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1. INTRODUCTION
This review paper focuses on the work that has been performed in the recent years in the area of environmentally assisted degradation on fiber reinforced polymer composites (FRPC). The causes for environmental degradation stem from the fact that FRPCs may be subjected to various hygro-thermal excursions during their service life in addition to the conventional mechanical loads. Depending on its geographical location, a composite structure may experience such hygro-thermal loads infrequently or continuously. Under (near) continuous changes, they may be subjected to fatigue conditions also known as environmental fatigue (similar to fatigue due to cyclic mechanical loading). Thus, it is imperative to understand the effects of environmental loads coupled with the mechanical loads, both under non-cyclic and cyclic conditions. 


Under quasi-static conditions (ignoring inertia) the important equations in continuum mechanics are 

The equilibrium equation 
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Elastic response 
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A flow rule, 
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Where 
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is the Cauchy stress tensor, 
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is the corrotational stress rate, C is the elastic stiffness tensor, D is the total rate of deformation tensor and 
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is the plastic rate of deformation tensor. In Eq. 3, g is an elasto-plastic constitutive law, s is the deviatoric stress tensor, 
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is the von-Mises effective stress, and 
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 is the effective plastic strain. Equation (3) is commonly used to model the flow behavior of metals. For polymers the flow behavior is likely to be pressure dependent and needs to be accounted for. 

In the presence of moisture the above equations are augmented with the diffusion equation (assuming Fickian diffusion) 
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Equation 4 gives the evolution of moisture concentration (c) where the dot represents differentiation with respect to time, 
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 is the Laplacian and Dc is the isotropic diffusion coefficient. If the diffusion process is influenced by mechanical stresses, Eq. (4) gets coupled with the equations of mechanical equilibrium and needs to be solved as a coupled stress-diffusion problem. Our work focuses on developing computational framework for this coupled problem to provide predictive models for failure of composites under both mechanical and environmental loads. 

 Significant literature is available on the topics of diffusion mechanics and stress analysis in FRPCs. This report highlights some of the notable contributions in the area. The report is presented in different sections according to the most important aspects in the cited literature viz. overviews, computational focus, experimental focus etc. 

2. REVIEW PAPERS

Gamestedt and Andersen (2001) presented an exhaustive review of the fatigue degradation of rotating composite structures such as rotor blades in wind turbines, in which fatigue degradation is of key concern for in-service failure. The main purpose of their review was to identify the key areas where composite materials could prove a great deal efficient in such applications. The authors emphasized the need to develop a better understanding of the inter-relation between structural, component and specimen test results. The review focuses on ideas to develop novel test methods, and using the test information to develop laws for the damage mechanisms that affect the material and structural behavior. 

Degrieck and Van Paepegem (2001), presented classified the available fatigue models for fiber composites in three major categories: fatigue life models, which do not take into account the actual degradation mechanisms but use S-N curves or Goodman-type diagrams and introduce some sort of fatigue failure criterion; phenomenological models for residual stiffness/strength; and finally progressive damage models which use one or more damage variables related to measurable manifestations of damage (transverse matrix cracks, delamination size). However, the focus of their review was the fatigue due to mechanical loading and did not consider the models for environmentally assisted degradation. The authors concluded that although extensive research has been carried out on fatigue modeling of fibre-reinforced composite materials, the main drawback of the fatigue life models is their dependency on large amounts of experimental input for each material, lay-up and loading condition. 

This is also true for environmentally assisted degradation processes, which calls for even more robust tests to capture the diffusive processes that cause material degradation.  

Kensche 2006 highlighted the fatigue and lifetime aspects on the next generation wind turbine rotor blades made of composite materials. The overview includes a historical perspective in connection with glider technology, S–N curves for the 0˚-orientated fibres and for ±45˚-lay-ups, and the influence of fiber content and architecture. The author also discussed the importance of accounting for the environmental effects, and provided a viewpoint on lifetime prediction on structural elements. Some of the highlights include a three-fold increase in the rotor diameters (40m to 120 m) over the past decade, and the requirement of sustaining over 108 load cycles over the 20 year life span of a turbine. 

(Baley et al. 2004) give an overview of the characterization of the interlaminar properties of composites used for marine structures. They provide succinct information on some experimental techniques available to measure delamination resistance. The authors review the parameters which influence this property, including the constituents (fibre, matrix, and interface), specimen geometry, fabrication route and the resulting defects, and aging. 

(Bond and Smith 2006) presented an exhaustive review of the analytical models relevant to the transport of moisture in structural composites. The authors addressed the merits and limitations of the various models and techniques that employ Fickian as well as Non-Fickian models for moisture transport in composites. The review is of interest from a structural polymer composites viewpoint owing to the plasticizing effect of moisture on the composite and the potential for the moisture to induce localized damage. 

(Rajagopal 2003) presented an overview on the diffusion of liquids through polymers that are undergoing finite deformations, and to discuss the difficulties associated with modelling such a process. The author highlighted that Fickian or D’Arcy equation had limited use in describing the mechanics of the problem in the presence of continuously changing material properties due to swelling. The problem of swelling was shown to be well defined using the theory of mixtures.

Other notable review includes the recent one by Mishnaevsky and Brondsted (2007a) that discusses different approaches viz. shear lag model, fiber bundle model, and unit cell models. The authors highlight the importance of using correct physics to model the load transfer and redistribution with along with the inter fiber interaction for interface cracking especially with the explicit micromechanics models.

3. COMBINED EXPERIMENTAL - COMPUTATIONAL FOCUS

(Ahci and Talreja 2006) developed a thermodynamically consistent model for viscoelastic composites with damage to characterize the viscoelastic response of polymer matrix woven fabric composites subjected to loading at high temperatures. The characterization employs finite element modeling combined with creep experiments wherein load magnitudes and temperatures are varied one at a time. The authors propose a systematic experimental procedure to delineate the effects of temperature, moisture and stress level on the viscoelastic properties that includes damage dependence.  

(Bond 2005) investigated the effects of non-Fickian sorption and fiber spatial distribution on moisture diffusion in laminated composite materials. He augmented Fickian absorption models with hygro-elastic relaxation and polymer–penetrant interaction mechanisms that correlate better with the experimental observations. The author found negligible effects of fiber spatial distribution (fully random and regular-packed) on the predictions of the flux-continuity model. His investigation also revealed a significant reduction in the transverse diffusivity of a composite with layered high and low fiber compared to that predicted using bulk composite properties. 

(Lundgren and Gudmundson 1999) conducted experiments on moisture uptake in cross-ply glass-fibre/epoxy laminates containing matrix cracks in transverse plies and indicated that crack closure may occur early in the absorption process; this was confirmed through direct microscopic observations of crack closure versus time.. The authors carried out finite-element calculations which indicated that even small amounts of absorbed moisture may result in crack closure thus preventing further moisture penetration. 

(Vaddadi et al. 2003a) developed an approach based on an inverse analysis technique, to determine critical moisture diffusion parameters for a fiber-reinforced composite. The approach incorporates direct experimental observations of the weight gained by a composite material exposed to a humid environment, and detailed computational analyses of the real composite microstructures . The latter feature was carried out by modeling more than 1000 individual carbon fibers that are randomly distributed within an epoxy matrix. The validity of the technique was established by conducting an experiment on IM7/997 carbon fiber reinforced epoxy to determine the maximum moisture content at saturation and the diffusivity of epoxy.  The authors emphasized the need to model the heterogeneity of the microstructures to obtain accurate diffusion parameters,. Through coupled stress-diffusion analysis it was observed that high stress concentrations develop in regions of fiber concentration and may act as potential failure initiation sites that can lead to lower damage tolerance. (Also see Vaddadi et al. 2003b)

4. COMPUTATIONAL FOCUS

(Ashcroft et al. 2003) described a coupled mechanical-moisture diffusion FE analysis to predict failure in bonded composite joints subjected to combined mechanical loading and environmental degradation.  The analysis combined with an elastoplastic fracture criterion was found suitable to predict fatigue thresholds when moisture was encountered at elevated temperatures. The method does, however, rely on material data not commonly available, and requires several simplifying assumptions to make the method cost effective. 

(Benkhedda et al. 2007) presented an approximate model to evaluate hygro-thermo-elastic stresses in composite laminated plates during moisture desorption that accounts for the change of mechanical characteristics induced by the variation of temperature and moisture. The model predicts stress relaxation due to variation of the elastic modulus with temperature, which may be important in the design of composite structures subjected to hygro-thermal environments. 

(Crocombe 1997) presented a framework that includes interfacial and cohesive weakening to assess the environmentally degraded response of bonded structures. The modeling approach is based on a coupled mechanical-diffusion analysis using FE technique. Coupled non-linear FE analyses of both dry and wet joints are undertaken to predict the joint strengths and failure locations.  

(Gao and Zjou 1997) analyzed interface damage near a cyclically loaded matrix crack in fiber reinforced composite using the shear-lag model. Solving the governing equations, they obtained the effective debond stress and debond velocity. Their model also accounts for the degradation of friction stress on the interface caused by slipping. Results are given for the degradation behavior and the steady state debonding. 

(Huang 2001a) employed a micromechanics model based on the bridging model to predict S-N relationships of composite laminates subjected to arbitrary cyclic loading. The author suggested that the laminate failure mode can be effectively captured for a variety of angle ply laminates through a minimum number of input data viz. constituent properties and laminate geometric information.  The author subsequently extended this model to include thermo-elasto-plastic, and fatigue response of unidirectional laminae and multidirectional laminates (Huang 2001b, Huang 2002). 

(Lubineau et al. 2006) proposed a hybrid micro- and meso-modeling approach accounting for the degradation of laminated composites under cyclic loading, including the effect of oxidation.  The effects of cyclic loading and of the environment are then taken into account by proposing a softening mechanism through an internal variable that is combined with the energy release rates of the fracture modes.

(Munoz et al. 2006) investigated numerical aspects of the fatigue degradation in composite using interface elements. Their work addresses the dependence of the predicted behavior on the interface element size, l, and the number of cycles per increment, N. The authors suggested that l must be sufficiently small to resolve the cohesive zone ahead of the crack tip, and N should be small enough to capture crack propagation. 

(Mishnaevsky and Brondsted 2007b) presented an interesting approach using 3D FE simulations of deformation and damage evolution in fiber reinforced aluminium matrix composites. The fiber/matrix interface damage is modeled as a finite element weakening in the interphase layers. The fiber cracking is simulated as the damage evolution in the randomly placed damageable layers in the fibers, using the ABAQUS® subroutine User Defined Field. They showed that the interface properties influence the bearing capacity and damage resistance of fibers. This approach can be easily extended to reinforced polymer composites, and hence it is very relevant to our present work. 

In a series of papers, Roy and co-workers (Roy et al. 2000, Roy and Xu 2001, Roy et al. 2001, Roy et al. 2006) proposed a coupled model for strain-assisted diffusion based on continuum mechanics and thermodynamics, and material properties characterized using diffusion experiments. A symmetric damage tensor based on continuum damage mechanics is incorporated in this model by invoking the principle of invariance with respect to coordinate transformations. The authors argued that Fickian diffusion mechanics may not be valid for this problem as non-Fickian processes typically occur when the rates of diffusion and viscoelastic relaxation in a polymer are comparable, and the ambient temperature is below the glass transition temperature (Tg) of the polymer. Therefore, they proposed experiments that would allow characterization of non-Fickian diffusion coefficients from moisture weight gain data for a polymer below its Tg. Later (Roy et al. 2006) they  derived  a coupled model for strain-assisted diffusion based on continuum mechanics and thermodynamics, and material properties characterized using diffusion experiments. The methodology allows explicitly modeling the temperature dependent fiber-matrix bond degradation in the presence of a diffusing penetrant. 

(Subramanian et al. 1995) modeled the fibre-matrix interface combining the micromechanics with a cumulative damage scheme to predict the tensile fatigue behaviour of composite laminates. They defined a parameter  viz. 'efficiency of the interface' to model the degradation of the interface under fatigue loading. Predictions from this model are compared with experimental data. The salient feature of there model is that along with the fatigue life it also gives good prediction of the mode of failure (e.g. brittle stress concentration, interfacial debonding etc.) for the composite systems investigated in their work. 

(Wang and Chen 2006) conducted a computational micromechanics study to obtain high-temperature constitutive properties of the polymer matrix composites undergoing simultaneous thermal oxidation reaction, microstructural damage, and thermomechanical loading. The approach uses irreversible thermodynamic theory for polymer composites with reaction and microstructural change under combined chemical, thermal, and mechanical loading. A multiscale homogenization theory is used in conjunction with a finite element representation of material and reaction details to determine continuous evolution of composite microstructure change and associated degradation of the mechanical and physical properties. The authors note that the oxidation induced strains can cause significant dimensional instability, whereas the corresponding reaction induced stresses may be high enough to cause both matrix cracking and interface debonding.

(Whitcomb and Tang 2002) used the FE method to determine the effect of fiber volume fraction on effective diffusivity of composites with impermeable fibers. It is found that for low to moderate fiber fractions (vf<40%) the effective diffusivity was essentially the same for both square and hexagonal fiber arrangements and the calculated values agreed very well with Hashin’s formula for effective diffusivity as a function of the fiber volume fraction. 

(Zhifei et al. 2005) simulated the micromechanical damage of fiber/matrix interface under cyclic loading. The effects of loading conditions and shear deformation of matrix on interfacial debonding are considered and discussed. It is found that: (1) the force of interfacial fraction plays an important role in resisting interfacial debonding; (2) no matter what kind of the commonly considered loading conditions is, interfacial debonding always undergoes three stages though the damage degree is not the same; (3) the shear deformation of matrix has the ability to slow down the interfacial debonding rate. 

5. EXPERIMENTAL FOCUS

(Asp 1998) investigated the influence of temperature and moisture content on the interlaminar delamination toughness in mode I, mode II and mixed mode conditions based on load/displacement and load measurements. The salient observations of his investigation were: a drop in pure mode II the critical strain-energy release rate (CSERR) with moisture content and increase in temperature, decrease in mixed mode the CSERR with moisture content, but no general trends in the dependence on temperature, and no effect of moisture on the CSERR in pure mode I; CSERR was found to increase slightly at elevated temperatures. He attributed the observations in pure mode-I tests to R-curve behavior from enhanced fiber bridging due to increases in temperature and moisture content. The author noted that the methods based on load measurements only gave unreliable SERR as the measured compliance/displacement relationships were found to be non-linear even prior to crack growth. These observations may be helpful in devising the evolution laws for the damage mechanics approach in our work. 

(Botelho et al. 2006) experimentally investigated the effects of moisture on the shear properties of carbon fiber/epoxy composites (laminates [0/0]s and [0/90]s). They observed nearly 20% reduction in inter-laminar shear strength and about 15% reduction in shear modulus in both types of lay-ups. Microstructural observations of the fracture surfaces by optical and scanning electron microscopies showed typical damage mechanisms such as fiber-matrix interface shear failure, matrix degradation, and laminate interfacial failure. . 

(Chambers et al. 2006) studied the influence of voids in the initiation and propagation of static flexural and flexural fatigue failures of unidirectional carbon fibre composites. The void volume fraction was controlled (0.5 - 6%) by varying the vacuum pressure in the vacuum bag oven cure process and they were characterized using image analysis that were further used to explain the static flexural strengths and flexural fatigue results. While the mean void content and aspect ratios were less effective in explaining the mechanical property results than void size distributions, a strong correlation between large voids (area > 0.03 mm2) and a detrimental effect on the mechanical properties was found. This was attributed to the effect of these voids on the crack propagation in the resin rich inter-ply regions. (Also see Costa et al. 2001).

(Dzenis and Qian 2001) experimentally studied the microdamage evolution in graphite/ epoxy composites using acoustic emission (AE) analysis. The method uses AE histories of different damage mechanisms formulated based on a combination of transient AE classification and multiparameter filtering. Three characteristic AE waveforms were associated with matrix cracks, fiber breaks, and macrodamage, such as delaminations or longitudinal splitting in unidirectional plies. The multiparameter filters based on the analysis of the unidirectional composites were used to extract the damage evolution histories for the cross-ply [0/90]3S and angle-ply [+-45]4S composites. 

(Gamstedt and Sjorgen 1999) studied the effect of debond mechanisms glass-fibre-reinforced vinyl-ester under compressive and tensile load cycles in low-cycle fatigue. They observed that compressive load cycles led to significantly increased the debond growth; in tension, contact zones developed at the crack tips for sufficiently large debonds. Because of the mismatch in elastic properties, an opening zone appeared at the tips of the interfacial crack when the same debond was subjected to a compressive load. They attributed this sensitivity under tension-compression fatigue to the susceptibility of debond propagation to mode I loading. This has also been verified by finite-element analysis. 

(Kong et al. 2006) obtained the fatigue life of a medium scale (750 kW) horizontal axis wind turbine system using the S–N damage equation, experimentally obtained load spectrum and Spera’s empirical formulae in order to confirm more than 20 years operating life. 

(Lafarie-Frenot 2006) performed thermal cycling tests on CFRP composite laminates in different atmospheres, oxidative or neutral (nitrogen). Through microscopic observations and weight measurements of cross-ply laminates the author observed a coupling between two degradation processes: oxidation and fatigue, which accelerates the damage build-up under thermal cycling. 

(Nakamura et al. 2006) studied degradation of CFRP composite elastic modulus and failure strength under ultraviolet (UV) radiation and moisture condensation. They also investigated synergistic effects between such environmental consequences and mechanical fatigue. Specimens showed more degradation under flexural loading compared to unaxial conditions. Using scanning electron microscopy they identified the principal mechanisms that lead to reduction in mechanical properties: the loss of fiber confinement due to matrix erosion, due to UV radiation and moisture condensation, and weakened/ cracked ply interfaces due to mechanical fatigue. The authors proposed an empirical formula to quantify the specific influence of different damage mechanisms and to clarify the effects of various degradation conditions. 

(Patel and Case 2002) The objective of this study was to examine the effects of hygrothermal aging on the durability of a graphite/epoxy woven composite material system simulating mission conditions for an advanced subsonic aircraft. Fatigue test results also showed that the initial and residual tensile properties of the aged material were virtually unaffected by the imposed environmental aging as compared to virgin material, except when tested at elevated temperature. At elevated temperature, both the dynamic stiffness and residual strength were noticeably reduced from that at room temperature. 

(Choi et al. 2001) reported a linear decrease in the glass transition temperature with incremental moisture absorption in carbon fiber/ epoxy composites. The diffusion coefficient increased with matrix and void volume ratios, which is a deviation from the conventional Fickian theory. 

(Koimtzoglou et al. 2001) used a dog-bone specimen of epoxy with single carbon fibre and subjected it to cyclic loading at a maximum strain below the critical fatigue limit of the epoxy. The carbon fibres were pre-strained prior to incorporation in the resin to ensure that they were free of thermally induced compression stresses in the axial direction. A strain controlled cyclic experiment from 0 to 0.5% applied strain was performed up to a maximum life of 106 cycles and the fibre normal stress distributions were obtained by means of remote laser Raman microscopy. They observed that the fiber fracture process critically influenced the stress transfer efficiency at the fiber-epoxy interface. . 

(Ray 2006) experimentally investigated the effect of temperature on shear strength of epoxy composites during hygrothermal loading. They noted that the the state of fiber/matrix interface influenced the nature of diffusion modes and that significant weakening appears at the interface during the hygrothermal ageing. This subsequently affects the moisture uptake kinetics and also the reduction of mechanical properties.  He observed that the higher temperature during hygrothermal ageing enhances the moisture uptake rate and also alters the local stress threshold required for delamination nucleation. 

The comprehensive experimental study of Sala (2000)  focuses on the combined effects of liquid (water, Skydrol, fuel, and dichloromethane) absorption, impact damage and drilling on aramid and carbon fibre/epoxy composites. The static and fatigue behaviour of the composite samples was determined after the treatments. He found that the moisture absorption of aramid reinforced composites was significantly higher than that of carbon-epoxy composites; this is due to the higher hygroscopicity of aramid compared to carbon. He reported that the diffusion process seemed to closely follow Fick’s law and found no anomalies in the virgin or drilled specimens. Optical microscopy was used to investigate the microscopic mechanisms of absorption and damage, in order to propose interpretative models. 

(Trappe and Harbich 2006) characterized the damage state of FRP (microcracking) using X-ray refraction topography and its influence on the residual strength. They concluded that micro cracking occurs even at 50% inter-fibre fracture loading and can lead to a distinct strength reduction. The intralaminar fatigue effect itself seems to be an indication for the damage accumulation and the load history. 

6. SUMMARY

We have cited some of the important literature in the area of environmentally assisted degradation of reinforced polymer composites in this review. While this review is not exhaustive by any means . we find that much of the literature focuses on the experimental or computational aspects of the problem at the macroscopic level. Therefore, the development of micromechanical models to investigate the process of environmental degradation of composites ultimately leading to its failure is an important area to address. Our focus is on developing robust computational micromechanics approach for coupled stress-diffusion mediated failure in FRPC, especially under cyclic loading condition. There are few micromechanically motivated models that have been proposed; however, they generally are not scaled up to macro scale simulations. The focus of our work is to develop a consistent numerical approach that captures the material degradation and failure modes at the microscopic scales. We will then aim at developing evolution laws in terms of internal variables that characterizes the state of the material at the finer scale. These evolution laws can be seamlessly embedded in to commercial FE packages (ABAQUS®) to carry out large macro scale simulations. A key challenge is  to handle the problem at the micromechanical level through experiments.
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