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ARTICLE INFO ABSTRACT

Keywords: Epoxy R-Glass Fiber-Reinforced Polymer (GFRP) composite plates were hydrothermally aged at 60 °C for 23, 75,
GFRP ' and 133 days. The water content reached 0.97 wt%, 1.45 wt% and 1.63 wt%, respectively. The studied GFRP
Hydrothermal aging matrix was inert to hydrolysis or chain scission, allowing for investigation of irreversible changes in the fiber-

x;izh;isf?usion matrix interphase due to hydrothermal aging upon re-drying. During each period, a subset of the specimens
Desorption was removed from the water bath and dried in a chamber. The weight loss upon drying was explained with epoxy

leaching (impurities), sizing-rich interphase hydrolysis, glass fiber surface hydrolysis, accumulated degradation
products escaping, and water changing state from bound to free. The influence of hydrothermal aging on the
fiber-matrix interfacial properties was investigated. Lower interfacial strength of hydrothermally aged (wet)
samples was attributed to plasticization of the epoxy, plasticization and degradation of the sizing-rich interphase
(including formation of hydrolytic flaws), and hydrolytic degradation of the glass fiber surface. The kinetics of
epoxy-compatible epoxysilane W2020 sizing-rich interphase hydrolysis provided an estimate of ca. 1.49%,
4.80%, and 8.49% of the total composite interphase degraded after 23, 75, and 133 days, respectively. At these
conditions, the interface lost 39%, 48%, and 51% of its strength. Upon re-drying the specimens, a significant part
of the interfacial strength was regained. Furthermore, an upward trend was observed, being 13%, 10% and 3%
strength, respectively; thus, indicating a possibility of partial recovery of properties.

Interfacial strength

Introduction

Fiber Reinforced Polymers (FRPs) are widely used as structural
materials in various industries, such as energy, offshore, oil and gas,
marine, automotive, structural applications in civil engineering, and
aerospace, due to their high strength, stiffness, light weight, and rela-
tively good corrosion resistance compared to traditional materials, such
as steel [1-6]. The superior mechanical performance of composites
stems from the synergistic interaction between the three
micro-constituents inside the FRP - matrix, fibers, and the interphase
[1]. However, FRP structures are often exposed to environmental fac-
tors, such as water and temperature, for extended periods of time (15-40
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years, or more [7]), promoting a process known as hydrothermal aging
[4-9]. Hydrothermal aging is particularly critical at higher tempera-
tures, because the aging process is accelerated [9].

Exposure of FRPs to hydrothermal environments generally results in
a multiscale aging process, which has a negative impact on their me-
chanical performance, as the exposition of FRP to hydrothermal envi-
ronments, that combine moisture and temperature, can cause chemical
reactions and physical changes that affect the properties of the material,
and these changes occur at multiple scales, including the molecular,
microstructural, and macroscopic levels [10-12]. Consequently, the
environmental durability aspect may become limiting in structural ap-
plications [13], as the superior stiffness and strength of FRPs become
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compromised by the uncertainty of the material-environment interac-
tion [14,15]. Furthermore, the severity and duration of the exposure are
crucial factors. For some FRPs, specifically designed and manufactured
to withstand hydrothermal environments, an improved resistance to
hydrothermal degradation may lead to a higher tolerance scenario,
where limited exposure may occur without significant degradation [16].

Therefore, it is of utmost importance to comprehend the mechanisms
and kinetics of environmental aging of individual constituents for
ensuring the composite’s environmental durability [9,14].

Hydrothermal aging of FRPs affects the individual micro-
constituents differently (individual pathways or mechanisms) [17],
which in turn leads to varying degrees of performance degradation in
different FRPs [1]. Additionally, the coupled and synergistic effects
between the three micro-constituents can further impact the aging rates
of each component [14]. Therefore, the intricate interplay between the
matrix, fibers, and interphase in FRPs requires careful consideration
when investigating the effects of hydrothermal aging.

Hydrothermal aging is particularly critical for Glass Fiber-Reinforced
Polymers (GFRPs) as the glass fibers (GFs) that are used in their
manufacturing are hygroscopic and prone to chemical dissolution, e.g.,
contrary to Carbon Fiber-Reinforced Polymers (CFRPs), which are
generally more inert [18,19]. Nevertheless, while GFs are generally
hygroscopic, and their surface can undergo a process of dissolution,
which can lead to a reduction in their diameter and strength, the extent
of hygroscopicity and chemical dissolution can depend on the type of GF
and the specific conditions of exposure. Furthermore, some GF types are
designed to have lower levels of hygroscopicity and increased chemical
resistance, making them more suitable for use in harsh environments.
And this is the reason for their application, for example, in the marine
and chemical industry [20].

Based on previous findings described in the authors’ earlier works on
hydrothermal aging of the same epoxy/glass fibers system at the same
conditioning parameters (deionized (DI) water, 60 °C), several findings
can be highlighted:

The studied epoxy does not undergo chemical degradation, such as
hydrolysis, and fully regains its mechanical properties (strength,
modulus) upon redrying [21,22];

the thermo-oxidative yellowing and leaching from the epoxy under
hydrothermal conditions is known, and has no effect on the me-
chanical properties of the epoxy [21];

water absorption by epoxy (and composite) follows Fickian behavior
[23,24];

hydrothermal aging results in irreversible degradation of glass fibers
[25,26];

the composite interphase undergoes irreversible property changes
due to hydrolysis; their contribution increases over time; the weak-
ening of the interphase causes the formation of hydrolytic flaws. The
degradation products and water can accumulate in these flaws [17].
the mechanical properties (ILSS, strength) of the epoxy GFRP com-
posite decrease considerably due to the absorbed water [12,27] and
these changes are only partly reversible upon water removal [28]. In
this context a remaining loss of interphase strength after re-drying of
about 20% was reported for a similar GF/Epoxy composite.

Based on these findings, the following hypothesis is put forward in
this study:

Irreversible changes of the epoxy GFRP composite mechanical
properties are related to the degradation of the fiber-matrix interphase
(including the hydrolytic degradation of the sizing-rich interphase, and
hydrolysis of glass fibers and at the surface, and subsequent void for-
mation in the interphase [17]).

Thus, the present study is aimed to experimentally investigate the
deterioration of the epoxy/GFRP composite interphase over time due to
hydrothermal aging.

When the composite material is re-dried to its initial water content,
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any deterioration of mechanical properties can be attributed only to
irreversibly aged micro-constituents in the material system, respec-
tively, glass fibers, and the sizing-rich composite interphase. By using
the combination of micro-constituents described above, it should be
possible to investigate the hydrothermal aging of the fiber-matrix
interphase. Furthermore, since the sizing-rich composite interphase
contains about 70-80 wt% epoxy film former, it may be possible that
some of the lost interfacial strength due to aging can be regained upon
re-drying, similarly to the matrix [22].

In this study, ILSS determined via mechanical tests is selected as an
indicative characteristic of the mechanical degradation of the composite
interphase properties. The influence of fiber degradation is assumed to
be negligible in the chosen interphase-dominant testing mode enabling
the inquiry into the aging-induced mechanical property loss of the
interphase. Water absorption/desorption up to 4 months after saturation
was conducted at 60 °C. ILSS was determined at different time periods
after water saturation and subsequent desorption cycles. Thus, the
contributions of reversible and irreversible components of ILSS degra-
dation were quantitatively estimated.

Short-beam shear (SBS) and three-point bending (3pb) are mechan-
ical testing methods that are known to be used in evaluating the prop-
erties of a composite interphase [29]. This is because the interphase
region, which is the transition zone between the fiber and matrix phases,
can have a significant influence on the overall mechanical behavior of
the composite material [30,31]. The fiber-matrix interphase region in-
volves a significant influence on the shear properties of the composite
material. It is well-established that the short beam shear (SBS) test
method is particularly useful for evaluating the shear properties of the
interphase [29]. The SBS behavior of GFRPs has been investigated by
various groups, and has been shown to be an effective method of inquiry
into the properties of the composite interphase [29,31,32], including the
environmentally aged GFRPs [20,33]. Thus, a similar method has been
chosen to mechanically characterize the composite interphase in this
work.

Secondary motivation of this study is to further advance the reliable
understanding and prediction of composite aging and property deteri-
oration. Such progress is required in order to contribute to the reduction
of testing costs and expenses leading to an increase in the validation of
modeling and accelerated testing methodologies, as has been described
elsewhere [15]. To achieve this, a fundamental understanding of com-
posite aging at all levels (multiscale) is necessary [14]. While the aging
of polymer matrices and fibers is more frequently explored, the degra-
dation of the fiber-matrix interphase remains less understood. Some
attempts have been made to study the kinetics of interphase aging (e.g.,
[17]) and the deterioration of composite properties over time [34,35],
but a deeper understanding of cause and effect, as well as a mechanistic
quantitative link, has yet to be established.

Materials and methods
Materials

For this study, a commonly used glass fiber epoxy GFRP material
utilized in marine, oil, and gas applications was selected.

The present study utilized HiPer-Tex™ R-glass (R-GF) fabrics by 3B
for reinforcement, which are produced by 3B Fibreglass located in Bir-
keland, Norway. The average fiber diameter of the fabrics was measured
to be 17 & 2 ym, while the density of the glass (py) was determined to be
2.54 g/cm?, classifying the materials as high-strength and high modulus
R-glass, as per international standard ISO 2078 [36]. The specific surface
area of the glass fibers was 0.09 m?/g (constituting a total surface area of
0.096 m? in GFRP specimens on average) [25]. According to the data-
sheet by 3B [37], the modulus of the R-glass utilized in this study ranged
from 86 to 89 GPa.

The surface of the fibers contained the W2020 epoxysilane-rich
epoxy-compatible sizing coating, which is composed of approximately



A.E. Krauklis et al.

five different chemicals [38,39]. Among them is an organofunctional
silane, also known as a coupling agent, which is widely regarded as the
most significant component in glass fiber sizing [40-42]. This chemical
class plays a critical role in enhancing adhesion and stress transfer at the
fiber-matrix interphase (between the polymer matrix and the fiber)
[43], while also improving the interphase strength and hydrothermal
resistance of the composite [42]. According to a sizing formulation
patent review by Thomason and specifically patent EP2540683A1 by
Piret, Masson, and Peters of 3B, the studied W2020 sizing’s coupling
agent was an epoxysilane [38,39]. Typically, sizings contain approxi-
mately 10 wt% of the coupling agent [34]. The coupling agent cova-
lently bonds the matrix to the fibers and is known to undergo
irreversible hydrothermal aging, such as in the case of W2020 sizing
studied here [17]. The sizing composition also includes multipurpose
components such as a film former, which holds the filaments together in
a strand and protects them from damage due to fiber-fiber contact. Film
formers are as closely compatible with the polymer matrix as possible,
and epoxies, such as those in this case, are very common film formers
[40]. Typically, sizings contain around 70-80 wt% of the film former,
which likely acts similarly to the matrix material of the composite [34].

The studied FRP contained a Bisphenol A diglycidyl ether (DGEBA)-
based amine-cured thermoset epoxy, which is a very common matrix
polymer (DGEBA epoxides constitute more than 80 to 85% of the epoxy
market, according to a recent study [44]). The matrix polymer was
prepared by mixing Hexion™ epoxy resin RIMR135™ and amine
hardener RIMH137™ in a stoichiometric ratio of 100:30 by weight,
density of matrix (pn) of 1.10 g/cm®. The resin and curing agent were
composed of 63 wt% DGEBA (number average molecular weight < 700),
14 wt% 1,6-hexanediol diglycidyl ether (HDDGE), 14 wt% poly(oxy-
propylene)diamine (POPA; molecular weight 230), and 9 wt% iso-
phorondiamine (IPDA). The epoxy value of the resin ranged from 0.54 to
0.60 equivalent/100 g. The hardener had an amine value of 400-600 mg
KOH/g. The mixture was degassed in a vacuum chamber for 30 min to
ensure the elimination of entrapped air bubbles. As this epoxy is able to
fully recover its mechanical properties upon redrying [22], it was chosen
as the matrix material to enable reversible hydrothermal effects on the
FRP concerning the matrix micro-constituent.

Glass fiber-reinforced epoxy composite laminates were manufac-
tured via the vacuum-assisted resin transfer moulding (VARTM) tech-
nique, utilizing the aforementioned Hexion epoxy resin and 3B R-GF
fabric. The composite laminate was subsequently sectioned into rect-
angular bars and cut into plates. Plate dimensions were established as
50 mm x 15 mm x 1.35 mm, with thickness tolerances maintained by
means of grinding with a super-fine sandpaper (FEPA P800, grain size
21.8 pm). Specified dimensions were achieved with a precision of 5%.
Laminate configuration (4 layers): +45/—45/—45/+45. The samples
were cured at ambient temperature for 24 h and then subjected to post-
curing in an air oven at 80 °C for 16 h. Full cure was achieved. Glass
transition (Tg) of the studied epoxy is 83 & 2 and 60 + 2 °C in dry and
saturated conditions, respectively [45]. Since the chosen wet-aging
temperature was chosen around wet-Tg, physical aging should be
mostly depressed and thus might be excluded from interpretation [46].
However, during the re-drying process at 60 °C, the Ty gradually in-
creases again and the physical aging of the epoxy will take place at least
during this period.

The density of the composite (peomp) Was 1.69 g/cm®, obtained by
measuring mass and dimensions of GFRP specimens. The fiber volume
and mass fractions (which also includes sizing) were obtained via den-
sity measurements and calculated using Equations 1 and 2; the obtained
volume and mass fractions were 0.410 and 0.616, respectively.
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The amount of sizing present on the fibers’ surface was determined
using the Loss On Ignition (LOI) method in accordance with ASTM
D4963 standard [47]. However, this method may not be completely
accurate and can be affected by several factors, such as the specific
composition of the sizing material, the heating conditions used during
the test, and the presence of any impurities or inorganic components in
the fibers. It is recommended to use the method in conjunction with
other analytical techniques to identify and quantify any impurities or
inorganic components that may affect the LOI measurement. However,
these analytical tests were not available, and thus the determined values
may have an associated error. The LOI measurement was carried out at a
temperature of approximately 565 °C for about 5.5 h, and the sizing was
found to be 0.64 wt% of the fibers. This result is consistent with the
literature, which states that the majority of industrial glass fibers have
an LOI value below 1.20 wt% [43]. Zinck and Gerard also reported a
similar LOI value of 0.77 wt% for a silane-based sizing they studied [48].
Therefore, the mass fraction of the interphase in the composite is LOI
value times the mass fraction of the sized fibers, being ca. 0.39 wt% (of
the total GFRP weight).

The composite samples were conditioned using deionized (DI) water.
All of the samples were put dry into the water solutions (after drying to
0 wt%); the samples were dried at the same temperature before water
immersion tests.

@

my

Methods

Water uptake tests were performed using a batch system. The epoxy
GFRP plates were conditioned in a PID-controlled heated deionized
water bath (60 + 1 °C). The samples were left to condition until reaching
equilibrium according to ASTM D 5229:2020, and further for the next
four months. Throughout this period, samples were periodically
removed from the water bath and weighed using analytical scales
Mettler Toledo XS205.

The relative weight change w (%) was determined as weight gain per
unit weight, Eq. (3):

m; — my

w =100 x 3

my

where m; is the weight of the wet sample at time t, and m) is the weight of
the reference (dry) sample. The average values are calculated using
three replicates for each group of samples.

Samples were divided into 7 groups depending on their water con-
tents and hydrothermal aging pre-history (Table 1). After a certain time
(23 days, 75 days, and 133 days), a group of samples was removed from
the water and stored in an oven in air for water desorption.

The following 7 configurations have been defined and experimen-
tally tested, as indicated in Table 1.

Table 1
GFRP specimen configurations tested.

Config. Configuration state

D

0-Initial Dry state (properties in the initial/unaged state)

I-Wet GFRP is saturated with water at 60°C (23 days)

I-Dried GFRP is saturated with water at 60°C, and is re-dried

1I-Wet GFRP is subsequently aged for 2 months in the 60°C water after the
saturation (75 days)

1I-Dried The GFRP has reached configuration (IV), and is subsequently re-dried
and tested

1II-Wet GFRP is subsequently aged for 4 months in the 60°C water after the
saturation (133 days)

1II-Dried The GFRP has reached configuration (VI), and is subsequently re-dried

and tested
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To investigate the influence of hydrothermal aging on the interphase
aging within the composite, a mechanical testing has been performed, a
method has been selected, similar to the standards ASTM D2344/
D2344M [49] and DIN EN ISO 14,130 [50]. The interfacial strength S
was calculated according to the Eq. (4) [49]:

F
§=075x—

o C)

where S is "apparent interlaminar shear strength" or "short-beam
strength", MPa; F - maximum (or first jump) in force-diplacement curve,
N; b,h - width and thickness in mm.

Mechanical testing of the studied epoxy GFRP specimens was per-
formed for all 7 configurations (defined in Table 1) using Zwick Roell
72.5 Zwick 2.5 kN (13 mm from the edge; span 22 mm; 1 mm/min).

While not being a standard SBS testing method (mixture of bending
and shear failure possible), this method has been chosen because the
impact of the interphase on the mechanical behavior is substantial when
tested in this mode. Similar SBS tests are well known to be strongly
related to interphase dominance [49,50]. To keep temperature equili-
brated, the samples were tested after about 20 min after their removal
from the oven.

Microscopic investigations were performed using a VHX-6500 mi-
croscope (Keyence, Japan).

Results and discussion
Water uptake and drying

Weight changes of GFRP samples during water absorption and
desorption are shown in Fig. 1. Water diffusion reached a saturation
after 560 h (23 days) and followed Fickian type of diffusion up to
apparent saturation. The water content at apparent saturation was 0.97
wt% (Configuration I-Wet), which corresponds to matrix-related uptake
of 2.52 wt%, close to what was reported for saturation before [22,46].

After the first apparent saturation, the water uptake in the GFRP
continued due to the polymer chain relaxation [46], and/or increased
contribution of "bound" water, and further degradation of interphase
and hydrolytic flaw formation [17,51]. According to the comprehensive
investigations on the water absorption behavior of the specific epoxy
system [22,46,52], it is known that the maximum water absorption
content cannot exceed about 3.10 wt%. Therefore, any additional water
uptake in the composite must be related to the interphase region or

I
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damage in terms of voids, flaws and debondings, which give space for
water absorption. As fiber/matrix debonding occurs due to hydrother-
mal aging, flaws and cracks are opening, which can be filled with
additional water over time [46]. Analyzing the absorption and desorp-
tion curves in Fig. 1, it becomes clear that the water uptake from stage II
onwards has to be based on additional damage in the composite (more
details in chapter 3.3). After additional aging of about two (Configura-
tion II-wet) and four months (Configuration IlI-wet), 1807 h (75 days)
and 3197 h (133 days), respectively, the water content reaches 1.45 wt
%, and 1.63 wt% (3.78 wt% and 4.24 wt% of matrix fraction),
respectively.

At the first stage of sorption, water enters the samples mainly by
diffusion, filling the free volume of the epoxy resin. Therefore, the
sorption curve in section 0-I is described by Fick’s law. The samples also
undergo irreversible changes due to hydrothermal aging, the contribu-
tion of which increases with increasing exposure time of the samples in
hot water. Such changes can occur at the fiber-matrix interphase
(including sizing-rich interphase and the glass fiber surface). The for-
mation of voids and debondings in the interface contributes to the inflow
of additional water, which can form into clusters. The experimental
evidence of the "formation of voids" or "debonding in the interface" of
the same material system is described in a previous study [17]. How-
ever, the study did not address the deterioration of the mechanical
properties, and proposed it as the future work. Therefore, this study is a
direct continuation. Therefore, in section II-III, a continuous increase in
the mass of the samples is observed, similarly to [17,53].

Drying has been performed resulting in configurations I-Dried, II-
Dried and III-Dried. For those, the weight change was determined to
be 0.14 wt%, —0.05 wt%, and —0.29 wt%, respectively. The difference
after re-drying is interpreted to be due to (a) epoxy leaching, (b) sizing-
rich interphase hydrolysis, and (c) glass fiber surface hydrolysis.

As was mentioned earlier, the epoxy does not undergo hydrolysis,
and its strength can be fully regained upon redrying [22]. However,
epoxy leaching may affect the weight loss slightly, even though it has no
significant effect on mechanical properties [21]. Leaching follows
Fickian diffusion. According to [21], epoxy leaching of the studied
epoxy involves unreacted epicholorohydrin and ionic impurities with a
total leachable amount being estimated at 0.092 wt% of the matrix [17].
Therefore, leaching from epoxy could explain only up to a maximum
weight loss of 0.035 wt% of the GFRP.

The hydrolysis kinetics of the W2020 sizing-rich interphase reported
in [17] provide an estimate of 1.80 x 1077 g/h (kinetic constant 1.98 x

I
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Fig. 1. Weight changes of GFRP samples during water absorption and desorption (dark blue: sorption, bright blue: desorption).
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1077 g/m?h) loss under similar hydrothermal aging conditions. There-
fore, it can be estimated that the loss of the composite interphase at
configuration I (560 h), II (1807 h) and III (3197 h) were ca. 1.01 x
1074 3.25 x 107, and 5.75 x 10~* g, respectively. The mass fraction of
the interphase in the composite was ca. 0.39 wt% of the total GFRP
weight (see Materials section), and the average mass of a GFRP specimen
was 1.7363 g. Thus, on average, a GFRP plate contained 0.68 x 1072 g
interphase. The hydrothermal aging-induced mass loss of the interphase
on average is estimated only to 1.49%, 4.80%, and 8.49% of the
sizing-rich W2020 interphase degraded at configurations I, II, and III,
respectively. Therefore, at Stage III, the hydrolysis of sizing could
explain up to 0.033 wt% loss of GFRP weight.

Furthermore, based on the kinetics of R-GF fiber dissolution from the
epoxy GFRP under hydrothermal conditions (DI, 60 °C) [54], the hy-
drolytic glass material loss is estimated at the maximum up to 0.044 wt%
of GFRP weight (after 3197 h; kinetic constant of glass hydrolysis 5.35 e
10710 g/(mzos) under similar conditions [54]). However, it is important
to note, that the kinetics of glass dissolution can capture only the ions
leaching from glass that can escape the GFRP into the surrounding water
(due to specifics of the ICP-MS method [54]); Therefore, the kinetics
described are apparent (lower than true kinetics), since a significant
number of ions accumulate inside the GFRP and cannot be measured.
The largest contribution to weight loss was mainly due to fiber degra-
dation as has been shown by Gibhardt et al. in a recent study, where it
was observed how the fibers degrade as the cracks are opening [12].

Based on these estimates of (a) epoxy leaching (ca. —0.035 wt%), (b)
sizing-rich interphase hydrolysis (ca. —0.033 wt%), and (c) glass fiber
surface hydrolysis (ca. —0.044 wt%), a total explained weight loss (by
these three factors) constitutes ca. —0.112 wt%. However, experimen-
tally a weight loss of —0.29 wt% has been observed (Fig. 1). Therefore,
the difference of 0.178 wt% remains unexplained. Some of the possible
explanations are hypothesized, and should be explored in the future in
more detail.

In areas with extensive defects and cracks, and hence with a large
amount of water. The water hydrolytically attacks the interphase be-
tween fibers and matrix, as well as the fiber surface itself [17]. Due to
the hydrolysis of the interface and the fibers, some components may be
leached out. However, the degradation products (of both fibers and
interphase) cannot easily move along the interphase and escape into the
surrounding water at the composite’s surface [17]. Instead, the weak-
ening of the interphase causes the formation of flaws. The degradation
products and water can accumulate in these flaws along with the water
[17]. The effect of drying has not been investigated in the previous study
[17]. It is possible, that along with the desorption of water in the drying
cycle, some of the degradation products can escape resulting in the
further weight loss. It is, thus, speculated that this effect is contributing
to the remaining unexplained weight loss of —0.178 wt%. Additional
contribution to the remaining unexplained loss could be due to the effect
of bound water, as described further.

Let us assume that the increase in mass is associated with an addi-
tional flow of water into regions with voids, their association into
clusters and bounding. To model this behavior, the Langmuir model is
used.

The Langmuir two-phase model considers a free diffusion phase and
a bound phase of a penetrant that does not involve diffusion. The
Langmuir model is given by Eq. (5) [55,56]:

s Y
—mG(l)—ﬂ_i_yeXP(—ﬂf) )

w(t) = we |1

where vy is the probability per unit time that a mobile molecule will
become bound, and f is the probability per unit time that a bound
molecule will become mobile. w,, is the saturation water content.

G(t) is given by Eq. (6):
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where D is the diffusion coefficient, and h is thickness of the sample.

According to Eq. (5)-(6), when p =1 and y = 0, the two-phase model
reduces to the single-phase case, i.e., Fickian diffusion model.

Fig. 2 shows the experimental water absorption curve (weight
change with the square root of time) and its description using the Fick
and Langmuir models Egs. (5,6). The model parameters take the
following values: D = 0.0055 mm?/h, we(Fick) = 0.96%, Weo(Lang-
muir) = 3.36%, = 1e10° 4R 1, Y= 2.5¢10 % h ~ 1. As can be observed
from Fig. 2, the Fick model is only suitable for the initial 0-I water ab-
sorption period, while the Langmuir model gives a reasonable approx-
imation to the subsequent I-II stage.

Water desorption for the studied epoxy GFRP follows Fick’s law [23].
That is, when the samples are dried, only free water comes out. There-
fore, a residual mass of samples (irreversibility of sorption-desorption) is
often observed, which is associated with the amount of bound water in
the sample [57]. The leaching out of any components during sorption,
on the contrary, leads to excessive weight loss (negative mass change) of
the samples during their drying [21]. It can be seen from Fig. 1 that not
all water is desorbed during the first drying of the samples and the re-
sidual w of I-Dry samples is 0.14%. Note that the sorption in this region
proceeded according to the Fick diffusion law without a noticeable
contribution of bound water (Fig. 2). It can be assumed that this
non-desorbed water is bound water (according to the Langmuir formu-
lation), initially present in the samples and/or formed during the sorp-
tion process. In the second stage of desorption (II), the weight of the
samples practically returns to the initial value, and in the third stage
(III), there is excessive weight loss. Since, as noted above, the leaching of
degradation products cannot fully explain such weight loss, this
behavior can be explained by the release of additional water from the
samples. The hydrolytic degradation processes of sizing-rich interphase
and glass fiber surface, and the accompanying reorganization of the
accumulation and state of absorbed water led, on the one hand, to
additional absorption (more clustered water), and, on the other hand,
contributed to the transition of bound water into free water (according
to Langmuir’s concept). That water, which was initially considered to be
bound and for the removal of which additional energy (temperature)
was needed, has now become available for desorption.

Fig. 3 shows desorption data (actual weight loss of the samples). As
can be seen, the data are well described by Fick’s law. Note that the
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Fig. 2. Weight changes of GFRP samples and their approximation by Fick’s and
Langmuir models.
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Fig. 3. Weight changes of GFRP samples during desorption started at different
times after saturation.

desorption rate is the same in all cases and the diffusion coefficient D =
0.011 mm?/h. This indicates the same mechanism for the release of
water (free water) from the samples. Note that the rate of desorption is 2
times higher than the rate of sorption. Similar results have been reported
in other papers [55,58].

Loss of interfacial strength

The obtained interfacial strength results are summarized in Fig. 4
and Table 2 showing the average and standard deviations of 3 parallels
for each GFRP configuration.

The load-displacement curves are provided for all 7 defined config-
urations in Fig. 5 (the curve closest to the average out of 3 parallels
chosen as representative for each configuration). where w (%) stands for
water content, and S (MPa) for interfacial strength.

Table 2 reports the interfacial strength in initial dry configuration, as
well as in configurations I, II, and IIl in both wet and dried states,
indicating the reversible and irreversible components.

The trend of interfacial strength deterioration in the wet state shows
a continuous interfacial strength loss with time, and is in harmony with
findings by Rocha et al. [28]. They have found that the decrease in
strength is rapid in the beginning, and slows down with time
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Fig. 4. Interfacial strength of the studied epoxy GFRPs at 7 defined
configurations.
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Table 2
Water contents and interfacial strength measured for all 7 configurations. .

Configuration  w, % S, MPa S loss, S loss components
%
0 0 9.54 +
0.43
I- Wet 0.97 + 5.82 + 39 Reversible: 2.45 MPa (26%
0.04 0.37 regained) Irreversible: 1.27 MPa
(13% lost)
1 - Dried 0.14 + 8.27 + 13
0.03 0.27
I - Wet 1.45 + 493 + 48 Reversible: 3.69 MPa (39%
0.07 0.37 regained) Irreversible: 0.92 MPa
(10% lost)
1I - Dried —0.05 + 8.62 + 10
0.01 0.26
III - Wet 1.63 + 4.72 + 51 Reversible: 4.57 MPa (48%
0.13 0.07 regained) Irreversible: 0.25 MPa
(3% lost)
1II - Dried —0.29 + 9.29 + 3
0.04 0.48
12 4 Initial
— [-Wet
10— T1-Wet
11-Wet
----- I-Dried izaen T
s 37---- 1I-Dried o
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Fig. 5. Interfacial strength ILSS-deformation curves for 3 parallels for each of
the 7 configurations.

(degradation is slowed down with time) [28].

The hydrothermal aging-induced mass loss of the sizing-rich inter-
phase was estimated using the chemical kinetics of W2020 hydrolysis
[17], and were ca. 1.49%, 4.80%, and 8.49% of the total composite
interphase degraded at configurations I (560 h), II (1807 h) and III
(3197 h), respectively. The interface lost 39%, 48%, and 51% of its
strength loss at these conditions, according to the experimental results.
Lower ILSS of hydrothermally aged (wet) samples can be attributed to
several factors: (a) plasticization of the epoxy matrix; (b) plasticization
and degradation of the sizing-rich interphase, including formation of
hydrolytic flaws and deterioration of strength transfer between the fiber
and the matrix; (c) hydrolytic degradation of the glass fiber surface.

Upon re-drying the specimens, a significant part of the interfacial
strength was regained. Furthermore, an upward trend was observed,
being 13%, 10% and 3% strength loss at I-Dried, II-Dried, and III-Dried,
respectively.

The Interfacial strength vs. water content is plotted in Fig. 6.

Upon re-drying, the mechanical properties of the epoxy matrix are
fully regained (plasticization effect is recovered after redrying of sam-
ples), according to [22]. Therefore, the effect of fiber-matrix interphase
degradation (hydrolysis of sizing-rich phase and fiber surface) remains
[17,26]. Assuming, as was previously described, that the tests were
performed in the interface-dominant mode, the loss of interfacial
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Fig. 6. Interfacial strength vs. water content. Unfilled symbols refer to re-
dried samples.

strength is showcased by configurations I-Dried, II-Dried, and III-Dried
states, indicating a decrease of 13%, 10%, and 3%, respectively. The
decreased ILSS of dried samples (conditionally assumed as “dry™) can be
related to: (a) the irreversible hydrolytic degradation of the fiber-matrix
interphase, and (b) remained bound water (if some bound water re-
mains, we can still observe plasticizing effects). The upwards trend is
unexpected, and is speculated to be possibly related to partial
self-healing of the composite interphase (partial rebinding of the silanes
and hydrogen to the glass fiber surface) [59,60]. This is considered
possible, since only ca. 8.49% of the sizing-rich composite interphase
degraded at stage III, as estimated. However, further research is required
to confirm this hypothesis.

It should be noted, that the measured interfacial strength was very
low (<10 MPa), which was likely due to the imperfect selection of the
testing method for the desired sample geometry. Nevertheless, the dif-
ferences in the strength related to the state and conditioning duration
were well observed and exhibited a clear trend. It was not clear if the
specimens have failed in pure shear mode via visual inspection alone.
However, a further analysis of the damage of the samples was done by
microscopy to shed some light on this problem.

Optical microscopy

The microscopy has shown that the delamination failure was domi-
nant. The failure measured was not tensile, nor compressive (not
bending mode). Thus, the failure was the result of the shear mode, and
the interpretation was such, that indeed the interfacially-dominant
property was measured. The observation was valid for specimens
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tested in both dry and wet configurations, as shown in Fig. 7. Only slight
crushing occurred in the case of a dry specimen. Furthermore, the
delamination originated from the half-way of the support, thus con-
firming that the delamination failure occurred under the shear mode
(interfacially-dominant).

Further work on establishing the quantitative link between the
chemical kinetics of the hydrothermal aging of the interphase and its
effect on interfacial strength loss is required, and should also consider
other methods of inquiry of interfacial strength testing, e.g., by single
fiber pull-out tests, similarly to [61] or using the direct interphase
analysis methods (i.e. local measurements described in [62]).

Conclusions

The influence of hydrothermal aging on fiber-matrix interfacial
properties (ILSS) of a R-glass epoxy GFRP was investigated.

Sorption followed Fick’s law. The apparent saturation was reached
after 23 days at 60 °C. The water content reached 0.97 wt%. After 75
days and 133 days, the water content reached 1.45 wt% and 1.63 wt%,
respectively. The absorption process did not have any effect on rates of
desorption (desorption proceeded with equal rates at all stages).

Drying has been performed resulting in weight change of 0.14 wt%,
—0.05 wt%, and —0.29 wt%, respectively. The weight loss was due to (a)
epoxy leaching, (b) sizing-rich interphase hydrolysis, and (c) glass fiber
surface hydrolysis. However, these processes could explain weight loss
only up to —0.112 wt%. The remaining difference of 0.178 wt% was
attributed to the following possible mechanisms: (a) some accumulated
degradation products (sizing; glass) inside the GFRP could escape along
with the desorbed water in the drying cycle; (b) water changing state
from bound to free. However, both hypotheses require additional
investigation.

The changes of the mechanical properties (ILSS) were related to the
degradation of the fiber-matrix interphase. Lower ILSS of hydrother-
mally aged (wet) samples was attributed to: (a) plasticization of the
epoxy matrix; (b) plasticization and degradation of the sizing-rich
interphase, including formation of hydrolytic flaws and deterioration
of strength transfer between the fiber and the matrix; and (c) hydrolytic
degradation of the glass fiber surface. The kinetics of W2020 hydrolysis
provided an estimate of ca. 1.49%, 4.80%, and 8.49% of the total
composite interphase degraded after 23, 75, and 133 days, respectively.
At these conditions, the interface lost 39%, 48%, and 51% of its strength.
Upon re-drying the specimens, a significant part of the interfacial
strength was regained. The decreased ILSS of dried samples was related
to: (a) the irreversible hydrolytic degradation of the fiber-matrix inter-
phase, and (b) remained bound water (if some bound water remains, we
can still observe plasticizing effects). Furthermore, an upward trend was
observed, being 13%, 10% and 3% strength, respectively. Thus, indi-
cating a possibility of partial self-healing of the composite interphase
(partial rebinding of the silanes to the glass fiber surface), although

Fig. 7. Microscopy of GFRP specimens showing signs of delamination (left: dry configuration; right: wet aged configuration).
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additional evidence is required to confirm such hypothesis.
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