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Introduction
Polymer matrix carbon fiber composites are widely used in 

aerospace, automotive and civil industries due to their attractive 
properties, e.g., high strength-to-weight ratio, easy processing, 
excellent corrosion resistance and good thermal stability [1]. 
Despite the desirable properties of polymer matrix composites, 
one major disadvantage of them is their tendency to absorb water 
in humid environment, as most polymer matrices are highly polar 
[2]. Absorbed moisture dramatically degrades the composite 
performance.

Durability of composite materials is a primary consideration 
due to their sensitivity to environmental conditions, particularly 
combination of high temperature, humidity and stress [3]. Various 
environmental factors affect the durability of polymeric composites, 
such as temperature, moisture, fiber orientation, density, polarity 
of fiber, fiber volume fraction, ultra- violet radiation and diffusivity 
[4]. The two major factors influencing the strength are temperature 
and moisture. The effect of temperature may be observed in the  

 
form of variation in mechanical properties of a composite material 
[5]. Temperature variation may also affect the moisture diffusion 
rate through composites. Interface strength degradation may occur 
owing to deboning by moisture ingress, corrosion or weakening 
of material in the interphase [6]. The properties of the matrix 
(resin) can also change significantly during exposure to an aqueous 
environment, water can diffuse between fibers and the matrix, 
weakening or destroying the bond at the fiber/matrix interface 
[7,8]. The level of moisture absorption during specific period 
depends on the diffusion coefficient [9-11]. Characterization of 
the long-term response of composites due to moisture diffusion 
and understanding of the underlying failure mechanisms, such as 
plasticization, swelling, micro-cracking and modification of the 
chemical structure are important for developing methods to predict 
service life under severe hydro- thermal conditions [12-16].

Moisture diffusion under cyclic environmental conditions is 
described as structures may experience environmental variations 
and degradation during service life [17,18]. The testing methods 
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Abstract 
Composite materials are nowadays extensively used in aerospace structures, off-shore platforms, automotive industry and many other high 

technology fields because of combination of excellent mechanical performance and light weight. For these reasons classical metal alloys are 
progressively replacing primary structural components by reinforced polymeric compo- sites. The aim of this research is to develop models to 
predict degradation in Polymeric Composite Materials under varying moisture conditions. This goal has been achieved by using a combination of 
experimental and numerical methods. Various experiments were carried out to characterize the moisture uptake and mechanical properties of 
number of different composite materials. In these research models were developed for predicting moisture concentration in the composite materials 
under recurrent moisture absorption and desorption conditions. The aim of this research is the development of modelling methodology for the 
prediction of degradation in polymeric composites subjected to fluctuating environmental service conditions.
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used for determining the strength and effect of moisture diffusion 
on composites durability are studied [19, 20].

Hydrothermal conditioning may represent an important 
source of ageing and degradation, especially in polymeric-based 
composite laminates structures. Water diffusion may contribute to 
material properties degradation and leads to the development of an 
elastic strains, (defanelastic strain, which relating to the property 
of a substance in which there is no definite relation between stress 
and strain strains of hygroscopic nature), which contribute to the 
building of internal stress. High temperature may also responsible 
for material properties changes and for development of thermal 
stresses, leading possibly to damage onset and propagation [21,22].

Polymer resins highly filled with fibers or fabrics to improve 
their mechanical performance are generally known as polymer 
matrix composites (PMCs). The high level of filler material in 
composites is likely to lead to permeation and diffusion properties 
that differ significantly from unfilled or lightly filled materials. 
Composites tend to be used as thick sections, in addition they often 
laid up as laminates with interfaces between the layers contributing 
an important role in diffusion behavior. High performance structural 
PMCs are often made from thermosetting resins, such as epoxies 
that tend to be hydrophilic, filled with inorganic fibers (e.g. glass or 
carbon). Exposure to moisture may lead to degradation of the fib 
resin adhesion or degradation of the fibers themselves, weakening 
the composites. The orientation of the fibers is also highly affected 
by water ingression [23].

The moisture diffusion in polymeric composites and their 
effects on composites’ performance are highly complex issues. Their 
study involves, in at least, the discipline of polymer science and 
applied mechanics, where the former focuses on molecular-level 
interactions and the latter is concerned with mechanical response 
[22]. To begin with, polymers are highly complex materials that 
vary in structure and Physico-chemical properties, and polymeric 
composites adjoin a variety of fibers with extremely intricate fiber/
matrix interphases and interfacial bonding. The complexity is 
further compounded by the ingress of fluids of many kinds, which 
interact with the polymer, the fiber and the interphase matters 
within the composites [24].

The most common moisture transport mechanism in polymeric 
composites is through diffusion which is explained by Adamson [25] 
that transport of moisture in epoxy composites below Tg occurs in 
three stages. In the first stage, absorbed moisture occupies the free 
volume present in the form of ‘holes’ or voids. In the second stage, 
the absorbed moisture attacks the polymeric network sites resulted 
in the form of swelling and in the third stage, water finally enters 
the densely cross-linked region. The other common mechanisms 
are capillarity and transport through micro-cracks and voids. Many 
studies [26,27] have indicated that the mobility and solubility of 
small molecules in glassy polymers depend on the free volume 
present in the polymer. Molecules will absorb more readily and 
be more mobile in polymer matrix with high free volumes than 
in polymers with low free volumes. The free volume depends on 

the nature of the polymer and on the physical state of the polymer, 
including molecular orientation and physical ageing effects. The key 
concern associated with the mechanical performance of composites 
in the presence of fluids concern their dimensional stability, 
strength, fatigue response, and impact resistance. The kinetics of 
fluid absorption in solids has been studied first scientifically by 
Fick [28], among others the most significant contribution in this 
filed was done by Rogers [29], Comyn [30], Frisch [31], Stannett, 
Hopfenberg, and Petropoulous [32] and several books like Crank 
[33] and Ghez [34].

The effects of fluids (moisture) on the creep response of 
polymers were studied intensively by several Russian researchers 
in the early 1970s. These studies are detailed by Maksimov 
and Urzhumstev [35]. The interest in environmental effects on 
composites progressed due to new applications where moisture 
exposure and strict design compliances must be fulfilled. Offshore 
oil industry, naval submersibles and automotive industry are few 
examples of new applications.

Structural composites usually polymeric composites have 
a natural tendency to absorb water as they have hydroxyl (OH) 
groups in their molecular structure, which attract water molecules 
and form hydrogen bonds [36,37]. The ingress of moisture into 
composites occur by diffusion, which is the transportation of matter 
by random molecular motion [33]. Diffusion is a concentration 
gradient based process and removes the chemical potential 
differences in composites towards a state of equilibrium [38].

A polymer resin consists of occupied volume and free volume 
[39]. Free volume may be defined as the difference between the 
volumes at a given temperature at 0°K. The free volume exists in 
a polymer due to gaps between the polymer chains and depends 
on the density and physical state of the polymer. The diffusion of 
water in polymer depends on the available free volume within the 
polymer as a higher free volume results in a higher capacity for 
the absorption of water. It allows for higher moisture ingress in 
polymers by diffusion as it provides passages for diffusing particles 
[40]. 

Factors Influencing Moisture Diffusion
Moisture diffusion in polymeric composites have influenced by 

many factors, such as; temperature, relative humidity, mechanical 
stress and strain and role of interfaces. The effect of these factors 
can be seen in the values of diffusion constant and standard 
moisture content, which can vary remarkably.

Increase in temperature during moisture conditioning results 
in an increase in the rate of diffusion, as diffusion is a thermally 
activated process. The temperature dependence of water uptake in 
polymeric composites/epoxies at different temperature has been 
studied. Results showed accelerated ageing in the samples that 
were subjected to humid environment at high temperature. The 
diffusion coefficients measured from the experimental data showed 
an increase when the conditioning temperature was increased 
(Figure 1). 
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Figure 1: Effect of temperature on moisture diffusion in epoxy.

Increase in temperature can also results in an increase in the 
saturated moisture content. The mobility of molecular chains 
increases with an increase in temperature, resulting in reduced 
density owing to thermal expansion. This increases the free volume 
of the polymer, thus increasing the saturated moisture content [23].

During service many polymers will experience both stress 
and chemical exposure. Generally mass uptake was carried out 
free of external stress, although there may be unqualified internal, 
residual stress, arising from processing, present in materials. The 

effect of molecular solubility and mobility will depend on the type 
of stress applied. Hydrostatic tensile stress is expected to increase 
free volume and open internal voids or crazes, providing additional 
sites into which molecules can absorb. Conversely, hydrostatic 
compressive stress will reduce solubility by closing internal sites.

Boersma et al. [26] studied the effects of tensile stress applied 
to plastic films on their oxygen permeation properties and reported 
an increase in permeation rate with stress, as shown in Figure 2.

 

Figure 2: Effect of applied stress on oxygen permeability.

Combined stress and chemical exposure are known to lead to 
enhanced degradation of polymers and polymer structures. The 
combination of stress and chemical exposure is known to degrade 
mechanical performance of adhesive joints far more rapidly than 
either factor independently.

As permeation through a polymeric material can be described 
using functions that represent the solubility and diffusion 
coefficient. Many polymers may not exhibit ideal behaviour, 
but non-linear functions can be used to represent non-Fickian 
behaviour. Similarly, most polymers used are filled and can be 

multi-phase systems with many internal interfaces at micro scale. 
Materials systems containing macro-scale interfaces cannot usually 
be treated as a single ensemble material as the size, scale and 
geometry of the different materials will have an effect whether the 
interfaces have diffusion properties. System that have macro-scale 
interfaces include:

- Adhesive joints

- Laminates

- Coating
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- Multi-layers films

- Long-fiber composites

- Woven fabric composites

Where macroscopic interfaces occur, the analysis is less 
straightforward but amenable to analysis if the interfaces play 
no role in the process. Figure 3 shows schematically the likely 
difference between diffusion in a multi-layer with interfaces 
through the thickness, case (i), and parallel to the layers, case (ii).

 

Figure 3: Diffusion in multi-layer system, case(i) series diffusion, case (ii) parallel diffusion.

Theory of Diffusion
Moisture diffusion in composites was first theorized by Adolf 

Fick in 1855 [28] based on the experiments of T. Graham. He also 
drew considerable inspiration from the analytical theory of heat 
conduction presented by J. Fourier. Diffusion is the phenomenon 
governing the transport of material just as conduction is the 
mechanism of heat transfer. In the case of molecular diffusion, 
molecules are transported from a higher concentration region 

to one of lower concentration, it is a spontaneous phenomenon. 
Mathematically the rate of transfer of diffusion substance through 
a unit area of a section is proportional to the centration gradient, as 
given by equation (Figure 4) 

                              

&
&

CF D
X

= −  (1)

 

Figure 4: Absorption profile drawn using Fick’s eq (1).

where F is the diffusion flux, D is the diffusion coefficient, C is the 
concentration of diffusing substance and x is the spatial coordinate. 
The negative sign is indicating that diffusion is occurring in the 
opposite direction to increasing concentration.

Moisture uptake in composites has been measured by using 
several methods. The most commonly methods are based on 
gravimetric measurements in which change in mass of samples 

subjected to moist conditions at a given temperature are measure.

ASTM D 570 and ISO 62 are standards that outline measurement 
methods for water absorption by immersion. Standard sized 
samples should be dried to constant mass. After immersion for the 
fixed period, the samples removed from the medium and surface 
water wiped out. The balance is used to measure absorbed water. 
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The absorption of many chemicals will reduce the glass 
transition temperature Tg of polymers. Tg of thermoset polymers 
such as epoxies are known to vary with moisture content. Tg can 
be measured using either Dynamic mechanical thermal analysis 

(DMTA) or differential scanning calorimetric (DSC) measurements. 
Each specimen had been immersed in deionized water at elevated 
temperatures (i.e., 25° C, 40° C or 60° C) for a selected period (either 
1,2,3 or 6 weeks).

 

Figure 5: Glass transition temperature of a composite as a function of moisture content.

The results in Figure 5 showed that moisture reduces Tg with 
the shift in temperature being related to moisture content and 
independent of exposure temperatures. The moisture uptake Tg 
shift can be represented by the following linear relationship;

                             Tgw = Tgd − gM (2)

where Tgd is the glass transition temperature of the dry 
material, Tgw is the glass transition temperature of the conditioned 
(wet) material, g is the temperature shift (in K) per unit moisture 
absorbed and M is the amount of moisture absorbed (wt.%) (Figure 
5).

Tg measurement requires that samples be removed for 
testing, which makes this measurement a destructive test. DSC 
measurement require less materials, in mg, and are therefore less 
invasive than DTMA samples, but such small samples may not be 
truly representative of the whole component. Development in 
Nano indentation measurement capabilities offer the possibility of 
carrying out Tg measurements in-situ, but these techniques will be 
limited to near surface regions, in common with sampling for DSC 
or DMTA.

The change in optical properties of a polymer with concentration 
of absorbing molecules may be used to quantify the concentration 
provided that suitable calibration curves are available. Beer’s law 
stating that optical absorption is proportional to concentration of 
absorbing species may apply if the primary absorption bands of the 
diffusing species and the polymer are sufficiently separate. Optical 
transmission properties depend on the plastic being transparent to 
the optical wavelength selected.

Reflection spectroscopy methods can be used to study the 
chemical composition of the surface of opaque materials and 
may be used in combination with sample sectioning to determine 
through-thickness distribution.

Modelling moisture diffusion

According to Crank [33] “diffusion is the process by which 
matter is transported from one part of a system to another as a 
result of random molecular motion”. In organic solids in general, 
an in polymeric materials in particulars, this process is governed 
by concentration gradient (Fickian diffusion) and by the chemical 
potential gradient [7] The former driving force is the prime 
responsible of the diffusion process when no interaction between 
the diffusant and the medium is established. Conversely, as 
generally happens in polymers, a pronounced interaction of the 
penetrant with the polymer intra and inter-chain bonds generates 
the necessity of introducing the chemical potential in order to 
describe correctly the diffusion mechanism. However, in the current 
practice, the use of this latter more refined method of describing 
the diffusion process is left aside if the deviation from the Fickian 
diffusion is small.

Many chemicals will affect the thermo-mechanical properties 
of the polymer matrix in which they are absorbed. Examples of 
this include swelling, plasticization (leading to loss of stiffness 
and strength) and reduction in glass transition temperature in 
many polymers with the ingress of water/moisture. Monitoring 
these property changes will provide information on chemical 
concentrations that could be used to investigate diffusion

It was noted that in many circumstances weight gain data for 
absorption and desorption of fluids in polymers do not occur with 
the prediction of linear Fickian diffusion shown in Figure 4. Three 
types of anomalous weight-gain data in polymers are shown by 
curves A, B and S as drawn in Figure 6. Some of the anomalies can be 
attributed to the inherent time- dependent response of polymers. On 
the other hand, moisture weight gain data in polymeric composites 
exhibit departure from linear Fickian behavior along curves A, B 
and S as well as curves C and D as shown in Figure 6. The deviations 
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along curves C and D correspond to severe circumstances and 
are usually associated with irreversible damage and degradation 
(Figure 6).

Curve A in Figure 6, denoted as ‘Pseudo-Fickian’, corresponds 
to the often-encountered circumstance of a continuous gradual 
increase in weight-gain never attaining equilibrium. Curve B in 

Figure 6 represented the so-called ‘Two-stage Diffusion’ behavior, 
while curve S is sometimes associated with a moving diffusion front. 
However, curve C corresponds to a rapidly increasing moisture 
content within the composite, which is usually accompanied 
by large deformation, damage growth, material breakdown or 
mechanical failure.

 

Figure 6: Schematic curves representing four categories of non-Fickian weight-gain sorption data in Polymers and Polymeric composites. The 
solid line, designated by LF, corresponding to linear Fickian diffusion [23].

Curve D in Figure 6 represents weight-loss that is attributable 
to irreversible chemical or physical break-down of material. 
Generally, weight losses occur in conjunction with hydrolysis, or 
the separation of side groups from the polymeric chains, or the 
dissociation of matter located at the vicinities of fiber/matrix 
interfaces.

Polymeric composites exhibit non-Fickian diffusion as shown by 
curves A, B and S, in Figure 6. The fact that glassy polymers, with their 
highly complex molecular configuration, exist in a non-equilibrium 

thermo-dynamic state accounts for their inherent time-dependent 
behavior. The above time-dependence is compounded by additional 
temporal phenomena such as ageing , ongoing chemical reactions 
[35] and advancing cure. The time-dependence is accelerated by 
the fact the liquids tend to increase free volume of polymer, thereby 
lowering their glass transition temperature. Typically, by 10° C for 
each 1% fluid weight gained in the polymer. The increased mobility 
of the molecular chains and side-group is denoted as ‘plasticization’. 
This is essentially reversible phenomenon that can be accounted by 
means of the time-dependent diffusion model.

Characterization of composite materials

 

Figure 7: FTIR spectra of dry, wet and wet-dried specimen of Autoclave.
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Fourier Transformed Infrared spectroscopy (FTIR) was used to 
understand moisture diffusion mechanism in composite materials. 
The spectral information allowed both qualitative and quantitative 
analysis of moisture absorption mechanism. The chemical function 
involved in the water sorption phenomenon was identified. The 
pronounced hydrophilic behavior due to their structure leads to 
high level of moisture absorption in wet environment (Figure 7). 

Usually, one of the most significant factors controlling the 
water diffusion phenomenon in polymeric materials is the 
molecular interaction occurring between diffusing compound 

and the substrate. The diffusion phenomenon is subjected to the 
ability of the polymer molecular to establish hydrogen bond with 
the water molecules. The glass transition temperature Tg is a very 
important parameter of epoxy resin matrix composites because 
Tg establishes the service environment for the materials’ usage. In 
most applications, the epoxy is used at a temperature well below 
Tg (i.e., in the glassy state). Usually, when the material is exposed in 
hydrothermal environment Tg decrease and therefore the service 
temperature of the materials changes. This modification in Tg 
reveals the degree of plasticization and water/resin interactions 
arising in the material (Figure 8).

 

Figure 8: Specific volume changes at Tm (melting point) and Tg.

Reported data of Tg in the technical literature exhibit a rather 
wide scatter band for a given epoxy system. Usually, the variation in 
Tg is explained by difference associated with material preparation. 
The effect of hydrothermal history, i.e., exposure time and 
temperature on Tg is certainly exhibited.

The composite shear properties are primarily influenced by 
matrix and fiber/matrix interface. Dry specimens have higher Inter 
laminar shear strength (ILSS) vales than wet specimens distressing 
by the same ageing, which is due to physical changes inside, e.g. 
matrix plasticization. It is observed that ILSS has lower values at 
higher temperature than at lower temperature. Factors responsible 
for this phenomenon are plastic deformation at higher temperature, 
and internal stress change (rise) at fiber/matrix interface due to 
different coefficient of thermal expansion resulting in interfacial 
deboning. Various models are available to correlate temperature 
dependence with strength of composites.
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