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Abstract: The present work investigates the effect of three different ageing processes (natural, 100% relative humidity
and salt spray) on the mechanical performance of two thermoset polymers, epoxy and polyester, commonly used as
matrix phase in composite materials. A full factorial design is conducted to evaluate the effect of significant factors and
interactions on moisture absorption, tensile and compressive strength and modulus of elasticity of the thermosets. Both
polymers reveal a decrease in moisture absorption in the saline environment compared to the completely saturated
condition (100% RH). Polyester polymers in harsh environments exhibit higher compressive properties compared to
those subjected to natural conditioning. In general, polyester polymers, which are most affected by the positive effect of
additional cross-linking, have less moisture absorption and superior mechanical properties compared to epoxy, which is

more affected by the negative effect of plasticization.
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1. INTRODUCTION

Polymers are widely used in every area of human
pursuits due to their versatility and remarkable
performance. Based on their behaviour in relation to
thermal treatments, they are classified into
thermoplastics and thermosets [1]. The defining
characteristic of a thermoset is the presence of
covalent intermolecular chemical cross-links that create
greater strength and stiffness and reduce creep
susceptibility = compared to its  thermoplastic
counterparts. As a result, they become less susceptible
to damage by thermal and chemical impulses from the
nearby environment, making them highly suitable for
use in structural and protective applications, such as
adhesives, high-performance coatings, sealants,
electronic devices, aerospace components and many
others, while the thermoplastics are employed in light-
duty utilities [1-3]. Properties like thermal stability and
mechanical performance of thermosets depend largely
on factors such as chemistry, composition, molecular
structure, catalyst, crosslink density, degree of
polymerization, thermal and curing conditions [1, 4].
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Epoxy is one of the most versatile categories of
thermosetting polymers, being widely used for
coatings, electronic materials, adhesives, construction
and matrices for fibre-reinforced composites. Its
outstanding properties, such as good mechanical
properties, high adhesion strength, low curing
shrinkage, corrosion/chemical resistance and electrical
insulation, are attributed to its unique three-dimensional
crosslinking network structure originated by the
reaction of epoxy groups with high molecular polymers
and corresponding curing agents [5, 6]. On the other
hand, unsaturated polyester resin is one of the most
popular thermoset polymers used in advanced
composite structures because of its large range of
mechanical properties, good processing
characteristics, low cost, low weight and good
corrosion resistance. The curing of polyester resin is
highly exothermic in nature, in which the resin is
transferred from liquid state into a rigid cross-linked
molecular structure that becomes insoluble and
infusible, ensuring good mechanical performance to the
polymer [7, 8].

The wide use of these polymers in tanks, tubes,
vessels, outdoor applications and many other
aggressive environments, makes it necessary to well
understand their long-term stability in the presence of
external factors that cause physical and mechanical
degradation, such as temperature, oxygen, water,
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chemicals, radiations, etc [9, 10]. In recent years, a
large number of studies related to the physical-
mechanical properties of epoxy and polyester matrix
composites after ageing in different environments have
been carried out [11-17]. However, the study of these
neat polymers, which can have many other applications
in addition to composite matrices, and the comparison
of their properties after the ageing process through
robust statistical analysis, is still very limited. Based on
this, the present work investigates the physical
(moisture absorption) and mechanical (tensile and
compressive strength and modulus of elasticity)
properties of neat polyester and epoxy polymers
subjected to three different environmental conditions:
natural, 100% relative humidity and salt spray. In
addition, a full factorial design of experiment (DoE) is
conducted to assess and compare the effect of
individual factors and interactions on their properties.

2. MATERIALS AND METHODS

2.1. Materials

Two different types of polymers are tested: a low
viscosity epoxy resin (Araldite LY 5052) combined with
the Aradur 5052 hardener, supplied by Huntsman, and
an unsaturated polyester resin (Polylite 10316-10)
combined with a methyl ethyl ketone peroxide hardener
(MEK-P), supplied by Reichhold.

2.2. Fabrication Process

Initially, the hardeners are weighted according to
the manufacturer's recommendation (38 wt.% for the
epoxy and 2 wt.% for the polyester system) and added
to their respective resins. The system is manually
mixed for five minutes and poured into silicon moulds
(Figure 1a) for the curing process. The dimensions of
the tensile and compressive specimens are based on
the recommendations of ASTM D638-14 [18] and
ASTM D695-15 [19], respectively. Epoxy samples are
left at room temperature (~ 22°C and 55% of relative
humidity) for 7 days, while polyester samples are left
for 12 hours at room temperature, followed by 48 hours
in an oven at 60°C, based on the manufacturer’s
recommendation. After curing, the samples are
removed from the mould (Figure 1b) and conditioned
by the ageing process.

2.3. Ageing Process

The polymers are submitted to three different
environmental conditions after curing: natural (no
degradation), 100% relative humidity (RH) and salt
spray (fog), as shown in Table 1. In the first condition,
the samples are left at room temperature for a natural
ageing process, while for the second and third
conditions, the samples are placed in a climatic
chamber model Solab SL — 206 and subjected to two

»
(@) (b)
Figure 1: (a) Silicon mould and (b) samples for moisture absorption, tensile and compressive tests.
Table 1: Parameter of the Ageing Process
Environmental Condition | Temperature and relative humidity SOd'u(:}a%T)londe Standard Ageing Time (days)
Natural ~22°C, 55% - - 7
100% RH 40°C, 100% - ASTM D2247-15 [20] 7
Salt spray 35°C, 100% 5wt.% ASTM B117-19 [21] 7
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different harsh environments: (i) water saturation and
(i) sodium chloride solution. After seven days of
ageing, all samples are dried in ablow drier and
subjected to physical and mechanical tests.

2.4. Characterisation

Polymers are characterised by moisture absorption,
tensile e compressive tests. Moisture absorption is
determined only for samples in a harsh environment,
since room temperature polymers absorb insignificant
moisture. The relative moisture uptake (M) is calculated
using the Archimedes principle and the ASTM D5229-
20 [22] recommendations, as shown in Eq. 1.

MY

x 100% (1)
w

where W, is the weight of the dry specimen and W is
the weight of the wet specimen after seven days in the
chamber.

Tensile and compressive tests are conducted for all
three environmental conditions following ASTM D638-

Figure 2: (a) Tensile and (b) compressive tests.

Table 2: Full Factorial Design (2'3")

14 [18] and ASTM D695-15 [19], respectively. Prior to
the characterisation, cylindrical samples are turned-on
a lathe to ensure the perfect parallelism required in the
compression test. Both experiments are conducted on
a universal test machine Shimadzu AG-X Plus,
equipped with 100 kN load cell at 2 mm/min, as shown
in Figure 2. The tensile tests are performed using a
video-extensometer. The investigated responses are
tensile and compressive strength and modulus.

2.5. Statistical Design

A full factorial design (2131) is used to identify the
effects of the type of polymer (epoxy and polyester)
and the environmental condition (natural, 100% RH
and salt spray-100% RH) on moisture absorption,
compressive and tensile properties of the polymers,
resulting in six experimental conditions (ECs), as
shown in Table 2. Ten specimens are fabricated for
each EC in two different replicates (five for each) to
estimate the experimental error, resulting in 60
specimens for each test (moisture absorption, tensile
and compressive test), totalling 180 specimens. The
techniques of Design of Experiment (DoE) and

EC Polymer Type Environmental Condition
1 Epoxy Natural

2 Epoxy 100% RH

3 Epoxy Salt spray 100% RH

4 Polyester Natural

5 Polyester 100% RH

6 Polyester Salt spray 100% RH
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Analysis of Variance (ANOVA) are performed in
Minitab® v. 18.

3. RESULTS

3.1. Experimental Data

Table 3 shows the mean values and standard
deviation of DoE responses for each replicate. In
general, polyester polymers have less moisture
absorption and superior mechanical properties, except
for tensile strength. These results are in accordance
with the literature [23-25], in which the mechanical
properties increase with the decrease of the water
content. The data will be better assessed in the
statistical design described in the following section.

3.2. Statistical Design

Table 4 presents the DoE/ANOVA analysis of the
responses, exhibiting statistically significant effects (in
bold) for the main and interaction factors within a 95%

Table 3: DoE Response Data for Replicates 1 and 2

confidence level, i.e., the P-values must be less than or
equal to 0.05 (P-values < 0.05). Higher-order effects
(underlined in Table 4) are interpreted using the effect
plots (Figures 3-7) obtained from Minitab®. The Rz—adj
ranges from 89.24% to 99.77%, indicating models of
high predictability for approaching 100%. ANOVA is
validated by the Anderson-darling normality test; in this
case, a normal distribution is indicated when the P-
values are greater than 0.05 (0.088 — 0.954, Table 4).

3.2.1. Moisture Absorption

Moisture absorption ranges from 0.21% (polyester,
salt spray) to 0.49% (epoxy, 100%RH). Figure 3 shows
the second-order interaction effect plot for the mean of
moisture absorption. The letters in the figure refer to
the Tukey’'s comparison test (at 95% confidence
interval), in which equivalent means are represented by
equal letters. Polyester polymers result in less moisture
absorption after both ageing processes when
compared to epoxy, revealing reductions of up to 38%

EC Moisture Absorption Tensile Strength Tensile Modulus Compressive Strength Compressive Modulus
[%] [MPa] [GPa] [MPa] [GPa]

1 - 40.11 (£5.92) 3.21 (20.01) 112.78 (£2.12) 3.05 (£0.13)
- 2 0.49 (£0.02) 48.32 (+6.35) 3.26 (£0.41) 110.34 (+0.55) 2.94 (£0.05)
% 3 0.34 (£0.01) 54.97 (+7.04) 3.13 (20.13) 112.35 (£1.45) 3.05 (+0.08)
s 4 - 22.55 (+2.26) 3.71(20.27) 115.17 (£4.83) 3.04 (£0.09)
© 5 0.30 (+0.01) 25.03 (+3.60) 2.97 (x0.06) 130.23 (£1.94) 3.17 (x0.05)
6 0.22 (+0.01) 21.43 (+3.68) 3.06 (£0.22) 128.43 (+4.34) 3.15 (¢0.09)
1 - 45.21 (£6.79) 3.13 (20.12) 115.75 (+4.84) 3.09 (£0.04)
N 2 0.48 (+0.01) 43.03 (6.69) 3.02 (£0.23) 109.79 (£0.25) 2.96 (+0.001)
% 3 0.34 (£0.01) 54.63 (+5.96) 3.18 (x0.16) 112.19 (£0.34) 3.05 (+0.03)
s 4 - 22.63 (+x1.29) 3.91 (20.25) 118.11 (£4.78) 3.09 (20.17)
© 5 0.30 (£0.01) 20.58 (+4.61) 2.87 (x0.24) 124.56 (+4.44) 3.12 (0.06)
6 0.21 (¢0.01) 23.11 (+2.86) 3.10 (20.27) 127.01 (£2.87) 3.15 (+0.06)

Table 4: Analysis of Variance (ANOVA) for Polymer Samples

P-value = 0.05
Experimental Factors Al\liloisture Tensile Tensile Compressive Compressive
sorption Strength Modulus Strength Modulus
Polymer Type (PT) 0.000 0.000 0.090 0.000 0.000
Environmental Condition (EC) 0.000 0.039 0.001 0.051 0.033
PTxEC 0.001 0.030 0.002 0.004 0.002
R’-ad 99.77% 96.64% 89.24% 92.24% 90.76%
Anderson Darling (P-value = 0.05) 0.088 0.373 0.954 0.937 0.832
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(when considered 100% RH). In addition, both types of
polymers in the salt spray condition have less moisture
absorption when compared to 100% RH, revealing
reductions of up to 30% (when epoxy polymer is
considered). Similar results are observed by [26-28].
According to Tan et al. [28], the decrease in moisture
absorption in a saline environment is attributed to the
change in driving force, since the chemical potential of
water is decreased in a saline solution. This
phenomenon generates an osmotic pressure that
inhibits the water uptake by the polymer.
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Figure 3: Second-order interaction effect plot for the mean
(average) moisture absorption.

3.2.2. Tensile Properties

Tensile strength data range from 21.43 MPa
(polyester, salt spray) to 54.97 MPa (epoxy, salt spray).
Figure 4 shows the second-order interaction effect plot
for the mean tensile strength, in which the epoxy
polymer reaches higher values compared to the
polyester, revealing increases of up to 146%.
Moreover, samples under salt spray show strength
20% higher than other environmental conditions, as
shown by Group A. An opposite behaviour in relation to
tensile strength is found in the literature [23-25],
revealing a recovery with increased content of water.
According to several authors [27, 29-32], two types of
bound water are found in these polymers, depending
on the difference in the bond complex and activation
energy. Zhou and Lucas [29, 30] classify it as type |
and type Il bonding, in which type | corresponds to a
water molecule that forms a single hydrogen bond with
the resin network, while type Il is the result of a water
molecule forming multiple hydrogen bonds with the
resin network creating a secondary crosslink network.
In type |, the water molecules disrupt Van der Waals
interchain forces and hydrogen bonds, resulting in
greater mobility of the chain segment and decreased T
(glass ftransition temperature, i.e., the temperature

beyond which the adhesive changes from a rigid and
strong material to one exhibiting high levels of flexibility
and low mechanical performance); thus, the polymer
acts as a plasticizer [33]. On the other side, in type Il
there is an increase in T, and mechanical properties
due to the additional cross-linking effect [27]. According
to Guen-Geffroy [34], type | bonding is observed mainly
in amine-based epoxy materials due to a large amount
of absorbed water, as shown in Figure 3. However, an
opposite behaviour is shown for the epoxy polymer
under tensile strength, which is more dominated by
type Il effect; thus, exhibiting an increase in response.
The tensile strength of polyester polymers is not
affected by the environmental condition, revealing
similar results, as revealed by Group C.
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Figure 4: Second-order interaction effect plot for the mean
(average) tensile strength.
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Figure 5: Second-order interaction effect plot for the mean
(average) tensile modulus.

The tensile moduli of the polymers vary from 2.87
GPa (polyester, 100% RH) to 3.91 GPa (polyester,
natural). Figure 5 shows the second-order interaction
effect plot for the mean tensile modulus. In contrast to
the strength behaviour (Figure 4), epoxy polymers have
similar stiffness (Group B) in all experimental
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conditions, while polyester polymers achieve a 19%
reduction under ageing conditions, as shown by Group
B. This behaviour can be attributed to the negative
effect of plasticization (type | bonding), reducing the
tensile modulus of polyester polymers.

3.2.3. Compressive Properties

The compressive strength values range from 109.79
MPa (epoxy, 100% RH) to 130.23 MPa (polyester,
100% RH). Figure 6 shows the second-order
interaction effect plot for the mean compressive
strength. The results of epoxy are similar to those of
polyester in a natural environment, as shown by the
same Group B. Although the epoxy polymer presents
similar behaviour in compressive strength for all
environmental conditions, as revealed by Group B,
there is a tendency to reduce this response under a
harsh environment, which is attributed to the
plasticization effect of the epoxy (type | bonding),
especially under high temperature and moisture
content, as reported by Ashcroft et al. [33]. On the
other hand, the compressive strength of polyester
polymers is 16% higher than of epoxy under the same
ageing condition. Moreover, a 10% increase is
observed for polyester polymers after ageing in a harsh
environment. This fact is attributed to the positive effect
of the additional crosslinking (type Il bonding), which is
activated by raising the temperature through adequate
post-cure [27].
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Figure 6: Second-order interaction effect plot for the mean
(average) compressive strength.

The compressive modulus of elasticity ranges from
2.94 GPa (epoxy, 100% RH) to 3.17 GPa (polyester,
100% RH). Figure 7 shows the second-order
interaction effect plot for the compressive modulus. A
similar trend to compressive strength is observed for
this response, showing increases of 3% and 7% for the
polyester polymer in hostile environments and when

compared to epoxy polymer under the same
environmental condition, respectively, attributed to the
crosslinking effect (type Il bonding). On the other hand,
a decrease of 3% is observed for the epoxy polymer
under 100% RH, attributed to the plasticization effect
(type | bonding).
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Figure 7: Second-order interaction effect plot for the mean
(average) compressive modulus.

These findings reveal that the crosslinking effect
(type | or type Il), obtained by water saturation, is
affected not only by the type of polymer, but also by the
loading directions (tension or compression). In the
elastic regime, the polyester polymer reduces its
stiffness under tension (type 1) (Figure 5), but also
increases under compression (type Il) (Figure 7).
Meanwhile, the epoxy polymer does not change under
tension (Figure 5), but reduces its compressive
modulus (Figure 7), implying the presence of type |
crosslinking. There was a correlation effect between
the plastic and elastic regimes only under compressive
efforts (Figures 6-7), when the epoxy and polyester
polymers are dominated by type | and Il, respectively.
While the 100% RH level leads to less compressive
strength and modulus of epoxy polymers, the level of
salt-spray leads to higher compressive properties of
polyester polymers (Figures 6-7).

4. CONCLUSIONS

The present work investigated, through a statistical
design, the effect of three different environmental
conditions (natural, 100% RH and salt spray) on
moisture  absorption, tensile and compressive
properties of epoxy and polyester polymers in neat
condition. The main conclusions are:

- The interaction between the environmental
condition and the type of polymer significantly
affects all responses;
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- In general, polyester polymers have less
moisture absorption and superior mechanical
properties compared to epoxy, except for tensile
strength;

- Both polymers reveal a decrease in moisture
absorption in the saline environment compared
to the completely saturated condition (100%
RH);

- Polyester polymers in harsh environment exhibit
higher compressive properties compared to
those subjected to natural conditioning;

- In compression, the epoxy polymer is more
affected by the negative effect of plasticization
(type | bonding), while polyester is more affected
by the positive effect of additional crosslinking.

- The findings indicate that the crosslinking effect
(type | or type ll) is also affected by the loading
directions.

ACKNOWLEDGEMENTS

The authors acknowledge the support of the
Brazilian Research Agencies CNPq (PQ -
309885/2019-1) and CAPES (MSc Scholarship) to
perform this study.

REFERENCES

[1] Vengatesan MR, Varghese AM, Mittal V. Chapter 3 —
Thermal properties of thermoset polymers.Thermosets:
structure, properties, and applications. 2nd ed. 2018; p. 69-
114.
https://doi.org/10.1016/B978-0-08-101021-1.00003-4

[2] Asim M, Jawaid M, Saba N, Ramengmawii, Nasir M, Sultan
MTH. Chapter 1 — Processing of hybrid polymer composites -
A review. Hybrid polymer composite materials processing
2017; 1-22.
https://doi.org/10.1016/B978-0-08-100789-1.00001-0

[3] Post W, Susa A, Blaauw R, Molenveld K, Knoop RJI. A
Review on the potential and limitations of recyclable
thermosets for structural applications. Polym Rev 2020; 60:
359-388.
https://doi.org/10.1080/15583724.2019.1673406

[4] Mullins MJ, Liu D, Sue H-J. Chapter 2 — Mechanical
properties of thermosets. Thermosets: structure, properties,
and applications. 2nd ed. 2018; p. 35-68.
https://doi.org/10.1016/B978-0-08-101021-1.00002-2

[5] Xiang Q, Xiao F. Applications of epoxy materials in pavement
engineering. Constr Build Mater 2020; 235: 117529.
https://doi.org/10.1016/j.conbuildmat.2019.117529

[6] Jin F-L, Li X, Park S-J. Synthesis and application of epoxy
resins: A review. J Ind Eng Chem 2015; 29: 1-11.
https://doi.org/10.1016/.jiec.2015.03.026

[7] Vargas MA, Sachsenheimer K, Guthausen G. In-situ
investigations of the curing of a polyester resin. Polym Test
2012; 31: 127-135.
https://doi.org/10.1016/j.polymertesting.2011.10.004

8]

&l

[10]

(1]

2]

(3]

[14]

(18]

[16]

7]

(18]
[19]
[20]
[21]

[22]

(23]

[24]

Kuppusamy RRP, Neogi S. Influence of curing agents on
gelation and exotherm behaviour of an unsaturated polyester
resin. Bull Mater Sci 2013; 36: 1217-1224.
https://doi.org/10.1007/s12034-013-0591-8

Khotbehsara MM, Manalo A, Aravinthan T, Ferdous W,
NguyenKTQ, Hota G. Ageing of particulate-filled epoxy resin
under hygrothermal conditions. Constr Build Mater 2020;
249: 118846.
https://doi.org/10.1016/j.conbuildmat.2020.118846

Richaud E, Verdu J. Chapter 9 — Aging behavior and
modeling studies of unsaturated polyester resin and
unsaturated polyester resin-based blends. Unsaturated
polyester resins: fundamentals, design, fabrication, and
applications 2019; 199-231.
https://doi.org/10.1016/B978-0-12-816129-6.00009-0

Benmokrane B, Ali AH, Mohamed HM, EISafty A, Manalo A.
Laboratory assessment and durability performance of vinyl-
ester, polyester, and epoxy glass-FRP bars for concrete
structures. Compos B Eng 2017; 114: 163-174.
https://doi.org/10.1016/j.compositesb.2017.02.002

Calabrese L, Fiore V, Bruzzaniti P, Scalici T, Valenza A.
Pinned hybrid glass-flax composite laminates aged in salt-fog
environment: mechanical durability. Polymers 2020; 12(1),
40.

https://doi.org/10.3390/polym12010040

Zhang H, Gao Y, Hong J, Li C, Kang H, Zhang Z, Huang M.
Laboratory research on road performances of unsaturated
polyester concrete at medium-high temperature. Constr Build
Mater 2020; 254: 119318.
https://doi.org/10.1016/j.conbuildmat.2020.119318

Nouigues A, Le Gal La Salle E, Bailleul J-L. Thermo-
mechanical characterization of unsaturated polyester/glass
fiber composites for recycling. Int J Mater Form, 2020.
https://doi.org/10.1007/s12289-020-01559-8

Manjunath RN, Khatkar V, Behera BK. Investigation on
seawater ageing of pet-epoxy composites: an ecological and
sustainable approach for marine applications. J Polym
Environ 2020; 28: 2289-2300.
https://doi.org/10.1007/s10924-020-01771-2

Nandagopal RA, Boay CG, Narasimalu S. An empirical
model to predict the strength degradation of the hygrothermal
aged CFRP material. Compos Struct 2020; 236: 11876.
https://doi.org/10.1016/j.compstruct.2020.111876

Kusmono, Hestiawan H, Jamasri. The water absorption,
mechanical and thermal properties of chemically treated
woven fan palm reinforced polyester composites. J Mater
Res Tech 2020; 9: 4410-4420.
https://doi.org/10.1016/j.jmrt.2020.02.065

ASTM D638 — 14, Standard test method for tensile properties
of plastics, 2014.

ASTM D695 — 15, Standard test method for compressive
properties of rigid plastics, 2015.

ASTM D2247 — 15, Standard practice for testing water
resistance of coatings in 100 % relative humidity, 2015.

ASTM B117 - 19, Standard practice for operating salt spray
(fog) apparatus, 2019.

ASTM D5229 - 20, Standard test method for moisture
absorption properties and equilibrium conditioning of polymer
matrix composite materials.

Liljedahl CDM, Crocombe AD, Wahab AD, Ashcroft IA.
Modelling the environmental degradation of the interface in
adhesively bonded joints using a cohesive zone approach. J
Adhes 2006; 82: 1061-1089.
https://doi.org/10.1080/00218460600948495

Barbosa AQ, Silva LFM, Ochsner A. Hygrothermal aging of
an adhesive reinforced with microparticles of cork. J Adhes
Sci Technol 2015; 29: 1714-1732.
https://doi.org/10.1080/01694243.2015.1041358




Effect of Ageing on the Mechanical Performance of Thermoset Polymers

Journal of Research Updates in Polymer Science, 2020, Vol. 9 49

[25]

[26]

[27]

(28]

[29]

Liu S, Cheng X, Zhang Q, Zhang J, Bao J, Guo X. An
investigation of hygrothermal effects on adhesive materials
and double lap shear joints of CFRP composite laminates.
Compos B Eng 2016; 91: 431-440.
https://doi.org/10.1016/j.compositesb.2016.01.051

Prolongo SG, Horcajo KF, Del Rosario G, Urefia A. Strength
and durability of epoxy-aluminum joints. J Adhes 2010; 86:
409-429.

https://doi.org/10.1080/00218461003704345

Sugiman S, Putra IKP, Setyawan PD. Effects of the media
and ageing condition on the tensile properties and fracture
toughness of epoxy resin. Polym Degrad Stab 2016; 134:
311-321.
https://doi.org/10.1016/j.polymdegradstab.2016.11.006

Tan KT, White CC, Hunston D, Gorham JM, Imburgia MJ,
Forster AM, Vogt BD. Role of salt on adhesion of an
epoxy/aluminum (oxide) interface in aqueous environments.
Polym Eng Sci 2016; 56: 18-26.
https://doi.org/10.1002/pen.24186

Zhou J, Lucas JP. Hygrothermal effects of epoxy resin. Part
I: the nature of water in epoxy. Polymer 1999; 40: 5505-
5512.

https://doi.org/10.1016/S0032-3861(98)00790-3

[30]

(31]

[32]

[33]

[34]

Zhou J, Lucas JP. Hygrothermal effects of epoxy resin. Part
II: variations of glass transition temperature. Polymer 1999;
40: 5513-5522.
https://doi.org/10.1016/S0032-3861(98)00791-5

Colombini D, Martinez-Vega JJ, Merle G. Dynamic
mechanical investigations of the effects of water sorption and
physical ageing on an epoxy resin system. Polymer 2002;
43: 4479-4485.
https://doi.org/10.1016/S0032-3861(02)00272-0

Fredj N, Cohendoz S, Feaugas X, Touzain S. Some
consequences of saline solution immersion on mechanical
behavior of two marine epoxy-based coatings. Prog Org Coat
2010; 69: 82-91.
https://doi.org/10.1016/j.porgcoat.2010.05.009

Ashcroft IA, Abdel Wahab MM, Crocombe AD, Hughes DJ,
Shaw SJ. The effect of environment on the fatigue of bonded
composite joints. Part 1: testing and fractography. Compos
Part A Appl Sci Manuf 2001; 32: 45-48.
https://doi.org/10.1016/S1359-835X(00)00131-7

Le Guen-Geffroy A, Le Gac P-Y, Habert P, Davies P.
Physical ageing of epoxy in a wet environment: coupling
between plasticization and physical ageing. Polym Degrad
Stab 2019; 168: 108947.
https://doi.org/10.1016/j.polymdegradstab.2019.108947

Received on 17-08-2020

DOI: https://doi.org/10.6000/1929-5995.2020.09.04

© 2020 Santos et al.; Licensee Lifescience Global.
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in

any medium, provided the work is properly cited.

Accepted on 19-09-2020

Published on 21-09-2020



