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Abstract 

Nowadays fiber reinforced polymer (FRP) composites are in massive demand for applications in 

diversified fields owing to their unique combination of properties. Despite numerous advantages 

over conventional metallic materials, polymeric composites suffer from the limitation of being 

susceptible to degradation when exposed to harsh environmental attacks. During their 

fabrication, storage and service period, components made up of these polymeric materials are 

subjected to heat and moisture, when operating under changing environments. Such 

environmental exposures affect the reliability and predictability of the short term as well as the 

long term properties and also the in-service performance of these components. The fiber/matrix 

interphase plays a key role in deciding the moisture diffusion kinetics as well as response of the 

FRP composites to different environments. Although moisture uptake theory and mechanism in 

polymeric composites has been an active area of research for last few decades, but still accurate 

predictability of moisture absorption kinetics is under question due to complex sorption kinetics 

and scattered experimental data. 

Keywords: Polymer Composites, Hygrothermal Ageing, Thermal Spike, Moisture uptake 
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1. Introduction 

In recent times,fibrous polymeric composites have received increased attention for a wide range 

of applications ranging from ladder rails to aircraft wings, from sports goods to space craft 

frames, from printed circuit boards to rocket motor cases, owing to their unique combination of 

properties like low density, high strength to weight ratio, good anti-corrosion properties, fatigue 

resistance and low manufacturing costs. However, FRP composites encounter a variety of 

environments during their fabrication, storage and service life, which are capable of causing 

degradation in their expected in-service performance or even complete failure. In aircrafts and 

spacecrafts, the body parts are subjected to humid condition caused by clouds or rain whereas in 

marine and pipeline application where the components are exposed to severe humidity conditions 

throughout their lifetime. 

Moisture absorption in polymeric composites is a complex phenomenon which degrades its 

reliability and performance [1-3].Moisture ingression leads to decrease in glass transition 
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temperature of the composite which adversely affects its elastic modulus and other properties [2-

4]. Also, the absorbed moisture causes thefiber/matrix interface to become susceptible to 

aggressive reactionswhich result in change in interfacial chemistry,thereby affecting its load 

transfer characteristics and structural integrity [2]. Hence, there is a need to predict the kinetics 

of water diffusion in polymeric composites in order to predict their short term as well as long 

term performance.In addition, in view of the increasing usage polymeric composite materials in 

various critical applications, there exists a urgent need to obtain a complete understanding of the 

relation between their in-service properties and hygrothermal environments to which they are 

exposed.  

It is a well-known fact that polymers are hygroscopic in nature and this necessitates proper 

understanding of the phenomena occurring during moisture ingression in polymeric composites. 

This paper is an attempt to bring together the theories and mechanisms of moisture ingression as 

well as their adverse effect on polymeric composites, scattered in various literatures to provide 

an improved understanding in the aforesaid subject. 

2. Diffusion Models 

 

Over decades, different models have been developed with an aim of accurately predicting the 

moisture ingression phenomenon in such polymeric composites. Alfrey et.al [5] was the first to 

propose three distinct types classification of diffusion processes in polymeric materials. This 

classification was based on the relative rates of diffusion of penetrant molecules and relaxation 

of polymeric chains. The first category is that of Fickian diffusion in which the rate of relaxation 

is much higher than that of diffusion. Non-Fickian diffusion comes under the second category in 

which the rate of relaxation is nearly same as diffusion rate. The third category pertains to a case, 

where rate of relaxation is much lower than that of diffusion. 

Many models have also been proposed to quantitatively describe the moisture absorption 

characteristics of different FRP systems. Some of the diffusion models relevant to moisture 

diffusion in fibrous polymeric composites, which have evolved over last few decades, are 

discussed below. 
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2.1. Linear Fickian Diffusion Model 

 

The simplest model which is applicable to most polymeric composites, was developed by Fick 

long back in 1855 [6], basing his work on the foundation set by Fourier [7]. 

Fick‟s first law of diffusion is based on hypothesis that for an isotropic medium,  rate of 

diffusion through any cross-section is directly proportional to the concentration gradient normal 

to it and is quantitatively represented as - 

F = −D
∂C

∂x
                                              (1) 

However, Fick‟s second law is considered as the fundamental law of diffusion and can be 

represented by equation (2) when D is dependent on moisture concentration. 

∂C

∂t
=  

∂ (D ∂C)

∂x(∂x)
                (2) 

However, in case of moisture concentration independent D, equation (2) becomes – 

∂C

∂t
= D

∂2C

∂x2                                                           (3) 

The most accepted classical solution of Fick‟s second law for that of a plate, which is given 

below [8] - 

M t

M∞

= 1 −
8

π2
 

(−1)n

(2n+1)2 exp  
−(2n+1)2π2Dt

4h2  ∞
n=0           (4) 

Often, for simplicity, the above equation is often approximated as proposed by Springer [9]- 

M t

M∞

= 1 − exp  −7.3  
Dt

h2 
0.75

          (5) 

Also, the solution for moisture desorption is as follows- 

M t

Mo
= −

8

π2
 

(−1)n

(2n+1)2
exp  

−(2n+1)2π2Dt

4h2
 ∞

n=0       (6) 

When the moisture diffusion is Fickian in nature, the diffusion coefficient is alone sufficient to 

describe the behaviour of the FRP composite [9]. The diffusion coefficient in this case is 

independent of concentration of penetrating molecules and can be found out by the following 

equation – 
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D = π  
h

4M∞

 
2
 

M1−M2

 t1− t2
 

2
            (7) 

Typical linear Fickian behaviour is shown in Fig-1, which can be roughly divided into two parts 

- an initial linear region which is the consequence of concentration independent diffusion 

coefficient and a saturation region in which no more moisture is absorbed even if the sample is 

kept in same humid condition for a very long time. Fickian behaviour is reported to be more 

pronounced when the polymer composites are exposed to humid air and at lower temperatures 

[10]. 

 

Fig-1: Typical linear Fickian diffusion model [11] 

 

Moisture diffusion in many FRP composites has been reported to follow Fick‟s law [4, 12-20, 

23]. In Fig-2, the gravimetric moisture ingression curve of carbon/epoxy composite is shown, 

which follows Fick‟s law. 
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Fig-2: Experimental data fitting with linear Fickian diffusion model of carbon/ epoxy 

composites aged at 70
o
Cand 85% RH [21] 

 

2.2. Deviation from Fickian Behaviour: Non-Fickian Diffusion Models 

 

Glass transition temperature is an important parameter when it comes to study the polymeric 

systems.  Although polymers follow Fick‟s law of moisture absorption in their rubbery state but, 

in glassy state, polymers show deviation from Fickian behaviour. Such non-Fickian behaviour is 

due to different reasons such as negligible swelling of the composites, development of cracks 

and voids and moisture diffusion along fiber matrix interface [2]. Also, polymer matrix itself has 

an important role to play in deciding the moisture diffusion behaviour. For example, epoxy resin 

based composites are usually found to follow non-Fickian moisture absorption kinetics [10]. 

Different non-Fickian moisture absorption curves observed in polymeric composites are shown 

in Fig-3. 
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Fig-3: Typical linear Fickian and non-Fickian diffusion models [22] 

 

Curve “A” shows the pseudo-Fickian diffusion in which true equilibrium is never achieved. The 

curve can be divided into two linear regions – the initial region being similar to Fickian curve 

and the other region having a lower but non-zero slope. Such behaviour is mostly observed in 

polymeric composites in which both fiber and matrix absorb moisture, for example - glass/epoxy 

composites for a variety of humidity and temperature condition [23, 24], glass/epoxy in water at 

different temperatures [25-27], glass/urethane composite in distilled water at different 

temperatures [28], glass/polyester composites in water and sea water [29] and so on. But this is 

not always the case. Many polymeric composites in which the fiber has no role in moisture 

absorption also show similar behaviour [31, 32]. This might be due to involvement of 

fiber/matrix interface in moisture absorption.  Also, on varying the environment, moisture 

diffusion kinetics of the same system changes noticeably [23, 27-30]. 

Curve “C” shows the case of rapid increasein moisture content in the polymer composite, which 

usually results frominduced damage in the material, which might sometimes lead to large 

deformations, and even failure. Under certain conditions, polymer composites are reported to 

switch to such kind of irreversible behaviour, although usually they tend to have quite different 

moisture absorption characteristics [26, 27, 33-36]. 

Curve “D” accounts for the physical (swelling) or chemical (leaching and hydrolysis) 

degradation of the composite material which causes weight loss. This irreversible behaviour 

threatens the loss of structural integrity and might even lead to failure of the composite. 

A–Pseudo-Fickian Diffusion 

B–Dual-stage Diffusion Model 

C–Rapid increase in moisture 

content 

D–Irreversible degradation 

leading to weight loss                                                                                

S- Sigmoidal Model 

LF- Linear Fickian Model 
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Such behaviour of fibrous polymeric composites has been reported in many literatures [37-40]. 

In fact, whenever moisture ingression characteristics of a composite material is found to be in 

resemblance with either curve “C” or “D”, it raises question on the decision of material selection 

for that particular environment. 

Curve “S”represents the sigmoidal type moisture diffusion in the polymer composite and is 

reported to be related to a moving diffusion front [23, 25, 41, 42]. 

Many researchers have reported that polymeric composites recover their original strength, either 

partly or even entirely, on drying [23, 30, 43]. In general, in case of curves “LF”, “A” and “B”, 

which are associated with reversible changes upon moisture absorption, complete regaining of 

original strength is possible, but for curves “C” and “D”, permanent loss of strength is observed 

[3, 22]. 

 

2.3.Langmuirian Diffusion Model 

 

Langmuirian model, also known as the dual-mode sorption model or the two-phase diffusion 

model, is based on the assumption that the penetrant molecules are divided into two populations- 

one consists of the mobile molecules which are dissolved in the matrix and hence are free to 

diffuse; while the other molecules are locally immobilized as they occupy the micro-voids [44]. 

However, there exists a possibility of exchange between mobile and bound molecules over time.  

Langmuirian model of diffusion is a modification of Fick‟s law, proposed by Carter and Kibler 

[44] and can be quantitatively described as - 

Dγ
∂2n

∂z2 =
∂n

∂t
+

∂N

∂t
(8) 

∂N

∂t
= γn − βN                                  (9)                                       

The solution for the above set of equation is given below- 

M t

M∞

=
β

γ+β
e−γt  1 −

8

π2
 

e−κi2 t

i2

∞(odd )
h=1  +

β

γ+β
 e−βt − e−γt +

                                                                           1 − e−βt  ; 2γ, 2β ≪ κ(10) 

For shorter exposure times, equation (11) can be approximated to- 
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M t

M∞

≈
4

π3/2
 

β

γ+β
M∞  κt ;  2γ, 2β ≪ κ, t ≤ 0.7κ(11) 

And for longer exposure times, the same equation can be modified as follows- 

 

M t

M∞

≈ 1 −
γ

γ+β
e−βt  ;  2γ, 2β ≪ κ, t ≫ 1/κ(12) 

 

This model of two-phase diffusion has been adopted by many researchers to explain the moisture 

absorption kinetics of FRP composites [45-51]. Moreover, Fickian and Langmuirian models 

could be statistically equivalent in case ofcertain conditioning environments [1]. However, the 

Langmuirian model has been reported to be able to accurately predict the moisture uptake 

ofcertain systems in certain environments such as carbon/epoxy conditioned in anti-icing 

additive [52]. 

A comparison between Fickian and Langmuirian fitting of experimental data of moisture 

absorption kinetics of glass/epoxy composite is shown in Fig-3 [48]. It can be clearly seen that 

anomalous Carter-Kibler or Langmuirian fitting gives a more accurate approximation for the 

observed data than the Fickian fitting. 

 

Fig-4: Langmuirian model applied to moisture absorption data of glass/epoxy 

compositeexposed to humid ageing at 70
o
C and 85% RH [48] 
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2.4. Hindered Diffusion Model 

 

The one-dimensional hindered diffusion model is equivalent to the 1D Langmuirian model [53, 

54].The three dimensional hindered diffusion model of moisture diffusion in polymeric 

composites is an extended form of the one-dimensional model to incorporate diffusion through 

multiple surfaces and interaction between water molecules and the polymeric composite. This 

model can be described by the following equation - 

 

𝐷𝑥
∗ 𝜕2𝑛∗

𝜕 𝑥 ∗ 2 + 𝐷𝑦
∗ 𝜕2𝑛∗

𝜕 𝑦∗ 2 + 𝐷𝑧
∗ 𝜕2𝑛∗

𝜕 𝑧∗ 2 = 𝜇
𝜕𝑛∗

𝜕𝑡∗ +  1 − 𝜇  𝑛∗ − 𝑁∗ (13) 

 

where 

 

𝑛∗ =
𝑛𝑡

𝑛∞
𝑁∗ =

𝑁𝑡

𝑁∞
𝑡∗=βt 

 

𝑥∗ =
𝑥

ℎ
𝑦∗ =

𝑦

𝑤
𝑧∗ =

𝑧

𝑙
 

 

𝐷𝑥
∗ =

𝐷𝑥

ℎ2 𝛾 + 𝛽 
𝐷𝑦

∗ =
𝐷𝑦

𝑤2 𝛾 + 𝛽 
𝐷𝑧

∗ =
𝐷𝑧

𝑙2 𝛾 + 𝛽 
  𝜇 =

𝛽

𝛾 + 𝛽
 

 

Moisture absorption in fibrous polymeric composites subjected to hindered diffusion is shown in 

Fig-5(a). The initial part is linear, after which „„pseudo-equilibrium‟‟ is attained, wheremoisture 

absorption rate slows down noticeably [53]. One can compare this „„pseudo-equilibrium‟‟ to be 

equal with the saturation moisture content in case of Fickian diffusion. In case of Fickian 

diffusion, there is no further increase in moisture content after „„pseudo-equilibrium‟‟. Hence, it 

is important to distinguish between the two types of diffusion processes as one might arrive at 

the incorrect conclusion by assuming the slow moisture uptake rate in hindered diffusion to be 

Fickian diffusion behavior.Fig-5(b) shows the clear distinction between the two diffusion 

processes, while fitting with the experimental data of carbon-fiber reinforced bismaleimide 

compositessubjected to distilled water immersion. 
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Fig-5: (a) Typical 3D hindered diffusion model and (b) fitting of experimental data of carbon-

fiber reinforced bismaleimide composites (immersed in distilled water) with hindered diffusion 

model and linear Fickian model [53] 

 

 

b 

 

a 
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2.5.Dual-stage Diffusion Model  

 

In Fig-3, Curve “B” shows the dual-stage moisture diffusion model. The dual-stage diffusion 

model can be quantitatively described by dividing concentration of moisture in the polymeric 

composite into two parts, namely - the polymer chain relaxation behaviour and the Fickian 

diffusion behaviour. 

𝑀𝑡 = 𝑀𝑡,𝐹 + 𝑀𝑡,𝑅(13) 

The solution to the equation (16) is given by the following equation - 

 

𝑀𝑡 = 𝑀∞,𝐹  1 − 𝑒𝑥𝑝  −7.3  
Dt

h2
 

0.75
  + 𝑀∞,𝑅 1 − 𝑒𝑥𝑝 −𝑘𝑡  (14) 

Equation (14) is plotted in Fig-6, which shows that the two-stage moisture diffusion is the 

combined effect of the classical Fickian diffusion and polymer matrix relaxation. The initial 

linear part of the curve is identical to the Fickian curve and hence, it can be said that polymeric 

relaxation has no influence on it, while polymeric relaxation plays decisive role in determing the 

second part, in which diffusion rate decreses to attain final saturation moisture level. 

 

Fig-6: Theoritical moisture uptake curves showing combined effect of Fickian diffusion and 

polymeric relaxation [57] 
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Experimental data of some polymeric composite systems, which are reported follow dual-stage 

diffusion are shown in Fig-7. 

 

 

 

 

Fig-7: Experimental data following the dual-stage diffusion model in (a) glass fiber reinforced 

polyester composite, immersed in water [55] and (b)glass fibers reinforced isophthalic polyester 

composite exposed to water and humidity[56] 

 

a 

b 
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3. Factors affecting moisture ingression kinetics in polymeric composites 

 

3.1. Effect of Fiber system  

 

On the basis of moisture absorption tendency, fibers can be broadly classified into two groups – 

permeable and impermeable fibers – as shown in Fig-13. 

 

Glass and aramid fibers are permeable in nature and hence, moisture absorption in polymeric 

composites containing these fibers is affected by both the fiber and resin. On the contrary, carbon 

fibers are resistant to moisture absorption and therefore, moisture absorption in carbon fiber 

reinforced polymer composites depends only on the resin phase. 

 

 

Fig-8: Typical diffusion path in polymeric composites composed of (a) permeable fibers and (b) 

impermeable fibers [10] 

 

3.2.Effect of resin structure  

 

Proper choice of resin system is of paramount importance in the polymer composites as it 

decides not only moisture absorption capacity but also the kinetics. Moy et.al [58] has 

experimentally shown that highly cross-linked epoxy resins absorb less moisture than those 

(a) (b) 
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having low cross-link density. Fig-9 shows the significance of epoxy resin structure (functional 

groups, cross-linking etc.) in deciding moisture absorption characteristics of the system. 

Springer [23] showed that on changing the catalyzing agent for the same fiber/matrix system, 

moisture diffusion kinetics changes. 

 

Fig-9: Structure dependence of stability of epoxy resins in boiling water [59] 

 

3.3.Effect of interfacial adhesion 

 

Silane coating is usually provided on the surface of glass fibers, which act not only as a 

protective coating but also as a coupling agent to promote the adhesion with polymer matrix. 

The concept behind using silane coupling agents is to utilize chemical reactivity between the 

inorganic substrate and the organic resin, so as to develop proper adhesion at the fiber/matrix 

interface. 

Fig-10 shows the importance of silanizing agents of glass fibers on the moisture uptake kinetics 

of the polymeric composites [42]. Three reagents were used for silanization of glass fiber/epoxy 

composite, namely, 3-aminopropyltriethoxysilane (APTES), 3-aminopropylmethyldiethoxysilane 

(APDES) and 3-aminopropyldimethylmonoethoxysilane (APMES). The APMES reagent 

coupled FRP composite is found to have lowest saturation moisture content, whereas that 

coupled with APTES agent is found to undergo slowest moisture absorption kinetics. 
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Hence, it is important to create a healthy interphase/interface so thatthe threat to durability and 

reliability of thecomposite systems is minimized during their in-service performance. 

 

Fig-10: Effect of silanization on the moisture uptake profile of glass fiber/epoxy composites [42] 

 

4. Moisture induced damage mechanisms 

Moisture induced degradation of FRP composites is the result of degradation of fibers, polymer 

matrix and/or the interface/interphase. Different reversible and irreversible chemical, physical 

and physico-mechanical degradation mechanisms take place as a result of environmental attack.  

 

Fig-11: Schematic diagram of plasticization caused by moisture in polymer matrix [60] 
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When moisture enters the polymer matrix, physical phenomena such as plasticization and 

swelling occur. In addition, chemical (hydrolysis and debonding) and physico-mechanical 

phenomena (micro-crack and micro-void formation) also occur in the composite, which can lead 

to degradation of not only thefibers and the matrix, but also the existing interface/interphase 

between them [60-72]. 

Plasticization process is schematically shown in Fig-11, which is the result of interaction of 

water molecules with polymeric chains. Such interactions interrupt the existing hydrogen bonds 

in the polymeric matrix [61-63] and create new hydrogen bonds with the polymer matrix.This 

phenomenon also accounts for the swelling of the polymer matrix occurring due to increase in 

bond-length between polymer chains. 

Microvoid formation in the polymer matrix and at the interface is generally attributed to 

clustering of water molecules [65-66]. Also, the swelling caused by the absorbed moisture can 

induce internal stresses in the polymer, which may lead to formation of microvoids or micro-

cracks. On the other hand, moisture induced swelling may also relieve residual stresses 

developed during the curing process.  

However, plasticization and swelling are reversible phenomenon, whereas certain degradation 

phenomena are irreversible in nature such as hydrolysis, leaching, polymer relaxation, micro-

cracking and microvoids formation.  

Hydrolysis is the phenomena in which side groups are detached from the backbones of the 

polymeric chains. In general, hydrolysis is considered to be an irreversible degradation 

mechanism [64], but some literatures report that it is possible to reverse the hydrolyzing effect of 

diffusing water molecules. 

Leaching is another mechanism by which break down of the fiber/matrix interphase region 

occurs and fibers and polymer get separated.  

Composite materials are complex structures which may fail by a number of mechanisms which 

are not encountered in more homogeneous materials [2]. Hence, the fractographic analysis of 

FRP composites is crucial in revealing the failure modes induced by moisture ingression. Alawsi 

et. al [60] studied the influence of exposure time on degradation mechanisms during accelerated 

humid ageing of E-glass/polyester composites. Fig-13 (a) shows the SEM image of the specimen 

which was not exposed to moisture, in which strong adhesion between fibers and matrix can be 

observed. But there is increasing loss of fiber/matrix adhesion with more time of exposure to 
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humidity, which is highest for 2000 hours. Also, increasing deterioration of polymer matrix is 

observed as time of exposure was increased. 

 

 

 

Fig-13: Scanning electron micrographs of fracture surfaces of glass/polyester samples exposed to 

humid environment for (a) 0 hours (b) 500 hours (c) 1000 hours (d) 2000 hours [73] 

 

Ray [1] studied the effect of moisture ingression on carbon fiber/epoxy composites and observed 

fiber damage and matrix cracking in samples exposed to humid environment, as shown in Fig-

14. 
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Fig-14: Scanning electron micrographs of carbon/epoxy composites exposed to humidity, 

showing (a) matrix cracking and (b) fiber breakage [1] 

 

5. Degradation of Properties of FRP composites 

Plasticization adversely affects the properties of the polymer composite by inducing plastic 

deformation in the matrix and by lowering its glass transition temperature. Kelley et. al. have 

reported that  there is a drop in glass transition temperature of about 20
0
C for each 1%  moisture 

uptake [74]. 

Joshi [75]has investigated the effect of moisture on the interlaminar shear strength (ILSS) of 

carbon fiber/epoxy composites. He reported an initial increase in ILSS of about 10% upto 0.1 

weight % absorbed moisture and a subsequent decrease by 25% at maximum moisture of 

approximately 2%. 

The effect of water sorption on mechanical behaviour FRP composites has been investigated by 

many researchers [76-80]. It was reported that in case woven glass/epoxy composites 

delamination load-carrying capability was reduced to 40% with 1.29% absorbed moisture [76]. 

Akay [77] reported that static and fatigue strength of carbon fiber/epoxy composite decreases 

when subjected to hygrothermal conditioning.Lassila et al. [78] havereported reduction in 

flexural strength of E-glass fibers reinforced polymer compositeswhen exposed to water for 30 

days. 

b a 
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Degradation of mechanical property under hygrothermal conditioning is often attributed to 

various degradation mechanisms leading to poor interfacial adhesion and change in failure mode 

due to moisture absorption in the polymeric composite [81-82]. 

6. Remarks and comments 

Fibrous polymeric composites are undoubtedly the most promisingmaterial of the present and 

upcoming century and nowadays more and more structural as well as functional components are 

being replaced by polymeric composites in lieu of their conventional counterparts. But, 

unfortunately most of the environments to which they are exposed, have detrimental effects on 

their in-service performance of these materials, especially moist environments. Although decades 

of investigation have beenconcentrated on finding out the behaviour of these materials under the 

influence of humid environments, but conclusive results are still far away. Hence, there exists 

apressing demand to accurately understandthe hygrothermal response of polymeric composites, 

otherwise FRP composites may not exhibit full potential in their service life. 

 

In this article, an attempt has been made to compile scattered literature in the field of humid 

ageing of polymeric compositesin order to gain comprehensive understanding of the kinetics and 

mechanism of moisture absorption and its deleterious effects. The emphasis has been laid on 

various moisture absorption models that are being commonly employed to predict the kinetics of 

humid ageing of FRP composites and their validity and viability in doing the same. The article 

has also stressed on the operative mechanisms behind the failure of FRP composites exposed to 

humid environments and their effect on the mechanical properties of these polymeric materials. 

 

In case of rubbery polymers, experimental studies show that moisture absorption kinetics follow 

Fick‟s law and an saturation in moisture content is observed, whereas this is not so for glassy 

polymers. Non-Fickian behaviour is found to be more pronounced when the polymer composites 

are immersed to water and at higher temperatures. Many such models have been developed by 

different researchers, of which some widely accepted models are discussed here. 

It is an established fact that FRP composites undergo degradation in terms of their mechanical 

properties such as tensile, compressive, flexural and shear properties [2, 3]. Various physical, 

chemical and physico-mechanical phenomena such as plasticization, swelling, leaching, 
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hydrolysis, debonding, micro-crack and micro-void formation are responsible for such 

degradations. Also, the glass transition temperature is affected by moisture ingression in these 

composites, which is mostly attributed to the plasticization phenomena.Most importantly, the 

role of the interface/interphase of the polymeric composite materials is a critical one in 

sustaining the structural integrityof the system under environmental attack as it decides the stress 

transmissibility underloading. 
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Nomenclature 

F         Rate of transfer of water molecules per unit area of cross-section of the material (kg/m
2
s) 

D        Diffusion coefficient or diffusivity of the moisture in the material (m
2
/s) 

C        Moisture concentration in the material (kg/m
3
) 

l          Height of the material (mm) 

w        Width of the material (mm) 

h         Thickness of the material (mm) 

t          Exposure time (s) 

M        Percentage moisture content in the material  

k         Boltzmann‟s constant (1.38 *10
-23

 J/K) 

n         Number density of mobile water molecules (molecules/cm
3
) 

N        Number density of bound water molecules (molecules/cm
3
) 
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µ         Dimensionless hindrance coefficient 

β         Probability per unit time that a bound water  molecule becomes mobile (days
-1

) 

γ         Probability per unit time that a mobile water  molecule becomes bound (days
-1

) 

 

κ         Characteristic diffusion constant  

 

I         Positive odd integer 

 

Subscripts 

x, y, z in x, y and z directions 

t            at time t 

∞           at saturation level 

o            when concentration dependence is neglected 

γ             for mobile water  molecules 

F             Fickian term 

R            Resin relaxation term 
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