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Abstract :

This paper shows how physical ageing and plasticization processes are coupled in an amine-based
epoxy. The study combines several ageing conditions including thermal ageing in the dry state (from 40
to 60 °C), ageing in a humid environment (RH 50% and RH 75%) as well as immersion in seawater at
several temperatures from 15 to 40 °C. First results are presented to highlight that the two processes
(physical ageing and plasticization) both occur when the epoxy is immersed in water. A step-by-step
approach is then used to evaluate how the plasticization process induced by the presence of water is
affected by physical ageing and vice versa. It appears that the plasticization process, which leads to a
large decrease in maximum stress under tensile loading, is not affected by physical ageing of the epoxy.
The physical ageing mechanism is not affected by the presence of water in the polymer, i.e. the same
increase in maximum tensile stress (26 MPa) is observed in air and in water. However, the kinetic rate of
physical ageing is much faster in water due to the plasticization of the polymer. These effects must be
considered when accelerated aging methods are applied.

Highlights

P Plasticization process induced by water absorption is not greatly affected by physical ageing. »
Physical ageing process occurs in both dry and humid environments. » Physical ageing is much faster
in the presence of water (by a factor of 10).
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Introduction

Epoxy materials are widely used in the marine domain as coatings [1,2], adhesives [3,4] and as a matrix
for many composite materials [5—8]. Because long term durability is mandatory for structures used at
sea for both ecological and economic reasons, the durability of epoxy polymers in a humid
environment has been widely studied in the past [9-12].

When epoxy materials are immersed in seawater, water diffuses into the polymer. This water
absorption usually follows a Fickian behaviour that allows a maximal water absorption and a diffusion
rate to be defined. The water absorption depends largely on chemical formulation, especially the type
of hardener [13,14]. For amine-based epoxies, maximal water uptake is roughly 3% [11,15-17] with a
low water diffusion rate being between 1 and 3.10%*m?/s for amine based epoxies [15,16,18-20]
compared to the anhydride-based epoxies for which the water uptake is low, about 0.5% [21]. The
presence of water within the epoxy leads to a physical and reversible degradation known as
plasticization, by which water leads to an increase in macromolecular chain mobility. This process is
mainly observed in amine-based epoxy materials, due to the large amount of absorbed water. The
increase in chain mobility leads to a large decrease in glass transition temperature (Tg), about 10°C per
percent of water in the epoxy, and large changes in mechanical behaviour [9,11,18,19,22]. The most
impressive consequence is the decrease in yield stress, that can be divided by a factor of 2 due to water
absorption [23,24]. The presence of water can also leads to an increase in strain at break [25]. In terms
of modulus, both increases and decreases can be observed depending on the anti-plasticization effect
[26,27].

Itis also well known that polymers can undergo physical ageing when used below their Tg [28,29]. This
kind of ageing is the result of a reduction in free volume and changes in the molecular configuration.
Since this process has been widely studied, most of the results available are well reviewed in [30]. One
need only recall that physical ageing is a reversible process that occurs with time and can be erased by
heating samples above Tg, a process known as thermal rejuvenation. Physical ageing leads to a small
increase in Tg (about 5°C) and a large increase in yield stress. For example, Cook et al. found an increase
from 50 MPa to 80MPa during physical ageing of an epoxy[31]. Although this process has been widely
studied in the past, most of the results available come from experiments performed in air. When
considering coupling between water absorption and physical ageing, few results are available. Zheng
et al. [32] were the first to study the impact of water content on physical ageing through volume
variation measurements. They found that water content has similar effects to temperature changes
on physical ageing of epoxy but kinetics are different, which leads to difficulties in prediction; they did
not consider mechanical changes induced by physical ageing. Here we focus on changes in yield stress
of an epoxy during ageing in seawater where both plasticization and physical ageing occurs.

First, material and methods are presented. Then we will focus on primary results that clearly show that
both physical ageing and plasticization occur when the epoxy is immersed in seawater. Based on these
results, a step-by-step methodology will be used to highlight coupling between these two phenomena.
Finally, a conclusion will be made.



Materials and methods
a. Materials

The material studied is a commercial epoxy resin SR8100 from Sicomin® with an amine based slow
hardener SD4772 which is suitable for Resin Transfer Moulding (RTM) and infusion processing of
composites. The pre-polymers are diglycidyl ether of bisphenol F (DGEBF, 250%), diglycidyl ether of
bisphenol A (DGEBA, 210%) and 1,6 hexa diglycidyl ether (210%).
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Figure 1: Molecular structures of pre-polymer

b. Sample preparation and fabrication

Resin was cast vertically between two aluminium plates separated by an all-around 3 mm thick spacer.
This thickness was chosen to allow an easier casting due to the resin’s viscosity. This casting technique
allows low surface contact with ambient air limiting unwanted reactions during curing of the resin.
After 24 hours at ambient room temperature, the resin plates were removed from the mould,
aluminium plates were covered by Teflon tape in order to assist removal of the epoxy plates. Then
epoxy sheets were placed in vacuum bags and cured for 16 hours at 60°C as recommended by the
supplier. Finally, the resin plates were post-cured for 2 hours at 120°C allowing full curing of the resin.
The resulting glass transition temperature (Tg) was measured by DSC at 10°C/min with a TA
instruments Q200 DSC at 75°C.

After curing, resin plates were machined down to 1 mm in thickness and tensile specimens were cut
in accordance with 1BA dimensions from I1SO 527-2 with a Charly DMC 300 CNC machine from Charly
Robot®.

c. Tensile procedure and measurements

Tensile tests were performed according to ISO 527-2 under displacement control at 1 mm/min on a
10kN Instron™ machine, with a 500N Instron™ load cell and pneumatic grips. Tests were carried out in
a 21°C 50% RH controlled room. Strain measurements were obtained by digital image correlation by
applying a random graphite pattern on the specimens. Images were captured by a Basler™ camera at
1 frame per second and correlated with Aramis® software.

d. DMA

DMA were performed using a Metravib™ 150N machine in tensile mode with a dynamic strain of 5.10-
4 and a ratio between static and dynamic displacement equal to 4. Samples were tested at 1Hz from -
120°C to 200°C with a temperature increase of 2°C/min.



e. Physical ageing procedure

For physical ageing in dry environment: Tensile specimens were first packed in vacuum bags in order
to limit any oxidative reactions. Before any physical ageing, bags were placed in 90°C water for 5
minutes in order to expose specimens to above-Tg temperature and thus eliminate any physical ageing
present in the material. Then specimens were immediately quenched by plunging the vacuum bags in
15°C water. Quenched samples were then placed in different temperature ovens. Before being tested
in tension, samples were placed in the testing room for at least 15 minutes in order to cool to room
temperature.

For physical ageing in wet environment: The tensile samples were first immersed in seawater at 40°C
during one month, which corresponds to full saturation at 2.8% by weight of water. Samples were then
placed in 90°C water for 5 minutes and quenched in 15°C water in order to erase any physical ageing
present in the material. The samples were finally placed in different temperature-controlled seawater
baths. This results in physical ageing without changing the water content inside the material.

f. Water ageing in air and in seawater

Water ageing was performed under three different humidity conditions and one temperature of 40°C.
The 50% and 75% relative humidity conditions were applied in temperature and humidity controlled
ovens, and natural seawater ageing was performed in a renewed, and temperature controlled natural
seawater bath. For more details on the facility used see [33].



2. Results and discussion
Preliminary tests and resulting coupling problematic

This first experimental results section aims to highlight the fact that both plasticization and physical
ageing occur when amine based epoxy materials (see Fig. 1) are immersed in seawater. Figure 2 shows
tensile curves obtained on unaged and aged samples at 40°C in seawater, i.e. below Tg, for 1 month
until saturation occurs. After ageing, samples were tested after several treatments.

First, the tensile behaviour of the unaged sample (#1 in Figure 2) shows a typical elastoplastic
behaviour with a linear part for low strain with a modulus close to 2.6 GPa then a yield that is related
to the maximal stress (here 57 MPa * 1) and finally a failure that occurs at roughly 10% elongation. All
these values are typical for epoxy materials [8].

Then, samples were tested directly after removal from ageing tanks meaning that they are fully
saturated by water (2.8% here), this is curve #2. It clearly appears that tensile behaviour is affected by
ageing here. In fact, an increase in maximal stress from 57MPa to 64MPa is noted when water is in the
epoxy material. A large decrease in maximal elongation is observed.

When water is removed, i.e. samples dried at 40°C with a relative humidity equal to 0%, a larger
increase in maximal stress is observed, see curve #3 in Figure 2. In this case, maximal stress is equal to
76 MPa, which is 19 MPa more than for the unaged epoxy. Here again elongation is low.

At this stage, it appears that after 1 month at 40°C in seawater, epoxy samples are saturated by water
up to 2.8% and tensile behaviour is strongly affected by ageing with a large increase in maximal stress
and a decrease in elongation at break. Moreover, it appears that when samples are dried, we enhance
the increase in maximal stress. This fact suggests that, as expected, matrix plasticisation by water plays
a role in the tensile behaviour of the material.

In order to fully understand these results, samples after ageing in seawater at 40°C, have been
subjected to a short (5 minutes) immersion at 90°C in seawater which will be referred as rejuvenation
further in this article. This immersion above Tg aims to remove any physical ageing of the epoxy
without changing the water content in the material. After this thermal treatment, tensile tests were
performed with the presence of water in the polymer and results are presented on curve #4. We clearly
see that the thermal treatment of saturated samples leads to a large decrease in maximal stress (from
62 MPa before thermal treatment to 40 MPa after). In the meantime, maximal elongation is largely
improved due to plasticization of the matrix by water. Based on these results it is obvious that physical
ageing is involved in the changes observed in mechanical behaviour of this epoxy when immersed
below Tg.

Both plasticization and physical ageing are macroscopically reversible processes. They are removed
respectively by drying samples and thermal treatment above Tg. In order to check if any irreversible
degradation occurs during immersion at 40°C, samples were exposed to thermal treatment after being
fully dried and then tested. Results obtained are also plotted in Figure 2 (curve #5). We can see that
results are similar to those for unaged sample, both in terms of yield stress and maximal elongation. It
can be thus concluded that no irreversible degradation occurs when this fully cured amine based epoxy
isimmersed at 40°C in seawater.
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Figure 2: Tensile behaviour of saturated and dried epoxy resin exposed to 40°C seawater

As a conclusion to this first part of the study, it appears that maximal stress (the property of interest
here) is strongly affected by two reversible processes when this epoxy isimmersed in seawater: matrix
plasticization and physical ageing. The next parts of this paper will focus on the study of the coupling
between these two reversible processes. In the meantime, we have shown that there is no
macroscopically irreversible degradation involved here.



i) Plasticization of the resin when physical ageing is removed

This section is devoted to the plasticization of the epoxy material induced by the presence of water
between macromolecular chains. First, we will consider water absorption in the polymer at 40°C,
then changes in Tg, and finally the impact of water content on tensile behaviour.

- Water uptake
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Figure 3 Fickian diffusion of the resin at 40°C in seawater

In order to avoid any complexity with water profile through the thickness but to be able to assess the
behaviour of the epoxy containing different amounts of water, samples have been aged in seawater
as well as under 50 and 75% relative humidity. In all cases, a Fickian behaviour is observed with water
diffusion coefficient D equal to about 4.103 m?/s, which is in accordance with data from literature
[18,19,22]. As an example, the water uptake measured at 40°C in seawater is shown in Figure 3. In our
case, for 1 mm thick samples, time to saturation is about 22 days. The maximal water uptake in the
resin obviously depends on the water activity of the surrounding environment[19]; data are available
in Table 1. In seawater a maximal water uptake of 2.7% is observed, this is a typical value for amine
based epoxy [14].

Maximal water content

(%)

SEAWATER | 2.7

75% RH 1.7
50%RH | 1

Table 1: maximal water content at saturation for different ageing condition.

- Glass transition temperature

Because water leads to an increase in mobility of macromolecular chains, we usually observe a
decrease in the Tg of the polymer as shown in Figure 3. Here Tg drops from 75°C to 61°C when 2.7% of
water is absorbed. Moreover, it has been shown that Tg reduction as a function of water content can
be calculated using the Simha-Boyer equation [34-36] :



1 1

Tg Tgp
Withd = —— - (2)
Tgs  Tgp

Where T; is the glass transition of the material with a known value of water, Tg, is the glass transition
of the polymer without any water previously measured at 348 K, T is the solvent glass transition that
is water in our case taken at 136 K [37,38] and 19H20 being the volume ratio of water in the material.

Both experimental data and prediction are plotted in Figure 4. It appears that it is possible, based on
the Simha-Boyer equation, to describe the decrease in Tg induced by the presence of water within this
epoxy.
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Figure 4: Comparison of experimental measurements of Tg and theoretical Simha-Boyer values

- Tensile properties

Figure 5 shows the tensile behaviour of the epoxy when physical ageing is removed. Samples were
aged under different water ageing conditions and, prior to tensile testing, exposed for 5 minutes at
90°C. One can observe the characteristic effect of plasticization as maximal stress decreases while
water quantity increases. It may be noted that an increase in water content also leads to an increase
in strain at break. When water is removed, tensile behaviour is the same as for the unaged sample
showing that no irreversible degradation occurs.
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Figure 5: Effect of water content on tensile behaviour when physical ageing is removed

These results clearly confirm that plasticization leads to large changes in tensile properties of amine
based epoxy. One of the remaining questions here is how this plasticization process is affected by
physical ageing in the material. To answer this question it is necessary to decouple the two processes.
To do so, in the next section we will study the plasticization process with samples that have been
previously aged physically in a dry environment.

ii) Physical ageing in a dry environment

Physical ageing of epoxy material in dry environment has been described in detail in the literature
[28,29]. Here sub-Tg ageing has been performed on tensile specimens in the dry state under inert
atmosphere at three different temperatures (40, 50, and 60°C) for several durations. After ageing,
samples were cooled to 21°C and characterized. Results obtained at 40°C are plotted in Figure 6. During
ageing, large mechanical changes occur; as expected an increase of maximal stress is observed (from
57MPa to 82MPa) as well as a decrease in elongation at break.
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Figure 6: Tensile behaviour of epoxy resin subjected to physical ageing at 40°C in inert atmosphere



At 50 and 60°C, the same behaviour is observed but the higher the temperature is, the faster the
increase in maximal stress, as shown in Figure 7. Let us focus now on the mathematical description of
the increase in maximal stress over time for the three different temperatures considered here, in order
to be able to compare kinetic rates in air and in water (see later).
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Figure 7: Maximal stress as a function of sub-Tg ageing time at 60°C (red), 50°C (yellow) and 40°C (green)

It has been shown many times [28,30,32,39] that the increase in maximal stress during physical ageing
of a polymer can be described by a modified Kohlrausch-Williams-Watts (KWW) equation, as:

0, (0) = 0o + 8,(1 — @) @

Where oy is the maximal stress at a time t, g, is the maximal stress in the unaged state (57 MPa here),
A, is the maximal stress increase (equal to 26 MPa here), t is ageing time, B the stretching parameter
(fixed at 1/3 here based on published results with epoxy [39]) and t is a relaxation time that depends
on material and ageing conditions.

Using equation (3) and data plotted in Figure 6 it is possible to describe the increase in maximal stress
with ageing time in air by adjusting the value of 1. Results are shown in Table 2. An increase in ageing
temperature leads to an acceleration of the ageing process meaning a decrease in the relaxation time.
Temperature dependence of the relaxation time can be described by an Arrhenius plot, see Figure 8.
The activation energy, in a dry environment, is equal to 106 kJ/mol.

t(h)
60°C | 18
50°C 43
40°C 199

Table 2: T values obtained during physical ageing of the amine based epoxy in dry environment as a function of temperature.
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Figure 8: Arrhenius plot of relaxation time

The physical ageing in dry environment (i.e. without any plasticisation of the resin) has been
characterized considering maximal stress for ageing temperatures from 40°C to 60°C. The observed
increase in maximal stress during ageing can be modelled using a KWW model and results can be
extrapolated to lower temperatures using the Arrhenius expression.

iii) Plasticization of the resin with physically pre-aged samples

In this section, we will focus on the plasticization of the epoxy that has been physically aged previously.
Samples were placed in a drying oven at 60°C under vacuum for a time equivalent to £ = 5 * 144 ,
Teooc being the relaxation time at 60°C (see table 3); so that, according to the KWW equation, the
influence of the physical ageing process on maximum stress has reached more than 80%. This means
that the remaining effect during immersion will be relatively minor, less than 20%, and the contribution
of plasticization to changes in maximum stress can thus be estimated. No changes in either water
content or diffusivity were observed. Tensile results are plotted in Figure 9. Here again we can observe
that the presence of water within the polymer leads to a decrease in maximal stress. In the meantime,
it appears that strain at break does not increase in the presence of water when samples are fully
physically aged; this was not the case when physical ageing was removed before wet ageing (see Figure
5).
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Figure 9: Tensile behaviour of a previously physical aged epoxy subjected to water ageing at saturation

If we focus on maximal stress, it is possible to link the decrease in maximal stress to the increase in
mobility through the Tg value, this can be done using the modified Kambour equation [40] (see below);
results are plotted on Figure 10.

c=A(Tg—-T)+B (4)

Where o is the maximal stress in MPa, Tg is the glass transition temperature in °C, T is the testing
temperature in °C and A and B material properties.

Based on Figure 10, it clearly appears that the decrease in maximal stress due the presence of water
(i.e. the slope) is present for both physically and non-physically aged conditions. The physical ageing
seems to reduce this effect as a proportionality constant of 0.84 MPa/K is recorded whereas without
physical ageing the value is 1.23 MPa/K. Values recorded in the literature by Cook et al. for different
epoxy systems were in the same range [41] but here, the variation is measured without changing the
resin chemistry. The main remaining question is now to examine whether there is any effect of water
on the physical ageing process, this is the aim of the next section.
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Figure 10: Maximal stress as a function of Tg-T induced by water absorption

iv) Physical ageing in presence of water

This section will investigate how the physical ageing process is affected by the presence of water within
the epoxy. Samples were saturated in seawater and then rejuvenated by a 5 minutes thermal
treatment at 90°C to erase any physical ageing that would have occurred during water absorption.
Finally, samples were immersed at different temperatures from 15 to 40°C and tested after several
durations. Tensile curves as a function of ageing time are plotted in Figure 11. As expected, an increase
in maximal stress is observed as a function of ageing duration as well as a decrease in strain at break.
This increase in maximal stress is due to physical ageing that occurs in the polymer. It should be noted
that sample mass was recorded during ageing and no further weight changes were observed during
physical ageing in wet environment.

T T T
50 - i

= _.-0h
o
2
1))
%]
[0}
5 25 i
n

0 T T T T T T T T T T T

0.00 0.05 0.10 0.15 0.20 0.25 0.30

Strain

Figure 11: Tensile behaviour of a previously saturated epoxy resin subjected to 40°C physical ageing
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Figure 12: Maximal stress increase as a function of thermal ageing time, in seawater for saturated samples and in inert

Figure 12 shows the increase of maximal stress induced by physical ageing with dry samples aged at
40°C and with wet samples aged in seawater at 40°C. The two main conclusions of this comparison are:

- The physical ageing process occurs to the same extent in the presence of water and with the
same shape, in fact an increase of 26 MPa in maximal stress is observed in both cases.

- Physical ageing is much faster in a wet environment. For example, an increase of 11 MPa is
measured after 23 hours in air, whereas in water for the same duration, the increase is equal
to 14 MPa. This behaviour can be explained by the fact that Tg is decreased by the presence
of water from 75°C to 60°C. It means that the difference between the testing temperature and
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Figure 13: Maximal stress as a function of ageing time of a previously seawater saturated epoxy
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T(H)

a0°c 43
25°C | 919
15°C | 8920

Table 3: T values obtained during physical ageing of the amine based epoxy in wet environment as function of temperature.

Relaxation times have been determined using the KWW equation (Figure 13) in a wet environment
with samples saturated previously, values are shown in Table 3. It appears that the acceleration factor
induced by temperature can be, once again, described using an Arrhenius behaviour, see Figure 14.
The activation energy is equal to 160 kJ/mol, a value that is much higher than in air. The origin of water
effect on physical ageing is considered in the next section, dedicated to DMA results.
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Figure 14: Arrhenius plot of relaxation time for physical ageing process in wet environment

v) Effect of physical ageing and seawater absorption on the beta transition

Three kinds of samples have been tested by DMA: unaged, samples physically aged in a dry
environment at 60°C and samples physically aged in seawater at 40°C. Results are presented in Figure
15. Based on unaged results we clearly see that two transitions occur in the material within the
temperature range considered here. First, around -55°C the beta transition occurs, this transition is
related to local movement in the polymer. Then, around +80°C the glass transition occurs. After
physical ageing in dry environment, no large changes in the two transitions are observed. Only a slight
increase of the beginning of the Tg can be detected. However, when considering samples fully
saturated by water two changes occur:

- Adecrease inTg, as already shown in Figure 9; in the presence of water an increase of mobility
between macromolecular chains occurs that leads to a 15°C drop in Tg compared to the dry
state value.

A change in the Beta transition, in fact we can see that this temperature decreases from -55°C to -75°C,
and the transition is much more visible after aging in seawater. This behavior has already been
observed in the literature [27], where a decrease in beta transition temperature induced by water



absorption is shown, so this change is not specific to the epoxy studied here but occurs in other amine
based epoxies.
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Figure 15: Maximal stress as a function of ageing time of a previously seawater saturated epoxy

Based on these results it can be concluded that the presence of water in epoxy leads to both a decrease
in Tg and modification of Tg. It is well known that physical ageing is faster when temperature is close
to Tg, so when Tg decreases due to water content it accelerates the degradation process. However,
we have seen that more than kinetic rate, the activation energy is affected by the presence of water
within the polymer. We can imagine that this behaviour is due to changes in the beta transition.
However, the exact role of the beta transition in physical ageing is still not fully understood. This point
would need more attention in order to propose a model that is able to predict both plasticization and
physical ageing.

Conclusions

The coupling between physical ageing and plasticization that occurs in amine-based epoxy when in
contact with a humid environment has been considered here.

First, based on preliminary results, we have shown that two reversible processes occur when an epoxy
is immersed in seawater below Tg: plasticization of the matrix by water and physical ageing. Then a
step-by-step study has been performed to evaluate coupling between these two processes.

The plasticization process leads to a large decrease in terms of Tg (25°C for 2.8% of water) that induces
a decrease in maximal stress (from 57 to 40 MPa). When physical ageing occurs, an increase in maximal
stress occurs of 26 MPa. Physical ageing has no large effect on the plasticization process.

On the contrary, in the presence of water, which leads to an increase in chain mobility, physical ageing
is strongly affected from a kinetic point of view with a large acceleration of the process by a factor of
10 (compared to air). Moreover, the effect of temperature on ageing rate is affected by the presence
of water, with an increase of the activation energy from 108 to 160 kJ/mol. This change in activation
might be related to the beta transition that becomes more important when water is present. This
requires further study.



The results from this study highlight the interactions between water plasticization and physical ageing.
These effects are present in the range of temperatures commonly used in accelerated aging tests on
polymers and polymer composites. It is important that they be considered when defining ageing test
strategies, in order to evaluate the proper ageing phenomenon.
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