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Abstract: Moisture induced interface damage evolution and debonding for different fiber realizations are studied numerically. Moisture induced degradation of the interfacial properties are considered and it has brought in substantial increase in the interface damage. Different random fiber arrangements are characterized by fibers center to center distance using Delaunay triangulation algorithm to find out the effect of the fiber arrangement on the damage evolution. It is observed that not just the damage present in the RVE is the one which contribute to the overall response, but the location and orientation of the damage to the load direction. The RVEs subjected to loading after being saturated with moisture has shown decrease in the nominal stress achieved and the initial tangent modulus which is dependent on the fiber arrangement inside the RVEs .The maximum damage is accrued by the random cluster arrangement and the least by the regular square arrangement. The interplay of the two time scales (diffusion time scale and the time scale of the applied load) is considered by applying a strain rate comparable to the moisture diffusion rate. Results of our study clearly shows that using idealized geometries like square regular arrangement or unit cell based models for studying the transient problems like moisture diffusion could underestimate the overall damage.
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1. Introduction

Polymers, natural or synthetic, are often reinforced with stiffer inclusions in the form of fibers or particles to create heterogeneous composites that are attractive for applications where mechanical strength and stability are of primary interest. The choice of the polymer (matrix) and inclusion (reinforcement) is dictated by the requirements of the end application. Many large-scale structural applications such as automotive, aerospace, turbine blades etc. typically employ epoxy-based (thermoset) polymeric matrices reinforced with high strength synthetic fibers such as glass or carbon. Often, the difference in the physical, mechanical and chemical properties of these two constituents create a large property mismatch in the interfacial regions of the composite. Under external stimuli, high stresses tend to concentrate around the stiff fibers and this may potentially lead to overall composite degradation through a variety of microstructural instabilities including interface debonding, fiber breaking, void nucleation and shear localization in the matrix that are precursors to the macro-structural failure. 

It has long been recognized that while polymer composites possess exceptional potential in designing light and strong applications, their use may be limited by the fact that their response to environmental conditions during their functional life is not well understood. This is especially critical when one recognizes that they are deployed in protean service environments and are expected to perform over a long period of time. Residual stresses occur in a composite subjected to varying temperature or moisture conditions, due to the difference in the thermal or moisture expansion coefficients between the fiber and the matrix. In particular, moisture ingress may assist the degradation of composites that may be amplified by temperature. Further, the moisture diffusivity itself may be a function of the applied stress, which in turn may affect the stress distribution in the composite [1-2]. The absorbed moisture may lead to matrix cracking [3-4] or plasticize the matrix thereby reducing effective stiffness and strength of the composites [5-6].  Bond and Smith [7] provide an exhaustive overview of the moisture diffusion in polymeric systems and discuss its implications on the behavior of reinforced polymers. This is critical when composites may be subjected to a range of changes in temperature and moisture (salinity may have additional effects) in addition to the regular mechanical loads (e.g. in wind energy structures) [8].Composites used for dental restoration purposes may experience aqueous service environments that range between strongly acidic to strongly alkaline [9]. These requirements pose challenges for engineers and necessitate a better understanding of the mechanical behavior of such heterogeneous architectures at multiple length and time-scales in hostile environments. Efficient design of composite structures relies heavily on the ability to predict the possible mechanisms of failure when subjected to such synergistic environments. 

In this work, we investigate the response of reinforced polymers under transient hygro-mechanical conditions at the microstructural length-scale. Here, we focus on the nucleation and evolution of damage at the micromechanical scale. Of the aforementioned possible modes of micro-structural failure, we explicitly model the debonding at the matrix-inclusion interface due to moisture-induced stresses, observed experimentally [10-12]. Such debonded interfaces may act as the channels causing accelerated diffusion especially if it is in the exposed surface [13]. Further, some experiments on glass fiber-epoxy matrix composites have revealed that both the strength and toughness of the interfaces may degrade significantly in moist environments exacerbating the severity of damage [11, 14]. Motivated by these experimental observations (see also [15]), we also incorporate the possibility of the interface behavior that degrades with the local moisture concentration. While the moisture diffusion and stress build-up phenomena have been studied in detail by various researchers, there are relatively few works that model the evolution of hygro-mechanically induced interface failure in composites (e.g [16]). Some works that do model interfacial effects under hygral or thermal excursions resort to the restrictive assumption of unit cells with regularly arranged fibers (e.g.[17]), which is seldom the case in real materials [18]. In fact, the effective diffusivities may strongly be affected by the randomness of fiber arrangements, which may have direct implications on the build-up differential stresses [18-19]. In this work, we relax these restrictions by choosing representative volume elements (RVEs) with random or clustered arrangements along with regularly arranged RVEs. In the next section, we describe the computational setup and the details of the finite element (FE) models used in the investigation.

2. Computational Modeling
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Figure 1  A unidirectionally reinforced composite lamina subjected to mechanical and moisture boundary conditions. The lamina is periodic in the [image: image5.png]


direction. A typical RVE considered in the computational modeling is shown by the dashed boundary.

Figure 1 shows a typical section of a unidirectionally reinforced lamina of thickness [image: image7.png]


 in the [image: image9.png]


direction considered in the present work. We consider the lamina, infinitely long in the [image: image11.png]


direction, comprising repeating unit cells giving a periodic RVE in that direction (shown in the figure by the dashed box). Further, we assume that the lamina is symmetric about [image: image13.png]


 and satisfies the plane-strain condition in the [image: image15.png]


direction. Within an RVE the fibers may be arranged in a regular or random manner. The top and bottom surfaces of the lamina may be subjected to in-plane mechanical and/ or moisture boundary conditions (b.c.’s). 

2.1 RVE generation and micro-architectures
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(a) Random 1 (R1)
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(b) Random 2 (R2)
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(c) Random 3 (R3)
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(d) Random cluster (RC)
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(e) Square regular (SR)
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(f) Square cluster (SC)


Figure 2  RVEs with different fiber arrangements considered in this work.

Figure 2a-f shows the RVEs considered in this work that are generated using an in-house C++ code for two-dimensional (2D) heterogeneous composite architectures with desired fiber arrangements (regular/ random and uniform/ clustered) for a specified volume fraction[image: image23.png]


. The RVEs in Fig. 2a-c are three different random (R1, R2, R3) arrangements. Note that amongst these three the R2 arrangement has all the fibers completely inside the RVE, which means that there exists a thin matrix-rich layer at the edges of the RVE which is observed in the composites used in the structural applications [18]. Figure 2d shows a random arrangement but with a clustering (RC) of fibers leaving a big region in the microstructure that is matrix-rich. Figure 2e shows the regular square (SR) arrangement, used as a benchmark, where the distance between the center of each fiber and its neighboring fibers are same in both horizontal and vertical directions.  Figure 2f shows the square clustered (SC) arrangement where a set of four fibers are placed close together and this arrangement is repeated within the RVE. Although the code is general, here we consider a fixed [image: image25.png]


 of 0.47 for all the random arrangements and 0.5 for the two regular arrangements and investigate the effects of fiber distribution. These volume fractions are represented by fifteen (sixteen in the case of the regular arrangements) 10 [image: image27.png]


diameter fibers, which also sets up the size of the RVE. The choice of the fiber diameter is based on the typical values from the literature [20]. In order to ensure proper modeling of the fiber-matrix interfaces we do not allow the fibers to touch each other. The topological periodicity of the fiber arrangement is ensured at the left and right edges of the RVE and is also specified in terms of the coupling between the kinematic boundary conditions (b.c.’s) at these edges as discussed in the next section. 

2.2 Finite element model

An important aspect of this work is to model the transient moisture diffusion, which is assumed to obey Fick's law[21]. The Fick’s law is analogous to the Fourier's heat conduction law [22], which is available in ABAQUS/Standard® FE program [23] as a coupled temperature-displacement analysis procedure. We exploit this analogy to model the transient, coupled moisture-displacement problem. The moisture diffusivity [image: image29.png](D,)



is specified in terms of the equivalent thermal diffusivity [image: image31.png](D.)



in ABAQUS
. The temperature evolution in the RVE then resembles the moisture diffusion. Likewise, the moisture b.c. is specified in terms of equivalent temperature. 

The micro-architectures generated by the code are imported in to ABAQUS and meshed using the plane strain, linear quadrilateral elements with temperature degrees of freedom (CPE4T). In our calculations, a typical RVE comprises approximately 30000 elements and convergence is ensured by performing several trial runs with different mesh densities for a limited number of cases. The periodic mechanical b.c.’s applied to the left and right edges may be expressed in terms of the displacement vector [image: image33.png]


 which relates the displacement between the opposite edges of the RVE, [image: image35.png]


and [image: image37.png]


 [24]
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The vector [image: image40.png](uy,0)



is computed from the condition that the average stress perpendicular to the loading axis should be zero, therefore
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On the top and bottom edges both the velocity and moisture b.c.’s may be present. The average strain rate [image: image43.png]


 due to an applied velocity [image: image45.png]


 in the [image: image47.png]


direction is
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The corresponding average stress and strain is then (at time[image: image50.png]


) given by
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2.3 Constitutive Laws

In the absence of body forces and inertia effects, the equilibrium equations are 
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where [image: image54.png]


 is the stress tensor. For a linear, isotropic elastic solid the constitutive law is given by
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where [image: image57.png]


is the fourth-order elasticity tensor, [image: image59.png]


 is the strain tensor, [image: image61.png]


 is the coefficient of moisture expansion , [image: image63.png]


is the final moisture concentration and [image: image65.png]


is the reference moisture concentration. The moisture evolution follows Fick’s law 

	[image: image66.png]



	


where [image: image68.png]


is the moisture diffusivity The fibers and the matrix are assumed to be linear elastic and isotropic. The matrix is capable of diffusing moisture, but the fibers are impermeable. Table 1 gives the material properties that are representative of an epoxy resin and E-glass fiber [20]. The diffusion coefficient for the composites characterized by the experiments and inverse analysis techniques by Vaddadi et al are used in the FE analysis [25].

Table 1: Material properties for the fibers and matrix used in the present simulations
	
	Elastic modulus, [image: image70.png]


 (GPa)
	Poisson’s ratio, [image: image72.png]



	Diffusion coefficient, [image: image74.png]


 ([image: image76.png]mm? /s)




	Moisture expansion coefficient, [image: image78.png]




	Fiber
	75
	0.28
	0
	0

	Matrix
	4
	0.38
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2.3.1 Interface Cohesive Behavior
The constitutive description of the cohesive surfaces is provided by a traction-separation law. The interface is modeled using the cohesive surfaces through a traction-separation law available in ABAQUS [23]. The surface-based cohesive behavior considers an interface of zero thickness between two constituents such that the displacement jump at the interface is interpreted as the relative normal and shear displacements between the interface nodes representing the two materials. A linear elastic traction-separation law is adopted
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where [image: image83.png]


 is the nominal traction vector which is having a component [image: image85.png]


 in the normal direction and [image: image87.png]


in the shear direction, [image: image89.png]{5}



is the vector of displacement jumps across the interface having components [image: image91.png]


and [image: image93.png]


along the normal and shear directions, respectively. The interfacial stiffness is represented by the [image: image95.png]


 matrix. It is important to note that in the absence of damage the interface must behave as a perfect interface and should not mediate the mechanical response. To account for this we choose a high value of [image: image97.png]10° GPa/m



 is used to define [image: image99.png]


 [26].Our initial studies (not presented here) indicate that for this value of the interface elastic stiffness, the overall tangent modulus of the composite predicted by the model with perfect bonding (no interfaces) compares well with the model with interfaces, prior to the onset of debonding. 

The interface softening initiates when the magnitude of the nominal stress in the normal [image: image101.png]


or tangential [image: image103.png](s)



directions reach their critical values, [image: image105.png]NorS



, respectively (Fig.3) given by
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	(9)


Macaulay bracket is used in Eq.9 as purely compressive stress does not cause damage to interface. The softening behavior is governed by the damage parameter d, which depends on the displacement jumps in both directions and [image: image108.png]


 is given by
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	(10)
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	(11)


The value of [image: image112.png]


 when the failure begins is given by [image: image114.png]


 and the interface fails completely when reaches [image: image116.png]


 reaches the value[image: image118.png]


. [image: image120.png]


 is the maximum value of [image: image122.png]


 at any given instant of time. Note that [image: image124.png]0<d =1



where the lower limit denotes an intact interface and the upper limit denotes an interface that has completely debonded. We assume that both the normal and tangential displacement jumps contribute to the failure which is modeled via a mixed mode based failure criterion. 
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where [image: image127.png]


 and [image: image129.png]


 are the mode-I and mode-II energy release rates. Debonding initiates when Eq. 9 is satisfied at a point on an interface. As both the fracture modes contribute toward failure, the interface may fail before the failure energy reaches the critical value in each direction. 

As noted earlier, some (but not all) experiments indicate that the interface strength and toughness may be affected by moisture [11, 15]. We account for this possibility by allowing the normal and shear tractions to degrade with moisture (Fig. 3). Note that in both, moisture-resistant (interface strength unaffected by moisture) and moisture-affected scenarios the interfaces may still debond, but the former will be much softer than the later. Even within an RVE comprising moisture-affected interfaces, an interface subjected to lower moisture concentration (unshaded region in Fig. 3) will exhibit a stronger overall response than the one experiencing higher concentration (shaded area in Fig. 3). Irrespective of the nature of the interfaces we assume the final failure to occur at the same displacement[image: image131.png]


; consequently, the fracture energy (area under traction-separation curve) is also lower for a moisture-affected interface. For calculation purposes, we assume that the critical fracture energies linearly degrade to half their original values as the moisture concentration reaches the ambient value.

3. Results


In this section, we consider different scenarios that involve moisture and mechanical b.c.’s. First, we consider the RVEs subjected only to moisture b.c. In this case, we investigate the evolution of damage as a function of the fiber arrangements for moisture-resistant and moisture-affected interface strengths. We choose the moisture b.c. that represents the typical weight gain at saturation in reinforced polymers exposed to moisture.  For example, the saturation weight gain in glass reinforced epoxy composites at 85% relative humidity and [image: image133.png]35°c



is approximately 1.5%; we adopt this value as the applied moisture b.c. [image: image135.png]


. These values mimic the accelerated conditions that are typically resorted to in laboratory-scale experiments [25]. Later, in sub-section 3.2, we consider the cases where the moisture and mechanical b.c.’s are applied either sequentially or simultaneously. 

3.1 Moisture Induced Debonding
The RVEs in Fig. 2 are subjected to moisture b.c. with ambient concentration [image: image137.png]


set to [image: image139.png]1.5%



 on the top edge. As the moisture diffuses through the matrix the differential expansion between the matrix and fibers induce interfacial stresses that may lead to progressive debonding. After moisture has completely diffused through the entire domain, the overall damage in an RVE is quantified by computing an aggregate damage parameter [image: image141.png]


 [image: image143.png]0=y =<1)



 at time [image: image145.png]
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	(13)


where n is the total number of nodes at all the interfaces in the RVE. Here, the physical time considered is long enough for the moisture to equilibrate throughout RVE.

3.1.1 Damage evolution: moisture-resistant interfaces 
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Figure 4:  Evolution of the overall interface damage parameter [image: image149.png]


 for moisture-resistant interface cohesive law. 

To begin with, we consider moisture-resistant interfaces so that the interfacial strengths [image: image151.png]


 and fracture energies[image: image153.png]GFf= 50]/




are unaltered even in the presence of moisture [11, 27]. Figure 4 shows the temporal evolution of the aggregate interface damage parameter[image: image155.png]


 in the RVEs. For fixed f the damage evolution is significantly different depending upon the micro-architecture. For the applied b.c. the overall damage is the largest in the RC arrangement while the SR arrangement shows no damage at all. This emphasizes the strong influence of the fiber arrangement on the damage evolution under moisture ingress. A common feature between all the arrangements except the SR arrangement is that there are matrix-rich pockets present due to some amount of clustering of fibers. The degree of clustering is different for different RVEs. 
	[image: image156.png]5, s

g 75%)
45 2er01
jrieen
asesio)
Tigreien
T
pEREren
Iiiaton
pERtreny
il
Traseiol
Hon
Ebision
iseeron
i5earon

Brimary ar: 3 ises
Deforrmec var: i Defrmation Scale Factor: +5.0002401

Fa—





(a) Square regular (SR)
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(b) Random3 (R3) 
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(c) Random cluster (RC)
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Figure 5: Contour plots of the von-Mises stress in (a) SR, (b) R3 and (c) RC arrangements corresponding to the time at which the RVE attains equilibrium concentration in the entire domain. Both R3 and RC arrangements exhibit damage with the RC arrangement being more severe of the two. The deformed profiles are scaled fifty times for easy comparison.
It is interesting to note the pattern of evolution of damage between the SC, R1 and RC arrangements. The overall damage evolution is nearly the same in the three arrangements up to about 20 minutes after which the rate of growth in SC falls appreciably. However, the aggregate damage in RC and R1 continue to grow almost identically much further till [image: image161.png]t~60



 minutes. By that time the moisture has diffused to almost half the thickness of RVE. If we consider the top half of all the RVEs, R1 and RC have more epoxy rich regions compared to all other RVEs, which results in the similar response of R1 and RC arrangement. Figure 5 compares the von-Mises stress distributions for the SR, R3 and RC arrangements when the steady-state condition is reached[image: image163.png]=0



. The SR-RVE deforms uniformly except at the top edge, which deforms freely to satisfy the traction b.c. In comparison, the R3 and RC arrangements experience a non-uniform distribution of highly stressed regions that also debond and deform heavily than the other parts within the RVE. The debonding in the RC arrangement is much more severe than the other two arrangements. Further, we observe that the RC arrangement tends to debond along the horizontal direction unlike the SR and R3 that tend to debond along the vertical directions. We elaborate on this aspect in the section 2.2. 

3.1.2 Damage evolution: moisture-affected interfaces 

To investigate the effect of degrading interfaces on the damage evolution we now allow the cohesive law to degrade with the local moisture concentration keeping all other parameters the same as in the previous case. 
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 Figure 6a: Evolution of the interface damage parameter [image: image166.png]


for moisture affected interface cohesive law. The open circles indicate the location of the snap shots shown in Fig. 6b.

A key question is – what is its influence on the damage evolution in comparison to the trends observed in the preceding sub-section? Starting with the initial [image: image168.png](atc=0)



interfacial strengths and energies are [image: image170.png]25 MPa



 and[image: image172.png]


 respectively, their values assumed to linearly degrade to 50% when the local moisture concentration reaches the ambient value [15]. Figure 6a shows the evolution of [image: image174.png]


 for the six RVEs under the applied moisture b.c. of[image: image176.png]1.5%




. As expected the overall damage in each of the RVEs is more severe than their preceding moisture-resistant counterparts, because the interfaces become progressively weaker as the local moisture concentration increases. The severity of damage is emphasized from the fact the SR arrangement too exhibits damage, which was absent in the preceding case. These observations suggest that it is important to rigorously characterize the effect of moisture on the interface behavior and is vital to predicting the overall composite response. The overall trends of damage evolution for other RVEs are qualitatively similar to those in Fig. 4 although there are a few differences especially at later stages. The damage evolution in the R2 and R3 arrangements is initially slow in comparison to the SC arrangement, but evolves faster beyond[image: image178.png]t~ 1.6 hours



. 

 The damage parameter [image: image180.png]


is only an average indicator of the degradation of the composite. It does not necessarily imply that the damage occurs uniformly over the entire interfaces. An interface of a fiber located near the matrix- rich region is more susceptible to damage. [image: image182.png]


 gives only the average value of the damage inside the entire domain and does not give any information about the distribution of damage. 
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Figure 6b: Snapshots of moisture diffusion profiles for the R3 and RC arrangements at[image: image194.png]t=07.1.4,55 and 8 hours



. Note the high rate of diffusion for RC (commensurate with the severity of damage). In both the cases, the diffusion saturates at [image: image196.png]£ ~6 hours



 beyond which the damage also does not evolve any further. 
/Figure.6b shows the snapshots of the moisture concentration contour for the RC (severe overall damage) and R3 (less overall damage) arrangements at[image: image198.png]+=0.7,1.4,5.5and 8 hours



. The top portion of the RC-RVE is rich in matrix and the moisture diffuses faster which results in high stresses in the lower portion of the RVE, which is also where the debonding is severe. Owing to the lesser degree of clustering the stresses in the R3 arrangement are more distributed. This may lead to better load sharing between the interfaces reducing the severity of damage. It can be seen that moisture diffusion is faster in RC compared to R3 and the moisture concentration equilibrates in the RVEs [image: image200.png](t~6 hours)



 and corresponding to that the damage evolution saturates. Therefore, we conclude that for the cases considered here, higher the degree of clustering, the faster is the diffusion and higher the overall damage sustained by the composite. 

In composites, moisture may diffuse through the matrix prior to or concurrently with the application of any mechanical loads.  In the next section we examine the synergistic effects of the moisture accentuated damage evolution in the presence of applied mechanical load. We consider two loading cases: (a) sequential – moisture ingress followed by mechanical loading, and (b) simultaneous moisture-mechanical loading. 

3.2 Synergistic effects of moisture and mechanical loading
In conjunction with the ambient moisture b.c. of[image: image202.png]1.5%




, we now apply a velocity b.c. on the top edge that gives a nominal strain rate[image: image204.png]


. The applied rate represents the typical time-scales at which a polymeric material may creep. Although we do not focus here on the creep or in general, the rate effects, the loading time-scale in the range of the chosen value may introduce interesting physics due to the coupling between the mechanical and the diffusion time-scales[image: image206.png]


 when the two b.c.’s are applied in tandem. We briefly discuss the implication of such a coupling in section 2.2.2.   

3.2.1 Sequential loading

In the sequential loading case, the moisture and mechanical b.c.’s are applied in two steps. In the first step, the moisture b.c. is applied on the top face of the RVEs and the simulation is run until the moisture concentration in the RVEs equilibrate to the ambient value[image: image208.png]


. In the next step the velocity b.c. is applied on the top face. 
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Figure 7: Average normal stress [image: image211.png]&y



 – normal strain [image: image213.png]


 of the RVEs subjected to mechanical loading after moisture has equilibrated (moisture-affected interfaces). Moisture-resistant interfaces show similar trend but stronger response.
Figure 7 shows the average stress [image: image215.png](520)



-strain [image: image217.png](5,,)



response of all the RVEs subjected to this two step loading. For brevity, we show only the results for the moisture-affected interfaces as the results for the moisture-resistant interfaces are qualitatively similar. In the figure the initial macroscopic stress-free strain corresponds to the first step that evolves due to the constrained moisture expansion of the RVEs. The stresses due to the constraint from the fibers are locked in the matrix as residual stresses, but do not manifest in the stress-strain response as they self-equilibrate. However, these stresses play a vital role in determining the response of the RVEs in the subsequent mechanical loading step. As noted in the preceding section the interface debonding may initiate due to moisture ingress. The initial interfacial damage due to moisture leads to an overall softer average stress-strain response in all the RVEs compared to the cases where the interfaces do not encounter moisture induced stresses. This is clearly reflected in Table 2 that shows the tangent moduli calculated at small times in the second step. The moduli of the initially damaged RVEs are 10-30% lower than their corresponding pristine interface counterparts. As the loading progresses the stress-strain response becomes nonlinear due to the rapid evolution of damage.  

An interesting aspect comes to the fore when one observes the modulus degradation for the SR arrangement with moisture-resistant interfaces. Note that in case of the moisture-only b.c. [image: image219.png](withc, = 1.5%)



this arrangement does not exhibit any damage (Fig. 4); however, post-equilibration it shows a substantial drop in the initial tangent modulus of nearly 20% upon applying a small mechanical load. This indicates that the debonding commences as soon as the SR composite is loaded mechanically. The reason for such a sudden decrease in the stiffness is explained as follows: During the moisture diffusion step the ligaments connecting a column of fibers experience tensile stress in the y-direction. This also induces a tensile stress at the interfacial regions near the top and bottom (the poles) of each fiber (Fig. 5a). In the subsequent step, when a mechanical load is applied in the same direction the normal stresses in the ligaments along the loading direction superpose with the initial residual stresses causing the interfaces to instantaneously debond as the total stress exceeds the critical value. Further, the SR-RVE comprises regular fiber arrangement and hence, the stress state is identical at all the poles (except those near the top edge due to boundary effects) causing simultaneous failure of all the interfaces near the poles. A similar characteristic is also observed in the R3 arrangement (Fig. 5b), which has two columns of fibers that are nearly aligned. 

It is interesting to note that although the RC arrangement sustains the maximum overall damage at the end of the moisture step (c.f. Figs. 4 and 5c) the R3, SC and SR arrangements that show the largest drops in the tangent modulus in both the moisture-resistant and moisture-affected scenarios (Table 2.1). This phenomenon is ascribed again to the location of the debonding with respect to the loading axis. For the SR, SC and R3 arrangements it is the interfacial regions near the fiber poles that debond as these architectures show columnar fiber arrangements. In contrast, in the RC arrangement that does not show the tendency of columnar fiber arrangement the debonding is profuse at the fiber equatorial regions [image: image221.png](20° to the poles)



 while the poles of the fibers remain connected to the matrix. Naturally, in this loading direction the RC arrangement is capable of carrying more stress by sharing it with the fibers than the SR, SC and R3, at least initially. The same argument holds true for the R1 and R2 arrangements too. At later stages though, the poles of the RC also start to debond, but correspondingly the equators in the SR, SC and to some extent R3 don’t, because at the equators the state of stress is predominantly compressive for the aligned fibers arrangements. Consequently, the RC topology (also, R1 and R2) suffer from a more severe overall softening elastic behavior compared to the SR, SC and R3 topologies (Fig. 5).
Table 2: Initial tangent moduli during the mechanical loading step of the sequential loading case.
	RVE
	Perfect interface

(GPa)
	Moisture-resistant interface strength
	Moisture-affected interface strength

	
	
	Modulus

(GPa)
	variation

from perfect interface
	Modulus

(GPa)
	variation

from perfect interface

	R1
	11.5
	9.6
	17%
	8.8
	23%

	R2
	10.9
	9.9
	10%
	8.9
	19%

	R3
	11.7
	8.8
	25%
	7.8
	33%

	RC
	11.2
	9.9
	12%
	9.1
	19%

	SR
	13.6
	10.9
	20%
	9.8
	28%

	SC
	14.0
	10.6
	24%
	9.6
	32%
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Figure 8: Damage evolution of the RVEs subjected to mechanical loading in the y-direction after the moisture has equilibrated in the domain (moisture-resistant interfaces). RVEs with moisture-affected interfaces show similar trend, but with more severe damage. 

Figure 8 shows the damage evolution during the mechanical loading for the RVEs with moisture-resistant interfaces. Note the non-zero damage at the start of mechanical loading. All the RVEs except SR sustain damage induced by the moisture induced stress during the diffusion phase. It can be seen that during the subsequent loading the damage evolution is very fast because of the depleted load transferring ability of the interfaces that have already degraded by 10-30%. Nearly 90% of the total interface perimeter is damaged 40 minutes (this corresponds to a nominal applied strain ~ 0.6%) in to the mechanical loading step and nearly complete debonding occurs at a nominal strain of ~ 1.35% beyond which the stress-strain response is akin to that of the porous matrix. Thus, the overall damage parameter [image: image224.png]


determines strength of the RVEs whereas it is the location of the damage that determines the initial stiffness of the RVEs. Appendix A further highlights the trends of the modulus degradation and overall damage sustained by the RVEs as a function of the fiber arrangement. The coefficient of variation [image: image226.png](C,)



 of the fiber center-to-center distance that describes the degree of clustering is a useful parameter to correlate the stiffness reduction and damage induced by moisture. The larger the [image: image228.png]


the more is the clustering that corroborates with the higher degree of differential expansion in a composite, which is responsible for the damage nucleation and evolution. 

3.2.2 Simultaneous loading
[image: image229.png]Average normal stress (Fpy) MPa

50

-0
0

0 05

15
10

0.005

0.01 0.015 0.02
Average normal strain (%2)

0025

00




Figure 9: Average normal stress [image: image231.png]


 – normal strain [image: image233.png]


 of the RVEs subjected to simultaneous moisture-mechanical loading (moisture-affected interfaces). RVEs with moisture-resistant interfaces show similar trend but stronger response.
Figure 9 shows the average [image: image235.png]Gon — Eon



response of the RVEs with moisture-affected interfaces when subjected to simultaneous moisture [image: image237.png]


and mechanical b.c ([image: image239.png]


).  It is in this scenario that the diffusion time-scale couples with the mechanical loading time-scale. The average rate of diffusion in all the RVEs considered here is [image: image241.png]~5x107%:




 (corresponding to the moisture saturation observed in our numerical simulations), which is an order of magnitude faster than the applied nominal strain rate. Consequently, an RVE wants to expand in response to the moisture ingress, but the applied velocity b.c. constrains it from expanding. This induces a net compression at initial times. The inset in Fig. 9 shows the enlarged portion corresponding to this compression regime. The maximum compressive stress induced is directly proportional to the constraint induced by the applied velocity on the RVE expansion. As the applied displacement increases, the overall extension accommodates the moisture expansion. Once the moisture expansion is fully accommodated (i.e. both the strains are equal) the net stress becomes zero and thereafter the strain due to the applied load dominates the response resulting in an overall tensile response. Note that even under compression the interfaces may still debond if the shear stress is developed at the interface (Eq. 12). In this case the interface damage is dominated by the applied load rather than moisture. As the interfaces are intact at the starting of loading, higher stresses are reached at 3% strain compared to the preceding section and the overall trend remains same with the RC-RVE showing the weakest response. Similar observations are made regarding the damage tolerance due to clustering of fibers in composites [28].

4. Summary

In this work we model the damage response of the fiber reinforced polymers subjected to the stresses induced due to moisture diffusion and mechanical loading. The study reveals that the fiber distribution plays a significant role in the diffusion that affects the distribution of the residual stresses in a composite. This in turn determines the critical locations of debonding, which may adversely affect the initial stiffness (e.g. in columnar fiber arrangement) or the overall stress (clustered arrangement). A trend that emerges from the limited set of calculations here is that fiber clustering tends to hurt the performance of a composite over a period of time compared to the more regularly spaced arrangements. We also note that it is important to characterize the strength and toughness of interfaces in the presence of moisture as moisture-affected interfaces may not only yield a significant degradation, but also accelerate the permeability through the channels that may form near the fibers. We conclude that the coefficient of variation that describes the degree of clustering is a useful parameter to correlate the fiber arrangement with the stiffness reduction and damage induced by moisture. While this study uses the glass-fiber reinforced epoxy composite as a model system, some of the observations may be applicable in a variety of other composite systems such as those used in dental restoration purposes or in pharmaceuticals. Our future work will focus on incorporating the mechanistic representation of the polymer degradation due to diffusion in to its constitutive description and its impact on composite microstructural response. 
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Appendix A: Effect of fiber distribution on overall stiffness and damage 
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Figure A1: Damage parameter [image: image244.png]


Vs [image: image246.png]


 of center-to-center distances. The larger the value of [image: image248.png]


 the more non-uniform is the fiber distribution. 

As noted from the results the diffusion induced damage evolution is significantly influenced by the fiber arrangements. Thus, it is useful to develop guidelines that can allow us to extract general physics of damage evolution under such conditions. To this end, we describe the fiber arrangements in this work based on the center-to-center (c-c) distance of the adjacent fibers using Delaunay triangulation algorithm available in Matlab [29]. The neighbors of a fiber are defined such that the lines joining the centers of two fibers do not trespass other fibers. For the simulations presented in this work, we observe that the coefficient of variation[image: image250.png]


 where [image: image252.png]


 is the standard deviation and [image: image254.png]


is the mean[image: image256.png]


 of the [image: image258.png]


-component of the c-c distance captures the influence of the fiber arrangement on the stiffness degradation and overall damage. The interface damage increases with increasing [image: image260.png]


(Fig. A1), which is indicative of the severity of differential expansion due to clustering. 
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Figure A2: Initial tangent modulus Vs CV of the y-component of centre-to-center distances. Large variation of CV implies more damage at the poles of the interfaces leading to initially weak response when loaded in y direction.
Figure A2 shows the variation of the initial tangent modulus with [image: image263.png]


 that can be explained by the same argument. If the relative expansion due to moisture ingress in y- direction is more than in the [image: image265.png]


-direction, it will lead to debonding of interfaces starting at the poles whereas if the relative expansion is more in x-direction, the debonding will commence at the equator of the interface. Location of damage at interfaces will affect the performance in subsequent loading. If an RVE containing interfaces debonded predominantly at the poles subjected to loading in the direction of poles will show rather weak response compared to loading in the equator direction till further damage evolution picks up due to the applied loads. 
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�  In ABAQUS, � QUOTE � ���, where � QUOTE � ��� is the thermal conductivity, � QUOTE � ��� the mass density and � QUOTE � ���the specific heat. However, it is the ratio that is important rather than the values of the individual parameters. 
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