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This is a first study comparing dielectric spectroscopy and gravimetric measurements of moisture uptake
in pultruded glass fibre reinforced polymers (FRPs). Specimens were subjected to sub-Tg hygrothermal
aging for 224 days. Impedance spectra in the frequency range 0.1 Hz to 10 MHz were captured during
exposure and compared with gravimetric measurements. Moisture concentration was found to increase
the FRP’s dielectric permittivity monotonically and decrease bulk resistance. High quality dielectric data
was obtained as moisture uptake is independent of inherent changes suggested by mass loss which com-
promise gravimetry. Dielectric measurements remained sensitive to moisture despite significant mass
loss, which typically distorts the weight gain process complicating the commonly adopted gravimetric
methodology. Real-time dielectric measurements were obtained from FRP specimens continuously
immersed in water and without making use of any additional sensing elements. The novel approach
adopted is of high commercial impact as moisture uptake control is recognized as a significant problem
by industry.

© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
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1. Introduction

Pultruded FRPs are commonly used materials in the civil engi-
neering sector. They are usually employed as primary and sec-
ondary structural elements providing high resistance to extreme
environmental conditions [1,2]. Compared to conventional engi-
neering materials such as steel, FRPs possess high strength and
stiffness-to-weight ratios as well as flexibility in the design of com-
plex shapes [3-9]. In addition to bridge engineering, civil FRPs [10]
are used in a variety of other engineering applications including
facades, off-shore and on-shore platforms, wind turbine blades,
ladders and composite utility poles [6,11,12], as well as reinforce-
ment of concrete [13] and steel [14] structures.

It took many years for FRPs to enter the civil engineering market
due to the increased manufacturing costs and lack of long-term
service experience. The latter combined with the high retrofitting
costs and the extensive maintenance regime has increased the
need for efficient structural health monitoring in-service, which
is crucial to the widespread adoption and safe design of FRP struc-
tures [15].

* Corresponding author.
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The primary cause of FRP structural degradation during service
is environmental aging [15]. It has long been known that moisture
absorbed during service has deleterious effects on FRPs’ structural
performance [1,15-17]. Absorbed moisture influences the electri-
cal [18], physical, chemical and mechanical properties inducing
both reversible and irreversible changes [19]. Reversible changes
are physical, involving dimensional and mechanical property mod-
ifications [20]. Irreversible changes are attributed to chemical reac-
tions resulting in permanent property changes. Matrix cracking,
chain scission, residual cross-linking, hydrolysis, oxidation, soften-
ing and plasticization are the major effects of such moisture
absorption [21,22]. In FRPs, moisture penetrates the surface and
then diffuses and/or ‘wicks’ in the interior of the composite struc-
ture. Fibre/matrix interfacial loss reduces the adhesion between
the fibre reinforcement and the matrix [23,24] enhancing interfa-
cial capillary action by uncovering the reinforcement and therefore
promoting fibre degradation. It has also been reported that mois-
ture also attacks the fibre reinforcement itself, leading to signifi-
cant mechanical property loss [25]. Capillary action or ‘wicking’
along the fibre reinforcement/matrix interface has been shown to
be more pronounced than moisture diffusion within the composite
matrix [26] which is verified by the higher amount of absorbed
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moisture uptake in reinforced composites vs. plain resin polymers
[27,28].

Water in composites can exist in different forms; free water
molecules (unbound) which have diffused into the ‘free-volume’
from the outer surface of the composite, and water bound with
the polymer matrix chain network [29]. Bound water is reported
to induce the chemical interactions with the matrix compounds
and is extremely difficult to be removed after drying [30-32].
Moisture concentration increases with time and reaches a satura-
tion point after an extended period of time which is always depen-
dent on the exposure temperature, the type and thickness of the
material. Generally, moisture absorption in polymer composites
follows a Fickian diffusion trend [15]. However, Fickian theory is
unable to describe the moisture diffusion process when significant
mass loss due to chemical decomposition occurs simultaneously
with moisture absorption [33]. Other models have also been docu-
mented to describe the moisture diffusion kinetics, such as the
Langmuir model [34]. Fig. 1 depicts 3 moisture uptake vs. time
curves that are representative of (a) a classical Fickian diffusion
three-stage curve with no mass loss, (b) a diffusion curve affected
by mass loss taking place, and, (c) a ‘true’ diffusion curve when
mass loss takes place without affecting the moisture uptake
measurements.

For the assessment of moisture absorption characteristics, the
gravimetric methodology has been largely employed by many
researchers in both fully immersed and humidity-exposed condi-
tions [3,15,20,33,35,36]. However, interpretation of gravimetric
data becomes challenging when swelling, polymer relaxation and
chemical decomposition processes take place at the same time as
moisture absorption [37]. Dimensional changes due to swelling
differentiate the ‘free-volume’ [20]. Chemical decomposition
results in significant mass loss. This mass loss, which stems from
the initial dry mass of the material, masks the mass gain due to
moisture absorption [33]. Here an innovative method of probing
moisture absorption in polymer composites via Electrical Impe-
dance Spectroscopy (EIS) [38,39] is presented. Impedance spec-
troscopy is efficiently employed to capture moisture ingress
independently of mass loss. Preliminary experiments of the pre-
sent work were published in [40]. Conventional EIS has been
extensively used to study corrosion of metallic materials [41] and
metal coatings [42]. Dielectric property measurements have been
applied to monitor curing of polymer matrix composites [43,44],
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Fig. 1. Representative plot of (a) a classical Fickian diffusion three-stage curve with
no mass loss, (b) a diffusion curve affected by mass loss and (c) a ‘true’ diffusion
curve when mass loss takes place without affecting moisture uptake measurements
for Mass gain (%) vs. v/t. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

environmental degradation [45], damage [46-48] as well as the
dispersion of nano-particles in polymer matrices [49,50]. Impe-
dance spectroscopy measurements have been used to study mois-
ture movement in mortar based construction materials [51,52] in
addition to the more recent use in medical applications for mois-
ture monitoring of wound dressings [53].

EIS is very sensitive to the presence of water due to the charge
associated with the dipoles of water molecules [39,54]. Impedance
measurements are expressed by the dielectric properties of the
interrogated polymer composite coupled with the dielectric prop-
erties of the absorbed moisture [55]. The amount of moisture
absorbed can be correlated directly with changes in the dielectric
properties of the system. Impedance measurements involve the
imposition of an AC potential field in a capacitor-like form. This
field polarizes both the polymer and the water molecules (dipole
polarization of the polar groups) inducing a frequency dependent
displacement.

Maffezzoli et al. have used dielectric measurements to monitor
water uptake characteristics in epoxy resin materials exposed to
hygrothermal environments. Permittivity changes were used to
determine moisture diffusion coefficient values and were evalu-
ated against conventional gravimetric measurements. However,
quantitative measurements of water uptake were not feasible. In
the same work, an embedded dielectric sensor was adopted to
record permittivity changes of samples that had to be removed
from the aging medium for measurement [56]. Fraga et al. studied
moisture uptake in polyester matrix glass [57] and jute [58] rein-
forced composites via the dielectric response and gravimetric mea-
surements. Again, the interrogated samples were removed from
the aging baths for the mass and dielectric measurements to be
recorded. An increase in dielectric constant with moisture absorp-
tion was observed. Estimation of diffusion coefficient was also per-
formed. However, quantitative measurements of moisture content
were not made. Maxwell et al. studied the dielectric response of
epoxy resin absorbing moisture over extremes of temperature
(=60 °C to 70 °C) and distinguished the effect between ‘unbound’
and ‘bound’ water [59]. It was found that the behavior of dielectric
conductivity is correlated with the water’s molecular mobility.
Chauffaille et al. applied electrical impedance spectroscopy to
measure moisture uptake characteristics in thin polymeric adhe-
sive films [39]. Moisture diffusion coefficient and moisture content
were measured by bonding thin aluminum sheets to the polymeric
film to act as measuring electrodes. In this work a methodology for
permittivity suggested by Brasher and Kingsbury in 1954 was
adopted [60]. Davis et al. demonstrated similar studies in adhe-
sively bonded joints [55] as well as CFRP-reinforced concrete struc-
tures. Moisture ingress increases the amount of polar molecular
fragments (contribution of both the large dipolar character and
high mobility of polymer molecules) and therefore increases fur-
ther the permittivity and phase delay [61,62]. As a consequence
of the presence of mobile water dipoles, the overall conductivity
of the exposed material is expected to increase at higher values
of moisture ingress [63].

Although, it has been evident that impedance spectroscopy is
sensitive to the presence of moisture or changes in moisture con-
tent, it is challenging to ascribe changes in impedance measure-
ments to changes in moisture content alone. The dielectric
properties of a polymer-water system are influenced by the nature
of interaction between the water molecules (bound or unbound),
the interrogated material, the polarization of the tested material
and the surrounding system, the measuring electrodes as well as
the electrical properties of the interrogated system as a whole.
These parameters play a significant role in the dielectric measure-
ments. Since dielectric changes are strongly associated with
changes in moisture content, they carry important information
that may be utilized as an efficient indicator of characteristics
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and properties which would otherwise be impossible to detect
with the existing gravimetric experimental techniques.

This paper describes an innovative tool based on EIS for the
monitoring of moisture absorption in a commercially available
composite engineering material in real time. The proposed tech-
nique is presented through a complementary study based on gravi-
metric measurements revealing the superiority of EIS to efficiently
capture moisture uptake characteristics. The EIS tool is aimed to be
used in the field for capturing moisture uptake characteristics dur-
ing service. Specimens were fully immersed in tap water at 60 °C in
a thermostatically-controlled water tank. Metallic electrodes were
applied to parallel faces of each specimen forming a capacitor, cap-
able of capturing the dielectric property changes of the material
during exposure. Samples were immersed in water continuously
with connections allowing the dielectric data to be measured in-
situ without the need of removing the samples. Moisture uptake
measurements were extracted from the impedance data and plot-
ted against gravimetric measurements to reveal; (i) the effective-
ness of impedance spectroscopy to determine moisture uptake
characteristics, and (ii) the mass loss effect which masks the mois-
ture uptake measurements and thus the validity of gravimetry. The
comparative study is apart from proposing a new tool, enhancing
our understanding on the moisture uptake characteristics of pul-
truded FRP composites. This paper is part of an extensive study
regarding the effects of moisture on the durability of polymer com-
posites (DURACOMP project, Providing Confidence in Durable
Composites, EP/K026925/1, EPSRC).

2. Experimental procedure
2.1. Material

A 5-ply commercially available glass FRP pultruded profile
[FS040.101.096A] was studied provided by ‘Creative Pultrusions
Inc., PA, USA'. The nominal thickness of the profile was approxi-
mately 6.4 mm. The outer surfaces of the laminates were covered
with an additional protecting and non-structural polyester veil
providing the dual functions of retarding moisture ingress and pro-
tecting the PFRP material from UV radiation. E-glass fibres served
as the reinforcement and an isophthalic polyester resin formed
the matrix of the composite. Fig. 2 shows the structure of the
tested FRP material which consisted of 3 continuous strand mats
(CSM) and 2 unidirectional (UD) layers with 33.3% fibre and
54.5% fibre volume fractions, respectively.

2.2. Preparation of samples for dielectric measurements

To facilitate dielectric measurements, ~1mm flat copper sheets
were bonded at the outer plane surfaces of the 40x20x6.4 mm FRP

Continuous
strand mat

UD roving

samples. The following steps were followed for the preparation of
the AC electrical contacts: (i) light abrasion of the plane surfaces
with an emery cloth, (ii) thorough cleaning with distilled water,
(iii) application of silver conductive paint on the abraded surfaces,
(iv) bonding of copper sheets with silver adhesive paste, (v) solder-
ing of cables (leads) to provide electrical continuity with the impe-
dance analyzer and (vi) sealing of the copper sheets and cables
with a thick epoxy layer to prevent short-circuits. The dielectric
setup is schematically presented in Fig. 3. Samples are shown to
be continuously immersed in the water medium and always con-
nected to the impedance analyzer through cables. The two metallic
plates form the capacitor required to obtain the dielectric
measurements.

In the author’s previous study on the hygrothermal aging at 60
°C [33], it was reported that the moisture content of the interro-
gated FRP at equilibrium is dependent on both the sample-size
and sample-configuration. It was found that the examined FRP
reaches a maximum moisture content at equilibrium that ranges
from 1.82% to 2.34% per weight, for square samples with dimen-
sions of 40 x 40 mm, 80 x 80mm and 200 x 200 mm |[33]. This
variation was attributed to the effects of significant mass loss
due to leaching, during hygrothermal exposure, stemming from
the fibre/matrix interfacial area [64].

2.3. Testing procedure

2.3.1. EIS measurements

EIS measurements were conducted using a Numetric PSM3750
impedance analyzer (Newtons 4™ Ltd, UK). N4L software was used
for data acquisition. As Fig. 3 illustrates, leads soldered in the mid-
dle of the outer surface of the copper sheets (that covered the sides
of the specimens) providing connection with the impedance ana-
lyzer. A double epoxy layer and aluminum tape were used on top
of the copper sheets to prevent moisture ingress/loss and contact
with the water medium. All interrogated samples were oven-
dried at 30 °C for 72 h in order to expel absorbed moisture from
the environment prior to immersion in the water tank (Grant,
UK) at 60 °C. During recording of the aforementioned dielectric
measurements, the samples remained immersed in the water med-
ium, i.e. they were not removed. Frequency scans were undertaken
from 0.1 Hz to 10 MHz at prescribed time intervals for a maximum
of 247 days. Impedance data was collected in 64 steps during the
frequency sweep at an excitation voltage of 30 mV. The excitation
voltage follows the following form:

E; = E,sin(wt) (1)

where E; is the voltage at time t, E, the amplitude of voltage (signal)
and w the radial frequency. The radial frequency is expressed as:

w =27nf (2)

Surface veil

AR T

Surface veil

Fig. 2. FRP profile schematic representation.
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Fig. 3. Schematic representation of the experimental setup. (a) sample and (b)
water tank. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

where f is the frequency. For a linear system the response signal is
shifted in phase @ and has difference amplitude I,:

Iy = I,sin(wt + @) (3)

Therefore, through the Ohm’s law we may calculate the impe-
dance of the system Z:

_E Esin(wt) sin(wt)
I Isin(wt+ @) Csin(wt + @)

z (4)

and by making use of Euler’s relationship, impedance can be
expressed as a complex number:

E . . . sl
Z(w) = 7= Z, exp(j®@) = Z,(cos® + jsin®) = Z' +iZ (5)
where Z is the total impedance of the system, Z' the real and Z”

imaginary components of impedance, given as:
Z' = |Z|cos® (6)

7" = |Z|sin® (7)

where |z| is the magnitude of the impedance expressed as:
2= @)+ @) ®)

The electrical impedance is usually represented by the complex
dielectric permittivity, ¢*, which is expressed by the dielectric per-
mittivity and the dielectric loss of the system:

&(w) =¢(w)+ig" (w) (9)

Dielectric permittivity (¢') is the real part of the permittivity and
represents the ability of a material to store energy, while the
dielectric loss (¢”) is the imaginary part of the permittivity which
is associated with energy dissipation phenomena [56,65]. The real
part of permittivity is calculated using Eq. (10):

, Z// h
CT 7 ok, 10
where h is thickness, A is the area, w is the angular frequency, and ¢,
the electrical permittivity of free space. Fig. 4 illustrates a schematic
representation of the dipoles yielded from both the FRP and the
absorbed water molecules which polarize according to the direction
of the electrical field.

Experimental data was modelled by using an equivalent electri-
cal circuit that simulates the dielectric behavior/profile of the
interrogated material during hygrothermal exposure. Equivalent
circuit modelling was developed using Zman Impedance Spec-
troscopy Analysis software (Zive Zman, Korea). The circuit adopted
was proposed by Davis et al. [38,66] for modelling the dielectric
behavior of FRP composites (Fig. 5). Other more complicated cir-
cuits provided better fitting in most cases, but they could not com-
ply with the parameters of the circuit. Given the gradual diffusion
of water inside the FRP material, impedance spectra alter with
aging time and therefore no single equivalent circuit was suitable
for all the captured spectra. However, the simple circuit that was
adopted in this study was found to generally provide acceptable
output parameters and hence was considered suitable for mod-
elling. The fitting quality was evaluated using the Nyquist and
Bode plots. Fig. 5 illustrates the equivalent circuit used here.

2.3.2. Gravimetric measurements

Gravimetric measurements were conducted parallel to the
impedance measurements. Samples were weighed using a digital
analytical scale of 0.001 mg accuracy. Relative (M (%)) moisture
uptake increase was determined using Eq. (11) (ASTM D5229):

M; — Mo
Mo

where M, is the measured moisture mass at time t and M, the initial
dry mass (reference state). Moisture uptake measurements were
conducted over a period up to 224 days [67]. For calculation of
the moisture diffusion coefficient, Fickian theory (Fick’s 2nd law)
is commonly employed assuming uniform moisture and tempera-
ture conditions inside the material:

ax  oC

5= D e (12)
where x the is the distance along the thickness (h) of the material,
the concentration of the water (C) and the diffusion coefficient
value (D) [68]. Moisture absorption and diffusion processes are
functions of temperature, the type of the material, fibre orientation
and the fibre volume fraction [69,70].

Assuming that classical Fickian diffusion takes place, the diffu-
sion coefficient (D) is calculated for the initial linear part of the
moisture uptake vs. time curve as shown in Fig. 6. The slope of
the linear part is given by:

M, — M,
Vi — Vi

In classical Fickian behavior, diffusion coefficient is a constant
parameter with respect to moisture concentration and tempera-
ture exposure. Typically, prolonged exposure induces deviation
from the classical Fickian diffusion process and non-Fickian diffu-
sion might take place [36,68].

From Eq. (12), according to [68], the solution for the 1D case is:

00 2,2
#:1752 L (D(2k+1)7tt> (14)
o0 k=0

M (%) = « 100% (11)

Slope = (13)

T4 (2k + 1) h?

Subsequently, Eq. (14) can be simplified for short and long-term
approximations, respectively:
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Fig. 5. Adopted equivalent electrical circuit; Rs=solution resistance, Rc = pore
resistance, Q = constant phase element, Rt = interfacial resistance, Cc = capacitance.
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Fig. 6. Diagram of a classical Fickian diffusion three-stage curve for M(t) vs. v/t and
the maximum absorbed moisture content M. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

Dt 2
=2\ for Dt/h” < 0.04 (15)
M, Dt 2
M—mfl—n—exp<h—7r) for Dt/h” < 0.04. (16)

As long as M., can be established from a gravimetric curve
(Fig. 6), D for a statistical homogeneous material can be deter-
mined using the following expression and two points of the mois-
ture uptake M; and M, at times t; and t,: (Fig. 6):

ol (B2 (1)

where [ and w represent length and width of the sample respec-
tively. In Eq. (17) moisture diffusion process is assumed to occur
mostly in the thickness direction. The final dimensional parameter
in Eq. (17) accounts for the contribution in moisture absorption
through the (cross-section) edges of the material [36]. It should
be noted that, due to the peculiarity of the EIS testing, the case-
tailored samples have mainly the cross-sectional edges exposed to
water. This practically alters the kinetics of moisture absorption
with respect to a real scenario, that of a fully exposed FRP sheet.

(17)

3. Results and discussion
3.1. EIS analysis

The subjection of a dielectric material/medium to an external
AC electric field triggers its intrinsic atomic and molecular charges
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to polarize according to the direction of the applied external field.
In this respect, the dielectric behavior of the material (susceptibil-
ity to dielectric polarization) is modified when water molecules
penetrate the initially dry structure, thereby rendering their pres-
ence detectable. Absorbed water molecules will expectedly have
an impact on the (i) dielectric permittivity (permittivity of air is
lower than the permittivity of water) and (ii) magnitude of impe-
dance (water is more electrically conductive than air).

Fig. 7 displays a 3-dimensional Nyquist plot for a representative
sample aged for 224 days in water at 60 °C. After a reference spec-
trum was taken (before immersion-dry state), frequency sweeps
were recorded at distinct time frames over the course of the aging
period. Impedance measurements were acquired without remov-
ing the samples from the water tank. Inspection of the Nyquist plot
reveals an arc (semicircle) possessing a single time constant which
is indicative of a strong capacitive element which is deescalated
with respect to the moisture uptake (aging time). Furthermore,
the radius of the arc exhibits a monotonic depression with aging
time which corresponds to the reduction of resistance of the sys-
tem. This is attributed to the combined electronic polarization of
the polymer composite influenced by the presence and concentra-
tion of the water molecules.

The presence of water within the FRP composite affects both the
real and imaginary components of the impedance data. The real
component is decreased due to enhancement of the system con-
ductivity which can be attributed to the presence of the highly con-
ductive water molecules, and the imaginary part of the impedance
is decreased as the quantity of penetrated water increases, thus
minimizing the inertia effects and the energy losses. Data collected
at low frequencies in the transient state are attributed to the influ-
ence of the electrode leads connected to the samples. The increased
magnitude of the recorded impedance shown in the Nyquist (Z’ vs.
Z") plots, was mainly due to the electrochemical state of the polye-
ster matrix. This behavior was similar to conductive-particle rein-
forced materials [71,72]. Fig. 8 depicts a 2-dimensional Nyquist
plot for the same sample. The real (Z') and imaginary (Z") parts
of impedance were also fitted employing the equivalent electrical
circuit manifested in Fig. 5. As can be seen, the adopted equivalent

240K
reference
180K ay 1
3 420
N day|2os

Fig. 7. Nyquist plot of the real and imaginary parts of impedance for a period of
224 days. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

electrical circuit, shown by solid lines, efficiently simulates the
impedance data and also allows for the subsequent efficient deter-
mination of various dielectric features of the polymer composite
system under investigation such as electrical permittivity. The
recorded semicircles describe the effect of dipolar polarization, dri-
ven by the absorbed water molecules within the polymer compos-
ite structure. The water molecules possess significantly higher
values of permittivity increasing the mobility of the charge carriers
(dielectric activity) of the interrogated system. The dielectric
response of the material is thus dominated by the presence of
the absorbed water molecules. The amount of water molecules
has a cumulative effect on the dielectric response of the system
forming a conductive network within the composite structure. This
cumulative effect is manifested by the reduction in the bulk resis-
tivity of the recorded system or the equivalent increase in the
recorded permittivity values.

The calculated dielectric permittivity is attributed to all the
dielectric properties between the electrodes/copper sheets; the
polymer composite material and the moisture concentration that
is absorbed filling intrinsic air gaps. Since the dielectric permittiv-
ity of the water molecules is significantly higher than that of air,
the increase in the recorded permittivity of the system shown in
Fig. 9 can be directly attributed to the presence of water molecules.
It is well known that the presence of moisture in eoxy based FRPs
may result to softening, swelling, and in some cases plasticization
of the matrix [64]. Therefore, a small fraction of the absorbed water
molecules may ultimately be bound to the polymer chains, as
hygrothermal aging proceeds, gradually increasing the mobility
of the polymer chains. Increased polymer chain mobility is likely
to modify the electrical signature of the polymer matrix itself in
the long run (irreversible plasticization). Fraga et al. [73] proposed
a relationship that describes the dynamic dependence of electrical
permittivity on the relative changes in water concentration and
polymer chain mobility. Any intricacies of the potential change in
the electrical signature of the composite when hygrothermally
aged are here being neglected. As shown in Fig. 9, dielectric permit-
tivity decreases at higher frequencies (irrespective of the moisture
content), but increases as moisture concentration increases.

Fig. 10 depicts the development of the magnitude of impedance
during hygrothermal exposure. After a very high reference value
recorded for the dry state, impedance values were then dominated
by the presence and accumulation of water molecules inside the
structure of the polymer composite. It is worth noting that at
low frequencies the measurement of the magnitude of impedance
for the dry reference state was unstable and therefore only data
greater than ~10° Hz are considered. A distinct impedance transi-
tion phase is evident in the frequency spectrum between 10° and
10* Hz where the ohmic behavior of the material changes to purely
capacitive and frequency-dependent while the material fails to
impede the imposed electric field. In addition, as the concentration
of water increases, the transition frequency where hysteretic phe-
nomena occur, shifts towards higher frequencies of the impedance
spectrum. This effect can be attributed to the increased mobility of
charged carriers and their ability to follow the variations of the
external field even in high frequencies.

3.2. Moisture uptake characteristics

In this section, a quantifying analysis of the findings of the
impedance spectroscopy readings is presented. Impedance spec-
troscopy data were analyzed with a view to determining the exact
moisture uptake characteristics i.e. moisture content absorbed by
the polymer composite during hygrothermal exposure.

In parallel to the impedance measurements, gravimetric mea-
surements were conducted. A second set of samples (5 in total)
of identical configuration and dimensions to that of the impedance
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test samples, were hot/wet aged under identical conditions by
recording their weight for a period of 224 days according to the
procedure described in Section 2.3.

With respect to the impedance spectroscopy data, moisture
uptake characteristics were determined by adopting the procedure
reported by Davis et al. [55]. For the determination of the
relative moisture uptake increase (M (%)), the following equation
was used:

gi_1 ¢
M(%):W:OO47(E*1) (18)

where C; is the initial (reference) capacitance of the material
recorded at the dry state before exposure, C the capacitance of the
material at a given time stage, ¢,, the dielectric permittivity of water
and &qomp the dielectric permittivity of the composite.
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Fig. 11 depicts a comparison of the experimental findings via
the gravimetric and electrical impedance methodologies. Water
uptake is plotted as a function of time for the samples aged in
water for more than 224 days. The y-axis represents the M (%)
derived from Eq. (1) for the gravimetry (marked with blank circles)
and Eq. (18) for the impedance spectroscopy (marked with filled
squares), while the x-axis is a linear scale of time in days. From
the author’s previous work, samples of the same material aged at
60 °C reached a maximum of 2.34% moisture content, by mass,
for 40 x 40 mm? samples, after 224 days over the course of which
samples had lost 1% of their initial dry mass due to leaching (chem-
ical decomposition) [33]. Here, samples reached a maximum of
1.9% and 2.9%, for the gravimetric and dielectric measurements,
respectively, thereby revealing the effectiveness of EIS as a replace-
ment for gravimetry in FRP testing. It can be seen in Fig. 11, mass
gain measured with gravimetry reaches a maximum at 1.9% (aging
day 195) and then decreases with time to 1.64% after 224 days, due
to significant mass loss. On the contrary, mass gain monitored with
impedance spectroscopy, keeps increasing even after 224 days,
indicating that ‘true’ moisture uptake lasts longer than that sug-
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Fig. 11. Moisture uptake vs. time calculated with gravimetry (weight measure-
ments) and impedance spectroscopy. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

gested via gravimetry while saturation has not yet been reached
[74]. It is known that when moisture penetrates a polymer com-
posite, it induces chemical decomposition which leads to substan-
tial mass loss, masking the gravimetric measurements of moisture
absorption. Along with mass loss, matrix cracking and fibre/matrix
interfacial failure are highly likely to increase the internal ‘reser-
voir’ for more water molecules to penetrate. The latter effect goes
undetected when conventionally recording the weight gain of the
aged FRP samples. On the other hand, impedance spectroscopy,
being independent of mass loss, is thus capable of capturing the
‘true’ moisture uptake during aging as dielectric measurements
are only dependent on the differences in permittivity between
air-gaps and water molecules. Therefore, impedance spectroscopy
can be employed as a smart tool for ‘true’ moisture uptake moni-
toring in polymer composites that undergo chemical decomposi-
tion as well as in real applications of construction polymer
composites during service.

It should be noted that since EIS deals with the electrical profile
of the material, it is possible that the electrical measurements will
be affected by the wet environment surrounding the location of
measurement. For the fully immersed case (like the one here),
assuming that the water medium is infinite, any possible electrical
leakage may be considered as a relatively constant factor in all
measurements, without problematically complicating the overall
recording of the EIS readings. However, significant fluctuations in
the service environment (i.e. absorption-desorption cycles, etc.)
might influence the EIS data and such an effect should be taken
into account and calibrated.

4. Concluding remarks

Pultruded FRP composites are prone to swelling, polymer relax-
ation and chemical decomposition when subjected to severe envi-
ronmental conditions. Chemical decomposition leads to mass loss
of the initial dry mass, as a result of effective ion leaching. An
investigation of moisture uptake characteristics of such composites
with the conventional gravimetric methodology, usually fails, due
to the lack of appropriate interpretation means of this significant
mass loss exhibited by weight measurements.



116 S.A. Grammatikos et al./ Composites: Part A 105 (2018) 108-117

This study proposes EIS, as an efficient solution for monitoring
moisture uptake characteristics of construction pultruded FRP
composites. The proposed methodology captures changes in the
dielectric behavior of the FRPs caused by the presence of moisture.
The study was conducted on a commercially available pultruded
FRP sheet, fully immersed in water at 60 °C. To explore the effec-
tiveness of the proposed system, the EIS measurements were con-
tradicted with gravimetric data recorded in parallel. The dielectric
properties were captured in real time without removing the sam-
ples from the water tank which is not the case for gravimetry.
Gravimetric measurements revealed that moisture saturation
was reached after 224 soaking days. After that, gravimetric mea-
surements were shown to be largely affected by mass loss due to
leaching. On the other hand, hygrothermal exposure induced
somehow linear changes to the dielectric properties such as mag-
nitude of impedance and electrical permittivity. Moisture uptake
was shown to continue beyond the point at which it was not mea-
sured by gravimetry. This confirmed the high sensitivity of impe-
dance measurements to moisture absorption but also the
independency of significant mass loss due to chemical decomposi-
tion when using EIS. Also, it is highly likely that mass loss increased
the intrinsic space available within the material to absorb water
molecules, contributing to a further marginal increase of moisture
content and subsequent change in dielectric properties. Thus, mass
loss masks the true moisture absorption when measured with
gravimetry, which fails to capture the resulting secondary mois-
ture absorption effects.

In conclusion, impedance spectroscopy, independent of mass
loss, is capable of capturing the ‘true’ moisture uptake during envi-
ronmental exposure since dielectric measurements are only
dependent on permittivity differences between air and water
molecules. Impedance spectroscopy can be employed as an effi-
cient tool for the study of moisture uptake characteristics of FRP
composites in laboratory environments as well as in field applica-
tions of construction FRPs.
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