
Michigan Technological University Michigan Technological University 

Digital Commons @ Michigan Tech Digital Commons @ Michigan Tech 

Dissertations, Master's Theses and Master's Reports 

2022 

Oxidative aging and fracture behavior of polymers and Oxidative aging and fracture behavior of polymers and 

composites: theory, modeling and experiments composites: theory, modeling and experiments 

Shabnam Konica 
Michigan Technological University, skonica@mtu.edu 

Copyright 2022 Shabnam Konica 

Recommended Citation Recommended Citation 
Konica, Shabnam, "Oxidative aging and fracture behavior of polymers and composites: theory, modeling 
and experiments", Open Access Dissertation, Michigan Technological University, 2022. 
https://doi.org/10.37099/mtu.dc.etdr/1392 

Follow this and additional works at: https://digitalcommons.mtu.edu/etdr 

 Part of the Applied Mechanics Commons 



(a) (b)

Figure 2.11: Contour plots of (a) Gc in (N/m); (b) λL after 100 hours of
oxidation.

thickness toward the impermeable right side, as a function of the continuous diffusion.

It is to be noted that, as the new free surfaces form in a propagating crack, the diffu-

sion and oxidation reactions would become faster due to more access to atmospheric

oxygen through the new surfaces. This would eventually degrade local properties and

cause further crack propagation. The interaction between the newly formed free sur-

faces and the diffusion-reaction process promoting further damage propagation has

been ignored in the present case study.

Fig. 2.10(c) and (d) show the contour plots of extent of reaction, ξ3 and the chain disso-

ciation ratio, crd, respectively after 100 hours of oxidation. As seen in Fig. 2.10(c), ξ3,

reaches to a value of ≈ 0.6 at the outermost surface along the left boundary as well as

around the crack tip, indicating chain-scission would take place predominantly within
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(a)

(b)

Figure 2.12: (a) Force vs. displacement plot of the single-edge-notch sam-
ple ; (b) Contour plots of the phase field variable d at significant points in
the force-displacement plot marked as a, b, and c for the oxidized polymer.

this zone. As a result, the chain dissociation ratio continues to increase and reaches

a value of ≈ 50% on the left surface and around the crack tip after 100 hrs, as shown

in Fig. 2.10(d). This phenomenon further leads to a reduction in the limiting chain

extensibility and fracture energy in the oxidized zones, as shown in Fig. 2.11. The
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fracture energy drops significantly in the oxidized zone, from 1.44 kN/m to 450 N/m

after 100 hrs of oxidation, as seen from Fig. 2.11(a). The limiting chain extensibility

also drops down to ≈ 5.0 on the left surface compared to the unoxidized value of 9.0

for the virgin polymer as shown in Fig. 2.11(b). Consequently, these events affect the

load-displacement response of the material as demonstrated in Fig. 2.12(a). After

100 hrs of oxidation, we see a significant drop in the maximum load, compared to the

virgin material (as ≈ 67%). Similarly, the stretchability of the oxidized material has

been dropped compared to the virgin material, as seen from the ultimate displacement

values corresponding to the final fracture. Fig. 2.12(b) shows the phase field contour

plots of the oxidized polymer sample corresponding to the locations marked by a, b

and c in the force-displacement curve. The sample reaches the maximum load at the

point a. Beyond this point, the load continues to drop with a continuous increase

in the phase field parameter value. Finally the sample completely breaks at point c,

with the phase field value reaching almost equal to 1, as shown in Fig. 2.12(b)-c.

2.4.3 Case study-3: Effect of oxidative aging in an asymmet-

rically notched specimen

As mentioned in case study-2, the presence of cracks promotes oxidation by providing

new paths for oxygen diffusion and creates secondary oxide zones at the crack-tip.

118



Therefore, it is expected that the presence of multiple cracks would create heteroge-

neous oxide layers near and around the crack, eventually governing the local material

behavior and damage propagation at the macro-scale. In this simulation, we apply a

tensile loading in an asymmetrically notched specimen subjected to various oxidation

boundary conditions. Fig. 2.13 refers to the geometry of the asymmetrically notched

specimen as considered. The sample dimension is 10 mm× 15 mm. Similar to the ear-

lier case studies, a two-step simulation is followed, with the sample being oxidized at

80oC for 50 hours (in the 1st step) followed by a vertical displacement applied at the

top surface with the bottom held fixed. The notch at the right edge is located closer

to the top surface and is larger compared to the one located at the left side of the

specimen, as shown in Fig. 2.13. Both cracks possess a width of 0.01 mm. For a pure

mechanical loading without any oxidation, it is expected that the larger notch would

propagate at a faster rate than the smaller one (as observed in Fig 2.15b-1). However,

under the presence of oxidation, the damage propagation is entirely governed by the

heterogeneous nature of the property distribution caused by the chemical reactions.

To isolate and identify that the heterogeneous oxidation indeed changes the course of

damage propagation, we study and compare two different types of oxidation bound-

ary conditions, as-i.) oxygen is allowed to diffuse from both the left and right sides

of the specimen and ii) oxygen is allowed to flow only through the left side.

The contour plots for the extent of reaction (III) (ξ3) after 50 hours of oxidation is
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Figure 2.13: Geometry and dimension for the asymmetrically notched
specimen.

shown in Fig. 2.14 (a). The top and the bottom row represent the contour for the left-

side oxidation and the both-side oxidation conditions, respectively. As can be seen

from these contours, the extent of reaction reaches at a higher value toward the core

for the specimen allowed to oxidize from both sides compared to the only left-sided

one. Consequently, this situation results in completely different property distribution

within the sample, for the two cases, as shown in Fig. 2.14(b), and (c), respectively for

Gc and λL. As expected, these non-uniform property distributions would eventually

lead to a very different constitutive response and damage propagation in the specimen,

as explained below.

Fig. 2.15(a) shows the force vs. displacement plots for the two different oxidation

conditions as compared to the virgin (unoxidized) sample. The unoxidized specimen
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Figure 2.14: a) Contour plots of extent of reaction (III) after 50 hours
of oxidation: b) corresponding contour plots of Fracture energy, Gc(N/m)
and c) contour plots for limiting stretchability, λL; top row- only left side
oxidized; bottom row- both sides oxidized.

can carry the maximum load of about 400N, while the left-side oxidized specimen only

carries a maximum load of about 280N, with the both-side oxidized sample has the

lowest load carrying capacity of about 250N. Fig. 2.15(b) shows the corresponding

damage contours for the three cases, respectively. It is already mentioned, in the

case of the unoxidized sample, the larger crack propagates at a much faster rate,

dominating the final failure of the specimen. In the case of both side oxidation,

still the larger crack propagates dominantly, with the smaller one closely following.

On the other hand, for the case where only left side is oxidized, the smaller crack

propagates faster compared to the larger one. This is due to the fact that the property

degradation near the left edge due to oxidation is dominant compared to the right

121



edge, and an increase in local brittleness influences the crack propagation path near

the left edge. Hence, it is observed that oxidative aging introduces local heterogeneity

in the mechanical properties, which in turn governs the localized damage initiation,

propagation, and the final response of the oxidized polymer.

(a)

(b)

Figure 2.15: (a) Force vs. displacement plot for the asymmetric notched
specimen under different oxidation conditions; (b) the corresponding damage
contours near the final failure point.
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2.5 Concluding remark

In this work, we have developed a reaction-driven evolving polymer network theory

coupled with phase-field fracture to model the high-temperature oxidative degrada-

tion and fracture in amorphous polymers. The proposed theory considers the closed-

loop chain reaction kinetics occurring at the polymer chain level and incorporates

them into the statistical mechanics based network theory to account for the network

alternation and mechanical property degradation. The proposed theory is capable of

quantifying and reflecting the network level changes in the polymer via the active and

dissociated chain ratios; both of which evolve as a function of oxidative crosslinking

and chain scission. Upon establishing a seamless connection between the micro and

macro-scale kinematics, the continuum level constitutive response of the material is

further derived. In addition, we have used a continuum level phase-field fracture

theory to model the macroscopic damage originating due to the heterogeneous stress

distribution in the material under prolonged oxidation. We further tested the capabil-

ity of the proposed model by numerically implementing it in a commercial FE-setting

and performing several important case studies.
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Chapter 3

A homogenized large deformation

constitutive model for

thermo-oxidation in

fiber-reinforced polymers

3.1 Introduction

Long-term durability and the use of polymer matrix composites at elevated temper-

atures are limited by their susceptibility to thermo-oxidative degradation. Thermo-

oxidation in PMCs is a type of aging process, where the polymer matrix reacts with
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atmospheric oxygen, at a temperature close to or above the glass transition tempera-

ture (Tg) [57, 63, 64], causing significant degradation in mechanical performance and

long term durability. The chemical reactions at high temperature in the presence of

oxygen cause mass and density variations and irreversible shrinkage strains respon-

sible for residual stress in the PMCs. Other effects of thermo-oxidation consist of

a substantial change in local mechanical properties, fiber-matrix debonding, matrix

microcracking etc.

The basic oxidation mechanism in polymer matrix has been widely investigated in

the recent literature both from an experimental and modeling point of view, as

[22, 59, 62, 63, 102, 104, 143, 175, 200, 240, 241]. However, the presence of fibers in the

composites results in complicated interaction between the composite’s microstuctures

and the multiphysics character of the matrix’s thermo-oxidation process involving dif-

fusion, chemical reactions and thermomechanics. When carbon/glass fiber PMC is

concerned, since the fibers are reasonably inert to oxidation, the degradation effects

concern the polymer matrix only [58, 63, 201, 241]. Incorporation of the fibers results

in directional dependencies (anisotropy) in the oxygen diffusion, chemical reactions

and further the shrinkage strains in the composites. Recent studies have focused on

carbon-epoxy systems, to address the effect of the fiber reinforcement on the oxidative

degradation of the composites across different length scales [68, 174] and for various

composite’s microstructure [273]. The visible effect of oxidation in the composites

in the form of a growing oxide layer (few microns in size) on the outer surface of a
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specimen-has been characterized by microscopic measurements [172, 200, 256]. The

formation of the degraded oxide layer is further accompanied by a local gradient in

the mechanical properties within this layer. To characterize and quantify the extent

of oxidation, measurements of local elastic indentation modulus, shrinkage strain etc.

have been extensively used for polymers and PMCs, cf. [55, 102, 103, 104, 193, 256].

The oxidation-induced anisotropic degradation in PMC was first reported by [188],

where a dominant degradation was observed in graphite/polyimides composite at the

surface perpendicular to the fiber. The presence of a much thicker oxide layer along

the fiber direction was also experimentally observed by [224]. Though the fibers are

mostly inert to chemical reactions, their presence introduces additional factors such

as, orientation of the fibers [200, 202, 224, 241], fiber volume fraction [102, 103], siz-

ing of the fiber [251], stacking sequence [202] etc., to influence the diffusion-reaction

process in thermo-oxidation. The anisotropic effect in oxidation as driven by the

preferential diffusion of oxygen along the fiber direction– reported to be 8 to 10 times

higher compared to the perpendicular direction [40, 184, 200, 202, 241]. This prefer-

ential diffusion promotes heterogeneous rates in the chemical reactions, and thus the

resulting shrinkage strain is also much higher along the fiber path [224, 241]. By using

experimental technique such as, interferometric microscopy, experiments have been

performed to measure these shrinkage strains and damage development. In [256], it

was shown for a unidirectional IM7/977− 2 carbon-epoxy composite systems, ma-

trix shrinkage between fibers increases with aging time and the value is significantly
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higher in the resin rich zones. Since the fibers do not deform with aging, they con-

strain the development of matrix resin shrinkage-which is more visible in the resin-rich

zones. Similar experiments are also done by [102] on a HTS/TACTIX carbon-epoxy

composite to measure the surface shrinkage strain (microscopic) and compare the

values with virgin samples and at different values of oxygen partial pressure. Their

study showed a significant effect of fibers arrangement and volume fraction on ma-

trix shrinkage development. In [148, 202], a comprehensive experimental effort has

been detailed on characterizing thermo-oxdation in laminated and woven carbon-fiber

polyimide composites, to understand the influence of ply layup, laminate architecture

and thickness.

In addition to the experimental efforts, various modeling frameworks to describe

thermo-oxidation in PMCs have also been reported in the literature. Incorporating

the anisotropy in oxygen diffusion in the fiber and fiber-matrix interphases, modeling

route has been provided by [200, 202] to simulate oxidation in PMCs. The stiffness

changes due to oxidation as well as shrinkage strains are also modeled explicitly in

their study. Based on the thermodynamics of irreversible process, in [104], a theory

and numerical implementation has been presented to model thermo-oxidation induced

shrinkage strains, stresses in polymer composites and compared with experiments in

good agreement. The existing modeling efforts are limited in terms of incorporating

the interaction between the composite microstructures (fiber direction, volume frac-

tion) and the coupled nature of the oxidation process involving reaction, diffusion
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and thermo-mechanics.

In this work, we present a novel continuum-scale homogenized constitutive theory

to model the anisotropic diffusion, chemical reactions and a preferential oxide layer

growth in a fiber reinforced polymer matrix composite. Based on an existing mul-

tiphysics model for the bulk polymer oxidation [143], the present homogenization

incorporates the effect of fiber in the composites for predicting the thermo-oxidation

behavior in fiber-reinforced PMCs. In the proposed framework, the composite RVE is

modeled as a mixture of fibers and isotropic matrix, where the fibers are characterized

by their orientations and respective volume fractions. The oxygen diffusion, and the

resulting shrinkage strain developed due to the chemical reactions are considered as

anisotropic, being dominant along the fiber direction. In addition, a heterogeneous

RVE consisting of the fibers and matrix separately is also considered to simulate the

anisotropic diffusion and reactions. The models are numerically implemented by writ-

ing user-element subroutines (UEL) in Abaqus/Standard [1] and various numerical

simulations are performed in 2-D and 3-D to elucidate the effect of fibers in the com-

posite’s thermo-oxidation process. It is important to note that the oxidative aging can

occur along the fiber/matrix interfaces, causing delamination. However the present

homogenized approach does not consider any explicit account for the interfaces. The

heterogeneous model could be extended to incorporate the interfaces and a cohesive-

zone type model can be used to simulate the delamination type failures combining

with the present framework. It is also important to note, that the homogenized model
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would be helpful to predict the effect of oxidation at the composite’s component level

such as lamina or panel etc. On the other hand, the heterogeneous model would

demonstrate the oxidation behavior (such as local failure, matrix cracking, degra-

dation etc.) at the composites’ microscale, where the details of the microstructural

features are particularly important.

3.2 Homogenized constitutive theory of oxidation

in a fiber-reinforced polymer matrix composite

In this section, we present the homogenized theory of oxidation in composites that

incorporates the anisotropic effect due to the presence of fibers on the oxidative

constitutive response. Based on an earlier developed model for bulk polymers [143],

the present formulation also considers the coupled effect between the oxygen diffusion,

chemical reactions and large deformation behavior of the fiber-reinforced composite

system. Since the fibers are mostly inert to chemical reactions, the oxidation reactions

affect only the polymer matrix. However the kinematics of the homogenized RVE

depends on the fiber arrangements and thus influences the overall response of the

composite during oxidative aging.
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3.2.1 Oxidation reaction kinetics and the associated state

variable

Based on the kinetics of the oxidation reaction for polymers [58, 59, 60, 63], we have

adopted a closed-loop chain reaction scheme in our earlier work [143]. For the sake

of completeness, we present a highlight of that scheme in the following. For details

the reader is referred to our previous work [143] and the references therein.

In the thermo-oxidation of polymers, the oxidative reactions consist of hydroperox-

ide generation and various reactants and substrate consumption phenomena. The

mechanistic scheme as identified in [57, 58, 59, 60, 61, 62, 63, 64], describes differ-

ent chemical species such as-POOH, PH, volatiles, O2, P
∗, PO∗

2 and three species of

inactive products being involved in the set of six reactions. The closed-loop chain

reaction scheme as adopted in the present work has been provided in ??, for refer-

ence. To calculate the progression of the chemical reactions as a function of aging

time, a set of thermodynamic state variables (internal variables) named as extent of

reaction have been introduced in our earlier work [143]. In the present setting, we

use the same set of six state variables, as extent of reactions, denoted by ξn(xR, t);

with 0 ≤ ξn(xR, t) ≤ 1, where n is the reaction number. Hence, ξn = 0 indicates

reaction n has not occurred and ξn = 1 indicates the reaction has been completed at

the material point xR. Subsequently, we would be able to track the rate of change of
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concentration for a reacting species or product β as, rβ =
∑

n

[
Rnβ ξ̇n

]
, where Rnβ

is the stoichiometric coefficient in reaction n. It is to note that rβ is measured in

mol/m3.

Further it is also important to note that the extent of reaction can be used as an

indicator of the oxidation progression in the material domain. In particular, we have

used ξ2 ≈ 1 as an indication of complete oxidation, since the reaction kinetics sug-

gest reaction II being a characteristic reaction for the oxidation process. Hence, by

measuring the domain on which the value of ξ2 has reached one, we have tracked

the evolution of oxide layer thickness as a function of time in the bulk material, as

described later. In the present study the evolution of oxide layer has not been treated

as a (separate) free surface formation and thus any kind of stress or diffusion induced

surface instabilities arising due to the stiffness mismatch between the bulk unoxidized

material and the oxide surface has been avoided[70].

3.2.2 Kinematics-incorporating the anisotropic effect due to

the fibers

Let us consider the domain of a composite representative volume element (RVE) as

BR, constitutes of α different fiber families embedded into a polymer matrix. Each

fiber family is represented by their volume fraction fα
R and direction aα

R. The presence
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of fiber generates anisotropy in the kinematics of the composite’s deformation. We

assume the fibers are chemically inert to the diffusion-reaction process and perfectly

bonded with the matrix. Following the constitutive theory of highly anisotropic mate-

rial [232], deformation in the fibers in a fiber-reinforced composite can be described by

introducing an additional pseudo-invariant (as done previously in [24, 36, 124, 189]).

Assuming the fiber family α is oriented along the direction of the unit vector aα
R, the

pseudo-invariant can be defined as,

Iα
4 = aα

R . Caα
R = (λα)2 (3.1)

where, C = FTF is the right Green-Cauchy tensor, with the deformation gradient as

F = ∇χ, for a continuous deformation map as, x = χ(xR, t), within the domain BR;

and λα is the stretch of fiber α along the direction aα
R.

As mentioned in the introduction, the volatile products generated during the chemical

reactions in oxidation of polymers escape the material volume creating mass loss for

the material. At the same time the oxide formation results in an increase in the local

density-the combined effect of which causes irreversible volumetric shrinkage in the

material. As per the literature data supporting the preferential direction of oxidation

along the fiber path [202, 241] in unidirectional composites, we also assume anisotropic

diffusion leading to higher reaction rates along the fiber direction compared to the

transverse direction. Since the oxidation reactions occur preferentially along the fiber
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direction as well as the presence of fibers provide constrain to the matrix in the

transverse direction, it is conceivable that the resulting shrinkage is also anisotropic

in nature. Treating oxidation induced shrinkage as thermodynmically irreversible, we

apply a multiplicative decomposition of the total deformation gradient, based on the

large deformation theory of polymers [12] as,

F = FeFs (3.2)

where Fe is the elastic component of the deformation gradient, and Fs is the irre-

versible shrinkage component, which incorporates the deformation due to permanent

volumteric shrinkage occurring due to the chemical reactions. We also conclude that

the jacobians J e = detFe and J s = detFs are both greater than 0, such that Fe and

Fs are both invertible.

Further, introducing the velocity gradient as, L = ḞF−1 = Le + Ls, where Le and

Ls are the elastic and irreversible part of the velocity gradient, Ls can be further

decomposed into (Ds) and the spin tensor (Ws). Assuming Ws = 0, we can re-write

Ls ≡ Ds. Considering the anisotropic effect in the shrinkage, the rate of shrinkage

strain tensor can be defined as

Ds = ξ̇2S
α (3.3)

134



where, an anisotropic tensor, Sα is introduced as,

S
α = βα

I a
α
R ⊗ aα

R + βα
II(1− aα

R ⊗ aα
R) (3.4)

where βI and βII are the scalar quantifying the magnitudes of the shrinkage in the

direction of fiber (α) and perpendicular to the fiber, respectively (cf.[26, 153, 187]).

It is to be noted that βI > βII , as the magnitude of the volume shrinkage would be

lesser in the transverse direction compared to the axial due to the constrain provided

by the fibers. Further we have assumed that the shrinkage strain evolution Ds is a

function of the extent of reaction (II) (ξ2). Since reaction (II) is the dominant reaction

indicating the propagation of the oxidation front, it is reasonable to assume that the

shrinkage strain would evolve as a function of the extent of reaction (II). However,

oxidation reaction is a closed-loop chain reaction scheme; hence consideration of any

other reaction would also predict similar trend of the shrinkage strain evolution.

We further define a mean shrinkage strain rate along the (fiber) direction α as,

β̇α =
1

3
trDs =

ξ̇2
3
(βα

I + 2βα
II) (3.5)

Introducing the standard result of continuum mechanics as, J̇ s = J strDs, combined

with Eq. 3.5, standard integration results in the volumetric shrinkage as,

J s = exp(3βα) (3.6)
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3.2.3 Mass balance for the diffusing and reacting species

The local mass balance equation for any species β, participating in the underlying

diffusion-reaction process of thermo-oxidation, holds up as,

ċβR = −DivjβR +
∑
n

[Rnβ ξ̇n
]

(3.7)

where jR is the diffusive flux. At the outset, we consider that oxygen is the only

diffusing species and the other constituents present in the system, such as, POOH, PH

and POOP only participate in the chemical reactions. Hence, we can write the

following mass balance equations for the constituents involved in a standard oxidation

scheme as:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ċO2
R = −DivjO2

R − ξ̇2 + ξ̇6 for O2

ċPOOH
R = −ξ̇1a + ξ̇3 for POOH

ċPH
R = −ξ̇3 for PH

ċPOOP
R = ξ̇5 + ξ̇6 for POOP

(3.8)
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3.2.4 Balance of forces and moments

From standard continuum mechanics, we can write the force and momentum balance

equations as:

DivTR + bR = 0 and TRF
T = FTT

R (3.9)

where TR and bR are the Piola stress and external body force, respectively in a

reference body. As is standard, Piola stress is related to the symmetric Cauchy stress

in the deformed body by,

T = J−1TRF
T (3.10)

3.2.4.1 Thermodynamics and the energy balance

The complete thermodynamically consistent derivation of a coupled chemo-

mechanical model for polymer oxidation is presented in one of our earlier work [143]

and is avoided here. We describe the thermodynamic restrictions in the present con-

stitutive setting for a FRPMC, starting from the local form of energy balance for a
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chemo-mechanically coupled system as given by,

ψ̇R −TR : Ḟ+
∑
β

jβR · ∇μβ +
∑
β

μβ
∑
n

[Rnβ ξ̇n
]−∑

β

μβ ċβR ≤ 0 (3.11)

where ψR represents the free energy of the system and μβ represents the chemical

potential of the diffusing species. Since the stress measure TR is not symmetric, we

decompose the stress-power as [also done in [143]],

TR : Ḟ = TR : (ḞeFs + FeḞs) (3.12)

= (JFe−1TFe−T ) : (FeT Ḟe) + (CeJFe−1TFe−T ) : Ls

Introducing the elastic second Piola stress as, Se = JFe−1TFe−T , right Cauchy-Green

strain tensor as Ce = FeTFe, and the Mandel stress as, Me = CeSe, we can write the

irreversible part of the stress power as,

Me : Ls = Me : Ds

= Me : ξ̇2S

= ξ̇2[βI trMe + (βI − βII)(aR .MeaR)]

(3.13)
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Then Eq. 3.11 can be finally re-written as,

ψ̇R−Se :
1

2
Ċe−ξ̇2[βI trM

e+(βI−βII)(aR .MeaR)]+
∑
β

jβR·∇μβ+
∑
β

μβ
∑
n

[Rnβ ξ̇n
]−

∑
β

μβ ċβR ≤ 0 (3.14)

3.2.5 Basic constitutive equations

Using Eq. 3.14 and invoking the thermodynamic restrictions, we can further obtain

the constitutive relations for all the processes (diffusion, mechanical deformation etc.)

for a given choice of the free energy function as,

ψR = ψ̂R(C
e, cβR, ξn) (3.15)

Hence, the constitutive forms for second Piola stress and the chemical potential of

species β can be obtained as,

Se = 2
∂ψ̂R(C

e, cβR, ξn)

∂Ce
(3.16)

and the chemical potential as,

μβ =
∂ψ̂R(C

e, cβR, ξn)

∂cβR
(3.17)
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Additionally, we assume that the fluid flux in the reference config. obeys the following

constitutive form:

j
(β)
R = J−1M̂β(Ce, cβR, ξn)F

−T∇μβ (3.18)

where M̂β is a mobility tensor associated with the diffusing species β. Finally, we

define a dissipative-type driving force as a conjugate to the extent of reactions:

Fn =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
A2 + [βI trMe + (βI − βII)(aR .MeaR)]−

∑
β μ

βR2 , n = 2

An −
∑

β μ
βRn, , n 
= 2

(3.19)

where An is the chemical affinity defined as,

An = −∂ψR

∂ξn
(3.20)

Assuming each individual reaction follows an Arrenhius type evolution and its pro-

gression depends on the availability of the reactants, we can define the evolution of

ξn as,

ξ̇n = ˆ̇ξn(Fn, ϑ, ξn, c
β
R) ≥ 0 for Fn > 0 & cβR > cβ,critR (3.21)

where ϑ represents the reference temperature and cβ,critR represents the critical con-

centration of the species β, below which the reaction won’t occur.
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3.2.6 Specific constitutive form for the homogenized fiber-

reinforced polymer composites

We consider the total free energy of the composite undergoing oxidation can be written

as a separable form consisting of mechanical free energy, free energy for the diffusion

of oxygen into polymer and free energy of the chemical reactions. Separating the

mechanical free energy further into the contribution of matrix and fibers, the total

mechanical free energy can be written by following the rule of mixture as,

ψmech
R = (1−

∑
α

fα
R)ψ

mech
R,matrix +

∑
α

fα
Rψ

mech
R,fiber (3.22)

where
∑

α f
α
R is the total fiber volume fraction. For the brevity of expression, we write

fR =
∑

α f
α
R. For the free energy of the matrix, we consider the Gent hyperelastic form

[99]. For the energy contribution due to fibers, we use a quadratic energy form based

on the pseudo-invariant approach, as adopted by [36, 124, 187]. For the diffusion of

oxygen, we use Flory-Huggin’s form of free energy. Finally, for the chemical energy

for the reactions, we use a quadratic free energy as a function of the extent of reaction

(ξn). Hence, the complete expression of free energy is given as,
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ψR = (1− fR)

[
−1

2
Gshear Imln

(
1− Ī1 − 3

Im

)
+ J s1

2
Kbulk( lnJ

e)2
]

︸ ︷︷ ︸
Mechanical energy for matrix

+

(1− fR)

[
μO2
0 cO2

R +RϑcO2
R

[
ln

(
ΩcO2

R

1 + ΩcO2
R

)
+ χ

(
1

1 + ΩcO2
R

)]]
︸ ︷︷ ︸

Energy of diffusion

+

∑
n

Hn

2
(1− ξn)

2

︸ ︷︷ ︸
Chemical energy

+
∑
α

1

2
fα
RE

α(Iα
4 − 1)2︸ ︷︷ ︸

Mechanical energy for fiber

(3.23)

where, Gshear and Kbulk are the ground state shear and bulk modulus of the polymer

matrix; Ī1 = trC̄e, with C̄e = J−2/3Ce, being the deviatoric part of the elastic right

Green-Cauchy tensor; Im is the Gent parameter representing the limiting stretchabil-

ity as (Ī1 − 3). It is important to note that Gent model is capable of capturing the

finite strain hardening response of the polymer chains through this Im parameter.

In addition, Hn is the chemistry modulus (unit–J/m3) defined as, Hn =

−2(
∑

p G
pcpR − ∑

r G
rcrR), where G indicates the Gibbs energy for the product p

and reactant r, respectively. μO2
0 is the reference chemical potential for oxygen, R

is the universal gas constant, ϑ is the temperature, χ is the dimensionless Flory-

Huggin’s interaction parameter, and Ω is the molar volume of oxygen (unit–L/mol).

For further details about the free energies, readers are advised to refer to our earlier

work [143]. Lastly, Eα is the elastic modulus of the fiber family α.

142



3.2.6.0.1 Cauchy stress, chemical potential and affinity:- Following the free

energy the Cauchy stress can be found using Eq. 3.23, C.6 and 3.16 as,

T = J−1[2FeSeFe]

= J−1(1− fR)
[
Gshear

(
Ī1 − 3

Im

)−1

(Bdis)0 + J s Kbulk lnJ
eI
]

(3.24)

+J−1
∑
α

2fα
RE

α(J s)2/3(Iα
4 − 1)Fe(aR ⊗ aR)F

eT

where (Bdis)0 is the deviatoric part of the left Green Cauchy tensor, Be.

Chemical potential driving the diffusion of O2, μ
O2 , can be obtained from Eq. 3.23

and 3.17 as,

μO2 = (1− fR)

[
μO2
0 +Rϑ

(
ln

(
ΩcO2

R

1 + ΩcO2
R

)
+

1

1 + ΩcO2
R

+ χ

(
1

1 + ΩcO2
R

)2
)]

(3.25)

It is important to note that we have assumed the diffusion and mechanical deformation

as uncoupled in the present setting. This assumption is realistic considering the

diffused oxygen molecules are extremely small compared to the long chain polymers.

Hence diffusion of oxygen does not influence the polymer’s deformation. In addition,

the chemical reactions occur at a much faster rate than the diffusion. Hence any

diffused molecule instantly gets consumed by the reactions. Thus the diffused oxygen

143



does not affect the deformation of the matrix, but the chemical reactions does through

the shrinkage behavior, as described earlier.

Finally, the affinity of any reaction n can be calculated from Eq. 3.20 and 3.23 as,

An = Hn(1− ξn) (3.26)

.

3.2.6.0.2 Evolution of extent of reaction ξn:- Based on our earlier work [143],

we choose a thermally activated Arrenhius type relation for the evolution of extent

of reaction ξ̇n as,

ξ̇n =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
knexp

(
−Qn

act

Rϑ

)
Fn, when Fn > 0 and ξn < 1

0, otherwise

(3.27)

where, kn is the pre-exponential rate constant for reaction n and has an unit of 1
MPa−s

,

Qn
act is the activation energy for reaction n.

3.2.6.0.3 Oxidation dependent shear modulus, diffusivity and stretchabil-

ity:- As evident in the polymer oxidation literature, prolonged oxidation leads to an

increase in the modulus and diffusivity of the polymer matrix [102, 103, 104, 240, 241].
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In the present work, we assume a linear dependence of shear modulus, diffusivity and

stretchability as a function of extent of reaction (II), ξ2 based on our earlier proposi-

tion for polymer oxidation [143]. We define,

G(ξ2) = (1− ξ2)Gun + ξ2Gox (3.28)

Dm(ξ2) = (1− ξ2)Dun + ξ2Dox

Im(ξ2) = (1− ξ2)Iun + ξ2Iox

where Gun and Gox corresponds to the shear modulus of unoxidized and completely

oxidized polymer. Similarly, Dun and Dox indicate the diffusivity of oxygen in the

unoxidized polymer and in the oxide layer, respectively and Dm is the diffusivity of

the polymer matrix. Iun and Iox are the stretchability of the virgin and oxidized

polymer, respectively.
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3.2.7 Governing differential equations for the coupled

diffusion-reaction-mechanical system

There are two governing partial differential equations required to be solved in the

oxidation phenomenon:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
DivTR + bR = 0

ċO2
R = −DivjO2

R − ξ̇2 + ξ̇6

(3.29)

We require the initial and boundary conditions to complete the solutions of these

differential equations. Let, S1 and S2 are complementary subsurfaces of the boundary

∂BR of a reference body BR such that S1 ∪ S2 = ∂BR and S1 ∩ S2 = ∅. Similarly,

let ScR and SjR are complementary subsurfaces of the boundary ∂BR = ScR ∪ Sj

with ScR ∩ SjR = ∅. For a time interval t ∈ [0, T ], two boundary conditions can be

described such that displacement is known on S1 and traction on S2. Thus, we can

write,

χ = χ̌ on S1 ∀ t ∈ [0, T ]

TRnR = ťR on S2 ∀ t ∈ [0, T ] (3.30)

Similarly, another pair of boundary condition can be considered for a time interval
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t ∈ [0, T ] such that oxygen concentration is known on ScR and oxygen flux on SjR

and thus,

cO2
R = čR on ScR ∀ t ∈ [0, T ]

−D(∇cO2
R ) · nR = ǰR on SjR ∀ t ∈ [0, T ] (3.31)

The initial conditions are,

χ(X, 0) = χ0(X), and c
(O2)
R (X, 0) = cR0(X) in BR. (3.32)

Thus the coupled set of equations, Eq. 3.29 together with 3.30, 3.31 and 3.32 pose

an initial boundary value problem to be solved for the displacement χ(X, t) and

concentration cR(X, t) simultaneously. In addition, there would be a set of ordinary

differential equations to solve for the mass balance and evolution equations for the

state variables. The proposed model has been implemented in general purpose finite

element code Abaqus [1] by writing a user element subroutine (UEL) to solve this

coupled system of equations.
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3.3 Representative numerical simulations

In this section, we present various numerical simulations for fiber-reinforced polymer

composites undergoing oxidation using the proposed homogenized model. For a de-

tailed comparison, the results obtained from the homogenized model are juxtaposed

with a heterogeneous modeling framework considering the fiber and matrix as separate

constituent materials. In this heterogeneous model, the fibers are considered as linear

elastic and impermeable. Further the fiber acts as inert with respect to the oxidation

reaction, while the polymer matrix is modeled as a large deformation strain harden-

ing material participating in the oxygen diffusion and the chemical reactions (same

as the homogenized model). We demonstrate the capability of the proposed model

by performing numerical simulations in both two dimensional and three-dimensional

settings. We predicted the important characteristics of the thermo-oxidative aging

process in FRPMCs such as the formation of heterogeneous oxide layer as a function

of fiber orientation, anisotropic distribution of shrinkage strains, effect of fiber volume

fractions etc. The material parameters such as elastic modulus, poisson’s ratio, etc.,

are chosen for a HTS/TACTIX carbon-epoxy composite as reported in [102]. The

solubility and diffusivity parameters of epoxy are taken from [79]. The mechanical

properties of the representative fiber-matrix composites samples are reported in Ta-

ble 3.1. For other kinetic constants related to the diffusion and chemical reactions,

we use the parameters reported in our earlier work as given in Table 1.1, [143]. The
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choice of the reaction kinetic parameters for a generic polymer system is considered

acceptable to model the carbon fiber-reinforced composite system, as it is expected

to only affect the magnitude of the oxidation rates without altering the underlying

physics. Based on the experimental data provided by [202, 224], we assume the oxygen

diffusivity to be ten times higher along the fiber direction compared to the transverse

direction. It is to be noted that, the consistent experimental data was not available

in the literature to calibrate the reaction kinetic parameters for a specific polymer

matrix composite system. Hence, in the present work, we restrict ourselves with a

qualitative comparison between the model predictions and the experimental data. In

the following, case studies are done to explore -

† variation in oxide layer growth along the fiber direction compared to the trans-

verse direction in 2-D and 3-D composite RVE.

† effect of fiber volume fraction on the oxidation rate and shrinkage strain evolu-

tion in the RVE.

† oxidative aging in a composite bracket containing two different fiber families

aligned in mutually perpendicular directions.

3.3.0.0.1 Case study 1-2-D unidirectional fiber-reinforced composite

RVE undergoing isothermal oxidation:- In this simulation we consider a 2-

D fiber-reinforced polymer matrix composite RVE undergoing isothermal oxidative
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Matrix Kbulk 2395 MPa [103]
Gun 850 MPa [103]
Gox 1000 MPa
Im 3

Fiber Eα 230 GPa
να 0.3

Shrinkage βI −0.05
βII −0.005

Table 3.1
Material parameters for a representative fiber-reinforced composite

undergoing oxidation

aging. The block has a dimension of 1 mm × 1 mm, in which cylindrical fibers of

0.2 mm diameter are embedded along the vertical direction (unit vector e2), as shown

in Fig. 3.1(a). The RVE consists of a fiber volume fraction of 0.4. The corresponding

homogenized model is shown in the right of Fig. 3.1(a). For the mechanical bound-

ary condition, we consider symmetry along 1 and 2 direction for the left and bottom

edges, respectively. The other two sides are left free. For the chemical boundary

condition, we consider as oxygen flowing from the right and top side of the sample,

while the other two sides are impermeable. The chemical boundary in terms of the

oxygen concentration is applied in a ramp-like manner on the respective surfaces,

as shown in Fig. 3.1(c). In what follows, by maintaining the constant atmospheric

pressure on the pertinent edges a concentration of 5×10−4 mol/L as absorbed oxygen

is obtained on the surface. It is to be noted that to compute oxygen adsorption on

the surface, Henry’s law of solubility is used [79]. For the present study, we assume

D2 = 10 D1, where D1 = Dm is the diffusivity of oxygen in bulk epoxy as listed in

Table 1.1. We take the initial resin concentration as, cPH∗
0 = (1−fR) c

PH
0 , where cPH

0

is the available resin concentration in the RVE without the presence of fibers. The
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