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ABSTRACT 
 
 

A multi-scale mechanism-based life prediction model is developed for high-temperature 

polymer matrix composites (HTPMC) under thermo-oxidative aging conditions. Life prediction 

model is based on stiffness and strength degradation in unidirectional HTPMC under accelerated 

thermo-oxidative aging condition. A multi-scale model based on continuum damage mechanics 

to predict stiffness degradation and progressive failure due to degradation of inter-laminar shear 

strength is developed for unidirectional composite.  Using continuum damage mechanics one can 

relate the behavior of composites at micro-level (representative volume element) to the macro-

level (structural element). Thermo-oxidative aging is simulated with diffusion-reaction model in 

which temperature, oxygen concentration and weight loss effects are considered. For fiber/matrix 

debond growth simulation, a model based on Darcy’s laws for oxygen permeation in the fiber-

matrix interface is employed, that, when coupled with polymer shrinkage, provides a mechanism 

for permeation-controlled debond growth in HTPMC. Viscoelastic regularization in the 

constitutive equations of the cohesive layer used in this model not only mitigates numerical 

instability, but also enables the analysis to follow load-deflection behavior beyond the point of 

peak failure load. Benchmark of model prediction with experiment was carried out to establish 

proof-of-concept. 
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CHAPTER 1 

INTRODUCTION 

       

In order to support materials selection for the next-generation supersonic transport 

aircraft, a study has been undertaken to evaluate the material constitutive relationships needed to 

describe advanced polymer matrix composites under conditions of high load and elevated 

temperature.  The primary challenge to the use of HTPMC is due to hygro-thermal effects at 

temperature 100˚C-300˚C resulting in thermo-oxidative degradation and accelerated damage 

evolution. Polymer matrix composites used in high temperature applications, such as turbine 

engines and engine exhaust washed structures, are known to have limited life due to oxidative 

and hygrothermal degradation. For example, high temperature, pressure, and the presence of 

moisture limit the life of some polyimide composite components to only 100 hours of service for 

worst-case operational conditions. Failure of composites in these aggressive environments has a 

direct impact on operational cost and fleet readiness. The chemical changes occurring in 

composites during oxidation result in mechanical response changes and in local loss of mass 

associated with out-gassing of oxidation by-products.  

Although the rate of chemical reactions is in part governed by the reaction temperature, 

for typical high glass-transition temperature glassy polymers, the rate of chemical reaction or 

oxidation is much greater than the rate of diffusion of the oxidizing agents and therefore 

degradation is diffusion limited. Unfortunately, severe surface oxidation degradation results in 

the formation of fiber-matrix debond coalescing into transverse surface cracks. These cracks not  
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only reduce strength, but also create enhanced pathways for oxygen to penetrate deeper into the 

composite.  

The current research aims to provide a means for predicting the long-term performance of 

composite materials, based on laboratory testing and degradation modeling. Accelerated ageing 

of the specimens was carried out in order to simulate various real world conditions.  The 

mechanism-based FEA model uses a modified Fick’s law of diffusion in the bulk polymer that 

includes a reaction term related to the rate of oxygen consumption due to chemical reaction 

between the polymer and oxygen. The model incorporates the coupling between oxygen 

diffusion and polymer consumption process.  Significant matrix shrinkage is observed to occur 

during the oxidation process. Modeling of the resulting shrinkage-induced composite damage 

evolution at the micro-scale is described in the following paragraphs.  

It has been observed in surface weight-loss rate experiments performed on G30-

500/PMR-15 polymer matrix composites at Air Force Research Laboratory (AFRL), that oxygen 

Figure 1.1:  PMC Weight Loss Rate15 
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diffusion, and consequently, polymer weight loss exhibits anisotropic behavior. As can be seen 

in Fig 1.1, the weight loss in the direction transverse to the fibers (S1 and S2) is actually lower 

than the weight-loss for neat resin samples due to the retarding effect of the carbon fibers on 

oxygen diffusion, exactly as predicted by the rule of mixtures. However, the weight loss in the 

longitudinal (fiber) direction is observed to be greatly accelerated due to synergistic interactions 

between the fiber, matrix, and the interface. It is conjectured that polymer shrinkage due to 

thermal oxidation may be responsible for debond to initiate and propagate along fiber-matrix 

interface, thereby allowing accelerated diffusion and oxidation. In order to simulate this effect, a 

cohesive layer model was introduced at the interface of the polymer and fiber within the 

framework of a test-bed finite element analysis (NOVA-3D) of a representative volume element 

(RVE). Our numerical results indicate that oxygen diffusion at high temperature causes oxidation 

in the polymer, which indeed leads to shrinkage of the polymer that is responsible for the 

initiation of fiber/matrix interface failure at high temperatures. The interface failure leads to 

increased permeation at the porous interface obeying Darcy’s law, resulting in a permeation-

controlled debond growth in the composites along the fiber direction, thereby accelerating 

weight loss as depicted in Figure 1.1. In contrast to the longitudinal direction, the numerical 

results predict that the diffusion rate is slower in the direction transverse to the fibers, due to the 

retarding effect of the carbon fiber on diffusion and oxidation, as corroborated by Figure 1.1. 

Implementation of the micro-scale FEA/RVE within a macro-scale laminate model through 

multi-scale modeling using established principles of continuum damage mechanics (CDM) is 

presented to demonstrate the structural life-prediction capability of the model. Flowchart for the 

multi-scale modeling in conjunction with experiment is shown in Figure 1.2.  
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Figure 1.2: Multi-scale modeling for life prediction of high temperature composite. 

 

  In the flowchart in Figure 1.2, multi-scale modeling and bench mark experiments are 

proposed for life prediction of the polymer composites under high mechanical/environmental 

loading condition. Accelerated aging tests were performed to simulate the real world conditions. 

In order to understand the thermal degradation behavior of the high temperature polymer matrix 

composite IM-7/PETI-5 and neat resin PETI-5 were tested for thermal oxidation at high 

temperature in air, argon and oxygen rich environments. From weight loss experimental data 

oxygen diffusion parameters of PETI-5 were calculated to find the diffusion parameters of 

laminated composite IM-7/PETI-5 using homogenization techniques. Oxidation diffusion 

parameters thus obtained for IM-7/PETI-5, are used to simulate the diffusion model and debond 

growth using cohesive layer model.  
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 A multi-scale mechanism-based degradation model was developed in order to 

successfully predict the stiffness/strength degradation of the composite laminate due to thermo-

oxidative aging. Based on the continuum damage mechanics (CDM) approach, a progressive 

damage propagation model was developed to predict the stiffness degradation with debond 

length. For strength degradation, a multi-scale viscoelastic cohesive layer model using Internal 

State Variable (ISV) is developed which depends on diffusivity and concentration of oxygen 

reacted with polymer. This model successfully predicts the interlaminar shear strength 

degradation of laminated composite with aging time.  

Fiber/Matrix debond initiation is predicted using Direct Micromechanical Model (DMM), 

in which the global-strains are applied to the unit hexagonal cell model and local amplified 

strains are calculated at critical points in unit hexagonal cell. These local strains are compared 

with critical von Mises strain values of fiber/matrix using the Strain Invariant Failure Theory 

(SIFT) to predict the initiation of micro-cracks in the fiber/matrix. 

For three point bend configuration, damage evolution model for unaged laminate is based 

on fiber failure in bending whereas, for aged laminate, damage evolution is based on interlaminar 

delamination. In fiber failure, the laminate is assumed to be not taking any further load after the 

damage initiation point is reached. While, in interlaminar delamination, damage evolution is 

assumed to be following multi-axial viscoelastic cohesive model at an interlaminar interface to 

simulate load-displacement relationship from flexure experiment data. Very good agreement 

with flexure experiment for aged and unaged laminate was observed using these models. 

 This model is also able to capture failure mode switch in flexure experiement from 

compressive fiber failure in unaged laminate to delamination failure in aged laminate.  
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Apart from thermo-oxidative aging, steam blistering tests is also performed on 

unidirectional IM-7/PETI-5 to observe the effect of sudden heating in high humidity 

environment.  

Although, the experiments were conducted on IM-7/PETI-5 but the model is also valid 

for similar high temperature thermo set polymer matrix composites. For thermo plastic polymer 

matrix composite stiffness model expected to follow CDM but strength degradation model need 

to be rectified considering a different molecular structure of polymer. Accelerated aging 

experiments should be conducted to characterize the material properties of selected composite 

material.  
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CHAPTER 2 

LITERATURE REVIEW 

  

Composites offer numerous advantages over conventional structural systems in the form of 

higher specific stiffness and strength, lower life-cycle costs with additional benefits such as easier 

installation and improved safety. In recent years, there has been a considerable increase in the use of 

polymer matrix composites. However, there is a general lack of data on the long-term performance of 

these materials which hinders the widespread adoption of these materials. Various factors affect the 

performance of these composites. Some are related to the fabrication process while others are related 

to the environmental and loading conditions in real world use. This work focuses on the latter. Since 

these materials typically fail in a brittle and catastrophic manner with little forewarning, there are 

heightened concerns related to their capacity for sustained performance under harsh and changing 

environmental conditions under static and dynamic loads. 

2.1 Effect of High Temperature  

The thermal oxidative stability (TOS) of polymer matrix composites for aerospace 

applications is traditionally determined through long-term aging experiments and extensive test 

programs. Thermal oxidative aging can result in embrittlement, changes in the glass transition 

temperature, and micro-cracking ultimately leading to composite stiffness, strength, and fracture 

toughness changes. The number of efforts devoted to developing a capability to predict the 

service life performance of high temperature polymer matrix composites has been limited [1]. 

However, aging experiments have provided the basis for current efforts to model oxidative 

degradation at various hierarchical scales to include the kinetics of polymer oxidation, fiber-

matrix-interphase unit cell diffusion/reaction, ply-level oxidation, and laminate level oxidation 

[2, 3].  



 

8 
 

PMR-15 is one of the most widely used and studied of the high temperature composite 

structural resin systems used for aerospace applications. A primary measure of the thermal 

oxidative stability of PMR-15 and other high temperature composite materials has been the 

percentage weight loss as a function of aging time and temperature. In general, the relationship 

between weight loss and property changes can be highly nonlinear and does not always provide a 

measure of the spatial variability of degradation within the specimen. To accurately predict the 

performance of polymer matrix composite components and structures subjected to thermo-

mechanical loading, knowledge of the individual aging mechanisms, their synergistic effects, and 

the spatial variability of the thermo-oxidative degradation is critical [4, 5, 6]. The reliability of 

predicting performance using methods based entirely on weight loss in which small changes in 

weight can result in significant declines in mechanical properties is questionable. However, in 

the absence of methods to predict end of life properties, weight loss has been an accepted method 

to compare the thermal oxidative stability of different materials [7]. The findings of the present 

investigation along with the results of ongoing work to characterize the synergistic influence of 

the fiber-matrix interface on thermal oxidation will provide the necessary basis for predicting the 

thermo-oxidative response of PMR-15 and other high temperature composites [8].  

  The anisotropy of oxidation of polymer matrix composites was first documented by 

Nelson [9] when he observed that the oxidation process was sensitive to the surface area for the 

different test specimen geometries that he investigated. He found that the dominant degradation 

mechanism for the graphite/polyimides is oxidation of the matrix at the laminate edges. 

Additionally, the materials degraded preferentially at the specimen surface perpendicular to the 

fiber (0 degree edges) and the rate of oxidation was hastened by microcracks opening on the 0 

degree edges providing increased exposed surface area for oxidation. Lead by the work of 
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Bowles and Meyers [10], several weight loss models for predicting the long-term aging of high 

temperature polymer matrix composites based on weight loss surface fluxes have been developed 

[11-14].  

  In a work done by Schoeppner et.al [15], a series of 16 ply unidirectional G30-500 

/PMR-15 composites with Toho EPO1 fiber sizing were isothermally aged at 288ºC in an 

oxidizing (air) environment, and a series were isothermally aged at 288ºC in a non-oxidizing 

(argon) environment. Four specimen geometries with different area percentages of surfaces with 

exposed fiber ends were cut from the fabricated panel. The volume and weight changes of the 

specimens were monitored as a function of aging time. Specimens were thermally aged in both 

an oxidizing (air) gaseous environment and a non-oxidizing (argon) gaseous environment 

allowing the separation of oxidizing and non-oxidizing effects on volume and weight changes. 

Additional specimens were used to monitor the rate of propagation of oxidation in the fiber 

(axial) direction and the transverse direction and were compared to the rate of oxidation 

propagation in neat resin specimens. While anisotropic oxidation has been documented in the 

past, a more complete study of the time history of the oxidation propagation from the axial and 

transverse surfaces has been presented including a detailed examination of the fiber-matrix 

interface damage using a scanning electron microscope (SEM). The observations provided 

evidence not only for resin and fiber-matrix interphase degradation, but also for fiber 

degradation. A review of pertinent weight loss models from the literature is given and selected 

models are used to predict the weight loss in the 16 ply unidirectional specimens. The models are 

also applied to PMR-15 woven composite data taken from the literature to determine their 

suitability for predicting weight loss in woven composite materials. Finally, time and 
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temperature dependent surface weight loss rates are presented and compared to neat resin surface 

weight loss rates.  

Various researchers have studied the thermo-oxidative aging process by developing 

model based design and novel-material systems that enhance the life and affordability of 

HTPMC. Colin et al. [16] developed a kinetic model to predict the depth of the oxidized layer for 

a F655-2 bismaleimide polymer resin. The model is based on a differential equation analogous to 

Fick’s law in which the oxygen diffusion and its consumption rate r(C) are coupled, where C is 

the oxygen concentration. The mathematical form of the consumption term, r(C), is derived from 

the mechanistic scheme of branched radical chain oxidation. Their model predictions were in 

excellent agreement with experimental results. More recently, Colin et al. [17] enhanced their 

kinetic model to predict relative mass loss in a T800H/BMI composite by assuming that the 

volatile formation results essentially from hydroperoxide decomposition. The enhanced model 

was also able to take into account the fact that mass loss is reduced due to the stabilizing effect 

of carbon fibers due to the scavenging of the peroxyl radicals by carbon. Again, excellent 

agreement with experimental gravimetric results was observed. 

Tandon et al. [18, 19] extended the kinetic model by introducing the concept of polymer 

availability state variable, thereby producing predictive oxidative layer growth simulations for a 

high temperature polyimide, PMR-15. Macroscopic weight loss measurements were used to 

determine the reaction and polymer consumption parameters. A parametric sensitivity analysis 

was used to determine the sensitivity of the controlling parameters. It was observed that the 

oxidation growth process was diffusion controlled, and that the diffusivity of the oxidized zone is 

the controlling parameter. Recently, Pochiraju et al. [20] have studied the thermo-oxidative 

behaviour of unidirectional composite material. Their work deals with thermo-oxidative layer 
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growth and damage growth with time. The modulus of PMR-15 is sensitive to the temperature 

and oxidation state. Due to strong anisotropy in thermo-oxidative response of G30-500/PMR-15 

composite, accelerated oxide layer growth is observed in the fiber direction as compared with the 

direction transverse to the fibers.  Homogenization techniques are used to determine the effective 

diffusivity of the composite lamina. They have demonstrated the effect of fiber fraction on 

diffusivity and the effect of a diffusive interface at the lamina scale. It is also observed that 

compressive modulus of PMR-15 resin decreases from 4.72 to 3.39 GPa due to temperature rise 

from 25°C to 288°C as obtained from nano-indentation data of un-oxidized resin.  

Wang et. al [21] have developed a computational micromechanics approach, based on the 

recently developed coupled constitutive theory with reaction and micro-structural damage is 

presented for polymer-matrix composites in a high-temperature environment. Micromechanics 

formulation of the problem is made to include coupled anisotropic thermal oxidation reaction, 

mass transport, and thermo-mechanical damage in the fiber composites. Numerical solutions are 

derived for the thermal oxidation problem of a carbon/polyimide composite at elevated 

temperatures subject to thermo-mechanical loading.   

Talreja [22] has developed constitutive stress-strain relations ships for basic 

configurations containing distributed damage entities. In this model continuum concept is used 

which considers composites as homogeneous isotropic body with damage as the internal 

structure. It uses the basic laws of thermodynamics and damage tensor as internal variables in the 

functional relationships of response functions. Recently, Talreja [23] discussed multi-scale 

modeling aspects of damage and operating mechanisms in unidirectional ceramic matrix 

composites and cross-ply polymer matrix composite laminates. Two multi-scale modeling 

strategies- continuum damage mechanics and synergistic damage mechanics approach are 
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proposed in the context of deformational response. These are homogenization techniques where 

material micro-structure and micro-damage structure are treated as smeared tensor fields. A set 

of response functions are expressed in terms of field variables, which represent the smeared-out 

fields of evolving damage entities.  

One of the problems in modeling the failure at a weak interface using a cohesive-layer is 

the instability that is encountered due to elastic snap-back. The equations fail to converge at the 

point of instability due to an imbalance in strain energy. Introduction of a viscosity term in the 

equations of the cohesive layer helps in overcoming this problem through a “viscous 

regularization” of the response during unstable crack growth [25]. In the present case, the 

viscoelasticity based model was able to successfully simulate catastrophic delaminations in 

flexure experiments of unaged and aged unidirectional composites well beyond peak (failure) 

load.  

A mechanism based interlaminar shear strength degradation model is employed in this 

research to simulate damage initiation within the cohesive layer at the interlaminar interface. The 

multi-scale model incorporates molecular level damage such as inter-crosslink chain scission in a 

polymer due to oxygen diffusion, based on the work presented by Xiao and Shanahan [26].  The 

interlaminar damage initiation model uses the critical von-Mises strain data derived from direct 

micromechanical model (DMM) to formulate an internal state variable (ISV), which is then used 

to predict the degraded shear strength ( through critical invariant strain degradation) of the 

composite laminate at any time.   
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2.2 Effect of Sudden Heating in High Humidity Environments   

Among many issues surrounding PMCs, delamination due to the rapid heat-up of 

moisture saturated laminates has emerged as a limiting factor on the allowable rates of heating 

[27]. When exposed to hot, high humidity environments, many PMCs are capable of absorbing 

up to 1–1.5% moisture by weight. Moisture can be absorbed by the matrix or trapped inside 

voids or pre-existing flaws. As laminates heat up, the moisture will vaporize and develop high 

internal pressures. Such high pressures can lead to plasticization and hydrolysis of the matrix 

[28, 29], initiation of void nucleation, delamination of pre-existing flaws, and ultimately laminate 

failure [27, 30]. 

To date, little effort has been given to the study of steam-induced damage, which can be 

explained by the fact that most composite materials still operate at or below aircraft-type 

temperatures in the neighborhood of 130˚C [31]. At such temperatures, the relatively low vapor 

pressure of saturated steam is insufficient to cause internal damage. However, due to the almost 

exponential dependence of saturation pressure on temperature, steam-induced damage can 

become significant in PMCs used at high temperatures. 

One of the few approaches for predicting steam-induced failure is proposed in the CMH-

17 handbook [30]. There, for a predetermined material system and laminate thickness, test 

specimens are exposed to three different relative humidity (RH) levels, then heated at a desired 

mission time–temperature profile. When no damage is detected, the temperature range is 

increased. For a given initial moisture concentration, the temperature at which blistering is first 

detected determines the critical level of operation. Based on data from the three RH levels, a 

blister-temperature/initial-concentration envelope can then be constructed and used directly for 

damage prediction. However, since this method is restricted to the specific heating rate and 
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geometry, it is somewhat limiting for design. A significant improvement upon the above method 

was proposed in the study by Rice et al. on AFR700B polyimide neat resin [28]. Rice et al. 

hypothesize that blistering of resin first occurs in the region of greatest moisture concentration, 

and hence the region of greatest steam pressure. In their study, a diffusion model was developed 

to predict moisture concentration within a resin sample up to the onset of blistering. The safety 

envelope is defined by testing specimens at different heating rates and saturation levels and 

overlaying their calculated ‘drying paths’ on a single plot of moisture vs. temperature up to the 

point of blistering. This approach suggests that as long as maximum moisture concentration 

within a sample during the heat-up remains below this envelope, no blistering will be observed. 

This method is shown to successfully predict failure for several test cases; however, it cannot 

explain why, for very fast heating rates, samples tend to blister at much higher temperatures than 

what the theory predicts. The envelope may be dependent not only on the maximum 

concentration and geometry, but perhaps also on the rate of heating.  
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CHAPTER 3 

EXPERIMENTAL WORK 

3.1. Thermo-Oxidative Aging of IM-7/PETI-5 and PETI-5 Resin 

3.1.1. Thermo-Oxidative Aging in Air and Inert atmosphere at 300˚C 

In order to characterize the thermal degradation behavior of the high temperature 

polymer matrix composite (HTPMC) material, unidirectional IM-7/PETI-5 and neat resin PETI-

5 were tested for thermal degradation at three different temperatures 150°C, 260˚C, and 300˚C in 

air.  Dimensions of four different unidirectional IM-7/PETI-5 laminates labeled as C1, C2, C3, 

and C4 and neat PETI-5 resin are listed in Table 3.1. Three replicate specimens for each of the 

dimensions shown in Table 3.1 were produced. In addition to these four specimen geometries, 

two specimens measuring approximately 1 in × 1 in × 0.1 in were cut from the panel to be used 

to monitor the propagation of oxidation along the length of the fibers and transverse to the fibers. 

Different surfaces of composite specimens are shown in Figure 3.1, and are tabulated in Table 

3.1. Specimens were placed on quartz cloth during aging to prevent contact and contamination 

from metal parts in the oven. Prior to aging, contaminants on the quartz cloth were burned off at 

500°C for one hour. The isothermal aging was accomplished in an air-circulating oven that 

provided a continuous replenishment of oxygen in the ambient air by convection through the 

oven inlet. At specified time intervals, specimens were removed from the ovens placed in a 

ziploc bag and allowed to cool to obtain measurements. 
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Figure 3.2 shows the extent of oxidative weight loss in neat resin PETI-5 at temperatures 

150°C, 260°C, and 300°C for 2000 hrs. It is evident from this figure that weight loss is 

insignificant below glass transition (Tg) value of 270˚C for PETI-5. Comparison of weight loss at 

these three temperatures is given in Table 3.2. A significant amount of weight loss was observed 

at 300°C. Therefore, 300°C was taken as temperature for accelerated thermo-oxidative aging.  

 

Figure 3.1:  Different cross section areas of IM-7/PETI-5 
laminate. 

 
Table 3.1. . Dimensions of IM-7/PETI-5 and PETI-5 specimens for test. 

Dimension of IM-7/PETI-5 Composite for Aging 

Specimen 
Thickness 

(in) 
Width 

(in) 
Length 

(in) S1 (in2) S2 (in2) S3 (in2) S1+S2+S3 (S1+S2)/S3 

C1 0.063 1.50 0.30 0.45 0.0189 0.0945 0.5634 4.962 

C2 0.044 0.75 0.75 0.56 0.0330 0.0330 0.6300 17.950 

C3 0.063 0.30 1.50 0.45 0.0945 0.0189 0.5634 28.810 

C4 0.035 1.00 1.00 1.00 0.0350 0.0350 1.0700 29.571 

Dimension of PETI-5 Polymer for Aging 

Specimen 
Thickness 

(in) 
Width 

(in) 
Length 

(in) S1 (in2) S2 (in2) S3 (in2) S1+S2+S3 S1+S2)/S3 

PETI-5 0.111 1 1 1 0.111 0.111 1.222 10.00 
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Figure 3.2: Percentage weight loss of neat PETI-5 resin due to thermo-oxidative 
aging in air at three different temperatures 150°C, 260°C, and 300°C for 2000 hrs. 

 

Table 3.2: Percentage weight loss of neat resin PETI-5 after 2000 hrs. 

% Weight Loss Of 
Neat Resin PETI-5 

150˚C 260˚C 300˚C 

1054 hours 0.0364 0.0811 1.6568 

2183 hours 0.0593 0.1828 4.6531 

 

 Specimens were thermally aged in both an oxidizing (air) gaseous environment and a 

non-oxidizing (argon) gaseous environment allowing the separation of oxidizing and non-

oxidizing effects on volume and weight changes. For over 2000 hours of aging the diffusing 

front of the axial oxidation, although not uniform through the thickness, clearly follows the fiber 

paths and is dominating the oxidation process, indicating significant synergistic thermal 

degradation weight-loss occurring at the fiber/matrix interface that cannot be predicted using a 

simple rule of mixtures. The rate of weight loss due to thermal degradation of the composite is 
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dependent on surface area perpendicular to fiber direction. From Figures 3.3 and 3.4 it can be 

seen that, IM-7/PETI-5 specimen C1 has lowest value of 1 2 3( ) /S S S+ , and it shows the maximum 

weight loss. 

 Higher the value of 1 2 3( ) /S S S+ , lower will be the axial surface area (i.e. S3), and rate of 

degradation will be reduced. As evident from Figures 3.3 and 3.4, the rate of weight loss 

progressively decreases for specimen C1 to specimen C4, at 300°C. It is not surprising to note 

that the PETI-5 neat resin has the slowest rate of thermal degradation. Rate of weight loss in inert 

(argon) atmosphere is slightly lower in comparison to oxidation in air at 300˚C as shown in 

Figure 3.4. Comparison of weight loss in two different aging environments is listed in Table 3.3.   

Table 3.3: Percentage weight loss of neat resin PETI-5 in two different aging environments. 

Percentage weight loss of 
neat resin PETI-5 

Inert Environment (Argon) Air  Environment (20% O 2) 

1054 hours 1.50 1.65 

2183 hours 4.61 4.97 

 

 

Figure 3.3: Thermo-oxidative aging of unidirectional IM-7/PETI-5 and 
PETI-5 in air at 300ºC. 
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Figure 3.4. Thermo-oxidative aging of unidirectional IM-7/PETI-5 and 
PETI-5 in inert environment at 300ºC. 

 

3.1.2.  Thermo-Oxidative Aging in 60 % Oxygen and 40% Argon at 300˚C  

 

 

Figure 3.5. Thermo-oxidative aging of unidirectional IM-7/PETI-5 
and PETI-5 in inert environment at 300ºC. 
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Figure 3.6. Experimental set up and specimens for oxygen rich environment test at 300˚C 

A mixture of 60% Oxygen and 40 % Argon is used for thermo-oxidative aging in oxygen rich 

environment. All the specimens are placed in stainless steel mesh, which is placed inside heat 

chamber at 300ºC as shown in Figure 3.5 and 3.6. There is one gas inlet in the steel bag and other 

sides are clamped. There are small vents between two clamps to replenish oxygen supply so that 

oxygen concentration remains constant throughout the test. Unidirectional IM-7/PETI-5 was 

tested for thermal degradation at temperatures (300°C) in oxygen rich environment.  

Unidirectional IM-7/PETI-5 laminates of four different dimensions labeled as C1, C2, C3, and 

C4 and neat PETI-5 resin were tested for thermal degradation. Dimension of the specimens C1, 

C2, C3, and C4, and PETI-5 are shown in Table 3.1. The rate of weight loss due to thermal 

degradation of the composite is dependent on surface area perpendicular to fiber direction. From 

Figure 3.7, it can be seen that, IM-7/PETI-5 specimen C1 has lowest value of 1 2 3( ) /S S S+ , and it 

has maximum weight loss. Higher the value of1 2 3( ) /S S S+ , lower will be the surface area of 

exposed fibers (i.e. S3), and the rate of degradation due to diffusion along fiber-matrix interface 

will be reduced. It is evident from Figure 3.7 the rate of thermal degradation of IM-7/PETI-5 

after 1000 hours at 300˚C in oxygen rich environment is greater as compared with air (20% 

oxygen by mole). Comparisons of weight loss due to thermo-oxidative degradation at 300ºC in 

three different environments are listed in Table 3.4. Oxidative thickness change due to thermo 
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oxidative aging of PETI-5 with time is shown in Figure 3.8 in two different Oxygen 

concentrations environments at 300˚C.  

Table 3.4: Percentage weight loss of neat resin PETI-5 in three different aging environments. 

% Weight Loss Of 
Neat Resin PETI-5 

Inert Environment Air  Environment Oxygen Rich Envi ronment 
(60%  Oxygen) 

502 hours 0.52 0.63 1.51 

1032 hours 1.50 1.65 3.52 

 

 
Figure 3.7  Thermo-oxidative aging of unidirectional IM-7/PETI-5 and PETI-5 at 300ºC in 

 60 % Oxygen and 40% Argon mixture. 
 

 
Figure 3.8. Thickness change due to thermo oxidative degradation of PETI-5 

in two different Oxygen concentrations environments at 300˚C. 
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3.1.3. Micrograph of debond and surface oxidation 

Severe degradation was observed from the thermo-oxidative experiments as can be seen from the 

micrograph of debond growth in unidirectional IM-7/PETI-5 after aging at 300˚C in air for 3000 

hours in Figure 3.9. SEM scan was performed on Joel 7000 to see the degradation at the free 

edge of IM-7/PETI-5 after 3000 hrs as shown in Figure 3.10. Top view and side view of 

degraded IM-7/PETI-5 is shown in figure 3.11. In neat resin PETI-5 oxidized layer deposited on 

surface after aging at 300˚C in air is shown in Figure 3.12. 

 

 

 
(1)                                      (2) 

 
(3)                                      (4) 

Figure 3.9 : Pictures of debond growth of IM-7/PETI-5 after aging at 300˚C with time (1) 
Unoxidized specimen (2) oxidized specimen after 1704 hours (3) 2280 hours (4) 3000 
hours 
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Figure 3.10: SEM scan of debonded IM-7/PETI-5 after 3000 hrs of thermo-oxidative aging in 

air at 300˚C. 
 

            
 

(a) Side View         (b)   Top view 
Figure 3.11: Oxidized specimens of IM-7/PETI-5 composite after thermo-oxidative aging at 

300°C for 2183 hrs. 
 

 

   
 

(a) Unoxidized PETI-5    (b)   Oxidized PETI-5 
Figure 3.12: Unoxidized and oxidized neat resin PETI-5 after thermo-oxidative aging at 300°C 

for 2183 hrs. 



 

24 
 

3.2 Shear Arcan Test (Creep Test) of Unaged and Aged PETI-5 at Several 

Temperatures: 

Viscoelastic shear testing of ASTM standard shear arcan specimens was 

conducted on an ATS 2330 lever arm creep testing machine. To characterize translaminar creep, 

strains on the specimen were measured using high-temperature Epsilon 3675 transverse 

extensometers. Specimen dimensions are shown in Figure 3.13. Shear Arcan creep testing was 

conducted at ~10% of ultimate shear strength (USS) of PETI-5. Ultimate tensile strength of 

PETI-5 at 159ºC is 59.4 MPa [32]. Using von Mises stress criterion ultimate shear strength of 

PETI-5 is 59.4 / 3 MPa (34.29 MPa). A 10% of USS load (3.43MPa) is applied on PETI-5 

resin as shown in Figure 3.13. In order to obtain a creep master curve the Arcan shear specimens 

were tested at 100°C, 125 °C, 150°C, and 200 °C at stress level of 3.43MPa. The specimen was 

annealed between creep tests to remove the effect of prior loading history. Each shear creep 

testing lasted three hours, followed by recovery testing for one hour. The resulting shear creep 

compliances of unaged and aged PETI-5 as a function of time are shown in Figure 3.14 and 

Figure 3.15. PETI-5 specimens are aged at 300˚C for 2000 hrs. PETI-5 resin can be treated as a 

linearly viscoelastic material, and the creep compliance function described by a generalized 

Kelvin model is given by the following Prony series, 

where J0, J1, …, JN are compliance coefficients, τ1, τ2, …, τN are retardation times, and N is a 

positive integer. From the experimental data, the creep compliance is fitted to a 12-term Prony 

series. The best-fit parameters are listed in Table 3.5. A significant difference was observed in 

compliances of unaged and aged PETI-5 as shown in Figure 3.16.  
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Figure 3.13: Shear Arcan specimen dimension and load application. 

 

       
(a)                                                             (b)      

Figure 3.14. . Shear creep compliance of unaged PETI-5 with time at 3.43 MPa (a) Compliance 
with time (b) Compliance master curve with shift factor  

 

  
(a)                                                       (b)  

Figure 3.15. Shear creep compliance of aged (at 300 ˚C for 2000 hrs) PETI-5 with time at 3.43 
MPa (a) Compliance with time (b) Compliance master curve with shift factor  
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Reference temperature for time temperature super position is taken as 150˚C.  

Logarithmic shift factor, 10[ ]TLog a , for unoxidized and oxidized PETI-5 at different 

temperatures is tabulated in Table 3.6. The shift factors can be fitted into the WLF equation 

given by  

1
10

2

( )
[ ]

( )
ref

T
ref

C T T
Log a

C T T

−
=

− −  

 
The shear creep compliances characterized in this section was subsequently used in 

modeling delamination in aged and unaged IM-7/PETI-5 laminates using a viscoelastic cohesive 

layer discussed in Section 6.1.2. 

 

 
 

(a)                                                       (b)  
Figure 3.16. . Shear creep compliance master curves at 3.43 MPa (a) unaged PETI-5 (b) aged 

PETI-5 at 300˚C for 2000 hrs. 
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Table 3.5: Prony series obtained for unoxidized and oxidized PETI-5 (aged 2000 hrs at 300˚C) 
at reference temperature 150˚C. 

Prony series parameter ττττi (s) Unoxidized PETI-5 

Ji (10-5 /Pa) 

Oxidized PETI-5 

Ji (10-5 /Pa) 

J0 - 0.000037 0.001 

J1 1 0.0000 0.011603031 

J2 10 0.0004 0.027963305 

J3 100 0.0006 0.070778491 

J4 1000 0.0008 0.140396679 

J5 1×104 0.0016 0.163602741 

J6 1×105 0.0036 0.37837485 

J7 1×106 0.0036 0.234497262 

J8 1×107 0.0024 1.97251532 

J9 1×108 0.002 1.160303129 

J10 1×109 0.0004 1.868088038 

J11 1×1010 0.04 1.740454694 

J12 1×1011 0.04 
- 

J13 1×1012 0.04 
- 

 

 

Table 3.6: Shift factor used to obtain master curve for unoxidized and oxidized PETI-5 (aged 
2000 hrs at 300 ˚C) at reference temperature 150˚C. 

Shift factor aT  

(Ref Temp. 150˚C) 

Unoxidized PETI-5 Oxidized PETI-5 

100̊ C 3.0504 6.1008 

125˚C 1.2202 2.4403 

200˚C -1.5252 -3.0504 



 

 

3.3 Degradation of Bending Stiffness 

Five replicate specimens of unidirectional IM

NASA) were aged in thermo-oxidative environment at 300

hours. Non-destructive three point bend test

aged and unaged specimens of dimension (5 in × 0.5 in × 0.1 in)

for determination of bending stiffness as shown in Figure 

according to ASTM D7264 in order to determine the flexural 

specimens. A clear decrease in the slope of the load vs. deflection curve with oxidative aging 

time can be observed in Figure 3.1

on five replicate aged and unaged unidirectional IM

faliure, to determine degradation of flexure strength due to thermo

Figure 3.19(a). Significantly, a c

specimen. Unaged specimens failed due to 

specimens were failed primarily due to delamination, as shown in Figure 

Figure 3.17: Flexure test at room temperature of unidirectional 
IM-7/PETI-5 for bending stiffness degradation 

for 2000 hours 
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f Bending Stiffness and Flexural Strength of IM-7/PETI

specimens of unidirectional IM-7/PETI-5 composite laminates (supplied by 

oxidative environment at 300˚C in air for approximately 2000 

three point bend tests, within 50% of flexure strength were

aged and unaged specimens of dimension (5 in × 0.5 in × 0.1 in) and span to thickness ratio 32:1

for determination of bending stiffness as shown in Figure 3.17. Flexure test was performed 

according to ASTM D7264 in order to determine the flexural stiffness and strength of composite 

A clear decrease in the slope of the load vs. deflection curve with oxidative aging 

3.18.  At the end of 2000 hours of aging, destructive

aged and unaged unidirectional IM-7/PETI-5 specimens we

, to determine degradation of flexure strength due to thermo-oxidative aging

Significantly, a change in mode of failure was observed in unaged and aged 

specimen. Unaged specimens failed due to tensile cracking of outer fibers, while the aged 

specimens were failed primarily due to delamination, as shown in Figure 3.19(b).  

 
Flexure test at room temperature of unidirectional 

5 for bending stiffness degradation after being aged 
00 hours in thermo-oxidative environment at 300˚C. 

7/PETI-5 at 300˚C.  

laminates (supplied by 

˚C in air for approximately 2000 

ere conducted on 

ickness ratio 32:1 

Flexure test was performed 

strength of composite 

A clear decrease in the slope of the load vs. deflection curve with oxidative aging 

destructive flexure tests 

5 specimens were performed to 

oxidative aging, as shown in 

hange in mode of failure was observed in unaged and aged 

, while the aged 

(b).   

Flexure test at room temperature of unidirectional 
after being aged 

 



 

 

 

Figure 3.18: 
unidirectional IM

thermo
 

(a)                                                                       

Figure 3.19  (a) Flexure failure tests of unaged and aged unidirectional IM
displacement at the mid-span after 2016 hours of thermo

Different modes of flexure failure 
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Figure 3.18: Load vs. deflection in flexure test of 
unidirectional IM-7/PETI-5 at different aging time after 

thermo-oxidative test in air at 300°C 

                                                                      (b) 
 
 

(a) Flexure failure tests of unaged and aged unidirectional IM-7/PETI
span after 2016 hours of thermo-oxidative test in air at 300°C

Different modes of flexure failure in unaged and aged specimens.

 

7/PETI-5 load vs. 
oxidative test in air at 300°C. (b) 

in unaged and aged specimens. 
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Severe degradation in stiffness (43%) and strength (56%) in flexure test of unidirectional 

IM7/PETI-5 was observed after isothermal aging at 300 ºC in air for 2016 hours. Summary of 

flexure test data for unidirectional IM7/PETI-5 laminate before and after aging is shown in Table 

3.7 and 3.8  

Table 3.7: Average critical load PCR of aged and unaged unidirectional IM7/PETI-5 laminate.  
 AVERAGE CRITICAL LOAD P CR % CHANGE IN P CR 

UNAGED IM-7/PETI-5   
672.49 ± 48.81 N - 

AGED IM-7/PETI-5   
295.16 ± 27.32  N -56 

 
Table 3.8 : Average flexural stiffness of aged and unaged unidirectional IM7/PETI-5 laminate.  

 AVERAGE FLEXURE STIFFNESS 
D

AVG
  

% CHANGE IN D
AVG

  

UNAGED IM-7/PETI-5   19.6x10
7
 ± 1.79 x10

7
 Pa - 

AGED IM-7/PETI-5   11.17x10
7 
± 1.79x10

7 
Pa -43 

 
 
3.4 Degradation of SBS Stiffness and SBS Strength of Unaged and Aged IM-7/PETI-5. 

 Three replicate specimens of unidirectional IM-7/PETI-5 composite were aged in thermo-

oxidative environment at 300˚C in air for approximately 2000 hours. Beam mid span load to 

within 50% of short beam shear (SBS) strength was applied on aged and unaged specimens for 

determination of bending stiffness as shown in Figure 3.20. The SBS test was performed on the 

specimens of dimension (0.55 in × 0.11 in × 0.11 in) and span to thickness ratio 4:1 as per 

ASTM D2344-84. From non destructive short beam shear test, force and vertical displacements 

at different aging time are shown in Figure 3.21. At the end of 2000 hrs, destructive SBS tests on 

three replicate aged and unaged unidirectional IM-7/PETI-5 specimens were performed till 

failure, to determine degradation of SBS strength due to thermo-oxidative aging as shown in 

Figure 3.22(a). There was no change in mode of failure from unaged to aged specimen. In this 

case both unaged and aged specimens failed due to delamination, as shown in Figure 3.22(b).   



 

 

Figure 3.20:
unidirectional IM

thermo
 

Figure 3.21: 
midspan of unidirectional IM
beam shear test at different aging time for 2016 
hours of thermo
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Figure 3.20: Shot beam shear test at room temperature of 

unidirectional IM-7/PETI-5 for bending stiffness degradation in 
thermo-oxidative environment at 300˚C in air. 

 
Figure 3.21: Degradation of critical load at 

midspan of unidirectional IM-7/PETI-5  in short 
shear test at different aging time for 2016 

hours of thermo-oxidative test in air at 300°C. 

 

5 for bending stiffness degradation in 



 

 

     

Figure 3.22: (a) SBS failure tests of unaged and aged unidirectional IM
displacement at the midspan after 2016 hours of thermo

Delamination mode of failure 
 

Analogous to flexure tests, severe degradation in stiffness

of IM7/PETI-5 was observed after isothermal aging at 300

of unidirectional IM7/PETI-5 laminate before and after aging

Table 3.9: Average critical load P

 AVERAGE CRITICAL LOAD P

UNAGED IM-7/PETI-5   

AGED IM-7/PETI-5   

 

Table 3.10: Average shear stiffness

 AVERAGE SBS STIFFNESS DAVG 

UNAGED IM-7/PETI-5  

AGED IM-7/PETI-5  
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     (a)                                                                    (b)
 

(a) SBS failure tests of unaged and aged unidirectional IM-7/PETI
displacement at the midspan after 2016 hours of thermo-oxidative test in air at 300°C. (b) 

Delamination mode of failure in both unaged and aged specimens.

evere degradation in stiffness (67%) and strength (78%)

d after isothermal aging at 300ºC in air for 2016 hours. The summary 

5 laminate before and after aging is shown in Table 3.9 and 3.10. 

Average critical load PCR of aged and unaged unidirectional IM7/PETI

AVERAGE CRITICAL LOAD P
CR

  % CHANGE IN P

1825.659 ± 185.953 N 

393.764 ± 210.1414 N 

shear stiffness of aged and unaged unidirectional IM7/PETI

AVERAGE SBS STIFFNESS DAVG  % CHANGE IN DAVG 

130.585 x107 ± 18.4828 x107  Pa 

43.07296 x107 ± 17.2774 x107 Pa 

 
(a)                                                                    (b) 

7/PETI-5 load vs. 
oxidative test in air at 300°C. (b) 

in both unaged and aged specimens. 

(78%) in SBS test 

ºC in air for 2016 hours. The summary 

is shown in Table 3.9 and 3.10.  

nidirectional IM7/PETI-5 laminate.  

% CHANGE IN P
CR

  

- 

-78  

nidirectional IM7/PETI-5 laminate.  

% CHANGE IN DAVG  

- 

-67  



 

33 
 

3.5 Steam Blistering test of IM-7/PETI-5 

Steam blistering test on IM-7/PETI-5 was conducted at different temperatures to 

study steam induced damage. Schematic diagram of the steam blistering test setup is 

depicted in Figure 3.23. Moisture uptake in IM-7/PETI-5 is shown in Figure 3.24, as a 

function of time. Three replicate specimens of unidirectional IM-7/PETI-5 measuring 

(1.0 in × 1.0 in × 0.1 in) were tested for steam blistering after moisture absorption at 

70ºC.  Steam blistering was performed at 300ºC and 400ºC. Specimens before and after 

the steam blistering at two different temperatures are shown in Figure 3.25 (a), 3.25 (b) 

and 35(c). 

 

Figure 3.23: Schematic diagram of performing steam blistering test  

 

                  Figure 3.24: Moisture Diffusion in IM-7/PETI-5 at 70ºC after 600 hours. 
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(a)                                                                     (b) 

 

(c) 

Figure 3.25: (a) IM-7/PETI-5 specimen without blister. (b) IM-7/PETI-5 specimen with blister 

after placing in oven at 300˚C (c) IM-7/PETI-5 specimen with blister after placing in oven at 

400˚C. 

At oven temperature 300˚C, blister damage size of 416µm on external surface of IM-7/PETI-5 

was detected. Size of blister damage increased to 1.5mm when oven temperature increased to 

400˚C. For a given initial moisture concentration and laminate thickness, the temperature at 

which blistering is first detected determines the critical level of operation of aircraft. 

 

Blister 
surface 

Blister 
surface 
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  CHAPTER 4 

MODELING OF OXYGEN DIFFUSION 

4.1. Thermo-Oxidative Characterization and Parametric Study of PETI-5 Resin 

Modified Fick’s law for diffusion reaction with orthotropic diffusivity is given by [33],                   

( )
2 2 2

11 22 332 2 2

C C C
D D D R C

C

t x y z

 ∂ ∂ ∂ ∂
= + + − ∂ ∂ ∂ ∂      (1) 

where C is oxygen concentration and Dij are oxygen diffusivity in the PMC.   

 The rate of oxidation reaction is modeled with respect to the saturation reaction rate R0 

when the reaction is not oxygen deprived. The rate reduces when the availability of oxygen 

reduces and follows the equation below,  

0R=R f(C)                     (2) 

 Here, f(C) is the function which models the situation when amount of available oxygen is 

less than the saturation conditions, given by following expression 

2βC βC
f(C) = 1-

1+βC 2(1+βC)

 
 
 

    (3) 

βC  is the normalized concentration parameter in which β  non-dimensionalizes the 

concentrations.  

 Combining (2) and (3) gives  1
1 2

2

( )
( ) ( )

( )

R C
f C f C

R C
=      (4) 
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�  1 1 1 2 2

1 1 2 2 2

2 ( ) 2
1 1

1 2(1 ) ( ) 1 2(1 )

C C R C C C

C C R C C C

β β β β
β β β β

     
− = −    + + + +     

 (5) 

where C1 and C2 are two different oxygen concentrations.  

4.1.1. Calculation of Oxidation Parameter β 

To extract the value of β, the following procedure is employed: 

C1 = 60% (mole) Oxygen; C2 = 20% (mole) Oxygen in air. 

The ideal gas law PV = NRT, is used to calculate the total number of moles. Ambient room 

conditions are used for this calculation. The values are taken as following. 

Volume of the cylinder containing oxygen = 229 ft3 =    6.4846 m3. 

Pressure P = Patm = 14.696 psi = 1013.3 kPa. 

T = Room temperature = 298.0 K. 

Total moles N = 265.1890. 

                        2 
1

Total moles(% of O moles)
C = 

volume
 

3
1

256.19 0.6
C = 24.5 /

6.48
moles m

×
=  

2
2

2

C = air Mass ratio of O

Molecular mass of O

ρ ×
 

3
2

1.29 1000 0.23
C = 9.27 /

32
moles m

× ×
=  

From Eq. (2), the rate of reaction is constant with time but changes with the concentration of 

Oxygen. Therefore, for a particular time instant the ratio of rates for two different concentrations 

will be a constant, which is equal to the ratio of the slopes of weight variation with time plots. 
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Figures 4.1, 4.2 and 4.3 depict the weight variation with time due to thermo-oxidative 

degradation with time in air (20% oxygen conc.), 60% oxygen (oxygen rich environment) and 

argon (inert atmosphere) respectively. Linear fits are used for weight vs. time plots and the 

slopes of these lines are used as reaction rates in the following calculations.  

5 4
1 9 3 3

1 1
( ) 8.3714 10 9.7 10

60min 573.54 10 2500 / .min

gm mol
R C

m gm mol m
− −

−
= − × = − ×

×  

5 4
2 9 3 3

1 1
( ) 5.5289 10 6.4 10

60min 573.54 10 2500 / .min

gm mol
R C

m gm mol m
− −

−
= − × = − ×

×
 

 
Figure 4.1. Weight variation of PETI-5 with time for air oxidation at 300˚C. 

 

 
Figure 4.2. Weight variation of PETI-5 with time for 60% oxygen and 40% argon at 300˚C. 
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Figure 4.3. Weight variation of PETI-5 with time for inert (argon) environment at 300˚C. 

 

Substituting the values of R(C1), R(C2), C1 and C2 in Eq. (5) and solving the cubic equation gives 

the following roots 

β = [0.0415,    -0.2820,    -0.0569] m3/mol.   

Taking the positive root of β, which givesβ =0.0415 m3/mol.   

4.1.2. Calculation of Threshold for Polymer State Variable (Φox) 

In order to study the effect of oxidation on aging, experiments are conducted in both inert 

atmospheres (e.g. argon) and oxidative environment. The difference of the weight loss in 

oxidative conditions and inert conditions gives the weight loss due to oxidation alone.    

The following equation defines oxφ as 

0

( - )
1-

1
2

ox

a

V

V V

ε γ
φ =

+
    (6) 

Here, V is the specimen volume, V0 is oxidized volume and Va is active volume for oxidation.ε

 and γ  are weight loss fractions for air and inert atmosphere respectively. It is not very clear 
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from the tested samples to differentiate between the active zone and the oxidized zone therefore 

the active volume Va is assumed to be zero. Sectional views of oxidized and unoxidized regions 

are depicted in Figure 4.4. 

 

 

 
Figure 4.4: Specimen used for experiments. Oxidized and Unoxidized regions 

depicted in section view. 
 
 
 
 
For a sample with initial length L, width W and thickness T, if each dimension reduces by t0 then 

oxidized volume V0 is given by 

0 0 0 0( )( )( )V V L t W t T t= − − − −   (7) 

Where              V LWT=       (8)                                            

From the test data ε , γ  and V0 are functions of time for a particular oxygen concentration. 

Putting all these in Eqn. (6) we obtain ��� as a function of time. The ��� plots for two 

concentrations C1 and C2 are shown in Figure 4.5.  

 

Section View 

L

W

T 

Aging Specimen 

t0 

Oxidized 

Material 

Unoxidized 

Material 



 

 

Figure 4.5: oxφ variation with time

 
The oxφ value is observed to slightly increase 

oxygen. Linear fits are assumed in this calculation. 

concentration of oxygen. 

4.1.3. Calculation of Reaction Coefficient 

Assuming that weight loss is directly proportional 

dW

dt

Oxidation state parameter is described as the current weight of the sample over its original 

(unoxidized) weight. Time derivatives are related to each other by

     

Above two relations are combined to give

40 

variation with time for two different oxidative environments at 

300˚C depicted in section view. 

observed to slightly increase with aging time for a given concentration of 

xygen. Linear fits are assumed in this calculation. At any given time, oxφ is higher for lower 

Reaction Coefficient 0Rα  

eight loss is directly proportional to the rate of reaction R(C) 

( )
dW

R C
dt

∝ −       

Oxidation state parameter is described as the current weight of the sample over its original 

(unoxidized) weight. Time derivatives are related to each other by 

     
d dW

dt dt

φ
∝       

Above two relations are combined to give 

 
for two different oxidative environments at 

with aging time for a given concentration of 

is higher for lower 

(9) 

Oxidation state parameter is described as the current weight of the sample over its original 

(10) 
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      0 ( )
dW

R f C
dt

α= −      (11) 

     0( )
( )

C
C

dW

dt
R

f C
α

 − 
 =      (12) 

From Eqns. (11) and (12) αR� can be calculated as, 

( )
1

4
0 9 3 3

1 1
1.556 10 0.0018

60min 573.54 10 2500 / .minC

gm mol
R

m gm mol m
α −

−
= × =

×
 

( )
2

4
0 9 3 3

1 1
1.556 10 0.0018

60min 573.54 10 2500 / .minC

gm mol
R

m gm mol m
α −

−
= × =

×
 

As can be seen, 0Rα parameter for the two concentrations matches exactly. 0Rα can not be 

separated unless we know R0 a priori. The oxidation modeling parameters obtained from this 

analysis are tabulate in Table 4.1. 

Table 4.1.: Thermo-oxidative parameters of neat PETI-5 resin obtained from non-Fickian 
diffusion law in two different oxidative environment. 
 

0 3.min

mol
R

m
α  

 
 

 β 
3m

mol
β
 
 
 

 oxΦ  

20% Oxygen (mol) 0.0018  0.0415  0.93  

60% Oxygen (mol) 0.0018  0.0415  0.76 

 

Oxygen diffusion parameters of PETI-5 can be used to find oxidation growth in 

laminated composite IM-7/PETI-5. In the next section oxygen diffusion in laminated IM-7/PETI-

5 is simulated using diffusion reaction-conversion model along with homogenization techniques. 

4.2. Simulation of Oxidation Diffusion in IM-7/PETI-5 

Oxidation growth in laminated composite is simulated using a diffusion-reaction-

conversion model shown in Eq. (1) along with homogenization techniques [34]. The oxidation 

layer growth in a unidirectional ply is inherently orthotropic due to the presence of fiber and 
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interface regions are further complicated by damage growth. Numerical simulation made with 

assumed fiber interface diffusivity equal to that of oxidized matrix in axial direction and one 

tenth of the oxidized matrix in transverse region correlated with the experimentally observed 

values of growth for aging time below 2000 hours [34]. A diffusion damage coupled anisotropic 

diffusion model with and without debond has been developed by Roy et al. [35] using 

homogenization technique.  

In the absence of fiber-matrix debond, once the oxygen diffusion characteristics have been 

estimated for the constituents of the lamina, the homogenized properties of a unidirectional 

lamina can be determined using rule of mixtures and given in Eq.s (13) - (18). It is assumed that 

the fiber is purely diffusive and does not react with oxygen. Note that in Eq. (13) - (17), the 

superscript and subscript m, f, and c refer the stated quantities to matrix, fiber and composite, 

respectively, and Vf is the fiber volume fraction. Eq. (13) defines the homogenized saturation 

concentration in the composite lamina. As the saturation concentrations (Cs) are not known at 

this point, we will assume same solubility for both fiber and matrix. Eq. (14) defines the 

effective ply diffusivity in the axial and transverse direction, where 1 is along the fiber direction 

and 2 is perpendicular to fiber. The reaction rate (αRc(C)) is homogenized as shown in Eq. (15), 

and the polymer state variable (Φ
c) is determined from the reaction rate employing as aging time-

dependent parameter, α, as defined in Eq. (16). The polymer state variable varies from 

1c c
oxφ φ≤ ≤ , where 1cφ = for the unoxidized sate and c c

oxφ φ=  for completely oxidized sate, and 

is homogenized using Eq. (17). The concentration field, C(x,y,z,t), now represents quantity of 

dissolved oxygen in the homogenized media and is computed by solving the governing transient 

diffusion-reaction system.  

        (13) s s s
c m m f fC C V C V= +

22 22 22

1 fm
c m f

VV

D D D
= +
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       (14) 

  

         (15) 

       (16) 

       (17) 

Oxidation diffusion properties for IM-7/PETI-5 at 300˚C are listed in Table 4.2. 

Table 4.2. : Oxidation diffusion properties of oxidized and unoxidized IM-7/PETI-5 at 300˚C. 
 c

axialD

(mm2/min) 

c
transD

(mm2/min) 0 3.min

mol
R

m
α  

 
 

 c
oxφ  

3m

mol
β
 
 
 

 

Unoxidized 2.19×10-4 6.8×10-5 
7.2×10-4 0.972 0.0415 

Oxidized 2.60×10-4 7.1×10-5 

 

Two square specimens measuring approximately 3.175 mm x 3.175 mm x 318 µm of 

unidirectional and [0/90/0/90/0/90/0/90/0]s cross ply  IM-7/PETI-5 composites are simulated in 

an in-house FORTRAN based FEA code, NOVA-3D ([36, 37]), using diffusion properties given 

in Table 4.2.  Boundary condition and mesh are shown in Figure 4.6. Oxygen concentration at 

boundary is C0=9.27 mol/m3. 2250 quadratic element with 6981 nodes are used. Distribution of 

oxidation state parameter φ  in unidirectional and [0/90/0/90/0/90/0/90/0]s cross ply are shown in 

Figure 4.7 and 4.8. For thickness evaluation of the oxidation layer in 00 ply (fiber direction) and 

900 ply (transverse direction) another large unidirectional composite laminate measuring 91.56 

mm x 12.7 mm x 3.175 mm is used (specimen size same as flexure test). Boundary condition on 

the specimen is shown in Figure 4.9. FEA simulation was performed on this specimen with 4864 

8-noded quadratic element. Thicknesses of oxidized layers in fiber direction and transverse to 

fiber direction are compared in Figure 4.10.  00 ply has 38% larger oxidation layer thickness than 

900 ply, which, corroborate the result from weight loss experiment showing maximum thermo-

11 11 11
c m f

m fD D V D V= +

(1 )c m m
ox ox ox fVφ φ φ= + −

( ) ( )c m
mR C V R C=

( ) ( )
c

m c
m

d
R C V R C

dt

φ
α α= − = −
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oxidative degradation at the fiber/matrix interface along fiber direction. This oxidation 

incorporates the effect of reaction in polymer but there is no debond due to oxidation. Shrinkage 

induced debond growth will be discussed in next chapter.  

 
 

Figure 4.6. Boundary condition and meshing used for diffusion in unidirectional 
and cross ply IM-7/PETI-5. 

 

  

 

 

 
Figure 4.7. Distribution of oxidation state parameter φ  in 18 layer unidirectional IM-7/PETI-5 

after 2000 hrs. 
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Figure 4.8. Distribution of oxidation state parameter φ  in 18 layer cross ply IM-7/PETI-5 after 

2000hrs. 

 
Figure 4.9. Boundary condition on unidirectional IM-7/PETI-5 composite. 

 

 

 
Figure 4.10. Oxidation layer thicknesses in [0] lamina and [90] lamina of IM-7/PETI-5 

composite. 
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CHAPTER 5 

PROGRESSIVE DAMAGE MODELING  

5.1. Anisotropy in Thermo-Oxidative Degradation  

As mentioned earlier, It has been observed in surface weight-loss rate experiments 

performed on unidirectional G30-500/PMR-15 polymer matrix composite laminate aged at 

288°C at Air Force Research Laboratory (AFRL), that oxygen diffusion, and consequently, 

polymer weight loss exhibits anisotropic behavior. The weight loss in the direction transverse to 

the fibers is actually lower than the weight-loss for neat resin samples due to the retarding effect 

of the carbon fibers on oxygen diffusion, as predicated by the rule-of-mixtures. However, the 

weight loss in the longitudinal (fiber) direction is observed to be greatly accelerated due to 

synergistic interactions between the fiber, matrix, and the interface. It is conjectured that polymer 

shrinkage due to thermal oxidation may be responsible for debond to initiate and propagate along 

fiber-matrix interface, thereby allowing accelerated penetration of oxygen into the laminate, 

followed by thermal oxidation. A micrograph showing evidence of fiber/matrix debond due to 

thermo-oxidative resin shrinkage is presented in Figure 5.1. In order to simulate this effect, a 

cohesive layer model was introduced at the interface of the polymer and fiber within the 

framework of a finite element analysis of a representative volume element (RVE) using an in-

house test-bed code (NOVA-3D). Based on a cohesive zone model proposed by Needleman [38], 

a cubic traction-separation law is employed to simulate the material behavior at the fiber/matrix 

interface, as shown in Figure 5.2.  In the present model, the cohesive layer is assumed to have a 



 

 

finite thickness, approximately equal to the thickness of the sizing at the fiber/matrix interface. 

Material properties of the fiber, matrix and cohes

to note that the elastic modulus of polymer matrix varies with ageing time and polymer state 

variable φ as suggested by Wise [

1 1
( , ) ( )exp( )exp( )

1 1un ox noxE T E T K K tφ
φ φ
− −

=
− −

where Knox=0 and Kox=0.1878 for PMR

shrinkage strains - on the order of 30 to 40 % at elevated temperatures 

researchers at the Air Force Research Laboratory (AFRL, Dayton, Ohio). 

Figure 5.1. Micrograph 
500/PMR

Figure 5.2. Normalized cubic traction
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finite thickness, approximately equal to the thickness of the sizing at the fiber/matrix interface. 

Material properties of the fiber, matrix and cohesive layer are given in Table 5.1

tic modulus of polymer matrix varies with ageing time and polymer state 

 as suggested by Wise [39],  

1 1
( , ) ( )exp( )exp( )

1 1un ox nox
ox ox

E T E T K K t
φ φ
φ φ
− −
− −

                                           

=0.1878 for PMR-15.  Further, it is notable that significant polymer 

on the order of 30 to 40 % at elevated temperatures - was observed by 

researchers at the Air Force Research Laboratory (AFRL, Dayton, Ohio).  

Micrograph of fiber/matrix debond due to thermo-oxidation in G30
500/PMR-15 composite at 288 °C in air. [24] 

. Normalized cubic traction-separation law for cohesive layer.

finite thickness, approximately equal to the thickness of the sizing at the fiber/matrix interface. 

5.1. It is important 

tic modulus of polymer matrix varies with ageing time and polymer state 

                                           (18) 

15.  Further, it is notable that significant polymer 

was observed by 

oxidation in G30-

separation law for cohesive layer. 
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Table 5.1.  Material properties of G30-500 carbon fiber, polymer matrix (PMR-15) and cohesive 
layer  
 
 

 

 

 

 

 

 

 
 

Figure 5.3. Debonding due to oxygen 
permeation/diffusion at the fiber/matrix interface 

 

 Mechanical Properties Polymer 
matrix 

Carbon 
fiber 

Cohesive 
layer 

Young’s modulus (GPa) (un-
oxidized) 

2.6 240 -- 

Poisson’s ratio 0.36 0.4 -- 
Maximum stress (MPa) -- -- 10 
Maximum strain -- -- 0.1 

6 2( 10 / min)unD mm−×  78.6 7.86 78.6 
6 2( 10 / min)oxD mm−×  150 15.0 150 

3
0( / .min)R mol mα ×  0.012 - 0.012 

Polymer state variable oxφ  0.18 - 0.18 

Percent Shrinkage Strain  5% - 5% 
β  0.919 - 0.919 
λ   (CTE)  (1/°C) 1.E-5 - 1.E-5 
Fiber Radius (R) in (m)  -  2.5 x10-6   - 
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5.2. Analytical Model to Predict Debond Length using Darcy’s Law for Oxygen 

Diffusion  

Assuming that the fiber/matrix debond is initiated and propagated by the shrinkage strain 

in the surrounding polymer matrix due to oxidative degradation, it is proposed that the debond 

fracture surface is not smooth, but that it exhibits significant roughness due to the presence of 

oxidation products as well as fractured polymer fibrils along the interface. Consequently, the 

flow of oxygen to the debond tip may be represented as axisymmetric flow through a porous 

media, as depicted in Figure 5.3. Let x0 be the debond length (which is assumed equal to length 

of porous flow regime, assuming flow controlled debond growth), “A ” is the projected area of 

debond, and p is partial pressure of oxygen inside the debond. From Darcy’s law of flow in a 

porous medium, the rate of oxygen flow, u, into the debond region can be written, as given by 

Williams [40], 

0dx A dp
u

dt c dxη
 = =  
 

               (19) 

Where η is the viscosity and c  is a constant. Using Henry’s Law, we can define a relation 

between pressure (p ), and concentration of oxygen (C), inside the debond,  

   Pressure (p) = Concentration (C)  Solubility(S)×  

Substituting for pressure in equation (19), and assuming solubility is a constant, the modified 

form of Darcy’s equation in terms of oxygen concentration (C) becomes, 

0dx SA dC
u

dt c dxη
 = =  
 

                   (20) 
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In the interest of tractability, assuming that oxygen diffusion inside the porous debond is 

incompressible, the continuity condition can be written as, 

 0
du dv

dx dx
+ =                  (21) 

where u and v represent velocity of oxygen flow in the x and y directions, respectively.  

For a steady rate of diffusion in transverse direction, 0
dv

dx
= , giving, 

     0
du

dx
=  

Substituting this result in equation (20) gives,  

     
2

2
0

d C

dx
=                      (22) 

  or,   C mx b= +  

The concentration boundary conditions are,  

  At x=0                  0C C=  (oxygen concentration at the free edge) 

   or,   0b C=  

   At x=x0, 0C = , assuming zero oxygen concentration at the debond tip where void 

nucleation is taking place, giving,  

     0

0

C
m

x

−
=   

Therefore,   
0

0

(1 )
x

C C
x

= −                           (23) 

Combining (20) and (23) gives, 

    0 0

0

dx CSA
u

dt c xη
 −

= =  
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Integrating,  

    0 0 0

0 0

d t SA
x dx C dt

cη
= −∫ ∫             

   or, 
2

02

d SA
C t

cη
= −  

 or, 
1/ 2

02SAC
d t

cη
 − 

=  
 

                                  (24) 

where “d” is the debond length. As evident from equation (24), for permeation controlled debond 

growth, debond length at the fiber/matrix interface due to oxidative degradation is directly 

proportional to the square-root of time.  

5.3. Least-Square Fit for Debond Length from Experiments  

A least-squares fit was employed to fit the experimental data for debond length due to 

diffusion complying with square-root of time as shown in Figure 5.4 for oxidation of a G30-

500/PMR-15 unidirectional laminate in air at 288º C. From the least-square fit, the following 

relationship between debond length d, and time, t was established,  

( )d t B t=              (25) 

where B= 23.68 µm/√hrs for G30-500/PMR-15. A comparison of the functional form of equation 

(25) with equation (24) corroborates the use of Darcy’s law for predicting debond length due to 

permeation controlled debond growth at the micro-scale. Oxygen concentration boundary 

conditions along the length of the debond given by Equation (23), in conjunction with the 

diffusion-reaction equation for the polymer matrix (Equation (1)) and cohesive layer element at 

the fiber/matrix interface were incorporated in a in-house test-bed finite element code (NOVA-

3D) to predict debond length as a function of time using a nonlinear finite element solution 
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technique that takes into account the moving boundary at the debond tip. The material 

parameters used in the simulation are listed in Table 5.1. Figure 5.5 shows that the debond length 

history predicted by NOVA-3D compares well with the evolution of average debond length from 

experimental data for G30-500/PMR-15, despite some scatter in the test data at higher aging 

time. In Figure 5.6, debond growth rate computed from NOVA-3D is compared with least-

squares fit of experimental data, again showing excellent agreement. As can be observed from 

this figure, after debond initiation at fiber/matrix interface near the laminate edge, the initial 

decrease in debond growth rate is very rapid. Subsequently, the debond growth rate 

asymptotically approaches a constant value after over 3000 hours of exposure. 

 
Figure 5.4 . Least squares curve fit for debond length vs. time, of the form B√√√√t 
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Figure 5.5. Predicted debond length vs. time from FEA analysis (NOVA-3D) 

 

 
 

Figure 5.6. Debond growth rate vs. time using FEA for 5% shrinkage strain. 
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Using optical microscope debond length at the edges of unidirectional IM-7/PETI-5 were 

measured with aging time and compared with the NOVA-3D model using 5% shrinkage strain 

and diffusion properties derived from Table 4.2. Debond length for IM-7/PETI-5 is evaluated 

from NOVA-3D as shown in Figure 5.7. This debond length will be used in predicting the 

stiffness degradation from continuum damage mechanics model discussed in next section. 

 

 
 

Figure 5.7. Comparison of predicted debond length (NOVA-3D) vs. time with test data for 
unidirectional IM-7/PETI-5 after thermo-oxidative aging at 3000C. 
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5.4. Stiffness Degradation Modeling of Unidirectional Composite due to Thermo-

Oxidative Degradation at 300˚C 

5.4.1. Derivation of Damage Mechanics Model 

Based on the continuum damage mechanics (CDM) approach proposed by Talreja [22, 

23], Figure 5.8 shows a representative volume element (RVE) with full circumferential 

fiber/matrix debond of length d. We assume that the debond surfaces are symmetrical about 

three orthogonal planes, one of which splits a fiber longitudinally in two halves and the other is 

normal to the fiber axis. Assuming that the undamaged composite is transversely isotropic with 

the plane normal to the fiber axis as the plane of isotropy, we define the coordinate axes with X1 

axis parallel to fibers as shown in Figure 5.8. For an RVE where Vf  is fiber volume fraction, R is 

the fiber radius, LR is the length of RVE, ( )d t  is the fiber/matrix debond length in longitudinal 

direction at time t , and a is a damage influence parameter analogous to mode I crack-opening 

displacement, a symmetric damage tensor at the debond surface may be defined as [22] ,                           

 
 

Figure 5.8. Representative volume element containing fiber/matrix debond. 
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    ij S

1
i j

RVE

d an n dS
V

= ∫                                         (26) 

Where, S is the area of the debond surface within the RVE, and the unit normal vector to the 

debond surface is given by, 

2 3ˆ ˆn cos sine eθ θ= ± ±
r

                               (27) 

 with scalar components n1= 0, n2= Cos θ, and n3= Sin θ. The volume of the RVE is given by, 

2
R

RVE
f

R L
V

V

π
=

                                                                  (28)  

Because the component of the unit normal in the longitudinal direction is zero (n1= 0) at the 

debond surface, therefore the component of the damage tensor in the longitudinal (fiber) 

direction is also zero, i.e., d11=0.   

By substituting equations (27) and (28) in equation (26), the components of the damage tensor 

normal to the debond surface in the X2-direction at time t, is given by,  

2
22

RVE 0

1
( ) 2 aCos . ( ). .  

V
d t d t R d

π

θ θ
 

=  
 
∫

                                

22

( )
( ) ( )f

R

aV d t
d t t

RL
δ= =

                                        (29) 

Similarly, it can be shown that the component of the damage in the X3-direction at time t  is,  

2
33

RVE 0

( )1
( ) 2 Sin . ( ). .  =

V
f

R

aV d t
d t a d t R d

RL

π

θ θ
 

=  
 
∫

                 (30) 

It is evident from equations (29) and (30) that 22d = 33d = ( )tδ , and that 22d  and 33d  represent 

same damage entity for a full circumferentially debonded fiber. If the crack opening 

displacement a is assumed to be proportional to a characteristic crack dimension [22], i.e., 
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a k S= , where S is the surface area of the debond, and k is a proportionality constant, then the 

damage parameter can be written as, 

( ) ( )
( ) f

R

kV d t S t
t

RL
δ =

          (31) 

Defining ( ) 2 ( )S t Rd tπ= as the area of debond at time t, the damage parameter can be expressed 

as,  

3/ 2
( )

( ) 2 R
f

R

L d t
t kV

R L
δ π

  =   
            (32) 

5.4.2. Formulation of Stiffness Coefficient Matrix for Fiber/Matrix Debond  

Thermo-mechanical response of a structure with internal damage can be described using 

fundamental principles of irreversible thermodynamics [41]. The internal variable for the debond 

damage configuration is ( )tδ as given by Eq. (29), and the response function has the following 

form,  

   ij=  ( , ) ε δΦ Φ         (33) 

The elements of irreducible integrity basis for transversely isotropic symmetry [42], retaining 

up to second-order term in εij and linear terms in δ , assuming δ  <<1, are,  

2 2 2 2 2 2
11 22 33 22 33 23 12 13 22 33 23 12 13 12 13, , ( ) 4 , , , ( ), , , ( )ε ε ε ε ε ε ε ε δ δ ε ε δε δε ε δ ε ε+ − + + − −     

   (34) 

The polynomial expansion of the Helmholtz free energy function, Φ , in the absence of 

residual stresses, takes the following form [22], 

   
0 dρ ρ ρΦ = Φ + Φ                        (35) 

where, ρ  is the density of the material,  0Φ   is a homogenously quadratic function of strain  
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( ijε ) representing the undamaged state of the material, and dΦ  is a homogeneously quadratic 

function of strain and a linear function of the damage parameter δ,  incorporating the influence of 

damage on material stiffness. Constructed using the irreducible integrity bases given in Eq. (34), 

dΦ  has the following form [22], 

13

2 2 2 2
d 1 11 2 22 33 3 11 22 33 4 22 33 23

2 2 2 2
5 12 6 12 13 7 12 13 8 11 23 9 23 22 33

2 2
10 11 22 33 11 22 33

 = A  + A  ( + )  + A ( + ) + A [( - )  + 4 ]+ 

A ( + ) + A ( - ) + A  + A  + A    ( + )

 + A ( - ) + A  ( - ) 

ρ δε δ ε ε δε ε ε δ ε ε ε

δ ε ε δ ε ε δε ε δε ε δ ε ε ε

δε ε ε δ ε ε

Φ

   (36)                        

where, 1A  through 11A  are constant coefficients. The fourth-rank material stiffness tensor is 

given by the sum of the undamaged and damaged components,  

      0 d
ijkl ijkl ijkl C  = C + C                         (37) 

Where,     
2

0 0
ijkl C = 

ij kl

ρ
ε ε
∂ Φ

∂ ∂
 and 

2
d

ijkl C = d

ij kl

ρ
ε ε
∂ Φ

∂ ∂
       (38) 

Here, 0C  is the stiffness tensor for an undamaged orthotropic elastic material, and the tensor 

dC  represents the change in stiffness coefficients due to the presence of damage in the form of 

fiber/matrix debonding.  

5.4.3. Degradation of Engineering Moduli  

Linearization of Eq. (38) leads to expressions for the in-plane engineering moduli after 

thermo-oxidative debonding damage has taken place, given by [22], 

* 0 0 0 2
1 1 1 2 12 3 12

* 0 0 0 2
2 2 3 2 21 1 21

0 0
* 0 012 21
12 12 2 3 120

2

* 0
12 12 4

( ) 2 ( )[ ( ) ]

( ) 2 ( )[ ( ) ]

1 1
( ) 2 ( ) [ ]

2

( ) 2 ( ) / 4

E t E t A A A

E t E t A A A

t t A A
E

G t G t A

δ ν ν

δ ν ν

ν ν
ν ν δ ν

δ

= + − +

= + − +

−
= + −

= +

       (39) 
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   where, 0
1E , 0

2E , 0
12ν and 0

12G are the in-plane elastic properties of the undamaged composite 

lamina, and 1A , 2A , 3A  and 4A are constant coefficients from the continuum damage mechanics 

model. A numerical methodology for determining the unknown constant coefficients is presented 

in next section. 

5.4.4 Evaluation of Continuum Damage Mechanics Coefficients  

Three-dimensional finite element simulations in ABAQUS v 6.9 with cohesive layer at 

fiber/matrix interface were employed to obtain the damage mechanics coefficients defined in the 

previous section. The following load cases were simulated applying iso-strain boundary 

conditions to the RVE depicted in Figure 5.8: 

1. Axial tension (applied normal strain11 .,constε =  22ε =0, 33ε =0) 

2. Transverse tension (applied normal strain22 .,constε =  11ε =0, 33ε =0) 

3. Axial tension with Poisson effect (applied normal strain11 .,constε =  22ε ≠0, 33ε ≠0) 

4. In-plane-shear (applied shear strain12 .constγ = ) 

The FEA simulations were post-processed to obtain the total strain-energy for the RVE for each 

of the above reference cases, for a specified debond length, δ. Using energy equivalence between 

the micromechanical RVE and a smeared orthotropic continuum model of the RVE, the 

unknown continuum damage mechanics (CDM) coefficients 1A , 2A , 3A  and 4A  were obtained 

by employing a least-squares fit. The CDM coefficients thus obtained for G-30-500/PMR-15 are 

tabulated in Table 5.2. Having determined the CDM coefficients, the orthotropic lamina 

properties E1, E2, 12ν , and G12,  were then obtained as a function of debond length as defined in 

Equation (39). The fiber volume fraction for the FEA simulation was assumed to be 0.6. The 
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fiber and matrix properties for G30-500/PMR-15 composite used in these simulations are given 

in Table 5.1.   

Table 5.2. Coefficients of CDM for Vf = 0.6 (volume fraction of fiber)  

CDM Coefficients Values (MPa) 

1A  -3.981×103 

2A  -10.424×103 

3A  -1.513×103 

4A  -1.67×103 

k 
0.02- 0.05 

 

5.4.5 Damage Evolution Model for a Composite Laminate Under Three Point Bending 

Consider a unidirectional laminate of thickness h, subjected to a load P at the mid-span as 

shown in Figure 5.9. In this case study, the unidirectional fibers are assumed to run parallel to the 

X-axis, and thermo-oxidative degradation of the laminate is assumed to occur primarily due to 

the progressive debonding of the fiber/matrix interface at the free edges of the laminate induced 

by shrinkage stresses in the matrix due to oxidation. Assume that the average extent of the zone 

of thermal-oxidative degradation from the laminate edge at time t  is given by ( )d t , as shown in 

Figure 5.9. For an orthotropic unidirectional symmetric laminate undergoing cylindrical bending, 

the moment curvature relationship reduces to,  

2 *
*
11 2

( )
d w

D M x
dx

=   0 < x < ( )d t        (40) 
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Figure 5.9. Symmetric laminate damage configuration for three point bending test. 

 

Where, the bending stiffness after thermo-oxidative damage,   

                 
*

* 3 1
11 * *

12 21

1

12 1

E
D bh

ν ν
 

=  − 
                       (41) 

In Eq.s (40) and (41), b  is the width of the laminate, h  is the thickness, and ( )M x is the 

applied bending moment. Superscript (*) denotes material properties that have undergone 

thermo-oxidative damage, as defined in Eq. (39). Assuming that the average length of the 

interfacial debond is ( )d t at time t , and using symmetry, the moment-curvature relationship for 

the undamaged laminate can be expressed as,  

2

11 2
( )

d w
D M x

dx
=     ( ) < x < L / 2d t  (42) 

Where,             
0

3 1
11 0 0

12 21

1

12 1

E
D bh

ν ν
 

=  − 
                     (43)  

For three-point bending of a simply supported laminate as shown in Figure 5.9, the bending 

moment is, 

( )
2

P
M x x= −    0 < x <L/2                (44) 
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An expression for the deflection at the mid-span of the thermo-oxidatively aged laminate can 

be obtained as given by, 

3 3

*
11 11 11

( ) 1 1

2 48 6aged

L PL Pd t
w

D D D

   = − −  
   

        (45) 

If we rewrite Eq. (45) in the form, 

3

112 48aged

L PL
w

D

  = 
 

                

Where, 11D  is the overall effective (damaged) laminate bending stiffness. Finally, the normalized 

effective bending stiffness for the aged laminate can be obtained, given by, 

          
3

11

11
1148

2 aged

D PL
LD

D w
=

 
 
 

    (46) 

where, ( / 2)w L is given by Eq. (45).  

In the laminate analysis results presented in this section, the evolution of the average fiber/matrix 

debond length, ( )d t , as a function of time is obtained using Eq. (25). The corresponding damage 

parameter ( )tδ  for the laminate analysis is defined by setting the debond length equal to the 

micromechanical RVE length (i.e., ( ) Rd t L=  in Eq. (32), representing a fully debonded 

fiber/matrix interface of length ( )d t  at time t , giving,  

        
( )

( ) 2f

d t
t kV

R
δ π  =  

 
    (47) 

After we developed a model to predict the stiffness degradation now the interests is to 

predict the strength degradation with aging time. In next section a multi-scale mechanism-based 

degradation model was developed in order to successfully predict the strength degradation of the 

composite laminate due to thermo-oxidative aging. 
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5.5. Modeling of Strength Degradation Due to Thermo-Oxidative Aging in Polymer 

Based on work done by Xiao and Shanahan [26] for moisture degradation in epoxy resin, 

we assume that the total number of moles of oxygen per unit polymer volume diffusing into a 

polymer consists of a mobile phase (C1) and a bound phase (C2). The bound phase (C2) is the 

concentration of oxygen that has already reacted with the polymer at a given location and time. 

Eqn. (1) can be re-written as, 

( )
2 2 2

1 1 1 1
11 22 33 12 2 2

C C C
D D D R C

C

t x y z

 ∂ ∂ ∂ ∂
= + + − ∂ ∂ ∂ ∂ 

 

Defining the reaction rate 2
1( )

dC
R C

dt
= , C2 at any given time can be obtained through numerical 

integration over each time step given by, 

      
2 2 1( ) ( ) ( ( ))C t t C t R C t t+ ∆ = + ∆

 

 A parametric study has been done to calculate bound phase concentration (C2) with time 

assuming different values of R0 (refer to Eqn. 12).   
 
 

5.5.1. Thermo-oxidative  degradation using Internal State variable 

If (0)P  is the probability of no bond breakage due to thermal oxidation, then the 

probability of at least one bond breakage is given by, 

( 1) 1 (0)P Y P≥ = −  

2

0

( )
( 1) 1 exp

C t
P Y

N

 
≥ = − − 
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Therefore, the number of moles of inter-crosslink chains in neat resin having been cut, cutN  (i.e., 

oxidized) per unit volume at time t is, 

                                   2
0

0

( )
1 expcut

C t
N N

N

  
= − −  

   
                                            (48)   

Hence, the remaining number of moles of inter-crosslink chains per unit volum 

                                   0( ) cutN t N ZN= −                                                          (49) 

Where, Z  is constant and has a value of 1<Z <3, depending on the crosslink morphology.  

Substituting Eqn. (48) in Eqn. (49), 

2
0

0

( )
( ) exp( ) ( 1)

C t
N t N Z Z

N

 
= − − − 

 
      (50) 

   2

0 0

( )( )
( ) exp ( 1)Ox

C tN t
S t Z Z

N N

 
= = − − − 

 
     (51) 

Where, 0N = Initial number of network crosslinks per mole per unit volume at time, t=0 

            ( )N t = Number of remaining network crosslinks per mole at any time, t 

            Z = Parameter determining the type of crosslink (1<Z<3). Here, it is taken as 3. 

             OxS = Mechanism-based internal state variable quantifying change in crosslink density. 

5.5.2. Failure through delamination at the interface between adjacent Lamina 

 An Internal State Variable (ISV) for delamination failure is obtained using the critical 

von Mises strain data. For the case of thermo-oxidative degradation, the critical von-Mises strain 

is assumed to degrade in the following manner based on the thermo-oxidative degradation 

mechanism discussed above.  

   , 0,( ) ( )vm cr Ox vm crt S tε ε=       (52)   
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where, ( )OxS t  is the ISV for thermo-oxidative degradation.  Parametric study was conducted to 

determine ( )OxS t  with time for different values of α as shown in Figure 5.10. It can be observed 

from the figure that the value of ( )OxS t  is very sensitive to the value of R0 (refer to Eqn. 12). 

Significant decrease in internal state variable ( )OxS t  was observed with increasing reaction rate 

R0 value as shown in Figure 5.10. 

 
Figure 5.10: ( )OxS t vs. time for different values of R0. 

After we predict the stiffness and critical von Mises strain degradation now our focus is 

to predict debond initiation using direct micromechanical model as discussed in next two 

sections. 

5.6. Direct Micromechanical Modeling (DMM) To Predict Failure Initiation in 

Unidirectional IM-7/PETI-5 Laminate 

  In order to incorporate the stress amplification due to the presence of micro-scale 

inhomogeneities, a finite element analysis-based micromechanics method called Direct 

Micromechanical Model (DMM) was developed to investigate development of micro-cracks in a 

carbon/epoxy laminate [43]. The unit cell of the composite is modeled using three-dimensional 

finite elements. Periodic boundary conditions are applied to the boundaries of the unit cell. When 



 

 

the laminated composite structure is 

3D localized macro-strains are computed from the 2D global strains analysis. Then, the macro

strains are applied to the unit hexagonal cell model to evaluate micro

predict the initiation of micro-cracks in the fiber/matrix interface. 

The microscopic image of 

the fiber arrangement is quite random in reality. However, for analytical/numerical modeling, it 

is convenient to assume some repetitive pattern of fiber arrangement. The hexagonal pattern of 

unit cell, as shown in Figure 5.12

packing pattern, especially when the composite is fabricated with high fiber volume fraction. 

Theoretically, one can obtain a maximum fiber volume fraction of 91% with hexagonal RVE. 

       Periodic boundary condition is used for the hexagonal unit cell. The periodic boundary 

conditions ensure displacement compatibility and stress continuity on the opposite faces of the 

unit cell.  

Figure 5.11.  Hexagonal packing and corresponding FEM mesh 

Figure 5.
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the laminated composite structure is subjected to combined thermal and mechanical loads, the 

strains are computed from the 2D global strains analysis. Then, the macro

strains are applied to the unit hexagonal cell model to evaluate micro-stresses, which are used to 

cracks in the fiber/matrix interface.  

The microscopic image of a uniaxial fiber-reinforced laminate in Figure 

the fiber arrangement is quite random in reality. However, for analytical/numerical modeling, it 

is convenient to assume some repetitive pattern of fiber arrangement. The hexagonal pattern of 

as shown in Figure 5.12 is used to model the RVE as it is closer to reality than square 

packing pattern, especially when the composite is fabricated with high fiber volume fraction. 

Theoretically, one can obtain a maximum fiber volume fraction of 91% with hexagonal RVE. 

condition is used for the hexagonal unit cell. The periodic boundary 

conditions ensure displacement compatibility and stress continuity on the opposite faces of the 

Hexagonal packing and corresponding FEM mesh 

  

Figure 5.12 : Hexagoal unit cell 3-D Mesh 

subjected to combined thermal and mechanical loads, the 

strains are computed from the 2D global strains analysis. Then, the macro-

stresses, which are used to 

reinforced laminate in Figure 5.11 shows that 

the fiber arrangement is quite random in reality. However, for analytical/numerical modeling, it 

is convenient to assume some repetitive pattern of fiber arrangement. The hexagonal pattern of 

the RVE as it is closer to reality than square 

packing pattern, especially when the composite is fabricated with high fiber volume fraction. 

Theoretically, one can obtain a maximum fiber volume fraction of 91% with hexagonal RVE.  

condition is used for the hexagonal unit cell. The periodic boundary 

conditions ensure displacement compatibility and stress continuity on the opposite faces of the 

 

Hexagonal packing and corresponding FEM mesh [43]. 
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5.6.1. Boundary condition of hexagonal unit cell 

 The unit cells are subjected to axial and shear displacements using periodic boundary 

conditions. The periodic boundary conditions maintain equal boundary displacements with the 

adjacent unit cells to satisfy the compatibility of displacements on opposite faces of the unit cell 

and enforce the continuity of stresses. The hexagonal unit cell is subjected to different strain 

components individually using the periodic boundary conditions shown in Table 5.3. The 

equations of periodic boundary conditions corresponding individual unit strains are applied in 

ABAQUS to perform the FE analysis. 

 

Figure 5.13 Geometry of square and hexagonal unit cells. 

 

Table 5.3.: Periodic boundary conditions for the hexagonal unit cell for the application of unit 
magnitude of various strain components [41]. 

εx=1 εy=1 εz=1 γxy=1 γxz=1 γyz=1 

1 0 3 /2a au u L− =
 

001 =− aa uu  001 =− aa uu  001 =− aa uu  001 =− zz uu  001 =− zz vv  

1 0 3 /2b bu u L− =
 

001 =− bb uu  001 =− bb uu  001 =− bb uu  01 =cu  2/1 Lwc =  

001 =− aa vv  2/01 Lvv aa =−  001 =− aa vv  01 =cu  00 =cu  0 / 2cw L= −  

001 =− bb vv  2/01 Lvv bb =−
 

001 =− bb vv  00 =cu  01 =cv  1 0 / 2a aw w L− =
 

01 =cv  2/1 Lvc =  01 =cv  
1 0 3 /2a av v L− =  00 =cv  0 1 / 2b bw w L− =

 
00 =cv  2/0 Lvc −=  00 =cv  

1 0 3 /2b bv v L− =−
 

1 0 3 /2a aw w L− =
 

 

001 =− zz ww

 
001 =− zz ww

 
tww zz =− 01

 
tww zz =− 01  

1 0 3 /2b bw w L− =
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Local 3D micro-strains at three critical points 1, 2, and 3 (Figure 5.13) were detected using 

periodic boundary conditions applied on hexagon RVE. Strain amplification matrix obtained 

using periodic boundary condition at the three locations 1, 2, and 3 are shown in Table 5.4. 

 

Table 5.4.: Local 3D strains at three critical locations(1,2,3) from periodic boundary conditions. 

Point 1 

 exx=1 eyy=1 ezz1 exy=1 exz=1 eyz=1 
e11 0.0042 -0.0816 0.3284 0.0264 0 0 
e22 0.0100 0.6787 0.3616 0.1292 0 0 
e33 0 0 1 0 0 0 
e12 0.0099 0.7911 -0.0031 0.2378 0 0 
e13 0 0 0 0 0.0074 -0.0365 
e23 0 0 0 0 -0.0070 1.1048 

Point 2 

 exx=1 eyy=1 ezz1 exy=1 exz=1 eyz=1 
e11 0.0049 -0.0021 0.3285 0.0003 0 0 
e22 -0.0019 0.0052 0.3306 0.0002 0 0 
e33 0 0 1 0 0 0 
e12 0.0005 -0.0007 0 0.007 0 0 
e13 0 0 0 0 0.0096 0.00 
e23 0 0 0 0 0.0002 0.0097 

Point 3 
 

 exx=1 eyy=1 ezz1 exy=1 exz=1 eyz=1 
e11 0.0013 -0.0334 0.3650 0.0176 0 0 
e22 -0.0080 0.0265 0.3336 0.0110 0 0 
e33 0 0 1 0 0 0 
e12 0.0309 0.0673 0.0154 0.2304 0 0 
e13 0 0 0 0 0.1028 0.0159 
e23 0 0 0 0 0.0044 0.0133 

 
 
 

5.7. Multiaxial Viscoelastic Cohesive Layer  Damage Formulation 
 

Based on the work reported by Allen et al. [44], the area averaged fibril tractions across 

the cross-sectional area of the cohesive layer representative volume element shown in Figure 

(5.14a) and (5.14b) may be expressed by, 
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fibril1
    ; i=1,2,3i i

A

T t dA
A

= ∫                 (53) 

 

(a)                                                                  (b) 

Figure 5.14: (a) Opening crack containing cohesive ligament (b) Reduction of RVE to 
cohesive zone by area averaging fibril tractions (Ref: Allen, [44]) 

 
Where, A is the cross-sectional area of the RVE. Assuming uniform traction within each fibril 

within the RVE, Eqn. (53) can be discretized as, 

fibril

1

( )
    ; i=1,2,3

N
k

i i
k

A t
T t

A=

=∑      (54) 

Where, Ak represents the cross-sectional area of the kth fibril within the RVE and N is the 

number of fibrils in the RVE and N is the number of fibrils in RVE from continuum mechanics 

components of surface traction vector at the mid-plane of each fibril can be related to the 

components of the stress tensor by, 

fibril fibril
ij j in tσ =      (55a) 

ij j in Tσ =      (55b) 

Where the overbar represents area averaged quantity (average stress) and nj are the rectangular 

Cartesian components of the direction cosines at the fibril mid-plane. 
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Substituting equations 55(a) and 55(b) in (54), 

            

fibril

1

( )
 

N
k

ij j ij j
k

A t
n n

A
σ σ

=

=∑  

Or,    fibril

1

( )
 0

N
k

ij ij j
k

A t
n

A
σ σ

=

 
− = 

 
∑      (57) 

Since Eqn. (57) must be non-trivial for any arbitrary orientation of the fibril mid-plane, therefore, 

fibril

1

( )
 

N
k

ij ij
k

A t

A
σ σ

=

=∑       (58) 

Defining a continuum internal damage parameter η  representing the time varying area fraction 

of the growing voids with respect to the cross-sectional area of the RVE, 

1

( )
 

N

k
k

A A t

A
η =

−
=

∑
      (59) 

Eqn. (58) reduces to, 

fibril(1 ) ij ijσ η σ= −       (60) 

As described in Roy and Reddy [45], the multi-axial viscoelastic stress-strain law for a polymer 

fibril may be expressed in matrix notation as, 

fibril{ ( )} [ ( )]({ ( )} { ( )})t M t t H tσ ε= −     (61) 

Where, [M] is a matrix of time-dependent viscoelastic stiffness, {ε} is the vector containing 

mechanical strains at time t, and {H} contains the hereditary (load history-dependent) strain 

components. 

Combining Eqns. (60) and (61) gives the viscoelasticity-damage relationship within a cohesive 

RVE at an interlaminar interface, 

{ ( )} (1 )[ ( )]({ ( )} { ( )})t M t t H tσ η ε= − −    (62) 
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5.7.1. Damage Evolution Law 

A phenomenological damage evolution law is given by, 

   

0 ( ),  if 0 and <1

0,  if 0 and <1

n td

dt

η λ λ ηη
λ η

 ≥
= 

<

&

&     (63) 

Where, λ is the principal stretch measure within the RVE and 0η  and n are material constants. 

 

5.7.2. Determination of Principal stretch 

At any point within the RVE, the deformation gradient Fij(t) is given by, 

( ) i
ij

j

x
F t

X

∂
=

∂
      (64) 

Where, xi is the current configuration and Xj is in the reference configuration. The right Cauchy-

Green tensor Cij is given by (Ref: Malvern [46]), 

k k
ij

i j

x x
C

X X

∂ ∂
=

∂ ∂
      (65) 

In matrix notation, Eq. (65) becomes, 

   [C]=[F]T[F]      (66) 

Assuming a multiplicative decomposition of the deformation gradient into stretch and a rotation, 

      [F]=[R][U]     (67) 

Eq. (66) becomes, 

    [C]=[U]T[R]T[R][U]= [U] T[U]=[U] 2  (68) 

Therefore, the principal values of stretch tensor [U] can be obtained by taking positive square-

root of the principal values of [C], 

      I I IU C λ= =      (69) 
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5.7.3. Damage Initiation Criterion 

Within the RVE, damage initiation will be assumed to occur if a critical value of the von-

Mises equivalent strain εVM,cr is exceeded (at critical points of DMM model), i.e., 

2 2 2 2 2 2

,

( ) ( ) ( ) 6( )

2
xx yy yy zz xx zz xy xz yz

VM cr

ε ε ε ε ε ε γ γ γ
ε

 − + − + − + + + =   (70) 

If Eq. (70) is satisfied then Eq. (71) is invoked such that, 

( )  , I CR I CRtλ λ λ λ λ= − ≥     (71) 

Where λI(t) is the current value of the principal stretch and λCR is the critical value of principal 

stretch at damage initiation. 

One of the problems in modeling the failure of a weak interface using a elastic cohesive-

layer is the instability that is encountered due to elastic snap-back. The equations fail to converge 

at the point of instability due to an imbalance in strain energy. Introduction of a viscosity term in 

the equations of the cohesive layer helps in overcoming this problem through a “viscous 

regularization” of the response during unstable crack growth.  

In next chapter, a multi-scale mechanism-based degradation model is presented to predict 

stiffness and strength degradation in polymer composite material and was successfully 

benchmarked using test data. Upon model calibration, the experimental results were successfully 

predicted using FEA for thermo-oxidative aging conditions.  
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CHAPTER 6 

MODEL VERIFICATION AND BENCHMARKING 

6.1. Bending Stiffness and Strength Degradation in Unidirectional IM-7/PETI-5 at 

300̊ C  

From flexure experimental data, a significant change in bending stiffness and strength has 

been observed due to thermo-oxidative aging at 300˚C in unidirectional IM-7/PETI-5 as given in 

Table 3.7 and 3.8. The analytical model (refer to Eq. (43)) captures the degradation of effective 

bending stiffness very precisely upto 1500 hrs. Normalized bending stiffness at different aging 

time is evaluated from test results and compared with predicted normalized bending stiffness 

11 11/D D  for different values of the damage opening proportionality constant k (refer to Eq. (44)) 

with time as shown in Figure 6.1.  From this figure it is evident that, k=1.30 captures the 

stiffness degradation of the laminate IM-7/PETI-5 very closely. A parametric sensitivity study of 

the influence of the damage opening proportionality constant k on effective bending stiffness is 

depicted in Figure 6.1 reveals that the effective bending stiffness is quite sensitive to the value of 

k for the range of properties selected in the present analysis. Figure 6.2 depicts the variation of 

normalized bending stiffness (11 11/D D ) with debond length. Initially, the effect of debond 

growth on bending stiffness is not very significant until the debond length, ( )d t , from each edge 

approaches ~15% of the laminate span.  Subsequently, a dramatic reduction in the effective 

bending stiffness is predicted as the debond length increases further with time. Similar to Figure 

6.1, a parametric sensitivity study of the influence of the damage opening proportionality 

constant k on effective bending stiffness as depicted in Figure 6.2 reveals that the effective 
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bending stiffness is quite sensitive to the value of k for the range of properties selected in the 

present analysis.   

 
Figure 6.1: Variation of normalized bending stiffness 11 11/D D  of unidirectional IM-7/PETI-5 

with time for different values of the damage parameter k due to 2016 hrs of thermo-oxidative 
degradation at 300˚C. 

 
 
 
 

 
Figure 6.2: Variation of normalized bending stiffness 11 11/D D  of unidirectional IM-7/PETI-5 

with normalized debond length for different values of the damage parameter k due to 2016 hrs of 
thermo-oxidative degradation at 300˚C. 
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6.1.1. Degradation in flexural stiffness: 

 An FEA analysis is performed to verify the analytical results. A finite element mesh was 

generated using ABAQUS v6.9. A unidirectional IM-7/PETI-5 of dimension 91.56 mm x 12.7 

mm x 3.175 mm specimen is modeled using material properties given in Table 6.1. There are 

260 8-noded quadratic elements in the FEA mesh.  Loading and boundary conditions are shown 

in Figure 6.3. A 680 N downward load is applied at the mid-span and held constant with time. 

FEA mesh of flexure specimen is shown in Figure 6.4. Total FEA analysis time is 2000 hours, 

divided into 20 steps with 100 hours per time step. The stiffness of the laminate is continuously 

changing with the increase in fiber/matrix debond length,( )d t , due to thermo-oxidative aging. 

For the FEA model, an ABAQUS UMAT subroutine was written to compute the stiffness 

degradation as defined in Eqn. 36, as well as the debond growth as defined in Eqn. (25). 

Localized effective elastic modulus E1 of oxidized and unoxidized IM-7/PETI-5 is shown in 

Figure 6.5 due to thermo-oxidative aging at 300˚C after 2016 hours. Bending stiffness 

degradation predicted by the FEA model is compared with test data and analytical model as 

shown in Figure 6.6. As can be seen from the figure, there is excellent correlation between the 

analytical model and test data. The FEA model slightly over-predicts the stiffness degradation 

of the laminate in the near term, although the long-term FEA prediction agrees well with test 

data and analytical solution, as shown in Figure 6.6.  

The material parameters for IM-7/PETI-5 used in the FEA prediction of effective 

normalized stiffness are listed in Table 6.1. The unknown continuum damage mechanics (CDM) 

coefficients 1A , 2A , 3A  and 4A  were obtained by using energy equivalence between the 

micromechanical RVE and a smeared orthotropic continuum model of the RVE. Details of the 
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determination these unknown coefficients is discussed in Roy et al. [24]. The CDM coefficients 

thus obtained are tabulated in Table 6.2. 

 
 

Figure 6.3: Boundary condition on unidirectional IM-7/PETI-5 composite. 
 
 
 
 

 
Figure 6.4. Finite element mesh of flexure test specimen in ABAQUS. 

 

 

 
  

Figure 6.5. Local element stiffness of oxidized and unoxidized IM-7/PETI-5 in ABAQUS due to 
thermo-oxidative aging at 300˚C after 2016 hours. 
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Figure 6.6: Comparison of FEA with test data and analytical prediction of 

normalized bending stiffness 11 11/D D  of unidirectional IM-7/PETI-5 with time 

due to thermo-oxidative degradation at 300˚C. 
 
 

Table 6.1:  Elastic properties of unidirectional IM-7/PETI-5 

  Un-oxidized IM-7/PETI-5 
Oxidized  unidirectional IM-

7/PETI-5 

(2016 hrs at 300˚C) 

Young’s modulus E1 1.669×105 9.545×104 

Poisson’s ratio 0.37 0.50 

 

Table 6.2: Coefficients of CDM for unidirectional IM-7/PETI-5 for Vf = 0.6  

CDM Coefficients Values (MPa) 

1A  -49.09 

2A  6.460 

3A  6.207 

4A  -57.51 

k                              1.30 
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6.1.2. Degradation in flexural strength: 

An FEA analysis was performed for oxidized and unoxidized unidirectional IM-7/PETI-5 

beam measuring 91.56 mm x 12.7 mm x 3.175 mm to simulate the strength degradation. There 

are 4864 8-noded quadratic elements in the FEA mesh as shown in Figure 6.7. Displacement 

control was employed in order to simulate the experimental conditions. Displacement at the 

beam midspan was ramped from zero to a maximum value of 2.54 mm. The total displacement 

was divided into 25 steps. The stiffness of the elements upon oxidation was degraded based on 

the damage mechanics formulation described earlier (Chapter 5). Elastic properties for 

unoxidized and oxidized unidirectional IM-7/PETI-5 are given in Table 6.1. Multi-axial visco-

elastic cohesive layers were used between two laminas to model delamination failure. Prony 

series data were used for modeling the time-dependent behaviour of oxidized and unoxidized 

PETI-5 as shown in Table 3.5.  Matrix dominated interface region is degradation and critical von 

Mises strain is assumed to reduce with thermo-oxidative degradation depending on internal state 

variable ( ( )OxS t for R0=0.012 mole/(m3.min)) The degraded matrix failure is compared with 

experiment as shown in Figure 6.8 (refer to Eq.(59)). Good Agreement is observed in 

interlaminar shear strain prediction. 

 
Figure 6.7: Meshed flexure specimen of unidirectional IM-7/PETI-5. 
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Figure 6.8: Degradation of matrix strain (εVM,cr) with time using Internal State 

Variable (ISV) ( )OxS t for R0=0.012 mole/(m3.min). 

 
6.2. Load- Displacement Curve and Failure Mode Switch  

6.2.1. Damage initiation in aged and unaged specimens 

  Damage initiation is predicted by the DMM model in IM-7/PETI-5 laminas using 

localized strain amplification as given in Table 5.4, and then applying the Strain Invariant Failure 

Theory (SIFT) for fiber and/or matrix failure. According to SIFT [47], matrix failure of a 

unidirectional composite could be controlled by one of two strain invariants: the dilatational and 

the distortional, which can be represented by the first principle invariant (J1) and a von Mises  

Table 6.3:  Critical von-Mises strain in DMM for unidirectional IM-7/PETI-5. 

εvm,cr Un-oxidized IM-7/PETI-5 Oxidized  IM-7/PETI-5 

Fiber Failure  0.0088  0.0088 

Matrix Failure 0.0122* 0.0025 

Mode of Failure Fiber Failure Matrix delamination 

*Critical von Mises strain of unaged matrix calculated from baseline neat PETI-5 tensile yield stress=43.7 MPa E=3.56 GPa 
[32]. 
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 strain (εVM), respectively. Meanwhile, fiber failure could be controlled by the critical von Mises 

strain. The dilatational strain of fiber has not been found to control fiber failure. From 

experimental measurement of strains for off-axis unidirectional composites with angles varying 

from 100 to 900, the von Mises strain controls when the ply angle is less than 300 while the 

dilatational strain controls between 300
 and 900 [47]. Therefore, the two critical invariants can be 

determined with two off-axis tensile tests. Meanwhile, the critical von Mises strain for the fiber 

can be determined by a uniaxial tension test of 00 ply. Critical value of von Mises strain for un-

oxidized and oxidized unidirectional IM-7/PETI-5 obtained from flexure test data is given in 

Table 6.3. Critical von Mises strain for fiber failure is assumed to be the same in both oxidized 

and unoxidized cases but  matrix dominated region is degraded and critical von Mises strain is 

assumed to reduce with thermo-oxidative degradation of the matrix predicted by the internal 

state variable ( ( )OxS t for R0=0.012 mole/(m3.min)) as shown in Figure 6.8 (refer to Eq.(52)). In 

un-oxidized laminate, fiber of top layer of laminate reached the critical value of von Mises strain 

before matrix reaches un-oxidized critical von Mises strain, that is responsible for fiber failure in 

un-oxidized laminate, whereas, in oxidized laminate matrix reached the oxidized critical von 

Mises strain before fiber critical von Mises strain, that causes it to fail due to fiber/matrix 

delamination.   

6.2.2. Failure Mode switch  

  As observed during flexure tests, un-oxidized (baseline) unidirectional IM-7/PETI-5 fails 

due to compressive fiber failure, while oxidized unidirectional IM-7/PETI-5 fails due to 

delamination, indicating a switch in the failure mode. FEA simulation of compressive fiber 

failure mode in unoxidized IM-7/PETI-5 is depicted in Figure 6.9, clearly showing failed 

elements. However, after complete oxidation, IM-7/PETI-5 laminates fail due to delamination, 
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which initiates at the edges due to degraded properties of material at the free edges of the 

laminate. FEA simulation of delamination failure mode in oxidized IM-7/PETI-5 is shown in 

Figure 6.10.  

 
Figure 6.9: Fiber failure in flexure test of unoxidized unidirectional IM-7/PETI-5. 

 
Figure 6.10: Delaminating in flexure test of oxidized unidirectional IM-7/PETI-5 after 

aging 2016 hrs at 300˚C. 



 

 

6.2.3. FEA SIMULATION OF FALIURE IN THREE POINT BENDING

Load-displacement curve 

respectively, are compared with experiment

model was able to predict peak load as well as simulate the unloading that occurred post

Good correlation with test data is 

for application to unidirectional laminates

With viscoelastic regularization as explained in Chapter 5, the FEA model was able to 

match the experimental results for 

allowing degradation of critical von mises strain

simulate the mode switch. Shear stress vs. strain for the 

layer model is shown in Figure 

strength of viscoelastic cohesive element

Figure 6.11: Comparison of 
multi-axial visco-elastic model 

unoxidized 

 

82 

 
 

FEA SIMULATION OF FALIURE IN THREE POINT BENDING  

displacement curve predicted by FEA for unoxidized and oxidized IM

respectively, are compared with experimental data as shown in Figure 6.11.  Note that the FEA 

model was able to predict peak load as well as simulate the unloading that occurred post

Good correlation with test data is observed, thereby providing verification of the proposed model 

for application to unidirectional laminates.  

With viscoelastic regularization as explained in Chapter 5, the FEA model was able to 

match the experimental results for the aged and unaged case with sufficient accuracy. By 

critical von mises strain as predicted by ISV, we were 

Shear stress vs. strain for the unaged and aged viscoelastic 

shown in Figure 6.12. 73% degradation in stiffness and 68% degradation in 

cohesive elements were observed.  

Comparison of load vs. displacement plot from FEA result 
elastic model with test result from flexure test of oxidized and 

unoxidized unidirectional IM-7/PETI-5. 

 

unoxidized and oxidized IM-7/PETI-5, 

Note that the FEA 

model was able to predict peak load as well as simulate the unloading that occurred post-failure 

observed, thereby providing verification of the proposed model 

With viscoelastic regularization as explained in Chapter 5, the FEA model was able to 

with sufficient accuracy. By 

 able to correctly 

viscoelastic cohesive 

73% degradation in stiffness and 68% degradation in 

 
FEA result using 

with test result from flexure test of oxidized and 
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Figure 6.12: Local shear stress vs. strain at displacement rate of 0.25 mm/min for 

unoxidized and oxidized cohesive layer. 
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      CHAPTER 7 

SUMMARY AND CONCLUSION 

Thermo-oxidative material properties characterization tests were performed on neat resin 

PETI-5 and unidirectional IM-7/PETI-5.   It was observed that the oxidation process was highly 

anisotropic in nature, with the oxidation in the axial (fiber) direction progressing much faster 

than the oxidation in the direction transverse to the fibers. Micrographs of oxidized specimens 

indicate significant synergistic debond occurring at the fiber/matrix interface, that cannot be 

predicted using a simple rule of mixtures approach to failure modeling. The rate of weight loss 

due to thermal degradation of the composite is dependent on surface area perpendicular to fiber 

direction. Thermo-oxidative parameters were obtained for neat resin PETI-5 as listed in Table 

4.1. Shear creep test on neat resin were performed on unaged and aged neat resin at 3.43 MPa 

stress level. To obtain viscoelastic creep compliances for input to FEA aged neat resin were 

oxidized at 300˚C for 2000 hrs. Significant change in creep compliance was observed for aged 

and unaged resin (Figure 3.16). 

A simple modelling methodology is presented for transitioning from a micro-mechanics 

(RVE) based kinetic model to the macro-scale structural level, through the use of continuum 

damage mechanics (CDM).  The strong anisotropy in the longitudinal direction observed in the 

thermal-oxidation of unidirectional composite lamina is accounted for in this model.  Darcy’s 

law is employed to model oxygen permeation in the porous region at the fibre/matrix interface to 

develop a shrinkage-induced permeation-controlled debond growth model. Debond initiation and 

growth is incorporated in the model through the use of a cohesive layer with a prescribed 
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traction-separation law, and the damage parameters thus obtained are used to predict long-term 

behaviour at the laminate level.  

From the analytical predictions it is evident that, initially, the effect of debond growth on 

laminate bending stiffness is not very significant until the debond length, ( )d t , from each edge 

approaches ~15% of the laminate span.  Subsequently, a dramatic reduction in the effective 

bending stiffness is predicted as the debond length increases with time. There is excellent 

correlation between the proposed analytical model and test data for laminate stiffness 

degradation (Figure 6.6). The FEA model appears to slightly over-predict the stiffness 

degradation of the laminate in the near-term, although the long-term FEA prediction agrees well 

with test data and with analytical solution. 

For strength degradation, a multi-scale viscoelastic cohesive layer model using Internal 

State Variable (ISV) is developed, which, depends on concentration of oxygen reacted with 

polymer. The critical von-Mises strain is assumed to degrade based on the thermo-oxidative 

degradation mechanism (Figure 6.8). For strength degradation simulation an in-house FORTRAN 

based FEA code, NOVA-3D, was employed. This model successfully predicts the strength 

degradation of laminate composite with aging time.   

The viscoelastic cohesive layer approach helped overcome the numerical instabilities that 

usually occur at the point of failure. The simulated load vs. displacement curves matched well 

with the experimental results. An error of about 6% was observed in the peak load prediction for 

unaged specimens and 10% for aged specimen. Thus, the FEA model was quite accurate. 
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As observed during flexure tests, un-oxidized (baseline) unidirectional IM-7/PETI-5 fails 

due to compressive fiber failure, while oxidized unidirectional IM-7/PETI-5 fails due to 

delamination, indicating a switch in the failure mode. The delamination initiates at the edges due 

to degraded properties of material at the free edges of the laminate. The model is able to 

successfully capture the failure mode switch from compressive fiber failure in unaged laminate 

to delamination in aged laminate. 
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