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Moisture absorption behavior and diffusion characteristics of continuous carbon 
fiber reinforced epoxy composites: a review
Feras Korkees

Department of Materials Science and Engineering, Faculty of Science and Engineering, Swansea University, Swansea, Wales, UK

ABSTRACT
Throughout their service life, carbon fiber reinforced epoxy composites are exposed to a range of 
environmental conditions. The long-term durability of these composites is an ongoing concern 
because exposure to moisture can degrade the polymeric matrix and deteriorate the mechanical 
properties of the composite. Carbon fiber reinforced epoxy composites are sensitive to their 
environments via humidity, elevated temperatures, and liquid exposure. This paper reviews the 
moisture uptake behavior and diffusion characteristics of continuous carbon fiber epoxy compo
sites which will serve as a good source for understanding the moisture diffusion behavior of these 
composites in hot/wet environments.
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1. Introduction

It is a common principle in engineering practice and 
nature that the combination of two or more distinct 
constituents or materials forms a composite material, 
which may have more desirable properties than that of 
the individual materials. The idea of making composites 
for engineering use arises from their remarkable 

properties such as high stiffness, high strength, excellent 
corrosion resistance, low density, and often low cost. 
The constituent materials have significantly different 
physical and chemical properties coupled by an inter
face, giving composites distinct properties unobtainable 
in a single material. Composites in general consist of 
a continuous phase called the matrix and 
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a discontinuous phase embedded in the continuous 
matrix to enhance its performance called reinforcement 
which is normally stiffer and stronger than the matrix. 
An additional phase called “Interphase” exists between 
the matrix and the reinforcement due to the chemical 
interactions between them or to other processing effects. 
The function of the matrix is to bind the reinforcement 
in a desired distribution and orientation and to enable 
easier processing. Composite properties are strongly 
affected by the properties of the components, their dis
tribution, the interface between them, and the geometry 
of the reinforcing phase[1, 2]. It is convenient to classify 
modern composites into three groups: Metal matrix 
composites (MMCs), Ceramic matrix composites 
(CMCs), and Polymer matrix composites (PMCs). 
Although composites are often thought of as new mate
rials such as carbon fiber-reinforced epoxy resin and 
carbon fiber reinforced aluminum and copper MMCs, 
they have a long history with early bricks being straw 
embedded in mud, concrete being a mixture of stones in 
cement and there are many natural fiber composites and 
green composites such as bone and wood.[3–6] As it is 
known that composite materials give a range of possi
bilities for designers, composite materials have found 
many applications in various branches of industry 
including chemical, aerospace, energy, automotive, 
sport, and offshore industries.[7,8]

2. Carbon fiber reinforced epoxy composites

Fiber-reinforced polymer composites, Figure 1, with 
continuous fiber reinforcements have the highest 
mechanical properties. The most common materials 
used as the matrix for composites are polymers.[9–10] 

This is due to their significant advantages such as low 
cost, good chemical resistance, and easy processibility, 
however, their low strength, modulus, and operating 
temperature limit their use. Moreover, it is important 
to consider the matrix’s processing history which affects 
the matrix and the interface properties.[4,11] The thermal 

stability of PMCs is determined by the stability of the 
matrix; therefore, the matrix determines the operating 
temperature of PMCs.[12–13] The main polymer matrix 
materials used in high-performance fiber composites 
fall into two types: thermoset polymers such as epoxies 
and polyesters, and thermoplastic polymers such as 
polyether-ether ketone (PEEK) and nylons. This classi
fication of polymers under these two types is according 
to their thermal response and the effect of heat on their 
properties.[14] Epoxy resins and continuous carbon 
fibers are currently the most widely used materials for 
producing continuous fiber reinforced polymer compo
sites used in a large variety of engineering applications.

2.1. Epoxy resins

Epoxies are some of the most versatile polymeric mate
rials and are considered to be mechanically robust poly
mers with good strength, temperature resistance, and 
chemical resistance. These resins are thermosetting 
polymers, and they have various applications as adhe
sives, high-performance coatings, and structural com
posite materials. Epoxy resins are the favored choice for 
applications that require higher strength, good tempera
ture resistance, and excellent chemical resistance. This is 
because of the polar hydroxyl and ether groups which 
improve adhesion to the fiber.[15] The common types of 
epoxy resins are diglycidyl ether of bisphenol-A 
(DGEBA), tetraglycidyl ether of diamino-diphenyl 
methane (TGDDM), triglycidyl p-amino phenol 
(TGAP) and epoxy novolac. Cross-linking of the 
epoxy groups can be achieved either by using boron tri- 
fluoride, di- or tri-amines, or acid anhydrides, which all 
lead to the production of hydroxyl groups in the poly
mer chains.[16] The multiplicity of reaction pathways 
provides usually molecularly heterogeneous, highly 
cross-linked network structures. Generally, the curing 
temperature and the initial composition of the reactant 
mixture determine which reaction process 
predominates.[17] It is also significant to note that two 

Figure 1. Constituents of composite material.
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main reaction pathways cause the formation of hydroxyl 
end groups. These hydroxyl groups may not completely 
react because of the configurational limitations in the 
reacting system leading to a high affinity for penetrant 
molecules such as water and other liquids causing 
a significant influence on the polymer properties.[18] 

Commercial epoxy resin systems will often include ther
moplastic particles as toughening agents, as well as 
plasticizers in some cases. In terms of environmental 
resistance, epoxy resins are less susceptible to hydrolysis 
than polyesters, but do have a higher tendency to absorb 
moisture and thus lose mechanical performance, espe
cially under hot/wet environments.[15,18] The suscept
ibility of epoxy resins to water absorption is attributed 
to the large amounts of polar hydroxyl groups in the 
polymer networks which attract polar molecules such as 
water. However, water molecules can also possibly be 
clustered in free-volume microvoids as “free water.” 
Therefore, it can be said that water absorption is depen
dent on the free volume in the polymer and the polar 
group types and their concentrations in the epoxy 
resins.[19] The averaged properties of epoxy resins are 
listed in Tables 1 and 2.[20,21]

2.2. Carbon fiber

In advanced polymer matrix composites, the most used 
reinforcement is high-performance carbon fibers, 
Figure 2. Carbon-fiber epoxies represent about 90% of 
carbon fiber-reinforced polymers (CFRP) production. 
The functional requirements of carbon fibers are to 
have high strength, high stiffness, stability during 

handling, and low density as fibers are the main load- 
bearing phase of fiber-reinforced composites.[11] 

Furthermore, moisture, solvents, acids, or bases have 
virtually no effect on carbon fibers at room 
temperature.[22] Therefore, the mechanical properties 
of the composite are dependant mainly on the fiber 
properties which do not change significantly with 
moisture absorption. Carbon fibers are very thin fila
ments with a diameter between 5–10 μm which are 
much thinner compared to human hair.[10] Generally, 
the current technology for producing carbon fibers 
depends on the thermal decomposition of different 
organic precursors. Commercially, carbon fibers are 
manufactured from three different precursors: polyacry
lonitrile (PAN), cellulosic-based precursor (rayon 
fibers), or petroleum pitch. The main process used to 
produce carbon fibers is the process by which PAN is 
converted to carbon fiber through stabilization and 
carbonization processes.[1,4,6] There are different grades 
of carbon fibers including high modulus fibers (HM) 
which have the highest stiffness, high strength fibers 
(HS) the strongest fiber, and intermediate modulus 
fibers (IM) with the least stiffness of the three and 

Table 1. General properties of commonly used epoxy resins[10, 20].
Property Average value

Flexural Strength 907 MPa
Flexural Modulus 58.5 GPa
Compressive Strength 353 MPa
Compressive Modulus 43.8 GPa
Tensile Strength 115 MPa
Tensile modulus 3 GPa
Toughness 220J

Table 2. Medians of Msat and D as a function of epoxy 
prepolymer type.[21].

Epoxy type Msat (%) D x 10−7 (mm2/s)

DGEBA 1.61 5.23
TGAP 5.35 56.61
TGDDM 1.50 4.36
Epoxy novolac 2.26 15.50

Figure 2. Microscopy images of carbon fibers in composites.
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strength in between the others.[23] The difference 
between these grades is the degree of orientation 
achieved via heat treatment. The high-modulus fibers 
have more extensive heat treatment which leads to more 
of the graphite-like plates being aligned along the fibers, 
which gives higher modulus. The heat treatment leads to 
more defects, which limits strength. High-strength 
fibers have less intense heat treatment and less orienta
tion, but fewer defects. Intermediate modulus fibers are 
between these two. The mechanical properties of these 
three types of carbon fibers are tabulated in Table 3.

The orientation, distribution, and concentration of 
fibers have significant effects on the mechanical proper
ties of the composites. The classification of fiber- 
reinforced composites depends on the type, length, 
amount, orientation, and hybridization of the fibers. 
The properties of fiber composites are very directional, 
being very stiff and strong parallel to the fibers, but 
rather weak in shear parallel to the fibers, and very 
weak in tension perpendicular to the fibers.[11] 

Uniform unidirectional composites (Figure 3) where 
all the fibers are in the same orientations provide the 
maximum properties for the composites, however, such 
unidirectional composites are unavoidably anisotropic 
since maximum strength is achieved along the fiber 

direction and properties decrease in directions away 
from the fiber direction.[4,6,11] Composites with less 
directionality can be achieved by stacking layers of fibers 
at angles varying between 0 and 90º, which gives com
posite laminates with orthotropic properties but still 
good mechanical performance. A quasi-isotropic lay- 
up consists of multiple layers of fibers varying in orien
tation, and the layers are orientated at equal angles, i.e. 
0, ±45, 90°. Quasi-isotropic composites offer overall 
good strength in all directions. Woven fabrics offer 
similar bidirectionality with easier handling. Further 
uniformity of properties can be achieved using a textile 
formation of the composite by methods such as 3D 
weaving, braiding, and knitting, Figure 3.[24]

2.3. Manufacture of carbon fiber composites

The early manufacturing process for fiber-reinforced 
polymer composites used a hand lay-up technique 
which is slow and labor-intensive, with poor quality 
control. Over the last few decades, there has been 
a rapid development of manufacturing techniques that 
can provide increased quality and complexity along with 
rates of mass production. There is no scope here for 
a detailed review of manufacturing methods and so 
a very brief overview is given. Generally, the methods 
used will need to reflect the type of material (thermoset 
or thermoplastic; continuous or short fiber), the shape 
and complexity to be produced, the production num
bers, and cost constraints. Common methods for ther
moset-based composites include hand lay-up, vacuum 
bagging, resin infusion, resin transfer molding using 

Table 3. Mechanical properties of three types of carbon 
fibers[10].

Carbon fiber type
Density (Kg/ 

m3)
Tensile strength 

(MPa)
Tensile stiffness 

(GPa)

Standard 1760 3530 230
High strength 1820 7060 294
High stiffness 1870 3450 441

Figure 3. Types of composites lay-ups and fabrics[24].
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compression molding equipment, filament winding, 
and pultrusion. The curing process of fiber-reinforced 
thermosetting polymers into composite structures 
involves elevated temperatures and pressures for 
a predetermined duration of time. The level of these 
two significant procedure parameters, in addition to 
their length of time, considerably influences the perfor
mance of the product.[25] The one method that does 
warrant a little more attention is that of pre-preg mold
ing. A pre-preg is a pre-impregnated material compris
ing fibers coated with a partially cured matrix material. 
This is supplied in pliable sheets or tapes that are easy to 
handle. The fibers are normally either unidirectional or 
in woven fabrics. The pre-preg sheets are laid onto 
a mold, either by hand or automatically, and then fully 
cured in an autoclave at elevated temperature with 
vacuum bagging to ensure the elimination of entrapped 
air and volatiles. The use of unpressurized ovens or 
liquid-based systems such as the Quick-step process is 
also possible. The use of pre-pregs allows improved fiber 
distribution, resin wetting, and consolidation during 
curing [26–27] Microwave processing has recently been 
developed as an alternative curing technique for the 
curing of carbon fiber-reinforced thermoset composites. 
This is because it can reduce the processing times of the 
part and save energy and cost. However, one of the 
limiting disadvantages of this technique is the lack of 
suitable microwave transparent tools for the process. 
Microwave curing is only used with thin CFRP lami
nates because carbon fibers might suffer from high 
dielectric loss leading to a reflection of the microwaves 
and thus leaving the middle layers of a thick composite 
structure uncured. Moreover, CFRPs components pro
duced using microwaves normally have high void con
tent due to the pressure lack in the process which in turn 
leads to poor mechanical performance compared to 
conventionally cured CFRPs. Nevertheless, the effect 
of microwave processing on mechanical properties is 
dependent on the microwave process parameters and 
material types.[28] Additive manufacturing is a new 
manufacturing technique used to 3D print fiber rein
forced composites allowing components to be con
structed in very complex geometries, prototyped 
affordably, and manufactured in small quantities with 

minimal tooling cost.[29] 3D printing of carbon fiber 
reinforced composites is still limited to thermoplastic 
matrix composites.[30–31] However, 3D printing tech
nologies have a big potential to be adopted as the future 
technique to manufacture carbon fiber reinforced poly
mer composite materials with lower production costs 
and a high degree of automation. It is worth mentioning 
that the moisture absorption behavior of composites is 
affected by the fabrication method, curing cycle, resin 
chemical structure, and fiber sizing alongside tempera
ture, humidity, aging medium, and environmental 
loads.[32] Table 4 illustrates the effect of the processing 
method of epoxy-based composites on the moisture 
content at saturation (Msat) and the diffusion coefficient 
(D).[21]

3. Moisture diffusion behavior and kinetics in 
composites

Polymer composites are often used to replace metals due 
to their corrosion resistance; however, they can demon
strate sensitivity to their environments. Polymer com
posites can have reversible or irreversible property 
changes due to several degradation processes acting 
alone or together such as thermal cycling, hot/wet expo
sures, complete immersion in water at various tempera
tures and dry/wet cyclic conditions, immersion in 
chemical liquids (including fuel, acids, alkalis, solvents, 
and oxygen), and ultraviolet (UV).[14,32] The relative 
significance of each agent depends on the existence 
and the level of exposure in each case. Various types of 
damage caused by moisture absorption in polymer 
matrix composites can occur due to hygrothermal expo
sure. Moisture absorption in composites can occur 
when they are in direct contact with water including 
distilled water, deionized water, humid air, or seawater. 
The lowest moisture content at saturation is obtained 
under humid air compared to the highest content when 
composites are fully immersed in water. The moisture 
content at saturation in seawater is normally low 
because the mineral molecules in the water slow down 
the diffusion of the water molecules through the mate
rial. On the other hand, the diffusion rate in the humid 
air is higher than that in the distilled and deionized 

Table 4. Moisture diffusion properties of epoxy matrix com
posites produced using various processing methods[21].

Processing method Msat (%) D x 10−7 (mm2/s)

Autoclave 1.52 3.48
Filament winding 2.28 5.52
Molding 2.81 7
RTM 0.89 7.90
Infusion 1.81 8.65
Pultrusion 2.80 53.5
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water (lowest) and thus allows saturation to be reached 
rapidly.[21] This confirms the direct correlation between 
the absorbed content of water and the relative humidity 
which is represented in Henry’s law (Equation (1)).[21]  

where Csat is the water concentration at saturation 
and Ps is the water partial pressure, linked with RH 
(Equation (2)). 

Based on these Equations, various models have been 
adapted to describe the dual moisture absorption in 
composites including power law (Equation (3)); 
Langmuir (Equation (4)); Dual sorption (Equation 
(5)); and Flory – Huggins (Equation (6)).[21]  

Where a, b, c, and d are coefficients of the solvent 
activity, υ is the volume, and χ is the interaction coeffi
cient of polymer-solvent. The coefficient b is between 
1.3 and 1.8 for pure resins and close to 1 for composite 
materials. On the other hand, c and d are approximated 
by the statistical thermodynamic treatment of 
Langmuir’s [21]. Water molecules may travel into poly
mer composites by diffusive and/or capillary processes 
causing either reversible or irreversible changes in the 
mechanical properties of the composites.[19] Research 
studies have shown that plasticization and hydrolysis 
are the main causes of property loss in polymer matrix 
composites during the hot/wet aging process.[34] 

Moreover, chemical changes in the polymer matrix 
composite can occur if it is exposed to cyclic heating 
above the boiling point of water which causes moisture 
vaporization.[35–36]

3.1. Diffusion

Liquid absorption will be a combination of both solubi
lity and diffusivity; therefore, it is vital to understand the 
transport mechanisms of moisture diffusion in polymer 
matrix composites. It is well established that liquid 

molecules penetrate the polymer surface when in direct 
contact with the composite and then progress through 
the composite’s bulk by the driving force of concentra
tion gradients.[7,34] The random motion of the liquid 
molecules and how fast they transfer through the bulk of 
the composite is called diffusion. Diffusion behavior in 
polymers can be classified as follows[7,37,38,39]:

1- Fickian diffusion in which the diffusion rate is 
independent of the concentration (case I). For polymers, 
this occurs when the mobility of the polymer segments 
is much higher than the diffusion, and so the presence of 
the liquid molecules does not affect the diffusion. 
Diffusion in rubbery polymers is in general Fickian 
because of the fast response of the rubbery polymers to 
changes in their condition. Many glassy polymers also 
exhibit Fickian diffusion if there are relatively low levels 
of liquid solubility.

2- Fickian diffusion in which the rate of diffusion is 
very much dependent on the concentration (case II). 
This is most seen where the absorbed liquid causes an 
increase in polymer segment mobility via plasticization 
and so makes diffusion easier. This occurs when the 
diffusion rate is greater than the polymer segment mobi
lity. It is a common case with glassy polymers and 
strongly absorbing liquids.

3- Non-Fickian or anomalous diffusion which occurs 
when the polymer segment mobility and diffusion rate 
are comparable. This diffusion behavior can be counted 
as an intermediate between the two extremes of diffu
sion behavior in case I and case II.

Case I and Case II Fickian diffusion and non-Fickian 
diffusion behavior have been reported by several 
researchers for moisture diffusion in polymers and 
polymer matrix composites.[40,41,42,43]

3.2. Fickian diffusion

The major progress in diffusion theory came from the 
work of Adolf Fick who recognized that diffusion is 
a dynamic molecular process and realized the difference 
between a steady state and an actual equilibrium, 
Equation 7. The diffusion Equation was described 
based on the same mathematical basis as Fourier’s law 
for heat conduction, Equation 8.[7]  

Where C is the liquid concentration and is equivalent 
to the temperature T in Equation 8, whereas D is the and 
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is equivalent to the thermal diffusivity α = k/ρ.c. Fick 
developed the law of diffusion in which the diffusion 
coefficient is either concentration-independent 
(Equation (9)) or concentration-dependent 
(Equation 10). 

where J is a total one-dimensional flux (kg/m2/s), and 
D represents the molecular diffusion coefficient 
(m2s−1).∇C = dC/dx, the concentration gradient (kg/ 
m2), x is the distance term (m), C is the concentration 
(kg/m3), and t is the time (s).

The moisture absorption process of most polymers 
correlates greatly with Fick’s laws when the surrounding 
temperature is below the glass transition temperature 
(Tg) of the conditioned polymer.[44] During the absorp
tion process, Van-der-Waals bonds between polymer 
chains will be interrupted by the water molecules causing 
more freedom in the polymer segment motion.[45] 

Therefore, the relatively high level of molecular motion 
is the key reason for the water permeability in 
polymers.[46] The two major factors which affect moisture 
transport in polymers are the segmental mobility of poly
mer chains and structural defects.[47] It is widely recog
nized that Fick’s model is the most commonly used by 
researchers because it is simple and mathematically tract
able, although, non-Fickian or anomalous diffusion may 
occur in different cases.[48,49,50,51] Usually, the measure
ments of diffusion are assessed by measuring the total 
weight uptake as a function of time, Figure 4.

Moisture absorption curve in Figure 4 which 
approaches a convergent value after some time is fre
quently used to experimentally characterize Fickian 

diffusion behavior. The initial linear region of the weight 
gain curve goes up to about 60% of the moisture equili
brium (M∞) followed by a gradual approach toward the 
asymptotic value. The initial moisture uptake in a thin 
plate, if Fickian diffusion is observed, is given by Equation 
(11).[50,51,52]  

where Mt is the mass uptake at time t, M∞ is the moisture 
equilibrium and h is the plate thickness. The Equation 
shows that the initial moisture uptake is proportional to 
the square root of time, and it is this relationship that is 
most used to find out whether Fickian diffusion is 
followed.[46–48] This Fickian model shows a direct depen
dency on M∞, the relative humidity %, and the sample 
thickness h. Another model developed by Carter and 
Kibler correlates the diffusion coefficient D to the number 
of free water molecules n and the number of bound water 
molecules N as a function of time t (Equation (12)). [21] 

Generally, diffusion coefficients are obtained using thin 
plates and the 1-D Fickian model, Equation 13, where 
diffusion from the edges can be neglected. This model 
gives reasonable estimates of D values in the fastest 
diffusion direction, while diffusion from the edges 
becomes significant when the fastest diffusion direction 
is in the plane of the plate. However, it has been claimed 
that using a 1-D model leads to 50% errors in the 
derived diffusion coefficients. Therefore, it is essential 
to consider diffusion from the edges and a 3-D Fickian 
model with anisotropic diffusion coefficients can be 
used, Equation (14).[50]  

where a, b, and c are the plate dimensions along the x, y, 
and z axes respectively. Dx, Dy, and Dz are the diffusion 
coefficients along the respective axes. However, for dif
fusion coefficients obtained experimentally, if the thick
ness of the plate is very small compared to the other 
dimensions, then the edges can be neglected, and 
Equation (15) can be used to derive D values. If the Figure 4. Fickian curve fit to moisture absorption of an epoxy 

resin[52].

POLYMER-PLASTICS TECHNOLOGY AND MATERIALS 1795



edge effects on all six surfaces need to be considered 
where the thickness of the sample is comparable to its 
length and width, then edge correction factors (f) need 
to be used. Several edge correction factors[53,54,55] have 
been derived and used to account for the effect of diffu
sion through smaller faces, Table 5.

G3D ¼ f G1DðG3D< 0:6ÞorD3D ¼ f 2D1D; D1Ds d
erived from Equation (15)

3.3. Non-Fickian diffusion

The anomalous diffusion is used when departures from 
Fickian behavior occur. Commonly, material type, 
environmental condition, and materials exposure his
tory are the main features controlling the degree of 
deviation. Some of these deviations may arise from the 
initial structure of the material, but others can result 
from material degradation. Generally, the structural 
change in the polymers causes anomalous diffusion. 
These changes can be attributed to diffusional mobility 
or to the internal stresses developed as diffusion is in 
progress[38,56]. It has been reported by many researchers 
that in many cases a deviation from Fickian diffusion 
was observed.[50,51,  

57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78] There 
are several features of composite materials reported in 
these studies that are known to contribute to a departure 
from Fickian diffusion including matrix plasticization, 
nonuniform fiber structure, fiber/matrix interfacial 
debonding, applied or residual stresses, voids, micro- 
cracking and chemical degradation of the matrix. Many 
models such as Dual – Fick model[62, 63] and the Carter 
and Kibler model[64, 66] have been developed and 
recommended to account for non-Fickian diffusion in 
polymer matrix composites, but there is not a single 
general theory to describe it.

A simple methodology based on the time-dependent 
response of epoxy resins, comparable to the viscoelastic 
relaxation of mechanical properties was proposed 
by[67,68] to characterize non-Fickian diffusion coeffi
cients from moisture mass gain data. The non-Fickian 
diffusion model was used for predicting the moisture 
uptake profile through the thickness of the epoxy resin 
plates. Moreover, the Langmuir diffusion model, a dual- 
mode absorption model, is frequently used to describe 
non-Fickian diffusion. This is based on the assumption 

that the molecules of the penetrant are either dissolved 
in the polymer and hence can diffuse or are absorbed in 
the free volume micro-voids and are then locally 
immobilized.[64] Bonniau et al[69] compared the classical 
single-phase Fickian and the two-phase Langmuir diffu
sion theories by employing the diffusion models to 
water absorption data of glass epoxy composites. 
Typical deviations from Fickian behavior are demon
strated in Figure 5. Type I proposes the existence of 
bound and unbound water molecules. The bound 
water molecules in the occupied volume of the resin 
can cause swelling in the polymer. Whereas the 
unbound water molecules residing in the free volume 
don’t cause any swelling. On the other hand, two-phase 
diffusion, known as Type II deviation, is noticed in 
some cases, especially in hot and wet conditions. Such 
severe two-stage moisture absorption has been attribu
ted to fiber/matrix interfacial debonding, polymer 
relaxation, and/or microcrack formation on the material 
surface.[7, 56, 70,71,72] Several researchers[73,74,75,76,] found 
that moisture absorption in polymers and their compo
sites is significantly affected by defects, changes in the 
free volume fraction, swelling stresses, Poisson's con
traction, and external load and these factors might lead 
to deviation from Fickian behavior.

3.4. Solubility

Solubility is defined as the amount of solute that can be 
dissolved under equilibrium conditions in a unit volume 
of a solvent (such as a polymer matrix).[77] Henry’s law 

Table 5. Edge correction factors.
Derived by Correction Factor Reference

Shen and Springer: for homogeneous or isotropic material. Overestimate the diffusion coefficients f ¼ 1þ h
l þ

h
w

[49]

Starink, Starink and Chamber: the diffusion coefficients are the same in all directions f ¼ 1þ 0:54 h
l þ 0:54 h

w þ 0:33 h2

l:w
[50]

Boa and Yee: the diffusion coefficients are not the same in all directions f ¼ 1þ h
w

ffiffiffiffi
Dy

Dz

q

þ h
l

ffiffiffiffi
Dx
Dz

q [51]

Figure 5. Deviations from Fickian diffusion.
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is the simplest treatment of solubility in which solubility 
is proportional to the partial pressure of the surround
ing liquid or gas. Marsh et al[78] generalized Henry’s law 
to account for that, Equation 16. 

where H is the solution enthalpy, P is the pressure of the 
vapor, A is a constant and was given as 2.05 × 10−10 for 
epoxy resin, and M∞ is the saturation level. Usually, 
solubility differs from system to system and depends 
on chemistry, curing degree, and other factors within 
each system, encompassed in the constant A above. 
Another treatment uses a solubility parameter (δ) 
which generally depends on the chemical and structural 
similarity between the polymer and the liquid, 
Equation 17.[79]  

where ∆E is the energy of vaporization to a gas; 
V represents the molar volume of the components. 
Moreover, with increasing differences between the solu
bility parameters of the polymer δp and the solubility 
parameters of the solvent δs, the solubility decreases. So, 
the quantity (δp – δs) 2 should be as small as possible to 
give favorable mixing. Interestingly, solubility can be 
improved when firstly, both liquid and polymer have 
a compatible nature of secondary bond forces (similar 
solubility parameters), secondly when the liquid mole
cular volume is small, and finally when the cross-link 
density is low and the free volume in the polymer is 
high. For polymers, solubility parameters can be deter
mined by measuring the degree of solubility of 
a polymer in various solvents for which the solubility 
parameters are known. Alternatively, a group contribu
tion method can give the solubility parameter of 
a polymer by assembling the solubility parameter of 
each molecular group in a polymer and the overall 
solubility parameter can be determined.[18,80] 

Parvatareddy at al[81] attributed the effect of various 
solvents on polymers to the difference in the solubility 
parameters between solvent and polymer. In addition to 
absorption, it was to some extent responsible for envir
onmental stress cracking (ESC) in carbon fiber- 
reinforced composites. A similar correlation between 
ESC and the solubility parameters has been reported 
by.[82] Solubility is proportionally related to temperature 
as at high temperatures, the entropy contribution 
increases and the elastic resistance of the polymer 
decreases leading to an increase in solubility.[18] In gen
eral, moisture absorption in polymers is related to the 

availability of molecular-sized holes in the body of the 
polymer and the affinity of the polymer and water. 
Generally, epoxy resins have a moderate amount of 
free volume at 50–150 ̊C below Tg and a relatively strong 
affinity to water because of polar hydroxyl groups gen
erated during curing. Therefore, the two possible 
approaches to moisture absorption are[83,84]:

(1) Free volume absorption. This mode assumes that 
water molecules move between free-volume 
holes and so it depends on the cross-linked den
sity of the polymer. In this case, bonding between 
water molecules and epoxy is believed to be 
unimportant.

(2) Hydrogen bonding. This mode assumes that 
hydrophilic sites exist in the network of the poly
mer and that water molecules are attracted to 
these sites and can easily bond to certain hydro
philic functional groups such as hydroxyl or 
amine.

During the absorption process, the moisture content at 
equilibrium approaches a constant value when the 
material is fully immersed in water, Equation 18, while 
the value of moisture equilibrium varies when the mate
rial is subjected to humid environments with relative 
humidity ɸ, Equation 19.[85]  

where a and b are constants, dependent on the material 
type, and derived from a linear regression fit to the 
moisture content data.[49] Moreover, the relation 
between the moisture contents of the composite, (M∞) 
c, the fiber, (M∞)f, and the neat resin, (M∞)r cab be 
theoretically given in Equation 20.[86,87]  

where Wf is the weight fraction of fibers. Carbon and 
glass fibers do not absorb moisture while polymer and 
natural fibers do absorb moisture. So, (M∞)c and (M∞)r 
are related by the expression (Equation 21): 

Loos et al [88] examined the validity of this Equation by 
comparing the values of M∞ of both unidirectional 
graphite/epoxy composites and neat epoxy resin. An 
excellent agreement between the measured and calcu
lated values was obtained. Changes in the value of M∞ 
may occur after reaching the maximum asymptotic 
value of M∞. That is due to many reasons such as cracks 
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developing in the material leading to an increase in M∞, 
and loss of material because of leaching or cracking 
which decreases the value of M∞. Generally, the normal
ized weight gain of the composite should be the same as 
that of the resin for an ideal composite with no effect of 
interface on moisture uptake.[7, 50, 51] The dependency 
of equilibrium moisture content on temperature is not 
as well established because other researchers[89, 90] have 
noticed either positive or negative dependency of equi
librium uptake on temperature, while others found no 
temperature dependences.[91,92] However, the effect of 
temperature on solubility is well established in funda
mental thermodynamics theories and can be expressed 
by Van’t Hoff’s, Equation 22: 

Integrating this Equation with taking into account the 
narrow temperature range of normal water uptake mea
surements, gives the following expression 
(Equation 23): 

where Cs is the saturation concentration, ∆H is the heat 
of dissolution, M∞(T) is the moisture content at equili
brium as a function of temperature, -∆Habs is the heat of 
absorption per mole of absorbed water molecules and 
M0 is a temperature-independent constant. As a result, 
when the temperature, the equilibrium moisture uptake 
increases because of the endothermic diffusion 
process.[78] It was also found that as the temperature 
decreases increases the equilibrium moisture uptake 
may increase in an exothermic absorption.[55] There 
are many factors affecting the equilibrium moisture 
content including thermal history, existing damage in 
the composite, and the chemical stability of the resin. 
The maximum amount of moisture at saturation may 
exceed the thermodynamic equilibrium value. This is 
generally due to the presence of voids, cracks, fiber- 
matrix interface, defects, and long-term changes in 
solubility.[45]

4. Moisture absorption-induced damages in 
carbon fiber-epoxy composites

4.1. Swelling

Swelling in polymers occurs as a result of liquid mole
cules being absorbed into the polymer leading to 
volume expansion that changes the state of residual 
stresses in the composite material.[93] The main reasons 
behind swelling in composite materials include the 

hydrophobic nature of most engineering fibers, the dif
ference in the physical, chemical, and mechanical prop
erties between fiber and matrix,[3] plasticization which 
leads to a reduction of the glass transition temperature 
of the composite.[93,94] Generally, the severity of swel
ling is strongly dependent on the solubility, the mole
cular volume of the absorbed liquid, and the material 
stiffness. Swelling-induced internal stresses in polymer 
composite may lead to irreversible damage, such as 
debonding between the fiber and the matrix or 
microcracks.[21] Internal stresses produced by swelling 
can occur as a result of the non-uniform distribution of 
the absorbed liquid, and the differences in the swelling 
behavior between the matrix and the fibers. In general, 
fiber swelling increases the matrix tension and puts the 
fibers into tension, while matrix swelling decreases any 
residual tension in the matrix and puts it under com
pression. Furthermore, the stiffness of the fiber can 
hinder matrix swelling, and in this case, anisotropic 
swelling is common.[94,95] However, the stresses at the 
surface edges are normally high enough to produce 
cracks. After exposure to cyclic moisture absorption, 
micro-cracks, and interface debonding tend to coalesce 
and expand.[21] As a result of the swelling stress, micro
cracks can form especially under transient conditions 
which, with sorption and desorption processes, can 
cause significant stresses in composites. For example, 
when swelling is perpendicular to the fibers in 
a unidirectional lamina, which is greater than the par
allel direction, swelling-induced interlaminar cracking 
occurs due to complex stress contributions and stresses 
generated between laminates.[95] It is important to 
understand the swelling behavior of polymer compo
sites to determine any change resulting from water 
sorption in their properties such as strength and 
modulus.[93,94,95,96] Generally, swelling is less pro
nounced with small liquid molecules, low absorption, 
and glassy polymers. In this case, the liquid molecules 
can fit into existing free-volume holes without any 
volume expansion. With larger levels of absorption 
and more flexible polymers, swelling is more likely. 
The swelling in a polymer composite due to water 
absorption was carried out by Ref.[56] It was reported 
that despite the very modest swelling that water initially 
produced, volume was noticed to increase proportion
ally to water absorption once a critical uptake threshold 
was exceeded. Sahlin et al[17] investigated the effect of 
methanol and other liquids on epoxy resin and they 
found that samples exposed to methanol uptake showed 
a volume increase. This is because of the interaction 
between resin’s free hydroxyl group and methanol 
hydroxyl group through hydrogen bonding. This can 
interrupt the resin’s intermolecular hydrogen bonding 
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and lead to an expansion into the network of the resin. It 
was noticed that the volume of the resin reduced back to 
its original unswollen dimensions when methanol- 
absorbed specimens were subject to a desorption 
process.

4.2. Plasticisation

Plasticization, which occurs due to liquid molecular 
absorption in polymers or fibers, is caused by the repla
cement of the intermolecular bonding (hydrogen 
bonds) between polymer chains by liquid molecules. 
This increases the free volume leading to easier move
ment of the polymer chains resulting in a decrease in the 
glass transition temperature (Tg) of the polymer which 
in some cases can be reduced by up to 100°C. However, 
the degree of plasticization is dependent on the Tg value 
and solubility.[7] Kambour et al[97] noted that the degree 
of plasticization increases with solubility, which is 
greater when the equilibrium solubility is higher. 
Typically, important changes occur when Tg is lower 
than the operating temperature of the material, and the 
solubility is at high levels.[18] The plasticizing effect is 
usually reversible when liquid is removed, but it can 
become irreversible when polymers and composites 
are subjected to liquid absorption at elevated tempera
tures. The irreversible effects may be due to the chemical 
degradation of the matrix, interface failure, and the 
expansion of the internal voids.[98] On the contrary, 
plasticization can improve the material toughness, 
increase the creep rate and stress relaxation, enhance 
the diffusion coefficient, and lead to environmental 
stress cracking in the polymer, but at the same time, 
decreases the stiffness and strength of the material 
noticeably.[99,100]

4.3. Chemical degradation

The selection of materials for engineering applications is 
primarily dependent on the severity of the environment. 
Generally, epoxy resins have a greater solvent and ther
mal resistance than other polymers, although they are 
more difficult to process and more expensive. Most of 
the epoxy resins used in composite applications have 
high resistance to corrosion and strong chemicals such 
as strong acids, salt solutions, and oxidative agents. 
However, many liquids are known to affect the perfor
mance of epoxy matrix composite adversely through 
chemical degradation and chain scission of the polymer 
matrix.[101] It is well known that the degradation of 
polymers with specific functional groups can occur by 
a chemical reaction when polymers are exposed to 
fluids. Chemical degradation triggers hydrolysis of the 

bonds at the interface. The reaction at the interface 
between matrix/fiber may cause various morphological 
modifications to the interphase region,[19,21]. Hydrolysis 
is the most typical reaction of the chemical degradation 
in liquids, where polymers with ester bonds in the main 
or/and crosslinking chains such as epoxy resins undergo 
chemical attack by water, acids, and alkalis leading to 
dissolution and leaching of water-soluble polymer 
molecules followed by chain scission of the polymer. 
Additionally, the dissolution products may react with 
the polymer molecules, leading to further 
degradation.[37] Oxidation is another type of chemical 
reaction where unsaturated bonds in the resin forma
tions will be attacked by oxidizing agents such as oxygen 
or ozone, causing severe oxidative corrosion.[102] Xiao 
et al[103] investigated the changes in the chemical struc
ture of epoxy resin after water absorption at 90 ̊C fol
lowed by complete drying. It also characterized the 
degradation products produced during hygrothermal 
aging. It was found that after hygrothermal aging, oxy
gen was gained by the epoxy resin while some nitrogen 
was lost, and the increased oxygen content in the epoxy 
resin was primarily in the type of functional groups such 
as C-O and N-CO-N which led to scission of the epoxy 
backbone chains. The results showed that besides the 
backbone structure of DGEBA, the degradation pro
ducts also contain the – NH-C≡N form, a higher con
centration of carbon-nitrogen bonds, and – NH groups. 
Additionally, the tertiary amine groups react with water 
to produce N-H and – OH bonds in the resin chains, 
and the products of the reaction might experience 
further reactions either with the crosslink chains or 
with each other. Wazzan et al[104] investigated the effects 
of a high-concentration KOH solution on the chemical 
stability of epoxy resin and its carbon fiber-reinforced 
composites. Specimens prepared with different volume 
fractions were exposed to KOH solution at different 
temperatures and for different periods. It was observed 
that the thermal influence and the attack of the alkaline 
solution caused chemical degradation of the specimens. 
It was also noticed that carbon/epoxy samples with 
a 50% fiber volume fraction showed better chemical 
stability compared to un-reinforced samples. The effect 
of NaOH and H2SO4 on cured epoxy resin at different 
temperatures was examined by Ref.[102] The results 
revealed three types of chemical degradation in epoxy 
resins including surface reaction, formation of 
a corrosion layer, and penetration type. The kinetics of 
each type are depended on the resin’s chemical struc
ture, liquid diffusion in the resin, and the reactivity 
between resins and liquids. Another study reported 
a reduction in the thickness of carbon fiber composites 
caused by chemical corrosion.[86] Moreover, 
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degradation of the carbon fiber/epoxy composite occurs 
on the galvanic coupling of carbon-fiber composites 
with metals in multi-material structures in aqueous 
media. The degradative processes are directly related 
to the electrically conductive nature and surface chem
istry of carbon fibers.[105]

5. Moisture absorption behavior of carbon 
fiber/epoxy composites

Carbon fiber reinforced epoxy composites are often 
used in applications where they might be in direct con
tact with water, humidity, and other liquids. These 
environments can affect the short-term or long-term 
performance of these composite materials.[3,7] Epoxy 
resin in carbon fiber composites normally absorbs 
a small amount of moisture from the surrounding envir
onments but even this small amount can potentially be 
damaging.[3,7] Therefore, the diffusion mechanism and 
saturation level in these composites are dependent on 
the relative humidity as well as the temperature of the 
surrounding environments. The amount of absorbed 
water by composites depends on the matrix type, 
which after a long time of exposure can lead to degrada
tion and deterioration of the composite’s 
properties.[71,106,107,108,109] However, the absorption 
process may take weeks to months before a significant 
amount of moisture is absorbed by the composite, and 
considerably longer periods (i.e. 1–4 years) before the 
composite is saturated.[3, 7, 33, 50, 51, 58, 108, 109] Based on 
the research studies on moisture absorption into fiber 

reinforced polymer composites, it can be discussed that 
although most of the polymer matrix composites follow 
Fickian diffusion, deviations from Fick’s law in cross- 
linked and glassy polymers such as epoxy resins may 
occur when molecular relaxations or morphological 
effects dominate the movement of diffusing species in 
polymers.[3,7,8,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65] 

A commonly seen type of moisture ingress behavior is 
shown in Figure 6, which shows true Fickian behavior 
for 65% RH and dual-mode absorption for 100% RH. In 
this case, a quasi-equilibrium stage follows the initial 
Fickian behavior seen in the early stage. The dual-mode 
absorption leads to a gradual slow and continuous 
weight increase, which increases the time to reach the 
final equilibrium.[7, 50, 51, 58, 59, 106, 108]

Water molecules may enter the bulk of composites 
via capillary flow in which water ingresses through the 
pores and along the fiber-matrix interface due to hydro
lytic breakdown[119] or via microcracks or other forms 
of microdamage.[111] The absorbed moisture may lead 
to significant mechanical and physicochemical changes 
that toughen the matrix and/or degrade the interface 
between matrix and fiber by interface debonding or 
micro-cracking.[112] The resistance of the polymer 
matrix to moisture absorption is dependent on the 
molecular structure and state of cure of the polymer 
which determines the extent of reversible and irreversi
ble damage in composites.[113] With composites based 
on carbon fibers and epoxy resins, epoxy resin is mainly 
responsible for moisture absorption as the carbon fibers 
don’t absorb water significantly. This makes it easier to 

Figure 6. Moisture absorption behavior for epoxy resin in different humidity environments.
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study and determine the diffusion properties of 
a composite material using these fibers because the 
absorption in the polymer is only considered in the 
analysis. However, the service life of carbon fiber/ 
epoxy composites spans several decades, therefore, the 
design with these composite materials requires the abil
ity to study and predict changes in composite properties 
as a function of environmental exposure, including 
matrix properties and the integrity of fiber-matrix 
interfaces.[3, 7,110,111,112,113]

There are many potential variables affecting the water 
absorption in carbon fiber-reinforced epoxy composites. 
The diffusion rate and absorbed quantities of moisture 
into these composites are affected and dependent upon 
the relative humidity and temperature of the condition
ing environment, polymer chemistry, material structure, 
and the water absorption mechanisms.[7, 19, 50] The effect 
of hot/wet aging on neat epoxy resins and their compo
sites has been covered in several research studies.[51, 59,  

88,106,114,115,116,117,118,119,120,121,122,123,124] It has been 
demonstrated that the aging effects in carbon fiber/ 
epoxy composites generally take place very unevenly 
from the surface and edges into the bulk of the 
composite.[115] The exposure of graphite-epoxy compo
sites to humid air with a relative humidity of 20, 40, 60, 
and 100% and different temperatures ranging between 
322 and 366 K was examined by Loos et al .[88] Fickian 
behavior was followed and the maximum moisture con
tent (M∞) of the composites showed dependency on 
relative humidity but not on temperature. The values of 
M∞ and the transverse diffusivity of the composite were 
estimated using the M∞ and diffusivity of the resin. This 
estimation assumes that the resin and the composite were 
cured identically. At high temperatures, significant 
changes in the composite behavior were observed, 
including the generation of cracks which increased the 
diffusion. Moisture absorption in unidirectional IM7 
carbon fiber/epoxy composite material was examined in 
various relative humidifies at a constant temperature of 
25°C.[93] The moisture content at saturation and diffu
sion rate rapidly increased with increasing the relative 
humidity, Figure 7.[93] Similar results were reported by 
Ref[116] on UD carbon fiber epoxy composite (Hexcell 
8552/IM7) exposed to different relative humidity envir
onments at 70°C for one year. Additionally, significant 
chemical changes in the material were observed mainly at 
the surface, while major physical property changes were 
detected much deeper in the material as microcracking 
and variations of glass-transition-temperature (Tg). 
These changes were the main ones responsible for the 
higher water-absorption levels and the late rate- 
acceleration at higher RH%. Fickian behavior was also 
observed by Lee et al[117] studying the water absorption 

kinetics in graphite/epoxy composites. A deviation from 
Fickian behavior at high temperatures (90 and 100°C) 
was observed due to the formation of internal cracks. 
Zhou and Lucas[118] studied water absorption in unidir
ectional graphite/epoxy composites at various tempera
tures for more than 8000 h to estimate the effects of water 
environments on absorption behavior. The hygrothermal 
effects were investigated by the measurement and analy
sis of weight change, hygrothermal induced swelling, 
formation of surface crack, and mass loss at the surface. 
These graphite/epoxy composites showed a mixture of 
Fickian and non-Fickian diffusion behavior. The devia
tion from Fickian diffusion was discussed to be due to 
chemical modification and physical damage to the epoxy 
resin caused during absorption. Rather surprisingly, the 
non-Fickian behavior observed was more evident at 
lower exposure temperatures. Two different absorption 
stages were observed by Korkees[7, 51, 119] studying the 
water absorption behavior of unidirectional and ±45°
Carbon fiber reinforced 977–2 epoxy composites under 
hygrothermal environments. Water absorption in these 
composites followed non-Fickian behavior at longer 
times, especially at high temperatures. This behavior 
continued for at least 4 years, Figure 8. The non-Fickian 
behavior in this stage was attributed to matrix relaxation 
and to the changes in its morphology where the matrix is 
about to saturate. The moisture contents at equilibrium 
are not dependent on the conditioning temperature but 
the long-term solubility increased with temperature. The 
diffusion coefficients on the contrary are strongly depen
dent on the temperature and relative humidity of the 
conditioning environments. Furthermore, diffusion of 
saturated salt water, diesel fuel, jet A fuel, and aviation 

Figure 7. Moisture absorption behavior of carbon fiber/epoxy 
composites at different relative humidity atmospheres[93].
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oil in the same graphite-epoxy composites was investi
gated by Ref.[88] The experimental results exhibited 
Fickian diffusion behavior. In addition, it was found 
that the amount of absorbed liquid in diesel fuel, jet 
A fuel, and aviation oil case is dependent on the immer
sion time but is insensitive to the temperature, while, for 
saturated salt water, M∞ is dependent on both immersion 
time and temperature.

One of the important factors that control the diffu
sion mechanism of water molecules in composites is 
the fiber architecture. This is a critical aspect to take 
into account where the surfaces of the edges are 
exposed to moisture and the non-homogenous aniso
tropy structure of the material becomes vital in deter
mining the diffusion rate of fiber reinforced 
composites. To understand the effects of fiber orienta
tions and arrangements on the diffusion mechanism 
into carbon fiber/epoxy composites, the directional 
diffusion into unidirectional carbon fiber-reinforced 
M21 epoxy composites was investigated with long‐ 
term exposure to different environmental 
conditions.[7,50,51] Initial Fickian absorption was 
observed in the short-term stage followed by a 
slower second stage that continues for up to 3 years, 
Figures 9 and 10. The absorption behavior was 

controlled by the fibers’ architecture and the water 
diffusion rate along the fibers was about three times 
faster than that across the fibers and about seven times 
faster than through the thickness, Figure 9. The diffu
sivities across the fibers and through-thickness were 
40% and 13% of that along fibers respectively. The 
diffusivity along the fibers in this case was believed to 
be close to that of the unreinforced resin. The effect of 
the thicknesses of the composite samples was also 
considered as a variable and a decrease in diffusion 
rate at saturation was observed with increasing the 
thickness, Figure 10. Moreover, the analysis of the 
moisture diffusion rates of unidirectional T800H/ 
3633 carbon fiber reinforced epoxy composites, 
reported that the diffusion rate along the fibers is 20 
times faster than that in the transverse direction.[40] 

Almudaihesh et al[106] investigated the moisture 
absorption performance of unidirectional, plain, and 
twill weave CFRP composites with different stacking 
sequences. After a full immersion in still natural water 
at 70°C for 40 days, a significant variation in the total 
mass gains of the composites was seen between the 
different sequences in each composite type compared 
to the small variation observed between the different 
fiber architectures, Figure 11. The surface area to 

Figure 8. Moisture uptake curves and diffusion coefficients of carbon fiber/977–2 epoxy composite immersed in water at different 
temperatures and relative humidities[7, 51, 119].
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volume ratio of the samples is believed to be the reason 
behind these variations. Moreover, the QI samples 
were impacted at various impact energies and water 
mass gain increased with increasing the impact energy. 
This is in good agreement with[108] and.[124] The 
greater weight increase seen at high impact energies 
is a result of a higher damage volume and the larger 
amount of cracks at the surface allowing fast ingress to 
the damage volume.[106, 108, 124] Moisture diffusion in 
3D braided and unidirectional carbon/epoxy compo
sites in different mediums including distilled water, 

phosphate-buffered saline, HCl, and NaOH solutions 
was studied by Ref.[86] The diffusion of distilled water 
and phosphate-buffered saline (PBS) in both compo
sites followed Fickian behavior while non-Fickian dif
fusion was followed by the composites in the HCl and 
NaOH solutions. No change in the diffusion pattern 
for each medium was observed for the unidirectional 
and 3D composites suggesting that fiber structure 
didn’t affect the diffusion behavior. However, the dif
fusion parameters of the two composites were different 
in each medium studied, and the parameters of the 3D 
composite were lower due to its stronger geometrical 
hindrance to the diffusion of moisture molecules. It is 
also worth mentioning that the diffusion of PBS was 
found to be slower than that of distilled water due to 
the existence of large ions. Additionally, NaOH uptake 
was found to increase rapidly in the initial stage but 
quickly drop, which is likely due to the alkaline- 
induced degradation in the polymer matrix. 
Furthermore, no saturation was reached for compo
sites in HCl where the diffusion was affected by the 
degradation of the matrix. Arao et al[120, 121] analyzed 
the moisture diffusion properties of carbon fiber/epoxy 
composites with various lay-ups considering the com
posite anisotropy and the dimensional changes. The 
moisture uptake in these composites followed Fickian 
behavior, Figure 12. The diffusion along the fibers was 

Figure 9. Directional diffusion in UD carbon fiber/epoxy composites[7,50,51].

Figure 10. Effect of composite thickness on moisture diffusion in 
UD carbon fiber-epoxy composites[7,50,51].
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also reported to be 2–4 times larger than diffusion in 
the transverse and the through- thickness directions. 
However, the data from these studies showed that the 
laminate thickness and lay-up sequence had no effects 
on the diffusion coefficients. Water absorption in dry 
unidirectional continuous fiber T700 carbon/epoxy 
composite laminates with sealed edges was studied by 
Ref.[42] The water molecules instantly penetrated the 
surface of the laminate to a certain depth followed by 
slow diffusion toward the laminate center. This phe
nomenon was named “moisture shock”. As a final 
point, the importance of studying the directional diffu
sion into carbon fiber composites is well presented in 
these research studies, and it can be discussed that the 
moisture-induced micro deformation in the compo
sites can be predicted under constant conditions if 
the maximum moisture content and the diffusion coef
ficient for each direction are known.

It is well established that the diffusion mechanism of 
moisture into thick composite components is usually 
a slow process even though moisture absorption in the 
surface layers of the composite practically starts immedi
ately when in contact with the hot/wet environments.[3,  

42, 51, 59, 119, 122] A comprehensive moisture ingress study 
was conducted by Ref[122] to investigate the moisture 
diffusion behavior of thin and thick-ply carbon fiber/ 
epoxy composites in various environments including 
85% RH/70°C, 65% RH/70°C and 45% RH/70°C. An 
initial Fickian diffusion behavior was observed for thin 
and thick composites in the first stage, but instead of 
maintaining a maximum saturation level in the second 
stage, the composites continued to absorb water at 
a slower rate. However, the moisture content in the thin- 
ply composite was higher compared to the thicker-ply 
composites. On the contrary, the diffusion rate of the 
thin-ply composites was lower compared to the thick- 

Figure 11. Weight gain of various types and lay-ups of carbon fiber/epoxy composites[106].

Figure 12. Moisture absorption into different CFRP composites[120].
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ply composites. This was most noticeable for the quasi- 
isotropic composites compared to the unidirectional 
laminates. The largest difference in diffusion coefficients 
was a result of changing relative humidity.

Carbon fiber/epoxy composites are normally manu
factured to near-net-shape but in some applications, 
additional machining such as cutting, and drilling may 
be required which may lead to significant damage to the 
surface of the composite. Delamination and micro
cracking are the major damages obtained after cutting 
and drilling fiber/polymer composite materials. These 
kinds of damages often limit the use of carbon fiber 
composites for structural applications.[125] Various 
techniques have been used to understand and measure 
the severity of machining-induced delamination and 
microcracking to improve the performance of compo
site parts and assemblies. Visualization techniques for 
the measurement of delamination damage are quite 
challenging for nontransparent composites like carbon 
fiber – reinforced epoxy composites. The researchers 
used different techniques for the visual measurement 
of the delamination; there was no consistent procedure 
followed within the same method making the results not 
strictly comparable.[125,126,127,128,129] Moisture absorp
tion in quasi-isotropic carbon/epoxy composites with 
machined and molded edges was examined by Ref.[112] 

Weight gain plots revealed that the moisture absorption 
is higher for specimens with machined edges than 
molded edges with a mass gain of around 0.80% and 
0.75% respectively. This is attributed to the microcracks 
and damages of the fiber/matrix interface of the fibers 
oriented at 90° and ±45°Caused by the machining pro
cess and led to capillary diffusion. Karbhari et al[123] 

studied the water uptake in a high-volume fraction 
(69%) pultruded unidirectional carbon fiber/epoxy 
composite at temperatures of 23, 37.8, and 60°C and 
for 36 months. A two-stage diffusion with the Fickian 
first stage and relaxation/deterioration-dominated sec
ond stage was reported. The rate constants including 
first-stage diffusion rate D and second-stage relaxation 
coefficient k increased with increasing the immersion 
temperature. High temperatures also increased the 
degree of swelling which resulted in an increased deso
rption rate. This is because the hygrothermal effects 
caused irreversible aging in the form of fiber/matrix 
interface de-bonding, voids, and micro-cracks which 
provided new paths for diffusion. The maximum value 
of uptake over the entire period of the study,[123] M∞ 

increased with the immersion temperature. Moreover, 
the durability behavior of pultruded unidirectional car
bon fiber-reinforced composite plates immersed in 
water and seawater at room temperature was analyzed 
by Ref.[71] Fickian diffusion behavior was observed for 

the composites in both water and seawater. The research 
revealed that seawater immersion leads to higher moist
ure content at saturation than water immersion. This 
was attributed to the blister-induced damages on the 
composite surfaces in seawater which afford larger resi
dence sites. However, the diffusion coefficient in sea
water was lower than that in water, and this is due to the 
high concentration of dissolved salts in seawater that 
hinder water diffusion by the osmosis process.

The use of graphene nanoparticles to modify and 
enhance the mechanical properties of polymers and 
fiber reinforced polymer composites has been of parti
cular interest to researchers due to the superior proper
ties of graphene.[60,124,130] Therefore, it was 
hypothesized that although it is well established that 
carbon fibers hinder water molecules’ movements 
through the resin, the introduction of graphene nano
particles to carbon fiber/epoxy composites may also 
hinder the path of the water molecules and slow down 
the absorption process further. In a study carried out by 
Korkees et al ,[124] the absorption behavior of water and 
ethanol in woven carbon fiber/epoxy composites mod
ified with NH2 functionalized graphene before and after 
impact was investigated. Three-stage diffusion mechan
ism was observed for water and ethanol in the compo
sites. However, the inclusion of NH2-graphene 
nanoparticles slowed down the diffusion rate of both 
ethanol and water in this composite, by 46.4% (before 
impact) and 44.8% (after impact). Moreover, the incor
poration of functionalized graphene nanoparticles in 
carbon fiber/epoxy composites was reported in another 
study[60] to improve the resistance of the composite to 
water absorption by 43.9%. Two-stage water uptake was 
observed by the graphene-modified composite in this 
study[60] which was immersed in water at different tem
peratures. This behavior was attributed to resin relaxa
tion. In both studies,[60,124] it was argued that the 
increased resistance to moisture diffusion in the gra
phene-modified composites is due to the creation of 
additional barriers against water absorption and further 
reduction of the intermolecular movements of the 
epoxy resin.

Furthermore, researchers have investigated other 
characteristics and tactics in order to improve the resis
tance of carbon fiber/epoxy composites to moisture 
diffusion. The moisture absorption behavior of carbon 
fiber/epoxy laminated composites with surface-treated 
carbon fibers was investigated by Ref[84] at various RH% 
and constant temperature of 25°C. The moisture uptake 
of the untreated and silane-treated carbon fiber compo
sites followed Fickain’s behavior with a similar percen
tage of moisture absorbed by both composites. The 
reported behavior of moisture uptake is similar to the 
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work reported by Lee et al .[117] The effect of two 
different curing systems at room temperature and post- 
curing temperature on the moisture mass gain of carbon 
fiber/epoxy composite was measured at 24°C and 60°C 
aging temperatures. The post-curing increased the 
moisture content at equilibrium for pure epoxy regard
less of the conditioning temperature, while the maxi
mum moisture content of the post-cured composite 
increased only at the high-aging temperature. The diffu
sion rate for both the epoxy resin and the carbon fiber 
composite increased with increasing the aging tempera
ture. The increase in the free volume caused by post- 
curing led to the increase in the saturation moisture 
content in the post-cured epoxy resin compared to the 
room-cured epoxy resin at both the conditioning tem
peratures. The reduction in the moisture content at the 
equilibrium of the post-cured composites compared to 
room-cured composites could be down to the weak 
carbon fiber-epoxy interface in the room-cured 
composite.[32]

6. Moisture absorption into epoxy resins

The mechanism of moisture diffusion in epoxy resins 
has been widely studied.[59,131,132] The impact of relative 
humidity on the amount of absorbed water by epoxy- 
based composites has been extensively investigated in 
the literature.[21,50,51,58,60,122,124,133,134,135,136] It is well 
established that the moisture molecules transport in 
polymers is directly correlated to the molecular-sized 
nanovoids within the polymer and the affinity between 
the polymer and water molecules.[124] The extent of 
volume change caused by hydrogen-bonded water is 
significantly less than the volume of absorbed moisture 
which suggests that a considerable part of absorbed 
water resides in the polymer nanovoids.[19,133,134,135] 

Additionally, the absorbed moisture in epoxy resins 
mostly leads to plasticization, hydrolysis, chemical 
degradation, and microvoids formation in the polymer 
which may significantly affect the resin properties.[134] 

The impact of the number of nanovoids (holes) in epoxy 
resin on the equilibrium moisture uptake and also the 
interaction between water molecules and polymer net
work was investigated by Ref.[135] A great tendency for 
water molecules to be positioned inside the holes and to 
have further access to the polar sites was observed, 
which greatly affects the maximum water content. 
Furthermore, the coloration of the epoxy resin might 
occur when exposed to a humid environment due to 
chemical degradation.[137,138,139] Water absorption in 
epoxy resins usually varies depending on the resin type 
and the curing process. The water absorption rate of 
different types of epoxy resins may differ by a factor of 

10, and by a factor of up to three for the same resin with 
a different curing agent.[138] A research study by 
Adamson[140] showed that water molecules interacted 
with hydrophilic groups in epoxy resin by forming 
hydrogen bonds. On the contrary, Woo et al[141] found 
that water molecules exist as clusters within the epoxy 
resin and were not bound to polar groups. Further 
information on the water-epoxy interaction nature was 
provided by Ref.[142] The discussion concluded that the 
movement of the water molecules in epoxy resins is 
hindered by the water molecules migrating from one 
site to another with an approximate residence time of 
(7 × 10−10 s) but that the hopping doesn’t involve 
a specific hydrogen-exchange mechanism.[142] 

Furthermore, no evidence of free water and tightly 
bound water in the resin was given in this study. 
Water absorption and desorption in an epoxy resin 
(DGEBA/DDA) at elevated temperatures (90°C) were 
studied by Ref.[96] The analysis of the weight gain curves 
showed that water diffusion is Fickian and that the 
increase in the initial weight was followed by 
a decrease at longer times although no visible moisture- 
induced damage was noticed. This weight loss was 
attributed to the degradation of the epoxy due to hydro
lysis reactions. Delasi et al[143] examined the influence of 
absorbed water on the properties of six neat epoxy resins 
and three epoxy composites. The diffusion coefficients, 
activation energy, and activation entropy for water dif
fusion were in good agreement between five of the 
epoxy resins. Due to the resemblance between D for 
the five epoxy resins, samples showed similar moisture 
diffusion kinetics at the applied temperatures. 
Comparable equilibrium moisture concentrations at 
the same relative humidity were observed with similar 
reductions in the glass transition temperature (Tg) 
caused by the plasticization. Most of the water in the 
five resins was noticed to be bonded to the resin at low 
relative humidity. While, at higher RH, most of the 
water was bonded to the filler or was accumulated at 
epoxy phase boundaries for the inorganic filler/epoxy 
sample. This didn’t affect the filled epoxy’s Tg but led to 
differences in D, activation energy, and entropy of filled 
resin from unfilled resins. The characteristics of water 
diffusion in epoxy systems (DGEBA-TETA) with var
ious amounts of plasticizer THIOCOL were studied by 
Ref[144] at different temperatures. The existence of the 
plasticizer changes the material’s structure by producing 
different crosslinking densities and hydrophilic charac
ter. Jacobs and Jones’ model which assumes that epoxy 
resin is a two-phase system was used to analyze the 
results. The first phase which is homogeneous and non
polar contains the main part of the absorbed water, 
while the second phase has a different density and 
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a hydrophilic character. The overall diffusion showed 
deviation from Fickian behavior, although the model 
considers the diffusion in each phase to be Fickian. At 
low temperatures and independent of the plasticizer 
content, the samples gave the same results, whereas, at 
higher temperatures, the diffusion rate increased with 
increasing the plasticizer amount. Popineau et al[66] 

observed the non-Fickian behavior of water in epoxy 
resin due to the existence of mobile and bound diffusant 
molecules. Non-Fickian diffusion of water in an insuffi
ciently cured epoxy resin was observed by Ref.[145] This 
is because the further post-curing and oxidation of the 
resin occurred during the absorption process. 
Moreover, the absorption-desorption cycle effectively 
increased the preexisting free volume in the resin and 
rendered the following absorption process different 
from the original one.[145] Furthermore, the difference 
between the experimentally produced absorption and 
re-sorption curves by Ref[145] is due to the reversible 
changes in network conformations and not caused by 
irreversible damage to the resin. Abdel-Kader et al[146] 

studied water absorption in epoxy resins prepared with 
the same epoxide (diglycidyl ether of bisphenol A) but 
with five different hardeners. The curing agents used in 
the epoxy formulations had an important influence on 
water absorption. Water absorption in these epoxy 
resins followed Fickian behavior but this behavior was 
strongly affected by the physical aging and the degree of 
crosslinking in the network. The experimental results of 
Nogueira et al[147] showed an increase in diffusivity and 
permeability with temperature, where increasing the 
temperature in the lower crosslink density epoxy led to 
an increase in the water absorption level. This was 
thought to be due to the greater molecular mobility 
which is restricted in the higher cross-linked epoxies. 
Furthermore, the relaxation time of the ambient cured 
epoxy was found to be strongly dependent on the 
absorption temperature despite the water level in all 
cases is similar. Similar results were obtained by 
Ref[148] who studied the effects of long-term water 
absorption at different temperatures on the relaxation 
time of ambient cured epoxy. They also reported that 
the formation of multi-bound water molecules and 
a heterogeneous network structure led to broader glass- 
rubber transitions at 37.8 ̊C and 60 ̊C.

Apart from water, other small molecules such as 
gasoline, oil, acids, and solvents may diffuse into 
epoxy resins and affect the mechanical performance. 
The behavior of other liquids can also shed light on 
the physical and chemical mechanisms possible. This 
can extend to mixtures, where the equilibrium between 
the liquid components and the polymer may be com
plex. Apart from absorption, plasticization, and 

swelling; polymers such as epoxy resin may also have 
other degradation reactions such as oxidation, hydro
lysis (chain scission), transesterification, and salt 
formation.[7, 59, 102, 149, 150] The diffusion of water and 
low molecular weight organic liquids in cured epoxy 
resin with different amounts of the crosslinking agent 
was studied by Ref.[17] Fickian behavior was observed at 
the initial stage and deviations from Fick’s law were 
noticed at the long-term stages attributed to the resin 
relaxation phenomena. In addition, the equilibrium 
content of water (~5.6–7.1%) increased with increasing 
the cross-linking agent amount. This may seem surpris
ing as the extra crosslinking hinders molecular move
ment, however, additional crosslinking agents provide 
higher concentrations of polar groups. Additionally, the 
diffusion behavior of methanol was anomalous and 
could be correlated to the dynamic changes in the speci
men dimensions. Water-ethanol absorption in different 
epoxy polymers was carried out by Ref[105] and different 
absorption behavior was detected due to the difference 
in hydrophilicity and absorbent-dependent phase tran
sitions of these different polymers. Tusda et al[102] also 
studied the effect of NaOH and H2SO4 on cured epoxy 
resin at different temperatures. In the NaOH solution, 
there was an initial absorption with a weight increase 
followed by a weight loss due to resin degradation. The 
absorption behavior in H2SO4 demonstrated similar 
behavior of initial liquid absorption followed by degra
dation, but the weight loss was much higher than that in 
the NaOH solution. The diffusion of water-acetic acid 
solutions in epoxy resins was slower than in the con
centrated acid.[151] That is because the water molecules 
in the diluted acid control the diffusion rate and swel
ling. The Fickian model was not suitable to describe the 
diffusion mechanism in this study due to the effects of 
swelling and the voids in the polymer. Furthermore, 
since the interactions between the molecules in the 
mixtures are stronger than penetrant/epoxy interac
tions, only voids can be filled up which leads to non- 
Fickian diffusion. The absorption of several industrial 
chemical liquids/solvents in 977–2 epoxy resin was stu
died by Ref.[59] The weight uptake curves showed a two- 
stage absorption process for water, ethanol, methanol, 
and their mixtures as well as for heptane. On the con
trary, a three-stage absorption was witnessed for butyl 
format, decalin, and their mixtures. This deviation from 
Fickian behavior was attributed to polymer chain 
relaxation and swelling. The diffusion properties of all 
liquids are mainly affected by their polarity, molecular 
size, and their interaction with the polymer chains. 
Furthermore, the presence of more soluble liquid in 
the binary liquid mixtures enhanced the solubility of 
the other liquid in the mixture.[59]
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7. Effect of temperature on moisture diffusion 
in carbon fiber/epoxy composites

Composites in most engineering applications may be 
exposed to a wide range of temperatures, where elevated 
temperature (below 100°C) generally facilitates moist
ure absorption. The temperature of the conditioning 
environment plays a critical role in the degradation 
process of the polymer matrix composite.[136] The 
mechanism of moisture absorption in carbon fiber/ 
epoxy composites is highly influenced by the surround
ing temperature in a complex manner where increasing 
the temperature leads to accelerated aging by changing 
the diffusion rate and mechanism as well as the 
solubility.[152,153,154] Increased temperature leads to an 
increased diffusion rate due to increased molecular 
mobility and free volume.[152] It has been reported that 
the moisture content at saturation in epoxy resins and 
their fiber-reinforced polymer composites is either 
independent of temperature[21] or dependent on 
temperature.[19] However, exposure to high tempera
tures reduces the water solubility parameter while it 
doesn’t affect that of the polymers.[21] Moisture diffu
sion is a thermally or energy-activated process and the 
diffusion coefficient D increases rapidly with 
temperature.[55] This dependency on temperature can 
be commonly expressed via an Arrhenius Equation (24). 

where Ea represents the activation energy of diffusion, 
D0 is the pre-exponential factor, T is the temperature, 
and R is the gas constant.

Within a range of temperatures from room tempera
ture to 100°C, many studies have not found any signifi
cant difference in equilibrium absorption. The effect of 
hygrothermal temperature on moisture absorption in 
unidirectional carbon fiber-reinforced epoxy composites 
was examined by Ref.[155] Two-stage diffusion behavior 
was observed at all temperatures of 35, 70, 85, and 95°C. 
The equilibrium water content at 95°C was lower than 
that at 35°C. A slight effect of humidity at elevated 
temperatures was witnessed, with a higher diffusion 
coefficient and lower saturation for the samples condi
tioned in water at 70°C compared to 95% RH at 70°C. 
Water absorption in graphite/epoxy composites at var
ious temperatures of 45, 60, 75, and 90°C was studied by 
Ref.[118] The data exhibited Fickian diffusion behavior at 
45, 60, and 75°C but deviation from the Fickian mechan
ism was observed at 90°C as well as a weight loss after 
immersion for 1300 h. The specimens demonstrated no 
changes in the dimensions but showed obvious multiple 
cracks after 3400 h of immersion in water at 75 and 90°C. 

De`Neve et al[156] investigated water absorption by an 
epoxy resin at various temperatures 40, 55, and 70°C, 
and 100% relative humidity. The moisture absorption 
behavior was not strictly Fickian but rather sigmoidal. 
In addition, the diffusion rate was found to be tempera
ture-dependent, while equilibrium absorption values 
were not temperature related. Irreversible changes to 
polymers and composites may occur due to moisture 
absorption at elevated temperatures such as cracking, 
debonding, and chemical degradation. These changes to 
the polymers and composites will also affect their water 
absorption behavior correspondingly.[55] In some other 
cases, polymer composites are suddenly subjected to 
high-temperature environments in which temperature 
may surpass 100°C for no longer than a few minutes. 
This rapid heating above Tg which is regularly followed 
by rapid cooling is called thermal spiking. Thermal spik
ing can influence the rates of moisture absorption in 
composites, where polymer composites absorb consider
ably more moisture than under normal constant hygro
thermal conditions, which can also cause mechanical 
damage to the composites. Although the exact details 
vary with material system and exposure history, the 
mechanism of thermal spiking effects is as follows. The 
free volume in the polymer matrix increases with tem
perature, continuing above 100°C. At the same time, 
moisture will diffuse into this additional free volume. If 
the composite is rapidly cooled below Tg, the moisture 
can be trapped or frozen into the extra free volume 
which in turn is frozen in.[56,157] On the other hand, 
compressive stresses can build up at the surface due to 
rapid heating, where the surface temperature goes above 
Tg while there is no time for the moisture to escape since 
the temperature inside the material is still low. As the 
surface temperature is above Tg these stresses are rapidly 
relaxed. After a short time, the temperature becomes 
uniform and desorption occurs, leading to tension in 
the surface layer. These tensile stresses may further 
increase due to rapid cooling and that can cause surface 
cracking. The effect of moisture absorption as 
a consequence of thermal spiking on the mechanical 
properties of carbon fiber-reinforced epoxy composites 
was carried out by Ref.[158] Thermal spiking resulted in 
increased moisture content for all composites. The max
imum absorption increase took place at a spiked tem
perature of 140 and 160°C. No microcracks or voids were 
seen in the wet and thermally spiked composites. Clark 
et al[159] applied a range of temperature and humidity 
conditions on two different graphite/epoxy laminates to 
study the moisture absorption in these laminates. 
Experimentally, several combinations of spiking and 
moisturizing conditions were used to determine the 
influences of thermal spiking. Damage in the laminates 
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occurred by thermal spiking when moisture was present. 
Moreover, thermal spiking during the absorption stage 
was found to be more severe than the spiking of the 
material conditioned to equilibrium moisture. Kerasek 
et al[160] also examined the diffusion behavior of graphite 
fiber/epoxy composites at 60°C/95% RH and 70°C/95% 
RH environments. The results showed that the higher 
the temperature, the higher the moisture uptake rate. 
There was no evidence of a non-Fickian absorption at 
a higher temperature which could be due to the surface- 
induced crystallization in the epoxy resin at or close to 
the polar surface of the carbon fibers.[94]

8. Effects of composite structure on moisture 
diffusion

8.1. Fiber/Matrix interface

The fiber/matrix interface is most vital and critical in 
providing durability and reliability of these potential 
composite materials, Figure 13. The interface must be of 
high quality for the composite to resist moisture-induced 
degradation and to maintain the composite properties on 
exposure to moisture.[161] In addition, fibers must be 
well-bonded to the fibers to maximize the stress transfer 
between the fibers, achieve a good resistance to crack 
propagation and chemical attack, and minimize fiber 
pull-out.[162] It is well known that during the carboniza
tion stage of carbon fibers, produced carbon atoms pro
vide strength and stability to the fiber but their disordered 
arrangement leads to weak interaction with all types of 
matrix materials.[6] Therefore, the surface of carbon fibers 
is normally modified to promote better adhesion to the 
matrix. The surfaces of carbon fibers are often treated 
using oxidation treatment, electrochemical method, 
plasma treatment, and high energy irradiation to change 
the fiber surface from nonpolar to polar to enhance the 
wettability between carbon fibers and matrix.[6,163] 

Several research studies proposed a theory in which 

coupling agents were used as surface treatment that can 
use the hydrolytic intrusion of water as a mean of stress 
relaxation without interrupting the bond between poly
mer matrix and fiber.[4,18,92– 

94,153,154,155,156,157,158,159,160,161,162,163,164,165]

Water absorption in fiber-reinforced composites can 
lead to the degradation of the interfacial area between 
the fiber and the matrix by hydrolysis and chemical 
attack.[92,94] This in turn causes a reduction in the stress 
transfer between fiber and matrix which in turn dete
riorate the mechanical properties. Ageing of graphite – 
fabric reinforced epoxy composites in boiling water can 
destroy the adhesion between the fibers and the matrix 
and form voids in the resin.[165] The degradation of the 
interface in carbon fiber/epoxy composites due to 
moisture has been reported to have both reversible 
and irreversible effects. This is dependent on the tem
perature of the surrounding environment, the applied 
mechanical stress, and the type of fiber surface 
treatment.[93, 94, 165] A comparison between the moist
ure uptake curves of both unidirectional carbon fiber 
composites and neat resin was conducted to determine 
the effect of interface on moisture diffusion by Ref.[55] 

The high strength of the fiber/matrix interface con
strained the motion of the long-range chains of the 
matrix and thus reduced moisture uptake in the relaxa
tion-controlled long-term stage. The study also found 
that prolonged moisture absorption at high tempera
tures damaged the interface causing interfacial cracking. 
The fiber/Matrix interface degradation in UD carbon 
fiber composites, Figure 14, reported by Ref[106] was 
attributed to the low sizing levels of the UD fibers and 
therefore allow easier degradation of the interface. This 
is following the proposed theory where the mechanism 
of water penetration is primarily moving through the 
matrix increasing the number of cracks and conse
quently the interface debonding. Moreover, even 
though a substantial weakening may occur at the inter
face during hygrothermal aging, the strong interfacial 
bond for carbon fiber/epoxy may eliminate the possibi
lity of non-Fickian absorption. This may also be the 
reason that the moisture is not transported in the com
posite bulk by capillary diffusion but by the diffusive 
route only.[94] Furthermore, the deterioration of the 
carbon fiber/epoxy interface appeared after 60 days of 
immersion in demineralized water. Seawater was more 
aggressive in weakening the interface and its long-term 
effect was more evident than the demineralized water.[8] 

The interfacial degradation was attributed to either che
mical degradation caused by hydrolysis at the interface 
or mechanical degradation caused by swelling and large 
stresses leading to the matrix being pulled away from 
the fiber.[8]Figure 13. Carbon fiber/epoxy matrix interface.
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8.2. Volume fraction

The volume fraction of the fibers has been considered 
in prior research to be an important parameter that 
can significantly influence the moisture diffusivity of 
fiber reinforced polymer composites. The effect of the 
volume fraction of the matrix (Vm) on the hygrother
mal behavior and diffusion characteristics of unidir
ectional carbon fiber/epoxy composite laminates was 
investigated by Ref,[155] Figure 15. The diffusion rate 
increased with increasing the matrix volume fraction 
during the initial stage of water uptake. This effect is 
mainly due to the changes in the effective length of 
the water diffusion path because of the anisotropic 
fiber arrangement. Ray[94] studied the moisture 
uptake kinetics of fiber-reinforced epoxy composites 
with various fiber volume fractions. The results for 
both composites exhibited Fickian behavior in the 
initial stages followed by deviations in the later stages. 
This was attributed to the formation of microcracks 
and micro-damage which were induced by hygrother
mal shock cycles. In this study, increasing the fiber 
volume fraction didn’t influence the diffusion kinetics 
but affected the moisture content at saturation. 
Moreover, the high fiber loading in pultruded carbon 
fiber/epoxy composites was found to have 

a considerably lower diffusivity in the transverse 
direction, and therefore transport along the fiber 
direction dominates the diffusion in these 
composites.[123]

8.3. Fiber arrangement

The arrangement and orientation of the fibers have 
been considered critical aspects of controlling 
moisture absorption in carbon fiber reinforced 
epoxy composites which normally affect the diffu
sion path of water molecules. The influence of fiber 
orientation angle on moisture absorption was inves
tigated by Ref[111] for a (T300/5208) carbon fiber 
composite material. The fiber angle affected the 
moisture diffusion in the composite, as shown in 
Figure 16. The 0° fiber angle plates reached satura
tion quite quickly, with the moisture absorption 
being slower as the angle increases. This is because 
as the angle to the fiber increases, the fibers form 
more of a diffusion barrier. An investigation was 
carried out by Choi et al[155] to study the effect of 
fiber orientation on the water absorption mechan
ism in the through-the-thickness direction in 
a carbon fiber/epoxy laminate with 0 ̊, 45 ̊, and 90 ̊ 

Figure 14. SEM images of the carbon fiber/epoxy interface of carbon fiber composites[106].

Figure 15. Weight gain curves (a) and diffusion coefficients (b) for UD carbon fiber composites with various matrix volume ratios[155].
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fiber orientations, Figure 17. The laminate with 0 ̊ 
fiber angle has the highest diffusion rate corre
sponding to water diffusion along the fibers, while 
specimens with a 90° fiber angle have the lowest 
diffusion coefficient. That is because the 90° fibers 
cause the water molecules to move around following 
a longer path compared to 0° fiber laminate. 
Therefore, increasing the fiber angle from 0° to 
90° decreased the diffusion rate by 60%. Moisture 
diffusion into unidirectional (UD) and cross-ply 
carbon fiber/epoxy composites at 90% RH and 80 
̊C was examined by Ref.[166] The cross-ply compo
sites had a slower diffusion rate compared to UD 
composites, and the maximum moisture content 
M∞ was 1.8%wt for UD composites compared to 
1.4%wt for the cross-ply composites. Zai et al[167] 

measured the weight gain as a function of exposure 
time (at 80 ̊C) for carbon fiber/epoxy laminates with 
different stacking sequences as shown in Figure 18. 
A reasonable Fickian behavior was followed, and the 
moisture absorption was not uniform, with higher 
absorption content of 5.3% observed for the unidir
ectional composites compared to 4.9% for the [9012] 
s and 4.5% for the [±45]3s specimens. More complex 

stacking sequences had lower water absorption, but 
it should be emphasized that the absorption time 
was quite short, and samples did not reach 
saturation.[167] The effect of fiber structure on 
moisture diffusion in 3D braided and unidirectional 
composites was examined by Ref.[87] In this study, 
the carbon fiber composites, and the epoxy samples 
showed similar absorption curves, despite the epoxy 
samples absorbing much more water. This is 
because the fibers reduce the amount of resin and 
act as a physical barrier to water diffusion. The 3D 
composites did have a lower diffusion rate than the 
unidirectional composites. Water diffusion rates in 
UD carbon fiber composites were noted to be 
greater by Ref[106] than the rates of 2 × 2twill and 
plain-woven carbon fiber composites manufactured 
using the same epoxy resin. This was attributed to 
the linear paths of the fiber in UD composites 
which provide fast water ingress along the interface 
compared to the weave patterns in the woven 

Figure 16. Effect of fiber orientation on the average moisture 
concentration during cyclic exposure[111].

Figure 17. Moisture absorption curves (a) and diffusion rates for unidirectional laminates with various fiber angles[155].

Figure 18. Moisture absorption curves for the carbon fiber/ 
epoxy of different stacking sequences[167].
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structures which provide a long and complex path 
for moisture access along the interface. In another 
study conducted by Ref[168] examining the water 
absorption in laminated UD and cross-ply carbon 
fiber composites, the mass gain of the cross-ply 
laminates was slightly larger than that of the UD 
laminates.

8.4. Voids

Voids which are cavities of various sizes and shapes are 
common defects in polymer matrix composites. They 
are formed by the entrapment of air or volatiles in the 
resin bulk during composite manufacturing.[169] Voids 
formed during composite production or service may 
have significant effects on the moisture uptake in poly
mer matrix composites. Choi et al[155] investigated the 
effect of void content on the hygroscopic behavior of 
carbon fiber/epoxy composite laminates. An anomalous 
Fickian diffusion behavior was followed by all compo
sites regardless of the voids volume fraction (Vv), 
Figure 19 (a). However, there is a slight increase in the 
saturation level with an increasing number of voids. The 
analysis of the effect of voids on diffusion coefficient 
showed rather unexpected behavior with a reduction in 
the diffusion rate at 3% Vv followed by a slight increase 
with increasing the void volume ratio up to 5.6%. 
A subtraction method of the measured diffusion rate 
values from the corrected diffusion coefficients with no 
voids was adopted and therefore the decoupled void 
effect on the diffusion rate of the composites remained 
negligible up to 3% Vv and begins increasing above 3%, 
Figure 19 (b). These results should be treated with some 
caution as changing void content without affecting 
other properties is very difficult. Voids can be found in 

composites in many shapes and sizes. Research carried 
out by Ref[170] examined these factors by using carbon/ 
epoxy composites exposed to hygrothermal condition
ing to study the moisture absorption behavior. The 
diffusion coefficient and the maximum water content 
were significantly dependent on the content of the 
voids, where the amount of absorbed water more than 
doubled with the presence of only 1% voids in the 
composite.

9. Moisture desorption and re-sorption

As water exposure can be cyclic and variable, especially 
in humid environments, desorption and subsequent re- 
sorption are important processes when considering the 
service environment of composite material.[19,154] On 
desorption, the effects of water absorption can be 
reversed even if major modifications to the composite 

Figure 19. Moisture absorption behavior (a) and diffusion coefficients (b) for laminates with various void volume ratios[155].

Figure 20. The situations during absorption and desorption[174].
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characteristics took place during the aging process. In 
the case when composites are exposed to severe condi
tions, significant damage may occur during this aging 
process and reversibility can be lost.[171,172] Therefore, 
moisture desorption is usually conducted to describe the 
degree of reversibility of water absorption and to deter
mine the possible effects of chemical and structural 
changes, interfacial debonding, and micro-cracking. 
Generally, water desorption in composites involves 
two processes including the thermally activated deso
rption of water from the resin network and the capillary 
flows along cracks formed in the matrix and/or at the 
interface.[92] Therefore, an increase in the desorption 
rates is a result of such processes due to an increase in 
the area/volume ratio in the cracked materials.[92] 

Desorption normally takes longer than absorption and 
non-post-cured materials may never completely dry 
because of bound sites for the water where water mole
cules are chemically bonded to the resin, therefore, to 
remove all water, it is probably necessary to heat above 
Tg.[173,174] The plasticizing effect of water during water 
absorption normally leads to a reduction in Tg and 
enhances the polymer chain relaxation leading to 
a relaxed network structure, Figure 20. On the contrary, 
during desorption, the removal of water molecules sup
presses the relaxation and thus no changes to network 
structure occur.[174]

An investigation into desorption in high Vf pultruded 
carbon fiber/epoxy composites was carried out by 
Ref[123] after 3 years of immersion in water. Since deso
rption is slow at the same temperature as that of absorp
tion, a higher temperature of 60 ̊C was used for the 
desorption test. This is because of the strong interaction 
between water molecules and functional groups of the 
resin which results in their separation only at elevated 
temperatures. Boinard et al[175] reported similar results. 
One point to note is that both these studies reported 
almost complete water removal. Karbhari et al[123] 

found that composite specimens immersed in water 
for extended durations experienced structural relaxa
tion with the swollen segmental confirmation of the 
hygrothermally aged resin were different from the ori
ginal composites. Since the swollen structure enhances 
moisture diffusion, increasing the immersion tempera
ture is expected to result in a higher degree of swelling 
and thus increase the desorption diffusivity. 
Correspondingly, fiber-matrix interfacial debonding, 
the existence of voids and micro-cracks in the compo
site thickness due to hygrothermal aging were found to 
play a main role in increasing desorption diffusivity by 
providing new paths for diffusion and wicking of 
water.[3, 7, 154] Chateauminois et al[92] provided infor
mation on the desorption behavior of epoxy resin and 

glass/epoxy composites after isothermal water absorp
tion at various temperatures. Water absorption at ele
vated temperatures induced a particular change in the 
desorption behavior of the composite due to the occur
rence of microstructural damage. The major change in 
desorption behavior took place between 50 and 70 ̊C 
and this suggests that the temperature limit for hygro
thermal interfacial damage lies in this range of tempera
tures. Additionally, an increase in the desorption rates 
was observed at 70 and 90 ̊C owing to capillary flow 
along the debonded interface after aging at these tem
peratures. The moisture absorption and desorption 
behavior of epoxy resins were studied by Ref.[176] 

A small amount of residual moisture remained after 
the desorption process from a high moisture content 
at saturation. This small content could only be removed 
by drying the composite at a relatively high temperature. 
Desorption behavior in different media was studied by 
Wan et al[86, 87] who examined the desorption behavior 
of the C3D/Epoxy composite. The specimens condi
tioned in water and different chemical liquids at 37 ̊C 
were subjected to desorption at 37 ̊C, and specimens in 
all liquids showed behavior consistent with Fickian dif
fusion irrespective of their uptake history. Interestingly, 
diffusion coefficients for desorption were higher than 
those during the uptake process, and this is because of 
the existing diffusion paths such as debonded interfaces 
and microvoids which formed during the moisture 
uptake process. These paths were still open during des
orption, allowing for the efficient removal of water 
molecules. Moreover, a small amount of moisture was 
retained in the composite after desorption. This phe
nomenon was also reported by Ref[177] who attributed it 
to the existence of chemisorbed water. On the other 
hand, the moisture absorption of the C3D/EP composite 
immersed in HCl was nearly reversible. Specimens 
immersed in NaOH solution showed a significant 
weight loss, about 0.24% after saturation, confirming 
that extensive matrix degradation occurred during 
absorption. The presence of residual moisture in epoxy 
resin was also described by Ref.[78,178] From desorption 
and re-sorption experiments done in this research, 
structural relaxation was found to be irreversible upon 
the desorption of water molecules due to the plasticizing 
influence of the absorbed water. Furthermore, the 
experimental results demonstrated that the same relaxa
tion process governed the absorption and re-sorption 
cycles.

Desorption and re-sorption experiments at 70 ̊C were 
carried out by Ref[55] on carbon fiber reinforced BMI 
resin to investigate the reversibility of the structural 
change during absorption. The specimens were dried 
after the first absorption and used in the second 
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absorption experiment. The re-absorption experiment 
shows higher diffusivity and moisture content than the 
first absorption. Arnold et al[58, 154] and Korkees et al[119] 

conducted desorption and reabsorption experiments on 
epoxy resins and carbon fiber/epoxy composites initially 
conditioned in water for 330 days, Figure 21. The data 
showed an initial rapid drying, but complete drying 
wasn’t obtained, and a small residual of water remained 
in the epoxy resin and the carbon fiber composite even 
after long periods of drying. This is caused by the 
strongly bonded water molecules, which are difficult to 
be removed from the resin. Less amount of water 
remained in the composite than in the neat resin. 
Moreover, the neat resin and the composite specimens 
were immersed in water at 70°C after they were initially 
conditioned in water at 70°C, then dried at 70°C to 
study the re-absorption behavior of the composite. 
The diffusion rates during desorption and reabsorption 
were higher than those noticed during initial condition
ing due to the gradual relaxation of the epoxy resin. The 
relaxation of the resin in both neat resin and composites 
normally generates a more open structure allowing 
more water molecules to diffuse and leading to faster 
desorption and re-absorption. This indicates the 

irreversibility of the structural change of the polymer 
network and the history-dependency of diffusion 
properties.

Karbhari et al[123] carried out similar research to test 
the influence of the prior history (absorption – deso
rption) on carbon fiber/epoxy composites. After immer
sion in water for 3 years and then drying, the composites 
were immersed again in water at different temperatures 
for 2 months. The re-absorption process followed 
Fickian behavior and moisture content levels increased 
with temperature and were higher than those of initial 
immersion. Moreover, the re-absorption diffusion coef
ficients were higher than those of initial absorption. 
This is owing to the effects of both hygrothermal history 
and the composite damage occurring through the initial 
immersion, desorption, and re-absorption. Other 
researchers found increased absorption and diffusivity 
during re-absorption studies in various glassy polymers 
and have linked it to anomalous diffusion 
behavior,[145,179,180]. After exposing the material to the 
absorbent during the first absorption stage, a higher 
diffusion and higher saturation level have been observed 
during subsequent re-sorption experiments, which have 
been attributed to structural relaxation by several 

Figure 21. Desorption and re-absorption behavior and diffusion properties of the carbon fiber/epoxy composites[58, 119, 154].
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authors.[145,181] The network structure of the material 
was observed to be different from the original material 
after desorption owing to the “frozen-in” segmental 
conformation leading to higher absorption in the re- 
sorption process. Numerous researchers have also 
noticed that annealing the desorbed material makes 
the re-sorption behavior very similar to that of the first 
absorption.[145,181] This proves that the physical nature 
of the penetrant molecules rather than the chemical 
nature induced structural changes in the material.[174]

10. Concluding remarks

Structural continuous carbon fiber reinforced epoxy 
composites are normally subjected to a range of hygro
thermal environments (hot/wet) throughout their ser
vice life. In this review paper, current studies focusing 
on the ingress of moisture into carbon fiber-reinforced 
epoxy composites were reviewed comprehensively with 
particular attention to the composite structure. Based 
on the review, the following remarks can be outlined:

● In hot/wet environments, uncertainty about the 
long-term stability of carbon fiber reinforced 
epoxy composites is still the main concern for the 
industry. Moisture molecules can easily and rapidly 
diffuse into the epoxy matrix in the early stages 
followed by a slow increase in the long-term stage 
until saturation. Therefore, it is vital to understand 
the moisture uptake behavior and diffusion 
mechanisms in these composites because the exis
tence of moisture in these composites can signifi
cantly deteriorate their mechanical performance 
and restrict their long-term use.

● The mechanism of moisture uptake and the diffu
sion properties (M∞ and D) of the continuous 
carbon fiber/epoxy composites are vastly affected 
by the temperature and humidity of the surround
ing environment. Elevated temperatures increase 
the molecular mobility and free volume in the 
epoxy resin leading to changes in the diffusion 
rate and solubility and accelerating the aging pro
cess of the composite.

● The most common approaches to moisture absorp
tion into continuous carbon fiber/epoxy compo
sites are the diffusion of water molecules into the 
free volume in the resin and/or the hydrogen bond
ing between water molecules and the hydrophilic 
sites in the epoxy resin network.

● Moisture absorption and diffusivity of continuous 
carbon fiber/epoxy composites are significantly 
influenced and controlled by the structural features 
of the composite including carbon fiber/epoxy 

interface, fiber volume fraction, fiber architecture 
and orientations, and voids content.

● The most widely adopted model to describe the 
moisture absorption behavior and determine the 
diffusion rate of carbon fiber reinforced epoxy 
composites is the Fickian diffusion model. 
However, research studies have also reported 
deviation from Fickian behavior in continuous 
carbon fiber/epoxy composites where a steady 
and gradual increase in moisture uptake beyond 
the initial Fickian stage in the long-term stage of 
absorption is followed.

● The non-Fickian diffusion is normally associated 
with and controlled by material type, environmen
tal conditions, materials exposure history, resin 
relaxation, or structural changes.

● The most frequent moisture-related damages in 
continuous carbon fiber/epoxy composites are swel
ling plasticization and chemical degradation. The 
negative impact of these types of damages includes 
internal stresses, irreversible damage, reduction of 
the glass transition temperature, and degradation.

● It is important to study and understand the moist
ure desorption and reabsorption mechanisms in 
continuous carbon fiber/epoxy composite since 
the exposure to moisture can be cyclic and variable. 
Moisture desorption is reported to be faster than 
the initial moisture absorption but is slower than 
the moisture reabsorption process in continuous 
carbon fiber reinforced epoxy composites.

● The understanding and determination of the water 
absorption mechanisms and diffusion characteris
tics of continuous carbon fiber/epoxy composites 
can allow improved design capabilities with short- 
term and long-term exposure to hot/wet environ
ments and aid the prediction of the environmental 
impact on the composite properties including the 
properties of the epoxy matrix and the integrity of 
interface between the carbon fibers and epoxy resin.
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