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In this work, a new finite element modelling (FEM) approach is followed to model spatiotemporally resolved
water uptake in organic coatings. To this aim, we start from a physical model, where not only Fickian diffusion of
water is taken into account but also the adsorption/desorption reaction of water on the polymer matrix. Starting
from a number of important coating properties and crucial model parameters, derived from gravimetric and
Fourier transform infrared (FTIR) measurements as the model input, the local water concentration over the

coating thickness as a function of time is modelled for a polyethylene glycol diacrylate (PEGDA) coating. The
modelled water concentration is then used to calculate virtual capacitance values which are evaluated against
experimental capacitance values extracted from impedance measurements. The constraints of the FEM model
and ORP-EIS experiments and the discrepancies between them are critically discussed in order to carry out a
meaningful model validation, eventually leading to model improvements.

1. Introduction

An important aspect defining durability and lifetime of organic
coatings is the description of transport phenomena (of water and ions)
through their polymeric networks since these are considered to be a key
process in coating failure. One way to describe and predict these phe-
nomena is by predictive modelling. Current predictive models devel-
oped for coating assessment are mainly focussed on water uptake over
time [1,2]. However, the present state of the art is limited to modelling
strictly based on Fickian diffusion and comparing this with experimen-
tally obtained water uptake values obtained from experimental tech-
niques without a critical appraisal of the reliability of the model
validation [1,2].

The transport of electrolyte in polymer coatings has been studied
experimentally with a range of techniques including gravimetric,
Fourier transform infrared (FTIR) spectroscopy and electrochemical
impedance spectroscopy (EIS) measurements [1,3-5]. Gravimetry and
FTIR spectroscopy are both capable of following the water uptake ki-
netics, expressed as mass water uptake versus time, and allow the
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determination of the related diffusion coefficient [6]. EIS adds to this as
it allows a powerful quantitative evaluation for the analysis of changes
in coating capacitance and associated dielectric properties during water
uptake [2,7,8].

Investigation of the water absorption mechanism in polyethylene
glycol diacrylate (PEGDA) films proves to follow a typical two-stage
sorption process, initially governed by Fickian diffusion, followed by
polymer swelling [6,8]. It is widely accepted that water in hydrophilic
polymers can be present in two-states: free and bound water [9] and
consequently the distinction between them is made when modelling
moisture uptake in polymer matrix systems [10-12]. As such the
adsorption and desorption reaction of water in the polymer matrix has
been described based on an adapted Langmuir isotherm as a function of
its adsorption and desorption rate constants and their respective surface
coverage [13,14].

In this work, we aim to develop and validate a finite element model
(FEM), able to predict the spatiotemporal water distribution within
organic coatings based on a number of important coating properties as
well as gravimetric and FTIR measurements to estimate the relevant
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model parameters. Solving the mass conservation equation for the water
uptake of a (PEGDA) coating allows the prediction of the local water
concentration over the coating thickness over time. The model is vali-
dated by means of comparing an experimentally measured ORP-EIS
capacitance value with a virtual capacitance value, calculated from
the predicted local water concentrations. This modelling approach is
summarized in Fig. 1. The constraints of the FEM model and ORP-EIS
experiments and the discrepancies between the FEM model output and
ORP-EIS capacitance validation experiments are described and critically
discussed.

2. Experimental
2.1. Materials and sample preparation

Standard steel Q-panels SAE 1008/1010, made from standard low
carbon cold rolled steel, were coated with Poly Ethylene Glycol Dia-
crylate (PEGDA) formulations made by mixing the reagents at 40 °C for
at least 12 h. At room temperature, the formulations are spread on the
panels using a bar coater to obtain a 100 pm wet film thickness. Upon
coating application, the panels are directly placed in a nitrogen purged
enclosure and UV-cured with a CF2000 with JL3-400F-90 model LED
head lamp, both from Clearstone technologies Inc., having a light power
of 16 W and irradiance of 700 mW/ crn2, with an active area of 5 x 4 cm>
emitting UV light with 400 nm wavelength. This resulted is a dry film
thickness of around 60 pm.

2.2. Analysis techniques

2.2.1. Gravimetric analysis

Water uptake was measured by gravimetric analysis on free standing
films, produced by peeling of the coating from the steel substrate, with
MilliQ water at room temperature using a Metler Toledo MX5 digital
microbalance with a precision of 1 pg. The absorbed water mass Xp,(t)
within the PEGDA coating was calculated using:

m(t) — my _ Myater

Xn(t) = (@)

my Mdpesive

with m(t) the mass at each time instance and mg the initial mass of the
dry sample, for at least three samples for reproducibility reasons.

2.2.2. Attenuated total reflection-Fourier transform infrared spectroscopy
(ATR-FTIR)

The presence and molecular configuration of water at the coating/
substrate interface was studied using attenuated total reflection-Fourier
transform infrared spectroscopy (ATR-FTIR) in Kretschmann geometry
using a Thermo-Nicolet Nexus FT-IR spectrometer equipped with a
mercury-cadmium-telluride (MCT) liquid-nitrogen-cooled detector in a
nitrogen-purged measurement chamber with a VeeMAXIII single
reflection ATR accessory. The spectra were recorded from 600 to 5000
em ™! under an angle of 75° with a resolution of 8 cm ™.

The detailed procedure for the sample preparation specifically for
ATR-FTIR in Kretschmann geometry can be found elsewhere [15].
Measurements were performed in a 1 M NaSCN aqueous solution as an
infrared active pseudo-halide since technically more relevant chloride

INPUT FEM OUTPUT & VALIDATION
Gravimetry & FTIR GeEiiE B EIS
_— _—
Kads, kdes & Bfsat, Ob,sat ci&ch C

Fig. 1. The modelling approach indicating the relevant techniques, model
parameters Kags, Kdes, Ofsar and 6y soc and model variables c¢ and cy, for the three
building blocks.
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solutions are inactive in the IR region.

2.2.3. 0dd random phase electrochemical impedance spectroscopy (ORP-
EIS)

The electrochemical behaviour of the organic coating in contact with
water and the associated coating capacitance was studied over time with
odd random phase electrochemical impedance spectroscopy (ORP-EIS).
The electrochemical data is obtained using a National Instruments PCI-
4461 DAQ card, connected to an in-house built compact analog poten-
tiostat using in-house developed software. An Ag/AgCl reference elec-
trode and a Pt mesh counter electrode were used for all measurements.
Different concentrations of a NaCl solution were used as electrolyte. The
measurements were started immediately after immersion (30-60 s),
starting with an OCP measurement of 10 s. A 10 mV (rms) signal around
OCP in the frequency range going from 1 kHz to 5 mHz was imposed and
the system was measured repeatedly without waiting time during two
consecutive measurements, for at least 2 or 3 samples, to conform their
reproducibility. A more detailed description of the technique can be
found elsewhere [16,17].

2.3. Finite element modelling

The model was implemented in Comsol Multiphysics version 5.4, a
commercially available finite element modelling software, using the
transport of diluted species (tds) physics interface. This module studies
the evolution of chemical species transported by diffusion and convec-
tion, assuming they are dilute and that consequently the mixture prop-
erties correspond to those of the solvent. The chemical species transport
by diffusion and convection is modelled by solving the mass conserva-
tion equation for the different contributing chemical species.

3. Results and discussion

The approach followed to model the water transport through organic
coatings consists of three building blocks: the model input, the model
itself and the model output and validation. FTIR and gravimetric mea-
surements serve as the input for the model in order to obtain the relevant
parameters to build the model together with a number of coating
properties such as the coating thickness, density and relative permit-
tivity etc. Impedance measurements serve as the validation tool for the
output of the model. Fig. 1 depicts the overview of the modelling
approach with the employed techniques and the extracted model pa-
rameters and variables. The relevant coating properties can be found in
Table 1.

3.1. Finite element model

A one-dimensional (1D) model, capable in following the water up-

take along the coating thickness, was built in Comsol Multiphysics using
the “Transport of diluted species” interface. This interface models the
transport of chemical species through diffusion and convection by
solving the mass conservation equation for all diluted chemical species i
contributing:
%—FV.Ji-i-u.Vci =R; 2)
with ¢ (mol/m?) the concentration, J; (mol/(m?s)) the mass flux rela-
tive to the mass averaged velocity, u (m/s) the mass averaged velocity
vector describing the convective transport and R; (mol/(m®-s)) the re-
action rate expression of the species, respectively. The preference of a 1D
model over a 2D model is justified by the currently existing models in
literature and the use of validation technique, which is not capable of
measuring lateral diffusion [1,2].

In the case that mass transport is governed only by molecular
diffusion, assumed in this model, the convective transport term can be
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Table 1
Values of variables and parameters used in this model with their respective
standard deviation if applicable for the different coating systems.

Variable Name Value Std Unit Ref.
cf Free water conc. mol/m®
Cp Bound water conc. mol/m®
Model
parameters
Kads Adsorption rate 1.15 x RZ= m3/
const. 10°° 0.88 (s-mol)
Kdes Desorption rate 2.19 x RZ= 1/s
const. 1074 0.76
Of sat Saturation conc. free 247 41 mol/m?
water
Op,sat Saturation conc. 352 59 mol/m®
bound water
Coating
properties
d Coating thickness 100 pm
(model)
Coating thickness 60 9 pm
(validation)
D Diffusion constant 3.9 x 0.3 m?%/s [8]
1013
Ecoating Rel. permittivity 5.48 0.01 [81
coating
Pe Coating density 1125 kg/m® [26]
[S] Conc. of available 127.34 mol/1
sites
Constants
€20 Rel. permittivity 80
water
A Coating area 1 m?

omitted and the mass flux J; defines the diffusive flux vector:

Ji = —DVc 3

with D (m?/s) the diffusion coefficient.

The right-hand side of Eq. (2), typically representing a source or sink
term as a consequence of chemical reaction or desorption on porous
matrix, can then be associated with the physical adsorption/desorption
reaction of free water (HoO)¢ into bound water (H20)}, in the porous
coating structure, i.e.:

(H,0), + S22 (H,0), Q)

des
The adsorption/desorption reaction of adsorbent A on site S is
typically represented by [18]:

A+S2AS )
according to the Langmuir adsorption model. As such, the adsorption

Tads (mol/(m®s)) and desorption reaction rate rags (mol/(m°>s))
expression can be written as:

Tads = KaasCr[S] (6)
and
Vdes = kdescb (7)

with Kags (m3/mol-s) and Kdes (1/s) the reaction rate constants of the
adsorption and desorption reaction, respectively. ¢s (mol/m>) and cy
(mol/m>) represent the concentration of free and bound (adsorbed)
water present in the coating structure, respectively, and [S] represents
the number of available sites on the polymer matrix within the coating
structure for adsorption expressed as a concentration (in mol/m>). If we
write the maximum number of available sites for free and adsorbed
water as O¢g, and Oy q,t, respectively, expressed as a concentration (in
mol/m?®) rather than a surface coverage in the Langmuir adsorption
model, the reaction rate expression in the case of water adsorption/
desorption becomes [18]:
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Tads = KadsCr (eb,sat - Cb) (8)
and
Tdes = KaesCp (C)]

The overall reaction rate can then be written as:

R = Taas — Taes (10)

which defines the source/sink term in the mass balance equation (Eq.
(2)), as explained earlier. Despite the Langmuir adsorption model's
strong hypothesis, i.e. assuming adsorption of a perfect monolayer at
homogeneous sites, it is selected over empirical model such as the
Freundlich adsorption model, and other theoretical models such as the
Brunauer-Emmett-Teller (BET) adsorption model and the Temkin
adsorption model, because of its (physical) simplicity while keeping the
number of model input parameters limited, which are besides easily
accessible [19].

The boundary conditions can be derived by supposing chemical
equilibrium on the water/coating interface and solving for c},, imposing
that the free water concentration cf equals the saturation concentration
of free water O, The initial values for the free and bound water over
the coating thickness are set to 1/100 of the saturation concentration,
respectively, arbitrarily selected to represent the small amount of water
initially present in the ‘dry coating’ and to avoid computational
convergence issues. A graphical representation of the model imple-
mentation can be found in Fig. 2.

As such this modelling approach gives rise to four intrinsic model
parameters, i.e. the reaction rate constants for the adsorption/desorp-
tion reaction (Kags and Kges) and the saturation concentrations of free and
bound water (6fsac and 6y, sar) (Fig. 1). These will be estimated from FTIR
and gravimetric analysis measurements, respectively.

3.2. Estimation relevant model input parameters

3.2.1. FTIR

In-situ infrared spectra were recorded in the first 125 h after expo-
sure to a 1 M NaSCN solution for the PEGDA coating. The evolution of
the water peak (OH-stretching vibration, 2900-3800 cm™Y) is evaluated
over time using the infrared spectrum of the dry adhesive as the refer-
ence [15]. For a more detailed interpretation, this peak was fitted ac-
cording to the four different summative states of water, i.e. monomeric,
dimeric, clustered and bulk water, and their respective integrated peak
areas [20]. Since the first three are all considered as forms of bound
water, their respective integrated peak areas are summed and plotted
over time and evaluated versus the bulk water contribution, which is
considered as free water (Fig. 3). Since infrared results provide only

1D
Initial Values
_ Ofsar & C= Ob,sat
100 100
Coating Substrate
6coating .

Fig. 2. Implementation of the model in Comsol Multiphysics showing the
boundary conditions and initial values used for the simulation of the water
uptake as well as the mesh and its nodes used in this model.
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Fig. 3. Evolution of the free and bound water and the ratio of free to bound
water over time after peak deconvolution of FTIR results for the
PEGDA coating.

qualitative information (quantified concentrations cannot be obtained
from the integrated absorbance), the ratio between the integrated peak
area of the free states of water and the bound state of water is calculated
over time in order to obtain semi-quantitative data. It can be observed
(Fig. 3) that the individual contributions of free and bound water rapidly
increase over time initially before reaching a stable contribution with a
ratio of free water versus bound water of 0.7 for the PEGDA system.

The FTIR information can also be used to estimate the reaction rate
constants [21]. The desorption reaction is regarded as a first order re-
action in this model and the adsorption reaction can be considered a
pseudo- first order reaction since the concentration of water in the
polymer is negligible compared to the number of available sites to be
adsorbed at. Due to the (pseudo)-first order character, the absorbance
values of both the free and bound water peak exhibit an exponential
change with reaction time. As such kinetic parameters can be deduced
from the exponential fitting of the absorbance difference AA, i.e. the
difference between the absorbance at a given time instance and the
absorbance at equilibrium (AA = A(t) — A()), versus time (Fig. 4) [21].

The resulting (pseudo) first-order constants for the adsorption and
desorption reaction are 1.46 X 107 1/s and 2.19 x 10~* 1/s with
respective coefficients of determination (R?) of 0.88 and 0.76. The latter
can directly be used as the estimate for kges while the former has to be
divided by the concentration of available sites for adsorption [S], i.e.
127.34 mol/l, estimated from the total number of hydrogen bonding
—donor and -acceptor sites available on the respective coating matrix to
adsorb water on. This results in an adsorption rate constant (kags) of
1.53 x 1072 m*®/(mol-s).

3.2.2. Gravimetrical analysis

The averaged experimental sorption curve with its standard devia-
tion as measured by gravimetry is presented in Fig. 5. It shows a stable
mass water uptake of approximately 0.95 wt% after 20 min up to 135
min for the PEGDA coating. Taking into account the respective specific
density of the coating (Table 1), this corresponds to a water saturation
concentration of 600 mol-m~>. In this regard, no distinction is made
between absorption through Fickian diffusion in the initial stages and
the contribution of polymer swelling afterwards.

Making the approximation that the ratio between the free and bound
water concentration, obtained from FTIR measurements previously, is
the same over the coating thickness, the saturation concentration for the
free (6fsar) and bound (Op, sar) Water becomes 247 + 41 mol/m® and 352
+ 59 mol/m®. This, together with the adsorption and desorption rate
constants kges and kqes, concludes the list of necessary input parameters

Progress in Organic Coatings 182 (2023) 107710

PEGDA . AA
exp. fit
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Fig. 4. Absorbance difference AA over time and exponential fitting of the FTIR
results for the free (a) and bound (b) water to obtain the kinetic rate constant
values k,qs and kqes for the adsorption/desorption reaction of water for the
PEGDA coating.
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Fig. 5. Gravimetry results showing the mass water uptake X;,, (%) and the total
water concentration over time with their respective standard deviation for the
PEGDA coating.
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for the model.

An overview of the values of the relevant coating properties neces-
sary for the model and of the variables and model parameters can be
found in Table 1. The diffusion constant D has been obtained from
earlier work, where it has been determined from the relationship be-
tween volumetric fraction of water and time for the PEGDA coating
[6,8].

3.3. Model output

Based on the necessary coating properties and model parameters,
listed in Table 1, the 1D model is able to predict the concentration of free
and bound water over the coating thickness and over time for a coating
thickness of 100 pm (Fig. 6). The evolution of the free water concen-
tration (Fig. 6a) in the first 168 h reveals a rapid increase in the initial
hours before reaching the coating water saturation concentration value
(Brsar) over the coating thickness after 16 h, corresponding to 247
mol-m 3. A more gradual increase is seen for the bound water concen-
tration (Fig. 6b) compared to the free water concentration, associated
with adsorption kinetics rather than diffusion kinetics, respectively.
Nevertheless, the bound water concentration reaches a stable value over
the coating thickness of less than 1 mol-m~> after 16 h, substantially
lower than the expected saturation value of 352 mol-m ™ estimated by

a3DO|'|'|'|'|'|'l'|'|'|'|
PEGDA ——0h——1h——2h——3h——4h——5h
6h —— 7h —— 8h —— 16h —— 24h —— 168h
&
E
= 200
£
=
0
8
5
Q100—
c
o
O
0_
T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Coating thickness / pm
b T T T T T T T T T T T
1 PEGDA —— 0h—— 1h——2h ——3h ——4h——5h
07 6h —— 7h —— 8h —— 16h —— 24h —— 168h
&
EO,S—
°
E
\0’6_
c
o
IS
S 044
o
c
o}
O
0,24
O’O_ T T T T T T T T T

T
0 10 20 30 40 50 60 70 80 90 100
Coating thickness / um
Fig. 6. Modelled concentration of free (a) and bound (b) water over the coating

thickness as a function of time for the PEGDA system for a model coating
thickness of 100 pm.
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means of gravimetric and FTIR measurements before.

3.4. Model validation with impedance measurements

At this stage, the challenge comes to light whether the predicted
water uptake profiles can be validated in a reliable way with experi-
mental water uptake profiles. Validation of the water concentration
profiles is strictly necessary in order to use them as a correct starting
point for modelling of the associated interfacial electrochemistry and
coating delamination at a later stage. Therefore, independent odd
random phase electrochemical impedance spectroscopy (ORP-EIS)
measurements are carried out, allowing instantaneous and reliable
monitoring of the impedance behaviour of organic coatings during
water uptake by applying a broadband rather than a single sine signal,
allowing determination of the standard deviation on the measured
impedance points [16,22].

Starting from the concentration of free and bound water as a function
of coating thickness and over time, as resulting from the FEM model, the
overall capacitance of the coating system is calculated. Therefore, the
local total water concentration is calculated at every point over the
thickness of the coating (or every mesh node in the 1D FEM model
(Fig. 2)) by summing the free and bound water concentration. For each
local water concentration, the effect on the local permittivity of the
system can be calculated through effective medium approximations
using the Maxwell-Garnett equation:

Eoff — Em E — &y
) 11
(eg_ﬁ + 26,,,) (8,‘ + 2€m) an
with e the effective permittivity of the system, ; the permittivity of the
inclusions (water) and €y, the permittivity of the medium (coating) and
§; the volume fraction of the inclusions [23]. This local effective

permittivity is subsequently translated in a local capacitance C (F/m?)
according to the capacitor's definition:

egffe()S

C=
d

12)
with e.f the effective permittivity of the system as calculated using the
Maxwell-Garnett equation, gy (F/m) vacuum permittivity, S (m?) the
coating area and d (m) the coating thickness [24]. Finally these local
capacitances distributed along the coating thickness in series are sum-
med according to the capacitances in series rule, i.e. summing the
reciprocal of the individual capacitances, in order to obtain the overall
coating capacitance. These ‘virtual’ capacitance values can then be
compared against the experimentally measured impedance data after
extraction of the experimental capacitance values.

Fig. 7 shows the Bode plots for the PEGDA coating after 20 min; 1.5
h; 3 h; and 51 h of immersion, respectively, as measured by ORP-EIS in a
0.05 M NaCl solution. The black line and the grey line correspond to the
magnitude of the impedance modulus and the phase angle, respectively,
as usually plotted by classical EIS. The other characteristics of the
experimental data of an ORP-EIS measurement are provided by the
curves representing the noise (blue), the noise plus the non-linearities
(red) and the noise plus the non-stationarities (green) [16,25]. From
the result after 20 min (Fig. 7a) it can be seen that, right at the start, the
noise + non-linearities curve is not overlapping the noise curve, indi-
cating non-stationary behaviour. This mismatch is especially apparent at
high frequencies, but decreases after longer times (Fig. 7b and c). These
non-stationarities observed at the higher frequencies suggest that the
electrochemical processes with low characteristic time constants (fast
processes) mainly cause the time-variant behaviour of the system [8].
This can be related to the non-stationary water uptake of the PEGDA
coating. Moreover, it can be observed that the magnitude of the
impedance modulus lies around 10° Q.cm? and 10'° Q.cm? at the
highest and lowest frequencies measured, i.e. 1 kHz and 5 mHz,
respectively.



M. Meeusen et al.

a o —— experiment -90
10" Wt : e
] ' —raee
10° --60
] L
= Q
(o] 6 ]
5 10°%4 £
1 F-30
10*4
102 T T T T T 0
102 1071 10° 10 102 10%
frequency / Hz
c experiment -90
101 T e
] " prase
1084 +-60
E e
2 Q
(o] 5 @
’: 10 1 g_
1 -30
10%4
102+ : . . . ~4-0
102 10" 10° 10' 10? 10°

frequency / Hz

Progress in Organic Coatings 182 (2023) 107710

A e e @XPRTITIENT -90
10" - . e
] : " phase
108 N --60
B L
d Q
G 6 4]
5 10° 4 %
1 y --30
10*4 e
o Vg
102 3 . . . . =40
102 107 10° 10° 102 10°
frequency / Hz
d oo 90
1 010 . noise + NS
108 4 --60
B 3
2 Q
o]
N 101 £
{ --30
104 1
102 e . . , 0
102 10" 10° 10" 102 107

frequency / Hz

Fig. 7. ORP-EIS spectra of the PEGDA coating during water uptake recorded after 20 min (a), 1.5 h (b), 3 h (c) and 51 h (d) showing the magnitude of the impedance,
the phase angle and the contribution of the noise, non-linearities and non-stationarities on the measurement.

The experimental capacitance values are obtained from the real Re
(Z) and imaginary Im(Z) part of the impedance at a frequency of 1 kHz,
justified by the purely capacitive behaviour (phase angle —90°) (Fig. 7)
[24]:

_ —Im(Z)
 2xf (Re(2)? + Im(2)?)

13)

without fitting the impedance data to an EEC, in order not to introduce
fitting errors in the validation study. Fig. 8 shows the modelled capac-
itance values, based not only on Fickian diffusion but also taking into
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Fig. 8. FEM capacitance values and experimental capacitance values measured
in 0.05 M NaCl over time for the PEGDA coating with their respective standard
deviation. The red graphs present the respective capacitance difference AC over
time. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

account the water adsorption/desorption reaction on the polymer, and
the experimental capacitance values, extracted from ORP-EIS measure-
ments on PEGDA coatings with a thickness of 60 + 9 ym, in the first 60 h
after exposure of the coating to water. Since coating capacitance is
dependent on coating thickness, it is importance that the model thick-
ness and experimental thickness are in agreement. It can be seen for the
PEGDA coating that the experimental capacitance values are approxi-
mately 4 times higher and shows a different trend in the early stages,
with a faster increase in capacitance value, compared to the modelled
‘virtual’ capacitance values. Therefore, the change in capacitance value
over time (AC) is considered for comparison purposes, rather than the
capacitance value itself. It can be observed that the modelled ‘virtual’
capacitance value increases by only 1 %, compared to a 15 % increase
for the experimental capacitance value.

It needs to be remarked that, since the initial capacitance value is
dependent on the permittivity of the dry coating, the trend in terms of
the capacitance variation over time provides a more accurate measure to
validate the finite element model.

The question remains to what extent we can reliably validate the
FEM model with experimentally obtained capacitance values. Therefore,
the constraints of the FEM model and ORP-EIS experiments and the
differences and discrepancies between the FEM model output and ORP-
EIS capacitance validation experiments are listed and critically dis-
cussed leading to model improvements, eventually.

3.5. Critical appraisal of the model validation

Apart from the unavoidable standard deviation on either the fitted
model parameters on the input side such as the diffusion constant, the
reaction rate constants and the saturation concentrations determined by
FTIR or gravimetric analysis (which are not determined in this work) or
the standard deviation on the extracted capacitance values from EIS and
interpretation on the validation side, there are some explicit differences
between which phenomena are included in the model and all effects



M. Meeusen et al.

occurring during the experimental verification. The objective of this part
is to identify and critically discuss the major factors on the input, model
and validation side separately that account for the discrepancies be-
tween the model outcome and the experimental validation and to pro-
pose possible model improvements and a more reliable validation.

3.5.1. Validation approach and related approximations

The followed verification approach includes comparison of the
experimental capacitance value extracted from an EIS measurement at 1
kHz with a ‘virtual’ capacitance value after recalculation of the model's
output local concentrations into local effective permittivities using the
Maxwell-Garnett approximation and finally into local capacitances and
an overall capacitance value. To identify the influence of this approxi-
mation, another verification approach is followed by comparing directly
the model's output overall concentration with the water concentration
calculated from the EIS measurements. Therefore the volumetric water
uptake @y, (%) is calculated from the fitted capacitance value at 1 kHz
using a linear (Eq. (14)) or Brasher-Kingsbury (B-K, Eq. (15)) approach
[8] as a function of the permittivity calculated from the fitted capaci-
tance value at 1 kHz (g), the permittivity of the dry coating (e.) and the
permittivity of water (ey):

B, =% a4
€y — &
logs
Spp—— 15
Y logen (15)

The volumetric water uptake is then converted in the mass water
uptake and finally recalculated into a water concentration. As such, the
comparison can be carried out in terms of concentration rather than
capacitance, avoiding the use of the Maxwell-Garnett approximation.
Also, since the determination of the volumetric water content through
the linear approach (Eq. (14)) is based on the difference in permittivity
between the wetted coating and the initial dry coating permittivity at all
times, it intrinsically uses the change in permittivity, i.e. the trend,
similarly to the change in capacitance (AC) that was calculated from the
capacitance values to study the trend of the results. This results also in
having all possibly introduced errors from approximations and ap-
proaches on the same side, i.e. the experimental side, while no recal-
culations are done on the model side. Moreover, recalculation of the
experimentally obtained capacitance values into concentrations intrin-
sically normalizes for the coating thickness through the calculation of
the coating permittivity. This allows the comparison of coatings with
notable different coating thickness and a reliable calculation of the er-
rors on the obtained water concentration values.

Moreover, the comparison of total water concentration between
model and validation also allows us to include the total water concen-
tration as measured by gravimetrical analysis and as such also evaluate
the difference between model input, model output and model validation
(Fig. 9). It can be seen that for the PEGDA coating, both the linear and
the B-K approach are overestimating the total water concentration. Also
the gravimetry input concentration values are significantly higher
compared to the model outcome. The difference in water uptake be-
tween gravimetric and EIS measurements and more precisely the over-
estimation in water uptake by the linear and B-K approach can be
explained in terms of swelling, since these approaches are not taking
into account polymer swelling [24].

Since three different approximations/approaches are used for the
validation of the modelling results (i.e. Maxwell-Garnett approximation,
linear approach and B-K approach) it is important to evaluate the impact
that is made on the results by applying each of them. Therefore, from the
model outcome for the PEGDA coating, i.e. the total water concentration
over time, the capacitance value over time is calculated using the
Maxwell-Garnett approximation and recalculated back into a concen-
tration value using the linear approach and the B-K approach in parallel.
Doing so, no experimental data is considered, which allows us to
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Fig. 9. Comparison of the gravimetry input, model output and validation water
concentration values measured in 0.05 M NaCl with their respective standard
deviation for the PEGDA coating.

evaluate the difference between the starting concentration value and the
final concentration values introduced by the approaches/approxima-
tions without bringing measurement errors in the discussion. It can be
seen that the final obtained concentrations through both recalculations
are substantially lower compared to the starting concentration (Fig. 10),
with the B-K approach and the linear approach resulting in approxi-
mately 60 % and 10 % of the initial concentration, respectively.

This together with the previous observations regarding the approx-
imations/approaches shows the importance of considering the errors
that are made using approximations/approaches in order to validate any
model in a reliable way, which is often overlooked.

3.5.2. Measurement parameters of validation experiments

Another difference between the model and the validation experiment
is the presence of ions, i.e. in the model no ions are considered while the
use of ions for impedance measurements is strictly necessary. To
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Fig. 10. Comparison of the total water concentration value obtained as output
directly from the model with the concentration values obtained from recalcu-
lating the model output concentration value into a capacitance value using the
Maxwell-Garnett approximation and back into a concentration using the linear
and Brasher-Kingsbury approach, respectively, for the PEGDA coating.
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estimate the influence of the presence of ions during the ORP-EIS
measurement and moreover the importance of their concentration,
repetitious impedance measurements are carried out for the PEGDA
system while lowering the concentration to virtual zero concentration,
which compares to the FEM model situation (Fig. 11). It can be seen that
(Fig. 11a) lowering the NaCl concentration from 50 mM to 0.5 mM re-
duces the capacitance value from 1.2 pF-m 2 to 0.6 pF-m~2 which is in
better agreement with the 0.25 pF-m’2 the model (without ions) is
predicting. The effect of ions on the water uptake can consequently not
be overlooked and influences our interpretation of the water uptake
based on the coating capacitance [15]. Re-evaluating the experimental
conditions for the model input experiments based on this observation, it
can be noticed that water uptake of the gravimetric experiments is not
influenced since MilliQ water is used and that the water uptake during
FTIR analysis is possibly influenced by the use of NaSCN ions. Never-
theless, since no quantitative information is extracted there, studying
the influence of the use of NaSCN ions on the water uptake is out of the
scope of this research.

Here again, the comparison can be carried out in terms of concen-
tration rather than capacitance, avoiding the use of the Maxwell-Garnett
approximation. It can be seen that (Fig. 11b) by lowering the NaCl
concentration the extracted water concentration values are also in better
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Fig. 11. Effect of NaCl concentration during EIS measurement on the extracted
capacitance (a) and water concentration (b) values and comparison with the
model output.
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agreement with the model outcome. Moreover, the lower NaCl con-
centrations are particularly better in agreement with the model outcome
if we evaluate them in terms of concentration rather than capacitance,
and in particular the linear approach. Therefore, together with earlier
observations regarding the use of concentrations for validation pur-
poses, the model validation will be carried out in terms of concentrations
rather than capacitances from now on.

It can be concluded here that the presence of ions and their con-
centration is of high importance and affects the uptake of water in
coatings [8,15]. Consequently the way EIS results are interpreted is
influencing our interpretation of the water uptake and as such also the
validation of the FEM model.

3.5.3. Polymer swelling

Polymer swelling is theoretically estimated according to the volu-
metric swelling ratio calculated from the gravimetric analysis results
[25]:

fovi

volumetric swelling ratio =

i

where Vg and Vj represent the polymer volume during water uptake and
the initial polymer volume, respectively. From the weight mass increase
during polymer swelling and taking into account the density of the
coating and water, the volumetric swelling ratio is roughly estimated
around 1.11 %. Polymer swelling, physically occurring in the polymer
coating during water uptake, causes a discrepancy between the inter-
pretation of gravimetric analysis and EIS results as mentioned before.
Taking it into consideration would also contribute to a better repre-
sentation of the real physical situation. In a first step to account for
polymer swelling in the finite element model, 1 % theoretical swelling is
considered, in order to evaluate the influence of taking polymer swelling
into account.

Conceptually, we consider the extra coating volume generated by
this thickness increase as an extra hydrophilic volume, totally available
for water uptake. As such, 555.6 mol-m~> water extra can be absorbed
by the coating (corresponding to 1 % of the free water concentration of
55.5 M), and consequently the maximum saturation concentration Omay,
sat increases from 600 mol-m > to 1155.6 mol-m 3. Taking into account
the FTIR ratio of free to bound water of 0.7, the saturation concentra-
tions of free water 0f,go¢ and bound water Oy,5,; become 475 mol-m 3 and
680 mol-m 3, respectively. For modelling purposes, it is assumed that
the polymer swelling and the increase in the modelling parameters 6f,sa¢
and Op,sy; is linear.

In order to discuss the effect of swelling on the model outcome, the
recalculated virtual capacitance values are validated with the 5 mM
NaCl EIS measurements (Fig. 12). These are selected over the 0.5 mM
NaCl measurements, since the latter was only monitored in the first 5 h
and since comparable water concentration values were obtained in this
time frame anyway (Fig. 11b), although a lower ion concentration in
experimental studies shows better agreement with the finite element
model. It can be seen that (Fig. 12) the water concentration profile
taking into account polymer swelling is in better agreement with the
experimental water profiles compared to the water concentration profile
without considering swelling. Taking into account more physical effects
in the model gives rise to a more reliable model validation.

3.5.4. Hypothesis model parameters

In order to define the model parameters Ofg,: and 6 sar, FTIR and
gravimetric analysis measurements were used, i.e. the ratio between the
free and bound water molecules was used to divide the maximum water
uptake in the free and bound water saturation concentration. However,
this is considered as a drastic hypothesis since the FTIR ratio is measured
at the coating/metal interface and maximum water uptake reflects the
water uptake averaged over the entire coating thickness. To determine
the impact of this hypothesis, the use of the FTIR ratio is cancelled out
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Fig. 12. Water concentration values of the model with and without taking into
account polymer swelling, and experimental validation (linear and B-K
approach) with 5 mM NaCl for the PEGDA coating.

and only the maximum water uptake is used. Therefore, 0fsac and Op sat
are no longer constants in this model but become ‘dynamic variables’
dependent on the instantaneous concentrations of free and bound water
cr and cp, and the maximum saturation concentration Omay sat:

e_[,sm = enmx,sm —Cp (16)

6}7.5411 = emux.sat —Cr (17)

The maximum saturation concentration Opyaxsar taken is equal to
saturation concentration as measured by gravimetric analysis and is
equal to 600 mol-cm ™3, Fig. 13 shows the evolution of the concentration
over the coating thickness as a function of time. It can be seen that
(Fig. 13a) the concentration of free water increases over time, reaching a
maximum after around 8 h of around 550 mol-cm™3, close to the
maximum saturation concentration. From the concentration of bound
water (Fig. 13b) it can be seen that the concentration increases strongly
in the first hour indicating a lot of water is adsorbed, before gradually
decreasing again. Overall the total water concentration (Fig. 13c),
reflecting the behaviour of the sum of the free and bound water, in-
dicates that the PEGDA coating adsorbs approximately 550 mol-m~ in
the first 8 h, close to its maximum saturation concentration value.
Compared to the initial hypothesis, the uptake of water has increased,
since the FTIR ratio is not governing the free and bound water con-
centration anymore but only the maximum saturation concentration is
implied. It can be observed that the free water concentration becomes
dominant now and its concentration is substantially higher than in the
scenario of the initial hypothesis (Fig. 6e). The concentration of bound
water is comparable for both hypotheses (Figs. 13b and 6f),

Yet again, in order to interpret the consequences of this new hy-
pothesis regarding the saturation concentration of free and bound water
by considering them as dynamic variables rather than model parame-
ters, the model output concentration following the new and initial hy-
pothesis are compared and validated against a 5 mM NaCl measurement
by comparing both water concentration profiles (Fig. 14). It can be seen
that the water concentration profile for the new hypothesis is in much
better agreement with the experimental water concentration profile
(linear approach) compared to the water concentration profile for the
old hypothesis. Yet again, the linear approach shows better agreement
than the B-K approach. It can be concluded that the adapted, more
realistic hypothesis allows a more reliable validation of the model with
impedance experiments.
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Fig. 13. Effect of the adapted hypothesis for the saturation concentration
model parameters O, and 6y s on the model output for the PEGDA coating
showing the free water concentration (a), the bound water concentration (b)
and the total water concentration (c) evolution over the coating thickness in the
first 10 h for a model coating thickness of 100 pm.

3.5.5. Combined effect of polymer swelling and adapted hypothesis
Finally, both the effect of polymer swelling and the adapted hy-
pothesis are incorporated in the model in order to study the impact on
the model outcome and the virtual capacitance values. These effect,
discussed in paragraph 3.5.3 and 3.5.4 already, cause the Opaxar tO
increase to 1155 mol-m ™~ and do not take the FTIR ratio into account
anymore by considering Ofgs, and 6fsac as dynamic variables and no
longer as fixed model parameters. In Fig. 15, the obtained water con-
centration profile taking into account both model adaptions is compared
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Fig. 14. Water concentration values of the model for the new and old hy-
pothesis regarding the saturation concentration parameters 6 g, and 6y sar, and
experimental validation (linear and B-K approach) with 5 mM NaCl for the
PEGDA coating.
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Fig. 15. Water concentration values of the model taking into account both
polymer swelling and the adapted hypothesis, and experimental validation
(linear and B-K approach) with 5 mM NacCl for the PEGDA coating.

with the water concentration profile without model adaptions and
evaluated versus the experimentally obtained water concentration pro-
files for 5 mM NaCl. It can be seen that taking into account the combined
effect of polymer swelling and the adapted hypothesis causes the water
concentration profile to increase strongly compared to the water con-
centration profile without considering them. Compared to the gravi-
metric water uptake after 4 h, taking into account polymer swelling, and
reaching a water concentration of around 750 mol-m~3 (Figs. 5 and 9),
the modified model predicts a total water concentration of around 1000
mol-m 3 after 4 h. Moreover, the obtained water concentration profile is
in much better agreement with the experimentally obtained water
concentration profiles. Note that the impact of taking both model im-
provements into account is stronger than considering the polymer
swelling and new hypothesis individually, as can be observed from
Figs. 13 and 14.

It can be concluded that by considering both model adaptations a
better agreement is found between the predicted water concentration
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profiles and the validation experiments while contemplating a better
physical description of what happens during water uptake in organic
coatings. Therefore these model adaptations can be looked at as model
improvements resulting in a more reliable model that can successfully be
validated by impedance measurements.

Predicting water uptake in organic coatings is merely a first step
towards a model capable of predicting long-term durability (under
accelerated conditions) and life-time assessment if also the transport of
ions and its electrochemistry and delamination could be taken into ac-
count in the future.

4. Conclusions

Starting from relevant coating properties as well as gravimetric and
FTIR measurements providing information about the water uptake of
the coating and the presence of free and bound water at the coating
interface water uptake through an organic coating is modelled by
solving the mass conservation equation taking into account Fickian
diffusion and the water adsorption/desorption reaction on the coating
structure. The model is able to predict the water concentration profile
over the thickness of the coating over time. The key aspect of this
approach is the experimental validation of the developed water uptake
model and to what extent this can be performed. Therefore, virtual EIS
capacitance values are calculated from the water concentration profiles
and compared with experimental capacitance values obtained from
impedance measurements. In parallel, from the experimental capaci-
tance values also water concentration profiles are calculated in order to
carry out a validation in terms of concentration rather than capacitance,
using different approximations and approaches, allowing the evaluation
of their impact on the recalculated values. It has been pointed out that
there are several advantages by validation in terms of water concen-
tration profiles rather than capacitance values.

In order to evaluate in detail whether we can reliably validate the
model with impedance measurements, the discrepancies between model
outcome and validation experiment are critically discussed. These
include, apart from the standard deviation on the fitted model param-
eter estimates (the kinetic rate constants of the adsorption/desorption
reaction and the saturation concentrations of free and bound water), the
approximations and approaches to compare the model output and the
validation results, the physical phenomena occurring such as polymer
swelling, and the assumptions/hypotheses that are made building the
model. The impact of taking into account these effects on the predicted
water concentration profiles over time is discussed individually and it
has been exhibited that the impact of these aspects on the model are
important to consider. Finally the combined impact of polymer swelling
and an adapted hypothesis contemplate not only a better description of
what physically happens during water uptake in organic coatings and as
such a more reliable model. Therefore these model adaptations can be
looked at as model improvements leading to a more reliable validation
by impedance measurements.
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