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Abstract

In a previous work, it was shown that the physical ageing of organic coatings had a strong
effect onto the water uptake process, leading to lower water uptake values at saturation. The
service life of an organic coating can be related to the water content at saturation, that may
induce corrosion of the substrate, but also to the adhesion that prevents direct contact between
the substrate and the aggressive environment. In this work, the effect of physical ageing onto

water uptake and adhesion of epoxy coatings onto aluminium is then investigated.

A model epoxy coating (DGEBA/Jeffamine230) was applied onto aluminium panels and fully
cured using adequate thermal cycles. Different amounts of physical ageing were created by
controlling the cooling of the systems and measured thanks to modulated differential scanning
calorimetry (MDSC). The coated panels were then immersed in sodium chloride solution
(30g.L!) at different ageing temperatures. The water uptake was calculated using EIS thanks
to the Brasher and Kingsbury relation and the diffusion coefficients were evaluated using the

dual-Fick diffusion model.

For different values of physical ageing and different amounts of water uptake, the adhesion
was evaluated using the blister test method. The obtained results allow to discuss the effect of

physical ageing onto the water uptake content and the adhesion of organic coatings.
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1. Introduction

Corrosion protection can be achieved through a variety of means and one cost-effective option
is the use of epoxy-based coatings. However, these coatings may be subject to degradation in
environments characterized by high humidity, salt content, oxygenation, and sunlight
exposure. This leads to a weakening of the physical-chemical and mechanical properties and
therefore to a degradation of the coatings [1-5]. It is then crucial to predict their lifetime
through a better understanding of the phenomena that take place in the polymer, especially
when they are submitted to “physical ageing”. This ageing phenomenon was described in
details by Struik [6-8] and is due to structural relaxations of the polymer chains below the
glass temperature (Tg) as a way to tend to an equilibrium state. Indeed, when polymers are
cured above Tg and the temperature is cooled down below Tg, the polymer network is in a
nonequilibrium state because the polymer chains do not have enough time during cooling to
reach equilibrium. This leads to high values of volume, enthalpy and entropy and it means
that the polymer network tends to recover an equilibrium state during its service life, leading
in particular to a decrease of the free volume. Physical ageing (P.A.) of glassy polymers, as
defined by Struik (and adopted in this paper), is then only due to structural relaxations which
are in relation with non-null molecular mobility of polymer chains below Tg. It is then
different from network changes due to an increase of the curing degree / small molecules
absorption or to external factors (mechanical stresses, chemical degradation, thermal

degradation, ...).

Mechanical, thermodynamic, and physical characteristics of epoxies are then specifically
affected by P.A. in a way that drastically modifies the overall behavior of these polymers
[9,10], which impacts performance and durability. Researchers have combined this
phenomenon with water absorption into coatings, which is recognized as an essential problem
[4] since water penetration is the first stage in their degradation process. Some authors report
that physical ageing has a low influence on water diffusion in polymer, e.g Akele et al. [11]
who studied the effect of physical ageing and water sorption in polycarbonates. Other studies
showed that the quantity of water absorbed in polymers at equilibrium is mostly influenced by
the polymer's structure [12-14]. This was clearly seen by Kong [10] in a study concerning
physical ageing in neat epoxy and composites, where he demonstrated that the diffusion rate
and water absorption at saturation were reduced in presence of physical ageing. More
recently, a number of noteworthy studies, relating physical ageing and water uptake, have

been published. Starkova et al. [15] studied the anomalous water absorption for a neat epoxy
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and epoxy/carbon composites and they found that after re-drying of their epoxy systems,
thermal and thermomechanical properties were conserved or improved, suggesting the
presence of physical ageing in the polymer. Le Guen-Geffroy et al. in 2019 [16] investigated
the relationship between physical ageing and plasticization in amine-epoxies hygrothermally
aged in saltwater and discovered that physical ageing occurs more faster in a wet environment
than in a dry environment. Moreover, the same researchers found later [17] that attention must
be taken to distinguish property modifications caused by water penetration from those caused
by physical ageing related to polymer chain reorganization. The last one tends to decrease
fracture toughness. The mechanism of water absorption is slow at temperatures far below the
glass transition temperature (Tg), but when temperatures are elevated to speed it, physical
ageing is also accelerated. It is then clear that water diffusion processes and physical ageing

can have reciprocal influences which have to be better explained.

Once water has diffused within the coating, it reaches the interface and can affect adhesion to
the substrate so the durability of the coating/metal interface. Many methods have been
developed (e.g. ISO 2409, ISO 4624) to evaluate the adhesion of organic coatings but very
often, they are non-quantitative, non-reproducible, performed in dry conditions, or
overestimate adhesion as a result of energy consumption by other phenomena, such as plastic
deformation [18]. The blister test (BT) was proposed in 1961 by Dannenberg [19]. The
principle is to inject a liquid at the coating/substrate interface in such a way the coating is
detached from the substrate in form of a blister. Pressure and volume of the injected liquid are
measured and used to compute the work needed for the blister formation. In order to inject the
liquid at the coating/metal interface, a hole is drilled through the substrate before application
of the coating. The main advantage of the BT is that it provides a measure of the normalized
energy needed to initiate/ propagate a crack at the substrate/polymer interface [20] and it can

be performed in presence or not of water.

The aim of this work is to investigate the effect of physical ageing onto the water absorption
characteristics and adhesion of epoxy coatings applied onto aluminum substrates. Different
amounts of physical ageing (P.A.) in epoxy networks were obtained by varying the cooling
procedure and were measured by modulated differential scanning calorimetry (MDSC).
Electrochemical impedance spectroscopy (EIS) was used to measure water uptake and the

blister test was used with dry and water-saturated coatings.
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2. Experimental

2.1. Materials

The epoxy coatings were prepared from Diglycidyl Ether of Bisphenol A (DGEBA D.E.R.™
332) cured with an amine hardener Jeffamine D-230 (ref. 9046-10-0). All materials were
obtained from Sigma Aldrich and were used without further purification. The DGEBA resin
was mixed with stoichiometric amounts of the amine hardener at room temperature and then

degassed under vacuum to remove air bubbles.

For coating samples, the mixture was deposited onto A-46 aluminium Q-panels (0.6 x 102 x
152 mm), cleaned with acetone and ultrasound. For blister test samples, the resin was applied
onto A-46 aluminium discs, with a 6mm diameter hole in the center, which were first abraded
using 2400 silicon carbide papers grits, and then cleaned with acetone. The hole has to be
closed so the liquid DGEBA/JeffamineD-230 resin cannot go into the hole during curing. So,
when the blister test is performed, there is no stress concentration at the hole circumference
which might introduce cohesive failure of the coating within the thickness, instead of
adhesive failure at the coating/interface. A sticker was used to block the hole instead of an
inert blanking plug. The coating thickness above the sticker is then lower than that above the
metal interface so cohesive cracks can be initiate parallel to the surface if adhesion is stronger
than cohesion. Hence, cohesive and/or adhesive failures can be observed with the same test
procedure. A large 24mm diameter sticker was used to avoid edge effects of the 6mm

diameter hole drilled into the substrate.

All specimens were inserted in a mould constituted by two aluminium plates covered by
Teflon sheets and separated by thick spacers to get the desired thickness. Then, the samples
were cured in an oven till 120 °C, which is a temperature above Tg, using a curing protocol in
order to obtain a homogeneous fully cured network, as presented elsewhere [21]. Finally, the
dry film thickness for coatings samples was about 120 + 10 um while that of the blister

samples was about 350 + 20 um (measured by an Elcometer 311 Gauge Thickness).

Three different epoxy networks with different physical ageing amounts were obtained thanks
to three different cooling processes. The first process consisted of placing the mould
containing the sample between two fans blowing air for a fast cooling just after the curing
[21]. Then, the temperature was rapidly reduced below Tg, preventing physical ageing of the

organic coating (systems without physical ageing). The second and third processes were to
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leave the samples-containing mould in the oven and to apply two cooling plateaux: 1 hour at
88°C (Tg-5 °C) for a system with intermediate physical ageing and 76 hours at 73°C (Tg-20
°C) for a system with a maximum of physical ageing were applied for the second and the third
cooling processes respectively. This allowed the temperature to be gradually reduced and the
coated panel to be kept at temperatures below Tg for different periods of time, causing
different amounts of physical ageing. The time/temperature couples were defined from an
initial study (not presented here). The cured specimens were stored in a desiccator to prevent

moisture ingress.

2.2. Techniques

2.2.1. Modulated Differential Scanning Calorimetry (MDSC)

The DSC curves were obtained using about 11 + 1 mg of epoxy material on a DSC Q-2000
instrument (TA Instruments) with MDSC as mode of operation to evaluate the glass transition
temperature Tg at a dry state and to quantify the physical ageing. A temperature modulation
of £0.48 °C every 60 seconds was overlaid on a temperature scan (2 °C/min) from 20 °C to
140 °C, approximately 50 °C above the Tg. The cooling ramp was done with the same
temperature scan rate. All measurements were carried out under a nitrogen atmosphere with a

flow of 50 ml/min. Several identical specimens were tested for reproducibility.
2.2.2. FT-IR analysis

Fourier transform infrared (FTIR) analyses of materials were carried out to characterize the
different functional groups of the coatings with or without P.A. We used a Thermo-Nicolet
Magna IR 760 spectrometer equipped with a Smart MIRacle ATR accessory with a diamond
crystal. Spectra were collected over a range 500—4000 cm™! with a resolution of 4 cm™'. Each
spectrum was produced by coaddition of 64 scans. Several identical specimens were tested for

reproducibility.
2.2.3. Electrochemical impedance spectroscopy (EIS)

The coated aluminum Q-panels were conditioned in a vacuum desiccator at ageing
temperature for 24 hours to ensure that they were dry before immersion and EIS tests. Coated
panels were set in an electrochemical glass cell (Gamry) having a circular aperture with a
silicon-rubber O-ring to get the tightness of the saline solution (NaCl 3%wt) used for the
immersion tests. The assemblies were placed in ovens at different ageing temperatures (30°C,

5



155
156
157
158
159
160
161
162
163
164
165
166

167

168
169

170

171

172
173

174

175

176
177
178
179
180
181

40°C and 50°C). These ovens also act as a Faraday cage to limit external interferences on the
system studied. For each temperature, we used several samples in order to obtain reproducible
results. The water uptake was evaluated in situ using a two-electrode cell, in which an epoxy-
coated aluminium Q-panel acts as the working electrode (exposed area was 12.5 cm?) and a
graphite rod as the counter electrode and pseudo-reference. EIS measurements were carried
out using a Gamry REF 600+ at the open circuit potential (12 points per decade) in the 10 Hz-
1 MHz frequency range. A 50 mV rms sinusoidal ac perturbation was chosen since a pure
capacitive behavior was observed in the whole frequency range with no Faradic processes, as
already reported in our previous work [21]. As the high frequency part of the impedance is
completely dominated by the capacitive response of the coating [22,23], the coating
capacitance (Cur) was calculated at a fixed high frequency (f = 10 kHz) using the real (Z’)
and the imaginary (Z’’) parts of the impedance, as shown in Eq. (1):

C _ —ZI
HE ™ anxfx((z)2+(2')?)

)

The water uptake Yp was then calculated from the Brasher and Kingsbury relation (Eq. 2) [24]

using the capacitance at high frequency (Cnur):

Ct
log(=HE)

— _ CHF
X (%) = o,y < 100 @

with C3r and C§p the high frequency capacitance at t=0 (extrapolation at 0 of the first points

of the curve Cyr = f(t)) and at time t, respectively, and &,,(T) the relative permittivity of

water (depending on temperature, see Table 1) [25,26].

Table 1 : Relative permittivity of water depending on temperature

Temperature (°C) 30 40 50
Ew 76.60 73.17 69.88

The Brasher and Kingsbury relation is known to give over-estimated water uptake values, as
discussed in another paper [27]. In this previous work, we showed that it was possible to
obtain water uptake values similar to those measured by gravimetry by introducing the time-
dependant-thickness (measured by SECM [28]) into the Brasher and Kingsbury relation. This
approach was also used in [21]. In the present paper, the coating swelling is not considered

and the Brasher and Kingsbury relation is not modified because this data analysis erases the
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temperature effect [21]. This allows to better evaluate the influence of ageing temperature

onto water uptake process in coatings with or without physical ageing.

2.2.4. Blister test (BT)

The coated A-46 disc was inserted in the sample holder (stainless steel SS) and a screw-down
crown was used to block the coated sample (Figure 1). AISI 316SS pipes (Swagelok) were
connected to the sample holder and to the programmable syringe pump (KD Scientific).
Sealing between the coated A-46 disc and the sample holder and between the sample holder
and the pipes is ensured by O-rings. The stress was applied to the coating by injecting
pressurized water on the rear face of the coated sample through a hole into the substrate that

was drilled before application of the coating.

A pressure transducer allowed to measure pressure during the BT so the test results are given
in the form of a pressure/volume or pressure/displacement evolution based. An USB

microscope allowed to record videos/photographs during the BT.

In-house software (coded in Wolfram Mathematica) has been developed for controlling the
pressure and displacement during blister testing of coatings. This software is designed to
provide a simple and easy-to-use interface for controlling the test conditions and monitoring
the results. Users can easily set and adjust the volume injected, the injected velocity and
displacement parameters for the test, ensuring that the coating is subjected to the appropriate
level of stress and that the results are accurate and reliable. The software also allows users to
monitor the progress of the test in real-time, with clear visual indicators of the pressure and

displacement readings.
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Fig. 1. Schematic of the blister test

3. Results and discussion

The initial part of this study aims to identify differences in initial properties between the
systems with three different amounts of physical ageing (Tg, P.A. amount). The second part
focuses on the effects of these differences on the water uptake and its diffusion in the coating

network, and finally with the blister test to examine the question of adhesion.

3.1. Initial properties

The DGEBA/Jeffamine-230 coatings, obtained with the 3 different P.A. amounts were
characterized by FTIR and DSC after their collection from the oven (at the dry state) before
immersion tests. FTIR spectra from the pure DGEBA resin and from the DGEBA/Jeffamine-
230 were compared (Figure 2a and 2b): the major bands are in agreement with the results
reported in literature concerning epoxy systems [29-31] and clearly show the presence of
absorption band around 914 cm™ assigned to the vibration of the epoxide groups for the pure
resin while it is not observed for the DGEBA/Jeffamine-230 system with no P.A. FTIR
spectra obtained for the three DGEBA/Jeffamine230 networks were identical: typical
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spectrum for the network with a maximum amount of P.A. is presented in Figure 2c¢ and the
subtraction results from spectrum b - spectrum c are presented in Figure 2d. As it can be seen,
the subtraction results are close to O which means that there is no difference in IR bands.
Finally, since no peak related to the epoxy group was observed in all DGEBA/Jeffamine230
spectra, it can be concluded that the networks are completely crosslinked and that no
significant chemical change can be seen in FTIR spectra between networks with or without

P.A.

oni  DGEBA resin

050+ a)

A

oni DGEBA/JeffD230 no P.A.

b)

1507.65

Al
2964.06
1179.81
1084.32
1033.39
825.83

4000 3800 3600 3400 3200 3000 2800 2600 2400 2900 2000 1800 1600 1400 1200 1000 800 600

Wavenumbers (cm™)

DGEBA/JeffD230 with P.A.

2

0.40- C)

2

&

2868.90

Absol

ww. Subtraction Results: no P.A. — with P.A.

d)

Absol

3390 09
318156
292012
2848 06
15
5

204073
1982.01
| freasas

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600

‘Wavenumbers (cm™)

Fig. 2. Typical FTIR spectra for a) the pure DGEBA resin b) DGEBA/Jeffamine230 system without
P.A. ¢c) DGEBA/Jeffamine230 system with P.A. d) subtraction results for spectrum b — spectrum c.

Figure 3 presents the changes of the total heat flow for the 3 different systems. All samples
show structural relaxation phenomenon (physical ageing [6]) of the resin after the curing

cycle since there is appearance of an endothermic peak around Tg, with various magnitudes,
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during the first DSC scan. It can be seen that, qualitatively, the magnitude of the endothermic
peaks is apparently greater for the samples that were cooled at slower cooling rates (plateau of
76 hours at 73°C), followed by intermediate cooling rates (plateau of 1 hour at 88°C) and
smaller for systems with a fast cooling. However, the presence of the endothermic peak

makes difficult the evaluation of Tg or simply, impossible.

min P.A
— - —inter P.A
---- max P.A

Heat Flow (W/g)

T T T T T T T T T
40 60 80 100 120
Temperature (°C)

Fig. 3. DGEBA/Jeffamine-230 coating's DSC thermograms (first scan) for three different systems:
minimum, intermediate and maximum of Physical Ageing.

The evaluation of Tg and the measurement of the physical ageing were then performed with
the modulated mode of DSC (M-DSC). In this mode, the thermogram presents two signals:
the reversing heat flux and the non-reversing heat flux. These two signals are result of
deconvolution from the total enthalpy change (Heat Flow) [32]. Fig. 4 shows that Tg can be
easily evaluated from the reversing heat flow signal (middle of transition) at about 91 °C for
the 3 studied systems, with a minor increase in Tg with the structural relaxation [33,34]. The
same value of Tg was achieved for the first and second scan, indicating that the system is

completely cross-linked.
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Fig. 4. Modulated DSC thermograms of the DGEBA/Jeffamine-230 coatings: a) minimum, b)
intermediate and ¢) maximum of P.A

Physical ageing quantification is performed using the non-reversing heat flux signal. Two
peaks are observed: an endothermic one during the temperature rise, characteristic of the P.A.
and the stress frequency, and an exothermal one during the cooling, characteristic of only the
stress frequency [35,36]. The difference in area between these two peaks indicates the excess
of enthalpy due to structural relaxations present in the polymer network [37] and is called
amount (or extent) of physical ageing [38—41]. The amount of P.A. and the Tg of the 3

studied systems are given in Table 2.

Table 2. Initial characteristics of the 3 studied systems of DGEBA/Jeffamine-230

min P.A. inter P.A. max P.A.

Tg (°C) 90 £0.5 91«1 92 +1
Amount of P.A. (J/g) 0.3+0.1 1.3+0.2 32+0.1

A slow cooling allowed for a considerable amount of P.A. to be obtained. Indeed, the amount
of physical ageing is dependent on the step of cooling and a slow cooling allows for more
time for the polymer chains to rearrange themselves, leading to a greater degree of physical
ageing. In contrast, a fast cooling rate to temperatures well below the Tg does not allow

enough time for the polymer chains to rearrange, resulting in a lower degree of physical
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ageing. The rapid cooling was supposed to avoid physical ageing, but in fact, we still manage

to obtain some trace of P.A.

The interesting point is that controlling cooling step allows obtaining coatings with different

amounts of physical ageing, without any chemical modification, as seen with FTIR results.

3.2. Sorption curves

Typical raw EIS curves are presented in Figure 5.a. As it can be seen, a pure capacitive
behavior was obtained during the test period which means that the impedance is dominated by
the coating response. Representative sorption curves obtained by EIS data using the Brasher
and Kingsbury equation for the 3 different systems (min, inter and max of physical ageing)
during immersion in NaCl 3 wt% solution at 30, 40 and 50 °C are presented in Fig. 5. In these
curves, the evolution of water volume fraction (), ) is presented as function of the reduced

time (t =t 2/ thickness) in order to eliminate the thickness effect.

As it was seen previously [21], the volume water uptake measurements for all coated samples
show a classical pseudo-Fickian behavior [5,42—44], with following features: for all systems,
there is a rapid initial water absorption, followed by a slow water absorption and finally a
plateau indicating water saturation. For all studied temperatures, systems with a minimum
amount of P.A. have higher water uptake values at saturation than systems presenting
maximum of P.A., with an intermediate system that takes place between the two values. Fig.6
points out the evolution of water uptake values y, (obtained from the Brasher and Kingsbury
equation) at saturation with the ageing temperatures for the 3 different systems of P.A. It
should be noticed that the same trends were observed with free films from gravimetry results

(results not shown here).
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The increased water uptake in systems with low levels of P.A. can be attributed to a higher
free volume fraction and reduced polymer chain interactions. Conversely, systems with high
levels of P.A. exhibit a denser polymer network, leading to stronger polymer chain
interactions and a lower free volume, which impede water penetration and decrease water

uptake.

The low value of water uptake at 30 °C most likely owing to the lower number of attractive
molecular segments that can be contacted since the mobility is greatly limited at low
temperatures (distant from humid Tg=72 °C [21]). This is in line with what has been found
previously about epoxy based resins by Akele et al. [11], Ding et al. [45], Starkova et al. [46],
and more recently Gibhardt and al. [47].

3.3. Kinetics of diffusion

Since the water uptake mechanism in DGEBA/Jeffamine230 systems behave as a pseudo-
Fickian diffusion profile, sorption curves are fitted using the dual Fick model, which takes

into account two simultaneous diffusion processes, following Eq. (3) [48-50].

w(,_8 i 1 ~(2n + 1)2.7%.D;. 72
Xvi - 2 0(2n+1)2'exp 2
n=

XV(T) =

i={1,2}
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Where y,, () is the volume water uptake at the reduced time T; X;,;* is the water content at
saturation for diffusion process i (i=1,2) and Di is the diffusion coefficient for diffusion
process i (i=1,2). Fig. 7 shows an example of fitting results for a coating with minimal P.A.

and another with maximal P.A. at 40 °C. The experimental curves (), _exp) are fitted using

Eq. 3 (xy_calc) where xy, ;. = Xv1 T Xv2-

o Xv_exp_minPA o Xv_exp_maxPA
77 Xv_calc_minPA - - - Xv_calc_maxPA
Xvi_minPA - - - Xvi_maxPA
6 Xv2_minPA Xv2_maxPA
5 -
O
T 41
S
©
2 34
<
2 -
1
0 T T T T y T T T T 1
0 10000 20000 30000 40000 50000
T (51/2.cm'1)

Fig. 7. Typical sorption curves (obtained from B&K Eq.2) fitted using a dual Fick Eq. (3) for 2
systems; minimum of P.A. and maximum of P.A. during immersion at 40 °C.

The initial diffusion process (corresponding to the diffusion coefficient D; in Fig. 7 and the
water saturation X, ;) is characterized by the absorption of water by the polymer network,
which simultaneously leads to plasticization of the network. This plasticization and associated
swelling lead to an increase in the mobility of the polymer chains, facilitating the relaxation
and release of previously inaccessible polar sites. These newly available sites allow for further
water absorption, which constitutes the secondary diffusion process (corresponding to the
diffusion coefficient D> in Fig .7 and the water saturation x,,> ), resulting in a gradual

increase in the water uptake capacity of the polymer [14,16].

The values of the diffusion coefficients (D1 & D») of water calculated thanks to Eq. (3), for all

studied systems, are presented in Table 3.
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Table 3. Values of diffusion coefficients D and D», calculated using Eq. (3), for coatings
with minimum, intermediate and maximum of physical ageing at various ageing temperatures

30 °C 40 °C 50 °C
D, (cm?/s) D5 (cm?/s) D, (cm?/s) D> (cm?/s) D, (cm?/s) D5 (cm?/s)

min P.A. 4.6%0.3 10° 8.3£0.2 10710 1.1£0.3 108 2.840.5 10 1.5+0.1 108 3.3£0.3 10°
inter P.A.  4.8+0.4 10° 5.5+0.2 10710 9.4+0.2 10° 1.440.1 10 1.6+0.4 108 1.9£0.5 10°
max P.A.  5.0%04 10° 8.9£0.3 10710 8.4+0.1 10° 1.5+0.5 107 1.5+0.4 10%  9.7+0.5 10°1°

These results indicate a temperature-dependent behavior since both diffusion coefficients (D,
and D») increase with the rise of temperature for the 3 studied systems (min, inter and max of

P.A.), following an Arrhenius law characteristic of diffusion phenomena (Eq.4) [51]:
= _AH;
D; = Do exp(——.) 4)

with i = 1 or 2, AH; is the enthalpy of diffusion associated with the number of polar groups
and the distance between two polar groups, Do is the pre-exponential factor for the diffusion

coefficient, R is the ideal gas constant and T is the temperature.

To investigate the evolution of these coefficients with temperature and P.A., and furthermore
to calculate the thermodynamic parameters of the diffusion, the natural logarithm of the
values of Di (Ln (Di)) is plotted as a function of the inverse of the absolute temperature
(Fig.8). A linear behavior of D; and D, (diffusion coefficients) with the inverse of the
temperature (1/T) is observed and consequently the Arrhenius’ law is verified. The estimation

of Do and AH; is allowed (Table 4).
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Fig. 8. Evolution of the diffusion coefficients D (a) and D> (b) as a function of the inverse of the
temperature for the 3 studied systems (minimum, intermediate and maximum of P.A.)
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AH; (kJ/mol) Do.1 (cm?/s) AH; (kJ/mol) Do, (cm?/s)

min P.A. 47 0.53 56 4.2
inter P.A. 50 1.7 49 0.28
max P.A. 44 0.17 44 5.1 x 107
Table 4. Arrhenius’ parameters applied to the D and D> coefficients for the 3 studied
systems

From Fig.8(a), similar slopes were identified for the first diffusion process (D1). Furthermore,
Table 4 confirms that for D1, both AH and Do, which correspond respectively to the enthalpy
of diffusion of water molecules in the polymer matrix and to the number and variety of
diffusion paths, are identical for all values of physical ageing. This means that the first
diffusion process is thermally activated in the same way for all three amounts of P.A. Water
diffuses and creates interactions with the macromolecular chains that are free to interact with
it and which are not involved in the P.A. process. However, D> corresponds to the diffusion of
water in the polymer matrix via polar sites which become accessible by relaxation due to
plasticization and swelling (Fig.8 (b)). For higher P.A. values, these thermodynamic
parameters appear to be lower. The physical ageing leads to a densification of the network.
The macromolecular chains move closer to each other, resulting in the creation and or
reinforcement of polymer/polymer bonds and a reduction in the free volume. A diffusing
water molecule can then more simply reach another polar group of polymer by making a less
energy transition and also fewer diffusing pathways are possible [14,21,47]. In other words,
the higher the physical ageing, the less the second diffusion is thermally activated, the
interacting macromolecular chains are prevented from relaxing by the physical ageing and

cannot contribute to the water diffusion (Fig.9).
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Fig. 9. Schema describing the influence of physical ageing of a diffusing water in polymer network.

3.4. Blister test

Results were obtained using the blister test (BT) at a constant liquid flow rate of 350 pul/min
and a sticker of 24 mm, between the substrate and the coating as a blister initiator. At least
three identical samples were tested for reproducibility. As seen previously, the systems with a
minimum amount of P.A. and a maximum amount of P.A. present the largest differences.

Therefore, only these specimens with min and max P.A. are considered in this part.

Figure 10 presents the pressure vs. the injected volume for the dry systems. It can be clearly
seen that during the BT experiment, and for both systems (min P.A. and max P.A.), the
pressure increased continuously until the detachment of the coating at the blister initiator
(removal of the sticker) and then it continued to increase until a critical pressure (Pc) where

the coating fails.
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Fig. 10. Blister test data in form of pressure versus injected volume for dry samples with a) min P.A.

Fig.11 shows the dry coating with min P.A. before and after the BT, thanks to the
photographs recorded by the USB microscope. It can be easily noticed that the failure of the

coating was at the level of the sticker without any propagation of the blister. This cohesive
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failure can be due to the fact that our system is very rigid and brittle so the coating cannot
elastically deform a lot with the applied stress. The same behavior is observed for the dry

coating with a max P.A.

Fig. 11. Photographs recorded by the USB microscope for a dry sample with min P.A.

Fig. 12 shows the evolution of pressure as a function of injected volume for samples saturated
in water at 40 °C. The critical pressure was very low comparing to the dry samples and a
blister propagation can be observed after the critical pressure for both systems (min and max
P.A.). Fig. 13 confirms the adhesive failure and shows the delamination of the coating film
caused by water propagation. The low values of Pc, for saturated samples, are due to
plasticization and swelling of the polymer, which reduce the rigidity of the coating and thus

allow a larger deformation of the coating and the appearance of a blister.
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Fig. 12. Blister test data in form of pressure versus injected volume for saturated samples at 40 °C
with a) min P.A. and b) max P.A.
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Fig. 13. Photographs recorded by the USB microscope for a saturated sample with min P.A.

The average values of the critical pressure (Pc) were taken from graphs and are presented in
Table 5. An important difference between Pc values for dry and saturated coatings for both
systems (min and max P.A.) is observed. According to Gent and Schult [52] the work of
detachment is decreased in the presence of a wetting liquid at the coating/substrate interface.
Moreover, comparing Pc values for min and max P.A., the difference is only observed for the
dry state. With max P.A., the network is denser and so, more rigid. Higher Pc values should
be obtained. However, the strain is localized at the cracking point where the stress
concentration is more important. This leads to a premature cohesive failure of the coating with

max P.A. instead of an adhesive failure for lower Pc values.

Table 5. The average values of the critical pressure (Pc) for all studied systems

Dry Saturated
min P.A. 8.1 bars 2.4 bars
max P.A. 6.1 bars 2.3 bars

Future work using the blister test might focus on the quantitative effect of physical ageing and
water uptake on the adhesion of epoxy coatings, using the critical pressure Pc to calculate the

strength energy of adhesion.

4. Conclusion

In this work, DGEBA/Jeffamine230 epoxy coatings were obtained with three different
amounts of physical ageing thanks to adapted cooling processes. Then, they were immersed in
a saline solution to determine water uptake characteristics using EIS and they were submitted

to the blister test to evaluate the effect of physical ageing onto adhesion properties.
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Initial characterization of the coatings by FTIR showed that the different systems present
identical chemical behaviors, so physical ageing does not significantly affect the chemical
properties. Modulated DSC results showed a slight Tg increase (+1°C) with physical ageing
which can be explained by the structural relaxation induced by P.A., leading to a denser
network and higher Tg. During immersion in the saline solution at different ageing
temperatures, the water uptake values at saturation were found to be lower with maximum
amount of physical ageing. This was explained by a denser polymer network in the case of
physical ageing that leads simultaneously to an increase of the polymer chain interactions and

a decrease of the free volume, both impeding water uptake values.

Analysis of water diffusion within the three physically-aged networks showed a dual-Fick
behavior, indicating that two different diffusion processes had to be considered. The first one
is due to the initial water ingress that leads to the polymer plasticization and the release of
new polar sites that become available for water diffusion in a second step, when polymer
chains are relaxed. However, this relaxation process is lower in case of physical ageing

because of stronger interactions between polymer chains.

The adhesion of physically-aged coatings was evaluated by the blister test, before and after
immersion at 40 °C. The critical pressure needed for the coating failure was found to be
higher for dry systems and for lower values of physical ageing. Cohesive failures were
obtained for dry systems because the DGEBA/Jeffamine230 is rigid and can not deform.
When the systems are water saturated, the critical pressure is much lower, with or without
physical ageing. From all these results, it seems that adhesion is mainly governed by the
presence of water at the coating interface and the physical ageing only delays the arrival of

water at the metallic substrate.

The results of this study demonstrate the importance of considering the physical ageing and
the impact of water absorption in evaluating the service life of organic coatings in real-world

applications.
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