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Abstract 

FRP composites are prime choice materials in various civil engineering structures and high 

performance aerospace components. They exhibit superior mechanical properties than their 

metallic counterparts. However, they are susceptible to environmental damages and 

degradations. In order to utilize the full potential of FRP composite materials their physical, 

chemical and mechanical behavior in different environmental conditions should be well 

established. Present review is an attempt at highlighting different damage/degradations that may 

be caused to the FRP composite on its exposure to various environmental conditions. 

 

Introduction 
The literature related to fibre – reinforced plastics (FRP) is quite extensive. In the last two 

decades, there had been an unprecedented world – wide growth of research activities in the area 

of FRP. This has led to publications of a large number of research papers, and scientific and 

technical reports / books on several aspects of FRP composites. The work involved includes 

detailed experimentations on fibres, resin systems, composite materials and their development 

and manufacturing, NDT and quality control, fibre – resin load transfer and interface problems, 

physical, mechanical and electrical properties, failure and fracture, micro and macro – 

mechanics, structural response, environmental effects, etc. FRP composites essentially consist of 

two or more physically distinct different materials that interact in a complex manner, especially 

when subjected to temperature and moisture environments [1-6]. There are several factors that 

may contribute towards these complex interactions which decide the end use of the material, 

having an important say on its behavior in the specific environment it is exposed to. 

In the present review, attention has been primarily focused only on those such as chemical and 

physical characteristics of fibres and resins, fibre–resin interface behavior, failure mechanism, 

hygrothermal diffusion, thermo-mechanical behavior and other factors that constitute important 

parameters which influence the end use of the composite material. 

 

 



 

Carbon Fibres 

Carbon fibres represent a third generation group of fibres. Their manufacturing technology is 

based on the high temperature pyrolysis of organic compounds, primarily fibrous polymer 

materials. This process of pyrolysis of the organic compounds is conducted in an inert 

atmosphere. At present, an overwhelming number of different carbon fibres are being produced 

varying in their structural form, properties, production technologies and sources of initial raw 

materials. The classification of carbon fibre is based on the final heat–treatment temperature 

(HTT) employed during production of these fibres [7]. As the pyrolysis temperature increases, 

the products obtained become more and more enriched with carbon. Accordingly, carbon fibres 

may be subdivided into three groups. 

i) Partially carbonized fibres (HTT 500° C, carbon content upto 90 wt. %). 

ii) Carbonized fibres (HTT 500-1500° C. carbon content over 99 wt. %). 

iii)  Graphitized fibres (HTT 2000-3000° C, carbon content over 99 wt. %). 

The first group of materials, to be more accurate, belongs to the class of pyropolymers.At present 

polyacrylonitrile (PAN) is the main raw materials for producing high strength and high modulus 

carbon fibres. The final heat-treatment temperature for these carbon fibres are in excess of 1000° 

C, and the carbon content amounts to 95-98 wt. %. PAN-based fibres contain a lot of bound 

nitrogen (upto 6 wt. %). To improve upon some of their characteristics (e.g. sorption capacity, 

electrical conductivity, fire resistance, strength, etc.) other elements (phosphorus, transition 

metals, sulfur, boron, etc.) should be introduced into the carbon fibres [8-10]. 

The process of producing PAN-based carbon fibres includes two principle stages; viz 

stabilization and carbonization. Stabilization is conducted by heating in oxidative media at 

temperature upto 350° C. At this stage the formation of the chain ring structures takes place. 

During stabilization PAN combines with about 8 – 16% oxygen. Oxygen becomes bound to the 

polymer in many forms. The PAN stabilization process also includes cyclization and dehydration 

reactions. Carbonization of the stabilized fibres results in gradual cross-linking of the chains, 

aromatization and finally results in formation of graphite- like structural elements [7]. 

The modulus of the carbon fibre is determined by the orientation of the graphite crystallites 

within the carbon fibrils, wherein the strength is a function of the interfibrillar bonding [11]. The 

high activity of element-carbon fibres with their active groups and fibre elements upon 



interaction with the polymer binder make it possible to increase the fibre–to–matrix adhesion. 

This also intensifies reactions that occur on the surface layer and in some cases, brings about the 

grafting of the binder to the fibre surface [7]. Carbon fibres containing amino groups display 

high activity upon interaction with the epoxy resin. The desire to improve the economics of bio 

refineries for fuel production, and to provide lighter, low-cost materials for automobiles to 

reduce fuel consumption, have led to an increased interest in low-cost carbon fiber manufacture 

from lignin [12]. U.S. Department of Energy (DOE) has drawn significant attention to reduce 

carbon fiber manufacturing costs by lowering processing costs through advanced oxidation 

techniques. From the textile grade PAN precursors, and from the synthesis of new melt-

spinnable PAN precursors carbon fibres with strengths of 2.52 GPa and 1.03 GPa, respectively 

have been produced [13-14].  The lignin carbon fibers were projected to cost much less than any 

other known process of carbon fiber production [15-16].  

  

 

Glass Fibres 

Glass fibre materials possess quite a few useful properties such as fibre and corrosion resistance, 

high strength, comparatively low density, excellent optical and electrical properties, good 

thermal and sound insulation characteristics. Glass fibres of substantially different properties are 

possible by selecting their specific properties and production methods [17]. Two main forms of 

glass fibres are known: Continuous glass-fibres and stapleglass-fibres. The continuous fibre 

produced by drawing from the glass melt is characterized by indefinite large length, straight-

linerity and parallel arrangement of filaments in fibre tows; whereas staple fibres produced by 

disintegration of glass melt steam by means of air, steam or gas flow are characterized by small 

length, twist and random disposition.  

Continuous glass fibres are mostly used for the manufacture of textile materials and products in 

various branches of technology. Staple glass fibres are fabricated into bulk fibre, mats and 

fabrics with the use of organic binders. These materials from staple glass fibres are used for 

thermal, sound and electrical insulation; for anticorrosive protection, and filtration of chemically 

aggressive high temperature mediums. 

In recent times, glass reinforced plastics are widely used for the production of corrosion resistant 

pipelines, storage containers and apparatus in the chemical, oil and gas industries. These 



materials are also used in ship–building, rail, road transport, as well as other engineering 

applications. Glass is assumed to possess a micro-heterogeneous structure where heterogeneous 

molecules do not penetrate mutually where as homogeneous molecules interact mutually forming 

independent structural micro-groups. Observations indicate that micro heterogeneous structure of 

the glass melt is clearly seen in the glass fibres [18]. The great importance for the quality of 

resultant glass for glass drawing are homogenization and degassing of glass melt, utilization of 

thin crushed complex raw materials, high temperature glass melting (1600° C and greater), 

complete mixing of glass mass, and use of glass-resistant refractories, etc. 

The strength of the fibre is influenced by thermal history of glass, method and condition of its 

formation and most importantly, by the physic-chemical interaction of the environment and the 

fibre surface defects [8]. The chemical composition of glass determines basic physico-chemical 

properties of bulk glass and glass fibre (chemical resistance, thermal resistance, electrical and 

optical properties). However, mechanical properties of glass fibres are an exception to the above. 

It is found that absorption of moisture or aqueous solutions of surface active substances on the 

fibre surface facilities formation of micro cracks and promotes reduction of the strength of the 

fibre by 15-30% independent of the chemical composition of glass [18]. The adhesive 

phenomena of polymers to glass fibres play an important role in the production processes of FRP 

composites. These are explained by both intermolecular attraction and intramolecular cohesion 

forces. It has been pointed out that the adhesion depends on the chemical nature of the polymer 

and the substrate [19]. 

 

Epoxy Resins 

Epoxy resins are characterized by a three-membered ring known as the epoxy, epoxide and 

oxirane or ethoxyline group. Commercially epoxy resins contain aliphatic, cycloaliphatic or 

aromatic backbones. The capability of the epoxy ring to react with a variety of substrates imparts 

versatility to the resins [20]. High chemical and corrosion resistance, good mechanical and 

thermal properties, outstanding adhesion to various substrates, low shrinkage upon cure, 

flexibility, and ability to be processed under a variety of conditions are characteristics of epoxy 

resins. The most used epoxy resin is obtained by reacting Bisphenol A, HO–R–OH with 

epichlorohydrin. Two common industrial processes are used for producing higher molecular 

weight uncorosslinked epoxy resins; the taffy process and the advancement process [21]. In the 



taffy process, bisphenol A is reacted at 90 – 95° C with a controlled excess of epichlorohydrin to 

give macromolecules with glycidyle ether groups on both ends, in presence of NaOH and an 

inert solvent. A common side reaction may take place between the secondary hydroxyle and the 

glycidyle ether groups, leading to branching.  

In the advancement process, bisphenol A is reacted with a prepolymer, usually the diglycidyle 

ether of bisphenol A (DGEBA) along with some higher oligomers in the presence of suitable 

catalysts. The reaction occurs in the homogeneous phase. Epoxies are one of the best adhesive 

for bonding a wide range of adherends, in both specific and mechanical adhesion. They adhere 

well to most metals, plastics, wood, glass, concrete, ceramics etc. [22]. This is mainly due to 

their wetting and penetrating ability, their low viscosity, and the presence of highly polar groups 

in the molecules. Wetting allows the adhesive, in a low-viscosity liquid form, to come into 

intimate contact with the adherent, which allows the adhesive forces to become active (Van der 

waals force of interaction between absorbent and absorbate). The fact that the epoxy molecule 

also contains a variety of functional groups, both polar and non–polar, is advantageous because 

this provides good affinity between dissimilar substrates. In general, epoxies wet almost any 

adherent that can be wetted with other type of adhesives, if the surface tension is low or has been 

sufficiently lowered by surface-preparation techniques. 

Epoxy resin adhesives are capable of bounding a variety of materials with bonds that retain 

their strength from -50° C to 300° C [20]. The internal strength (cohesive strength) of epoxies 

to resist cohesive failure is generally good, although this may be affected somewhat by the 

choice of fillers, modifiers, and bond-line thichknesses [22]. Moisture can penetrate into most 

epoxies and may create interfacial problems at the adherent surface. However moisture does 

not seriously degrade the cohesive properties of epoxy. Epoxies have outstanding resistance to 

solvents, weak acids and alkali compounds. In the area of chemical resistance, although 

epoxies are considered good, certain generalization must be avoided, since the nature and the 

type of chemicals, their concentration and temperature, joint design, properties of adherents, 

and environment are all interrelated factors which must be considered as a whole. In some 

specific applications epoxies are modified with incorporating soft, small second-phase 

particles, eg. addition of small rubber/thermoplastic leads to the improvement of fracture 

toughness of epoxies [23]. Simard et al. [24] have been shown that that the incorporation of 

reduced SWCNT (r-SWCNT) into brittle epoxy matrices can increase the fracture toughness 



by 40% at loadings as low as 0.2 wt % with an overall toughening rate value, dK IC /dwt f , of 

200 MPa m 0.5 without any significant effect on elastic or storage moduli. The incorporation 

of fillers in a polymeric matrix is a cost-effective and faster way of achieving a desired set of 

properties [25-26]. From these aspects, a growing effort has emerged on the research and 

development of thermosetting polymer materials from renewable resources with similar 

properties to conventional epoxy [27]. Epoxidation of various vegetable oils leads to 

epoxidized vegetable oils (EVOs) with remarkable properties from both technical and 

economic points of view. Different epoxidized vegetable oils (primarily epoxidized linseed 

oil-ELO and epoxidized soybean oil-ESBO due to their low cost) have been successfully used 

as thermosetting epoxy resins as coatings and polymer matrices for a wide variety of 

reinforcements [28-29].  

  

Hygrothermal Characteristics and Causes 

Hygrothermal diffusion in polymeric materials usually takes place in presences of moisture and 

thermal gradients. The diffusion and/or solubility characteristics of H2O and other molecular 

species in polymer materials have been discussed in numerous papers [30-32]. These 

investigations have highlighted the limited understanding of the actual solution and transport 

processes in resins and resin-glass composited, particularly the role of chain chemistry and sinks, 

i.e., chain sites or cavities, in affecting the sorption-desorption process. The molecules dissolve 

in the surface of a polymer, equilibrating with the atmosphere establish a chemical potential, and 

diffuse down the gradient. Thus, two fundamental properties are of interest, which lead to an 

understanding of the phenomena [32]. 

Transport phenomena in polymers are generally explained by a number of free volume-based 

theories [33]. The free volume is defined here as the difference between the measured volume of 

a polymer and the occupied volume, which is the volume occupied by the actual mass of a 

molecule plus the volume it occupies because of thermally dependent vibration. The free volume 

is a result of “holes” and “voids” caused by packing irregularity [34]. 

Water penetration in composite materials of different interfacial strengths is studied as the result 

of two parallel processes, i.e., diffusion through the polymer matrix and through a network of 

micro-channels formed along the imperfectly bonded polymer-fiber interface [35]. The 

mechanical behavior in shear of the glass fibre/epoxy specimens,conditioned at different relative 



humidities 0, 60, and 96% RH at 60° C, tested in uniaxial tension at constant 

imposeddisplacement rates has shown that the influence of the moisture concentration for the 

specimens oriented at 45°  is very important at 96% RH [36]. 

The basic similarity between the thermal and moisture diffusion was earlier recognized by Fick 

[37] following the work of Fourier [38]. Fick‟s law is generally applicable to rubbery polymers 

but often fails to describe the diffusion process in glassy polymers [4]. The transition from a 

glassy to rubbery state occurs at glass transition temperature (Tg). Vrentas and Duda [39] used a 

new version of the free volume theory of diffusion to describe polymer – solvent diffusion both 

above and below Tg. Their analysis, which is based in a modification of Fujita‟s theory [40], 

corresponds with their conclusion that the diffusion transportcould be described by the equation 

of the classical theory with a concentration independent diffusion co-efficient, D. the influence 

of the thermal/moisture environment upon the behavior of polymeric composites can be divided 

into three basic problem areas. First, the physics of moisture diffusion in an anisotropic, 

heterogeneous medium is not well understood. Second, the absorption of moisture has been 

shown to reduce the Tg of the polymeric matrix. Finally, moisture absorption of the matrix 

results in swelling of the composite. Since swelling of the composite lamina is restrained in the 

fibre direction, significant residual stresses are induced in the multidirectional laminate by 

moisture absorption. In addition, the non-uniform moisture distribution resulting from changes in 

relative humidity Ø (RH) of the environment may also produce large residual stresses within the 

laminate [1]. 

Moisture absorption in polymer composites is influenced by internal (fibre fraction and its 

orientation) and external (relative humidity and ambient temperature) factors [5]. Investigators 

[41] reported on the influence of these factors on the moisture absorption in carbon/epoxy 

composites, where the carbon fibres are impermeable to moisture.  

Epoxy resins which are widely used as matrices in carbon fibre, glass fibres and aramid fibre – 

reinforced composites, absorb water from the atmospheres with surface layer reaching 

equilibrium with the surrounding environment very quickly followed by diffusion of the water 

into all of the materials. The water absorbed is not usually in the liquid form but consists of 

molecules or groups of molecules linked by hydrogen bonds to the polymers. Liquid water can 

also be absorbed by capillary action along any crack which may be present or along the fibre – 

matrix interface [42-45]. The equilibrium moisture content of epoxy resins is very much 



dependent upon the relative humidity, but only slightly dependent upon the temperature of 

exposure [46]. Epoxy resins can absorb moisture upto about 3-4% of their original weight [47]. 

The equilibrium moisture content [Mm] of a polymer composite is related to the relative humidity 

(Ø) term, 

 Mm = a (Ø)b   ……….(1) 

Where a and b are constants which are to be evaluated experimentally [41]. For a material 

immersed in liquid, Mm is constant. 

The following expression is valid for a graphite/epoxy composite exposed to humid air  

Mm = 0.00014 (Ø)2    …………….(2) 

For a glass/epoxy composite [48] the expression can be given as 

 Mm = 0.01 (Ø)1     ………………(3) 

The temperature dependence of composite-diffusion co-efficient (Dc) can conveniently be 

characterized by an Arrhenius relationship. This relationship for glass composites have been 

reported [32] as, 

Dc = 0.1 exp (-4.429x103-RT) ……………(4) 

The ability to predict the total moisture content and its distribution within a laminate throughout 

its lifetime of exposure to steady or changeable environments is important for determining safe 

allowable on structural strengths. This prediction has been made based on Fick‟s law. 

At time t,  

  

  ……………(5)      

           

Where C is the moisture concentration. A more useful form for composites in terms of moisture 

level M, and considering D is independent of concentration is given by the following expression 

 

         ……………(6) 

 

A computer programme for modeling moisture diffusion using the finite difference method to 

solve the Fick‟s law has been described [49]. The prediction of moisture diffusion using Fickian 

theory has been found adequate for most practical purposes, provided that the resin exhibits 

approximate Fickian absorption [50-51]. This modeling provides a powerful analytical tool for 



designing accelerated ageing procedures that use either steady or non-steady environmental 

conditioning. 

 

Anomalous Fickian Behavior 

Non–Fickian behavior is a material characteristic. The change of polymer structure and moisture 

distribution determines the diffusion mode. When the polymer structure changes much faster 

than the moisture concentration the diffusion follows Fick‟s law. If relaxation processes inside 

the material progress at a ratio comparable to the diffusion processes, the diffusion is said to be 

non–Fickian. The absorbed moisture may change (generally decrease) the Tg thereby affecting 

the diffusion behavior of the materials [4]. Fick‟s law is generally applicable to rubbery 

polymers, but fails to characterize the diffusion process in glassy polymers. The anomalous 

Fickian behavior is supposed to govern the diffusion behavior under the following conditions: (a) 

cracks develop in the materials and delamination occurs, (b) moisture diffuses through the 

fibre/matrix interface, (c) there are voids in the matrix, and (d) the matrix itself exhibits non – 

Fickian behavior. Pritchard et al.[52] have modified the model proposed by Berenset al.[53] 

model to analyze the anomalous Fickian behavior of unreinforced polyester resins. They have 

stated that the observed water absorption is the sum of a Fickian term, MF and a resin relaxation 

term, MR. The MR term allows for the relaxation of the polymer matrix under the influence of 

swelling stresses. The true water absorption, Mt  is given by: 

 

 Mt = MF + MR 

Where 

   ………………….(7) 

 

and the relaxation term for polyester resin is taken as  

 MR = MR max [1 – exp (-Kt2)]    …………………….(8) 

In the above expression, „D‟ is the diffusivity, „h‟ is the sample thickness and „K‟ is the 

relaxation rate constant. 

Experimental determination of MR max for the cast resin is not possible as it may disintegrate 

before the necessary quantity of water is absorbed. An assumed value may be considered from 



that observed for the laminates, taking the volume fraction of resin into account.The activation 

energy for the relaxation stage is much higher compared to that of Fickian stage. It relates to the 

creation of additional free volume by viscoelastic effects, hydrolysis or by a combination of the 

two. Crack formation [54], and fibre/resin debonding may also contribute to it. 

There is a maximum safe temperature and, in some case, a maximum safe humidity above which 

moisture diffusion deviates from that described by Fick. Whitney et al.[55] have shown (for HC 

3501 resin system) that at a temperature of 71° C, Fickian diffusion is no longer apparent. For 

Ciba-Geigy 914 resin system it has been demonstrated [51] that Fickian diffusion is apparent for 

temperature upto 96% RH. Bao et al. [56] compared and analyzed moisture diffusion behaviors 

of the bismaleimide resin and various composites at four different temperatures, i.e. 35° C, 50° 

C, 70°C and 90° C. They reported that temperature affects moisture absorption in several aspects 

and an increase in temperature accelerates short term diffusion and increases the diffusion 

coefficient.In some treatments and conditioning temperatures, Langmuir and Fickian models 

could be statistically equivalent [56]. However, the Langmuir model should be favored when 

studying adhesive or carbon/epoxy conditioned in anti-icing additive: it is a more accurate model 

and may capture the moisture uptake. Grace et al. [57] proposed a new method to characterize 

three-dimensional, anisotropic moisture absorption in polymer matrix composites using 

experimental gravimetric absorption data. They achieved it by using the three-dimensional 

hindered diffusion model to recover the moisture absorption properties of composites which may 

exhibit Fickian or non-Fickian behavior.  

 

Fickian Solution and Causes of Departure  

It has been argued that under most conditions the moisture content of composites may be 

calculated using Fick‟s law [32]. As an improvement over the one – dimensional theoretical 

prediction (Frickian solution), some three dimensional analyses [58] and a two phase moisture 

absorption model [59] have also been reported.  

According to one–dimensional diffusion law, average moisture concentration (weight 

percentage) after time, t, in a specimen of width 2L, is given as [60] presented in equation (9) 

and (10) 

Mm = M(± L,t)  ………….(9) 

M (x,o) = 0    …………..(10) 



 

 
Where D denotes the co-efficient of diffusion. 

 

For sufficiently short time (0<t*,0.55) 

Equations (9) and (10) give 

M (t) = 2MM (t
*/π)½    …………….(11) 

Whereas for long time (1.32 <t*) an expression of the form 

M(t) = Mm    …………….(12) 

Is obtained. 

Eqns. (11) and (12) together are known to show the following special features: 

a) It is concentration and history independent. 

b) A clearly defined saturation level is attained. 

c) The temperature dependence enters through a non – dimensional time t*Dt/L2 

d) When plotted versus √t*, the total moisture weight gain M is given by a straight line upto 

about 62% of saturation. 

But the actual weight gain data, however, do not fully confirm to the classical prediction of Eqns. 

(11) and (12). The most important departure as reported by Upadhyay et al. [61] are presented 

below. 

i) Saturation may not be attained. Some materials may either gain wright on a continuous 

basis, or revive the weight – gaining process after an apparent pause. 

ii) The process may be concentration dependent. 

iii)  The process may exhibit history dependence. 

iv) The co-efficient of diffusion may be quite sensitive to temperature. 

The probable causes of departure of the experimental data from the classical prediction has been 

analysed [61]. The classical model assumes the diffusion phase to be a „free‟ phase. But in case 

of moisture, the molecules are not free; they are feebly bonded with hydrogen bonds even in the 

vapour state at room temperature. Therefore, the actual quantity of moisture diffusion into the 

polymer-matrix should be lower than the classical prediction provided the other factors do not 

overlap.The classical diffusion model assumes that a material can absorb moisture to its capacity 

instantaneously and the boundary moisture concentration is established instantaneously. But in 



reality some finite time is always required for the establishment of the boundary condition. This 

implies that the actual time taken for reaching a given concentration level in the material will 

always exceed the prediction of the classical model. 

Swelling of the matrix and the resulting stresses, which are consequences of moisture sorption, 

increase the co-efficient of moisture diffusion. Thus the process of moisture diffusion is 

inherently concentration dependent. 

In actual practice the co-efficient of diffusion is quite sensitive to environmental 

temperature.Higher temperatures result in higher kinetic energy and mobility of molecules and 

pave way to higher co-efficients of moisture diffusion. 

The investigators [61] have modified empirically the Fickian solution and given the solution for 

M(t), the expression for moisture content (% weight) at any time, 

t as, M(t) = Mo (1 + d/2Mo)2  …………..(13) 

Also M0(t) is given as under: 

 

 

 

In which  
Mo (t) is moisture content when concentration dependence is neglected. 

d is a constant (to be determined empirically) 

b is a dimensionless constant (o<b<1) 

ts is a measure of time required for the establishment at the boundary concentration. 

DR is the co-efficient of diffusion at absolute reference temperature TR. 

A equals to E/k, where E is the activation energy and k is Boltzman constant. 

Although the quantitative accuracy of the above suggested modifications have yet to be tested, it 

seems to satisfy the minimal conditions of variability and is able to explain the departure of the 

Fickian model with the recorded experimental data. 

 

Hydrothermal Effect on Mechanical Behavior 

Glass Transition Temperature  



Research is being continued to understand the relationship between structural integrity of FRP 

composite materials and forces and environment to which they are subjected, in order to explore 

their full potential. The moisture is absorbed by the polymer matrix causing it to swell, and this 

can induce internal stresses or relieve residual stresses caused by contraction during curing of 

polymers. This may result in microvoids or cracks which would weaken the polymer or the 

polymer/fibre interface bond [62]. It has been reported that the moisture content above 1% shows 

a linear relationship between amount of water absorbed and overall volume or thickness change 

[45, 63]. Water also acts as a plasticizing agent and as such will lower the Tg and related 

properties (e.g. heat distortion temperature) of a resin. It is observed that for each 1% water pick-

up there is a drop in Tg of about 200C [64]. The Bueche – Kelley theory provides the following 

estimates of Tg [65] 

 

 

 

where βr and βf and vr and vf are the moisture expansion co-efficients and the volume fractions of 

the resin and the fibre. 

 

 

Residual Stresses 

Composite materials deform when they absorb moisture or when the temperature changes.  In the 

linear theory the resulting non-mechanical strains are simply added to the mechanical strains 

induced by the stress to obtain the total strain.  

To determine the resulting strain Tsai et al. [3] have assumed that the composite is elastic in 

nature and that the response of the material does not depend on the history of the input but only 

on the initial and final states. i.e. it is a state function and not a path function. We also 

conceptionally imagine that temperature is changed first, followed by moisture absorption and 

finally the application of stress (Fig.1). Let us denote the strains induced by the temperature 

change and moisture absorption by eT
iand eH

i, respectively. The mechanical strain due to oi is 

given by Sijoi. It should be noted that since stress is applied at temperature T and moisture 

concentration C, Sij (ToC) is the compliance measures under such condition. The final strain (ei) 

is the sum of the foregoing three types of strains. 



 

In general, eT
i and eH

i are non – linear functions of T and C, respectively. However, the thermal 

expansion co-efficient αi and the swelling co-efficient βi can be used to calculate eT
i and eH

i, 

respectively, that is  

eT
i =  αi* (T-T0)     ……….(17)         

eH
i =  βi*C             …….…(18) 

Typical values of thermal expansion co-efficients for a graphite/epoxy (T300/5208) 

unidirectional composite are 0.02 µm/mK (longitudinal) and 22.05 µm/mK (transverse) [3]. 

Residual stresses are also induced in polymeric composites during fabrication [2]. This curing or 

fabrication stress in certain graphite/epoxy laminate may be large enough to cause ply failure in 

the absence of applied stress or premature failure upon tensile loading [66]. Determination of 

curing stresses in a composite laminate requires some understanding of the fabrication process 

involved. This stress is induced by the thermal expansion mismatch during fabrication. As the 

curing progresses, a change in the internal structure of the matrix epoxy start to take place in the 

form of entanglement of polymer molecules, i.e., crosslinking occurs. When crosslinking occurs, 

the epoxy shrinks (chemical shrinkage). The resulting deformation of a unidirectional composite 

in the transverse direction is much larger than in the longitudinal direction. Therefore, within 

laminate the deformation of one ply is constrained by the other plies with different fibre 

orientation and hence residual stresses are built up in each ply. However, since most cross-

linking takes place at the highest temperature, called the cure temperature, the epoxy can be still 

viscous enough to allow complete relaxation of the residual stress. Thus, the cure temperature 

can be taken as the stress-free temperature, as long as almost all cure takes place at the cure 

temperature. In reality, however, the stress – free temperature will vary with the cure process 

employed because the property change during cure is very much time-dependent [3]. It has been 

reported [2] that the residual stress – free temperature is lower than the curing temperature. 

Effect of loading speed on environmentally conditioned glass/epoxy composite is investigated by 

Ray [67]. It is observed that the hygrothermally conditioned glass fibre/epoxy composite is 

sensitive to loading speed. Further freezing treatment of absorbed moisture results in further 

damaging effects and these damaging effects are more evident at lower loading speed. 

The most important conclusion is that the hygrothermal stresses are analogous to thermal 

stresses: the effect is dilatational, there exists co-efficient of hygroscopic expansion, βi, is 



analogous to the co-efficients of thermal expansion, αi, and the induced stresses are self-

equilibrating across the laminate thickness [3]. 

   

Strength and Stiffness Properties  

It is observed that room temperature properties may be significantly altered by water absorption 

[47,68-69]. Joshi [62] has reported the effect of moisture on the mechanical properties of 

composites (carbon fibre – reinforced epoxy resins) which are measured at room temperature and 

at elevated temperature.Initially increase of about 10% in the interlaminar shear strength (ILSS) 

value were recorded with 0.1 weight % absorbed moisture, thenthe ILSS decreased by 25% 

(from 115 MPa to 90 MPa) when the composite had absorbed a maximum amount of moisture 

(approximately 2%). Ray [70] studied the effect of freezing and thermal spike on hygrothermally 

conditioned specimen and reported that the frozen moisture is more detrimental for interlaminar 

shear strength of glass/epoxy composites as compared to only moisture. Thermal spike at 250°C 

results in desorption of absorbed moisture as a consequence of which less detrimental effects of 

absorbed moisture were observed. Lassila et al. [71] reported that flexural strength of specimens 

with 45 vol% fraction E-glass fibers varied from 759 to 916 MPa in dry conditions whereas 

Water-stored (exposed to 30 days) specimens showed flexural strengths of 420–607 MPa.  Wan 

et al.[72] studied moisture absorption desorption and its effect on mechanical properties of 3D 

braided carbon fibre– epoxy (denoted as C3D/EP) and unidirectional carbon fibre–epoxy resin 

(CL/EP) composite, their results are illustrated in table1. 

Chu et al. [73] studied the effect of water sorption on mechanical performance pultruded E-

glass/vinylester composites. For woven glass/epoxy reinforced polymer laminates with 1.29% 

absorbed moisture, delamination load-carrying capability reduced to 40% [74]. 

It is, in general, observed that the mechanical properties degrade when subjected to moisture and 

temperature environments. However, these material data have direct relevance to design 

applications; they need further investigation.  

 

Other Environmental Effects 

During the service life of a military aircraft there may be situations in which certain areas of 

structure are subjected to rapidly high temperature excursions (thermal spikes). For example, this 

may be caused by ground–reflected engine efflux experience by VTOL aircraft [42]. 



Measurement of the variation of the weight of carbon fibre/epoxy composite laminates during 

the tests indicates a change in the moisture kinetics resulting in increased moisture equilibrium 

levels at spike temperature upto 175° C. The spiking at a temperature range between 200–300°C 

shows a marked loss of laminate weight. This may not be attributed to the loss of water alone. 

Permanent damage such as cracking in the matrix is evident in some cases [75]. It is concluded 

that the deterioration is probably caused by thermal spiking through exposure to the engine 

efflux, and that the damage subsequently propagated by acoustic fatigue.  

Ray [76] investigated the effects of thermal shock (i.e.+80°C to -80°C and -80°C to +80°C 

temperature) on interlaminar shear strength of kevlar/polyester composite.The experimental 

results revealed that both type of environment resulted in damage in interfacial bonding and 

which leads to the loss in interlaminar shear strength of the composite. While in another 

investigation [77], thermal shock (+80° C to -80° C temperature) resulted in improvement in 

flexural modulus of kevlar polyester composite.Thermal shock conditioning on glass/epoxy 

composites [78] resulted in improvement in ILSS for given durations (i.e.5, 10, 15, and 20 min.) 

except for 5 min. conditioning time. 

When exposed to rapid high-intensity heating, organic-matrix composite structures display a 

marked reduction in load-carrying capability due largely to the pronounced degradation in 

mechanical properties (ultimate strength, elastic moduli, ductility, etc.) at temperatures above 

200° C [79]. Other adverse effects of elevated temperature exposure include ablation of critical 

load-bearing components and high stress intensification which may accompany localized burn 

through. In addition, severe thermal stresses may be induced in regions subjected to concentrated 

heating and increase the likelihood of failure [32]. 

Radiation dose upto thousands of Megarads do not appreciably degrade the tensile strength or 

modulus of polymer/graphite composites, if the irradiation takes place in the absence of oxygen; 

there is a slight decrease in the transverse shear strength [80]. Irradiation in the presence of 

oxygen is considerably more damaging to the material than in an oxygen-free environment. Even 

small amount of residual oxygen in a relatively oxygen-free environment have a significant 

effect. The effect of radiation on the carbon fibre alone is not great. Epoxies undergo additional 

crosslinking reactions as well as chain scission.  

Ray [81] experimentally investigated the  effects  of  ultra-low  freezing  and  thawing  of  glass-

polyester  composites  for varied  weight  fraction  constituents  at  different  loading  rates. 



Loading rate sensitivity is strongly evident at lower range of crosshead speed (0.5 t0 50 mm/min) 

and ILSS values are found to increase in all situations with more loading speed in the range. 

Loading  rate  sensitivity  seems  to  be  controlled  by  the  area  of  interfaces  and  

thepercentage of polymer matrix phase present in composites [5]. The effects of changing 

seawater temperature during immersion ageing of glass/epoxy and glass/polyester composites 

have been investigated by Ray [82]. The measured shear strength was higher at all points of the 

cyclic environment at higher crosshead speeds. A fall in ILSS was noticed for both the composite 

systems. It was also observed that the reduction in shear strength was dependent on the volume 

fraction of fibres. Kalfon et al. [83] studied the combined effects of non-uniform heating and 

moisture in glass and carbon fiber-reinforced epoxy laminates. They found that delamination 

damage in a form of bulging occurs only in the presence of a threshold level of moisture of about 

1 wt%. This threshold level corresponds to the critical moisture content found to produce major 

mechanical property reduction and interlamina separation. 

 

Failure Mechanisms 

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

are not encountered in more homogeneous materials. The possible failure modes are dominated 

by the fibre fracture and the shear and tensile failure of the matrix. The study of load transfer 

between a fibre and the matrix has been carried out by Cox [84], who has analyzed the stress 

transfer around a single discontinuous fibre embedded in a matrix. This has come to be called the 

shear–lag theory. Galoitis et al. [85] have experimentally confirmed these predictions. The basic 

assumption of the shear – lag theory is that all the tensile loads are carried by the fibre and all the 

shear loads are carried by the matrix, although in practice the matrix surrounding the fibre also 

experiences some tensile stresses. The load transfer into the fibre from the matrix occurs over a 

length of fibre commonly called the ineffective length, which is defined when some proportion 

of the remote fibre load is reached.  

It is often impossible to be certain of the failure mechanism involved of composite materials. 

Thus discrimination has to be searched explained and established between the various failure 

mechanisms. The possible failure modes range from simple loss of structural stiffness due to 

gross inelastic deformation (e.g. yielding), through a reduction in load – carrying capacity, to 

localized deformation and damage growth (e.g. delamination) to the complete loss of load – 



carrying capacity by gross macroscopic deformation and separation (e.g. fracture). Thus, the 

failure can be gradual or rapid and may or may not be catastrophic in nature [86]. The acoustic 

emission technique has been utilized to obtain information on various mechanisms involved in 

the composite failure process. Initially the frequency analysis of the acoustic signals has been 

used and giving way progressively to the amplitude analysis to examine failure mechanisms [87]. 

Most authors suggest that weak signals and hence low amplitude can be expected from the 

microcracking of the matrix resin, medium values for interfacial failure and high amplitude for 

fibre breaks [88]. But Valentin et al. [89] have reported the highest amplitude signals correspond 

to the matrix cracking parallel to fibres, whereas the fibre failure results in smaller amplitude 

emissions because of the dimensions of the fibre for carbon fibre / epoxy composites.  

As stated by Wells [90], a composite material can suffer any of the modes of failure of its 

constituents together with a few more arising from their combination. It is for these reasons that 

the basic fracture mechanics equation for the onset of crack growth is affected independent [91] 

of both sides of the equation. The fracture mechanics equation is  

 
Where G denotes the crack–driving force (units of energy per unit area of crack extension) and 

GC is the energy dissipated at the crack tip (per unit area) during an increment of crack advance. 

Just as for metals, it can be assumed that failure in a fibre composite emanates from small, 

inherent defects in the material [86]. These defects may be broken fibres, flaws in the matrix, and 

debonded interfaces. It can be considered that the longer the fibre the greater the probability that 

a critical defect exists which may cause individual fibre breakage at loads well below the average 

fibre strength of the composites. After a single fibre breaks, more fibre breakages would occur 

resulting in debonding and separation of the fibre and matrix due to weakening owing to the 

single fibre breakage. Defects in the matrix may also lead to yielding and fracture of the matrix 

between fibres. This will create further stress concentrations at the fibres and fibre/matrix 

interfaces. Thus, at relatively low load levels small cracks are likely to occur that will have a size 

of the order of the fibre diameter or the fibre spacing. 

Even after microcracks coalesce to form an identifiable crack-line flaw, the size of the damage 

neat the crack tip will still be small relative to the crack length and other dimensions of the body. 

Hence, qualitatively, the same failure mechanism (e.g. fibre breakage, debonding and matrix 

yielding or cracking) will always be important in the fracture process. This will be true whether 



the composite is composed of uniaxially or multiaxially oriented fibres. These failure 

mechanisms can be characterized in terms of energy absorption processes. Theoretical estimation 

of the energy absorption per fibre associated with each of these has been compiled by Phillips et 

al. [86]. A brief qualitative description relevant to a microcrack running transverse to the fibres is 

shown conceptually in Fig.2.  

Fig.2 shows several possible local failure events occurring prior to the fracture of a fibre 

composite. At some distance ahead of the crack, the fibres are intact. In the high stress region 

near the tip, they are broken although not necessarily along the crack plane. Immediately behind 

the crack tip fibres pull–out of the matrix, absorbing energy if the shear stress at the fibre/matrix 

interface is maintained while the fibres are pulled out. Theoretical treatments of the mechanics of 

the fibre / matrix interface have been presented by several investigators [92-94]. 

In some bonded composites, the stresses near the crack tip could cause the fibre to debond from 

the matrix before they break. When total debonding occurs, the strain energy in the bonded 

length of fibre is lost to the material and is dissipated as heat [86]. The fibre „stress – relaxation‟, 

a variation of the debonding model, estimates the elastic energy that is lost from a broken fibre 

when the interfacial bond is not destroyed. It is also possible for a fibre to be left intact as the 

crack propagates. This process, known as „crack bridging, can also contribute to the toughness of 

the material. The analysis of debonding and crack bridging for brittle fibres in a perfectly plastic 

material has been carried out by Piggott [95]. 

A model developed by Kanninen et al [86] treats the composite material as heterogeneous when 

it is essential and as an anisotropic continuum only where it is permissible. The approach can be 

linked conceptually to the well-established singular perturbation and matched asymptotic 

expansion techniques of fluid mechanics. Here, a flaw is divided into distinct „inner‟ and „outer‟ 

regions. In each of these regions, the material is modeled in different ways. The liner region, 

which either contain the tip of a macroscopic crack or, an entire microscopic crack, is considered 

on the microscopic level and treats the material as being heterogeneous. This region is referred to 

as the local heterogeneous region (LHR). The outer region surrounds the crack tip region and 

treats the material as a homogeneous orthotropic continuum. A typical LHR model is shown in 

Fig. 3 which depicts a unidirectional fibre composite. 



The proper application of fracture mechanics to composite materials is one that can take account 

of the applied loading, the geometry of the structure and the environmental effects while 

reflecting the properties of its constituents and its micro-structural design. 

 

Fibre/Matrix Interface Behavior 

Characterization of Fibre / Matrix Interfaces  

The bond between the fibre and the matrix is of prime importance to the performance of 

composite materials, since this controls stress transfer to the fibres and stress distribution 

between fibres. This interface bond is not only significant to the strength and stiffness of the 

composite, but it also governs mechanisms of damage accumulation and propagation [96]. It thus 

plays a central role in a fibre composite. But it is surprising, that sill very little is known about it. 

Earlier work has suggested that the role of the interface is only secondary for a composite which 

has aligned fibres and which are very long, when the stress is in the fibre direction [97]. 

However, toughness, shear strength and compression strength are highly dependent on the 

interface, and the bond at the interface has to be strong for the shear and compression strengths 

to be good [95, 97-99]. Current interest is in producing composite systems in which the fibres 

and the resin matrices to give the desired optimum properties by adjusting the fibre/resin 

interface. Adjustment may take the form of novel sizes, coating or surface treatment. The effect 

of fibre surface treatment on the mechanical properties of carbon fibre-reinforced composites has 

been well documented [100]. 

The strength of the fibre/resin interface is a key property when investigating the 

macromechanical behavior of composite, since it is a measure of the integrity of the interface. 

Accurate evaluation of this parameter has until now been very difficult although there has been 

keen interest for many years. Grey [101] had reported 16 different tests for evaluating band 

strength and concluded that of these only six out of these sixteen tests, including single fibre 

pull-out, come close to the requirement for a satisfactory test method. All these techniques 

involve pulling the fibre from the matrix, although Mandell et al. [102] have proposed a fibre 

push-out test but it requires a number of refinements before it could guarantee reproducibility. 

The major drawback for all these tests is that they only produce a value for the pull-out force 

from which the mean interfacial shear stress, t, for the length of the embedded fibre may be 

calculated using the following relation:  



 

 

Where F is the debonding or first peak force and  is the interface area, where d is the fibre 

diameter and l is the embedded length.  

But this does not provide a value for the maximum interfacial shear stress, which corresponds to 

the strength of the interfacial bond, and is a key parameter in adjusting the fibre / resin interface 

for optimum composite performance [103]. The load transfer into the fibre from the matrix 

occurs over a length of fibre commonly called the ineffective length. The shear stress is 

calculated from the above equation for a fibre whose embedded length is greater than this 

ineffective length, then the shear strength will be underestimated. This is because a length of 

fibre is included over which little stress transfer takes place. Thus the smaller the embedded 

length the greater will be the estimate of the shear stress. Extending this argument the maximum 

shear stress will be obtained when the embedded length tends to zero. Pitkethly et al. [103] have 

presented a method whereby the maximum interfacial bond shear stress may be evaluated from 

the simple measurement of the pull-out force and fibre dimensions. Additional information may 

also be obtained concerning the interface morphology, like interface shear modulus and the 

interface thickness which will be of use in micromechanical modeling of the interface region. 

This is currently the subject of further investigation. 

Marshall et al. [104] have designed a „micro-composite‟ single fibre pull–out test to permit the 

visual observation of events at the fibre/matrix interface and the collection of detailed 

mechanical data as interface debonding and fibre pull–out occur. Several characteristics 

displayed by the load/displacement measurements have been directly correlated with observed 

events such as fibre Stick–slip [105] and interfacial frictional effects. The linear relationship 

between debonding force and embedded length (Fig.4) indicates a failure mechanism of 

simultaneous yielding of an interface having a uniform stress distribution. 

Environmental Effects on Fibre / Matrix Interface  

Mechanical properties of fibre – reinforced polymeric composites degrade upon exposure to 

various environmental factors including hydrothermal (immersion in water) and hygrothermal 

(contact with water vapor) exposures [4,106]. Moisture can affect each of the three phase in a 

composite, namely, the fibre, the matrix and the interfacial zone. The contribution of each phase 

of any observed change in mechanical properties depends upon the direction of applied stress in 



relation to fibre orientation. Changes in fibre strength should influence the longitudinal tensile 

strength of the composite, whereas changes in the matrix and/or the interfacial zone influence the 

off – axis and shear strength of the composite. It is generally believed that a major mechanism of 

shear strength reduction is partially debonding or weakening of the interfacial bond [107]. 

It is also reasonable to assume that the interfacial shear strength is the net result of a number of 

contribution to the fibre / resin adhesion, possibly including chemical bonding, secondary forces 

of attraction (Van der Waals, H-bonding, acid–base interactions etc.), residual thermal 

compression forces due to differential shrinkage, and mechanical locking friction between the 

fibre and the resin. Moisture may penetrate into composite materials by diffusive or capillary 

processes [108-110]. The former involves direct diffusion of water molecules into the matrix, 

while the capillary mechanism depends on movement of water molecules along the fibre/matrix 

interfacial areas followed by diffusion from the interface into the resin. 

An experimental method, called the „micro–bond‟ technique, for direct measure of the interfacial 

adhesion between a fibre and a resin matrix has been developed [111], which is demonstrated in 

Fig. 5. The technique involves application of micro-droplets of resin (30-200 µm long) onto a 

single fibre, followedby measurement of the force required to pull out or debond the fibre from 

each droplet. This technique has been applied successfully to various fibre/resin systems and to 

study the consequences of fibre surface treatments [105]. Later, Gaur et al. [107] have used the 

micro-bond technique to investigate the effect of environmental exposure on the interfacial shear 

strength of E-glass/epoxy and Kevlar/epoxy systems.  

Gaur et al. [107] have reported that the technique is effective in isolating and evaluating the 

effects of environmental exposure on interfacial shear strength in composites. The complications 

of resin deterioration and cohesive failure can be circumvented due to the small dimensions 

involved in the method. They have found that upon hydrothermal aging at 880 C temperature, the 

bond strength decreases rapidly at first, and further ageing does not produce any further 

reduction, implying that there are certain components of interfacial adhesion which are 

unaffected by hydrothermal ageing. Upon vacuum drying the aged specimens, bond strength is 

completely regenerated for both untreated and surface modified Kevlar–49 /Epon–828 system. 

This may be due to reduction of compressive forces caused by swelling of the crosslinked epoxy 

network and, consequently, is completely reversible. However, partial regeneration for E-

glass/Epon828 of the bond strength reduction because of drying is the result of either irreversible 



hydrolysis of chemical bonds or breakdown of secondary forces of attraction, and therefore only 

partial regeration is observed.  

The shear strength of the epoxy is known to suffer a substantial loss on hydrothermal ageing [4]. 

This could change the locus of failure from the interface and produce cohesive failure in the 

epoxy, particularly in composites that have greater interfacial adhesion due to fibre surface 

treatments [112-113]. The mechanical properties of epoxy composites, including interfacial shear 

strength, may continue to deteriorate for up to several years, although most of the reductions are 

observed within a few hours [114]. The short term reductions are related to diffusion and 

capillary processes, whereas the long term reductions are attributed to leaching out of low 

molecular weight uncrosslinked epoxy molecules and slow dissolution of fibre surface 

treatments.  

 

Remarks 

The measured critical surface tensions of all plastics (18–50 dyn/cm) are well below the surface 

tension of water (72.8 dyn/cm); therefore, all plastic surfaces are hydrophobic. The hygrothermal 

diffusion usually takes place in presence of thermal and moisture gradients. In many cases water 

absorption obeys Fick‟s Law, and diffusion is driven by the moisture concentration gradient 

between the environment and the materials producing continuous absorption until saturation is 

reached. The rate of diffusion increases rapidly with the rise of temperature. The concentration 

gradient of moisture is developed due to non-uniform distribution of moisture. The presence of 

imperfection and internal stresses also accelerates the process of diffusion. The water absorbed is 

not usually in the liquid form but consists of molecules or groups of molecules linked by 

hydrogen bond to the polymer. In addition, liquid water can be absorbed by capillary action 

along any crack which may be present or along the fibre-matrix interface. Experimental evidence 

indicates that for most of polymeric composite materials the hydrothermal behavior is Fickian 

nature. Thus, the absorption and desorption curves when plotted against time are always concave 

towards the time axis and asymptotically reach the equilibrium value. But, the diffusion behavior 

of glass polymer does not obey the Fick‟s law. Non-Fickian behavior is also a material 

characteristic. The deviation from Fick‟s law becomes more pronounced at an elevated 

temperature and for materials immersed in liquids.  



Today more and more structural components are either being designed with polymeric 

composites or being replaced from their metallic counterparts by composites. The hygroscopic 

nature of polymeric systems, however, necessitates a complete understanding of the interaction 

between structural integrity and moist environment. Research reports published in the last two 

decades have already established the fact that there is a certain amount of degradation of 

mechanical properties, especially shear, flexural, compression and ±450 axial tensile strengths 

when the polymeric composites are exposed to thermal and moist environment. Research 

developments on the hygrothermal response of laminated polymeric composites have shown that 

absorbed moisture reduces the glass transition temperature of a polymeric composite and also 

causes plasticization of it, resulting in the reduction of the composite strength properties 

dominated by matrix characteristics.  

Interfacial durability is a primary factor because environments to which the FRP composites are 

exposed during service can degrade interfacial adhesion as well as properties of the materials as 

a whole [115]. The design and development of glass, carbon and aramid organic fibres reinforced 

polymeric composites is the beginning of an era of new light weight and durable structural 

materials. The  precise  mode  of  failure of composite  is  a  function  of  the  status  of  

environmentally  conditioned interfaces  and  time  of  exposure,  thus  complicating  the  

prediction  of  its  performances  and behavior. The uncontrolled and non-uniform degradations 

at micro- and macro-levels manifested in the interphase because of different environmental 

conditions during service life. These may restrain its uses in the short term and also in the long 

term reliability of the material. An urgent need exists here to evaluate and assess the character 

and the chemistry of the interfacial region by the advanced resolving techniques, unless 

otherwise the full potential of FRP may not be realized and explored in service life. 
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