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ABSTRACT

A multi-scale mechanism-based life prediction model is developed flottigperature
polymer matrix composites (HTPMC) under thermo-oxidative aging conditidfiesprediction
model is based on stiffness and strength degradation in unidirectional HTPMC weleraaed
thermo-oxidative aging condition. A multi-scale model based on continuum damelyamaes
to predict stiffness degradation and progressive failure due to degradainter-laminar shear
strength is developed for unidirectional composite. Using continuum damage nesaracan
relate the behavior of composites at micro-level (representative volamerg) to the macro-
level (structural element). Thermo-oxidative aging is simulated withgddh-reaction model in
which temperature, oxygen concentration and weight loss effects are condtderdakr/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, prowviteshanism
for permeation-controlled debond growth in HTPMC. Viscoelastic regularizatithrei
constitutive equations of the cohesive layer used in this model not only mitigatesaalimeri
instability, but also enables the analysis to follow load-deflection behavior bdyopaint of
peak failure load. Benchmark of model prediction with experiment was carriedl @stablish

proof-of-concept.
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CHAPTER 1

INTRODUCTION

In order to support materials selection for the next-generationssupetransport
aircraft, a study has been undertaken to evaluate the matersitative relationships needed to
describe advanced polymer matrix composites under conditions of highatwhclevated
temperature. The primary challenge to the use of HTPMC istaimygro-thermal effects at
temperature 100°C-300°C resulting in thermo-oxidative degradatidnaacelerated damage
evolution. Polymer matrix composites used in high temperature apmpiisasuch as turbine
engines and engine exhaust washed structures, are known to hiéee lif@ due to oxidative
and hygrothermal degradation. For example, high temperature, pressdréie presence of
moisture limit the life of some polyimide composite components to Ddlyhours of service for
worst-case operational conditions. Failure of composites in thesessiggrenvironments has a
direct impact on operational cost and fleet readiness. The chentiealges occurring in
composites during oxidation result in mechanical response changes &udhli loss of mass
associated with out-gassing of oxidation by-products.

Although the rate of chemical reactions is in part governedéydaction temperature,
for typical high glass-transition temperature glassy polyntbesrate of chemical reaction or
oxidation is much greater than the rate of diffusion of the oxidiagents and therefore
degradation is diffusion limited. Unfortunately, severe surface owrigategradation results in

the formation of fiber-matrix debond coalescing into transverse surfades clidwese cracks not
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Figure1.1: PMC Weight Loss Rate

only reduce strength, but also create enhanced pathways for deygenetrate deeper into the
composite.

The current research aims to provide a means for predicting the longdgormmance of
composite materials, based on laboratory testing and degradatiotingodecelerated ageing
of the specimens was carried out in order to simulate variouswadd conditions. The
mechanism-based FEA model uses a modified Fick's law of diffusitime bulk polymer that
includes a reaction term related to the rate of oxygen consumptiotodtleemical reaction
between the polymer and oxygen. The model incorporates the couplingebetwggen
diffusion and polymer consumption process. Significant matrix shrinkagkserved to occur
during the oxidation process. Modeling of the resulting shrinkage-indumegasite damage
evolution at the micro-scale is described in the following paragraphs.

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

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



diffusion, and consequently, polymer weight loss exhibits anisotropic lmeh#&a can be seen
in Fig 1.1, the weight loss in the direction transverse tdillees (S and ) is actually lower
than the weight-loss for neat resin samples due to the retaetfewy of the carbon fibers on
oxygen diffusion, exactly as predicted by the rule of mixturesvéver, the weight loss in the
longitudinal (fiber) direction is observed to be greatly acceddrdtie to synergistic interactions
between the fiber, matrix, and the interface. It is conjecturedpibigmer shrinkage due to
thermal oxidation may be responsible for debond to initiate and prepatpatg fiber-matrix
interface, thereby allowing accelerated diffusion and oxidatioarder to simulate this effect, a
cohesive layer model was introduced at the interface of the polgmerfiber within the
framework of a test-bed finite element analysis (NOVA-8D#a representative volume element
(RVE). Our numerical results indicate that oxygen diffusion at high tempercasuses oxidation
in the polymer, which indeed leads to shrinkage of the polymer thaspmomsible for the
initiation of fiber/matrix interface failure at high temperatur@he interface failure leads to
increased permeation at the porous interface obeying Daray,srésulting in a permeation-
controlled debond growth in the composites along the fiber direction,bthexecelerating
weight loss as depicted in Figure 1.1. In contrast to the longitudiredtion, the numerical
results predict that the diffusion rate is slower in the dwadtiiansverse to the fibers, due to the
retarding effect of the carbon fiber on diffusion and oxidation, a®lsorated by Figure 1.1.
Implementation of the micro-scale FEA/RVE within a macralsdaminate model through
multi-scale modeling using established principles of continuum dammagbanics (CDM) is
presented to demonstrate the structural life-prediction capatiilitye 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 megpkrinents are
proposed for life prediction of the polymer composites under high mmaW@nvironmental
loading condition. Accelerated aging tests were performedrtolaie the real world conditions.
In order to understand the thermal degradation behavior of the high téun@gralymer matrix
composite IM-7/PETI-5 and neat resin PETI-5 were tested fammgdeoxidation at high
temperature in air, argon and oxygen rich environments. From weightekperimental data
oxygen diffusion parameters of PETI-5 were calculated to finddiffasion parameters of
laminated composite IM-7/PETI-5 using homogenization techniques. t@xidaliffusion

parameters thus obtained for IM-7/PETI-5, are used to simulat#iftasion model and debond

growth using cohesive layer model.




A multi-scale mechanism-based degradation model was developedrdar to
successfully predict the stiffness/strength degradation ofdhgosite laminate due to thermo-
oxidative aging. Based on the continuum damage mechanics (CDM) appesoaobgressive
damage propagation model was developed to predict the stiffie@gadation with debond
length. For strength degradation, a multi-scale viscoelastic eehlesier model using Internal
State Variable (ISV) is developed which depends on diffusivity @mtentration of oxygen
reacted with polymer. This model successfully predicts therlaminar shear strength
degradation of laminated composite with aging time.

Fiber/Matrix debond initiation is predicted using Direct Micromechamvtzdel (DMM),
in which the global-strains are applied to the unit hexagonalnoetlel and local amplified
strains are calculated at critical points in unit hexagonal Teése local strains are compared
with critical von Mises strain values of fiber/matrix using ®iain 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 lamsibaked
on fiber failure in bending whereas, for aged laminate, damage evolution is baseztlaminar
delamination. In fiber failure, the laminate is assumed to beaktg any further load after the
damage initiation point is reached. While, in interlaminar delatron, damage evolution is
assumed to be following multi-axial viscoelastic cohesive modahahterlaminar interface to
simulate load-displacement relationship from flexure experindatd. Very good agreement
with flexure experiment for aged and unaged laminate was observed using dldete m

This model is also able to capture failure mode switch inufle)experiement from

compressive fiber failure in unaged laminate to delamination failure in agatble.



Apart from thermo-oxidative aging, steam blistering testsalso performed on
unidirectional IM-7/PETI-5 to observe the effect of sudden heatinghigh humidity
environment.

Although, the experiments were conducted on IM-7/PETI-5 but the Inaéso valid
for similar high temperature thermo set polymer matrix comggaskor thermo plastic polymer
matrix composite stiffness model expected to follow CDM buhgttedegradation model need
to be rectified considering a different molecular structure of mety Accelerated aging
experiments should be conducted to characterize the material psp#Hrselected composite

material.



CHAPTER 2

LITERATURE REVIEW

Composites offer numerous advantages over conventional strugtsieins in the form of
higher specific stiffness and strength, lower life-cycle cests additional benefits such as easier
installation and improved safety. In recent years, there has bmersiderable increase in the use of
polymer matrix composites. However, there is a general lack of data on thedongerformance of
these materials which hinders the widespread adoption of thesaaisatvarious factors affect the
performance of these composites. Some are related to the fabrjzaticess while others are related
to the environmental and loading conditions in real world use. This wousés on the latter. Since
these materials typically fail in a brittle and catastrophanner with little forewarning, there are
heightened concerns related to their capacity for sustainéafrpance 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 compessifor aerospace
applications is traditionally determined through long-term agkmeements and extensive test
programs. Thermal oxidative aging can result in embrittlementgesain the glass transition
temperature, and micro-cracking ultimately leading to compesitaeess, strength, and fracture
toughness changes. The number of efforts devoted to developing a capabgitydict the
service life performance of high temperature polymer mawmposites has been limited [1].
However, aging experiments have provided the basis for currentseftormodel oxidative
degradation at various hierarchical scales to include the kingtipelymer oxidation, fiber-
matrix-interphase unit cell diffusion/reaction, ply-level oxidatiand laminate level oxidation

2, 3].



PMR-15 is one of the most widely used and studied of the high temgeamposite
structural resin systems used for aerospace applications. Argrimeasure of the thermal
oxidative stability of PMR-15 and other high temperature compos#erials has been the
percentage weight loss as a function of aging time and tataper In general, the relationship
between weight loss and property changes can be highly nonlinear antbtiakgays provide a
measure of the spatial variability of degradation withingpecimen. To accurately predict the
performance of polymer matrix composite components and structubgscted to thermo-
mechanical loading, knowledge of the individual aging mechanisms, their syicez{jects, and
the spatial variability of the thermo-oxidative degradation itscat [4, 5, 6]. The reliability of
predicting performance using methods based entirely on weighinlegsich small changes in
weight can result in significant declines in mechanical progersigquestionable. However, in
the absence of methods to predict end of life properties, weight loss has beespéadamethod
to compare the thermal oxidative stability of different makefid]. The findings of the present
investigation along with the results of ongoing work to charaeehe synergistic influence of
the fiber-matrix interface on thermal oxidation will provide tleeessary 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$ ficcumented by
Nelson [9] when he observed that the oxidation process was sensithe gurface area for the
different test specimen geometries that he investigated. He fhahthe dominant degradation
mechanism for the graphite/polyimides is oxidation of the mattixha laminate edges.
Additionally, the materials degraded preferentially at the spatisurface perpendicular to the
fiber (O degree edges) and the rate of oxidation was hastenaictmcracks opening on the 0

degree edges providing increased exposed surface area for oxidaamh.bl, the work of



Bowles and Meyers [10], several weight loss models for preditt@dong-term aging of high
temperature polymer matrix composites based on weight loss surface flugdselea developed
[11-14].

In a work done by Schoeppner et.al [15], a series of 16 ply unidmattG30-500
/PMR-15 composites with Toho EPOL1 fiber sizing were isothermadlyd at 288°C in an
oxidizing (air) environment, and a series were isothermally ag@8&C in a non-oxidizing
(argon) environment. Four specimen geometries with different areanpages of surfaces with
exposed fiber ends were cut from the fabricated panel. The volumeeagidt changes of the
specimens were monitored as a function of aging time. Specimeadiveemally aged in both
an oxidizing (air) gaseous environment and a non-oxidizing (argonpgasenvironment
allowing the separation of oxidizing and non-oxidizing effects on volanteweight changes.
Additional specimens were used to monitor the rate of propagationiddtiox in the fiber
(axial) direction and the transverse direction and were compardtiet rate of oxidation
propagation in neat resin specimens. While anisotropic oxidation hasdbeamented in the
past, a more complete study of the time history of the oxidatiopagation from the axial and
transverse surfaces has been presented including a detailmtha&x@n of the fiber-matrix
interface damage using a scanning electron microscope (SEM)old$evations provided
evidence not only for resin and fiber-matrix interphase degradation,alsot for fiber
degradation. A review of pertinent weight loss models from thalues is given and selected
models are used to predict the weight loss in the 16 ply unidirecipaeimens. The models are
also applied to PMR-15 woven composite data taken from the literadudetermine their

suitability for predicting weight loss in woven composite materi Finally, time and



temperature dependent surface weight loss rates are presentenimgaaded to neat resin surface
weight loss rates.

Various researchers have studied the thermo-oxidative agingssrdny developing
model based design and novel-material systems that enhance ethendif affordability of
HTPMC. Colin et al. [16] developed a kinetic model to predict the depth of the oxidizdidr
a F655-2 bismaleimide polymer resin. The model is based on a dii#emiation analogous to
Fick’s law in which the oxygen diffusion and its consumption rate af€)coupled, where C is
the oxygen concentration. The mathematical form of the consumptionr(€), is derived from
the mechanistic scheme of branched radical chain oxidation. Theirl pi@diections were in
excellent agreement with experimental results. More rece@tin et al. [17] enhanced their
kinetic model to predict relative mass loss in a T800OH/BMI com@dsjt assuming that the
volatile formation results essentially from hydroperoxide decortipnsiThe enhanced model
was also able to take into account the fact that mass losdused due to the stabilizing effect
of carbon fibers due to the scavenging of the peroxyl radlmglsarbon. Again, excellent
agreement with experimental gravimetric results was observed.

Tandon et al. [18, 19] extended the kinetic model by introducing the cooicpplymer
availability state variable, thereby producing predictive oxddtyer growth simulations for a
high temperature polyimide, PMR-15. Macroscopic weight loss measotemvere used to
determine the reaction and polymer consumption parameters. A pacaseesitivity analysis
was used to determine the sensitivity of the controlling paemelt was observed that the
oxidation growth process was diffusion controlled, and that the diffusivity of tiézegli zone is
the controlling parameter. Recently, Pochiraju et al. [20] haveestuitie thermo-oxidative

behaviour of unidirectional composite material. Their work dealb Wiermo-oxidative layer
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growth and damage growth with time. The modulus of PMR-15 is sensitithe temperature
and oxidation state. Due to strong anisotropy in thermo-oxidatipemes of G30-500/PMR-15
composite, accelerated oxide layer growth is observed in thedffleetion as compared with the
direction transverse to the fibers. Homogenization techniquesadeto determine the effective
diffusivity of the composite lamina. They have demonstrated tfeetedf fiber fraction on
diffusivity and the effect of a diffusive interface at the laaniscale. It is also observed that
compressive modulus of PMR-15 resin decreases from 4.72 to 3.39 GRateoperature 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 approachphdke
recently developed coupled constitutive theory with reaction andossiauctural damage is
presented for polymer-matrix composites in a high-temperaoveonment. Micromechanics
formulation of the problem is made to include coupled anisotropic therxnddtion reaction,
mass transport, and thermo-mechanical damage in the fiber compNsitesrical solutions are
derived for the thermal oxidation problem of a carbon/polyimide corgpad elevated
temperatures subject to thermo-mechanical loading.

Talreja [22] has developed constitutive stress-strain relationps sfor basic
configurations containing distributed damage entities. In this mmmelnuum concept is used
which considers composites as homogeneous isotropic body with damage astetnal
structure. It uses the basic laws of thermodynamics and damage t&nderraal variables in the
functional relationships of response functions. Recently, Talreja di&RJjussed multi-scale
modeling aspects of damage and operating mechanisms in unidirectienaahic matrix
composites and cross-ply polymer matrix composite laminates. mwibi-scale modeling

strategies- continuum damage mechanics and synergistic dameg®anics approach are
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proposed in the context of deformational response. These are homogenieeliniques where
material micro-structure and micro-damage structurdraeged as smeared tensor fields. A set
of response functions are expressed in terms of field variablesh wdpresent the smeared-out

fields of evolving damage entities.

One of the problems in modeling the failure at a weak interfaitey a cohesive-layer is
the instability that is encountered due to elastic snap-backedimions fail to converge at the
point of instability due to an imbalance in strain energy. Introductfa viscosity term in the
equations of the cohesive layer helps in overcoming this problem thraugWiscous
regularization” of the response during unstable crack growth [25jhdnpresent case, the
viscoelasticity based model was able to successfully simgki@strophic delaminations in
flexure experiments of unaged and aged unidirectional compositebeyelhd peak (failure)

load.

A mechanism based interlaminar shear strength degradation rsoei@lpioyed in this
research to simulate damage initiation within the cohesive &ybe interlaminar interface. The
multi-scale model incorporates molecular level damage suchessciosslink chain scission in a
polymer due to oxygen diffusion, based on the work presented loyaXih Shanahan [26]. The
interlaminar damage initiation model uses the critical von-Mssesn data derived from direct
micromechanical model (DMM) to formulate an internal stateable (ISV), which is then used
to predict the degraded shear strength ( through critical invesieaih 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 rapidiphezt-
moisture saturated laminates has emerged as a limiting factthre allowable rates of heating
[27]. When exposed to hot, high humidity environments, many PMCs pableaof absorbing
up to 1-1.5% moisture by weight. Moisture can be absorbed by thex matrapped inside
voids or pre-existing flaws. As laminates heat up, the moistuteraporize and develop high
internal pressures. Such high pressures can lead to plasticiaatonydrolysis of the matrix
[28, 29], initiation of void nucleation, delamination of pre-existing flaws, and ukimn&iminate
failure [27, 30].

To date, little effort has been given to the study of steam-imddamage, which can be
explained by the fact that most composite materials still abpeat or below aircraft-type
temperatures in the neighborhood of 130°C [31]. At such temperatures)atieety low vapor
pressure of saturated steam is insufficient to cause inganage. However, due to the almost
exponential dependence of saturation pressure on temperature, steard-iddowge can
become significant in PMCs used at high temperatures.

One of the few approaches for predicting steam-induced failgm®osed in the CMH-
17 handbook [30]. There, for a predetermined material system and fantimekness, test
specimens are exposed to three different relative humidity (@4d)s, then heated at a desired
mission time—temperature profile. When no damage is detectedietigerature range is
increased. For a given initial moisture concentration, the temyperat which blistering is first
detected determines the critical level of operation. Based onfrdatathe three RH levels, a
blister-temperature/initial-concentration envelope can then be gotestrand used directly for

damage prediction. However, since this method is restricted tspénafic heating rate and
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geometry, it is somewhat limiting for design. A significanprovement upon the above method
was proposed in the study by Rice et al. on AFR700B polyimide esat [28]. Rice et al.
hypothesize that blistering of resin first occurs in the regiogreatest moisture concentration,
and hence the region of greatest steam pressure. In their stlitfyseon model was developed
to predict moisture concentration within a resin sample up to thé ohbéstering. The safety
envelope is defined by testing specimens at different headiteg and saturation levels and
overlaying their calculated ‘drying paths’ on a single plot ofstwse vs. temperature up to the
point of blistering. This approach suggests that as long as maxmmisture concentration
within a sample during the heat-up remains below this envelope, teribliswill be observed.
This method is shown to successfully predict failure for sevestldases; however, it cannot
explain why, for very fast heating rates, samples tend t@bbstmuch higher temperatures than
what the theory predicts. The envelope may be dependent not only on atkienum

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 dfighetemperature
polymer matrix composite (HTPMC) material, unidirectional TMRETI-5 and neat resin PETI-
5 were tested for thermal degradation at three different t@types 150°C, 26C, and 300°C in
air. Dimensions of four different unidirectional IM-7/PETI-5 |laaies labeled asi1CC,, G,
and G and neat PETI-5 resin are listed in Table 3.1. Three replipatgnsens for each of the
dimensions shown in Table 3.1 were produced. In addition to these four speomeetries,
two specimens measuring approximately 1 in x 1 in x 0.1 in wergasutthe panel to be used
to monitor the propagation of oxidation along the length of the fibersransherse to the fibers.
Different surfaces of composite specimens are shown in Figurer8dlare tabulated in Table
3.1. Specimens were placed on quartz cloth during aging to prevent comdacbntamination
from metal parts in the oven. Prior to aging, contaminants on thez quaith were burned off at
500°C for one hour. The isothermal aging was accomplished in arrailating oven that
provided a continuous replenishment of oxygen in the ambient air by camvélctough the
oven inlet. At specified time intervals, specimens were remorad 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 RESIiH-5 at temperatures
150°C, 260°C, and 300°C for 2000 hrs. It is evident from this figure that wkghtis
insignificant below glass transition djTvalue of 270°C for PETI-5. Comparison of weight loss at
these three temperatures is given in Table 3.2. A signifaraonunt of weight loss was observed

at 300°C. Therefore, 300°C was taken as temperature for accelerated thetatv®xging.

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 Thi((:ilr<1;1ess V\é:g;h Le(?ng;th S (in2) | S, (in2) S (in2) | StSHS | (SitS)/Ss

C, 0.063 1.50 0.30 0.45 0.0189 0.094% 0.5634 4.96p
C, 0.044 0.75 0.75 0.56 0.0330 0.033 0.63¢0 17.930
Cs 0.063 0.30 1.50 0.45 0.0945 0.018% 0.5634 28.810
C,4 0.035 1.00 1.00 1.00 0.0350 0.035¢ 1.0700 29.571

Dimension of PETI-5 Polymer for Aging

Specimen Thi((:ilr<1;1ess V\é:g;h Le(?ng;th S (in2) | S, (in2) S:(in2) | S+SHS; | Si+S)/Ss

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 ° o o

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) gassmvisonment and a
non-oxidizing (argon) gaseous environment allowing the separation of ogdand non-
oxidizing effects on volume and weight changes. For over 2000 hoursraf #gg diffusing
front of the axial oxidation, although not uniform through the thickness|¢lediows the fiber
paths and is dominating the oxidation process, indicating significamérgistic thermal
degradation weight-loss occurring at the fiber/matrix interfdnat cannot be predicted using a

simple rule of mixtures. The rate of weight loss due to therngiadation of the composite is
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dependent on surface area perpendicular to fiber direction. From $ig@@nd 3.4 it can be
seen that, IM-7/PETI-5 specimen Bas lowest value ¢§ +S,)/S;, and it shows the maximum
weight loss.

Higher the value dfS +S,)/S,, lower will be the axial surface area (i.g),%nd rate of
degradation will be reduced. As evident from Figures 3.3 and 3.4, theofraveight loss
progressively decreases for specimant&Cspecimen & at 300°C. It is not surprising to note
that the PETI-5 neat resin has the slowest rate of thermal degradation. Raighdfiess in inert
(argon) atmosphere is slightly lower in comparison to oxidatioairirat 300°C as shown in
Figure 3.4. Comparison of weight loss in two different aging environmentsed irsfTable 3.3.

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

Percentage weight loss of

. : . 0
neat resin PETI-5 Inert Environment (Argon) | Air Environment (20% O »)

1054 hours 1.50 1.65

2183 hours 461 497

0/0 500.0 1000.0 1500.0 2000.0 2500.0
Time (hours)

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

3.1.2. Thermo-Oxidative Aging in 60 % Oxygen and 40% Argonat 300°C

GASOUT C:'

Samples

60% Oxvgen
+40% Argon

Clamp
Venting
(:] GAS IN

Figure 3.5.Thermo-oxidative aging of unidirectional IM-7/PETI-5
and PETI-5 in inert environment at 300°C.

19



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-oxidatiuggan oxygen rich
environment. All the specimens are placed in stainless steél, nvbgh is placed inside heat
chamber at 300°C as shown in Figure 3.5 and 3.6. There is one gas inlet in the stelobagr a
sides are clamped. There are small vents between two clamgggenish oxygen supply so that
oxygen concentration remains constant throughout the test. Utiolva IM-7/PETI-5 was
tested for thermal degradation at temperatures (300°C) in oxyggh environment.
Unidirectional IM-7/PETI-5 laminates of four different dimensidaiseled as C1, C2, C3, and
C4 and neat PETI-5 resin were tested for thermal degradationnBioneof the specimens C1,
C2, C3, and C4, and PETI-5 are shown in Table 3.1. The rate of weigldues® thermal

degradation of the composite is dependent on surface area perpendi€ibiar direction. From

Figure 3.7, it can be seen that, IM-7/PETI-5 specimen C1 hastimakie oS +S,)/S;, and it

has maximum weight loss. Higher the valu¢®#S,)/S,, lower will be the surface area of

exposed fibers (i.e.sp and the rate of degradation due to diffusion along fiber-mattetface
will be reduced. It is evident from Figure 3.7 the rate ofrtfardegradation of IM-7/PETI-5
after 1000 hours at 300°C in oxygen rich environment is greatermapaced with air (20%
oxygen by mole). Comparisons of weight loss due to thermo-oxidativadsgm at 300°C in
three different environments are listed in Table 3.4. Oxidative thisknkange due to thermo
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oxidative aging of PETI-5 with time is shown in Figure 3.8 in twdfedent Oxygen
concentrations environments at 300°C.

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

% Weight Loss Of Inert Environment Air Environment Oxygen Rich Environment
Neat Resin PETI-5 (60% Oxygen)
502 hours 0.52 0.63 151
1032 hours 1.50 1.65 3.52

14.00 -+

12.00 -

¢Cl
o 10.00 - mC2
o 8.00 - AC3
® 6.00 - o C4
@ PETI-5
2 4.00 X
X
2.00
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‘0 200.0 400.0 600.0 800.0 1000.0 1200.0
Time (hours)

Figure 3.7 Thermo-oxidative aging of unidirectional IM-7/PETI-5 and PETI-5 at 300°C in
60 % Oxygen and 40% Argon mixture.
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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 experaser#s be seen from the
micrograph of debond growth in unidirectional IM-7/PETI-5 after agir@0&fC in air for 3000
hours in Figure 3.9. SEM scan was performed on Joel 7000 to see thdatiegrat the free
edge of IM-7/PETI-5 after 3000 hrs as shown in Figure 3.10. Top viewsigedview of
degraded IM-7/PETI-5 is shown in figure 3.11. In neat resin PETlidized layer deposited on

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

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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