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ABSTRACT

This work describes the change of gas permeability of epoxy coatings thermally aged at different
temperatures from 50 to 200°C in order to address their barrier properties for protecting concrete in
civil engineering industry. Argon permeability characterization tests were carried out on samples either
coated on concrete or aged as free standing films. With the increase of time and aging temperature,
epoxy becomes more and more permeable and its barrier properties are lost. For better understanding
those results, possible ageing mechanisms were investigated. Plasticizer loss was studied by
gravimetric analysis and by differential scanning calorimetry. It seems to induce only moderate
consequences on barrier and mechanical properties. Reversely, thermal oxidation was shown to
severely damage the barrier and mechanical properties due to the existence of chain scissions. Last,
structural relaxation ageing is shown to play a negligible role on the investigated time scale but its
consequences at longer time remain to be fully understood.
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INTRODUCTION

Epoxy resins are widely used in the civil engineering sector. It is a material easy to process and apply.
Epoxy resins can be used as a coating and repair resins. Numerous studies have been carried out to
quantify the longevity of these materials [1,%3]. However, these epoxy resins are subject to severe
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environmental constraints: temperature, UV and physical ageing and possibly presence of rainwater
(which is not addressed in this paper), all those constraints being at the origin of epoxy failure [4,3,%,].
Given the high complexity of those superimposed ageing mechanisms, it is important to distinguish
the critical mechanisms occurring in service conditions.

Epoxy resins are subjected to qualifications tests to check they meet the requirements of practitioners.
They usually consist in ageing at 70 or 80°C monitored by mechanical tests with durations up to 200
days [8]. They are however only few evidences that such tests reflect that properties of epoxy resins
will last enough. The effect of physical and chemical ageing on mechanical properties was already
addressed in the literature [°] but their effect on epoxy permeability properties remains barely known.
These properties are of key interest since epoxies are aimed at protecting concrete from carbonatation
reactions for example. In other words, a decrease in permeability may induce severe consequence with
degradation of concrete.

The permeability values are well documented for many semi crystalline polymers being for example
used as food packaging [*°] and some structure relationships involved in predicting permeability are
also available [*!]. They are much more scarcely documented in the case of epoxies [*2,13]. At last, the
effect of ageing on permeability was scarcely addressed, to the best of our knowledge. According to
Gardette et al. [**], the permeability of a PET film is improved after photo-oxidation, possibly because
of a crosslinking mechanism or maybe crystallization induced by aging. The case of epoxies is thus
interesting for several reasons: epoxies are amorphous polymers which mainly undergo chain scission
during their chemical ageing [*].

The aim of this present work consists in investigating the effect of ageing mechanisms being at the
origin of failure (either in terms of mechanical or barrier properties) during epoxy use namely (i) the
physical ageing by structural relaxation, (ii) the loss of plasticizers (plasticizers being used to allow
curing the resin in its entirety at room temperature) and (iii) the thermal oxidation. For that purpose,
epoxy coatings were aged at several temperatures and argon permeability tests were carried out on
samples. Argon was preferred to CO2 because it is an inert gas (with no possible reaction with epoxy
and subsequent diffusion reaction coupling phenomena) and is closer to an ideal gas which simplifies
the exploitation of experimental measures of permeability. Its lower molecular size [*¢] makes a finer
probe of barrier properties of epoxy since, basically, CO, will diffuse slower than Argon. In the same
time, physicochemical characterization will be performed so as to investigate the occurrence of each
sort of ageing and its consequences on permeability properties.

EXPERIMENTAL

1. Materials and curing conditions

Epoxy resin was obtained by mixing a prepolymer of DGEBA type together with a hardener mixture
containing triethylene tetramine mixed with a cycloaliphatic diamine hardener. This industrial epoxy
system contains also contains benzylic alcohol used as a plasticizer to improve the processing and the
curing [Y7] in practical conditions typically encountered in Public Works field.



Several kinds of samples were studied as described in Table 1 and Figure 1. They were obtained by
blending the two-part components (epoxy prepolymer + amine hardener) and casting it so as to obtain
the desired shape.

Table 1. Description of samples under study.

samples manufacturing Test picture
cylindric blocks about 1 | casting of 2 parts components | microscopic observations | Sl

cm thick in aluminium cups for oxidized layer value

20-25 pum films microtomed from blocks FTIR, structural relaxation | 6-12

ageing, plasticizer loss by
TGA and gravimetry

H4 dogbones samples casted in Teflon mould tensile test 5
0.5-1.5 mm thick disk Casted into a Teflon mold and | Thermal ageing | 3,6
stored 12h at 21 °C monitored by
permeability
measurements and

plasticizer loss
concrete coated with | casting in wood mould. | Ageing at temperatures | 4
epoxy (epoxy thickness | Concrete with a ratio W/C: 0.5. | lower than 100°C

about 300-500 pum) Brush application for epoxy | monitored by
coating permeability
measurements

The curing was checked by DSC (Q10 apparatus — TA Instruments) at 10°C.min* for free standing films
given in Figure 1). Curves were acquired to ensure no residual curing exothermal peak was observed
at the end of this process (Fig. 1). Glass transition of the unaged samples was acquired both with DSC
at 10 °C/min and DMA at 3 °C/min and 1 Hz, and will be part of a later discussion on plasticization.
According to Figure 1, it can be concluded that samples are almost fully cured after 48 h at room
temperature so that no post curing was added.
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Figure 1. DSC thermograms (1% heating) of epoxy uncured resin and epoxy networks after several
curing cycles (48 h at room temperature, 48 h at room temperature + 30 min at 170°C).

Since efficient for thin films, the same curing protocol was followed to manufacture thicker samples to
control the diffusion-limited oxidation (DLO) phenomenon with ageing temperature and time. Large
disks of about 10 mm thickness were cut in small bricks of about 5x5x10 mm? and aged at thereafter
described temperature and time conditions. Besides, thin samples of 20-25 um were cut from blocks
of epoxy resin (previously cured for 48 h at ambient temperature) using a Leica microtome with a SiC
blade.

2. Ageing conditions

For the chemical ageing (namely thermal oxidation) study, samples were thermally aged at 80, 100,
120, 160 and 200°C in AP60 ventilated ovens (Systemes Climatiques Service, France).

For plasticizer loss, two kinds of ageing were performed
- in situ ageing in TGA cell (described below on paragraph 3.5.)

- ageing in oven monitored by gravimetry

For the structural relaxation, the sample, about 10 mg encapsulated in a DSC pan, was heated up and
held 1 min at 200°C to erase any previous thermal history. Then the sample was cooled down to the
aging temperature T,,, aged isothermally for aging times t,, ranging from 0 to 6000 min under nitrogen
atmosphere, and finally cooled down to 0°C. All ramps were performed at 10°C min-1. For ageing times
exceeding 6000 min, the sample was annealed at controlled temperature in a furnace.



3. Characterization methods

3.1. FTIR spectroscopy

FTIR spectroscopy in transmission mode was carried out using a Frontier spectrophotometer
(PerkinElmer) by averaging 8 scans at resolution 4 cm™ between 400 cm™ and 4000 cm™. Absorbances
were measured by subtracting baseline and defined as the maximum height of characteristic peaks.

3.2. Tensile tests on thin samples

Mechanical properties of epoxy-amine thin samples were followed by tensile tests using an Instron®
4301 machine on at least five samples per exposure condition. Atmosphere temperature was regulated
at 23°C, and testing was carried out with a crosshead speed of 1 mm/min.

3.3. Microscopic observation of oxidized layers

After ageing, the brick samples were set in 40 mm diameter cylindrical moulds, then soluble acrylic
resin provided by MX-MET was poured onto them to obtain large cylinders of about 2 cm thickness
easier to further process. Samples were polished using MecaTech 334 automatic polishing machine
with abrasive papers of grades up to 1200. Optical changes of the sample through ageing were visually
assessed using a LEICA M80 microscope. Pictures were taken at x2.5 magnification with the same light
intensity to properly discern colour changes.

3.4. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) was performed with the Perkin Elmer® DSC 8500 at 10 °C min-
I from 0 to 200 °C. Nitrogen was used as a sweeping gas at a flow rate of 20 ml/min. The temperature
calibration was performed using indium and benzophenone as reference standards for melting
temperatures. The calibration of energy was done using the enthalpy of fusion of indium.

3.5. ThermoGravimetric Analysis (TGA)

20 mg samples placed in a platinum pan were continuously heated at a 10°C min rate under a pure
nitrogen flow (20 ml min!). Measurements were performed using a Q50 apparatus (TA Instruments)
driven by QSeries Explorer. Data were processed using TA Analysis software.

3.6. Plasticizer loss

Plasticizer loss was monitored for 1 mm plates (initial mass close to 2-3 g). Those latter were regularly
weighted after ageing using a Mettler Toledo XS105 Dual range balance.

3.7. Permeability



The permeability tests were carried out on steady flow test method in a hydrostatic cell under
confining pressure (see Figure 2). During the permeability measurement, the hydrostatic stress on the
material was maintained with confining pressures (P.) of 3 MPa being applied with a Gilson pump. The
gas (Argon) injection pressure (P;) was set to 1.5 MPa using a gas injection device. At first, the gas was
injected in R; from a big gas tank, the valve C, was closed when P; reached 1.5 MPa, and valve C,, C;,
C, and Cs remained open. When the gas flow was steady, we close valve Csand record an increase AP,
in comparison with P, (atmospheric pressure) within a At by connecting a Keller Barometer and a
computer, which allows the flow rate Qg at downstream to be calculated. Using Darcy’s law, the gas
permeability K, can be computed as:

K = HO, 2LF; (1)

foA4 (B -P)

where W is the viscosity of argon (2.2 10 Pa-s), L is the length and A is the cross-sectional area of the
sample.
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Figure 2. Schematic diagram of steady flow test device.

RESULTS

1. Barrier properties of epoxy coated concrete

Figure 3 depicts typical changes of permeability of epoxy disks after thermal ageing at 100 °C. The value
of single epoxy foil is close to 1022 m? [18]. During ageing, it is clear that barrier properties are severely
damaged.
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Figure 3. Changes of permeability versus time for epoxy resin after ageing at 100°C.

Those experiments were completed by ageing concrete coated with epoxies assemblies at 50,80 and
100°C (pictures are given in supplementary informations-1). Characteristic values can be commented
as follows:

- for unaged samples, values of permeability of concrete coated epoxies are observed to be close to
102 m2. This value is consistent with the mixture law:

Xq+ Xp X4 XB
=24 2
P PA+PB )

Where x, and xg are the thicknesses of A and B layers (being on the order of 0.05 m for concrete, and
0.0005 m for epoxy) and P, and Py their respective permeability being on the order of 10'Y7 m? for
concrete (2.59x10"m?for the concrete used in this work) [*%,2°] meanwhile the permeability of epoxy
is about 1022 m? (see the value for unaged sample in Figure 3). Using Eq. 2, one sees that for unaged
sample, the permeability of concrete + epoxy is 102° m2, which is exactly the value observed in Figure
4 for unaged sample.

Here also, during ageing, the value of the permeability increases. For ageing at 100°C, the final value
of permeability of epoxy + concrete becomes on the order of the value for pure concrete. The
permeability of coatings aged at 80°C is multiplied by almost 10 after 70 days meanwhile at 50°C it
does not significantly change after more than 30 days.

After ageing at 100°C, epoxy coating was removed and permeability was measured to assess the
changes in concrete. Obtained values ranged between 4.69x10*” m? and 6.49x10'7 m2. Using those
values in Eqg. 2 with 1022 m? for epoxy layer, the obtained result is about 102° m?, as for unaged epoxy
coated concrete. In other words, it is impossible to describe the changes observed in Figure 5. It means
that degradation of the barrier properties observed in Figure 5 is induced by the epoxy layer itself,
consistently with observations given in Figure 4. Therefore, we dedicate the following paragraphs to
the analysis of the epoxy behavior.
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Figure 4. Changes of permeability of epoxy coated concrete after ageing at 100, 80 and 50°C.

2. Mechanical properties of aged epoxy

Stress strain curves were recorded for virgin and aged materials. Changes of mechanical properties
were recorded for various ageing temperatures (80, 100 and 120). As depicted in Figure 5a for data at
120°C, thermal ageing induces (i) a slight increase in elastic modulus and (ii) a decrease in stress at
break and in maximal (ultimate) strain associated to a decrease of the volumic energy (i.e. the area
under stress strain curves). Ultimate strain is an excellent tracker of oxidation induced embrittlement.
Its values are also presented in Figures 5c and 5b for 80 and 100°C ageing respectively. It is observed
that, even when ageing time is sufficient to induce the loss of barrier properties, there is no strong
change of the mechanical behavior.



2
3

Strain at break (mm/mm)
L]

]
=

]
2

]
*

]
2

°
S

120 °C

o

Stress at break (MPa)

@
=
T

-
o
T

@
=1
T

50 -
40
30

20 -

120 °C |

$+3

$

Tensile modulus (GPa)

2.4

N
o
T

-
@
T

=
)

o
o
T

1oty

120 °C

Volumic energy (kJ/m?)

w
T

[N
T

120 °C

"0 200 400 600 80D 1000 1200

Ageing time (h)

16%

14%

a o
2 R
S

Strain at break (%)

2% |

0%

0 200 400 600 800 1000 1200
Ageing time (h)

(a)

8%

8% |

4%

{4

i

0

400 800 1200

Ageing time (h)

(b)

Strain at break (%)

0 200 400 600 800 1000 1200
Ageing time (h)

14% [

R
®

10% |

:*+§ g+

& @ @
£ # ®
:

N
32
hall

o
o}
=

Ageing time (h)

(c)

L L L 1
0 1000 2000 3000 400(

0 200 400 600 800 1000 1200
Ageing time (h)

Figure 5. Changes of mechanical properties for epoxy resin thermally aged at 120°C (a), changes of
elongation at break for ageing at 100 (b) and 80°C (c). Blue symbol corresponds to unplasticized resin
(see Figure 7) and green ones to plasticized epoxy before and after ageing;

Since the embrittlement (linked to cracking) can be excluded as a reason for the loss of barrier
properties, several other processes associated with ageing will be investigated in the following of this
paper, allowing to determine which ones are critical for barrier properties.

3. Plasticizer loss

Anisothermal TGA measurements of virgin (formulated with plasticizer) epoxy resin are presented in
Figure 6. A first mass loss is detected at temperatures around 100°C. It corresponds to the plasticizer
loss (about 6% of the total mass). The residual mass stabilizes at temperatures around 250°C but
decreases abruptly at higher temperatures due to the decomposition of epoxy network [2!]. A similar
experiment was conducted on a sample that was purified from its plasticizers (by an isothermally
treatment at 160°C under vacuum prior to TGA experiment). This second experiment only shows the
decomposition of the epoxy network at 350°C, and confirms that the first mass loss for “virgin epoxy
resin” (at 200°C) phenomenon was ascribed to the loss of a plasticizer.



T ——7—
100 virgin
purified
)
&~
S
) L
@ 95
@
£
®
S
K=l
7]
2 90
(1’4
85 L L L 1 L 1 1
0 100 200 300 400
Temperature (°C)
(a)
100 T LA LA A
80°C mass TGA
100°C = mass
98 120°C = mass TGA
—
X
~ |
a s
© 96 =
£ s
_— H
S
T oafs
o .
2 "
= L]
92} " - .
90|||<|||||||||I|||||‘|||
0 200 400 600 800 1000

Ageing time (h)
(b)

Figure 6. Thermogravimetric analysis of virgin (plasticized) and purified epoxy resin (a) and plasticizer
loss during isothermal ageing of plates under air monitored by gravimetry or TGA (b).

It was previously shown that the loss of plasticizer has a minor effect on mechanical properties on free
standing unaged samples [??]. It is however possible that plasticizer loss may affect the resistance in
the case of aged samples. That is the reason why we investigated the kinetics of plasticizer loss either
in situ using TGA cell (on 20 pm thin films) or from gravimetric measurements consecutive to ageing in
oven (on 1.5 mm thick plates). Independently on the ageing temperature, the plasticizer loss occurs
faster in TGA for thin films, since it is not controlled by diffusion.

For aging at 120 °C, the plasticizer loss in thin films is almost total after t < 10h leading the sample mass
to reach a plateau, estimated about 6% of the total mass, in consistency with anisothermal TGA
measurements. This duration is slightly longer for thick samplesi.e., about 2 days (Figure 6) with a
slightly lower plateau. At 100°C, in the case of thick plates, the residual mass reaches a plateau at about
200h. Thus, the residual mass does not evolve from 200 to 1000h ageing. Regarding mechanical
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properties, the ultimate strain at break was constant for this aging duration. Regarding barrier
properties, the permeability continued increasing from 200 to 600h aging whereas the plasticizer loss
is considered total after 200h aging. In other terms, there is no obvious correlation between the
plasticizer exudation and the loss of macroscopic properties at this aging temperature. We hence
concluded that plasticizer loss cannot be considered as a possible reason for loss of barrier properties
in the following.
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Figure 7. Effect of plasticizer loss on glass transition.

Interestingly, when the plasticizer has been totally removed from the material, the glass transition
increase has modified the state of the material at the aging temperature of 80 °C (Figure 7). Indeed, it
moved from the rubbery state to the glass transition domain. Thus, after the plasticizer loss, the
structural relaxation ageing could not be ignored.

4. Study of structural relaxation ageing

Structural relaxation is detected through the DSC overshoot at the glass transition (Figure 8), from
which the ageing advancement can be estimated. The enthalpy of recovery associated to the physical
ageing of the sample was calculated by integrating the difference between the scans of an aged sample
and a sample with a nil aging time:

T2
AH(Tag'tag) = le [Cpaged(T) - Cpnon—aged(T)]dT (3)

Where T, is the ageing temperature, t,, is the ageing time, C, ,geq (T) and C, nonaged (T) are the heat
flows of the aged and non—aged samples, respectively, which are normalized to both sample mass and
heating rate in order to be expressed in units equivalent to specific heat capacity. T, and T, are
temperatures arbitrary chosen, beyond the start and ending of the glass transition respectively, and
for which the curves of aged and unaged epoxy are perfectly superimposed.

11



Tendo
endo 0,25 Ji(g.K)
0,25 J/(g.K)

Normalized Heatflow (J/(g.K))
Normalized Heatflow (J/(g.K))

aging

=50°C T,

=80°C
T T 1
60 70 80 90 100 70 80 90 100 110 120
Temperature (°C) Temperature (°C)

Figure 8. DSC traces of epoxy resin aged at 50 and 80°C with appearance of enthalpy overshoot.

The data confirm the existence of this ageing mode below the glass transition (T,; = 50°C), but also in
the glass transition vicinity (T,; = 80°C). Indeed, as previously reported, the relaxation dynamics are
heterogeneous enough to allow the structural relaxation of the glassy fraction in a sample which is not
completely vitrified [23]. On the other hand, at 120 °C and 160 °C, the sample is in the liquid state and
does not undergo the structural relaxation ageing. Structural relaxation was investigated for several
durations up to 1000 h (Figure 9). The enthalpy overshoot value increases and calls for the following
comments:

- at 80C, AH tends towards an asymptotic value which would be characteristic to an equilibrium state.
- At 50°C, AH increases but remains well below the theoretical asymptotic value given by

AH,, = ACpx(Tg — Top) (4)

Where Acpis the heat capacity jump when crossing the glass transition.

12
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Figure 9. Enthalpy of recovery versus ageing time for epoxy resin.

At 80 °C, the structural relaxation ageing can be considered as a quick process, initiated after about
100 min and over after 2000 min. It is worth reminding that these durations are not representative of
real conditions because the structural relaxation is only possible after the plasticizer loss is complete.
This means that the time needed to expulse the plasticizer which is very long at 80 °C on thick samples
has to be added to the duration of the relaxation process. In other terms, the occurrence of the
structural relaxation may coincide with the loss of the barrier properties.

Nevertheless, some arguments seem to contradict this idea. By comparing the data of the enthalpy of
recovery recorded after ageing at 50 °C and 80 °C, the energy excess minimized within the
experimental time is of the same order, following the same kinetic profile, whereas the loss of barrier
properties is only observed when the ageing is performed at 80 °C. Moreover, the structural relaxation
aging consists in a decrease of the specific volume, leading to a densification of the material, which is
much more expected to decrease the permeability. A crack generation caused by the embrittlement
of the system is still possible, as the mechanical properties are clearly impacted by the relaxation, but
we can assume that such cracks would have led to a more brutal loss of the barrier properties. Finally,
at 80 °C the minimization of energy is of weak amplitude contrary to what could happen at 50 °C
where AH,, is higher.

It would have been of high interest to investigate in more details the impact of structural relaxation at
50 °C. However, as shown in Figure 9, this leads to inaccessible experimental times to fully cover the
process. Besides, even if this set of data recorded for early times suggests a linear dependence of dH
with log (t,), the possibility to transpose this dependence to the conditions of use, i.e., at lower
temperatures, is far from ascertained. By decreasing temperature, the molecular mobility also
decreases, so the kinetics of structural relaxation are slowed down. This last fact is illustrated by Figure
10 where 6H is plotted versus T,, for t,; = 300 minutes. The curve displays a bell shape with a maximum.
At low temperature, the glassy polymer is far from the equilibrium state. As a consequence, the major
part of the relaxation is not covered, and the ageing features remain mostly unknown at low
temperatures.

13
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Figure 10. Enthalpy of recovery versus aging temperature for 300 minutes annealed samples.

5. Thermal oxidation

Since the physical structural consequences of aging, i.e., the free volume reducing, seem hardly
compatible with a decrease of the barrier properties, chemical reactions have to be considered. During
the ageing of thin films of epoxy resin, chemical changes can be classically observed by FTIR (Figure 11)
with the appearance of new absorbances centered at 1740 and 1660 cm™. Their nature was recently
reviewed in literature [?*]. Amides are the main oxidation trackers and their appearance should come

from the oxidation of methylene groups in a-position of nitrogen atoms.
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Figure 11. FTIR spectra for the carbonyl region for epoxy resin aged at 80 (a) and 100°C (b) under air.
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Maximum absorbances of characteristic peaks between 1625 cm™ and 1800 cm™ were used to
calculate concentrations of C=0 carbonyl groups using the Beer-Lambert law:

A=g-l-c (5)

where A is the maximum absorbance measured, € the molar attenuation coefficient at the
considered wavelength (in L.mol™t.cm™), | the thickness of studied film samples (in cm), and c the
concentration of chemical groups (in mol.L™). Molar extinction coefficients for amides was assessed
using values from previous studies: 574 L.mol-t.cm™ at 1660 cm™ [?°]. It was previously shown that
their appearance correlates well with progressive depletion of mechanical properties [21]. Kinetic
curves for amide build up are thus given in Figure 12a for several ageing temperatures. The
characteristic times for reaching various level of amide concentration are plotted in the Arrhenius
diagram in Figure 12b. It clearly proves that at 50°C, there is almost no oxidation in the timescale
investigated in Figure 4.
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Figure 12. Changes in amide concentration for ageing at 200, 160, 120 and 80°C (a) and Arrhenius
diagram of characteristic times for reaching concentrations in oxidation products, the values being
given in caption (b).
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DISCUSSION

Let us start by discussion on the possible phenomena responsible for the alteration of the epoxy coated
concrete. At temperatures below 100°C, as observed from the absence of significant changes in
permeability values (see Figure 5), concrete can be considered as stable and the changes in properties
can be discussed either in terms of:

- Structural relaxation at glassy stage, i.e., below 50°C for plasticized resin and about 70°C for resin
having lost its plasticizer.

- Plasticizer loss
- Thermal oxidation (at all temperatures).

Regarding the structural relaxation, we observe, that permeability properties are almost unchanged
after more than 2000 h ageing at 50 °C (in conditions where plasticizer loss and oxidation are negligible
in the timescale under investigation meanwhile Figures 8-10 show the existence of a significant
structural relaxation process). It suggests that structural relaxation poorly influences the barrier
properties. This result is not so surprising: physical ageing is usually associated with a reduction of free
volume. It is already documented that free volume decreases with crosslink density [?6] and that an
increase of crosslink density induces a decrease of solubility and diffusivity [?].

It is however impossible to conclude that structural ageing will have no effect on barrier properties at
higher conversion degrees than those observed in Figures 8-10, at which structural relaxation may
induce the embrittlement of epoxy (the epoxy glass being far from equilibrium at 50 °C, the
minimization of specific volume continues during its whole service life), and then a catastrophic failure
of its barrier properties. Moreover, the “coupling” of structural relaxation and oxidation was never
investigated to our knowledge. In other words, the consequences of the sum of both ageing remains
to be investigated.

Another question is the possible responsibility of structural relaxation in the barrier property loss
observed at 80 °C. As previously mentioned, relaxation at both 50 and 80 °C has led to similar enthalpy
loss, while barrier properties have differently evolved within the considered experimental time. These
results, combined with the expected increase of barrier properties under the free volume reducing,
explain why we do not assume the structural relaxation to be the main component behind the
permeability variations.

The possible influence of plasticizer loss seems easier to discuss at 100°C.According to Figure 6b,
plasticizer is lost after 200 h of ageing for a 1 mm thick plate. In the same time, Figure 3 and 4 show
that that barrier properties are barely increased in the early ageing time corresponding to plasticizer
loss, and continue to degrade significantly more at longer time, where oxidation starts to become
significant. In other words, oxidation seems the most plausible explanation to the loss of barrier
properties.

Let us now turn to oxidation, which is expected to be the only possible cause of failure at 100°C.
Oxidation is in essence a heterogeneous phenomenon described by the reaction diffusion coupling of
oxygen. Bulky samples are oxidized in surface, whereas deeper layers are less degraded. The thickness
of oxidized layer is given by:
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TOL? = —= (6)

Where TOL is the thickness of oxidized layer, Do, the oxygen diffusivity, [O,] the equilibrium oxygen
concentration (i.e., at the surface of a thick sample) and rox the oxidation rate. The sum of activation
energy of oxygen diffusivity and solubility is lower than the value for oxidation rate so that TOL
increases when lowering temperature [?8]. At 200°C, the thickness of oxidized layer is about 150 um
(see Supplementary information -2 ). It can hence be considered that samples under investigation
(presented in Figure 4, 5, 11, 12) are almost homogeneously degraded.

In such samples, the assumption can be made that end of life (in terms of mechanical properties or
permeability properties) is associated to a « critical » chemical state [?°] which can be interpreted from
the oxidation mechanism (Scheme 1): the hydroxypropyl ether groups responsible of sub-glassy
mobility is progressively destroyed. Its disappearance provokes the depletion of the [ relaxation
amplitude (and thus an increase in elastic modulus) together with the loss of mobility and thus of
plastic deformation.
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Scheme 1. Simplified oxidation mechanism of epoxies.

Let us now turn on the consequences of ageing in terms of barrier properties. At first, it can be recalled
that some previous papers showed that permeability was decreased after oxidation [14], which is, in
appearance, in contradiction with our data, but was observed in the case of other polymer systems
than epoxies. It is also well established that TETA group favors chain scission [3°] creating empty space
where oxygen can more easily diffuse. At 80°C or 100°C, the permeability of epoxy coated concrete is
drastically increased. It calls for the following comments:

@ It remains speculative to directly correlate permeability changes with amide concentration in the
epoxy. It seems actually that the degradation of the permeation properties is faster for the concrete +
epoxy than for the epoxy alone. According to Eq. 1, an increase of epoxy permeability by a factor 2
induces an increase of epoxy concrete by a factor 2. However, when looking at permeability values
after 500 h, one sees that epoxy permeability is multiplied by almost 3 meanwhile permeability of
concrete + epoxy is multiplied by a 1000 factor, i.e., the permeability of epoxy coated concrete is very
close of the value expected for concrete alone.
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k Let us assume that a common amide concentration value describes an end of life criteria: for instance,

0.25 mol I corresponds to a severely degraded epoxy at 80°C (with permeability multiplied by a
decade) and even more degrade at 100°C (where barrier properties of epoxy are almost completely
vanished). The extrapolation of time to reach this concentration to lower temperature remains
challenging, having in mind that the use of Arrhenius law for lifetime value is discussable (Figure 12b).

CONCLUSIONS

This paper deals with the multiscale study of the complex ageing mode of epoxy coatings with a focus
on the reasons responsible for the loss of barrier properties. For that purpose, epoxy concrete coatings
were aged together with some thin plates.

It was mainly shown that physical ageing by structural relaxation, and/or loss of plasticizer had a very
limited effect on mechanical and barrier properties. On the contrary, oxidation (even if slow) can
provoke the embrittlement of coatings.

It remains now to investigate the effect of coupled ageing, in particular where structural relaxation
occurs on oxidized samples. The existence of chain scission may alter the macromolecular mobility,
the rate of relaxation and the nature of the equilibrium state, i.e. finally the effect of ageing on
mechanical and permeation properties. Reversely, the effect of structural relaxation and/or plasticizer
loss on the oxidation rate is worth to be investigated. At last, in order to get closer of real conditions,
the effect of humid ageing on barrier and mechanical properties should also be investigated.
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