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ABSTRACT: The penetration of water into two-layer polymeric films of a hydrophilic base layer and
hydrophobic top layer plays an important role in their performance. Little is known about the coupled effects
of water uptake and stress in such films. To study such interactive phenomena, time-dependent distributions
in the film are needed, which cannot be provided by traditional techniques. In this study, high-resolution
NMR imaging was used tomeasure water profiles, showing that applied stress increased both the uptake rate
and the amount of absorbed water. A model was formulated to describe the process, using the barrier
properties of and the chemical potential differences over the top coat. On the basis of this, the diffusivity in the
top layer and stress contributionwere estimated. The results show that external stresses significantly influence
water penetration into multilayer films.

Introduction

Organic films play an important role in protecting substrates
against deterioration and providing the desired appearance of the
substrate. Mostly, they are composed of several layers, with each
of them having a specific function. The top coat normally has a
barrier function, protecting the substrate from weathering and
giving a glossy appearance, whereas underlying layers such as a
base coat and primer define the color or introduce functions like
corrosion protection and adhesion, respectively.

The penetration of water into organic films plays a pivotal role
in the performance of the coating and the degradation of the
coated substrate. Although there are numerous studies dedicated
to the presence of water in single-layer organic coatings and
polymeric films,1 only a few studies on water transport in multi-
layer systems have been reported in the literature.2-5

Carbonini et al.2 studied the effects of the chemical composi-
tion of the constituent layers on the water uptake in a multilayer
system. Both water absorption and degradation depend on the
chemical characteristics of each layer but, moreover, also depend
on the layer position in the system.3 Devasahayam5 has studied
an adhesion failure due to permeation of water at different
temperatures in multilayer metal-coating systems. It was shown
that a combination of parameters like theTg of the layers and the
pigment concentration governs the whole water diffusion
through the system. In a recent study, Allahar et al.4 pointed
out that the layer interface can play an important role in the
transport of water in multilayer coatings.

It becomes even more complex when mechanical stresses are
considered. Water penetration into polymeric films may intro-
duce mechanical response, which in turn may interact with water
transport processes in the film. Only few studies are known that
address these coupled phenomena, for example, Fahmy and
Hurt6 and Weitsman.7

In conclusion, the documented studies into water uptake in
multilayer polymer films show that this complex process cannot
be understood on the basis of uptake in single-layer systems.

Until now, the lack of adequate experimental techniques clearly
hampered a full understanding of the complex phenomena men-
tioned above. Various techniques have been and are still being used
to probe water uptake by coatings and polymeric films, such as
gravimetry, electrochemical impedance spectroscopy,2-4,8,9 Four-
ier transform infrared spectroscopy,10-12 and fluorescence spec-
troscopy.13 These techniques only provide information about the
total amount of water in a sample, except for Fourier transform
infrared spectroscopy, which can be used to probe distribution of
water in the direction parallel to the coating/substrate interface.11,12

A step forward can only be made if the measuring technique
features in depth probingwith high resolution as a function of time.
The only experimental technique that fulfills this requirement is
NMR imaging on the basis of the so-called GARfield approach.14

It proved to be a powerful tool tomonitor various processes in not-
transparant films with high spatial resolution.15-18 With the
GARfield approach, NMR imaging can be used to measure depth
profiles with spatial resolution of ∼5 μm.

The present article focuses on the interaction betweenmechan-
ical stress and water uptake in a two-layered polymeric system,
consisting of a waterborne base layer and a solvent-borne top
coat. It uses high-resolution NMR imaging as the key technique
to depict both time-dependent water distribution and swelling.
This laid the foundation for a better understanding of the barrier
function of the upper layer and the driving forces behind the
water uptake process in multilayer polymer films.

Experimental Details

Nuclear Magnetic Resonance Principles and Setup. Nuclear
magnetic resonance is based on the fact that nuclei in amagnetic
field resonate at a specific resonance frequency and can be
excited by a radio frequency (RF) pulse. The resonance fre-
quency depends linearly on the magnitude of the applied
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magnetic field

f ¼ γ

2π
jBBj ð1Þ

where γ/2π=42.58 (MHz/T) is the gyromagnetic ratio, |BB| (T)
is themagnitude of the appliedmagnetic field, and f (MHz) is the
resonance frequency.

For imaging with NMR, the resonance frequency, f, and the
magnitude of the magnetic field, |BB|, should be position-depen-
dent. In this study, the GARField approach was used to obtain
high-resolution depth profiles.14 Special shaped magnet poles
were used to generate amagnetic fieldwith a high static gradient.
In the region of interest, the magnetic field varies linearly with
the position |BB| = B0 þ Gx, where G = ∂|BB|/∂x denotes the
gradient of the absolute value of the magnetic field and x is the
direction perpendicular to the coating layer.14

The sum of the magnetic moments of the nuclei equals
the total magnetization |MB|, which is aligned with the magnetic
field, |BB|. During the measurement, the magnetization, |MB|, is
flipped to the transversal plane with an RF pulse. The signal is
received at te (s) after excitation and is proportional to the
magnitude of the transversal magnetization. The signal is di-
vided by the signal of an aqueous CuSO4 solution to remove
effects of the coil sensitivity and excitation profile. The resulting
signal is described by the following equation

SnðxÞ ¼ FðxÞ
Fw

½1- expð- tr=T1Þ� expð- nte=T2Þ ð2Þ

where F (mol/m3) is actual density of probed 1H nuclei, Fw (mol/
m3) is the density of 1H nuclei in liquid water, tr (s) is the
repetition time, T1 (s) is the longitudinal relaxation time, te (s)
is the echo time, T2 (s) is the transversal relaxation time, and n is
the number of spin-echo. For imaging the first spin-echoes
(n = 1) were used.

In general, the T2 relaxation time of nuclei in polymers
depends on the mobility of the polymer molecules. When
polymermolecules becomemoremobile, theT2 time increases,19

for example, if the polymer makes a transition from a glassy to a
rubbery state.

In our setup, the magnetic field, B0, equals 1.5 T, and the
gradient, G, equals 45 T/m. Profiles were measured by using an
Ostroff-Waugh pulse sequence 90x-te/2- [90y - te/2- echo-
te/2]n.

20 The duration of a single pulse equals 1 μs. Because a static
gradient is used, the effective field of view (FOV) is determined by
both the receiver bandwidth and the spectral content of the RF
excitation pulse. Pulses with rise and fall times of roughly 0.25 μs
and duration of 1 μs were applied, yielding an excitation profile
with a thickness of∼500 μm.TheNMR signal was sampledwith a
frequency of 5MHz at a receiver bandwidth of 1.5MHz, resulting
in an FOV that is slightly larger than the excitation profile. To
obtain the distribution ofwater, signal profilesweremeasuredwith
te=100 μs and an acquisitionwindowof 90 μs, corresponding to a
resolution of 6 μm. Signal profiles with te=200ms, an acquisition
windowof190ms, anda resolutionof about 2.5μmweremeasured
to obtain more accurate information about the swelling of the
samples. Signal profiles were averaged 2048 times, and the time
between two subsequentmeasurements has been set to tr=0.5 s.A
measurement of a single profilemeasurement took 20min, and the
temporal resolutionwas 40min.Home-builtNMRequipmentwas
used with acquisition systems described by Kopinga and Pel.21

Sample Description. The investigated polymeric systems are
two-layered base coat/top coat systems. The base coat consists
of acrylic particles, DPP (diketo-pyrrolo-pyrrole) pigment par-
ticles and polyurethane particles, in weight fractions of 0.45, 0.3,
and 0.25, respectively. The acrylic particles are core/shell parti-
cles with a hydrophobic core and a hydrophilic shell. The shell/
core volume ratio is approximately 1:7. The shell contains
methacrylic acid. The glass-transition temperatures, Tg, of the

polyurethane and acrylic particles are approximately equal to
0 and 20 �C, respectively.

The top coat is a two-component solvent-borne acrylic poly-
urethane clearcoat. The glass-transition temperature of the top
coat is ∼60 �C.

The coatings were applied on glass coverslips with an area of
18� 18mm2 and a thickness of 150 μm.The base coat was applied
by spraying an aqueous dispersion on the glass slides. After
spraying, the base coat was dried at 60 �C for 1 h. The top coat
was sprayed on top of the base coat and then cured at 60 �C for
∼20min. To ensure that the samples were fully cured before being
used in experiments, the samples were stored for at least 4 weeks at
room temperature. It is expected that the base coats are more
sensitive to water that the top coat because it is known that water
diffuses faster in physical drying systems than in cured systems.22

The experimental setup is shown in Figure 1. A glass tube was
glued on top of the coating and filled with water to moisten the
sample. A marker was fixed at the bottom of the substrate to trace
deflections of the substrate and fluctuations of the setup because of
instabilities. Those marker shifts were not a consequence of mis-
alignment,whichwas excludedby checking the slopeof themarker/
glass interface. This slope did not broaden in the experiments.

Two different types of glue were used to fix the glass tube on the
coating surface: an epoxy-amine two-component glue and a silicon
glue, respectively. The epoxy-amine glue was cured for at least 1 h
before starting water uptake experiments, and the silicon glue was
cured for at least 1 day, both under room conditions.

The application of two different types of glue introduced a
simple and effective mechanism to induce mechanical stress on
the sample within the small space that was available in theNMR
insert. The interaction of water with the epoxy-amine glue
caused a mechanical response of the glass slide, which was
absent when the silicon glue was used.

Our study addressed different combinations of base coat and
top coat thicknesses as presented in Table 1. The thicknesses of
the samples were determined from cross sections of the samples
by using optical microscopy. The sample at which the glass tube
was fixated with silicone glue (BC38/TC23S) served as a refer-
ence sample because no externally applied stress was present.

Uptake experiments were carried out in two steps. First, a dry
samplewasmeasured to obtain the signal profile of the sample in
the initial state. Second, after placing water in the tube, the
uptake process measurement was started. Next, to the signal
profiles, T1 relaxation times were measured for the dry and wet
samples. The values are shown in Table 2.

Figure 1. Schematic presentation of the experimental setup used in the
water uptake experiments.

Table 1. List of Samples Used for Water Uptake Experimentsa

sample BC thickness (μm) TC thickness (μm) glue

BC38/TC23E 38( 3 23( 2 epoxy-amine
BC40/TC54E 40( 2 54( 2 epoxy-amine
BC49/TC23E 49( 2 23( 2 epoxy-amine
BC38/TC23S 38( 3 23( 2 silicone

aLetters BC and TC refer to the base coat and top coat, respectively.
The numbers added toBCandTC represent the thickness of the layers in
micrometers. E and S refer epoxy-amine and silicone glue, respectively.
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Furthermore, a gravimetric determination of the water solu-
bility in the top coat was carried out with a Mettler-Toledo
AX205DR analytical balance. A single top coat layer was
immersed in water for 1 week and, subsequently, the approx-
imate equilibrium concentration of water in the top coat was
measured: Fs = (1.4 ( 0.4) � 103 mol/m3.

Results

Signal Profiles and Water Distribution during Water Up-
take. This section focuses on the relationship between the
NMRsignal profiles and the distribution of water in a coating.

The signal profiles of the sample BC38/TC23E are pre-
sented in Figure 2a. The profiles as shown were corrected
with the marker data; that is, the profiles were corrected for
any displacement (bending) of the glass slide. In Figure 2a,
therefore, the lower side of the base coat, that is, the interface
between glass and base coat is a real, fixed reference position.
The variation of the marker position in time is discussed
separately later. The thick solid line in Figure 2a represents
the signal profile of the dry sample. The different signal levels
in the base coat and the top coat are due to signal loss, which
can be explained with the help of eq 2.

Figure 2a shows the profiles during a water uptake experi-
ment. The time between two subsequent profiles is 40min for
the first 10 profiles and 4 h for the later ones. The measure-
ment time of a single profile is 20min. The signal of the water
on top of the coating is lower than the signal in the base coat,
which is due to the fact that the T1 of pure water is much
longer than the chosen repetition time. (See eq 2.)

During water uptake, a signal increase is observed in the
base coat layer. Because T1 values are the same for dry and
wet base coats (Table 2), there is no change in T1 weighing of
the signal duringwater uptake. Therefore, the signal increase
can be attributed to an ingress of water into the coating and
to an increase in the coating background signal (i.e., signal of
the polymer of the coating). An increase in the background
signal can be caused by an increase in the T2 of the polymer
matrix due to mobilization of the polymer.

To detect changes in the background signal of the coating,
the uptake of heavy water by the same type of sample was
measured for 96 h. Because deuterium is not probed, only the
background signal from the coating is measured. It is known
that in most polymers, heavy water transport is similar to
water transport.23,24 The measured signal profiles for heavy
water uptake are presented in Figure 2b. The time between
two subsequent profiles is 40 min for the first 10 profiles and
4 h for the later ones. The signal level of the base coat filled
with D2O is lower than the signal level of the dry base coat.
Because of the swelling of the coating, the hydrogen density
of the polymeric material slightly decreases, resulting in a
lower signal level. Because a signal increase is not observed, it
is concluded that during water uptake the observed signal
increase is only due to an increase in the amount of water in
the base coat layer.

The water on top of the wetted sample was replaced by
various D2O/H2O mixtures to find a relation between the
signal increase and the amount of water in the base coat. The
signal was integrated from the base coat/glass interface to the
top coat/water interface. In Figure 3, the NMR signal is
plotted against the fraction of water in the mixture on top of
the sample. The normalized integrated signal change is cal-
culated according to ΔS/ΔSmax = [Smix - SD2O

]/[SH2O
-

SD2O
], where Smix, SH2O

, and SD2O
are the levels of the

integrated signal of the base coat layer in the case of exposure
to a D2O/H2O mixture, pure water or pure heavy water,

Figure 2. NMRsignal profiles in the sample BC38TC23Eduring (a) water and (b) heavywater uptake. The time between subsequent profiles is 40min
and 4 h for the first 10 and the rest of the profiles, respectively. The vertical lines refer to the positions of the interfaces. The vertical arrow denotes the
signal increase in the base coat and the horizontal arrow denote swelling. The lower bold line represents the dry sample signal profile.

Table 2. T1 Values of the Polymer Systems and Water

layer/state T1 (ms)

base coat/dry 200
base coat/wet 200
top coat/dry 350
water 3000

Figure 3. Normalized signal increase in the base coat layer as a function
of the volumepercentage ofwater in theH2O/D2Omixture on topof the
sample.
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respectively. A linear relation between the signal and the
amount of water in the mixture is observed. It can be con-
cluded that signal increase ΔS is proportional to the mass of
water in the coating Δm (mg), ΔS= kΔm, where k (mg-1) is
a proportionality coefficient.

To quantify the signal increase,ΔS, in terms of the amount
of absorbed water the coefficient, k, should be found. The
expression for k can be derived by the integration of eq 2

k ¼ 1

FwA
½1- expð- tr=T1Þ� expð- te=T2Þ ð3Þ

whereΔm (mg) is the amount of water in the coating, Fw (mg/
cm3) is the density of liquid water, A (m2) is the area of the
base coat,T1 (s) is the longitudinal relaxation time, andT2 (s)
is transversal relaxation time of water. The signal loss in the
wet base coat due to the T1 relaxation is equal to 8% with
tr = 0.5 s. To estimate the signal loss of water due to T2

relaxation, the signal decay of the whole base coat saturated
with D2O was subtracted from the signal decay of the wet
base coat. (See Figure 4.) The T2 value of water in the base
coat appears to be 4.8 ms. Therefore, only 2% of the signal is
lost as a result of T2 relaxation with used echo time, te = 100
μs. Because the signal loss due to relaxation processes is
limited, eq 3 can be approximated by

k � 1

FwA
ð4Þ

As a check, NMR and gravimetric determination of the
absorbed amount of water were compared for samples BC38/
TC23E and BC38/TC23S, respectively. First, the initial mass
of the dry sample was determined. Second, NMRprofiles of a
sample withwater on topweremeasured.Hereafter, the water
was removed, and the overall mass was measured. Subse-
quently, again water was placed on the sample and profiles
were measured. This procedure was repeated until the end of
the uptake process. In Figure 5, the mass increases in the
samples are plotted as a function of total signal increase in the
base coat. Because the amount of water in the top coat layer is
a small fraction of the water (Δm e 0.2 mg) inside the total
coating, this Figure reflects the amount of water in the base
coat layer. The amount of water obtained by gravimetry
relates linearly to the amount of water obtained with NMR.
A linear fit gives the area of distribution of water, which
appears to be 2.6 (cm2). This value is approximately equal to
the area of the studied samples.

Water Uptake Process. Now the origin of the signal has
been established, the water uptake process itself can be
investigated. The uptake and the resulting mechanical re-
sponse of the whole system will be discussed in this section.

Shortly after exposure to water, profiles show that the
water is visible near the glass/base coat layer interface. (See
Figure 2a.) This means that redistribution of water inside the
base coat layer is faster than a single profile measurement.
Moreover, it also implies that the water uptake rate is only
limited by the penetration through the top coat layer. As a
consequence, the total amount of water in the base coat layer
is the main variable, which should be considered to char-
acterize water uptake.

The total amount of water,m(t), inside the base coat layer is
obtained via integrating the profiles from the BC/glass to the
TC/water interface because the top layer hardly absorbs any
water.The swelling,ΔH(t), is obtainedas the change indistance
between the top coat/water interface and the marker from
profiles measured with te = 200 μs. Because the top coat
absorbs only a small amount of water, the swelling is attributed
to the base coat layer. The amount of water in the base coat
layer aswell as the thickness changeof the coating are plotted as
functions of time in Figures 6 and 7, respectively.

The relation between the amount of water in the base coat
and its swelling of the sample is presented in Figure 8,
showing that the thickness varies linearly with the mass.
Because the volume change of the base coat can be approxi-
mated withΔV=AΔH (A is the area of the base coat layer),
it can be concluded that the molar volume of water in the

Figure 6. Amount ofwater in the base coat as a function of time during
water uptake as obtained with NMR.

Figure 4. Signal decay of water in the base coat. The value of the T2

relaxation time is 4.8 ms.

Figure 5. Mass change of the sample BC38/TC23E and BC38TC23S
obtained on the basis of gravimetry as a function of the amount ofwater
in the sample obtained byNMR imaging during an uptake experiment.
The slope of the curve is equal to the area of the coating, A = 2.6 cm2.



3886 Macromolecules, Vol. 43, No. 8, 2010 Baukh et al.

base coat layer is constant. A linear fit gives a slope AΔH/
Δm = 0.2 � 10-3 cm3/mg. With the area of the base coat,
obtained in the previous section, the molar volume of water
v = MAΔH/Δm in the base coat is estimated to be 22 cm3/
mol. This value is similar to themolar volumeof liquidwater.

Water uptake of the samples with applied external stress
(BC38/TC23E, BC40/TC54E, and BC49/TC23E) initially oc-
curs at a high rate and slows down later. The end levels of the
amount ofwater in the coating are approximately proportional
to the base coat thicknesses. This observation indicates that the
base coat volume plays a role as a water reservoir. A significant
deflection of themarker downwardwas also observed for these
samples. (See Figure 9.) The similarity in behavior of the
marker for all of these samples indicates that the evolution of
the applied stress is the same for these samples.

In the case of the sample BC38/TC23S water uptake occurs
without applied stress. No significant marker motion was
observed for this sample. There are major differences in the
water uptake process of this sample and sample BC38/TC23E.
Note that these samples are similar, and the only difference is
the glue used to fixate the tubes on top of these samples. First,
the initial rate of uptake by sample BC38/TC23S is slow in
comparison with uptake rate of BC38/TC23E. Second, sample
BC38/TC23S absorbs approximately twice less water than
BC38/TC23E. The only difference between these two samples
is the external stress, which causes the difference in the water
uptake processes by the samples.

Model Ingredients. For further interpretation of the ob-
served features of the water uptake process, a deeper model-
based analysis is needed.

Because the amount of water in the top coat layer is low
(e0.2 mg), the water uptake process can be described as
water transport to the base layer through the top layer
barrier. The top coat acts as a barrier. (See the schematic
picture in Figure 10.)

Thewater flux in the top layer can be described byFick’s law

J ¼ D

L
½F0 -F1� ð5Þ

where D (m2/s) is the diffusivity of water in the top coat, L
(m) is the thickness of the top coat layer, and F0,1 (mol/m3])
are the molar densities of water in the top coat layer near the
interfaces with water and base coat layer, respectively. The
molar density of water in the top coat is related to the
chemical potential as

μ0, 1 ¼ μþ þRT ln F0, 1 ð6Þ
where μþ (J/mol) is the reference chemical potential and μ0,1
(J/mol) is the chemical potential near the interfaces with
water and base coat layer.25 Because the chemical potential is
continuous in space, μ0= μw and μ1= μbc, where μw and μbc
are the chemical potentials in water and base coat, respec-
tively. By combining eqs 5 and 6 and using these boundary
conditions, the flux can be rewritten as

J ¼ DFs
L

1- exp
μbc -μw

RT

� �" #
ð7Þ

where Fs (mol/m3) is water solubility in the top layer. The
difference of the chemical potentials includes the osmotic
pressure and the mechanical stresses in the system. The
applied external stress, internal stresses in the coating, and
the elastic response of the top coat on swelling contribute to

Figure 7. Swelling of the base coat during water uptake.

Figure 8. Swelling of the base coat (i.e., thickness change) as a function
of the amount of water in the base coat during water uptake. The linear
relation indicates that the molar volume of water inside the base coat
layer is constant.

Figure 9. Marker position, Xm, during water uptake experiments for
samples with epoxy-amine and silicon glues. Xm < 0 is a downward
displacement. The deflection of the marker downward indicates a
mechanical response of the sample during uptake.

Figure 10. Scheme of the two-layered system with water on top of it.
Thewater penetration into the base coat layer through the top coat layer
is driven by the chemical potential difference, μbc - μw.
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the mechanical stresses in the sample. The driving force for
the transport of water through the top coat layer to the base
coat layer is determined by the difference of the chemical
potentials of bulk water, μw, and water in the base coat layer,
μbc. Because it was shown in the previous section that the
water in the base coat layer is distributed instantaneously,
μbc is assumed to be constant throughout the base coat layer.

The rate of change of the amount of water in the base coat
is described by

dn

dt
¼ A0J ð8Þ

where n (mol) is the amount of water inside the coating, A0
(m2) is the area of the tube and J (mol/m2

3 s) is the molar flux
through the top coat.

By combining the eqs 7 and 8, we can derive the following
expression for water uptake

dn=nmax

dt
¼ 1

τ
1- exp

μbc -μw
RT

� �" #
ð9Þ

where the time scale

τ ¼ Lnmax

A0DFs
ð10Þ

reflects the barrier properties of the top coat and the uptake
capacity of the base coat. The difference of the chemical
potentials, μbc- μw, that determines the driving force for the
water uptake can be written as

μbc -μw ¼ - νðπ-ΔpÞ � - νP ð11Þ
where ν (m3/mol) is the molar volume of water in the base
coat, π (Pa) is the osmotic pressure of water in the base coat,
Δp (Pa) is the excess pressure due to mechanical stresses, and
P � π - Δp is a combination of osmotic pressure and
mechanical stresses. In the previous section, it was shown
that the molar volume, v, is constant during uptake. (See
Figure 8.) Therefore, the pressures π and Δp drive the water
uptake process.

Because distinguishing the osmotic pressure, π, and the
pressure, Δp, requires detailed knowledge of the mechanical
stresses in the system and the osmotic pressure, these two
parameters will be represented in the pressure, P.

The model shows that the barrier properties of the top
layer and the pressure,P, are needed to understand the water
uptake process. A profound discussion of both the barrier
properties, reflected by τ, and the driving forces, represented
by P, will be given in the next sections.

Barrier Properties of the Top Coat Layer. The key para-
meter for barrier properties, that is, D, cannot be estimated
on the basis of the water uptake experiment, because the
driving force is unknown. An estimation of the diffusivity
can be obtained using a D2O/H2O exchange experiment that
is based on exchange of D2O in a saturated coating with
H2O. Because this process is not accompanied by a mechan-
ical response and change in the state of the polymer matrix,
the exchange rate is only determined by the diffusivity of
H2O and D2O molecules in the top coat layer.

Exchange experiments have been performed on all sam-
ples. Because during water uptake the redistribution of
D2O and H2O in the base coat is faster than the temporal
resolution in the experiment, the exchange rate is completely
determined by the rate of diffusion through the top coat

layer. Figure 11 shows the decrease in the water content
in the base coat |Δm/A| as a function of time, where Δm =
m(t) - mmax.

To describe the D2O/H2O exchange process, it was as-
sumed that heavy water and water diffuse through the top
coat layer identically.23,24 Furthermore, the density of water
above the top coat is assumed to be zero because there is an
infinite reservoir of heavy water on top of the coating. Also,
it was assumed that initially the coating is fully saturated
with water.

The diffusion of water from the base coat through the top
coat in this case was described with eqs 7 and 8 and F0 = 0

dn

dt
¼ -

A0D
L

F1 ð12Þ

where n (mol) is the amount of water in the base coat and F1
(mol/m3) is the density of water in the top coat at the base
coat/top coat interface.

The density of water in the top coat near the interface with
the base coat was assumed to be coupled to the amount of
water in the base coat as F1/Fs = n/nmax, where nmax (mol) is
the initial amount of water in the base coat and Fs is the
solubility ofwater in the top coat. Consequently, eq 12 can be
rewritten as

dðn=nmaxÞ
dt

¼ -
A0DFs
Lnmax

n=nmax ð13Þ

The solution for this equation is

n � nmax exp -
t

τ

� �
ð14Þ

where τ � Lnmax/A
0
DFs. Note that the time scale, τ, of the

exchange equals the time scale in eq 10.
The values τ of the exchange processes were obtained by

fitting the data with eq 14 and are presented in the Table 3
together with estimates for the diffusion coefficients of water
in the top coat.

The estimated value of water diffusivity in the wet top coat
is approximatelyD≈ 10-12 m2/s, which is in agreement with
reported values of water diffusivity in cross-linked coatings
below the glass-transition temperature.4

Figure 12 shows a significant difference between rates of
water uptake andD2O/H2O exchange. This difference can be
explained by the fact that the exchange process is only driven
by diffusion of water through the top coat, whereas in the

Figure 11. Amount of water released by the base coat layer whenwater
is exchanged with heavy water on top of the sample in a D2O/H2O
exchange experiment.
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uptake experiment, the penetration of water was also driven
by the evolution of P � π - Δp.

Driving Force and Mechanical Stress. This section focuses
on the effects of mechanical stresses on the driving force, P,
the rate ofwater uptake, and the total amount ofwater that is
absorbed by the coating.

Toderive the evolution ofP� π-Δp from thewater uptake
experimental data, eqs 9 and 11 were combined, resulting in

P ¼ -
RT

v
ln 1- τ

dn=nmax

dt

� �
ð15Þ

Because n/nmax = Δm/Δmmax, the pressure, P, can easily be
extracted from eq 15. To obtain P, the uptake data shown in
Figure 6were fittedwith the two-exponential function for the
samples BC38TC23E, BC40TC54E, and BC49TC23E and
with amonoexponential function for BC38TC23S. These fits
were used in eq 15. Figure 13 shows P as a function of Δm/
AH, where H � H0 þ ΔH is the total thickness of the base
coat layer. Note that the variable Δm/AH represents the
average concentration of water in the base coat.

It is expected thatΔp consists of (a) internal stresses due to
curing and solvent evaporation and additionally to water,
(b) elastic stress generated by the top coat as a response to
swelling of the base coat, and (c) the externally applied stress,
which is present in all samples except the sample prepared
with silicone glue. Because initially internal and elastic
stresses are absent, the initial value of P = 0.01 GPa for
sample BC38/TC23S equals the initial value of the osmotic
pressureπ0 of water in the base coat. (See eq 11.) For samples
prepared with epoxy-amine glue, initially P= 0.1 GPa, indi-
cating the importance of external stress.

The typical time scale for the initial rate, R0, of water
uptake can be estimated from eq 9

R0 ¼ dn=nmax

dt

� �
t¼0

¼ τ- 1½1- expð- vP=RTÞ�t¼0 ð16Þ

It was observed that in the samples glued with epoxy-
amine initially νP/RT ≈ 1, meaning that the initial rate of

water uptake R0 is ∼0.6τ-1. In the case of sample BC38/
TC23S, it was observed that initially νP/RT ≈ 0.1. In this
case, the initial water uptake rate is slower,R0≈ 0.1τ-1. This
difference in the initial rates is clearly visible in Figure 6. The
conclusion is that the applied external stress accelerates the
water uptake process.

Another contribution of external stress is the observed fact
that to achieve the equilibrium situation, the sample should
takemorewater to compensate the applied stress, as is seen in
Figure 13.

Conclusions

High-resolution NMR imaging is the only experimental tech-
nique, which can simultaneously measure the distribution of
water in multilayer coatings, the swelling, and the mechanical
behavior of the complete sample during water uptake.

The rate of water penetration into a waterborne base coat is
limited only by the penetration through the protective top coat
layer. The penetrated water causes swelling, which appears to be
linear with the total amount of absorbed water, implying that the
molar volume of water in the polymer matrix of the base coat is
constant and has a value that is similar to the molar volume of
liquid water. It is also observed that the applied external stress
increases both the uptake rate and the total amount of absorbed
water.

A thermodynamical model has been formulated to serve as a
guide for the interpretation of the experimental results. The
model incorporates the barrier properties and the uptake driving
force, reflected by diffusivity of water in the top coat and
difference in chemical potentials, respectively. The diffusivity of
water in the top coat has been estimated on the basis ofD2O/H2O
exchange experiments and is on the order of 10-12 m2/s.With the
proposed model, the contribution of the applied stress to the
driving force and its influence on the uptake rate have been
estimated. The present study shows that mechanical stresses have
a big impact on the process of water uptake by multilayer
coatings.
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Table 3. Typical Time Scales of the D2O/H2O Exchange Processes
and the Diffusion Constants of Water in the Top Coat

sample τ (h) D � 10-12 (m2/s)

BC38/TC23E 1.9( 0.1 3.1( 1.1
BC40/TC54E 2.5( 0.2 4.3( 2.2
BC49/TC23E 3( 0.1 2.6( 0.7
BC38/TC23S 2.2( 0.2 1.5( 0.7

Figure 12. Amount of water as a function of time in the uptake and
exchange experiments for the sample BC38/TC23E.

Figure 13. Excess pressureP� π-Δp in the base coat as a function of
the average water concentration in the coating during water uptake.
Note that H � H0 þ ΔH(t) is the total thickness of the base coat. The
pressure, P, represents the driving force of water uptake. π0 is an initial
value of the osmotic pressure in the base coat.
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