed to a salt solution, the water activity outside the nylon is lowered. In case
salt does not enter the film, one should be able to predict the water transport in the
films using the curve shown in figure 4.7. For a saturated NaCl solution (aw = 0.75) the
equilibrium moisture content is equal to θ = 4.5% according to the sorption isotherm,
figure 4.1. The moisture uptake process for a water activity of 0.75 can now be simulated
using equation 4.4 and θ = 4.5% as the boundary condition.
The effect of salt on the water transport is described by rewriting the diffusion coefficient in terms of its contributions [108]:
D(θ) = M (θ)θ

∂µw
.
∂θ

(7.12)

In this equation is M (θ) [m2 mol s−1 g−1 ] the mobility coefficient, which is a measure
for the ease of movement of a water molecule in the polymer matrix, i.e. how much
friction it experiences. The presence of salt changes the chemical potential in the film
∆µw with respect to the chemical potential of only water µ0w . This change can be found
by subtracting equation 7.8 from equation 7.9.
³a ´
w
µw (θ) = µ0w (θ) + RT · ln 0
(7.13)
aw
The chemical potential is written as a function of the water activity difference between
pure water a0w and water containing salt ions aw . To find the effect of a salt solution on
the diffusion coefficient, equation 7.12 is combined with equation 7.13 resulting in:
h
∂θ ∂ln(aw /a0w ) i
.
D(θ) = D0 (θ) 1 + RT 0
∂µw
∂θ

(7.14)
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The diffusion coefficient in case of pure water is D0 [m2 s−1 ] and has the same form as
stated in equation 7.12. The term on the right side of equation 7.14 is further simplified
by substitution of equations 7.8 and 7.10. This gives:
·

D(θ) = D0 (θ) 1 −

¸
∂θ
.
∂θ ∂a0w

∂Xn
a0w

(7.15)

As in equation 7.10, Xn ≈ −2ρs /ρw is approximated as the molar ratio of water and
salt. The term (∂θ/∂a0w ) is the slope of the sorption isotherm in the absence of salt. The
salt content is present in (∂X/∂θ), because it indicates how fast the salt content changes
with changing moisture content. The effect of salt on the diffusion process can now be
calculated using equation 7.15. For example, if the salt content linear increases with the
moisture content then the diffusion coefficient is suppressed.

7.3 NMR
7.3.1 Set-up and settings
An NMR setup in the GARField arrangement was used to measure the water uptake
process [87]. For a detailed description of our, we refer to chapter 3. Here the most
important issues are briefly discussed.
Specially shaped magnet poles give a gradient in the magnetic field of 43 T/m at
a static field of 1.4 T. The Ostroff-Waugh pulse sequence is used to measure the water
uptake profiles, (αxo − τ − [αyo − τ − echo − τ −]n ) [90]. Using a nominal flip angle α of 90o
degrees, a number of echoes n[-] is measured. Only the first echo (n = 1) is utilized for
imaging purposes. The inter echo time 2τ is set to 100 µs and the acquisition window is
90 µs. Theoretically, this gives a spatial resolution of 6 µm. The number of echoes n is
set to 128 and the repetition time tr [s] at each measurement is set to 0.5 s.
The following procedure is used to measure the water uptake process and to obtain
signal profiles: first, the measurement of a 0.02M CuSO4 solution, which acts as a reference. Second, the nylon film is placed in the setup and measured in its dry state. Third,
water or a solution is put into the glass cylinder surrounding the nylon film and the uptake process is measured. After the experiment, the echo amplitudes are corrected by the
reference to compensate for the excitation profile of the coil.
A simple calculation is performed to estimate the effect on the water activity as water
migrates from the salt solution into the nylon film. The cylinder on top of the film holds
0.6 g of water, which is about 400 times bigger than the maximal amount of water that
goes into the film. The water activity of, for example a NaCl solution, outside the film
will be changed by only 0.3%. Thus it is concluded that the water activity of the solution
outside the film remains unaffected.
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7.3.2 NMR signal
In general, the signal from a pulsed NMR experiment for N distinct 1 H pools reads
·
µ
¶¸
µ
¶
N
X
ρi
−tr
−2τ n
1 − exp
exp
.
I(n) =
ρ
T1,i
T2,i
i=1 w

(7.16)

Wherein T1 [s] is the longitudional relaxation time and T2 [s] the transverse relaxation
time. The density of hydrogen in the sample and liquid water are ρ [mol m−3 ] and
ρw [mol m−3 ], respectively.
Considering a sample with two pools of 1 H nuclei and neglecting the longitudinal
relaxation (tr /T1 > 1), the measured signal decay can be described by:
µ
¶
µ
¶
−2τ n
−2τ n
I(n) = AL exp
+ AS exp
.
(7.17)
T2,L
T2,S
In this equation characterized T2,S [s] the fastest decaying component and T2,L [s] the slow
decaying component. Because of the correction by the reference, the amplitude of the
components AL and AS are relative densities of 1 H nuclei with respect to the density of
the 1 H nuclei in water. In a previous chapter is was shown that in a saturated nylon
film the exponential component with the longest time constant can be attributed to the
water in the nylon, whereas the components with the short relaxation time represent the
plasticized polymer.

7.4 Results
7.4.1 Water uptake from a NaCl solution
In this section the nylon films are exposed to a saturated NaCl solution to demonstrate
the effect on the water uptake process, when films are exposed to saline solutions. The
200 µm thick nylon films are made by compression moulding, see section 8.2.1 for more
about information the samples.
Since the most pronounced influence of salts is expected at high concentrations, we
first consider the uptake of water from a saturated NaCl solution (≈6.13 M). The film
is first measured in its dry state using 1024 averages. The uptake profiles are measured
using 4096 averages, meaning that measuring a single profile takes 1 hour and 12 minutes.
The resulting signal profiles (1st echo) are shown in figure 7.2. The horizontal axis
displays the position in the film. The signal on the vertical axis is a measure for the
number of mobile hydrogen nuclei (T2 > 100µs) with respect to the CuSO4 reference.
The bottom of the system is on the right side of this figure. The horizontal dashed lines
show the expected signal levels for a water activity of aw = 0.75 and aw = 1. At the
bottom the silicon glue, which is used to attach the nylon to the glass plate is clearly
visible due to its long transverse relaxation time. The interface of the saturated NaCl
solution and the nylon is shown on the left side of the figure. Profiles are shown for 0.5 h,
5.4 h, 14.9 h, 25.7 h, 36.4 h, 50.7 h and 68 hours, as alternating dashed and solid lines.
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Fig. 7.2: The water uptake process from a saturated NaCl solution measured with 4096 averages.
The silicon glue at the bottom of the nylon film is shown on the right side of the figure.
The saturated NaCl solution on top of the nylon film is shown on the left side of the
figure. It takes the water 28 hours to reach the bottom of the film and the whole film
is saturated after 65 hours. The lower horizontal dashed line shows the expected value
of the signal at a water activity of 0.75. The upper horizontal dashed line shows the
signal for liquid water, aw = 1. The figure also shows the signal level in the nylon
film in case of exposure to liquid water. The signal difference shows that less water is
entering the film when it is exposed to saturated NaCl. The uptake is also slower as it
takes water 16 hours to complete the uptake proces.

From the top of the film, water is slowly entering the film. It takes the water about 28
hours to reach the bottom of the film. After 65 hours, the film is homogeneously saturated
and the uptake process stops. In contrast, in a film exposed to pure water, it takes the
water 6 hours to reach the bottom and 10 hours to become homogenously saturated [122].
The water uptake from a saturated NaCl solutions is slower than the uptake process of
liquid water. Furthermore, for the 6.13 M solution a signal value at equilibration of 0.05
is measured, whereas for pure water a signal value of 0.168 would be expected, as shown
in figure 7.2. This indicates that the film absorbs less water in case that it is equilibrated
with a NaCl solution.
The lower end signal and slower uptake rate in case of a saturated NaCl solution can
be due to a lower water activity (aw = 0.75) of the solution on the outside of the film.
The chemical potential of a solution on top of the film is lowered as the salt concentration
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increases, see figure 7.1. The expected signal level for a water activity of 0.75 is shown
by the horizontal dashed line in figure 7.2. The errorbars in figure 4.3 indicate that some
discrepancies are to be expected at higher water activities. Accounting for this error, the
signal measured from the nylon film in figure 7.2 is attributed to a water acitivity of 0.75,
which is the result of the salt ions in the solution. A lower water activity in the solution
would indeed lower the amount of absorbed water and the water uptake rate, in case that
the amount of NaCl ingressing into the nylon is low.
To verify the idea that little salt enters the nylon and the water activity in the nylon
is not affected, a second NMR experiment is performed. In this experiment the nylon film
is first fully saturated with water (aw = 1). Thereafter, the water is wiped off the film
and a saturated NaCl solution is put on top of the film (aw = 0.75). The water activity
on top of the nylon film is the governing mechanism for water transport if no salt enters
the nylon film. Due to the NaCl solution the initial chemical potential in the film is now
higher than the potential of the solution on top. Water will be removed from the film as
the chemical potential gradient dictates. Signal profiles are recorded using 1024 averages
and the time needed for a single profile is 17 minutes. The silicone glue at the bottom of
the nylon film is shown on the right of the figure and the liquid/nylon interface is shown
on the left. The result of this experiment is shown in figure 7.3.
NMR imaging profiles are shown in figure 7.3. Profiles are shown for a time of 0.3 h,
0.9 h, 3.1 h and 10 hours. The second profile at 0.9 h shows a decreasing signal near
the salt/nylon interface which is a result of a decreasing water content at this location.
After a time of 3.1 h the signal intensity has dropped throughout the whole film and this
continues until 10 hours.
The signal intensity decreases first at the top of the nylon film, close to the salt solution.
Meaning that the water content in the film decreases as a result of the saturated NaCl on
top of the film. Later the signal intensity becomes homogeneously throughout the whole
film. The signal intensity reaches a stationary value of 0.06 and this is equal to the signal
level expected for a water activity of 0.75 as shown by the horizontal dotted line. The
resemblance of the equilibrated signal level of figure 7.3 and 7.2 should be noted. The
signal level of the equilibrated nylon films are equal in both figures as indicated by the
dashed line. Whether the saturated NaCl solution is applied on a dry film or on a water
saturated film, the equilibrated films contain the same amount of water as indicated by
the similarity in the signal intensity. With help of figure 4.3 the signal intensity of 0.06 is
related to a moisture content of 4.4 %.
A saturated NaCl solution is able to moisten or dry a nylon film depending on the
chemical potential gradient. Application of a saturated NaCl solution gives the same
signal as if the films where exposed to a water vapor pressure of 0.75. The amount of
NaCl in solution controls the water activity and chemical potential of the solution in
contact with the film and thereby the amount of water in the film and the uptake speed.
This also indicates that the absorbed amounts of ions by the nylon films are low; i.e. too
low to influence the chemical potential of water in nylon.
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Fig. 7.3: NMR imaging profiles of a nylon film that is first saturated with water and subsequently
is exposed to a saturated NaCl solution. The solution/nylon interface is on the left side
of the figure. The bottom of the nylon film is marked by the glue peak on the right
side of the figure. The expected signal levels for aw = 1 and aw = 0.75 are indicated by
horzontal dotted lines. The measurement is done using 1024 averages. After the water
is removed the saline solution is put on top and profiles are measured after 0.3 h, 0.9 h,
3.1 h and 10 hours. The profile of 0.9 h shows that water is first removed from the top
of the film, near the salt/nylon interface as shown on the left side of the graph. At 3.1
hours the water content is homogenous in the whole film and decreases continuously
up until a time of 10 hours. Because the water activity is lowered on top of the film by
the saturated NaCl solution, water is removed from the film by the chemical potential
gradient.

7.4.2 Molecular mobility of water
In this section the NMR signal is further investigated to see whether the relation (figure
4.3) between signal and moisture contents still holds in the case of exposure of the film to
salt solutions. The salt solution controls the water activity on top of the film, as concluded
in the previous section. This is concluded by examining the intensity of the first echo. In
previous work the NMR signal intensities are related to moisture contents as a function of
the water activity [122]. At a water activity of 0.75 a signal intensity of 0.06 is measured
and is related to a moisture content θ of 4.4%. It is important to notice that the signal
intensity of 0.06 is also found in the measurements presented in the previous section of
this chapter using saturated NaCl aw = 0.75. As the signal intensities are similar, the
moisture content in the film is also equal to 4.4%.
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For a saturated NaCl solution (aw = 0.75) it is shown that the measured signal intensity
of an equilibrated film is similar to the expected value for a specific water activity. Nylon
films are exposed to diluted NaCl solutions in order to verify the validity of this observation
for other water activities. Results of these experiments are shown in figure 7.4 where the
signal intensity of the first echo is plotted as a function of the water activity aw . For
example, a water activity of 0.89 corresponds to an experiment where the nylon film is
exposed to a 3 M NaCl solution. A film thickness of 150 µm is used to obtain the mean
signal intensity from the films. The maximum and minimum as indicated by the error bars
is mainly due to the experimental noise. Besides the signal intensities for NaCl solutions
(¤) also signal intensities of liquid water (¦) and water vapor (×) are shown. Figure 7.4
0.20
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water

S (-)

0.15

0.10

0.05

0.00
0.75

0.80

0.85

0.90

0.95

1.00

aw (-)

Fig. 7.4: Signal intensity in equilibrated films of the first echo as a function of the water activity
for NaCl solutions, water vapor and liquid water. An increase in water activity leads to
an increase of moisture in the film and thus to a higher signal. As the signal intensity
of water vapor experiments are the same as for the NaCl solutions it is concluded that
the NaCl solution controls the water activity outside the film.

shows that the signal intensities for water and water vapor are the same as the intensities
measured in the experiments with saline solutions. Using the water activity of the saline
solution the expected signal can be predicted based on the water vapor experiments. The
main effect of the NaCl solutions is thus to control the water activity on top of the film.
The mobility of water in the film is studied even further using the transverse signal
decay. A good indicator for mobility is the transverse signal decay or spin-spin relaxation
time (T2 ). The transverse decay is governed by two types of hydrogen present in a
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saturated nylon film. These are the hydrogen of the ingressed water and the hydrogen
present on the polymer backbone in the amorphous phase [122]. It is likely that any ions
will be surrounded by a hydration shell when they reside in the polymer matrix. Any
mobility change of the water in the polymer matrix caused by the presence of ions can be
found by looking at the transverse signal decay curve.
To examine the possible effects of ions inside the nylon film, relaxation data of water
vapor experiments is compared to relaxation data of experiments using a NaCl solution.
Figure 7.5 shows this comparison for a water activity of 0.75. The decay of the nylon film
in contact with water vapor (◦) generated by a saturated NaCl solution is compared to
a decay of a film in direct contact with a saturated NaCl solution (4). For this analysis
on stationary relaxation data 8192 averages are used. The decays are shown for a single
point in the middle of the film at 100 µm from the liquid/polymer interface. The decays
0
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Fig. 7.5: The signal decay curves measured in the middle of a 200 µm thick nylon sample that
is equilibrated with water vapor (4) of aw = 75 and a saturated NaCl solution (◦). As
the signal decay curves are similar, it is concluded that the dynamics of the hydrogen
nuclei in the film are similar. The solid line shows the double exponential fit of the
saturated NaCl solution.

of both samples in figure 7.5 are equal, which leads to the conclusion that the dynamics
of the water and the polymer in the nylon film are similar. An explanation for this result
would be that the dominating relaxation mechanism is the interaction of the polymer
and the water. In the Monte Carlo SPC/E model the water interacts with the polymer
through hydrogen bonding for 60% of the time or is unbound [166]. This unbounded
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fraction has a correlation time of 16.5 ps whereas the bonded fraction has a correlation
time of >1 ns and therefore dominates the relaxation. A mobility change of hydrogen
nuclei in the presence of salt is not detected because the interaction with the polymer is
the dominating relaxation mechanism.
In order to know, how generic the observations described above are, relaxation studies
have been performed with different NaCl solutions. Again signal decays of films in direct
contact with the solution and films in contact with water vapor are compared. For comparison all data used is extracted at the zero frequency in the middle of the sample. The
films exposed to water and water vapor act again as a reference, since no salt has been in
direct contact with these samples. For ease of comparison the decays have been fitted with
a double exponential function, equation 7.17. The resulting values for the long component
T2,L [s] and the amplitude are plotted in figure 7.6. To compare the water dynamics from
films exposed to saline solution to films exposed to water vapor, the amplitude and time
constant of the longest component are shown in figure 7.6.
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Fig. 7.6: The figure shows the longest component of a double exponential fit on samples exposed
to water, water vapor and saline solutions. Figure (a) shows the amplitude and figure
(b) shows the time constant T2,L . The horizontal axis in both figures shows the activity
of the water vapor and the saline solution. The figures show that the water vapor fitresults and the NaCl fit-results display a nice correlation. This means that the water
dynamics in the nylon film are not affected by the presence of the considered ions.

Both the amplitudes and T2 values of the salt solution experiments and the water
vapor experiments are in good agreement over the whole water activity range. As the
trend shown by the samples exposed to NaCl solutions is the same as for the water vapor
samples, it can be concluded that both the water dynamics and water amounts in both
cases are similar. This could either mean that no salt ions enter the film or that too
little ions enter the film to alter the dynamics of the water in the nylon. In any case it
can be concluded that the NMR signal behaves as if there are no ions present during the
experiment. The signal calibration is still valid and signal intensities can be related to
moisture contents.
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7.4.3 Dynamics of the water uptake process
In this section the rate of water uptake from NaCl solutions is examined in more detail.
The examination of signal intensities and the signal decays in previous sections revealed
that the main effect of saline solutions is to control the water activity outside the film.
To solidify the conclusion about the effect of the salt, the water uptake dynamics should
also be investigated.
The rate of an uptake process is characterized by the diffusion coefficient. In a previous
study, the concentration dependent diffusion coefficient of water in nylon 6 was determined
by application of the Matano-Boltzmann method [107, 122]. This diffusion coefficient (see
figure 4.7) enables simulation of the moisture distributions during an uptake process and
comparison to experiments where a saline solution is used. Such a comparison will confirm,
whether the rate of water uptake is the same for a NaCl solution as for water vapor with
the corresponding water activity.
A first comparison between simulation results and moisture uptake profiles is done
for the case that water in contact with the nylon has an activity aw =0.75. To make
a quantitative comparison the signal profiles a shown in figure 7.2 are transferred into
moisture content profiles, figure 7.7(a), on the basis of the calibration curve in figure 4.3.
The vertical axis now displays the moisture content θ. The right side of figure 7.7(a)
corresponds to the bottom of the sample where the silicon glue is located. The horizontal
dotted line at θ = 2% is the noise level of our setup, below which moisture contents cannot
be trusted. Solid and dashed curves are shown alternating up to 68.8 h. The solid lines
show the moisture concentration on times of 0.6 h, 14.9 h, 36.4 h and 68.8 h. The dashed
lines represent profiles at 5.3, 25.6, 36.4 and 50.7 hours. The front covers 35 µm during
the first 0.6 hours. It takes 26 hours to get a moisture content higher than 2% throughout
the whole film.
The moisture uptake process from a saturated NaCl solution is also simulated using
equation 4.4 and the appropriate boundary conditions. At a water activity of 0.75 the
moisture content θ is 4.5% as shown in figure 4.1. The simulation results are shown in
figure 7.7(b). Due to the noise level in our experiments the simulated profiles in figure
7.7(b) should only be compared for θ > 2%. The observed and simulated moisture
front are in excellent agreement. Only at t > 68.8 h a slight discrepancy is shown in
the saturation level. So it can be concluded that the overall diffusion process can be
predicted using the diffusion coefficient of pure water in nylon as shown in figure 4.7 and
the appropriate boundary conditions.
To compare the water uptake process of the simulation and the experiment as discussed
above more quantitatively, the Boltzmann transformation of the measured profiles and the
simulations will be used. This also gives the possibility to compare experiments with other
salt concentrations to simulations with corresponding boundary conditions. Based on the
activity of each of the saline solutions the proper boundary conditions for the simulations
are chosen. The results of the simulations are shown in figure 7.8 as solid lines while
experimental profiles are shown as datapoints (¤). √
Figure 7.8 shows the moisture content
θ as a function of the Boltzmann coordinate λ = x/ t [m s−1/2 ]. Below a moisture content
of θ = 2% measurements are excluded from the figure, because of the dominance of noise
in this range. The intersection with the vertical axis equals the saturation imposed by
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Fig. 7.7: Figure (a) shows the moisture content profiles from a saturated NaCl solution as a
function of the film position. These moisture content profiles are calibrated NMR
imaging profiles shown previously in figure 7.2. Figure (b) shows simulated moisture
profiles, using the non-linear diffusion equation and the diffusion coefficient as shown
in figure 4.7. Both figures show profiles at 0.6 h, 5.4 h, 14.9 h, 25.7 h 36.4 h, 50.7 h and
68.8 hours. The horizontal dotted line shows the noise level in our setup below which
data cannot be trusted. The moisture front from the simulation in figure (b) and the
NMR imaging measurements in figure (a) are in good agreement. The saturated NaCl
solution gives moisture distributions as expected from a water activity of 0.75.

the boundary condition for the simulation.
From figure 7.8 it can be seen that lowering the salt concentration increases the uptake
speed. There are two reasons for this effect. First, lowering the salt concentration increases
the water activity and thus also the chemical potential gradient, equation 7.1, that drives
sorption. Note that in the dry part of the film the water activity is close to zero. Second,
with increasing water activity the polymer is more plasticized and the water mobility
increases dramatically, see figure 4.7.
Despite small differences between the simulations and the measured data, water distributions in the film during uptake from solutions are accurately predicted with the
diffusion coefficient for pure water (figure 4.7). The diffusion coefficient derived from the
water uptake experiment applies also to experiments, in which water is absorbed from
NaCl solutions. The main effect of the NaCl concerns the definition of the water activity
outside the film and salt seems to have little influence on the state of water inside the
nylon.
7.4.4 Long term exposure and element analysis
So far the water uptake process from NaCl solutions is measured and no evidence for
the influence of ions is found in these uptake studies. This might be explained by ions
not entering the film and staying outside in the solution or that the effect of ions simply
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Fig. 7.8: A comparison between the experimental data of a moisture uptake process and the
simulation using the Boltzmann transformation. The moisture content θ is shown
as a function of the Boltzmann coordinate λ. Figure (a) shows the simulation for
aw = 0.75, aw = 0.93 and the experimental data from the saturated NaCl solution(◦)
and the 2M solution(¤). Figure (b) shows the result for a water activity of 0.97 (0.75
M) and 0.89 (3 M). The relation between θ and the sorption isotherm, figure 4.1. The
agreement between the simulation results and the experimental data indicates that the
main influence of the salt ions present is their influence on the water activity outside
the nylon.

cannot be detected in our NMR measurements. As our setup only detects 1 H nuclei, Na+
and Cl− can only be traced in case of strong effects of these ions on the mobility of 1 H
nuclei. Another option could be that ions penetrate the film much slower than water and
measurements were stopped before significant amounts of ions could penetrate the film.
To determine whether ions are able to penetrate the nylon film, element analysis has
been performed by an external lab [167]. Atomic absorption spectroscopy (AAS) and ion
chromatography (SC) are used to detect the amount of Na and Cl ions present in the
film. Films with a thickness of 200 µm and an area of 2×2 cm2 are submerged into a
saline solution containing various NaCl concentrations for four weeks. After submersion
the films are removed from the solutions, wiped with a tissue and analyzed. Results of
the analysis are shown in figure 7.9. The concentration of the solution is shown on the
horizontal axis whereas, the vertical axis shows the result of the analysis, expressed in
moles of ions per kilogram of dry nylon. From the results of the element analysis it can
be concluded that ions do penetrate the nylon and that the amount of ions increases with
the concentration in the external solution. Furthermore, it is shown that sodium and
chloride ingress in equivalent ratios, which is expected on the basis of charge neutrality.
An asymmetric uptake of Na+ and Cl− was found by Iijima et al., who stated that the
diffusion of sodium is faster than the diffusion of chloride in nylon 6 [158]. A nylon 6
film is also exposed to a saturated solution of NaCl in the work of Wyzgoski et al. at
temperatures of 50 o C and 100 o C [155], but no salt ingress was found. This is attributed
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Fig. 7.9: The amount of ions (mol) per kilogram of dry nylon as measured by element analysis.
For a period of 4 weeks, nylon films are submerged in NaCl solutions with different
concentration and subsequently analyzed. The amount of ions detected in the film is
about three times less than in the bulk solution. Furthermore, sodium and chloride
enter the film approximately in a 1 to 1 ratio.

to the lack of interaction of the amide group and ion according to Kim et al. [25, 156].
The significance of the amount of salt in the film can be estimated as follows. A film in
contact with a saturated NaCl solution (aw = 0.75) has a moisture content of 4.5%. This
means that for every pair of Na+ and Cl− ions present in the nylon there are 30 water
molecules present. In the saturated solution itself there are 9 water molecules present for
each pair of ions. With respect to the solution the ion concentration in the nylon film is
diluted by about a factor three. In a time span of four weeks a significant amount of ions
does enter the film. Over the whole concentration range of external NaCl concentrations
the salt concentration inside the nylon film is diluted by a factor three.
The question arises, whether the ions penetrate the nylon film with a slower rate than
water. To detect ions in the film on a longer timescale, films are exposed to a saline
solution for a period of 4 weeks. The relaxation curves of the NMR are analyzed to detect
the presence of salt ions by a change in the water mobility. For the NMR relaxometry
measurements a 2M NaCl solution is used. The 2M NaCl solution is put onto a nylon
film for a period of 5 months. The dynamics of the water in the nylon film is monitored
by the transverse relaxation decay (T2 ). The signal decays are shown in figure 7.10, are
measured using 1024 averages. Signal decays are shown at a time of 5 months, 2 months
and just after the water uptake process was completed. The relaxation curve show no
change, even when the nylon films are exposed to a saline solution for 5 months, see figure
7.10.
Ions do enter the film, but still the rate of water uptake can be described by the
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Fig. 7.10: Signal decay curves of a nylon film exposed to a 2M NaCl solution for a total time of 5
months with intermediate measurements directly after exposure and after 2 months.
A number of 1024 averages is taken to obtain the relaxation data. Relaxation data
of the film just after the water uptake process (◦) is comparable to relaxation curves
measured at later moments, at two (¦) and five months (¤).

diffusion coefficient of water. With aid of theory presented earlier, the influence of ions on
the diffusion process is estimated, combined with the influence of ions on signal intensities
as measured by NMR. The measured signal intensities are as expected on the bases of
the water activity of the salt solution on top of the film. The Boltzmann analysis in
the previous section showed that ions can only influence the uptake behavior via the
boundary condition as the rate of water uptake from NaCl solutions can be predicted
by the diffusion coefficient of water together with the proper boundary conditions. Just
as in the theory, we make a distinction between the boundary conditions and the rate
of diffusion. As the film is first saturated with water at the water/nylon interface, the
salt concentration will reach the highest concentration at this interface first. Taking the
salt concentrations from the element analysis and using equation 7.10 the water activity
change at the boundary can be calculated. The effect of salt on the rate of uptake can
be estimated using equation 7.13 by examining three possible relations between the salt
content X and moisture content θ. The effect of salt on both the boundary conditions
and uptake rate is evaluated for three cases as shown in figure 7.11.
I The concentration of salt is zero throughout the whole profile (X = 0). No salt goes
in the nylon film. Both the water activity inside the nylon film and the diffusion
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Fig. 7.11: The figure shows a moisture content profile as function of position. The dotted lines
form three scenarios to study the influence of salt on the signal height at the boundary
and the diffusion coefficient. For case (I) the film does not contain salt. In case II,
the maximum salt content is present at all moisture contents. In case (III), the salt
content X = 2ρs /ρw decreases linear with water content. The solid line shows a
schematic distribution of water and the dotted line the distribution of salt. At zero
moisture content, the salt concentration is also zero. The salt concentration increases
linear to its maximum value, at maximum moisture content. These three cases are
more clearly pictured in the inset where the salt concentration is shown as a function
of the moisture content. For a saturated NaCl solution, case II and III lead to a
change of the water activity inside the film of 0.07. Only III leads to a theoretical
decrease of the diffusion coefficient of 13%.

coefficient determining the rate of water uptake into the film do not change. The
measured NMR signal is predictable on the bases of the water acitvity of the solution.
The salt only lowers the water activity on the outside of the film.
II The salt concentration is constant and equal to its equilibrated state as found by
element analysis. For a saturated NaCl solution (X = 1/15) the water activity at
the boundary is lowered from 0.75 to 0.7. This will change the signal level only in
the order of 0.01, so hardly detectable by our setup. The diffusion constant does not
change for this scenario since ∂X/∂θ is zero, see equation 7.13. As a consequence
the influence of salt cannot be detected in our NMR measurements.
III Linear increase of the salt content. At θ = 0% the salt content is zero. At the maximal
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moisture content for the specific water activity θmax , the salt concentration is equal
to the values as found by element analysis. A saturated NaCl solution will have the
most pronounced effect on the boundary water activity and the diffusion coefficient.
The water activity at the boundary is lowered by 0.05. The effect on the diffusion
coefficient of a saturated NaCl solution (a0w = 0.75, ∂θ/∂a0w = 11.6 ) at the boundary
and a salt concentration that decreases linear with theta is calculated by equation
7.13. As the salt concentration changes from 1/30 to zero and the moisture content
from 4.5% to zero ∂X/∂θ ≈ 0.015 and the diffusion coefficient decreases by 13%.
The result of a 13% decrease in diffusion coefficient is shown in figure 7.12 where
√
the moisture content is shown as a function of the Boltzmann coordinate λ = x/ t.
The waterfront will run through the film at a lower rate as shown by the lagging
curve (¤) in case salt is present.
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Fig. 7.12: This graph shows the effect of salt on the rate of moisture transport in case that the
ingressing moisture profiles contain a linear gradient of salt with respect the moisture
distribution. The √
figure shows the moisture content as a function of the Boltzmann
coordinate λ = x/ t. The maximum amounts of salt at λ = 0 are obtained by element
analysis as shown in figure 7.9. The symbols show the case in absence of salt for a
water activity of 0.75 (-¤-) and 0.93 (-◦-). These water activities correspond to salt
solutions of 6.13 M and 2M. The effect of salt on the diffusion coefficient is 13% in
the case of a saturated NaCl solution. For the 2 M NaCl solution the effect of a linear
salt distribution is only 3.5%. This figure shows that in each case the effect of salt on
the moisture migration rate is small.

A salt solution of 2 M (aw = 93) contains less than half the amount of salt and
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therefore the effect on the diffusion coefficient is only 3.5%. As a result, the influence
of the salt is too small to detect by looking a the diffusion coefficient. The effect of
ions in the film on the migration rate of moisture is also shown in figure 7.12. The
amount of ions is less and the water activity is higher with respect to a saturated
NaCl solution, ions are also not able to lower the ingress speed.
The element analysis experiments show that salt enters the nylon film. Theoretically,
the presence of salt in the nylon is able to lower the water activity inside the nylon film.
At the same external activity the amount of water in the film increases. More water gives
more plasticization and a higher diffusion coefficient at the same external activity.
From signal intensity profiles as shown in figure 7.2 and 7.3 is concluded that the signal
at the boundary is not influenced by salt. Furthermore, the Boltzmann transformation
and simulated profiles (figure 7.7(a)) do not clearly indicate that the rate of uptake is
different when exposed to salt. With NMR the effect of the salt ions is not observed.
Using the theory presented above this is explained as the diffusion process only slightly
decelerates due to the presence of ions.
7.4.5 Other monovalent ions
The water activity of the NaCl solution on top of the film is used to predict the amount
of water. In this section we will broaden our scope to other monovalent salts to see
whether they show a behavior similar to NaCl. The salts used in this section are: LiCl,
KNO3 and KCl. Just as for NaCl, these salts solutions are put on top of a nylon film
and are evaluated based on the relation between the water activity of the solution and
the signal intensity of the first echo. The relation between the salt concentration and the
water activity of the solution is found in literature [162, 163]. The signal level from a film
equilibrated with a NaCl solution exactly matched the value as expected on the basis of
the water activity of the solution, see figure 7.4.
Figure 7.13 shows the signal intensity of the first echo in a saturated film as a function
of the water activity. The figure shows the signal intensity of experiments with LiCl,
KNO3 and KCl solutions in contact with the nylon film as a function of the water activity
of the solution, i.e. for different molar concentrations of the considered salt. Figure 7.13
shows also the signal intensities of the NaCl solution, water and water vapor as shown
before in figure 7.4. For example, a signal of 0.085 is detected after a nylon film is exposed
to a saturated KCl solution for two days, see figure 7.13. This is easily explained as the
water activity of the solution is 0.81. For water vapor with the same activity of 0.81 a
signal intensity of 0.08 is expected, meaning that the water activity on top of the film
controls the moisture uptake. Similar to the NaCl solutions, the signal intensities of the
LiCl, KNO3 and KCl solution are equal to the signal of a nylon film equilibrated with
water vapor of the same activity. On the bases of this first echo of an equilibrated sample,
it can be concluded that the salts LiCl, KNO3 and KCl also control the chemical potential
of water on top of the film. The same conclusion as for NaCl can be extended to LiCl,
KNO3 and KCl. The water activity on top controls the water uptake and too little ions
enter the film to influence the water activity inside the film.
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Fig. 7.13: Signal intensity of equilibrated films of the first echo as a function of the water activity
for LiCl, KCl and KNO3 solutions. The signal intensities for NaCl, water vapor and
liquid water as shown in figure 7.4 are also included. As all salt solutions show the
same trend as a function of the water activity, it can be concluded that all solutions
control the water activity outside the film.

To study the molecular mobility of water in the nylon, the relaxation curves of films
exposed to LiCl, KNO3 and KCl solutions are analyzed. The signal decays are measured
with 8192 averages and equation 7.17 is used to describe the curve. The results are shown
in figure 7.14.
In figure 7.14 relaxation parameters are shown for LiCl, KNO3 and KCl solutions
together with the previous results of water and NaCl solutions. Figure 7.14(a) shows
the long component of the relaxation T2,L with the corresponding amplitude AL , figure
7.14(b). The amplitude found for the salts tested here is in agreement with the amplitude
found for water vapor. For the T2,L a similar trend is found for the solutions and the
water vapor experiments. The presence of the ions does not influence the NMR signal
and signal intensities are directly converted to moisture content. This either means that
the ions present do not affect the water uptake process or that there are no ions present.
As with NaCl, the dynamics of the water uptake process of LiCl, KNO3 and KCl
solutions is examined by using Boltzmann transformed moisture content profiles. First,
signal profiles are transferred into moisture content profiles by using the√calibration curve
of figure 4.3. Second, the Boltzmann transformation is applied: λ = x/ t.
In figure 7.15 the moisture content profiles of a nylon film in contact with a saturated
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Fig. 7.14: Relaxation data of films exposed to salt solutions, water and water vapor is fitted
with a double exponential function. The longest time constant T2,L is shown in figure
(a) and the corresponding amplitude AL in figure (b). As water, water vapor and
the relaxation decay of salt solutions show the same trend it is concluded that the
mobility of water in the nylon film is the same for all three cases. This indicates that
the water activity inside the nylon film is not affected by the presence of ions.

KCl and a saturated √
KNO3 solution are shown. The figure shows the moisture content θ as
a function of λ = x/ t [108]. The figure shows that datapoints for 5<t<25 hours during
the uptake process nicely collaps on a single master curve indicating that the diffusion
coefficient is a unique function of θ. The KCl and KNO3 solution have a water activity of
0.81 and 0.93, respectively [100]. For these water activities, the moisture content in nylon
6 is equal to 5.0% and 6.6%, see figure 4.1. Using the non-linear diffusion coefficient of
pure water (figure 4.7) and boundary conditions of θ=5.0% and θ=6.6% the water uptake
process is simulated.
Figure 7.15 compares the timescales of water uptake from saturated KCl and KNO3
solutions to simulations with corresponding water activities. The measured data at λ=0
indeed show a moisture content at 5.0% and 6.3%. Thus the water activity of the salt
solutions controls the boundary conditions on top of the film. As the simulation and
the measurements are in good agreement it is concluded that the salt only influences the
water uptake by suppressing the water activity in the solution and has little influence on
water in nylon.
Clearly, water uptake from LiCl, KNO3 and KCl solutions happens in a similar manner
as for NaCl. Applying a salt solution is directly visible in a lower moisture content of the
equilibrated sample as the water activity of the solution is lowered. Further the uptake
rate slows down with decreasing activity. The first reason for this is the lower chemical
potential gradient with respect to the dry film. And secondly, the mobility and diffusion
coefficient drops with decreasing moisture content. The dynamics and state of water in
the nylon is not affected by the presence of ions. The effect of the ions only results in a
changed water activity of the solution outside the nylon.
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Fig. 7.15: Water uptake measurements from a saturated KNO3 solution (¤) and a saturated KCl
solution (◦) compared
√ to simulation results. The horizontal axis shows the Boltzmann
coordinate λ = x/ t and the vertical axis the moisture content. Simulations are done
using the moisture content at equilibrium and the non-linear diffusion coefficient. As
the figure shows that the timescales of water uptake are in agreement with results of
the simulation, it is concluded that the main effect of the salt is to lower the water
activity of the solution outside the film.

7.5 Conclusion
In this chapter the water uptake from saline solutions containing monovalent ions in thin
nylon films is studied with NMR imaging.
Water uptake from a saline solution is predictable by knowing the water activity of the
solution. When the concentration of NaCl in the solution is increased less water enters
the film and the final amount equals the value corresponding to the water activity of the
solution. The water uptake rate can correctly be simulated by the diffusion coefficient
as obtained from pure water using the proper boundary conditions of the water activity
of the solution. This indicates that the amount of ions ingressing into the nylon is not
sufficient to alter significantly the state of water inside nylon; i.e. the chemical potential
of water is not affected much.
It is shown that the effect is the same for salt solutions containing: LiCl, KNO3 and
KCl. Also for these solutions the amount of water and the rate of water uptake is correctly
simulated with input of the water activity of the solution and the diffusion coefficient of
water. Again, this proves that the state of water and its mobility is not significantly
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influenced by the ions. From the NMR imaging measurements it is concluded that the
water uptake from a salt solution is exactly the same as if it is a water vapor with the
same water activity. If there are ions present in the nylon film, their number is very low
or they have limited influence on the chemical potential and diffusivity of water in nylon.
Element analysis show that ions do enter the film. After four weeks the salt concentration in the film is approximately one third of the concentration in the solution.
This amount of ions is not enough to significantly influence the diffusivity and chemical
potential of water in the film.
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8. Transport of divalent ions through the nylon film
8.1 Introduction
First we studied the uptake of pure water. The rate of the water uptake process was
quantified by the diffusion coefficient. The plasticization of the polymeric matrix was
shown by a D2 O experiment and quantified by measuring the glass transition temperature
Tg as a function of the moisture content.
The effect of the presence of salt ions on the water uptake was thereafter studied using
monovalent salts, such as NaCl, LiCl and KCl. No evidence for the presence of salt ions
in the nylon was found in the NMR measurements, although salt ions entered the nylon
film as measured by element analysis. Apparently, too little ions enter the polymer to
significant alter the water activity or chemical potential of water inside the nylon. The
NMR signal intensity was fully explained by the water activity of the solution outside the
film and the water uptake process from a saline solution is accurately predicted by the
diffusion coefficient of pure water.
The aim of this chapter is to understand the transport of ions through the nylon
matrix. For this purpose we use the paramagnetic ions Cu2+ and Mn2+ . The permanent
dipole of these ions will enhance relaxation and their presence will therefore be detectable
by NMR. First the presence of ions will be visualized and quantified from the NMR
imaging profiles. A careful study of the effects on relaxation will reveal how these ions
migrate in the nylon matrix. Finally, the transport mechanism is investigated by exposing
the nylon film systematically to different concentrations of MnCl2 and CuCl2 .

8.2 Results
8.2.1 Transport of divalent ions through the nylon film
Do ions move simultaneously with water through the nylon film? Our aim is to investigate
how the ions migrate through the nylon film with respect to the migration of water.
For this purpose the signal intensity profiles of the first echo are studied when the film
is exposed to a 0.3 M MnCl2 solutions. The 200 µm thick nylon films are made by
compression moulding, see section for more information about the samples.
First the sample is measured in its dry state. Thereafter the nylon film is exposed
to a 0.3 M MnCl2 solution. The uptake process is measured with the OW-sequence
te = 100 µs using 1024 averages, giving a time between subsequent measurements of 17
minutes. A selection of signal intensity profiles of the first echo (profiles) is shown in
figure 8.1. Profiles are shown t = 0.1 h, 1.2 h, 2.7 h, 7.3 h and 11.8 h in figure 8.1(a). In
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figure 8.1(b) profiles are shown at a time of 11.8 h, 20.9 h, 57.4 h, 140.3 h, 305.6 h. The
bottom of the sample is shown on the right side of these figures and the solution/polymer
interface is on the left side. At the bottom of the sample the silicon glue (T2 /te À 1) is
located, which gives the peak on the right side of the figures. The horizontal axis of these
figures display the distance with respect to the solution/nylon interface. The vertical axis
shows the fraction of visible hydrogen nuclei (T2 > 100 µs) with respect to liquid water.
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Fig. 8.1: Uptake process of a 0.3 M MnCl2 solution. The first 11.8 h are shown in figure (a) and
the time up to 305.6 h is shown in figure (b). The vertical axis is the fraction of mobile
hydrogen nuclei with respect to water and the horizontal axis shows the distance with
respect to the solution/nylon interface. The solution on top of the nylon film is shown
on the left of the figures and the glue layer underneath the nylon film is shown on the
right of the figures. At 7.3 h the bottom of the nylon film already contains water and
at 11.8 h the film is homogeneously filled, as shown in figure (a). At the same time
a dip (1) in figure (a) is visible near the solution/nylon interface. The dip is caused
by the presence of manganese ions, whose dipolar field causes the hydrogen nuclei to
dephase more rapidly, making them undetectable at te = 100 µs. The manganese ions
blank the hydrogen signal. Figure (b) shows the movement of the manganese ions into
the nylon film (2). At 57.4 h the manganese ions have penetrated the nylon film for a
distance of 110 µm. After 13 days the manganese is distributed throughout the whole
film as shown by the evenly blanking of the signal in figure (b). While manganese ions
move into the film, more water is also transported towards the bottom part of the film
as indicated by (3). The horizontal dashed line in figure (b) shows the signal level for
a fully saturated nylon film.

The first profiles are shown in figure 8.1(a) and later profiles are displayed in figure
8.1(b). The film in its dry state gives very little signal (T2 < 100µs). Water enters the
nylon film as shown by the signal increase near the solution/nylon interface in figure 8.1(a).
During the first 2.7 hours the waterfront covers more than half the film. A significant
amount of water has reached the bottom of the sample at 7.3 hours. In the next 4.5 hours
the film is homogeneously filled with water as the profile at time 11.8 hours in figure
8.1(a) shows. The bump at the glue/nylon interface is most likely an accumulation of
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water near the sides of the nylon film, established during the uptake process. This effect
is absent in all other measurements and little attention should be paid to it.
An interesting feature of figure 8.1(a) is the dip in the signal profiles that develops
near the solution/nylon interface at a distance of approximately 25 µm, indicated by (1)
in figure 8.1(a). This dip cannot be attributed to a decrease of the water content since
the solution is still on top of the film. The only plausible explanation for this dip is the
ingress of manganese ions in the nylon film. Manganese ions have a permanent dipolar
field and distort the local magnetic field as induced by B0 . Under influence of the dipolar
field of manganese the hydrogen nuclei present dephase more rapidly, leading to a very
short T2 value. As the T2 of the hydrogen nuclei gets shorter than 100 µs the 1 H signal is
not detected anymore. The manganese ions reveal themselves by blanking the hydrogen
signal.
Figure 8.1(b) displays hydrogen density profiles at a time of 11.8 hours or later. As
time increases the manganese ions move further into the nylon (2) as visible in figure
8.1(b) by the signal blanking towards the bottom of the film. At the same time the signal
still increases near the bottom of the film (3, in figure 8.1(b)), where the signal is not
affected yet by the manganese ions.
The signal intensity of the saturated film is indicated by the horizontal dashed line at
a signal intensity of 0.15 as shown in figure 8.1(b) and is explained by the water activity of
the 0.3 M MnCl2 solution on top of the film. As the ion concentration increases, the water
activity of the solution decreases [100]. This relation is by approximation linear and the
exact relation can be found in literature for various types of salt solution [168–170]. The
0.3 M MnCl2 solution used in this experiment gives a water activity of 0.98. Previously
the relation between the saturation water activity and the corresponding signal intensity
from the film was established using water vapor, see figure 4.3. As the water activity of
the solution here is equal to 0.98, the expected signal is equal to 0.15. This signal level is
in good agreement with observations in figure 8.1(b) and it is concluded that the solution
controls the water activity on top of the nylon film. More interesting than the signal
intensity is the moisture content of the nylon film before ions enter the film. The signal
intensity exactly matches the value expected, based on the water activity. As a result
the amount of moisture can be obtained from the sorption isotherm at a water activity
of 0.98. The amount of moisture in the film before ions enter the film is equal to 7%.
The signal difference between the profile at 11.8 h and the saturation level (3, in figure
8.1(b)) indicates that more water is transported into the nylon film or that the nylon
is further plasticized at the same time as the ions move into the film. At 57.4 hours
the manganese front is penetrated 110 µm into the film. The signal level is at the same
intensity throughout the whole film after approximately 13 days (305.6 h), meaning that
the manganese ions are homogeneously distributed in the nylon film. Despite the presence
of manganese in whole film, still some 1 H signal is remaining (4) as shown in figure 8.1(b).
Even at the maximum Mn2+ concentration still not enough manganese is present to affect
all hydrogen nuclei and areas in the nylon exist in which the manganese concentration
is zero. As the film is saturated with manganese ions the maximum concentration is
detectable in our measurement, which means that the blanking front in figure 8.1(b)
reveals the complete concentration distribution of manganese.
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The previous measurement shows that water and Mn-ions from a 0.3 M MnCl2 solution
enter the nylon film as a two stage process. First it takes 11.8 hours to fill the film with
water, whereafter the ions enter and slowly move through the film.
To verify whether the uptake process is the same for other manganese concentrations
and other ions such as copper, more experiments are shown in this section. The manganese
concentration is increased to 2 M and the uptake process is measured. Resulting signal
profiles are shown in figure 8.2 as a function of distance with respect to the solution/nylon
interface. The layout of the figures is the same as previously. From left to right the figure
consists of; the 2M MnCl2 solution, the nylon film of 200 µm and the layer of silicon glue.
Figure 8.2(a) shows the first part of the process with profiles up to a time of 33 hours.
The second part of the process is shown in figure 8.2(b).
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Fig. 8.2: Uptake experiment from a 2 M MnCl2 solution. The figures show the fraction of mobile
hydrogen nuclei with respect to water as a function of the film thickness. From left to
right the figure shows: 2 M solution, the nylon film and the silicone glue underneath
the film. Figure (a) shows the waterfront entering the film. After 12 h the waterfront
has covered the top 130 µm of nylon material. The film is saturated after 33 h and the
saturation level is indicated by the horizontal dashed line. In figure (b) the blanking
of the signal shows how the manganese ions move into the nylon film. More than half
the nylon film contains manganese ions after 217.3 h.

At a time of 33 hours the film is saturated homogeneously with water as shown by the
horizontal dashed line. The signal intensity of this line is 0.08 and this value is explained
by the water activity of the solution on top. The water activity of a 2 M MnCl2 solution
is 0.87. Figure 4.3 shows the expected signal value is 0.085 in case of a water activity
of 0.87. It is concluded that the water activity of the 2 M MnCl2 solution controls the
amount of moisture in the film and also the signal intensity from the film.
Figure 8.2(a) shows mainly the water uptake process. A dip in the profiles near the
solution/nylon interface reveals the presence of ions on the film. Figure 8.2(b) shows
the ingress of manganese ions into the film as revealed by the blanking of the signal.
The signal over the first 80 µm is completely blanked as shown by the profile of 217.3
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hours. The manganese concentration in the nylon is high enough to affect all observable
(T2 > 100 µs) hydrogen nuclei.
The concentration of Mn2+ ions in the film is high enough to affect all hydrogen
signal. For studying the manganese uptake process this is not beneficial because it could
mean that the ingress of the highest manganese concentrations is not detectable. Extra
manganese in the nylon matrix has no effect, since all the hydrogen signal is already
disappeared. In case of the uptake from the 0.3 M solution a part of the hydrogen signal
remained, is thus not affected by the highest manganese concentration, meaning that the
complete manganese concentration range is observed in this measurement.
In this experiment with 2 M MnCl2 , it takes the manganese front approximately 200
hours to reach the middle of the nylon film. After 305.6 hours the manganese is still
not present throughout the whole film as mobile hydrogen is still detected at the bottom
40 µm of the film. This is in contrast with the experiment of 0.3 M solution, where the
entire film was filled with manganese after 305.6 hours. In case of the 0.3 M solution
it took only 57 hours to reach the middle of the film. In this experiment using a 2 M
solution it takes 200 hours to reach the same point. It is concluded that the manganese
front moves slower through the film in case of a 2 M solution with respect to the 0.3
M solution. The rate of manganese ingress will be further investigated in section 8.2.4.
Furthermore it is concluded that a similar two stage process occurs in case of the 2 M
solution. The nylon film is first saturated with water, whereafter ions penetrate the film.
So far only uptake of water and ions from a manganese chloride solution is investigated.
To verify the generality of our observations an experiment with a 4 M copper chloride
solution is done. Copper ions are also paramagnetic and therefore have the same effect
on the 1 H signal as manganese.
The uptake from a 4 M CuCl2 solution is again split in two figures and shown in figure
8.3. Signal intensity profiles at 0.1 h, 2.9 h, 15.0 h, 22.6 h and 30.1 h are shown. The
first 30 hours of uptake are shown in figure 8.3(a). The top 50 µm contains water after
2.9 hours and after 15 hours the water has almost reached the bottom of the film. A
homogeneous saturation with water is achieved after 30.1 hours. At the same time as
water ingresses, copper ions penetrate the nylon film as revealed by the sharp dip near
the solution/nylon interface on the left of the figure. At 2.9 hours the presence of the
copper ions is hardly visible in the NMR imaging profiles but from 15 hours onwards the
effect becomes quite pronounced and ions are present in the upper 50 µm of the film.
The lower magnetic moment of copper explains the shape of the copper profiles as
shown in figure 8.3(b). The signal intensity profiles of the copper containing regions
increases gradually (for example the profile at 266 h) whereas the signal profiles in the
manganese experiments have a rather sharp front. The effect of copper and manganese
ions on the signal intensity is shown schematically in figure 8.4. The concentration of
manganese and copper ions is shown on the left vertical axis as a function of distance on
the horizontal axis. The right vertical axis shows the signal intensity. The film contains
copper ions at the bottom and the signal intensity is not affected. A number of copper
ions must accumulate at the same position in order to affect the signal. The gradient as
a function of position in the hydrogen signal shown in figure 8.3(b) is caused by a copper
concentration gradient. Traveling through the nylon matrix, it takes time to reach the
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Fig. 8.3: An uptake experiment using an 4 M CuCl2 solution. Figure (a) shows the first 30.1
hours of uptake and figure (b) shows the profiles at times of 30.1, 60.7 and 266 hours.
The water saturation level in figure (b) is indicated with the horizontal dashed line.
Figure (a) shows that it takes 15 h for the water to reach the bottom of the film and
30.1 h to fill the whole film with water. In figure (b) the blanking of the signal reveals
the presence of the copper ions in the film near the solution/nylon interface. The film
contains a concentration gradient of copper ions after 266 h as shown by the signal
gradient in the nylon film.
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Fig. 8.4: A schematic figure of the effect of manganese and copper ions on the NMR imaging
signal intensity. Due to a lower magnetic moment the copper ions have less influence
on the signal intensity. A small amount of copper ions is not able to affect the signal
intensity, whereas a manganese ion immediately decreases the signal.

The higher magnetic moment of manganese suppresses the hydrogen signal more effectively. Once a manganese ion is present it immediately blanks the signal, see figure 8.4.
There is no need for concentration built-up and the hydrogen signal decreases sharply in
regions where manganese ions are present.
Longer timescales of the 4 M CuCl2 uptake process are viewed in figure 8.3(b). At
a time of 60.7 hours, the upper half of the film contains ions. The signal increase near
the nylon/glue interface indicates that water is still transported through the film towards
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the bottom, as ions penetrate the film from the top. A concentration of 4 M CuCl2 gives
a water activity of 0.85 [169]. For this water activity the expected saturation level is
indicated by the horizontal dashed line at signal intensity 0.08. The profile of 60.7 h
shows that signal intensity again matches the expected value, meaning that the water
activity of the solution on top of the film controls the amount of water in the film.
The whole film contains ions at 266 hours. The signal next to the solution/nylon
interface is completely blanked by ions, whereas going towards the bottom of the film
gradually signal appears. From the signal gradient over the film it is directly concluded
that the film contains a concentration gradient of copper ions. The film is saturated with
water before ions enter the film. With respect to the order of uptake it is concluded that
the copper ions behave the same as the manganese ions. First water enters the film and
is followed by ions.
As nylon is exposed to a saline solution containing paramagnetic ions, uptake occurs
in two stages as is concluded from the experiments discussed above. First water enters
the film, followed by ions. The presence of manganese and copper is indirectly detected
from their blanking effect on the hydrogen signal. Water has to plasticize and swell the
nylon before the ions can enter. Besides mobility and the geometrical constraints, the
ions also would like to be hydrated, so water has to be present [160]. It is also observed
that dependent on the ion concentration on top of the film the water saturation level of
the film differs.
8.2.2 Quantification of manganese concentration profiles
Manganese and copper ions in the nylon are detected indirectly by NMR, but exactly
how much ions do enter the nylon film? The aim of this section is to quantify the amount
of manganese ions migrating in the film during uptake. In this section the focus will be
on the manganese ion since this ion has the largest magnetic moment and thus the most
profound impact on the NMR hydrogen signal [171]. This enables us to detects small
amounts of ions and observe the complete concentration range of ions. To quantify the
amount of ions a relation will be established between the signal intensity and the amount
of ions. The next step is to apply this relation to an uptake measurement and create
manganese concentration profiles.
The first step is to quantify the amount of ions in the film. For quantification of ions
in the nylon, element analysis are performed externally [167]. For this analysis nylon
films are exposed to different concentrations manganese chloride ranging from 0.007 up
to 1 M. Films with a thickness of 200 µm and dimensions of 2×2 cm2 are soaked in
the solution for a period of four weeks before performing the analysis. The result of the
element analysis is shown in figure 8.5(a). The concentration of the solution is displayed
on the horizontal axis and the amount of manganese in the film is shown on the vertical
axis. In the previous chapter, see figure 7.9, element analysis were performed on samples
saturated with NaCl solutions. Although the concentration range for the MnCl2 solutions
is extended towards more diluted concentrations, the amount of ions in the case of Mn2+
is comparable to the amount of Na+ and Cl− ions in the film. This is an indication that
sorption is not dependent on specific interactions, which might be the case for Mn2+ .
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Fig. 8.5: Figure (a) shows results of element analysis. The amount of manganese ions found in
the film is plotted as a function of the MnCl2 concentration on top of the nylon film.
The amount of ions in the film increases almost linearly with the concentration of ions
outside the film. The effect of manganese ions in the film on the 1 H signal is shown
in figure (b). The figure shows that the NMR imaging signal is extremely sensitive to
the first manganese ions that enter the film.

The second step is to measure the 1 H NMR imaging signal of films exposed to the
same concentrations analyzed in the first step. NMR imaging samples are exposed to
the same concentrations of MnCl2 and the signal level is recorded as a function of the
manganese chloride concentration. Combining the first and the second step gives the 1 H
signal suppression as a function of the manganese concentration in the film.
The result of this study is shown in figure 8.5(b). The signal level is shown on the
horizontal axis of figure 8.5(b) and the amount of ions in the film is shown on the vertical
axis. The points (¥) are the combined result of measuring the signal intensity and the
element analysis. The dashed line is a fit to describe the relation between signal and
concentration. From figure 8.5(b) it is concluded that the signal intensity of the NMR
signal is very sensitive to small amounts of manganese. The signal intensity is reduced to
20% of its intensity as the concentration of the manganese solution on the outside of the
film is larger than 0.3 M.
The calibration established and shown in figure 8.5(b) must be applied with care. The
calibration gives the relation between signal intensity and the manganese concentration.
However, the signal intensity also varies with moisture content. The MnCl2 concentration
in the used samples causes a variation in moisture content by regulating the water activity.
The MnCl2 concentration ranges from 0 to 1.0 M. This lowers the water activity aw to
0.92 and the moisture content to 6.6%. Thus, the moisture content variation in the
samples is small. To have little effect of the water activity, a low MnCl2 concentration
should be used. In case of a 0.3 M MnCl2 solution the water activity is still 0.98 and this
concentration can be used to calibrate its manganese profiles. During the uptake process
the moisture content also varies. The calibration should only be applied to a part of the
uptake process where the moisture content variation in the film is small. This excludes the
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first hours of the uptake process when water uptake and ion ingress occur simultaneously.
The calibration to quantify the amount of manganese should be used when the moisture
content of the sample is close to saturation.
With the relation shown in figure 8.5(b) manganese concentration profiles are obtained
from signal intensity profiles during ion uptake. For this purpose the experiment with
0.3 M MnCl2 solution as shown in figure 8.1 is used.
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Fig. 8.6: Uptake experiment of a 0.3 M MnCl2 solution from 11.8 h up to 305.6 h. Figure (a)
shows the NMR signal as a function of position and figure (b) shows the amount of
manganese ions per kilogram of dry nylon as a function of the position. NMR imaging
signal profiles and quantified profiles are shown at a time of 20.9 h, 57.4 h 140.3 h and
305.6 h. The profile at 20.9 h in figure (a) shows that manganese ions have covered
the top 30 µm of the film. This profile also shows the increase in water content at
the bottom of the film with respect to the situation at 11.8 h. At a time of 305.6 h
the NMR signal is almost at the same intensity throughout the whole film. Figure (b)
shows the ingress of the manganese front into the nylon film. At 140.3 h the manganese
front has moved 140 µm deep into the nylon film. After 305.6 h the manganese still
shows a clear concentration gradient whereas the NMR signal intensity in figure (a) is
almost uniform. At lower signal intensities, small signal variations have a large impact
on the amount of manganese ions present, see also figure 8.5(b).

From 21 hours onwards the film is saturated with water and only manganese ions
migrate into the film, see figure 8.6(a). Manganese concentration profiles are recalculated
from the signal profiles and are visible in figure 8.6(b). The amount of manganese ions
present per kilogram nylon is shown on the vertical axis of this figure.
While the manganese front moves into the film, the amount of manganese stored
near the solution/nylon interface still increases. The intensity of the signal profile in
figure 8.6(a) of 305.6 h is almost constant throughout the film, while the manganese
concentration in figure 8.6(b) still shows a distinct gradient in manganese concentration.
The film is not yet homogeneously filled with manganese at 305.6 h, more manganese is
needed in the bottom part of the film at the nylon/glue interface.
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The concave shape of the manganese concentration profiles shown in figure 8.6(b)
strongly resembles the profile shape normally encountered for Fickian diffusion. Even
though the Fickian nature of the ion uptake process cannot be confirmed from these
measurements, a Fickian
diffusion coefficient is calculated to quantify the transport rate.
√
The relation l = 4Dt is used to calculate the diffusion coefficient. In this relation is
l [m] the distance, D [m2 s−1 ] the diffusion coefficient and t [s] the time. Using the profile
at 57.6 h at a signal intensity of 0.05, this gives a diffusion coefficient of 3×10−14 m2 s−1 .
This estimation gives a diffusion coefficient smaller than the diffusion coefficient of water
in nylon, see figure 4.7. Since water enters the polymer first, a lower value of the diffusion
coefficient for ions is expected.
8.2.3 Situation of manganese ion in the polymer matrix
The effect of the presence of manganese on the hydrogen and hydrogen signal is examined
in this section to establish how the manganese ions are situated in the nylon matrix. The
intensity of the hydrogen signal from a saturated sample (aw = 1) is constructed for 50%
of H2 O-hydrogen and the other 50% is contributed by mobile hydrogen on the polymer
backbone of nylon [122]. How the manganese affects the signal from these two components
is investigated in this section. The manganese ion will only affect hydrogen in its direct
proximity and therefore the effect of the manganese on the signal gives information about
where and how the ion resides in the nylon matrix.
An experiment with a 0.3 M deuterium-MnCl2 solution (MnCl2 D2 O) is performed to
investigate the effect of the manganese ion on the hydrogen signal. Using the heavy water
solution, the signal consists of only plasticized polymer. The nylon film is shown in the
middle of figure 8.7 in between the vertical dotted lines. The bottom of the system, the
glue layer, is shown on the right side of the figure. The horizontal dotted lines indicate
the signal intensity in the absence of manganese ions for normal H2 O and heavy D2 O
water. The solid lines show profiles from the 0.3 M MnCl2 experiment as shown earlier in
figure 8.1(b). Also shown is a profile of a film equilibrated with 0.3 M MnCl2 D2 O (-◦-)
solution.
At 20.9 hours the manganese ions have penetrated the top 40 µm of the film and it
takes 140.3 hours to cover 125 µm of nylon film. The presence of manganese is detected
because the 1 H signal is partially blanked. Some signal remains, (1) in figure 8.7. The
manganese is not able to affect all hydrogen nuclei. From the MnCl2 D2 O experiment is
concluded that the remaining part of the signal is plasticized polymer. The same signal
intensity remains when the solution contains water or heavy water. Therefore, this signal
(1, in figure 8.7) originates from hydrogen nuclei on the polymer backbone. Because
the last remaining part of the signal contains only polymer hydrogen, this also means
that mainly the hydrogen of water are affected first by the manganese ions. This is not
strange since the manganese ions are most likely surrounded by water in the form of a
hydration complex. The water-hydrogen nuclei in direct proximity of the manganese ions
are affected first by the dipolar field of the manganese ion.
Are only water hydrogen nuclei affected by the presence of manganese? Previously it
is concluded that for a fully saturated film the signal consist half of plasticized polymer,
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Fig. 8.7: Signal profiles of a nylon film exposed to 0.3 M MnCl2 solution created with water(-)
and heavy water(-◦-). The 0.3 M MnCl2 H2 O profiles at times of 20.9 h and 140.3 h are
previously shown in figure 8.1(b). Using the D2 O solution, only the hydrogen on the
polymer backbone appear in the signal. Using H2 O or D2 O, the same signal intensity
(1) remains. Thus, the remaining signal consist of hydrogen from the polymer. This
also means that the hydrogen nuclei from water disappear from the NMR imaging
signal first. This can be understood by picturing the manganese ions as solvated in a
water shell and in close proximity to water molecules. These hydrogen nuclei close to
the manganese ions disappear from the signal first.

see figure 4.8. The signal intensity corresponding to the plasticized polymer is indicated
by the horizontal dashed line (D2 O, aw = 1) in figure 8.7. This difference, as indicated by
(2) in figure 8.7, is too large to be explained by the effect of the water activity of the 0.3 M
D2 O solution on the signal. The maximal effect of a water activity of 1 would only give a
signal rise of 20% and a signal intensity of 0.06 for the 0.3 M MnCl2 solution experiment.
Since the signal intensity for pure D2 O is higher, it is concluded that the manganese ions
also affect a small part of the hydrogen on the polymer backbones.
This is in line with observations from the experiment with the 2 M MnCl2 in figure
8.2(b), where the complete 1 H signal is fully blanked, meaning that all hydrogen are
affected by the presence of manganese. The effect of the manganese concentration on the
hydrogen signal is visualized by the curve in figure 8.5(b). About 0.06 mol per kilogram
of nylon is needed to affect all mobile hydrogen nuclei. Practically this means that an
external solution higher than 1 M MnCl2 will lead to complete blanking of the signal.
The NMR signal consist of two pools of hydrogen, hydrogen on guest-water molecules
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and hydrogen on the polymer backbone. When introducing the manganese ions into the
system of water in nylon, the water hydrogen are affected first. Therefore it is concluded
that the manganese ions resides in the polymer matrix surrounded by water molecules or at
least is in an environment close to water molecules. At a higher manganese concentration
the hydrogen nuclei on the polymer backbone are affected as well.
8.2.4 Influence of water content and polymer mobility on ion transport
What determines the rate of ion ingress into the nylon film? In section 8.2.1 it was already
observed that in case of a 0.3 M solution the manganese front completely moved through
the film in 305.6 hours, but in case of a 2 M manganese solution the film is not completely
covered after 305.6 hours. In this section the speed of the manganese front is characterized
to find out what determines the rate of the manganese ions moving into the nylon matrix.
To quantify the rate of ion ingress, the position of the front is extracted from uptake
profiles, e.g. profiles shown in figure 8.2. The half height of the front is used to determine
the position of the manganese front with respect to the solution/nylon interface. The same
procedure to quantify the position of the manganese ions is preformed on experiments with
0.3 M, 1 M, 2 M, 3 M and 5 M MnCl2 solution. These concentrations correspond to a
water activity of 0.97, 0.92, 0.85, 0.78 and 0.65. For example, the front position of the
manganese ions of the 2 M MnCl2 solution experiment in figure 8.2(a) is extracted at a
signal intensity of 0.04. The front position as a function of time is shown in figure 8.8.
The water activity aw corresponding to the concentration of the solution is also included
in the legend of the figure.
For 0.3 M MnCl2 , figure 8.1(a) shows that the manganese front covers 115 µm during
the first 57.4 hours of uptake. The curve with the position of the front in figure 8.8
reveals that at this point the speed of the manganese front is slowing down. Earlier it
was concluded that in case of a 2 M MnCl2 solution the ions take more time to distribute
themselves through the whole nylon film. The difference in uptake rate of the ions from
the 0.3 M MnCl2 solution and the 2 M MnCl2 solution is clearly visible in figure 8.8.
From figure 8.8 it is concluded that the ions move slower into the nylon polymer matrix
as the concentration of the adjacent solution increases. This is explained by the effect of
the increasing water activity. An increase in water activity means more water into the
film. This is also shown by comparing figure 8.1(b) and figure 8.2(a). The more water
in the film, the more the glass transition temperature of the nylon front drops and the
higher the mobility of the polymer and water will be. This increased mobility also enables
a quicker transport of ions.
To extend our observations to other ions the same procedure to quantify the position
of the front during uptake is also done for CuCl2 solutions. For CuCl2 concentration of 2
M, 3 M, 4 M and 5 M the position of the front is shown in figure 8.9. These concentrations
correspond to water activities ranging from 0.82 to 0.93. From figure 8.9 is concluded that
all copper fronts move with approximately the same speed, although close observations
also reveals the trend that the ions move faster at higher water activity. It takes the
ions 50 hours or more to cover the upper 50 µm of the nylon film. The similarity in ion
transport rate is explained by the small difference in water activity. As the concentration
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Fig. 8.8: Quantification of the ingress rate of manganese ions into the nylon film. The distance
covered by the manganese ions with respect to the solution/nylon interface is plotted
as a function of time. As the concentration of ions in the solution increases, the ions
move slower into the film. This effect is explained by the water activity of the solution.
An increase in water activity leads to more water in the film and more mobility of
the polymer. The increase in mobility of water and polymer chains enables a faster
transport of manganese ions.

ranges from 5 M to 2 M the water activity ranges only 0.11. Small difference in water
activity lead to small variations in water content and plasticization, which gives small
mobility differences as thus similar uptake rates.
The displacements of the Cu2+ and Mn2+ fronts are compared to find whether the
migration is influenced by the specific ion. A straightforward comparison between ion
uptake rates of manganese and copper is possible between a 1 M MnCl2 (aw = 0.92) and
2 M CuCl2 (aw = 0.93), since these solutions have similar water activity. At 60 hours the
copper front has covered 83 µm while the manganese front has covered 67 µm. Distances
covered are of the same order of magnitude, but the copper front appears to be a bit
faster. Note that the actual speed difference will be larger. This is because the magnetic
moment of copper is smaller than the magnetic moment of manganese. The effect of a
copper ion in the nylon matrix on the hydrogen signal is less [171]. More copper ions are
needed to have the same effect on the signal as manganese. The front position is examined
at different concentrations even when looking on the same signal intensities. Figure 8.10
shows schematic signal profiles for the same concentration distribution of manganese and
copper ions in the film. The left vertical axis shows the ion concentration and the right
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Fig. 8.9: Characterization of the ingress rate of the copper ions. Independent of the water
activity and concentration, the copper ions move into the nylon film with approximately
the same speed. This is explained by the small difference in water activity for the range
of solutions used. As the concentrations ranges from 2 M to 5 M the water activity
ranges only 0.1.

vertical axis shows the resulting signal profiles.
Figure 8.10 shows schematic signal profiles for the same concentration distribution of
ions in the film. Tracking the fronts of manganese and copper is done at the same signal
intensity. This signal intensity is shown by the horizontal dotted line. The intersection
with the signal profiles gives the corresponding concentrations. The front position of the
copper profiles is calculated at far higher concentrations. To compare the manganese and
copper profiles at equal concentration, the copper profiles must be evaluated at a lower
signal intensity. As a lower signal intensity is found in a more forward part of the front,
the uptake rate of copper is faster than previously quantified.
Characterization of the uptake rate of manganese and copper ions reveals that the
water activity of the solution determines the transport rate of ions. A higher water activity
increases the amount of water in the film and the polymer mobility. This again increases
the suppression of the glass transition temperature and the self-diffusion coefficient of
water. More water present in the film gives better hydration of the ions. Both polymer
and water are more mobile at higher water contents and as a consequence ions are easier
transported.
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Fig. 8.10: The signal intensity I profiles as a result of copper and manganese ions at an equal
concentration distribution. The left vertical axis displays the concentration of ions
and the right vertical axis the resulting NMR signal intensity. The horizontal axis
shows the position in the film. The copper and manganese front are characterized at
the same signal intensity as indicated by the horizontal dotted line. By doing so, the
manganese profiles are evaluated at a lower concentration than the copper profiles. If
the profiles of copper and manganese would be evaluated at the same concentrations,
the rate of copper migration is clearly larger than the rate of manganese migration.

8.3 Conclusions
The uptake from a solution containing paramagnetic ions occurs in two stages. First
water enters the nylon and secondly the ions move into the polymer. Water enters the
nylon and causes plasticization and swelling. This will lift some geometrical constraints
for the ions to move into the nylon matrix.
The signal from guest-water molecules is affected before the signal from 1 H nuclei
on the polymer backbone is affected. The permanent dipole from the paramagnetic ion
will affect the 1 H nuclei in close proximity. Since the ions have a hydration shell it is
understood that 1 H nuclei from water are affected first. As the concentration of ions
increases also the 1 H signal from the polymer is affected, indicating that now the ions also
move close to the polymer backbones.
The amount of plasticization, the mobility of the polymer and the amount of water in
the nylon matrix determine the transport rate of ions though the nylon. Plasticization,
mobility and the amount of water are directly determined by the water activity on top
of the film. The higher the water activity on top of the film, the higher the amount of
water in the film and the mobility in the film. A higher water activity on top will lead to
a faster transport of the ions through the nylon matrix. This is most clearly shown by a
series of Mn2+ experiments.
In contrast to the study in the previous chapter the movement of ions is directly
studied by using paramagnetic ions. In this chapter we showed that the most important
factor for ion transport is the mobility of water in the nylon and the mobility of the
polymer itself. This is directly determined by the water activity of the solution in case of
exposing a dry film to a solution.
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9.1 Conclusions
Using NMR, water and ion transport in polyamide 6 was studied in this thesis. Water
uptake at room temperature was studied first. NMR relaxometry was used to examine
the mobility of polymer and water during uptake. Water uptake from electrolyte solutions
and the migration of ions themselves was studied in the last part of this thesis.
The NMR signal during water uptake was quantified. A highly non-linear relation was
found between the moisture content and the NMR signal revealing the need for calibration
of the NMR signal. The NMR signal appeared to be insensitive to the first 2% of moisture.
Furthermore, the calibration revealed that the increase of the NMR signal in case of an
almost saturated film can be attributed to polymer plasticization instead of water ingress.
At moisture contents higher than 5% the self-diffusion coefficient increases rapidly, which
reveals the fast increasing mobility of water and polymer at higher moisture contents.
The mobility of water and polymer during water uptake was further investigated by
NMR relaxometry. On the basis of NMR relaxometry it was concluded that only 6% of
the nylon matrix is significantly affected by water. A big part of the amorphous phase is
not affected by water. The heterogeneity of the amorphous phase is key for understanding
water transport.
As a part of the relaxation study the NMR signal was successfully split into two
parts: the 1 H signal coming from the guest-water molecules and the signal from hydrogen
nuclei on the polymer backbone. It was shown that water goes through the nylon before
plasticization starts. Water has to mobilize the polymer first before major water uptake
transport takes place.
The water uptake was also studied using Electrochemical Impedance Spectroscopy
(EIS). EIS measurements show that small amounts of moisture precede the waterfront as
measured by NMR. Both by equivalent circuit modeling of the EIS data and studying
the high frequency region of the EIS data, information about the waterfront moving
through the film was extracted. The location of the waterfront extracted from the EIS
measurements agrees with the position of the waterfront as measured by NMR.
After the water uptake studies, the nylon films where exposed to electrolyte solutions
to study the effects of the presence of ions on water uptake. The main effect of a solution
containing ions, outside on top of the nylon film, is to lower the water activity outside the
film. A lower water activity leads to a decrease in the rate of uptake and in the amount of
water that is absorbed. Although ions do enter the film, they do not influence the water
uptake process and the chemical potential of water in the film.
We visualized the uptake of water and ions by using paramagnetic ions. Water enters
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the nylon matrix first and plasticizes the nylon. After the polymer matrix has been
mobilized and water is present for hydration, ions enter the matrix. The speed of the ions
moving through the nylon is controlled by the amount of water and degree of plasticization
in the polymer matrix.
In this thesis we successfully studied the water and ion transport into polyamide 6
films. Although several techniques have been employed for sample characterization, the
central part of this work are the NMR imaging measurements. On several occasions we
have shown that a quantitative understanding of the NMR signal adds to the value of
NMR as a research tool and helps to gain a deeper understanding of the physics behind
the process.

9.2 Outlook
In the first chapters of this thesis a number of questions with regards to the water and ion
uptake by nylon 6 have been answered. Several issues remain and have to be investigated
for practical reasons or to develop a more fundamental understanding of the sorption of
liquids by nylon. A better understanding of mechanical stress during water uptake or the
behavior at high temperature can broaden the number of applications for nylon. Some of
these issues are out of the scope of the present thesis and a proper investigation will take
a large amount of effort.
9.2.1 Mechanical behavior and moisture transport
A better understanding and prediction of mechanical properties of nylon parts during
moisture uptake could give the material access to new areas of application. The introduction of moisture reduces the Young’s modulus and thus the stiffness of nylon. The
stiffness reduction in combination with swelling leads to undesirable displacements in a
construction [3, 36, 68]. For homogenously saturated samples the loss of stiffness as a
function of moisture content is characterized [68, 172]. Depending on crystallinity and
preparation method the dimensional change as a result of water uptake of polyamide 6
can range from 1% to 3% [3, 19].
How does a moisture distribution affect the mechanical properties? During moisture
uptake the decrease of the overal Young’s modulus of the film is dependent on the moisture
distribution within the film. The exact evolution of the Young’s modulus during moisture
uptake could be established by using the moisture distributions presented in this thesis
as input. The dimensional changes as a result of swelling of the film can also be examined
using the measured moisture distributions shown in this thesis as a starting point.
To outline the idea and create a starting point, a simple model is formulated now
assuming that the water penetrates the films as a sharp front, see figure 9.1. Figure
9.1 shows a film with a thickness d [m] that is fixed on one side. The position of the
waterfront within the film with respect to the top of the film is f [m]. The film consists
of a wet layer on top and a dry layer on the bottom with a Young’s modulus of Ewet [Pa]
and Edry [Pa], respectively.
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Water

d [m]
f [m]

Wet, Ewet
Dry, Edry

Fig. 9.1: Schematic view of a nylon film with an ingressing waterfront. The thickness of the film
is d. The Young’s modulus Etot of the total film is predicted using the position of the
waterfront f and the Young’s modulus of the wet Ewet and dry Edry layer of the film
as input.

Under elastic deformation the total stiffness of the film Etot is described by a simple
addition of the stiffness contributions of the wet and the dry part.
0

0

Etot = Ewet + Edry = Ewet

³f ´
d

+ Edry

³d − f ´
d

(9.1)

Equation 9.1 describes the Young’s modulus or stiffness of the total film Etot as a function
of the position of the moisture front f.
The simple model as described above gives a starting point for characterization of
the mechanical behavior during water uptake. The position of the waterfront f can be
extracted from measurements in this thesis. The missing parts are the Young’s modulus
for the dry and fully wet part of the film. The prediction of the stiffness can be improved
by measuring the Young’s modulus at several degrees of water saturation. This relation
between stiffness and moisture content combined with the moisture distribution profiles
measured with NMR imaging, should give an accurate description of the evaluation of the
stiffness during water uptake. To predict the swelling, the dimensional changes should be
measured as a function of water saturation. Predicting the swelling of a film containing a
moisture distribution is more complex, because the dry part will limit the swelling of the
total film [36].
9.2.2 Drying, water vapor and cyclic behavior
Materials are exposed to changing environmental conditions such as temperature and
humidity fluctuations. These fluctuations are often of cyclic nature, e.g. a day/night
cycle or a seasonal cycle. In this thesis the main aim was to understand the water
uptake process. A complete new study should be centered around the water transport
in polyamide films during humidity cycles. To be able to complete a cycle the drying of
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polyamide films should be investigated first. As a next step, to cover all possible humidity
fluctuations, the transport of water vapor (aw < 1) should be added.
First, the moisture distribution during drying should be understood. As a first step
the drying process is already measured by NMR imaging. Liquid water is removed from
the film and dry air (RH ≈0%) is fed into the climate chamber with an air flow of 44 l/h.
NMR imaging profiles are measured te = 100 µs with a number of 1024 averages. The
NMR signal intensity profiles is calibrated using the signal calibration as shown in figure
4.3. To justify the use of the signal calibration the relation between the average hT2 i and
the signal intensity is calculated from the drying data and a good agreement is found.
The left side of figure 9.2 is the top of the film where the sample is exposed to dry air.
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Fig. 9.2: Moisture content profiles during drying of a nylon film are shown in this figure. A
selection of profiles is shown at t = 0.1, 3.9, 6.7 and 9.5 h. The dotted profiles are at t
= 1.0, 9.5 h. During the first hour only the top of the film is dried and thereafter the
moisture content drops throughout the whole film.

The black bold line shows the situation with liquid water on top. A selection of profiles is
shown at times of 0.1 h, 3.9 h, 6.7 h and 9.5 h. The profiles without indication in figure
9.2 correspond to a time of 1.0 h and 9.5 h. During the first hour a drying front dries
the top of the film. Thereafter the moisture content at the bottom of the film drops also.
More study into the drying mechanism is necessarily to understand the evolution of water
distributions and to predict the timescales of the drying process.
Starting at simple uptake/drying experiments with liquid water, one could eventually
investigate the effect of humidity variations. The uptake of water vapor of a first cycle
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can already be simulated using the diffusion coefficient in figure 4.7 and the appropriate
boundary conditions. To start the study with water vapor, a number of exploratory
experiments have been performed. These experiments revealed a number of experimental
challenges, such as the control of the temperature of the water vapor when injected into
the climate chamber.
The experiment shown here is done with air at a relative humidity (RH ) of 97%
(aw = 0.97). NMR measurements are performed at te = 100 µs, measuring only a single
echo and 1024 averages. The film is measured first in its dry state and than the uptake
experiment is started.
The uptake experiment at a relative humidity of 97% is shown in figure 9.3. The
vertical axes shows the number of mobile hydrogen nuclei with respect to the CuSO4
reference solution and the horizontal axis shows the distance in the film. Profiles are
shown at times of 3.9, 8.5, 14.2, 27.1 h. The thick solid line shows the signal profile from
the dry film. The horizontal dotted line shows the expected signal level at RH =97%
based on the signal calibration, see figure 4.3.
0.24

0.20

0.12

I

(-)

0.16

water vapor

nylon

glue

0.08

0.04

0.00
0

50

100

150

200

250

distance (µm)

Fig. 9.3: Water vapor uptake with a RH of 97%. Profiles at times of 3.9, 8.5, 14.2, 27.1 h are
shown. The bold line shows the dry state, before the humid air is applied. The signal
level of the saturated film is as expected, shown by the agreement of the horizontal
dotted line and the signal profile. With respect to a water uptake experiment the
profiles are less steep and the uptake process is slower.

The uptake process at aw = 0.97 takes 27 hours to equilibrate the sample. The signal
intensity of the equilibrated film is in agreement with the value expected, as shown by the
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horizontal dotted line. This means that the amount of water in the film can be extracted
from the sorption isotherm (figure 4.1) and is equal to 7%.
The timescales and moisture content distributions for the first uptake experiment can
already be predicted using the diffusion coefficient. Little is known about the drying
process. For subsequent cycles, no information of the uptake process and the properties is
available. Is the absorbed amount of moisture the same? How is the uptake speed during
the 2nd and 3rd cycle compared to the first cycle. To understand the behavior during
cyclic experiments also the morphology of the nylon should be monitored. How does the
crystallinity evolve? Does the Tg shift?

9.2.3 Influence of temperature
How does temperature influences the water uptake process? Polyamides are used because
of their excellent thermal properties. For example, nylons are found in the fan next to
a hot car engine or handling the exhaust gases of an engine. Therefore it is obvious
to investigate the water uptake process at temperatures other than room temperature.
At higher temperatures it is expected that both the amount and the rate of uptake
increases [3, 81].
All the NMR measurements presented in this thesis are done at room temperature.
However, the climate chamber in the NMR setup enables experiments at other temperatures. The first test is water uptake at 40 o C. The nylon sample and the water on top
are preheated in an oven to have the right temperature at the start of the experiment.
The reference CuSO4 solution is also preheated because it is also measured at 40 o C. This
uptake experiment at 40 o C is measured with te = 100 µs and 1024 averages.
The NMR signal intensity is shown on the left axis in figure 9.4. The distance with
respect to the water/nylon interface is shown on the horizontal axis. The silicone glue,
used to attach the film on a glass plate, is visible on the right side of the figure. The
profiles are given at a t = 0.1, 0.4, 1.0, 1.6, 2.1, 2.7 and 8.7 h.
Two things are observed when comparing this measurement to a measurement conducted at room temperature. First, the water uptake is faster. At room temperature the
uptake process takes about 16 hours, whereas at 40 o C it takes only 8.7 hours. Second,
the signal intensity on the vertical axis seems to be higher as compared to a 23 o C experiment. The signal intensity here is 0.18, which is about 0.02 higher than a water uptake
experiment at room temperature.
This exploratory experiment reveals the following questions. How much more water is
absorbed at higher temperatures and what is the relation between de amount of absorbed
moisture and the temperature? What is the effect on temperature on the amount of
plasticized material? The rate of uptake is quantified by the diffusion coefficient. How does
the concentration dependent diffusion coefficient behaves as a function of temperature?
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Fig. 9.4: Water uptake at 40 o C. Profiles are shown at t= 0.1, 0.4, 1.0, 1.6, 2.1, 2.7 and 8.7
h. The horizontal dashed line shows the signal level as expected for water at 23 o C.
Before the experiment the nylon and the water is preheated to 40 o C. The water uptake
process is a lot quicker compared to room temperature and more mobile hydrogen are
measured in the saturated film. This could mean that a larger part of the amorphous
phase is mobilized and susceptible to water at 40 o C.

9.2.4 Alcoholic solvents and acids
Alcoholic solvents
Nylon is an excellent barrier for the hydrocarbon molecules inside petrol and diesel.
Aliphatic molecules cannot move through nylon, but what if we attach a hydroxyl group to
the carbon atoms [173]? Will smaller molecules with a polair character and the possibility
to form hydrogen bonds be able to penetrate nylon?
Initial measurements have been performed with methanol. It contains a single carbon
atom and a hydroxyl-group. This hydroxyl group enables the formation of hydrogen
bonds. The polarity is characterized by the dipole moment. The dipole moment of water
is 1.85 D and the dipole moment of methanol is slightly lower 1.70 D [139]. Figure 9.5
shows the NMR imaging signal intensity as a function of the distance with respect to
the distance from the methanol/nylon interface. The bold line along the horizontal axis
shows the signal from the dry film. Profiles are shown at a t = 0.1, 0.8, 1.4, 2.0, 2.6, 3.2
h.
The methanol penetrates the nylon substantially faster than water. It takes only 2.6
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Fig. 9.5: Uptake of methanol. The figure shows profiles at a t = 0.1, 0.8, 1.4, 2.0, 2.6, 3.2 h.
The horizontal dashed line shows the signal level as expected for water. It takes the
methanol 2.6 hours to reach the bottom of the film, this is substantially faster than
water. The sharp methanol front shows the effectiveness of methanol as a solvent for
nylon.

hours to reach the bottom, whereas for water this would take 5 hours. The shape of the
signal profiles is also distinctly different from water uptake profiles. The profiles for the
methanol uptake are more straight, hinting to a Case II type of diffusion [174].
Methanol runs faster through the nylon than water. What makes this process so
effective? Why is the shape of the front so different than the front of water? How does
the methanol interact with the nylon and is the plasticization process the same as for
water?
A study of the interaction between the solvent and nylon can easily be conducted in a
systematic way by expanding the aliphatic part of the solvent molecule. The starting point
is methanol, with the smallest possible aliphatic part. The series should be continued by
using ethanol, 1-propanol, 2-propanol. The deuterated forms of the solvents should be
used to study the plasticization of the nylon. For methanol, ethanol, propanol, deuterated
liquids are available. To study plasticization it is also possible to increase the temperature
and measure the solvent uptake process.
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Acids
There are a number of reasons to study the sorption and interaction of acids with nylon.
Acids are able to open existing hydrogen bonds and dissolve polyamide. At room temperature damage due to hydrolysis is negligible [3]. Nylon dissolved in acid is used to create
fibers or membranes [175, 176]. Acid dyes can be used to dye nylon [177]. However, the
largest part of the research is aimed towards understanding the mechanical behavior when
nylon is exposed to acid [178–180]. Whereas water runs through the nylon, concentrated
acids like formic acid and sulfuric acid are able to completely dissolve polyamide.
Formic acid has a devastating effect on nylon and is an interesting starting point for the
study. To study the uptake behavior a diluted solution is made having a concentration of
5 M, which gives a pH of 1.5. The uptake is measured with te = 100 µs and 1024 averages.
Uptake profiles are shown in figure 9.6. Profiles are shown at a t = 0.1, 0.8, 2.1, 3.3 and
4.3 h.
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Fig. 9.6: Uptake of a formic acid solution with pH=1.5. Profiles are shown at t = 0.1, 0.8, 2.1,
3.3 and 4.3 h. The horizontal dotted line shows the signal level as expected for water.
In case of water it takes 5 hours to reach the bottom. This formic acid solution is able
to move through the nylon a lot faster. Furthermore, a very high signal intensity of 0.2
is measured. More mobile hydrogen are measured in case of formic acid as compared
to water. The formic acid is a very effective solvent.

The uptake of the 5 M formic acid solution is very fast as shown in figure 9.6. At
already 4.3 hours the film is almost completely saturated. The signal intensity for the
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saturated film reaches 0.2. Compared to water, the signal intensity for a saturated film
is higher by 0.04.
Is the formic acid able to plasticize a larger part of the amorphous phase with respect
to water? Are the crystalline domains affected by acid? How does the morphology of the
nylon change after exposure to the acid?
To study the effect of the formic acid further the pH should systemically be varied.
Furthermore, the influence of the size of the acid molecule can be studied by expanding
the experiments by using HCl, acetic acid and propanoic acid.
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[74] Bernard Blümich. NMR Imaging of Materials. Oxford Univeristy Press, Great
Clarendon Street, Oxford OX2 6DP, 2000. ISBN 0-19-852676-8.
[75] J.P. Gorce, D. Bovey, P.J. McDonald, P. Palasz, D. Taylor, and J.L. Keddie. Vertical
water distribution during the drying of polymer films cast from aqueous emulsions.
The European Physical Journal. E, Soft matter, 8:421–9, 2002.
[76] G. Bennett, J.P. Gorce, J.L. Keddie, P.J. McDonald, and H. Berglind. Magnetic
resonance profiling studies of the drying of film-forming aqueous dispersions and
glue layers. Magnetic Resonance Imaging, 21:235–241, 2003.
[77] Erich, S.J.F. and Laven, J. and Pel, L. and Huinink, H.P. and Kopinga, K. Dynamics
of cross linking fronts in alkyd coatings. Applied Physhics Letters, 52(3):210–216,
2005.
[78] J. Mallégol, G. McDonald P.J. Bennett, J.L. Keddie, and O. Dupont. Skin Development during the Film Formation of Waterborne Acrylic Pressure-Sensitive Adhesives Containing Tackifying Resin. The Journal of Adhesion, 82:217–238, 2006.
[79] A.G. Webb and L.D. Hall. Evaluation of the use of nuclear magnetic resonance
imaging in the study of Fickian diffusion in rubbery polymers: 1. Unicomponent
solvent ingress. Polymer Communications, 31:422–424, 1990.
[80] L.A. Weisenberger and J.L. Koening. NMR imaging of solvent diffusion in polymers.
Applied Spectroscopy, 43:1117–1126, 1989.
[81] P. Mansfield, R.W. Bowtell, S.J Blackband, and M. Cawley. Ingress of Water Into
Solid Nylon: Diffusion Studies by NMR imaging. Magnetic Resonance Imaging, 9
(5):763–765, 1991.
[82] P.J. McDonald. Stray field magnetic resonance imaging. Progress in Nuclear Magnetic Resonance Spectroscopy, 30(1-2):69–99, 1997.
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Summary
Nylon-6 in particular is used in the automotive sector and in electric/household devices.
Penetration of moisture results in a loss of protective and mechanical properties. Ingress
of ions also causes degradation of the material. To understand mechanical properties it
is important to understand water and ion transport and distributions in nylon parts.
In this thesis the water and ion transport in nylon 6 films is studied using Nuclear
Magnetic Resonance imaging (NMR). The GARField approach is used to measure the
distribution of mobile hydrogen nuclei in the film with a spatial resolution of 6 µm. To
control the relative humidity and the temperature, this NMR setup is equipped with a
homebuild climate-chamber.
To measure moisture distributions, the NMR signal has to be calibrated. Since NMR
measures the hydrogen density of mobile hydrogen atoms, the NMR signal will not only
depend on the amount of water present but also on the plasticization of the polymer
matrix. A non-linear relation between the signal and moisture content is obtained, which
underlines the necessity for a proper signal calibration. This calibration converts signal
intensity profiles into moisture content distributions or moisture content profiles. From
the moisture content profiles the relation between the diffusion coefficient and the moisture
content is calculated. The diffusion coefficient increases rapidly with increasing moisture
content and the relation between the diffusion coefficient and the moisture content is
highly non-linear. This highly non-linear relationship is also expressed in the sharp front
of the water entering the nylon film.
The sharp front represents the higher moisture contents as the NMR signal is insensitive to small amounts of moisture. This is because the NMR signal is the average over an
area in lateral dimension. EIS is very sensitive for small amounts of water at the substrate
and is commonly used to evaluate coating performance. EIS water uptake measurements
on the same nylon film revealed that small traces of water precede the front as measured
by NMR. With respect to detecting moisture contents EIS and NMR are complimentary.
After a successful investigation and characterization of the moisture uptake process
the plasticization of the polymer is studied. Plasticization highlights the changing mechanical properties as a result of the interaction with water. Polymer plasticization and
polymer/water interactions are investigated by NMR relaxometry experiments. As water
enters the polymer it breaks and replaces the hydrogen bonds between polymeric chains,
thereby increasing the mobility and plasticizing the polymer matrix. In NMR relaxometry a relaxation decay is measured to characterize the mobility of hydrogen nuclei. It is
found that only a small fraction (6%) of the amorphous matrix is significantly plasticized
by water and a large part (46%) is not at all affected by water. The amorphous matrix
is inhomogeneous. Crystalline zones provide geometrical constraints for a large fraction
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of the chains close to the crystalline zones in the amorphous matrix. At some distance
from the crystalline zones, a higher mobility of the polymer chains is possible. Knowledge
of the inhomogeneous structure of the amorphous phase is important for understanding
the water transport. The structure of the amorphous phase determines the rate and the
amount of water uptake.
Plasticization is directly studied using heavy water. Using heavy water, only the
hydrogen nuclei on the polymer backbone and their mobility is measured. By comparing
the experiments with water and heavy water, it is shown that the water front precedes
the plasticization front.
After studying the water uptake, the effect of ions on the water uptake is studied.
Nylon films are exposed to electrolyte solutions containing mono-valent ions such as Na+ ,
Li+ and Cl− . The main effect of the ions in the electrolyte solution is to lower the water
activity outside the film, thereby lowering the amount of moisture in the film and the
rate of uptake. At equal water activity both the signal from the saturated films and the
rate of uptake are in agreement with values measured in case of water vapor sorption.
Element analysis shows that after 4 weeks a significant amount of ions is able to enter the
film, but from a theoretical analysis it can be shown that this amount is not sufficient to
influence the water uptake.
Mono-valent ions are not detected in our measurements and little is known about the
speed of migration and the underlying mechanism that determines the rate of migration
into the polymeric matrix. Therefore, the uptake of paramagnetic ions, such as Mn2+ and
Cu2+ , in electrolyte solutions is studied. Because of their paramagnetic nature, these ions
blank the NMR signal and reveal their presence. Ions start to enter the film immediately
after the start of the experiment, but they enter the film at a lower rate than water. The
nylon should be plasticized and contain a sufficient amount of water in order for the ions
to move into the film. It is observed that at higher water activity the ions move faster
through the nylon matrix. In a film equilibrated at a higher water activity, the amount
of water and the mobility of the water and the polymer matrix is higher.
The water uptake process is successfully studied and characterized by calibrating the
NMR signal. Measuring the water uptake with EIS revealed that traces of water precede
the front as measured by NMR. NMR relaxometry is used to study the effect of water
on the polymer matrix and it is shown that only a small part is significantly affected by
water. Electrolyte solutions with mono-valent ions mainly control the water activity when
put on top of the film. Migration of ions through the film is studied using paramagnetic
ions. At higher water activities the mobility of the water and polymer increases which
leads to a higher migration rate of the ions.
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Stellingen
behorende bij het proefschrift

Water and ion transport in nylon
as studied by NMR
door

Nicolaas Johannes Wilhelmus Reuvers
17 december 2012

I
Beloningen en voorwaarden moeten voor alle promovendi gelijk zijn.

II
Voor mensen, die met de auto naar het werk gaan, moet gelden dat de prijs
van de parkeerplek moet afhangen van de woon-werk afstand.

III
Het delen van elektronische agenda’s zou gepaard moeten gaan met een gedragscode.

IV
De Brasher-Kingsbury vergelijking wordt vaak gebruikt om de volumefractie water te berekenen in EIS-studies, alhoewel zelden aan de aannamen en
voorwaarden voor de afleiding van deze vergelijking voldaan wordt.
dit proefschrift

V
Bij veel experimenteel werk zijn duct tape en tie wraps onmisbaar.

VI
Water plastificeert slechts een klein deel van de nylon matrix. Dit deel fungeert als ’snelwegen’ voor watertransport.
dit proefschrift

VII
Water en ionen dringen de nylon matrix bij kamertemperatuur binnen met
een snelheidsverschil, zie hoofdstuk 8 uit dit proefschrift.
Een hogere temperatuur zal dit snelheidsverschil verkleinen.
dit proefschrift

VIII
Voetbalwedstrijden moeten niet beslist worden door strafschoppen.

IX
Wikipedia is een toelaatbaar hulpmiddel geworden in de eerste stappen van
een onderzoek.

X
Gegeven de rol van universiteiten als platform voor kritische discussie,
zal een stelling nooit afbreuk kunnen doen aan de reputatie van de universiteit.
het promotiereglement, TU/e

