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ABSTRACT

The study is focused on quantitative characterization of water absorption and hydrothermal ageing ef-
fects in a room-temperature amine cured epoxy adhesive widely used in automotive, aerospace, construc-
tion, and marine industries. Amino-functionalized graphene oxide (mGO) nanoparticles were incorporated
into the epoxy (up to 1.72 wt.%) enabled cross-linking reactions and providing high interfacial adhesion,
superior reinforcement efficiency and enhanced resistance to hydrothermal ageing of nanocomposites.
Anomalous water absorption accompanied by progressive weight loss of samples (down to 7%) is fitted
by two-stage models considering additive and coupled contribution from water diffusion and leaching of
low molecular weight epoxy species. Nanocomposites are characterized by lower water diffusivity (40%)
and decreased leaching effects (70%). High reinforcing efficiency of epoxy/mGO appeared in the increased
glassy and rubbery storage moduli (60%), glass transition temperature (10 °C) and activation energy of
glass transition (70%) compared to the neat epoxy. Hydrothermal ageing resulted in noticeable properties
degradation of samples, although to a much lower extent in the case of nanocomposites. The results will
contribute to the enhancement of global durability of common epoxy-based adhesives and extension of
their lifetime.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Epoxy adhesives are the most extensively used engineering ad-
hesives owing to their excellent mechanical performance and ad-
hesion to various substrates, e.g. metals, ceramics, glass, concrete,
wood and plastics, and used in diverse applications ranging from
general industry to electronics, construction, automotive, aerospace
and marine industries [1-4]. Properties of the epoxy depend on
the amount of crosslinking as well as the structure of used com-
ponents. The hardener part of the epoxy system often introduces
hydrophilic sites in the structure and is sensitive to humidity [5].
The use of relatively small amounts of nanoparticles as additives
allows one to significantly influence material properties and reduce
water impact. 2D nanoparticles, e.g. graphene and graphene oxide
(GO) nanoplatelets, are among the most promising candidates for
enhancing barrier properties and environmental durability of epox-
ies [3,6,7].
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Hydrothermal ageing [2,3,6-9] for epoxy systems can be re-
versible if caused by water-induced plasticization effects or irre-
versible when related to chemical changes like thermo-oxidation,
hydrolysis, cracking due to swelling and embrittlement during
post-curing or physical ageing. The degree of hygrothermal degra-
dation and lifetime of epoxy adhesives depend on operating tem-
perature. Degradation of amine-based epoxies is mostly reversible
at temperatures below glass transition temperature (Tg), and prop-
erties are recovered as soon as absorbed water is removed from
the polymer. Under elevated temperature, secondary irreversible
degradation mechanisms could be activated [10,11]. For example,
hydrolysis and thermo-oxidation alter the cohesive mechanics of
the molecular network, its hydrophilicity and result in signifi-
cant changes in water transport properties [9,12-15]. Hydrolysis
is commonly observed in anhydride-cured epoxy systems [13,14],
although this could also present in amine epoxies under specific
conditions of remained non-reacted epoxy groups and in non-
ideal networks [11]. Deterioration of the molecular structure causes
progressive loss in mechanical properties. At the same time, ab-
sorbed water beside its plasticization effect could promote ad-


https://doi.org/10.1016/j.polymdegradstab.2021.109670
http://www.ScienceDirect.com
http://www.elsevier.com/locate/polymdegradstab
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymdegradstab.2021.109670&domain=pdf
mailto:olesja.starkova@lu.lv
https://doi.org/10.1016/j.polymdegradstab.2021.109670

0. Starkova, S. Gaidukovs, O. Platnieks et al.

ditional crosslinking by post-curing and physical ageing counter-
balancing in that way negative environmental impact [7,8,16-18].
These effects are usually found in thermosets cured at low tem-
peratures like two-component systems for basic engineering appli-
cations [2,8]. Understanding the mechanisms of properties degra-
dation, evaluation of their additive or competitive contribution is
crucial for the development of reliable methods for the prediction
of long-term service performance and lifetime of epoxy-based ad-
hesives, coatings, and composites.

The long-term performance estimations for materials exploited
in the humid environment are commonly related to the amount of
absorbed water and Ty changes known as the determining param-
eters in some of the accelerated testing methods [15,16]. The water
sorption capacity, i.e. the equilibrium water content of samples, is
usually determined by simple gravimetric measurements. However,
interpretation of gravimetric data becomes challenging, when wa-
ter uptake is accompanied by polymer relaxation and chemical de-
composition processes [2,7,10-15,20]. The true water uptake pro-
cess is masked by weight decrease due to leaching of low molecu-
lar weight species such as unreacted starting materials or hydrol-
ysis products [12,13,15]. Depending on exposure temperature, the
accompanying process can begin at different soaking durations af-
ter the immersion. It should also be mentioned that most of stud-
ies on water diffusion of epoxies considers model epoxy systems
with perfectly known and controlled composition. However, indus-
trial adhesives often have complex and heterogeneous composition
due to mixture of various epoxy monomers, inorganic fillers, accel-
erators, plasticizers, solvents, etc. that could appear in non-classical
water diffusion and complex hydrothermal ageing effects [21]. In
polymer composites, severe deviations from the Fickian diffusion
behaviour are usually accompanied by noticeable degradation due
to irreversible physical or chemical damage of a polymer matrix
and dissociation of a material located at the vicinities of par-
ticle/matrix or fibre/matrix interfaces [12,17,20,22]. Thus, assess-
ment of weight changes of material during its service life is neces-
sary for awareness of general durability issues. Also, the leaching
of macromolecules from the polymer to external water is a major
environmental concern [23]. Nanoparticles incorporated into poly-
mers enhance their mechanical behaviour, chemical resistance, and
thus, increase their lifetime [1]. Owing to the graphene’s high as-
pect ratio providing tortuosity effect and restricted segmental mo-
tions of a polymer around the particle, graphene-based epoxies
possess better barrier properties than the neat counterparts. This
appears in lower diffusion rates and lower water absorption capac-
ity of nanoparticles modified epoxies, which in turn contribute to
the improved hydrothermal ageing resistance [3,6,7,24-27]. How-
ever, the positive impact of graphene on the properties’ improve-
ment is often far below the expected one. Poor dispersion, lack
of interfacial adhesion between the polymer and filler could intro-
duce defects in the structure leading to underwhelming results.

Functionalization of graphene has been widely adopted to
improve its interfacial adhesion with the polymer and reduce
particle agglomerations [28,29]. Ribeiro et al. reported that
tetraethylenepentamine-modified GO improves the thermal prop-
erties of epoxy-based nanocomposites with best results at 0.5 wt.%
loadings [30]. In a different study, Naebe and colleagues reported
about the carboxyl group modified GO enhancing the dynamical
mechanical and flexural properties of an epoxy resin [31]. Poly-
hedral oligomeric silsesquioxane modified graphene was reported
as a potential additive to reduce epoxy corrosion [32]. Li et al. re-
ported that the presence of modified GO facilitated the curing re-
action, especially the initial epoxy-amine reaction [33]. Excellent
UV resistance together with increased weathering resistance was
reported by Amrollahi et. al. for GO and polyaniline-modified GO
epoxy nanocomposites [34]. The importance of graphene-based ad-
ditives has been established and explored with various modifiers,
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which enhance interfacial compatibility and dispersion of nanopar-
ticles compared to unmodified ones.

The aim of the present study is to assess GO contribution into
water absorption and hydrothermal ageing of an industrial epoxy
adhesive. An efficient route was applied for GO functionalization by
introducing amino groups onto the GO surface and mimicking in
that way structure of the hardener, thus enabling the formation of
chemical bonds with the epoxy and providing high interfacial ad-
hesion, superior reinforcing efficiency and enhanced resistance to
hydrothermal ageing. Anomalous water absorption behaviour ac-
companied with progressive weight losses is modelled by three
different models considering additive or coupled contributions of
water diffusion and leaching of epoxy components. The results of
the study will contribute to the enhancement of global durability
of common engineering adhesives and extension of their lifetime
by introducing low amounts of efficiently modified GO nanoparti-
cles.

2. Experimental details
2.1. Materials

The epoxy system used is an industrial system consisting of
two main components: bisphenol-A-(epichlorohydrin) epoxy resin
(component A) and amine-based curing agent (component B) sold
under trademark Sikadur®-52, Sika Corporation, USA. The sys-
tem is characterized as moisture-tolerant, high resistance epoxy
resin with low viscosity (430 mPa s at 20 °C) and pot life of
approximately 30 min. Epoxy adhesives contains several addi-
tives to control curing process and final properties. Component A
consists of bisphenol-A-(epichlorhydrin) epoxy resin (50 - 100%),
1,3-bis(2,3-epoxypropoxy)-2,2-dimethylpropane (10 - 20%), [[(2-
ethylhexyl) oxy]methyl] oxirane (2-ethylhexyl glycidyl ether) (10
- 20%), heavy aromatic solvent naphtha (petroleum) (2 - 5%),
2-methylnaphthalene (1 - 2%). Component B consists of Benzyl
alcohol (20 - 25%), Aliphatic Amines (20 - 25%), Isophoronedi-
amine (10 - 20%), Phenol 4-nonyl branched (10 - 20%), 2,4,6-
tris(dimethylaminomethyl)phenol (5 - 10%), heavy aromatic sol-
vent naphtha (petroleum) (5 - 10%), 2-methylnaphthalene (1 - 2%).
The following chemicals were used in the GO synthesis; they were
used as received or diluted to a specific concentration. Graphite
flakes (99% carbon basis, -325 mesh particle size (>99%), natu-
ral), sulphuric acid (95-97%), sodium nitrate (>99.0%), potassium
permanganate (>99.0%), hydrogen peroxide (30%), hydrochloric
acid (37%), methyl tert-butyl ether (>98%), N,N-dimethylformamide
(=99.8%), acetic anhydride (>99%) were purchased from Sigma-
Aldrich.

2.2. Fabrication of experimental systems

2.2.1. Synthesis of GO

A modified Hummers method was applied to prepare GO from
graphite [35,36]. Under continuous stirring in Erlenmeyer flask,
5.00 g graphite was mixed with 115 mL of concentrated sulphuric
acid. Followed by the addition of 2.50 g sodium nitrate mixed with
15.00 g of potassium permanganate for 35 min, while the temper-
ature was slowly controlled to remain under 37 °C. Stirring was
continued for 2 h more followed by the addition of a half kilo-
gram of ice. After the ice melted a small amount of hydrogen per-
oxide (25 wt.% solution) was added and sediment was filtered. Ob-
tained GO was washed with diluted hydrochloric acid and water
followed by centrifuging and drying in a vacuum. Rewashing was
performed with methyl tert-butyl ether followed by the addition
of water, which was separated by centrifuge, and GO was dried in
a vacuum.
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Details on structural characterization of the prepared GO by
Fourier transform infrared spectroscopy (FTIR) and X-ray diffrac-
tion (XRD) are shown in Supplementary Material. FTIR spectra (Fig.
S1) was used to characterize GO and signature peaks were identi-
fied at 3100-3400 cm~! (O-H stretching), 1738 cm~! (C=0 stretch-
ing), 1611 cm~! (C=C stretching), 1365 cm~! (C-OH deformation),
1228 cm~! (C-0-C stretching) and 1048 cm~! (C-O stretching)
[37]. Further assessment of GO structure was performed with X-
ray powder diffraction (XRD) and spectra can be seen in Fig. S2.
Bragg’s equation was used to determine layer spacing (d) and ob-
tained value d = 0.809 nm (26 = 10.949) confirmed GO structure,
while no peak at 26.5° related to graphite structure was detected
[38].

2.2.2. Synthesis of aldehyde functionalized GO

2 g of previously prepared GO was suspended in 16 mL of
dimethylformamide and 3.6 mL of acetic acid anhydride was added
with dropping funnel slowly over 30 min. The flask was heated in
boiling water for 4 h and cooled afterwards at room temperature.
pH was stabilized at around 4 with sodium acetate, followed by
filtration and washing with acetone, diluted hydrochloric acid and
methyl tert-butyl ether. The final product (GO-CHO) was dried un-
der a vacuum.

The structure of GO-CHO was confirmed by FTIR spectra (Fig.
S3): peaks at 3100-3400 cm~! (O-H stretching), 2720-2830 cm™!
(C-H stretching aldehyde), 1771 cm~! (C=0 stretching alde-
hyde), 1705 cm~! (C=0 stretching), 1579 cm~! (C=C stretching),
1374 cm~! (C-OH deformation), 1232 cm~! (C-O-C stretching)
and 1053 cm~! (C-O stretching) were identified [39]. XRD spectra
(Fig. S4) indicated clear changes with two pronounced 26 peaks at
11.84° and 42.34°, while layer spacing d = 0.748 nm (26 = 11.84°)
value decreased due to stronger interactions like the formation of
hydrogen bonds.

2.2.3. Synthesis of amine-functionalized GO

1.5 g of GO-CHO was mixed with 1.5 g of ethylenediamine,
50 mL acetonitrile and few drops of concentrated acetic acid. The
prepared suspension was left at 70 °C under continuous stirring for
24 h, then washed with acetone. The final amino group modified
GO product (mGO) was dried under vacuum.

The structure of mGO was confirmed by FTIR spectra (Fig.
S5): peaks at 1748 cm~! and 1645 cm~! (C=0 stretching), 1520-
1590 cm~! peaks overlap (C=C stretching and N-H deformation),
1378 cm~! (C-OH deformation), 1201 cm~! (C-N and C-0-C
stretching) and 1044 cm~! (C-O stretching) were identified [37],
[39]. XRD spectra (Fig. S6) shows layer spacing d = 0.384 nm
(20 = 23.14°) indicating stronger intermolecular interactions. 260
peak was also observed at 42.7°, which remained relatively un-
changed between the synthesis stages. Traces of GO-CHO were ob-
served in the final products with XRD and FTIR. The GO formation
procedure and the structure of the final mGO are shown in Fig. 1.

2.2.4. Composite preparation

The produced mGO was mixed into the amine-based hard-
ener using ultrasonication. Then, epoxy was mixed with the hard-
ener/mGO mixture using the ratio 2:1 by volume via ultra-
sonication. The concentration of added mGO was selected as 1, 2
and 5 wt. % of the hardener, thus the overall mGO concentration
for the system was approximately 3 times lower. The compositions
were cast in a Teflon mould and cured overnight at room temper-
ature. Post-curing was performed for at least 12 h at 60 °C in an
oven. Completeness of curing reaction was confirmed by absence
of exothermic peaks on DSC diagrams of the samples (Supplemen-
tary material, Fig. S7). A neat epoxy and three epoxy/mGO systems
were prepared, and their compositions are reported in Table 1. Tg
of the neat epoxy cured under the specified conditions was 61 °C
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Table 1

The prepared epoxy/mGO composites.
Sample mGO, wt.%  mGO, vol%  p*, g/cm?
epoxy - - 1.146 + 0.0014
034 mGO  0.34 0.18 1.151 + 0.0002
0.68 mGO  0.68 0.36 1.152 +£ 0.0006
1.72 mGO  1.72 0.90 1.161 + 0.0006

* determined experimentally by hydrostatic weighing in iso-
propanol.

(Sec. 3.3.1). Volume contents of mGO were calculated by using
Pepoxy = 115 glem3 and pgpaphite = 2.2 g/cm3 for mGO [40].

Samples of average dimensions 2.5 x 5.2 x 40 mm3 were cut
from the casted plates and polished with sandpaper.

2.3. Methods

2.3.1. Water absorption

Two testing temperatures were selected for studying water ab-
sorption: T = 20 and 50 °C. The former corresponds to the glassy
region, while the latter approaches the glass-to-rubbery state tran-
sition of the epoxy. Samples were immersed in distilled water us-
ing glass containers; one of them was kept under room tempera-
ture and the other one was placed in a thermostat with the fixed
temperature. Weight changes of samples were periodically moni-
tored with an accuracy of 0.01 mg. Before weighing, the surface
of the samples was wiped using tissue paper. The relative weight
change w [%] was determined by the following equation:
w="e"M0 100, (1)

Mo
where m; is the weight of the wet sample at time t, and m, is the
weight of the dry sample. Weight changes were measured using 6
replicates for each composition and test temperature with contin-
uously decreasing intervals between measurements. The total du-
ration of the tests was 12 months.

The density of samples was evaluated by hydrostatic weighing
of samples in isopropanol (p = 0.786 g/cm?). Measurements were
done using 3 replicates of each composition in the reference state
and after hydrothermal ageing. The density values for the reference
samples are listed in Table 1.

2.3.2. Extraction in solvent

An amount of dissolved sol fraction was determined by com-
mon Soxhlet extraction procedure in acetone for at least 60 h. The
samples before and after extraction were weighed with analytical
balances. 3 parallel measurements were performed for each sam-
ple.

2.3.3. Dynamic mechanical thermal analysis

Dynamic mechanical thermal analysis (DMTA) was performed
in a tension mode on a Mettler Toledo TMA/SDTA861e device
equipped with a small tension clamp assembly. Tests were car-
ried out on the reference (as-produced, dry) samples and after
water absorption (aged for 7 months: denoted as w20 and w50
corresponding to the immersion temperature of 20 and 50 °C, re-
spectively). Frequency 10 Hz, heating rate of 3 K/min, displace-
ment amplitude of 5 um, force amplitude 10 N, and a tempera-
ture range from 20 to 100 °C measurement parameters were used.
These conditions were adjusted based on the data of strain sweep
tests showing the linear viscoelastic response of the materials in
the considered region. Reference samples were also tested under
frequencies 0.1, 1, and 100 Hz to evaluate the activation energy. The
basic tests with 10 Hz frequency were repeated for two reference
replicates, while the rest tests were done for one representative
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Fig. 1. GO modification scheme and formation of epoxy/mGO composition.

sample for each composition/ageing environment. In total, data of
30 DMTA tests are analysed.

2.3.4. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) Nicolet 6700
(ThermoScientific, Germany) configured in attenuated total re-
flectance mode was used for composite investigation. Sixteen mea-
surements were done in the region of 800 — 4000 cm~! with a res-
olution of 4 cm~1, and an error for the average spectrum was 1%.
Spectra of the reference samples and aged in the water at 50 °C for
40 days were analysed. During this period weight changes of sam-
ples achieved an apparent equilibrium followed by weight losses
(Sec. 3.1).

2.3.5. Scanning electron microscopy

Morphological characterization was performed by scanning
electron microscopy (SEM) analysis of samples’ surfaces that were
prepared by a fracture in liquid nitrogen. TM3000 TableTop scan-
ning electron microscope (Hitachi) was used with 5 to 15 kV volt-
age.

2.3.6. Optical analysis

Yellowing of samples was quantitatively estimated from photos
of the reference, w20 and w50 samples after about six-months of
conditioning. Photos were made in a "white box" and the lumi-
nosity factor (Adobe Photoshop) was determined for the measured
area of 200 x 200 pixels by the intensity of RGB channels.

3. Results and discussions
3.1. Water absorption

Water absorption curves at T = 20 and 50 °C are shown in
Fig. 2. Weight changes are plotted versus square root of time di-
vided by the thickness of samples ,/t/a to analyse the data within
the framework of Fick’'s model and eliminate the influence of
thickness variations from sample to sample [7]. As seen from the
graphs, the test temperature is a determining factor affecting the
overall character of water absorption. At room temperature and
early time of weight change monitoring, samples possessed the
Fickian-type diffusion behaviour: the curves show linear depen-
dence at the start of water absorption, whereupon saturation is
approached. Neat epoxy and nanocomposites showed similar be-
haviour, although the latter is characterized by lower diffusion
rates indicated by the decreased slope of the curves. It can be
noticed from Fig. 2a that some deviations from the Fickian diffu-
sion appear after approaching equilibrium at ,/t/a >15 (more than
2 months). Under elevated temperature, anomalous water absorp-
tion behaviour is observed: a very short linear part of the curves
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Fig. 2. Weight changes of samples during immersion in water at 20 °C (a) and 50 °C
(b). Lines are approximations by Fick’s model.

(for \/t/la < 3 corresponding to about 2 days) followed by dramatic
weight decrease instead of equilibrium. Such a trend is observed
for samples of both neat epoxy and filled with mGO. Nanocompos-
ites possessed slightly delayed and lower weight losses compared
to the neat epoxy with the lowest deviations from the Fickian be-
haviour for 1.72 mGO samples.

Weight losses of samples could be related to leaching of
starting (e.g. petroleum, methylnaphthalene, benzyne alcohol etc.
present in this industrial adhesive) and unreacted materials and/or
low molecular weight species formed due to hydrolysis [10-
15,20]. The former mechanism is obviously the predominant one
for the present epoxy system considering its chemical structure
and specific kinetics of leaching. According to extraction tests,
114 + 0.29% and 8.7 + 0.42% were leached from unaged neat
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epoxy and 1.72 mGO samples, respectively. After conditioning of
samples in hot water for about one year, these values decreased
down to 5.9 + 0.56% and 5.5 + 0.46% and, thus, an amount of
leached out into water species is estimated as 5.4% for neat epoxy
and 3.2% for 1.72 mGO sample. These data correlate well with data
presented in Fig. 2b.

Three different models were utilized to assess the kinetics of
samples’ weight changes. Model I and Model II consider additive
contribution of two competitive processes taking place during wa-
ter immersion tests: water diffusion into the sample and leaching
of epoxy components from the sample into water. Then, the total
weight change is given as a sum of the diffusion wy and leaching
w; components

whi(E) = wq(t) +wp' (1) (2)

The well-known Fick’s equation was used for the description of the
diffusion component [37,38]

2
2 & 2
Wy (£) = Wawe | 1= — > [mzexp[—<ﬂ:1) Dti|
3)

where wy is the equilibrium water content, D is the diffusion co-
efficient, and a is the thickness of the sample. The initial water
content at t = 0 is assumed to be zero. 1D through-thickness dif-
fusion is considered since the contribution from other directions is
estimated as negligible.

Weight losses during samples’ immersion in water are taken
into account by two different ways (Model I and Model II). In
Model I, the leaching mechanism is assumed to be a first-order
kinetic process [43]
dw

F = k(Wioo — W)) (4)

where wy,, is the equilibrium (maximum) content of dissolved
components for t — oo and k is the leaching rate constant. By as-
suming zero-content of dissolved components at t = 0, the solution
of Eq. (4) is

W) = Wi (1 —e7) (5)

Model II assumes that leaching of soluble species from the poly-
mer into water is driven by a similar to water diffusion mechanism
and could be described by the mathematical expression similar to
Eq. (3):

Wi () = Wiso | 1 —nii[l_( il exp —(";") Dit
(6)

where wy,, is the equilibrium (maximum) content of dissolved
components and D; is the leaching rate constant. Similar consid-
erations were applied in [20] for DGEBA epoxy-based glass fibre
reinforced composites.

According to Model I and Model I, the total weight change of a
sample when considering infinite time span (all processes reached
equilibrium) is described by the relation

An alternative approach, presented by Model III, assumes cou-
pled action of water diffusion and leaching of polymer molecules

similarly to the diffusion-relaxation model [44]. The total weight
changes are expressed as follows [15,44]:

wi(t) = (14 KVE) - wq(t) (8)

where K is the leaching rate constant analogous to the relax-
ation related constant but taking negative values. As seen from
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Fig. 3. Weight changes of w20 (diamonds) and w50 (squares) samples of the neat
epoxy (a) and 1.72 mGO (b). Lines are calculations by Fick’s model, Model I, Model
II and Model III. Insert in (a) are photos of samples demonstrating their colour
changes after 6-months exposure.

Eq. (8), contribution of the leaching component into the total
weight changes increases with time and the amount of absorbed
water. Model III could be considered as a prototype of an auto-
catalytic process, when leaching is activated by the diffused water.
It is worth noting that, different from Model I and Model II, this
model doesn’t assume saturation for the leaching-related compo-
nent.

The results of the experimental data approximation are plotted
in Fig. 3 for the neat epoxy and 1.72 mGO samples and Supple-
mentary material, Figs. S8, S9. The fitting lines correspond to Fick’s
model obtained from Eq. (3), Model I by using Egs. (2), (3), (5),
Model II by using Eqs. (2), (3), (6), and Model IIl by using Eq. (8).
The fitting parameters, obtained by calculating the minimum of
the target function using the least-squares method, are given in
Table 2.

It was assumed that equilibrium water content due to water
diffusion wg, and equilibrium content of non-bound components
wi,, are temperature-independent parameters of the materials. As
it is seen from Fig. 2b, samples exposed at elevated temperature
didn’t reach the “upper” limit, i.e. water diffusion equilibrium. To
minimize uncertainties due to an arbitrary choice of fitting param-
eters, it was assumed that wj.(50 °C) = wy(20 °C). This assump-
tion is in agreement with data of other researchers demonstrat-
ing negligible influence of temperature on the equilibrium water
content in amine-cured epoxy resins of different chemical struc-
ture [45] and other epoxy systems [46]. In general, solubility and
water saturation of epoxy could be affected by aging tempera-
ture, although these effects are more likely to be observed in not
fully cured systems or epoxies with an excess of a hardener [47].
Wgoo is uniquely determined from the plateau in Fig. 2a. For de-
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Table 2

Parameters of Fick’s model, Model I, Model Il and Model III.
Sample Wyoo D10 mm2 h™1  wi % k10° h-'  D;10° mm? h-' K103 h-12

Fick’s model Model I, Model I~ Model 1 Model II Model 111

T =20°C
epoxy 245 35+ 03 -7.2 0.7 0.035 -1.0
0.34 mGO  2.42 20+ 0.2 -6.0 0.6 0.02 -0.7
0.68 mGO 235 20+ 0.2 -6.0 0.6 0.02 -0.7
1.72 mGO  2.45 20+ 0.2 -5.1 0.3 0.01 -0.3
T =50 °C
epoxy 2.45 10 -7.2 76 40 -48
0.34 mGO 242 10 -6.0 60 27 -37
0.68 mGO 235 10 -6.0 60 27 -37
172 mGO 245 10 -5.1 48 23 =27

termination of wy.,, on the contrary, weight changes at 50 °C are
considered as the determining ones. As seen from Fig. 2b, an ap-
parent “lower” equilibrium is approached for all samples within
one year of weight change monitoring. Then, by taking into ac-
count Eq. (7) wyy, is equal to w,, (experimental data) minus wy
uniquely determined at 20 °C. Thus, each of the models has only
one fitting parameter accounting for weight loss, i.e. the leaching
rate constant k, D; and K for Model I, Model I and Model III, re-
spectively. As seen from the data of Table 2, the leaching constants
significantly (for more than three orders) increased with elevated
temperature. Interestingly, water diffusion coefficients follow less
extensive dependence on temperature and their values increase
only by a factor of five or less when comparing the data for 20
and 50 °C. According to data for Model I and Model II, water diffu-
sion into the samples occurs at a much higher rate than leaching of
dissolved species from samples into the water: e.g. D and k values
differ for more than 10 and 100 times at 20 °C and 50 °C, respec-
tively. In the coupled diffusion-leaching model, K have comparable
to D values. An amount of leached species is very high (7.2% for the
neat epoxy) raising environmental concerns for using such epoxy
systems in water-based environments [23].

As seen from the data of Figs. 2, 3 and Table 2, incorporation of
mGO into the epoxy resulted in the minor decrease of the equilib-
rium water content Wy, (changes within 0.1%), while the diffusion
coefficient at 20 °C decreased for more than 40%. However, this
difference in D values for samples with different contents of mGO
disappears at 50 °C. Equilibrium content of dissolved epoxy com-
ponents wy,, greatly decreased with the addition of the nanofillers
(by comparing the absolute values): the highest decrease is ob-
tained for 1.72 mGO samples, for which wy,, is for 2.1% lower
than that one of the neat epoxy. This difference correlates well
with data of extraction tests (2.7% by comparing neat and mGO-
filled unaged samples). The leaching rate constants k, D; and K also
greatly decrease with a higher content of mGO in epoxy: down to
70 and 40% at 20 and 50 °C, respectively. Obviously, mGO i) act as
barriers for both water diffusion inside and leaching outside and ii)
retard relaxation processes in epoxy by hampering movements of
polymer chain segments and subsequent extraction of low molec-
ular weight components. Addition of mGO could also affect curing
kinetics of epoxy [65] and result into lower amount of unreacted
materials, however these issues need further investigations. Differ-
ences in the leaching rates between the neat epoxy and nanocom-
posites greatly diminish at 50 °C that is related to the competitive
nature of two factors: segmental mobility of a polymer and tortu-
osity of the diffusion path caused by the presence of the nanosized
inclusions. At elevated temperatures, the contribution from the tor-
tuosity is diminished by an increase in segmental mobility of the
polymer, water and dissolved molecules [7,42].

All three models demonstrate rather good approximation re-
sults at 20 °C, while noticeable differences between their effective-
ness are observed at elevated temperature (Fig. 3, Supplementary

material Figs. S8, S9). Model II shows the best fit to the experi-
mental data within the entire time range, while Model I could give
reasonable data fitting in a specific time span only. Model III is ef-
fective up to t!/2= 50 - 60 h!/2, although this results in too rapid
and overestimated weight losses at longer times. Despite known
limitations of the models, their main advantages are physical ori-
gin, tractability, and involvement of only one additional fitting pa-
rameter (leaching rate).

Similar observations on weight loss during water immersion
tests have been reported for unsaturated polyester [17], vinylester
[15] and DGEBA/DDA epoxy [12]. Authors indicated to negligible
weight losses at room temperature, while anomalous behaviour
was observed at elevated temperatures approaching T, of poly-
mers. The plasticization of the polymer network due to high tem-
perature and water diffusion facilitated higher extraction of solu-
ble species, thus producing a more rigid matrix, which appeared
as an increased Tg value of water-aged samples. Hydrolysis effects
in an epoxy-anhydride system due to water ageing are proposed by
Capiel et.al. [13], although anomalous water absorption behaviour
resulted in a dramatic weight increase of samples. Additional wa-
ter ingress into samples was facilitated by hydrolytic scissions of
the epoxy confirmed by FTIR and pH variations. Similar consider-
ations on hydrolysis-driven water absorption supplemented by the
diffusion-reaction model are described by Yagoubi et.al. for another
anhydride-cured epoxy [14] and non-stoichiometric amine-cured
epoxies [11]. In epoxy-based fibre reinforced composites, weight
losses of samples during their exposure to water is commonly ex-
plained by hydrolytic degradation of the fibre-matrix interphase
[20,22]. Anomalous water diffusion in epoxy/carbon nanoparticles
composites has been studied in [7,22,40]. A continuous increase of
weight changes of samples after approaching the apparent “Fick-
ian” equilibrium was lower for nanocomposites. This fact was ex-
plained by lower contribution from the relaxation-driven water dif-
fusion mechanism and quantitatively characterized by the reduced
relaxation times in the nanoparticle-reinforced epoxy [7]. Alter-
natively, a nondimensional hindrance coefficient is introduced in
the Langmuir-type model used for the description of non-Fickian
two-stage water diffusion in carbon/epoxy nanocomposites [48].
The molecular bonding during diffusion, as well as the interfacial
moisture storage, are also mentioned among the reasons for non-
Fickian behaviour. A thermo-diffuso-mechanical model based on
a thermodynamic framework was proposed by Leger et.al. to de-
scribe non-classical water diffusion of an industrial rubber tough-
ened epoxy adhesive [21]. In the latter model, the increased wa-
ter uptake was taken into account by the increased cavitation of
a swollen material. Neither experimental or theoretical studies on
weight losses in epoxy matrixes were found in literature.

Structural changes and degradation of properties are often in-
dicated by simple observations like changes in colour. Noticeable
colour changes were observed for the water-aged epoxy under
study. Photos of epoxy samples after conditioning in air and wa-
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Fig. 4. FTIR spectra of the cured epoxy system and its components.

ter for the same time (about six months) are shown in the in-
sert of Fig. 3a. The yellowing and reduced transparency of the aged
epoxy progressed more in elevated temperature. The yellow start-
ing colour of samples transforms into a progressively darkened or-
ange. The luminosity factor was estimated as 7%, 9%, and 12% for
the reference, w20 and w50 samples, respectively. Uniform colour
changes occurred in the cross-section of samples affirming yellow-
ing as a bulk phenomenon rather than a surface only process. Simi-
lar observations were done for different epoxy systems linking the
yellowing phenomena with hydrolytic reactions, oxidative evolu-
tion of carbonyl groups in the resin and extraction of monomers or
oligomers [9,18,41]. Yellowing of the studied epoxy is related to the
development of carbonyl groups as it was confirmed by FTIR obser-
vations (Sec. 3.2). It was observed that the density of w50 samples
increased by approximately 0.5% compared to the reference sam-
ples (Table 1). This change could be explained by the formation of
a more rigid polymer network facilitated leaching of the plasticiz-
ers and solvents from the polymer. These proposed explanations
are further confirmed by FTIR and DMTA investigations.

3.2. FTIR analysis

Chemical structure analysis was performed with FTIR. Fig. 4
shows FTIR spectra of the cured epoxy system in comparison with
component A (contains oxirane rings) and component B (con-
tains primary amine groups). This graph is used to identify the
conversion of oligomers into polymers, although similar commer-
cial systems have been reported before. The signals at 1599 and
3166 cm~! are signature peaks for NH, stretching and deforma-
tions, respectively [49,50], while the peak at 915 cm~! is respon-
sible for C-0O stretching in the oxirane group [51]. It has also been
reported that the presence of a very small amount of water can
result in the broadening of the NH, stretching peak as can be ob-
served [50]. None of these peaks is present in the prepared sample
spectra indicating a complete epoxy curing reaction. Similar spec-
tra have been obtained for all mGO/epoxy samples.

FTIR spectra for water-aged samples after conditioning at 50 °C
for 40 days were compared to these for the neat epoxy. The neat
epoxy was chosen as a representative reference sample since FTIR
spectra of unaged epoxy and epoxy/mGO were almost identical.
Samples 0.34 mGO and 0.68 mGO showed very similar results, thus
only 0.34 mGO sample is used within FTIR discussion. Significant
differences can be observed between the aged samples (Fig. 5).
Changes in the peak intensities and positions are the greatest for
the neat epoxy, while spectra of epoxy/mGO samples are less af-
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Fig. 5. Absorbance peaks of FTIR spectra for water-aged samples.

Table 3
DMTA characteristics at 10 Hz of the reference and water-aged samples.
Eé, GPa E;, MPa tan
Sample T,,°C 25 °C 100 °C 3
reference
epoxy 609 + 06 142+ 004 948 + 0.39 0.60 + 0.00
034 mGO 679+ 16 187+ 024 1250+ 234 0.54 + 0.02
068 mGO 669+ 1.0 2.08+ 0.05 13.66+ 048 0.64 £ 0.06
1.72 mGO 700+ 1.8 231+ 0.01 1599 + 069 0.65 + 0.01
w20
epoxy 43.4 0.55 8.5 0.45
0.34 mGO  51.6 1.03 135 0.47
0.68 mGO  52.0 1.09 13.7 0.46
1.72 mGO  58.5 1.36 16.5 0.48
w50
epoxy 61.9 1.61 114 0.62
0.34 mGO  62.2 1.69 13.7 0.59
0.68 mGO 623 1.68 13.8 0.56
1.72 mGO 639 1.84 16.1 0.57

fected by hydrothermal ageing. The peak at 1032 cm~! is the sig-
nature peak for symmetrical stretching vibrations C-O-C of ether
structure (Fig. 5) [52,53]. The water-aged neat resin shows similar
values to 0.34 mGO, although with a notable change in the peak
shape. Another characteristic peak is C-O-C asymmetric stretching
(Fig. 5), which has a rather broad peak due to various amines used
in industrial epoxy resin products [50,53]. The decreased peak in-
tensities at 1032 and 1235 cm~! are observed for all nanocompos-
ites samples. The peak at 1456 cm~! represents deformation vibra-
tions of C-H, CH, and CH3 [49,52]. As it can be seen from Fig. 5,
there are almost no changes for the nanocomposites samples indi-
cating its high resistance to hydrothermal ageing compared to the
neat epoxy sample, which showed not only decreased intensity but
also shifted peak.

3.3. Dynamic mechanical properties

3.3.1. Reinforcement efficiency

Temperature dependences of the storage moduli E/ and loss fac-
tor tan § for representative reference samples with various con-
tents of mGO are shown in Fig. 6a. The basic DMTA characteris-
tics: the glassy Eg (25 °C) and rubbery E; (100 °C) storage mod-
uli, Ty determined by tan é peaks are listed in Table 3. Incorpora-
tion of mGO into the epoxy resulted in a noticeable increase of
Es, in both the glassy and rubbery states. Ty of nanocomposites
shifted towards higher temperatures compared to the neat epoxy.
The greatest improvement in properties is obtained for 1.72 mGO
composition: both E; and E; increase for more than 60%, while Tg
is shifted for 10 °C. Samples with lower amounts of mGO showed
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similar, albeit less pronounced, improvements of E/ and Tg. Damp-
ing properties (height and broadness of tan § peak) of the epoxy
were not significantly affected by the presence of mGO. The shape
of Cole-Cole plots (loss modulus versus storage modulus in loga-
rithmic axes shown in Fig. S10) looked like semicircle diagrams in-
dicating structural homogeneity and good adhesion between the
nanofillers and epoxy [54-56].

Nanofillers embedded into the polymer matrix provide a re-
inforcing effect and restrict motions of polymer chain segments
that appear in higher Eé and T of epoxy/mGO samples compared
to the neat counterpart [6,7,24,25,42]. In nanocomposites, the in-
creased Ey is directly correlated to the degree of entanglement and
dispersion efficiency, while increased E] is correlated with a higher
degree of crosslinking and the degree of interaction between the
polymer and the fillers [54,57]. The general effectiveness of the
filler on the storage modulus of composites can be represented by
the parameter C given by relation [54,55]

_ M (9)
(Eé/E,f) matrix

For well-dispersed fillers and good compatibility with the poly-
mer matriX, C < 1. The lower is C, the most efficient the reinforce-
ment effect is. C factors of the nanocomposites under study are in
the range of 0.8 < C < 1 (Fig. 7). Despite data scatter, a common
decreasing trend for C with growing content of mGO is obtained
indicating a reasonable efficiency of the nanofiller.

The reinforcement efficiency factor r is an alternative and com-
plementary parameter for the characterization of filler-matrix in-
teractions and the overall effectiveness of reinforcement in a com-
posite. Following simple Einstein’s considerations for suspensions
with rigid particles, the moduli of the composite E. and the matrix
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Fig. 7. C factor as a function of the weight content of mGO for reference samples
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Fig. 8. The ratio of the glassy storage moduli according to Eq. (10) as a function of
volume content of mGO for reference samples tested at different frequencies and
hydrothermally-aged samples tested at 10 Hz.

En are related by an empirical relationship [54,57]
E;. = Em(l + T'Vf) (10)

where Vf is the volume fraction of filler in the composite. In the
case of an incompressible matrix, perfect adhesion between the
filler and matrix as well as perfect dispersion of individual filler
particles, r = 2.5. For imperfect bonding and slippage in the inter-
face r < 2.5. According to Eq. (10), plotting the ratio E./E; ver-
sus Vy the slope gives r. Within the present study, the ratio of
the glassy storage moduli is considered. E./E; of the reference,
epoxy/mGO samples are shown in Fig. 8 by filled circles. Dotted
lines are linear trends with different r and the solid line is a cal-
culation by the mixture rule with Ef = 200 GPa and Em= 1.42 GPa
(Table 3). As expected, Ef is highly underestimated compared to
the elastic modulus of pure graphene (1 TPa), although this value
agrees well with that one for the chemically reduced monolayer
graphene oxide reported as around 0.25 TPa [58]. Poor dispersion,
imperfect bonding between the filler and matrix, functionalization-
induced defects, stacking of few layers instead of a single sheet,
wrinkling etc. are some examples of factors affecting the effective
modulus of graphene in composites [28,29,58]. For the reference
samples, r values are in the range of 0.8 - 1.6. Similar reinforcing
efficiency with r ~ 0.7 was reported for polycarbonate/graphene ox-
ide composites (triangles in Fig. 8) [28]. Much lower improvements
in the elastic modulus of about 10% and r ~ 0.15 were reported
in [29] for epoxy reinforced with pristine and silane-functionalized
graphene oxide (squares in Fig. 8).
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As seen from Figs. 7 and 8 the reinforcement efficiency is highly
influenced by test conditions (frequency and ageing state) and the
method or parameter used. This fact introduces some uncertainties
in data interpretation [57], however, could also be used for quan-
titative monitoring of the reinforcement efficiency under different
conditions.

3.3.2. Frequency-dependent behaviour

The viscoelastic nature of polymers appears in their frequency-
dependent thermomechanical properties. E/ and tan § for the neat
epoxy samples is demonstrated in Fig. 6b. Similar dependencies
were also observed for epoxy/mGO samples. For all samples, E/
and tan § is shifted to higher temperatures with increasing fre-
quency. Such a behaviour is typical for many polymers and is ex-
plained by the decreased mobility of the polymer network at high
frequencies since polymer chains do not have enough time for re-
arrangements [59-62]. At a low frequency, there are observed ex-
tremely broad loss peaks indicating a wide range of relaxation pro-
cesses appeared in the polymer network structure. This could be
explained by the involvement of large-chain segments in overall
macromolecular motion and increased internal friction compared
to that one in fast or high-frequency process, where the main con-
tribution comes from small-chain segments [63].

E; of the reference epoxy/mGO samples at different frequencies
are shown in Fig. 9. Qualitatively similar dependences were also
observed for Ej. For all test frequencies, E; and E; increase with
growing content of mGO in epoxy confirming reasonably good re-
inforcing efficiency of the nanofiller. This fact correlates well with
the frequency dependences of the parameters C and r in Figs. 7 and
8, respectively. An increase in absolute Eé values with increasing
frequency are almost the same for all compositions. This could be
related to small differences in segmental motions of the polymer
network in the neat epoxy and nanocomposites in the considered
range of test time and temperature. However, this fact needs fur-
ther investigations at higher temperatures and longer times (lower
frequencies), when the contribution from hampered movements of
polymer macromolecular chains and retarded relaxation processes
in nanocomposites is expected [6,25]. Overall, within the same ex-
perimental time (frequency) span nanocomposites are character-
ized by higher dynamic moduli and thus, altered viscoelastic de-
formations compared to the neat epoxy.

The glass transition temperature Tg follows a typical Arrhenius
relationship with frequency f that is widely used in the dynamic
mechanical analysis [19,59-63]:

f=A.exp|:RA5:g:| or ln(f):ln(A)fTTg, (11)
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Fig. 10. In(f) versus 1/Tg for the reference samples of epoxy/mGO.

where AE is the Arrhenius activation energy for the glass tran-
sition relaxation, R is the ideal gas constant and A is a material
constant. The relationships In(f) versus 1/Tg for the reference sam-
ples are shown in Fig. 10. The data demonstrate reasonable approx-
imations by linear trends with R-squared values in the range of
0.98-1.00. AE calculated from the slopes of the lines are 305, 482,
438 and 515 kJ/mol for the neat epoxy, 0.34 mGO, 0.68 mGO and
1.72 mGO samples, respectively. Great, almost twofold, increase of
AE with growing mGO content indicates an increase of the en-
ergy barrier that must overcome the occurrence of molecular mo-
tions causing the glass transition in nanocomposites [56]. The in-
creased AE is also an indicator of good adhesion between the filler
and matrix [55]. It should also be noted that while Ty represents
a relationship between the mobility of polymer chains and tem-
perature, AE represents a relationship between mobility and time
scale. This fact is used for the determination of the temperature
shift factors and predictions of long-term properties by using time-
temperature superposition principles [56,61,63]. The activation en-
ergy is directly related to the lifetime of materials: the higher AE,
the longer the lifetime [64].

Similar considerations on the activation energies of
epoxy/graphene nanocomposites were analysed in [65], where
AE = 670 kJ/mol was found to be independent on the nanofiller
loadings of 1 and 5 wt.%. In the study of Montazeri et.al. [56], AE
of epoxy increased by about 10% with the addition of 0.5 wt%
of multiwall carbon nanotubes (from 455 to 510 kJ/mol), while
the absolute values were dependent on curing conditions of the
systems. In other studies, the activation energy of 277 kJ/mol and
345 kJ/mol were found for amine-cured epoxy [19] and vinyl ester
resin [61], respectively.

3.3.3. Hydrothermal ageing effects

Temperature dependences of E/ and tan & for the reference,
w20 and w50 samples of the neat epoxy and 1.72 mGO are shown
in Fig. 11. Similar curves were also obtained for 0.34 mGO and
0.68 mGO compositions. E; and Tg of the reference, w20 and w50
samples are compared in Fig. 12. Hydrothermal ageing greatly af-
fected the dynamic mechanical response of the samples appeared
in a dramatic drop of E; and shift of tan § peaks to lower tem-
peratures. The absolute values for DMTA characteristics are given
in Table 3. The greatest influence is observed for the neat epoxy
w20 samples: Eé drops for more than 60% and Tg shifts for 18 °C
compared to the reference samples. A decreasing trend in water-
induced plasticization effects is observed with the growing con-
tent of mGO in epoxy. For 1.72 mGO samples, Efg decreases for
40%, while Ty shifts for 11 °C only. The observed difference in plas-
ticization effects of epoxy and nanocomposites is not related to
the amount of absorbed water, since equilibrium water contents of
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all compositions were practically the same (Fig. 2, Table 2). Obvi-
ously, nanoparticles act as barriers for segmental motions of the
plasticized polymer altering in that way the overall viscoelastic
response. The decrease of Tg for the neat epoxy and 1.72 mGO
sample is 7 and 4 °C per 1% of the absorbed water, respectively.
These data agree well with literature data for similar epoxy sys-
tems [7,42] and epoxy/graphene composites [6]. The plasticization
effect of absorbed water appears also in broadening and lowering
of tan § peaks, although to the same extent for both neat epoxy
and nanocomposites. No significant differences between E; of the
reference and w20 samples are noticed (Table 2). These facts indi-
cate a reasonable crosslinking degree and interfacial adhesion be-
tween the epoxy and mGO maintained after long-term water ab-
sorption.

Unexpectedly, hydrothermal ageing at 50 °C possessed a much
lower influence on thermomechanical characteristics of the sam-
ples than that at 20 °C. For nanocomposites, Eg the decrease is
within 20%, while T; changes do not exceed 6 °C. Moreover, a
slight improvement in E; and Tg is noticed for the neat epoxy.

10

Polymer Degradation and Stability 191 (2021) 109670

Such behaviour can be explained by a counterbalancing contribu-
tion from water-induced plasticization and additional crosslinking
due to thermo-oxidation [9] or physical ageing effects [7,16,18].
Also, noticeable extraction of soluble nonreactive epoxy species re-
sulted in the formation of a more rigid matrix [17] confirmed also
by the increased density of w50 samples. Interestingly to note that
hydrothermal ageing greatly diminished the positive effect from
mGO: Eé and Tg of w50 samples increases with growing mGO con-
tent to a much lower extent compared to the reference and w20
samples (Fig. 12). The decreased reinforcing efficiency is seen in
Fig. 8 with r drop down to 0.14. Small differences between tan &
and E] values for the reference and w50 samples (Table 3) indicate
a moderate influence of hydrothermal ageing on interfacial inter-
actions between the epoxy and mGO. Fairly high E; values of w50
samples appeared in low C factors (Fig. 7) giving a contradictory
result on the improved reinforcement efficiency of hydrothermally
aged samples. Relatively good epoxy-mGO interfacial adhesion is
further confirmed by SEM investigations.

3.4. Morphological characterization

Fracture surfaces of the reference, w20 and w50 samples of the
neat epoxy and 1.72 mGO samples are shown in Fig. 13. The neat
epoxy (Fig. 13 a, ¢, e) shows a flat surface with river-like patterns
in the direction of fracturing force, while the nanocomposite has a
rough and faceted surface (Fig. 13 b, d, f). Samples didn’t exhibit
large agglomerates, voids or defects indicating a reasonable dis-
persion quality of mGO in epoxy. Addition of amine groups on GO
prevented agglomeration and promoted interactions between mGO
and epoxy through the crosslinking process. A rough fracture sur-
face of 1.72 mGO with many small facets on it indicates strong in-
terfacial adhesion between mGO and epoxy since the nanoplatelets
extend the fracture route [26,30,31].

Fracture surfaces of the hydrothermally aged epoxy samples are
characterized by widened river-patterns related to the plasticiza-
tion effect of water (Fig. 13 ¢, e). The surface of w50 samples is
very smooth, typical for tough fracture, indicating a high contribu-
tion of plastic deformations due to plasticization effects. No appar-
ent voids and cavities are observed for the water-aged epoxy sam-
ples, thus confirming the uniform and “molecular-scale” origin of
the leaching process. Fractographs of 1.72 mGO aged samples show
smoother surfaces with fewer contrast facets compared to the ref-
erence sample. In addition to the water-induced plasticization ef-
fect on epoxy, this fact is also attributed to the decreased inter-
facial adhesion between the filler and host polymer. Water ageing
and weakened adhesion between mGO and epoxy resulted in the
formation of small microchannels (indicated by arrows in Fig. 13 d,
f) for w20 and w50 samples, although these are not many and are
rather small. The results agree well with the high reinforcing effi-
ciency of mGO on the epoxy that is maintained after hydrothermal
ageing of samples.

4. Conclusions

An efficient three-step route was applied for GO production
from graphite and GO functionalization. Amino groups were inte-
grated into GO structure mimicking in that way structure of the
hardener, thus enabling the formation of chemical bonds with the
epoxy and providing high interfacial adhesion.

Water absorption by the amine-cured epoxy adhesive reinforced
with functionalized GO was studied at 20 and 50 °C. Anomalous
behaviour that appeared in the weight loss of samples was more
extensive at elevated temperature and exceeded 7%. Nanocompos-
ites are characterized by significantly lower water diffusivity (down
to 40 % at 20 °C) and for about 2.1% decreased weight loss com-
pared to the neat epoxy. Leaching of nonreacted epoxy compo-
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Fig. 13. SEM micrographs of neat epoxy (a, ¢, ) and 1.72 mGO (b, d, f) samples: reference (a, b), w20 (c, d) and w50 (e, f).

nents, as supported by solvent extraction tests, is the main mecha-
nism contributing to non-Fickian diffusion. Three models consider-
ing additive or coupled contribution of water diffusion and leach-
ing were applied for approximation of the experimental data. The
leaching rate, the only additional fitting parameter introduced into
all models, greatly decreased with the growing content of mGO
down to 70%. Well dispersed mGO act as efficient barriers for
both water diffusion inside and leaching outside and retard re-
laxation processes in epoxy by hampering movements of polymer
chain segments and subsequent extraction of low molecular weight
species. However, the contribution from the tortuosity effect is di-
minished at elevated temperature due to increased segmental mo-
bility of the polymer, water and dissolved molecules.

FTIR analysis for epoxy/mGO samples revealed lower changes
in shape and intensities of some characteristic bands compared to
the neat counterpart explaining enhanced hydrothermal ageing re-
sistance of nanocomposites.

Reasonably high reinforcement efficiency is obtained for
epoxy/mGO compositions. Maximally loaded 1.72 mGO samples are
characterized by the increased Ey and E[ up to 60%, higher T for
10 °C and an almost twofold increase of the activation energy of

1

glass transition compared to the neat epoxy. Hydrothermal age-
ing resulted in noticeable properties degradation of samples caused
by polymer plasticization and loss of epoxy-mGO interfacial ad-
hesion. Eé of the neat epoxy decreased by 60% and T decreased
for 18 °C, while nanocomposites possessed high resistance to hy-
drothermal ageing. Under elevated temperature, properties degra-
dation is partly counterbalanced by the formation of a more rigid
polymer network facilitated by leaching of low weight species. The
latter appears in the increased density and higher E; and Tg of w50
samples compared to w20 samples.

Smoothed fracture surfaces of water-aged samples studied by
SEM confirmed the appearance of water plasticizing effect and loss
of interfacial adhesion between the epoxy and mGO. Minor defects
in the form of agglomerates and voids were observed on the sur-
faces indicating the high dispersion quality, filler-matrix compati-
bility and high resistance to hydrothermal ageing.

The results of the study will contribute to the enhancement
of global durability of common epoxy adhesives and extension of
their lifetime as well as decreasing environmental pollution from
leaching of toxic epoxy components. The latter is extremely impor-
tant for applications in water-based environments, e.g. marine in-
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dustry. Quantitative assessment of the service lifetime of the neat
epoxy and nanocomposites will be presented in the next study.
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