
Changes in the dielectric relaxations of water in epoxy resin as a function

of the extent of water ingress in carbon fibre composites

Pascal Boinarda, William M. Banksa, Richard A. Pethrickb,*

aDepartment of Mechanical Engineering, University of Strathclyde, James Weir Building, 75 Montrose Street, Glasgow G1 1XJ, UK
bDepartment of Pure and Applied Chemistry, University of Strathclyde, Thomas Graham Building, 295 Cathedral Street, Glasgow G1 1XL, UK

Received 7 April 2004; received in revised form 9 November 2004; accepted 10 November 2004

Available online 27 January 2005

Abstract

Dielectric relaxation measurements are reported over a frequency range from 10K1 to 109 Hz as a function of exposure time for an epoxy

resin–carbon fibre composite, ageing at 60 8C in water. Investigation of the nature of the dipole relaxation of the water molecules, indicates

the nature of their interaction with the polymer matrix. Analysis of the dielectric relaxation spectra allow identification of processes that can

be attributed to ‘free’ and ‘bonded’ water, water in micro-cracking, located in carbon fibre disbonds and plasticizing the polymer matrix.

Identification of the various types of location in which water exists was aided by use of the Ng factor from the Kirkwood–Frölich equation,

which describes the constraints on free dipole ration nature imposed by the environment in which it is located. These data indicate the power

of the dielectric technique for quantitative analysis of water ingress into epoxy composites.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Because of their specific strength, high temperature and

chemical resistance and ease of processing, epoxy resins are

used for a wide range of applications, including being a

major matrix material for carbon fibre composites However,

moisture ingress into epoxy resins can have a disadvanta-

geous effect on their mechanical properties. Water pen-

etration in epoxy resins tends to decrease the modulus of the

matrix and if it is allowed to segregate, can causes blistering

and environmental stress crazing. It has been proposed [1,2]

that the transport of moisture below Tg is a three-stage

process: (i) diffusion of water through the bulk of the

polymer network, (ii) absorption of moisture on the surface

of vacuoles that define the excess free volume of the glassy

structure and (iii) through hydrogen bond formation

between hydrophilic groups associated with hydroxyl or

amine groups attached to the polymer chain and the water
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molecules. The available free volume in the resin [2,3]

influences the water equilibrium concentration and can in

addition occupy microvoids and other morphological

defects [4–7]. A proportion of the water in the microvoids

will be bound to hydroxyl and other polar groups which

form the surface of the cavity, rather than being in the free-

unbound state [4]. Spectroscopic investigation suggests that

water molecules, dispersed in the epoxy resin, are linked by

strong hydrogen bonds to hydrophilic groups [8,9], mainly

hydroxyl [10] or amine groups [11]. When exposed to

hygrothermal environments, epoxy composites undergo

degradation which manifests itself in terms of reduced

structural performance [12–14]. The absorbed moisture is

able to facilitate relaxation of the polymer chains leading to

changes in the residual stress distribution, plasticisation of

the epoxy matrix and the formation of new micro-voids and/

or micro-cracks in the resins [15–18]. Some of these

degradations or physical ageing processes are closely linked

to the swelling processes observed in degraded composite

structures. Hahn [19] showed that the absorbed water

initially produces relatively little swelling, but once a

critical amount of water has been absorbed, subsequent

absorption leads to the resin increasing its volume
Polymer 46 (2005) 2218–2229
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proportionally to the additional water content absorbed.

This critical amount of water may be related to plasticiza-

tion of the matrix allowing stress relaxation and creation of

new micro-void and micro-crack formation.

Over the last few years, the interactions of water with the

surrounding polymer have been carefully studied using a

diverse range of spectroscopic techniques. However, no

definite conclusions have been drawn concerning the

precise nature of the interaction of the water molecules

with the epoxy resins.

This paper attempts to determine the nature of the

relaxation properties of water molecules in an epoxy resins

matrix by looking at the dipolar relaxation properties of

water using dielectric relaxation spectroscopy (DRS). The

dielectric relaxation spectroscopy method, is an extremely

effective method of characterising over a very large

frequency range, the molecular dynamics of liquids and

solids containing mobile polar groupings. The technique is

sensitive to orientational motions of permanent dipoles

fixed within the material and the translational contribution

of ions through the bulk material and within inclusions due

to the applied electric field. The DRS method has been

extensively used for the characterisation of polymeric

materials and in particular for the study of the cure process

in thermosets [20–24]. In principle, the DRS technique can

provide detailed information on the dipolar activity of the

material investigated. In certain systems, ionic conduction

may contribute to the electrical properties either as the dc

conductivity or polarisation associated with heterogeneities

within the resin. Both contributions can give rise to a large

dielectric loss and mask the underlying dipole processes.

However, in semi rigid solids, these ionic conduction

processes are usually suppressed and the dipole relaxation is

the main cause of the dominant frequency dependence of the

dielectric properties. Water has an exceptionally large

dipolar contribution and is ideally suited for investigation of

water ingress into the matrix material. Mashimo and co-

workers [25–28] spent the last 20 years investigating the

dynamics and structure of water in biological materials and

polymers in solution. They have successfully identified

relaxation processes associated with different states of water

which they designate free and bonded. Nowadays, the

development of computer controlled network analysers has

allowed the determination of dielectric properties in dense

materials such as epoxy composites and adhesives [29,30]

and allows measurements to effectively be made in real

time, allowing investigation of processes which are in a state

of dynamic change.
2. Experimental procedure

2.1. Materials

The adherents were manufactured from unidirectional

carbon fibre pre-impregnated epoxy film, trade named
914C-TS-5-34 supplied by Hexcel Composites. The pre-

impregnated film contains 66% by weight of high tensile

Toraya surface treated carbon fibres. The adhesive film used

is supported by a polymeric woven film and is a blend of

approximately 70% of bis[2-chloro-N,N-bis(2,3epoxypro-

pyl)-4-aminophenyl]methane and 30% of diglycidylether of

bisphenol A which was cured with about 3–7.0% of

dicyandiamide and between 0.5 and 1.5% of (N,N 0-

(methyl-1,3-phenylen)bis(N,N 0dimethylurea).

2.2. Manufacturing of composite panels

Carbon fibre pre-preg layers were used to produce a

series of different lay-up designs using a vacuum bag

procedure in an autoclave. Curing was achieved at a

temperature of 170 8C under a pressure of 7 bar. A post-cure

at 190 8C for 4 h was performed. Joints were manufactured

by joining two carbon fibre reinforced plastic (CFRP) plates

with a lay-up of adhesive films. The assemblage, placed in

an autoclave chamber, was cured using a vacuum bag

system at a temperature of 125 8C and a pressure of 2 bar for

1 h. The final system was a single lap joint made of 150 mm

length, 50 mm width and 1.8 mm thick CFRP plates bonded

over a 10 mm wide overlap by a 1 mm thick adhesive.

2.3. Gravimetric measurements

As soon as they were manufactured, the samples were

placed in a dessicator at room temperature in order to avoid

absorption of moisture prior to the ageing study. Gravi-

metric measurements were performed by removing the

samples from a water bath held at a constant temperature of

60 8C, rapidly removing excess surface water using tissue

paper and weighing using an electronic balance (Mettler

AJ100). The measurements were performed with an

accuracy of G0.1 mg. The samples used for the study

were coded, so that it was possible to determine individually

the weight difference for each coupon. The time required to

carry out the weighing of the coupons was typically less

than 2 min which was assumed to be sufficiently short not to

influence the values of the mass changes measured. The data

are an average for five coupons and the error bars are

indicative of the spread of values observed.

2.4. Dielectric measurements

The dielectric measurements were based on two different

methods, depending on the frequency range being investi-

gated. At low frequency (0.1 Hz–65 kHz), impedance

measurement was used. At high frequency (300 kHz–

3 GHz), the method was based on the transmission line

principle. Each technique allows determination of the

frequency dependence of the dielectric permittivity and

dielectric loss of the materials under investigation. Details

of the measurements can be found elsewhere [31–33]. The

high frequency dielectric measurements were performed
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using a computer control network analyser. The frequency

sweep was performed, acquired and analysed in less than

30 s. In the case of low frequency measurements, computer

control frequency response analyser was used and only five

points per decade were acquired minimising the total

measurement time to less than 2 min. The measurements

of the dielectric properties were conducted at ambient

temperature, which was 25 8C in the laboratory. The

thickness of the samples were measured using a digital

micrometer and the values taken were and average ten

points along the length of the coupon. The error bars

indicate the mean and maximum variation in the observed

values.

The ageing of the samples was carried out at 60 8C in a

water bath. In both cases, the time that the sample is out of the

ageing bath is sufficiently short for the sample not to have

changed andwas typically less thanfiveminutes. It is therefore

believed that over the time required for the measurements, the

state of the water does not vary significantly and the data can

be assumed to be a ‘snap shot’ of the system at the time of

measurement. The calculated error in the dielectric data is a

combination of the variation in the thickness of the samples

and reproducibility errors. Because of the intrinsic conduc-

tivity of the carbon fibres the dielectric measurements sample

the whole coupon and therefore that data are an average of the

effects across the whole sample. The data are an average for

the five coupons.
3. Results and discussion

3.1. Water uptake behaviour

The studies were carried out over a period of 5350 h, the

specimens spending 2255 h immersed in the 60 8C water

bath, followed by a period of 3095 h at 60 8C in an air-
 

Fig. 1. Water content in the joint structure during (–&
circulated oven. Fig. 1 shows the uptake and de-sorption of

water as a function of the exposure time to the hot/wet and

hot/dry environments. The data in this and subsequent

figures are plotted as a function of the root of time. The

water absorption by many thermoset materials has been

shown to follow a pseudo Fickian type of behaviour and it is

therefore appropriate to use this for in plots of the water

exposure. Two distinctive features can be identified.

It can be seen that the sorption and desorption processes,

do not following the same paths. It is believed that the

processes and energy involved for the diffusion of water

molecules into the polymeric materials are different from

those involved in the desorption process. In the former, the

water molecules are adsorbed at the surface of the resin and

will fill the surface voids and crazes and then penetrate into

the epoxy resin. The energy that is required for the

molecules to penetrate the resin will depend on the available

volume for their motion. The diffusion process will

therefore involve movement of water molecules through

the matrix aided by the existence of free volume.

Subsequently, further increase in the concentration of

absorbed water will require the polymer chains to be

separated and this will involve a relatively large amount of

energy. Therefore, the rate of sorption decreases as the

matrix approaches saturation and is controlled by the

capability of the network to rearrange to accommodate

the increased number of water molecules. However, the

absorbed water can plasticise the polymer matrix, create

new free volume and facilitate motion of the polymer matrix

allowing stress relaxation with change in the physical

dimensions of the polymer. The loss of moisture will lead to

a collapse of the matrix back to the structure before it

absorbed moisture and this intuitively would be expected to

be a reversible process. Other factors can also influence the

moisture absorption and desorption. It has been proposed [4,

5,18,34] that micro-cracking and disbonding between the
 

–) the sorption and ( ) desorption process.
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matrix and the carbon fibres can occur during the sorption

process, mainly due to the non-uniform swelling of the

epoxy resins matrix. These newly formed capillary

channels, will ease the loss of water molecules during

desorption. It is legitimate to assume that during the

desorption process, the first molecules to be desorb are

those involving the lowest energy. However this type of

hysteresis behaviour is similar to the absorption–desorption

behaviour of a gas on a surface with ‘ink bottle’ like pores

and therefore consistent with loss of moisture from a

channel like cavities. However, highly bonded water

molecules associated with the hydroxyl groups of the

polymer chain will remain in the resin structure and will

need more energy to be displaced from the hydrophilic sites

in the networks [35]. This leads to the second observable

feature: the water content does not decrease to zero but

reaches an equilibrium value of 0.13%. As moisture is lost

from the matrix there will be a commensurate loss in the

effects of plasticization and the matrix will become more

rigid and hence less able to allow moisture transport. Fig. 2

shows the variation of the thickness of the adhesively

bonded structure as a function of the water content.

During the first period, i.e. under 225 h of exposure or

1.25% water content, little or no variation occurs. For longer

times and greater water uptake there is a steady increase in

thickness as a function of time and water content. The first

period can be assigned to water molecules permeating the

resin matrix and may find and fill micro-voids without

changing the overall volume. These water molecules are

however forcing the polymer chains apart and induce

plasticisation, allowing stress relaxation. Subsequent water

absorption, generates swelling of the 3D network resin

structure and increases the thickness of the composite. The

variation of the thickness during desorption is different from

that during the sorption process. The hysteresis effect

observed are associated with the emptying of the pore

structure created during the absorption process and the
 

 

Fig. 2. Evolution of the thickness of the adhesively bon
subsequent loss of water is from the epoxy matrix material.

Therefore, desorption from the bulk, is mainly driven by

water transport through the previously formed channels and

does not affect the thickness. The water transport from the

matrix is steady and contributes to the decrease in the

thickness. The overall thickness at the end of the desorption

is slightly smaller than the original consistent with a

densification of the matrix material. The observed densifi-

cation is consistent with the resin having been plasticized

and being able to move to a thermodynamically more

favourable state through relaxation of the stresses frozen in

during the fabrication of the coupons.

3.2. Frequency domain analysis

The frequency domain analysis was carried out over nine

decades from 0.1 Hz to 100 MHz. Fig. 3(a) and (b) shows

the 3D plots of the dielectric permittivity and dielectric loss,

respectively, as a function of the exposure time and the

frequency. The initial section of the plot is monitoring the

water absorption by the coupon. After a time of 2255 h,

the samples were then placed in an air oven and the

desorption processes monitored. The initial large increases

in the dielectric permittivity and loss are observed to be

reversed in a similar manner to that observed for the

gravimetric measurements, Fig. 1. The changes in the high

frequency region of the dielectric spectrum may be

attributed to water that is dispersed in the matrix.

The dielectric permittivity and loss show an initial large

increase in the low frequency range, below 100 Hz, as

exposure time increases. The observed behaviour is a result of

a number of effects: (i) a dipolar contribution due to water

molecules dispersed in the epoxy resin matrix which is

typically observed around the kilohertz region, (ii) shifting of

molecular relaxation associated with the hydroxyl groups of

the polymeric matrix due to plasticization which is typically

observed in the region 1 Hz–1 KHz, (iii) ionic contributions:
ded structure as a function of the water content.



Fig. 3. 3D representation of (a) the dielectric permittivity and (b) the

dielectric loss as a function of the frequency and the exposure time to the

hot/wet–hot/dry environments.
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dc conductivity, MWS and blocking electrodes effects which

are typically observed below 10 Hz. The higher frequency

contribution above 1 MHz,will also contain contributions due

to water which is clustered in voids. In a dicyandiamide cured

material, the proportion of hydroxyl groups created will be

lower than in an amine cured resin which is reflected in the

absence of the usual hydroxyl relaxation process at approxi-

mately 10 KHz. The 3D plots of the dielectric characteristics

show a sharp decrease of the permittivity and the loss at the

start of the desorption process. The original values seem to be

recovered after only a fewhours of desorption. Thehigh rate of

desorption is the result of loss ofwater inmicrovoids aswell as

plasticising the polymer network.
Fig. 4(a) and (b) represents the dielectric permittivity and

dielectric loss data, respectively, as a function of the

frequency.

As the desorption progresses, it can be seen in Fig. 4(a)

that the dielectric permittivity recovers its initial values over

the full range of frequency after 1500 h spent in the 60 8C

air-circulated oven. The dielectric loss does not recover its

initial value in the low frequency range. Moreover, Fig. 4(b)

shows a novel feature around 20–30 Hz that can be

attributed to a combination of effects. The ingress of

moisture will induce morphological changes of the epoxy

materials. The swelling of the polymer matrix will plasticise

the matrix, allow stress relaxation and stress redistribution.

The water can segregate to the fibre–matrix interface and

induce dewetting of the fibre by the hydrophilic resin.

Disbonding around the fibre may take place in the swollen

state, creating new surfaces and these voids can exhibit

characteristic relaxation features. It can be seen that the

dielectric loss recovers rapidly its value at high frequency

that is consistent with the idea that the free water molecules

are in voids or channels which are easily accessible to the

surface. Hasted [36] demonstrated that water interactions

occur mainly through hydrogen bonding. At hydrophobic

interface, the water molecules will not be part of an

extensive hydrogen bond network and will behave as

isolated dipoles. Therefore, different types of dielectric

relaxation would be expected. However, a continuous

variation of relaxation time of the water dipoles from the

interfacial to the bulk material would cause its total loss

spectrum to become broad as seen in Fig. 4(b). Moreover, in

the case of conductive materials, the dipolar relaxation is

embedded in an ionic contribution arising from the

formation of an electrical path between the electrodes or

MWS processes associated with water filled voids.

To differentiate the dipolar relaxations from the ionic

contribution, one has to use the complex electrical modulus

formalism [37–39]. In these systems where the low

frequency region is a complex mixture of processes it is

appropriate to adopt this alternative approach rather than

attempting to fit the data with an undetermined number of

overlapping processes. The complex electrical modulus

M� Z
1

3�
ZM 0 C iM 00 (1)

which is defined as the reciprocal of the dielectric constant

has most frequently been employed in the investigation of

relaxation processes in ionic conductors. To resolve the

dipolar and ionic natures of the relaxation processes, the real

M 0 and imaginary M 00 components, termed electrical

modulus and electrical loss respectively, of the complex

electrical modulus M* can be determined using the

following relations

M 0 Z
30

302C3002
and M 00 Z

300

302C3002
(2)

The data presented in Fig. 4 may be directly substituted



Fig. 4. Dielectric (a) permittivity and (b) loss as a function of the frequency; lowest line is as manufactured, then in ascending order (—) 2 255 hours in the

hot/wet environment, followed by (—) 50 hours, (—) 248 hours, (—) 319 hours, (—) 1 512 hours and (—) 3 095 hours in the hot/dry environment.
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into Eq. (2), where 3 0 and 3 00 are functions of frequency

allowing direct calculation of the respective dielectric

modulus M 0 and M 00. Fig. 5(a) and (b) shows the electrical

modulus and electrical loss, respectively, as a function of

the frequency range during the desorption process.

A large decrease in the electrical modulus can be noticed

in Fig. 5(a) at the end of the sorption process. As the water

content decreases, the electrical modulus regains its original

value. Since the electrical modulus is a representation of the

dipolar contribution, it is thought that its depression at the

end of the absorption is due to loss of plasticisation as

the water is desorbed from the polymeric matrix, the

original value is recovered. As shown in Fig. 5(b), the

electrical loss presents a feature in the 20 Hz region as well

as a limited recovery of its original value.
In order to characterise the different relaxations involved

in the sorption and desorption processes, the dielectric

characteristics are presented in Cole–Cole plot. Fig. 6 is the

Cole–Cole plot representation of the complex electrical

modulus.

It shows the recovery of the low frequency value as the

water content decreases. The shifting of the relaxation

towards lower frequency is a direct consequence of the anti-

plasticisation of the polymeric matrix. As the water leaves

the inter-chain spaces of the cross-linked network, the

distance between the chains decreases and the segments lose

mobility consistent with the glass transition temperature

[Tg] increasing. Therefore, the dipole contribution disap-

pears. The new loss contribution is confirmed in Fig. 7,

which is a close-up of the Cole–Cole representation of the



Fig. 5. Electrical (a) modulus and (b) loss as a function of the frequency during the exposure to the hot/wet and hot/dry environments, (—&—) as

manufactured, after ( ) 2 255 hours in the hot/wet environment, followed by ( ) 50 hours, ( ) 248 hours, (—>—) 319 hours, ( )

866 hours, (—6—) 1 203 hours and ( ) 3095 h in the hot/dry environment.
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complex electrical modulus in the high range of the low

frequency.

Toconfirm the nature of thedipolar contributions in the low

frequency range, dielectric measurements from 0.1 mHz to

65 kHz were performed. Since 24 h are required to gather the

data, the experiments were conducted at the end of the

dehydration to avoid desorptionprocess during the experiment

influencing the data. Fig. 8 presents the electricalmodulus and

electrical loss over the very low frequency range at the end of

the 5350 h investigation period.

The very low frequency gives access to the suspected

relaxation. This dielectric process is associated with a
combination of dipole and conduction processes associ-

ated with the plasticization of the resin enhancing ionic

conductivity and modulated by the presence of interfaces

within the resin. The low frequency feature is located at

approximately 10K3 Hz, a weak higher frequency process

observed at approximately 10 Hz may be ascribed to the

motion of the polymer matrix. The higher frequency

process located above 105 Hz is ascribed to free water

located in voids within the matrix. Mathematical models

of dielectric relaxations have been proposed by several

authors [36,40,41] depending on the complexity of the

medium. The most common representation for dense



Fig. 6. Cole–Cole plot of the complex electrical modulus during the exposure to the hot/wet and hot/dry environments, (—&—) as manufactured, after

( ) 2255 hours in the hot/wet environment, followed by ( ) 7 hours, ( ) 50 hours, ( ) 248 hours, ( ) 319 hours, ( )

866 hours, ( ) 1030 hours, (— – —) 1203 hours, ( ) 1512 hours and ( ) 3095 hours in the hot/dry environment.
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cross-linked polymeric network is the Havriliak–Negami

equation defined [42,43] as

3� Z 3NC
3s K3N

½1C ðjutÞa�b
(3)

where 0!a,b%1. For ionic medium, the same formalism

can be applied to the complex electrical modulus, which

can be described by

M� ZMNC
Mstat KMN

½1C ðjuTÞa�b
(4)

where MN and Mstat are the value of the electrical

modulus in the high and low range of the low frequency,

respectively. u is the angular frequency and T is the

relaxation time. a and b are the distribution parameters.
Fig. 7. Cole–Cole plot of the complex electrical modulus of (&) the unaged stru

cycling.
In a symmetrical relaxation, equivalent to the Cole–Cole

situation, the value of b is 1 and at the maximum loss,

the following relation exists

umaxT Z 2pfmaxT Z 1 (5)

Eq. (4) can be rewritten as

M� ZMNC
Mstat KMN

1C j f
fmax

� �ah ib (6)

where fmax is the frequency of the electrical loss

maximum. However, most polymeric materials do not

present a symmetrical relaxation. The value of b is not

equal to 1 and the relation identified at the maximum
cture and ( ) the structure after 2255 h hydration and 3095 h dehydration



 

Fig. 8. The symbols represent the experimental data points for the electrical modulus (&) and loss (†) and the lines are the theoretical electrical modulus and

electrical loss as a function of the frequency range.
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loss has to be modified as follow [44–46]

umaxtZ
sin pab

2ð1CbÞ

� �

sin pa
2ð1CbÞ

� �
2
4

3
5
1=a

ZG (7)

Therefore, Eq. (6) becomes

M� ZMNC
Mstat KMN

1C j fG
fmax

� �ah ib (8)

The solid lines in Fig. 8 are the best fit of data in the

very low frequency relaxation using Eq. (8) with MNZ
0.204, MstatZ0, fmaxZ0.0017 Hz, aZ0.68 and bZ0.9,

giving GZ0.91. The dash lines are the best fit for the

second relaxation with MNZ0.2105, MstatZ0.2005,

fmaxZ9 Hz, aZ0.65 and bZ1, giving GZ1. Fig. 9

presents the Cole–Cole plot of the complex electrical

modulus. The limiting values in the above equation are

obtained from the iterative fitting of Eq. (8) to the

experimental data. It shows the various dipolar relax-

ations obtained experimentally and mathematically.

The first relaxation is obtained with values of a and b less

than 1. It signifies that the relaxation is not defined as a pure

Debye relaxation for which case a single relaxation process

is defined. Therefore, it is believed that this relaxation is a

combination of dipolar contributions. The second relaxation

is obtained with values of a less than 1 and b equal to 1. This

is the definition of the Cole–Cole equation for which the

relaxation is centred on the frequency of the electrical loss

maximum, indicating a single relaxation time for the process.

The Kirkwood–Frölich equation [47,48] indicates that

the dielectric permittivity 3s of a material is directly related

to the number of dipoles per unit volume N present in that

material

ð3S K3NÞð23S C3NÞ

3Sð3NC2Þ2
Z

4pm2
0

9kT
Ng (9)
where 3N is the dielectric permittivity at very high

frequency which in this system can be equated to the dry

resin value and is a constant, g is the orientation correlation

function and is a measure of the constraints imposed on the

free relaxation induced by the local ordering in the material,

k is Planck’s constant, T is the temperature and m0 is the

dipole moment of the molecule. Hill et al. [49], based on the

work of Kirkwood and Frölich, calculated the values of 3N
and m0 for water molecule as 4.55 and 1.84 D (D being the

Debye unitZ10K18 e.s.u.Z10K18 statcoulomb cm),

respectively. Therefore water uptake could be assessed by

assuming that the variation in the dielectric permittivity of a

material during exposure to water is caused by a variation in

the number of dipoles present, mainly water dipoles [40].

It has to be emphasised that in the present studied system,

water dipoles are not the only source of dipoles inside the

structure, but being a dicyandiamide cured system the

number of hydroxyl groups will be relatively low in

comparison to the typical amine cured system. Proof of

this assumption is the finite value of the Ng factor at time

zero. However, it is assumed that from this dry state, the

only source of new dipoles come from the ingress of water

molecules inside the epoxy resin. Fig. 10 shows the

evolution of the Ng factor as a function of the water content

in the adhesively bonded structure.

The error bars are an indication of the uncertainties

introduced by the various uncertainties in the original data

and the transformations subsequently carried out to obtain

the parameter. As the water molecules penetrate the bonded

structure, they firstly fill the voids and crazes present in the

epoxy matrix. In terms of dipole and dipolar interactions,

this means that water molecules are transported through the

materials with little or no interaction with the surrounding

polymer or other penetrant molecules. This gives rise to the

first linear section of the curve up to 1.25% water content,

showing a simple augmentation of the number of dipoles

(N). As the water content increases further, the water



 

 

 

Fig. 9. Cole–Cole plot of the complex electrical modulus, (,) experimental data and theoretical (- - -) very low and (—) low frequency relaxations.
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molecules enter the cross-linked network of the epoxy

resins. At this stage, the Ng factor is influenced not only by

the increase of the number of dipoles, N, but also by the

interactions that those molecules have with the surrounding

medium and with each other lead to an increase in g. This is

exhibited by the second linear region. During the desorption

process, the variation of the Ng factor does not follow the

sorption path. This hysteresis phenomenon is linked to the

different processes involved during the hydration and

dehydration of the structure.

During the desorption process, the first molecules to

depart from the polymeric materials are those having little

interactions with their surrounding leading to a decrease of
Fig. 10. Evolution of the Ng factor as a function of the
N but little change in g. This feature is shown by a first

approximately linear variation from 2.1 to 1.1% water

content. After this water molecules having a higher dipolar

interaction, such as those having plasticised the cross-linked

network of the epoxy, desorb and a larger decrease in the Ng

factor can be noticed from around 1.1% to the final value of

the dehydration experiment. The four successive stages of

the absorption and desorption process are depicted in

Fig. 11.

Under 1.25% water content, the water fills the micro and

macro-voids. No drastic changes are noticed in the thickness

of the structure. The filler in the diagram is the carbon fibre.

Above 1.25% water content, transport of water from the
water content in the adhesively bonded structure.
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filled voids towards the bulk of the material happens with

water molecules penetrating the cross-linked network and

swelling takes place. At the same time, development of

micro-cracks and interface disbonding occurs, increasing

the water content and the thickness of the structure. During

the desorption process, the water molecules unbonded to the

medium desorb rapidly through capillary paths generated

during the sorption process, followed by the exchange

between the wet matrix and the ‘dry’ voids, yielding to the

decrease of the thickness due to matrix ‘de-swelling’.
4. Conclusion

During the different environmental ageing stages of

carbon fibre composite structures, the frequency domain

analysis has been able to show various types of dipolar

activities, as well as conductivity contributions, known as

Maxwell–Wagner–Sillars (MWS) and blocking electrode

effects The main contributions observed at low frequency
Fig. 11. Schematic representation of water transport in the polymeric

materials, (a) dry material, (b) sorption period from 0 to 1.25% water

content: the water fill the voids, no swelling occurs, (c) sorption period over

1.25%: the water penetrates the 3D network, swelling, micro-cracking and

disbonding around the fillers occur and (d) desorption period: first the water

transport occurs from voids and cracks, then water is desorbed from the

cross-linked network and de-swelling takes place.
are linked to the conductivity contributions and the

presence of water in the epoxy resin matrix. The latter

type of water, termed bonded water, acts on two levels.

It produces a large ionic contribution by diluting and by

redistributing mobile charges into the adhesive layer. It

also plasticises the epoxy matrix and a depression in the

dipolar relaxation-ionic conductivity is observed at very

low frequency. To resolve the different contributions, it

was demonstrated that the complex electrical modulus

formalism allows additional information to be obtained

by minimising the effect of the conductivity term. By

this means, two main relaxations were observed. The first

one, is related to the second order relaxation process of

the adhesive, termed b-relaxation. This relaxation is

significantly altered by the presence of water. A shifting

towards higher frequency due to higher chain mobility

has been observed as the water is absorbed. It is a

confirmation of the plasticisation of the epoxy resin.

A second relaxation appears at a higher frequency,

during the sorption–desorption cycling procedure and

could be clearly seen in dehydrated samples. One or a

combination of the following two processes could be

responsible for this relaxation. Firstly, it could be related

to the redistribution of the ionic charges towards the

adhesive–adherent interfaces. As water penetrates the

adhesive, ionic impurities left over from the epoxy resin

synthesis will become hydrated and add to the transport

mechanism and be influenced by the electrical field.

Secondly, this relaxation could also be related to new

polymeric chain entities free to rotate at the newly

formed free surfaces generated by microcracking and

disbonding around fillers and reinforcement. The fre-

quency domain analysis allowed the interpretation of the

water transport into the adhesive material and a

proposition was made concerning the path that water

might take during the ageing processes. Using the

Kirkwood analysis it is possible to gain further insight

into the nature of the processes being studied. The Ng

factor takes into account the number of dipoles present in

a unit volume as well as their interaction with the

surrounding matrix. It has been shown that during

hydration–dehydration experiments, four steps are necess-

ary for the water to penetrate and to desorb the adhesive.

These four steps have been identified relative to

gravimetric and dielectric analysis. The different inter-

actions that water has with the polymeric medium result

in different rates of transport, which can be identified in

the Ng factor behaviour by a hysteresis phenomenon.
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