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ABSTRACT 

Two major concems in using polymer composites for load bearing structural applications 

are urne dependent degradation in modulus and strength, measured by creep and creep 

rupture tests. Previous studies on creep of polymer composites focused on the individual 

and interactive effect of one or more of factors such as Stress-Temperature, Stress- 

Temperature-Physical Aging and Stress-Temperature-Moisture. While the effect of 

stress, temperature, and moisture on creep rupture is well documented, Iirnited studies 

have focussed on the effect physicd aging on creep rupture of polymer composites. No 

effort has so far been made to snidy the combined effect of the above factors on creep 

and creep rupture of polymer composites. Hence, the present investigation was 

undertaken to experimentally study the individual and interactive effect of temperature. 

stress, physicd aging, and moisture on creep (linear and non-linear region), creep rupture 

and fracture of a thermoset epoxy resin (F263) and its composite (Hexcel Corporation's 

F263 epoxy resin reinforced with T 300 carbon fibers). Transverse creep cornpliance 

(SU) and creep rupture time for unidirectional composite were measured and compared 

with that of the resin to delineate the effect of fibers on the time dependent behavior of 

the resin. Both composite and resin exhibited linear creep upto a stress level of 7 MPa. 

Moisture (M) accelerated creep through plasticization (reduction in the Glass transition 

temperature (Tg)) of rnatrix resin of the composite and this creep acceleration was found 

to be equal to creep acceleration by a temperature increase equivdent to decrease in Tg. 

Physical aging (PA) retarded creep. The interactive effect of aging and moisture reduced 

the magnitude of matrix plasticization as compared to non-aged sarnples containing the 



same amount of rnoisture. The interactive influence of al1 the other factors on the 

influence of ternperature on creep was not observed. However, interactive influence of 

physical aging and moisture on the effect of stress on creep was abserved, when moisture 

and physical were considered together. For a given temperature and stress level, the creep 

rupture tirne of composite was found to be less than that of resin. WhiIe moisture 

accelerated creep-rupture for both the resin and the composite, physical aging accelerated 

the creep rupture for composite and retarded that of the resin. Similar to creep. the 

interactive influence of aging and moisture caused a reduction in the magnitude of creep 

rupture acceieration when compared to the non-aged material at the same moisture level. 
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CHAPTER 1 

INTRODUCTION 

A composite is a mixture of a reinforcement material (such as fiber) and a matnx 

(polyrner or resin) / binder material. Composite materials are classified into three broad 

categories depending on type, geometry, and orientation of the reinforcernent phase: (1) 

Particulate, (2) Discontinuous fibers or whisker, and (3) Continuous fibers. Particulate 

composites consist of particles of aspect ratios ($1 L to 20 randornly dispened wihio  

the matrïx. Discontinuous fiber composites contain short fibers or whiskers as reinforcing 

phase with aspect ratios 20 to 100. These short fibers can be either al1 oriented dong one 

direction or randomly oriented. Continuous fiber composites (used in this thesis) have an 

aspect ratio greater than 100 and are reinforced by continuous fibers and lead to high 

reinforcing efficiency. Continuous fiber composites, made up of several prepreg layers (a 

prepreg is a single layer of continuous fiber in a matrix) are divided into three types: 

( 2 )  Unidirectional composite - fibers are paraIlel to each other 

(2) Multidirectional composite - fiber orientation vary from layer to layer 

(3) Textile composite - fibers are woven like textile cloth 

Composite materials influence the daily lives of most people in industnalized 

societies. Of particular interest are the carbon-reinforced composites which have good 

combinations of stiffness, strength and fatigue resistance. Their major usage is in the 

aerospace industry, where their performance characteristics are essential to a wide variety 

of demanding applications such as the wing to fuseIage fairing in commercial aircraft, 

spacecraft, missiles etc. Many commercial airliners fly with parts of primary structure 



and much of the intenor fumishings and trim. made from composites. Many types of 

sporting and leisure goods, such as boats, gliders, sailboards, skis and racquets, use 

composite materials extensively in their construction. 

Polyrner composites are viscoelastic in nature (Le. their behavior is a combination 

of viscous and elastic behavior). While being used for load bearing structural 

applicatioris, polymer composites exhibit time dependent degradation in moduhs and 

strength, as a consequence of viscoelasticity of the polymer matrix. The time dependent 

modulus and strength of composite materials are measured by creep and creep rupture 

tests, respectively. Since characterizing the time dependent rnodulus and strength for the 

entire service life is impossible, accelerated testing and extrapolation procedures are used 

to extrapolate creep data obtained over a short time to a time frame beyond the 

expenmental time window. 

Composites used in aerospace industries are either multidirectional or textiie 

composite. Since fiber orientation in a multidirectionai composite varies from layer to 

layer, characterizing each composite larninate lay-up sequence for time dependent 

strength and modulus is costly and time consuming. The preferred route by many 

researchers is to measure crecp and creep rupture data for unidirectional composites and 

use them with a suitable mode1 (such as lamination theory), to predict creep and creep 

rupture data of multidirectional and 'textile composites. The ongoing research at the 

University of Manitoba has chosen this path and this thesis is focused on developing 

creep and creep rupture data for unidirectional composites required for such modeling. in 

the past, a majority of creep studies focussed on the influence of stress and temperature 

on creep and creep rupture. However, limited studies were carried out on the individual 



influence of moisture and physical aging. No effort has so far been made to study the 

combined effect of temperature, stress, physical aging, moisture and fiber volume 

fraction on creep and creep rupture qf polymer composites and a knowledge of this is 

necessary in modeling and predicting the creep and creep rupture. 

Unidirectional composites are orthotropic; i.e. materials having at l e s t  three 

mutually perpendicular planes of syrnmetry. Thus, to completely characterize the stress 

or suain of a unidirectional composite under in-plane loading, we need four compliance 

constants: S 1 1, S 12, S2z, and S66. The Hooke's law is written as: 

a,, E, = Longitudinal stress and strain [Along the fiber direction (O0)] 
(Fiber dominated property) 

q ,E,= Transverse stress and straÎn Direction perpendicular to fiben (90°)] 
(Matrix dominated property) 

r6, y6 = Shear stress and strain measured using a unidirectional specimen with fibers 

oriented at an angle (IO0) to the loading axis 

S,, , S,, S,, S,, = Longitudinal, Transverse, Shear and In-plane transverse compliance 

respectively 

Experimentally, Si1 and S22 are obtained from uniaxiai tests (tension tests) on specimens 

cut parallcl and perpendicular to the fiber direction of a unidirectional composite, 

respectively. Sll and Su are deterrnined using strains h m  axially mounted strain gages. 

S12 can be determïned from transverseiy mounted strain gage on either specimen. Se6 is 



determined from the difference between measured strains using two strain gages mounted 

at t 45" to the fiber a i s .  

The present research was undertaken to investigate experimentdIy the individud 

and interactive effect of temperature, stress, physical aging, moisture, and fiber volume 

fraction on creep (linear and non-linear region), fracture and creep rupture of a thermoset 

epoxy polymer matrix (Hexcel corporation's F263) reinforced with unidirectional carbon 

fibers (T300). The present study is Iimited to measuring transverse creep compliance 

(SI) to determine the influence of carbon fibers on the matrix. Modeling and prediction 

of long term creep and creep rupture properties was beyond the scope of the present 

work. However, the main aim of the present work was to generate experimental creep, 

fracture and creep rupture data, which would be used in future modeling and prediction 

of long-terni creep and creep mpture properties. 

ORGANIZATION OF THESIS 

In Chapter 2, a bnef review of research done to date on individual and interactive 

effect of one or more factors such as stress, temperature, physicaI aging, moisture and 

fiber volume fraction on creep, creep rupture and fracture of polyrner composites is 

discussed. The experimental work and material used are descrïbed in Chapter 3. ResuIts 

and Disciission of this experimental work are presented in Chapter 4. Finally, a 

conclusion of this research is surnmarized in Chapter 5. 



CHAPTER 2 

LITERATURE REVIEW 

2.0 INTRODUCTION 

Two major concems in using polymer composites for load bearinp structural 

applications are time dependent degradation in modulus (creep) and strength (creep 

rupture), as a consequence of viscoelasticity of matrix (resin). Factors that affect creep 

and creep rupture of polymer composites are (1) Temperature, (2) Stress, (3) Physical 

aging, and (4) Moisture. In addition, if the effect of fiber volume fraction on creep and 

creep rupture on polymer rnatrix is known, then creep and creep rupture of polymer 

composite of any volume fraction may be deterrnined using the matrix and fiber volume 

fraction properties, thus elirninating testing procedure for every volume fraction of fibers. 

Hence volume fraction of fibers is also included as a factor in this study. In order, to 

predict long term creep cornpliance and strength of any polymeric composite structure. it 

is necessary to understand the individuai and interactive effect of the above variables on 

creep and creep rupture of polymer composites. In addition to creep and creep rupture, it 

is important to understand the influence of above variables on fracture behavior of 

polymer composites. The fracture energy data obtained from fracture tests wil1 be useful 

in creep rupture modeling. Definition of creep and creep rupture is discussed in section 

2.1. Brief reviews of the previous research perfarmed in these areas are discussed in 

sections 2-2 to 2.6. 



2.1 DEFINITION 

2.1.1CREEP 

Creep is definad as the time dependent deformation of a materia1 under constant 

load or stress. Creep in polymers, unlike metals is viscoelastic Le. exhibit time dependent 

elastic strain that can be recovered over a period of time after rernoval of load. 

To determine creep compliance of a material, a constant load is applied to a 

tensile specimen rnaintained at constant temperature and the resulting strain is rneasured 

as a function of time. This time dependent strain is used to determine creep cornpliance. 

Creep behavior is divided into two regions: Linear creep and non-linear creep. In linear 

creep, creep compliance is independent of stress. In non-linear creep, creep compliance is 

dependent on stress. 

2.1.2CREEP RUPTURE 

Creep rupture is defined as time dependent degradation of strength of a material 

under constant stress. It is performed by applying constant load or stress to a specimen 

until it fractures completely. The time at which the fracture occurs is termed as creep 

rupture tinie. 

In addition to stress and temperature, the other factors that influence creep, creep 

rupture and fracture behavior of polymers composites are the physical aging and 

moisture. The effect of stress, temperature, physical aging and moisture on creep, creep 

rupture and fracture are reviewed in the following sections. 



2.2 EFFECT OF TEMPRATUREfiTRESS 

2.2.1 ON CREEP 

Temperature accelerates creep resulting in increase of creep cornpliance with 

increase in temperature. This behavior has been well documented in the temperature 

range of RT-200°C for epoxy resin and carbodepoxy composites by Yeow et al. [ 1 1, 

Dillard et al. [2] ,  Bnnson et al. [3] and Raghavan and Meshii [4]. In the linear creep 

region, it lias been observed that compliance remains same at different stress levels for a 

given temperature. Since it is not possible to conduct creep experiments for the entire 

service lifi, much effort has been extended in the pursuit of accelerated procedures for 

creep characterization of composite systems and using rnodels to extrapolate these resul CS 

to obtain the creep compliance at service conditions beyond the experimental time 

window. One such extrapolation technique, which has gained wide spread acceptance for 

a material that exhibited linear creep and that has been used in this thesis, is the Time 

Temperature Superposition Principle (TTSP). A brief review of TTSP is given below. 

T h e  Temperature Superposition PrincipZe (TTSP): 

TTSP States that time and ternperature are equivalent to the extent that the data at 

one temperature can be supenmposed on to the data at the other temperature by shifting 

the creep curve almg time a i s  121. In other words, creep compliance curves at different 

temperatures are of same shape but only shifted in time. TTSP implies that creep 

compliance a t  time 't' at a ternperature 'T' is equivalent to creep compliance at 

temperature 'T,' at a reduced time '6'. This can be mathematically expressed as, 

E ( T , ~ ) = E ( T , , ~ )  ---------- (2.1) 



t - 
where 5 = 

a~ (0 
T, - reference temperature , t -real time, T - Temperature, 5 - reduced time, 

q - Temperature shift factor 

The creep compliance curves at 5 MPa for resin in the temperature range of 60-230°C is 

shown in Figure 2.1. The compliance curves at temperature greater than 60°C are then 

shifted horizontally (in log time) to longer times (Le. to the right) such that they 

superimpose on to the curve at reference temperature of 60°C. The resulting master curve 

at a reference temperature of 60°C is shown in Figure 2.2. Using short-tem cornpliance 

data at several temperatures and then shifting the curves horizontally, one can obtain a 

smooth master curve (shown in Figure 2.2) valid over many decades of time at an 

arbitrary reference temperature using TTSP. The arnount of shift required is known as 

temperature shift factor (aT). A linear plot of shift factor versus inverse temperature 

shown in Figure 2.3 can be modeled by Arrhenius theory to yield activation energy for 

creep process. This c m  be used to predict shift factor at any temperature. TTSP has been 

successfully used by several researchers 11, 3, and 61 in linear creep region to predict 

creep conipliance of epoxy resin and carbodepoxy composites with different fiber 

orientations (IO0, 90°). The shift factors obtained using TTSP were found to be 

independent of fiber orientation with respect to load direction. 

At a given temperature and time it can be observed that the cornpliance values at 

two stresses is not the sarne shown in Figure 2.4, i.e. the material is non-linear in 

behavior (Le. an increase in stress is accompanied by a disproportionate increase in the 
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time depcndent strain). TTSP is no longer valid for non-linear creep region. To 

determine the creep compliance beyond the experimental time window, another 

extrapolation technique narnely, Time Temperature Stress Superposition principle 

(TTSSP) was used in non-linear creep region. 

2.2.2 ON CREEP RUPTUlRE 

En addition to creep, creep rupture [2-5,10,11] of polymers and polymer 

composites have received considerable attention over the years. Experimental studi es 

pursued to date have shown rupture time to decrease with increase in temperature a t  a 

given stress. Rupture time aiso decreases with increase in stress at a given temperature. 

Dillard et al. [2] have shown the rupture time of multidirectional graphite /epoxy to v q  

between 10 to lo4 min. in the temperature range of I43-193OC and Raghavan and Meshii 

[IO-1 11 have shown the rupture time of 90° carbodepoxy to Vary between 10' to 10' min.  

at stress levels 30-45 MPa in the ternperature range of 23- 1 60°C. 

2.2.3 ON FRACTURE 

The influence of temperature on fracture behavior of polymer composites has been wenl 

documented [8-121. The fracture strength and fracture energy of epoxy resin [9, IO] a n d  

90" carbon epoxy composites 19, 111 has been shown to decrease with increase in 

temperature. Decrease in fracture energy with temperature has been correlated with 

fracture surface by few researchers 19, 131. Cantell and Moloney [13] correlated t h e  



decrease in fracture energy with fracture surface of unfilled and filled particulate epoxy 

resin in the temperature range of RT to 105°C. They observed the fracture surface at 

roorn temperature to be dominated by coarse river Iike structure. With inzrease in the 

temperature the coarse structure gradually disappeared and fracture surface became 

smoother. Similx trend in fracture behavior of epoxy resin and correlation of this with 

fracture energy in the temperature range of RT- 27g°C was reported by Raghavan and 

Meshii Cg]. 

2.3 EFFECT OF PHYSICAL AGING 

When an arnorphous polyrner is cooled rapidly to a temperature below its glass 

transition temperature (Tg), its specific voIume is initially in a non-equilibrium state and 

slowly approaches equilibrium vaiue with time as shown Figure 2.5. This process of slow 

evolution towards an equilibrium state is known as PhysicnEAging /14]. 

Physical aging affects the mechanical properties of the polymer, often resuiting in 

a material that is stiffer in response and more brittle, so that the compliance is decreased 

(or modulus is increased). 

2.3.1 ON CmEP 

Physical aging has been found to decrease creep and stress relaxation rates [14]. 

Physical aging shifts the creep (compliance) curves to longer times due to reduction in 

creep rate shown in Figure 2.6. A well-documented technique [14] to quantify the effect 

of physical aging on creep is through a series of short-tenn creep tests. A short-term test, 

dso known as momentary test is one in which the test duration is about (1/10'~) the aging 

time prior to testing. In these tests, the material is initially quenched from above g l a s  
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transition temperature (Tg) to the test temperature below glass transition temperature (Tg). 

The time that elapses at this temperature after quenching is referred to as aging time (te ) . 

The materiai is subjected to a constant stress after a certain aging time(t,) and the 

resulting creep strain is determined as a function of time. Creep period is 1/10 of the 

aging time to avoid simultaneous aging of the material during creep testing. Physical 

aging reduces the creep rate and shifts the creep curve with aging time as shown in Figure 

2.6. The individual compliance curves can be superimposed into a single momentary 

master curve (MMC) by shifting the curves horizontally (in log time) at any aging tirne. 

For e.g. individual compliance curves at different aging times 2, 4, 10 and 24 hours as 

shown in Figure 2.6 are shifted horizontally dong time axis to obtain a master curve at a 

reference aging time of 2 hr. as shown in Figure 2.7. 

The amountk of shift required are called shift factors or aging shift factors. The aging 

shift factor a ,  changes with aging tirne as shown in Figure 2.8 and can be mathernatically 

written as 

(where) 

te is the aging time and te ,  is the reference aging time 

Shift rate (pJ is given by the dope of log shift factor (a, ) versus log aging time 

( t e )  as shown in Figure 2.8. Aging shift rate is the most critical parameter in determining 
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the effect of physical aging on creep. The shifl rate together with the master cornpliance 

curve at a reference aging time allow prediction of creep compliance for any aging 

condition. If the creep time is not short in comparkon to the previous aging tirne then 

aging occurs during testing which has to be accounted. This Ied to the development of 

effective time theory (En) proposed by Stmik [14] to account for simultaneous aging 

during creep testing. Details about ETT can be found else where [14, 15- 191. 

Aging is a characteristic of glassy state and is found in al1 polymer glasses (Le. 

arnorphous polyrner below Tg)), as thoroughly documented by Struik [14]. He developed 

experimentd techniques to isolate physical aging process in polymers from other 

behaviors by performing short-term creep test as descnbed earlier. Several researchers 

such as Brinson and Gates [15], Bradshaw and Brinson 116-171, SuIlivan [la], Gates[l9], 

Gates and Feldman [20], Veazie and Gates [21], and Wang et al. [22] later adopted 

Stmik's work to study the effect of physical aging on creep of resin and 90°cornposites. 

Several experimental studies 114-221 have illustrated that the matrix dominated 

composite properties of continuous fiber reinforced PMC's, namely transverse response, 

is affecteci by physical aging in a sirnilar manner to the pure polymers. They have 

observed creep compliance to decrease with increase in aging time at a given temperature 

and stress. Thus, aging shift factor was found to increase with increase in aging time. It 

has been demonstrated that shift rates found from MMCYs showed temperature 

dependency. In particular near the Tg of a material the shift rate decreased. At Tg, the 

polymer is in equilibrium and theoretically a shift rate of zero would indicate a 



material exhibiting no aging behavior. However, significant scatter in shift rates of epoxy 

resin and 90° composites have been reported in literature. Stmik [14] has also shown that 

aging decreases with stress, hence the shift rate decreases with increase in stress. 

It lias also been s h o w  114, 15, 18-20] that long-term creep curve deviates from 

momentary behavior after a short time and proceeds at a much slower rate. For materials 

undergoing physicd aging during testing, long term creep prediction using TTSP gave 

over prediction, since it did not take into account the decrease in creep rate by 

simultaneous physicd aging. Effective time theory ( E n )  as proposed by Struik [14] was 

used by several researchers to predict long-term creep compliance in linear creep region 

with vaiying degree of success [14-181. On the whole, researchers [15, 18-20] could 

predict with some accuracy creep compliance upto 3 years by using ETT. 

2.3.2 ON CREEP RUPTURE 

SirniIar to creep, aging also affects creep rupture. This behavior was observed by 

Crissman and Mckenna [23] for PMMA. They observed rupture time of PMMA to 

increase with aging time. Despite the abundance of published creep data very little effort 

[23] has so far been made to study the effect of physical aging on creep rupture of 

polyrner composites. 

23.3 ON ]FRACTURE 

Very limited work has been done to date to study the effect of aging on fracture 

behavior. One work found is that of Kong [24]. Kong 1241 investigated the aging 

phenornenon on fracture properties of epoxy resin and epoxy resin reinforced with carbon 



fibers. He reported that for an aging time of 1 6  min, fracture stress, strain and toughness 

reduced to about 38.596, 73.6% and 87.7% from the original stress, strain uid toughness 

of the as received material. 

2.4 EFFECT OF MOISTURE 

Water accelerates the time dependent response of polymers and polymeric 

composites in a manner that is analogous to the influence of temperature [25]. 

2.4.1 MOISTURE ABSORPTION KINETICS 

The purpose of this section is to provide information on moisture absorption 

kinetics, since it is related to conditioning the sample to required moisture content at any 

temperature. 

The simplzst mode1 for diffusion of solvent into a solid is given by the Iinear Fick's law 

(1855). The rate at which water diffuses into polyrner matrix is modeled according to 

Fick's second law, 

c - moisture concentration within sample 

f -tirne 

z - the coordinate coinciding with the thickness direction 

D - Diffusion coefficient (temperature dependent) 



According to this, the rate of liquid dif is ion into the polymer is proportional to the 

concentration gradient parallel to the difhsion direction. For one dimensional steady state 

diffusion in the thickness direction, Boundary Conditions: 

c (z ,O) = O, O c ~ h  h - thickness of Iaminate 

c (O ,t) = c (h ,t) =c, 

c, = maximum moisture concentration and is related to the humidity of the laminate's 

environment 

Equation 2.5 can be solved to yield, 

Mt - Moisture content in the laminate at a time t 

Mo - Initial moisture content in the laminate 

Equation 2.6 can be conveniently rearranged to compute the composite diffusion 

coefficient as 

M2 and Ml are the moisture contents at times ti and t2. 

M 2  is the linear slope of the plot of weight change versus square root of tirne. 
&-A 
The above equation was used in caiculating difiison coefficients in this study. The 

dependence of diffusion coefficient on temperature was modeled using Arrhenius 

reIations, 



D - Diffusion coeff~cient at temperature T , E - Activation energy, R - Gas constant. 

A linear plot of logarithm of diffusion coefficient versus inverse temperature will 

yield the activation energy for diffusion, which will be useful in detemining D at any 

temperature which in tum can be used to calculate conditioning tirne. 

The kinetics of water absorption in polymers has been studied for about one and a 

half centuries beginning with Fick (1855). Increase in moisture content and diffusion 

coefficient with temperature were observed by several researchers for epoxy resin [26- 

331 and carbodepoxy 04-40] composites. Much work has been done in prediction of 

moisture content in a composite [25-401. Theoretical models based on one dimensional 

fickian difision were developed by many investigators 125-26. 30-31. 28-29. 401. 

Deviations from linear fickian diffusion have been found to occur at elevated 

temperatures due to a number of causes such as hydrolysis of polymer, moisture diffusing 

dong the fiber matnx interface, voids [27, 41-42]. The effect of fiber type on the 

diffusion characteristics of a composite was studied by Rao et al. [28, 29, 431, and Rao 

and Shylaja [39]. Moisture kinetics depends on the material system and within the same 

matenal system it varies with exposure conditions. Moisture absorption by composite 

materials bas been found to be function of applied stress. Fahmy and Hurt [44], Neuman 

and Gad marom [45-461, Janas et al. 1473, and Lagrange et al. 1481 have shown that 

applying external tensile stresses increased the diffusion rate and the moisture content at 

saturation. 

However, very limited work has been done to study the effect of physical aging 

on moisture. Kong [24] investigated the effect of aging on moisture kinetics of epoxy 
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resin and found that aginp reduced the moisture kinetics and moisture content at 

saturation due to lower free volume. No other work is available on the effect of physical 

aging on moisture absorption kinetics of resin and composite. 

2.4.2 EFFECT OF MOISTURE ON GLASS TRANSITION TEMPERATURE (Tg), 

The presence of water within a polyrner tends to plasticize the material thereby 

lowering the g l a s  transition ternperanire (Td of the polyrner, reducing the modulus, amd 

accelerating creep process. This phenornenon of plasticization is related to increased 

molecular mobility of the polymer in the presence of water molecules. It was 

hypothesized [32] that the moisture increased the free volume, leading to increased 

molecular mobility. 1t has been shown by many investigators [32, 33, 351 that Tg lowered 

by an average of 20°C for each 1 % increase @y volume) of moisture absorption. ThEs 

lowering of Tg has been used in explaining the effect of moisture on creep in this study. 

2.4.3 ON CREEP 

Presence of moisture in polymer accelerates the creep process through 

plasticization. Many researchers have intensively studied the effects of moisture on creep 

response of epoxy resin [25, 32, 49-50] and carbodepoxy composites. The effect o f  

moisture was modeled by moisture superposition method [25, 51-55], similar to welP 

known TT.SP used to mode1 effect of temperature. Accordingly, the effect of rnoisture 

was quantified by means of a moisture dependent shift factor aH(m), which was coupled! 

with the temperature dependent shift factor aT(T). Though, in pnnciple, the combined 

effects of moisture and temperature requires a shift factor function of the f o m   TH (T, m), 



in many circumstances it was possible to coalesce creep data [25] into a master curve by 

a more convenient product form am (T, m) = aT(T).a~(m). However, the viscoelastic 

models developed so far have found to be restricted to linear viscoelastic response and to 

a Iirnited range of stresses, temperature and moisture content. 

2.4.4 ON FRACTWW 

The effect of moisture on fracture properties of polymer composites has been 

investigated by many researchers [25, 32, 34-35, 55-64] on wide range of fiber and 

matrix material, orientation and moisture Ievels. Experimental studies have shown that 

moisture absorption decreases the fracture strength, stiffness and fracture energy of 

composites in tension. compression, bending or shear to a considerable degree due to 

plasticization, matrix cracking, fiber-matrix debonding and matrix swelling. Typically, 

one observes a reduction of 2580% in the strength of epoxies and 50-8095 in the 

transverse strength of unidirectional reinforced fibrous composites attributable to the 

effects of water. 

2.4.5 ON CREEP RUPTURE 

Though a lot of work has been done to date on creep and fracture, limited work has 

been done to study the effect of rnoisture on creep rupture. Experimental studies [32, 65- 

671 completed to date have shown that the moisture-conditioned specimen ruptures faster 

than unconditioned specirnens. However, the combined effect of aging and moisture on 

creep, creep rupture and fracture data of polymer composites is lacking in literature. 



2.5 EFFECT OF FIBER VOLUME FRACTION 

2.5.1 ON MOISTURE ABSORPTION KINETICS 

Increase in fiber volume has been shown to decrease the moisture content, diffusion 

coefficient and rate of moisture absorption. This behavior has been observed by Rao et 

al. [29], Woo and Piggot [31] and Browning [32] for epoxy resin and carbodepoxy 

composites. Reduction in moisture content and diffusion coefficient was attributed to 

decrease in resin in composite. 

2.5.2 ON CREEP 

Fiber volume fraction also affects the creep response of polymer composites. It 

has reported that creep of resin is retarded by fiber reinforcement i.e. creep cornpliance 

decreases with inclusion of fibers. Such a behavior h a .  been observed on epoxy resin and 

carbodepoxy composites by few researchers [4]. 

2.6 COMBINED EFFECT OF ONE OR MORE PARAMETERS 

2-6.1 ON CREEP 

The combined effect of two or more of the above variables, such as Stress- 

Temperature, Stress-Temperature-Fiber volume fraction, Stress-Temperature-Physical 

Aging-Fiber volume fraction, Stress-Temperature-Moisture has been investigated on 

creep of resin and composites. 



2.6.1.1 STRESS-TEMPERATURE-FIBER VOLUME FRACTION 

Though the effect of stress and temperature on creep of epoxy resin and 90° 

carbodepoxy composites is well documented [ 1-71, one researcher [4] has talked about 

the effect of fiber volume fraction on creep. While creep compliance increases with 

stress and temperature, it has been found to decrease with fiber volume fraction. 

2.6.13 STRESS-TERIPERATURE-PHWS CAL AGING-FIBER VOLUME 

FRACTION 

Physical aging retards creep. The effect of stress-temperature-physical aging on 

polymers and polymer composites has been well documented in the literature [14-221. 

However, the effect of stress-temperature-physicd aging-fiber volume fraction on creep 

of polyrners and polymer composites is limited [14, 181. The shift rates for resin and 

composites varied from one researcher to another. Since stress decreases aging, shift rates 

also decreased with increase in stress. Shift rates were found to be independent of fiber 

volume fraction. 

2.6.1.2 STRESS-TEMPERATURE-MOISTURE 

In contrast to physical aging, moisture accelerates creep through plasticization. 

The effect of stress-temperature-moismre on epoxy and carbon/epoxy composites in 

linear and non Llinear creep region is limited [25,49-531. 



2.6.1.3 COMBINED EFFECT OF TEMPERATURE, STRESS, PHYSICAL 

AGING, MOISTURE AND FIBER VOLUME FRACTION 

No effort has so far been made to study the combined effect of temperature, 

stress, physical aging, rnoisture and fiber volume fracture on creep of polymer 

composites, 

2.6.2 ON CREEP RUPTURE 

Although a lot of work has been done to date to study the effect of stress and 

temperature 18-121 on creep rupture, limited work has been done to date to study the 

individual effect of physical aging [23] and moisture 132, 65-67] on creep rupture of 

polymer composites. Creep rupture data on the combined effect of these parameters is 

Iacking in literature. 

2.6.3 ON FRACTURlE 

Considerable work has been done to date to study the individual effect of 

temperature and moisture on fracture strength, strain and energy of epoxy and 

carbonkpoxy composites. However, limited work [24] has been done to date to study the 

effect of physical aging on fracture strength, strain and energy of polymer composites. 

Fracture data on the interactive effect of temperature, physical aging, moisture and fiber 

volume fraction on epoxy and its composites is lacking in literature. 



2.7 SCOPE OF THE PRESENT INVESTIGATION: 

The following can be inferred from the literature review presented in the previous 

section: 

Influence of stress and temperature on creep (in linear and non-linear viscoelastic 

region), creep rupture and fracture data is well documented. 

Despite the abundance published creep data in linear creep region, limited work has 

been done to study the effect of physical aging on non-linear creep region. WhiIe 

published data on the effect of aging on fracture is lirnited, information regarding the 

effect of aging on  creep rupture data is lacking in literature. 

The influence of moisture on creep (in non-linear creep region) and creep rupture is 

Iimited. 

While effect of fiber volume fraction on moisture absorption kinetics is well 

documented in literature, effect of fiber volume fraction on creep is limited and effect 

of fiber volume fraction on fracture and creep rupture is lacking in literature. 

No effort has so far been made to study the combined effect of temperature. stress. 

physical aging and moisture on creep (in linear and non linear viscoelastic region), 

creep rupture and fracture data 

Keeping this background in view, the present investigation was under taken to 

experimentally study the individual and interactive influence of stress, temperature, 

physical aging, and moisnire on creep (in linear and non-linear creep region), creep 

rupture and fracture behavior of F263 epoxy resin reinforced with T300 carbon fibers. 

The pure resin and composite are studied to deIineate the effect of fibers on creep and 

creep rupture. 



CHAPTER 3 

EXPERIR/X]ENTAL PROCEDURE 

To obtain the objectives discussed in the chapter 2, four major tests were performed on 

epoxy resin and its composite, 

1. Moisture Absorption Test 

2. Tensile test 

3. Creep test 

4. Creep rupture test 

The material studied in this work and the curing procedure used for the material of 

current study is discussed in sections 3.1 and 3.2. Determination of fiber volume fraction 

is discussed in section 3.3. Section 3.4 describes the techniques used for sample 

preparation. The four tests mentioned above are discussed in detail in sections 3.5 to 3.9. 

3.1 MATERIAL 

The material used in the current study was Hexcel Corporation's F263 epoxy 

resin and F263 epoxy resin reinforced with T-300 unidirectional carbon fiber. The 

uncured resin and the composite prepreg were purchased and processed at University of 

Manitoba to make test specimens. 

3.2 CURING PROCESS 

Dog-bone shaped specimens of epoxy resin were prepared by casting them using 

an aluminum mold. Aluminum mold shown in Figure 3.1 was designed as per ASTM 

D647-88a and specimen dimensions were chosen as per ASTM D63 8-9 1. The cure cycle 



Figure 3.1 : Aluminum Mold 
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for the resin involved degassing at 45OC for 10 minutes followed by holding at 90°C for 1 

hour and then findly cunng at I77OC for 2 hours in nitrogen atmosphere at a pressure of 

100 psi. The F263R300 prepreg supplied by Hexcel Corporation was cut to 12" x 12" 

sheet, stacked one above the other such that fibers in al1 layers were paralle1 to each other 

and then cured in an autoclave at Boeing Canada Technology Znc. Vacuum-bagged lay- 

up as shown in Figure 3.2 was placed in the autoclave and a vacuum of 22inHg(74 kPa) 

was applied. The schematic diagram of cure cycle of composite is shown in Figure 3.3. 

The temperature was raised at the rate of 3"C/min (S°F/min) up to 179°C (355OF) under a 

autoclave pressure of 85+15 psi and was held for 120 minutes. The vacuum bag was 

released to atmospheric pressure at 80°C. The entire assembly was cooled at the rate of 

3OC/min and then debagged. As received prepreg when cured, resulted in a volume 

fraction of 54%. In order to study the effect of fiber volume fraction on resin, composite 

with 71 % fiber volume fraction was manufactured by bleeding the resin using a bleeder. 

[O]* and composite panels were made and the subscripts in Col8 and [O]*- 7, refer to the 

number of plies. 

Thermal analysis by differential scanning calonmetry on epoxy resin indicated 

that the resin was not fully cured (shown in Figure 3.4). Hence, a postcunng of resin and 

composite at 230°C for 4 hours was necessary to complete die cross linking reaction. 

3 3  DETERMINATION OF VOLUME FRACTION 

The volume fraction of the cured composite panels was measured by acid- 

digestion rnethod, as per ASTM D3 17 1-76 (Re-approved 1990). 
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3-3.1 TEST PROCEDURE 

To start with, the density of each composite specimen was detennined by liquid 

displacement technique as per ASTM D792. Then, composite specimen of known weight 

was placed in a flask containing 70% nitric acid @O3). The flask was connected to 

reflux condensers and heated to 75+1°C to digest the resin matrix. The digestion was 

carried out for 5 hours until the resin dissolved completely in nitnc acid. Undissolved 

fibers were filtered ont0 a tarred sintered glass filter crucible under a vacuum of 16.9 

Pa(127 torr). The fiber was washed with water and acetone. The crucible with the washed 

fiber was dried in oven at 100°C for 1 hour. The crucible was then removed from the 

oven and cooled to room temperature in a desiccator and weighed using an analytical 

balance to the nearest of 0.0001 g. Fiber volume % was cdculated according to following 

equation: 

Fiber, volume % = [mfpf) / (w/p,)] x 100 

where W = weight of fiber in composite [measured after digestion] 

w = weight of composite specimen [ measured before digestion] 

pf = fiber density = 1.76 g/cm3 

p, = composite density 

3.4 SPECIMEN PBPARATION 

3.4.1 MOISTURE ABSORPTION TEST 

Specirnens were cut from resin coupons and [Oh composite panels with 

54% and 71% fiber volume fraction with the help of diamond saw at a Iow speed to avoid 

heating of specimens. No coolant was used during cutting. The cut edges were made 



smooth by polishing with 240 S i c  grit paper. Specimen dimensions are given in Table 

3.4.2 TENSILE TEST 

As mentioned earlier (section 3.2), dog bone shaped resin specimens were 

prepared in an aluminum rnold. [90]12 composite specimens (54% and 71%) were 

obtained, by cutting the specimens with their length perpendicular to the fiber direction in 

the cured composite panels. Resin and Composite specimens were prepared as per ASTM 

D647-88a and ASTM D3039LD3039M-93. Woven carbon fiber /epoxy composite tabs 

with 7O bevel angle at the end were bonded to [90]12 composite panel with 548 and 7 1% 

volume fraction using AF- 191 epoxy adhesive supplied by 3 M Company. The adhesive 

was cured at 177OC for 2 hours in a hot press under a pressure of 45 psi. Strain gages of 

type WK (WK-15-125BT-350) were bonded in the gage area of resin and composite 

specimens using M bond 610 adhesive which was cured at 177OC for 1.5 hours under a 

pressure of spnng clamp as per recornmendations of strain gage manufacturer. A typical 

tensile test specimen of composite is shown in Figure 3.5. Al1 the specimens were stored 

in a desiccator prior to testing. The reader is referred to Table 3.1 for specimen 

dimensions. 

3.4.3 CREEP TEST 

Creep tests were done on resin and [90J8 composite specimens using two 

instruments: 

(1) Dparnic Mechanical Analyzer @MA) 



Test 1 Length (mm) 1 Width (mm) 1 Thickness (mm) ] 

Moisture Absorption 

Tensile 

mffect of moisture 
on GIass transition 

Creep - DMA 

Resin 

54 % 

I 

Resin 1 50.00 11.00 1 1.60k0.20 / 0.42-tO.02 1 
I 

50.00 fi.00 

4 

50-00 S . 0 0  

Resin 
54% 

7 1 %  
Tab 

Tab 1 37.0011.00 l 19-32t1-00 1 1.90k0.20 

5.0ûk1 .O0 

54% 
71% 
Resin 
54% 
Tab 

Resin 
54% 

Table 3.1 : Specirnen Dimension 

2.5040.20 

5.00,+1 .O0 

150.40 t 1  .O0 
127.00t1.00 
127.00t1.00 
37.00 3-1 .O0 

1.60&0.20 

50.00 +1 .O0 
50.00+,1.00 
150.40 +1 .O0 
127.00-tZ.00 
37.00+1.00 

150.40 11.00 
127,00+1.00 

12.62k0.20 
20.32k1.00 
20.3241.00 
20.32,tl-O0 

2.50k0.20 
2.30+0.30 
2.20k0.20 
1.90+0.20 

1.60&0.20 
1 SCkkO.20 
12.62k0.20 
20.32t,1.00 
20.32,tl.OO 

- - -  - 

0.42+0.02 
0.42kO.02 
2.50kO.20 
2.5010.20 
1.9010.20 

12.62M.20 
19.02t1.00 

2.50M.20 
2.3070.20 



Figure 3.5: T'ensile test specimen of composite 

Figure 3.6: Test specimen of composite for creep test (moisture) 



(2) Servo-Electric Instron Mode1 8562 with a load capacity o f f  l OOkN and equipped 

with an environmental chamber supplied by Associated Environmental Systenzs. 

Dynamic Mechanical Analyzer (DMA): Resin and [90Is composite specimens 

with 54% and 71 % fiber volume fraction were prepared as discussed in section 3.4.1 and 

3.4.2. 

Instron: Preparation of resin and [90]1~ composite specimens with 54% fiber 

volume fraction were as described in section 3.4.2. In order to prevent the rnoisture 

attack, strain gaged (WK-125BT-350) sections of specimens were coated with AE 15 

adhesive and RTV silicone rubber supplied by Micromeasurements Group (Figure 3.6). 

The AE 15 adhesive and silicone mbber were cured at 100°C for 1.5 hours as per 

manufacturer's recommendation. 

3.4.4 CREEP RUPTURE TEST 

Resin and [90]12 composite with 54 % fiber volume fraction specimens were 

prepared as discussed in section 3.4.2. Strain gages were not bonded to the specimens. 

3.5 MOISTURE ABSORPTION TEST 

Moisture absorption tests were carried out to determine moisture absorption 

kinetics that could be used to determine the conditioning time required to obtain a certain 

amount of moisture content. Two types of moisture absorption tests, (1) Water Immersion 

test and (3) Relative Hurnidity test, were perfonned on resin, and COIg composite with 

54% and 7 1 % volume fractions. For water immersion test, the specimens were tested as 



per ASTM D5229D5229M-92 and for relative humidity test, the specimens were tested 

as per ASTM El04 and DIN 50 008. 

For both water immersion and humidity tests, the specimens were first dried in 

oven at 80°C for 48 hours, cooled in a desiccator and immediately weighed. 

3.5.1 WA'CER IMMERSION TEST 

Weighed specimens were then immersed in distilled water bath maintained at 2 3 O .  

50". 60°, 80°C. Five specimens were immersed at each temperature. Specimens were 

removed from water bath at 24 hours interval, dned clean of water, visually inspected for 

any discoloration, cracking, and weighed. After weighing the test specimens were 

returned to the water bath. The test continued until the specimens reached a constant 

weight. 

3.5.2 RELATIVE m I D 1 T Y  TEST 

Relative humidity tests were performed at room temperature, 60°C and 80aC aar 

three different humidity Ievels viz.35%, 50% and 75%. Five specimens were used at each 

humidity level. Tests at 60°C and 80°C were performed using an environmental chamber 

manufactured by Associated Environmental Systems. For room temperature tests, the 

desired hurnidity was obtained in a glass jar using sulfunc acid solution as per ASTM 

El04 and DIN 50 008. Weighed specirnens were kept in the environmental chamber and 

inside the g l a s  jar to study the effect of relative humidity on moisture absorption kinetics 

at 80°C, 60°C and room temperature, respectively. Specimens were removed from 

humidity charnber and g l a s  jar at 24 hours interval, weighed and visually inspected for 

any discoloration. M e r  weighing the specimens were kept in the humidity chamber and 



glass jar. The test continued until the specimens reached a constant weight. The data were 

modeled using Fick's law to obtain moisture kinetic parameters and saturation moisture 

content. 

3.5.3 EFJ?ECT OF PHYSICAL AGING ON MOISTURE 

To determine the effect of physicai aging on moisture, test specimens were 

soaked at 270°C (Tg) for 15 minutes to erase any previous aging, cooled to room 

temperature and aged at 80°C for 100 hours (4.16 days), 200 hours (8.33 days), 300 hours 

(12.5 days), and 400 hours (16.6 days) in an oven. The aged specimens were then 

irnrnersed in distilled water at 80°C until saturation. The weight was periodically 

measured as per section 3S.land this data was modeled to obtain rnoisture kinetics and 

saturation moisture content data. 

3.5.4 MEASUREMENT OF GLASS TRANSITION TEMPERATURE (Tg) 

Glus transition temperature of resin and composite with 54 % and 71 C/o  fiber 

volume fraction was rneasured using TA Instruments 2980 Dynamic Mechanical Ann-er 

(DMA). DMA tests in dual cantilever mode were performed on test specimens 

conditioned to different degrees of moisture content to obtain glass transition temperature 

as a function of moisture content. The variation of Tg as a function of moisture content 

were used to understand the effect of moishire on creep process. Figure 3.7 shows a plot 

of Temperature versus Tan delta obtained from DMA. Tg was chosen to be the 

ternperature comesponding to the peak value of tan delta. 





3.6 TENSiLE TEST 

Tensile tests were performed to determine the effect of temperature, physical 

aging, moisture and combined effect of aging and moisture on total fracture energy. 

These data were required for future creep rupture modeling. 

3.6.1 TEST PROCEDURlE 

The tensile tests were performed on a servo-electric Instrorz Mode1 8562 with a 

load capacity of f 100kN and equipped with an environmental chamber supplied by 

Associateci Environmental System. The strain rate used was 104 s-'. Three specirnens 

were tested at each temperature (shown in Table 3.2). Strain gages of type WK (WK-IS- 

125BT-350) manufactured by Micro Measurements Grorrp were used to measure s trai n at 

different temperatures. The load and strain data were acquired using data acquisition 

system (PCI-6032E data acquisition card and Strain gage conditioner SCXI-112 1) from 

National Instruments. Tensile tests were performed on resin and [go] i z  composite 

specimens with 54 % volume fraction in the following conditions : Post-cured (PC), 

physically aged (PA), moisture conditioned (M), aged and moisture conditioned (PA+M) 

as shown in Table 3.2. For composite with 71% fiber volume fraction. tensile tests 

were performed only on postcured specimens. 

3.7 CREEP TEST 

Constant load creep tests were performed to determine the effect of temperature, 

stress, physical aging and moisnire on creep of resin and [90Is or composite with 

54% and 7 1 % fiber volume fraction. 



1 Test 
Condition i Aging Aging TempJ 

Immersion 
Tempo( OC) 

Moisture 
Content 
( % Mm) 

Time Test Temperature ( OC ) 

Physical 
Aging 

16.6 
Resin 54% 

Moisture 2.00 2.00 J 
A 

5.27 3.50 J 
7 2.00 2.00 

80/80 16.6 4-40 2.90 - 
Physical 7 2.00 2.00 

Aging 1 50/80 16.6 4.40 2.90 - 
+ 7 2.00 2.00 

Moisture 180/80 26.6 4.40 2.90 - 

Table 3.2: Tensile Testing Scheme 



Creep tests were performed on resin and [90J8 or [90] l z  composite specimens with 

54 % volume fraction in the following conditions: Post-cured, physically aged, rnoisture 

conditioned, aged and rnoisture conditioned as shown in Table 3.3. 

3.7.1 ON POSTCURED 

For post cured specimens, creep tests in the linear region (3,5,7 MPa) and non- 

linear region (15 MPa) were done using the DMA. The specimens were tested in tensile 

mode. Creep tests in the non-linear region, at stress level greater than 15 MPa were done 

using Instron Mudel 8562 with a load capacity of k100kN. Creep tests were also 

perfomed on [90j8 composite specimens with 7 1 2  volume fraction in linear region (3. 5. 

7, MPa) and in the non linear region (15 MPa) using DMA. 

3.7.2 ON PfFYSICALLY AGED 

To determine the effect of physical aging, short-term creep tests in Iinear (5,7 

MPa) and non-linear region (15 MPa) were done using the DMA. The specimens were 

tested in tensile mode. In non-linear region (for stress level greater than 15 MPa). creep 

tests were performed on Instron Model 8562 with a load capacity of _+100kN. Prior to 

testing al1 specimens were heated to 270°C for 15 min. to erase any previous aging and 

cooled to room temperature. The duration of each creep test was 1110'~ the duration of 

aging time to prevent further aging of specimens during creep test. The aging times 

selected for creep segment was 2, 4, 10 and 24 hours and their creep tirne were II min., 

24 min., 60 min., and 144 min. respectively. 
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60-240 

Resin 54% 

2.00 2.00 %7 70%, 85% 

CreepIRccovery 
l Time 

1 (H rs.) 
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(Days) 

80 

80180 
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8-24: Non Linear 
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Mois ture 
Content 
(% M m )  

I I I I l 
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S t rcss 

(MPa) 

3.00 
5.27 

4.40 

Linear Non-Lincar 
(MPa, % of UTS) 

3.00 
3.50 
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3.7.3 ON MOISTURIE CONDITIONED 

Creep tests were performed on moisture conditioned specimens in the Linear and 

non-linear region using Insrron equipped with an environmentai chamber. 

3.7.4 ON PRYSICALLY AGED AND MOISTURE CONDITIONED 

To determine the cornbined effect of aging and rnoisture, creep tests were 

performed in linear and non-linear region using Instron equipped with an environmental 

chamber. 

3.7.5 COMPARISON OF CREEP DATA 

The creep data obtained €rom DMA and Instron were compared due to following 

reasons: (a) The strain in DMA samples is obtained using the displacement whereas 

strain is obtained from strain gage in hstron, (b) DMA sarnples were very small when 

compared to Instron sarnples and there was a possibility that volume fraction in the 

samples might be different frorn Instron samples due to specimen preparation, and ( c )  

DMA tests were carried out on dry specimens and moisture conditioned specimens were 

tested using Instron. Creep tests on dry resin and [90]12 composite specimen with 54 % 

volume fraction using Instron were done at 5 MPa in the temperature range of 60°C - 

1 2 0 0 ~  to ensure that the creep data obtained using DMA is comparable to that obtained 

using Instron shown in Figures 3.8-3.9. It was observed that creep data obtained from 

DMA supenmpose with that of Instron. 
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Figure 3.9: Creep data of 54 % Vf at 5 MPa 



3.8 CREEP RUPTURE TEST 

Creep rupture tests were done to detemine the time t a  fracture at a constant 

stress. 

3.8.1 TEST PROCEDURE 

Creep rupture tests on dry sarnples were carried out in a constant stress machine 

supplied by Avery Denisorz Ltd. The tirne to fracture was recorded by built-in timer that 

automatically shut itseif off when test specimens fractured. Sp-ecimens were tested at 

stresses in the range of 30-95% of the ultimate tensile strength. The temperature of the 

test specimens was rnonitored with a thennocouple placed near t h e  gage length of the test 

specimen. The moisture-conditioned specimens were tested in Instron. 

Creep rupture tests were performed on resin and [90] 12  composite specimens with 

54% fiber volume fraction in the following conditions: Postczured, physically aged, 

moisture conditioned, aged and moisture conditioned as shown in Table  3.4. 



Test Condition 

Postcured 
(Temperaturd 

Stress) 

Physical Aging 

Moisture , 
Aging + 

Aging / 
Immersion 
Temp. (OC ) 

Mois ture ( 80180 

Aging Mois ture 
Time Content 

( D ~ Y  s) (% Mm) 

UTS 1 Test 
Temperature 

(W 

Table 3.4: Creep Rupture testing scheme 



C W T E R  4 

RESULTS AND DISCUSSION 

The results obtained from experiments elaborated in Chapter 3, are presented and 

discussed in this chapter. The results of moisture absorption test are presented first. The 

individual and interactive effect of each parameter such as temperature, stress, moisture. 

physical aging and fiber volume fraction on creep of both resin and composite are 

presented and discussed separately in section 4.2 . Section 4.3 discusses the effecc of 

above factors on tensile properties of both materials. Finally, the individual and 

interactive effect of the above factors on creep rupture of resin and composite are 

presented and discussed in section 4.4 

4.1 MOISTURE ABSORPTION KINETICS 

4.1.1 RESIN 

4.1.1.1 EFETCCT OF TEMPERATURE 

Figure 4.1 shows the experimental curves for weight gain during immersion in 

distilled water at 23OC, 50°C, 60°C and 80°C for resin. The weight gain (or alternatively 

referred to as "moisture content" in this thesis) increased linearly with ~( i rnrners ion  

time) and reached a plateau value corresponding to the moisture saturation. This behavior 

is typical of a material t h t  exhibits a fickian behavior in moisture absorption. The 

increase in temperature increased the rate of moisture absorption as well as the saturation 

moisture content. Diffusion coefficient 'D' caiculated using the slope of curves in Figure 

4.1 and the equation given in appendix A for al1 temperatures is plotted in Figure 4.2. 

Increase in "D" with temperature is the reason for increase in rate of absorption with 



Figure 1. L : Moisturs content as funcrion of timr fx m i n  imrnersed in 
dist il led \vater at various temperatures 

Figure 4.2: Diffusion coefficient for m i n  as a function of temperature 



Temp. 
(O C) 

Resin Vf:54% Vf:71% Resin Vf:54% Vf:71% Resin Vf:54% Vf:71% 
3.29 1.80 1.69 9.12 8.52 5.16 

Msa t 

( % )  
Pre-exponential 

Factor (mm21sec) 
Diffusion cocfficient(D) 

( x IO" ) mm2/sec 

Table 4.1 : Moisture absorption kineiic parameters for resin and coiiiposite iminersed in water 

Activation energy 
kJlmole 

Resin 

8.83 

Vf:54% 

12.18 

Vf:71% 

12.19 



temperature. The data in Figure 4.2 was modeled using Arrhenius equation to yield 

activation energy of 18.23 Wmole. liicrease in saturation moisture content and diffusion 

coefficient with temperature was observed by several researchers for epoxy resin [25-331 

and is consistent with present results. The magnitude of diffusion coefficient noticed in 

the present study is consistent with other pubIished literature [26-30, 32, 331. The 

diffusion coefficient values for epoxy resin reported in literature varied 0.83 x IO-' to 1.8 

x IO-' mmm'/c" in the temperature range of 23OC to 70°C. The saturation moisture 

content (weight gain) and diffusion coefficients at different temperatures, as well as the 

activation energy and pre-exponential factor values for resin are tabulated in TabIe 4.1. 

4.1.1.2 EFFECT OF PHYSICAL AGING 

Figure 4.3 shows the expenmental curves for weight gain, during immersion in 

distilled water at 80°C, for resin sarnples aged to different times. The curves indicate that 

the moisture absorption in epoxy follows fickian behavior even in physically aged 

condition. Moreover, saturation moisture content decreased and the time to reach 

saturation level increased with increase in aging time. The saturated moisture content was 

found to decrease by 16.5% after aging for 400 hours (16.6 days) from that of non-aged 

sample. This is expected since physical aging leads to lower free volume within polymer, 

thereby decreasing the rate of moisture absorption, diffusion coefficient and saturated 

moisture content. Similar trend (Le. decrease in moisture content with increase in aging 

time) was noticed by Kong [24] for epoxy resin. Kong [24] observed a 20% decrease in 
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Aging Time 
(Hours) 

Diffusion coefficient(D) 
( x 10" ) mm2/sec 

Table 4.2: Effect of physical aging on rnoisture absorption kineric parameters for resin 
and composite (Vf:54%) at 80°C 

O 
1 O0 
200 
300 
400 

Resin 
5.27 
4.95 
4.89 
4.60 
4.40 

Vr : 54 % 
3.50 
3 -44 
3 -20 
3.09 
2.90 

Resin 
30.30 
25.25 
24.1 O 
23 -20 
20.0 1 

V f : 5 4 %  
16-20 
1 5.90 
14.20 
14.00 
13.40 



moisture content after aging for 166 hours when compared to non-aged samples. The 

saturation moisture content and diffusion coefficients at different aging times are 

tabuiated in Table 4.2, 

4.1.1.3 EFETXT OF RELATVE HUMIDITY 

Figure 4.4 shows the experîmental curves for weight gain, at different 

temperatures (23°C and 80°C) and humidity levels (3595, 50% and 75%) for resin. The 

weight gain increased linearly with .\/; and reached a plateau value corresponding to the 

moisture saturation. This behavior is typical of a rnaterial that exhibits a fickian 

behaviour in moisture absorption, Similar to water immersion tests, the increase in 

temperature and hurnidity increased the rate of moisture absorption as well as the 

saturation moisture content. Diffusion coefficient 'Dy caiculated using the siope of curves 

in Figure 4.4 and the equation given in Appendix A for a11 temperatures is plotted in 

Figure 4.5. fncrease in "D" with temperature and humidity is the reason for increase in 

rate of absorption with temperature and humidity. Such an increase in D with humidity 

for epoxy resin has been obsewed by many investigators [26. 29-3 1, 341. The magnitude 

of diffusion coefficient values reported in literature is consistent with present results [26, 

29-31, 341. The plot in Figure 4.5 was modeIed using Arrhenius equation to yield 

activation energy of 5.19 (35%), 5.3 1 (50%) and 9.15 (75%) kJ/mole. In addition to 

saturation moisture content and diffusion coefficient, activation energy also increased 

with humidity and reached a maximum at 100% humidity. Increase in activation energy 

with humidity observed in the present study, is in contrat  to that observed by Woo and 

Piggot [36]. They found activation energy to be independent of relative humidity. The 
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saturation moisture content and diffusion coefficients at different temperatures, as well as 

activation energy and pre-exponential factor vaiues for resin are tabulated in Table 4.3. 

4.1.2 COMPOSITE WITH 54 % ETBER VOLUME FRACTION 

4.1.2.1 El?EXCT OF TEMPERATURE 

Figure 4.6 shows the experïmental curves for weight gain during i mmersion in 

distilled water at 23OC, 50°C, 60°C and 80°C for composite with 54% E b e r  volume 

fraction. The weight gain increased linearly with & and reached a plateau value 

corresponding to the moisture saturation. Similar to epoxy rnatrix, the increase in 

temperature increased the rate of moisture absorption as well as the saturation moisture 

content. Composite with 54% fiber volume fraction absorbed 33.5% less moisture than 

the resin due to lesser amount of resin in the composite. Diffusion coefficient 'D' 

calculated using the slope of curves in Figure 4.6 and the equation given in appendix A 

for a11 temperatures is plotted in Figure 4.7. Increase in "D" with temperature is the 

reason for increase in rate of absorption with temperature. Such an increase in moisture 

content and 'D' were also observed by other investigators [3 1, 38. 391. T h e  'D' values 

for carbonkpoxy composite reported in literature varies between 0.82 x 1 O-' - 2.8 x 1 O" 

mm%ec and is consistent with the present data. The plot in Figure 4.7 w-as modeled 

using Arrhenius equation to yield activation energy of 13.63 kJ/mole. T h e  saturation 

moisture content and diffusion coefficients at various temperatures, as well as activation 

energy and pre-exponential factor values for composite with 54% fiber volume fraction 

are tabulated in Table 4.1. 
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4-1.2.2 EFFECT OF PHYSICAL AGING 

Figure 4.8 shows the experimental curves for weight gain during immersion in 

distilled water at 80°C for composite with 54% fiber volume fraction samples aged to 

different times. The curves indicate that the moisture absorption in composite follows 

fickian behavior even in physically aged condition. Moreover, saturation moisture 

content decreased and the time to reach saturation level increased with increasein aging 

time. The saturated moisture content was found to decrease by 14.2% after aging for 400 

hours when compared to non-aged sample. This is expected since physical aging leads to 

lower free volume within the polymer, thereby decreasing the rate of moisture absorption. 

diffusion coefficient and saturated moisture content. The % decrease in rnoisture content 

with increasing aging time for composite with 54% fiber volume fraction with increasing 

aging time was found to be less than that for resin due to lesser amount of resin in 

composite. The saturation moisture content and diffusion coefficients at different aging 

times are tabulated in Table 4.2. 

Figure 4.9 shows experirnental curves for weight gain during immersion i n  

distilled water at various temperatures for composite with 54% VI aged to 100 hrs. The 

experimental curves for weight gain during immersion in distilled water at various 

temperatures for composite aged to 200 hrs is shown is Appendix A. Similar to unaged 

samples, the weight gain increased linearly with & and reached a plateau value 

corresponding to the moisture saturation. The saturation moisture content increased with 

increase in temperature. Diffuison coefficient 'D' calculated using the dope of curves in 

Figure 4.9 is plotted in Figure 4.10 for 100 and 200 hours. Increase in "D" with 

temperature is the reason for increase in rate of absorption with temperature. However it 
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Temp. 

100 hrs 200hrs q G  40 
60 
80 

Pre-exponential 
Factor (mm2/sec) 

Msa t 

Table 4.4: Moisture absorption kinetic parameters for composite (Vr : 54%) at various aging tiines 

Diffusion coefTicient(D) 

O hrs 

13.63 

O hrs 
1.95 
2.23 
3.50 

Activation energy 

100 hrs 
1.17 
1.39 
3.40 

1 

200 hrs 
1 .O8 
1.26 
3.20 

100 hrs 
10.00 
13.00 
15.90 

O Iirs 
12.20 
14,28 
16.20 

200 hrs 
9.90 
12.00 
14.20 



was observed that saturation moisture content and diffusion coefficient as well as 

activation energy decreased with increase in aging tirne- The saturation moisture content 

and diffusion coefficient as well as activation energy and pre-exponential factor values 

for composite with 54% fiber volume fraction are tabulated in Table 4.4. Though the 

effect of aging on moisture kinetics of epoxy resin has been investigated by Kong 1241 

for epoxy resin, no effort has so far been made to study the effect of aging on moisture 

kinetics of carbodepoxy composite. Results of this study are the first data on the effect of 

physical aging on moisture absorption kinetics of composites. 

4.1.2.3. EFFECT OF RELATIVE HUMIDITY 

Figure 4.1 1 shows the experimental curves for weight gain for composite with 

54% fiber volume fraction at different temperatures (23°C and 80°C) and humidity levels 

(35%, 50% and 75%). The weight gain increased linearly with & and reached a plateau 

vaIue corresponding to the moisture saturation similar to water immersion tests. The 

saturation moisture content increased with increase in temperature and humidity. The 

increase in temperature increased the rate of moisture absorption as well as the saturation 

moisture content. Difision coefficient 'D' calculated using the slope of curves in Figure 

4.1 1 and the equation given in appendix A for al1 temperatures is plotted in Figure 4.12. 

Increase in "D" with temperature is the reason for increase in rate of absorption with 

temperature. The data in Figure 4.12 was modeled using Arrhenius equation to yield 

activation energy of 1.93 (35%)' 3.83 (50%), and 4.12 (75%) k.J/mole. The increase in 

moisture content and D with humidity has been observed by other researchers [26,29-3 1. 

34, 381 for carbonkpoxy composites in the published literature. However. Woo and 
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Piggot [36] have observed activation energy to be independent of humidity. The 

saturation moisture content and diffusion coefficients at different temperature, as well as 

activation energy and pre-exponential factor values for composite with 54% fiber volume 

fraction are tabuIated in Table 4.3. 

4.1.3 COMPOSITE WITH 71 % FLBER VOLUME FRACTION 

4.1.3.1 EFFECT OF TEMPERATURE 

Figure 4.13 shows the experimental curves for weight gain during immersion in 

distilled water at 23OC, 50°C, 60°C and 80°C for composite with 71% fiber volume 

fraction. The weight gain increased linearly with & and reached a plateau value 

corresponding to the moisture saturation. Similar to composite with 54% fiber volume 

fraction, the increase in temperature increased the rate of moisture absorption as well as 

the saturation moisture content. Composite with 71% fiber volume fraction absorbed 

28.5% less moisture than composite with 54% fiber volume fraction due to lesser arnount 

of resin in the composite. Diffusion coefficient 'D' calculated using the dope of curves in 

Figure 4.13 and the equation given in appendix A for ail temperatures is plotted in Figure 

4.14. Increase in "D" with temperature is the reason for increase in rate of absorption 

with temperature. The data in Figure 4.14 was modeled using Arrhenius equation to yield 

activation energy of 10.66 kJ/mole. The increase in moisture content with temperature 

can be attributed to volume expansion with temperature. The saturation moisture content 

and diffusion coefficients at different temperatures as well as activation energy and pre- 
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exponential factor for composite with 7 1 % fiber volume fraction are tabulated in Table 

4.1. 

4.1.4 SUBfMARY AND EFFECT OF FIBER VOLUME FRACTION ON 

MOISTURE KINETICS 

A plot of saturated moisture content as a function of temperature at 100% relative 

humidity for resin and composite with 54% and 7 1 % fiber volume fraction is shown in 

Figure 4.15. As shown in the figure, at a given temperature saturation moisture content 

decreases with increase in fiber volume fraction. The decrease in moisture content with 

increase in fiber volume fraction could be due to less amount of resin in composite. 

Similar to saturation moisture content, Di f i s ion  coefficient 'D' also decreased with 

increase in fiber volume fraction at a given temperature shown in Figure 4.16 at 100% 

relative hurnidity. Similar trend (i.e. decrease i n  saturation moisture content and diffusion 

coefficient with increase in fiber volume fraction) was observed at other humidity levels. 

Such a trend has been observed by other researchers 129, 3 1, 351 for epoxy resin and 

carbon/epoxy composites. In addition to saturation moisture content and diffusion 

coefficient, activation energy also decreased w ith increase in fiber volume fraction. 

4.2 CREEP 

4.2.1 EFFECT OF TEMPERATUREfSTRESS 

4.2.1.1 RESIN 

Figure 4.17 shows the experimental to;al compliance data at 5 MPa for resin in 

the temperature range of 60°C-230°C. As expected, the creep compliance increases with 

the increase in temperature and time. TTSP (Time Temperature Superposition Principle) 
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was used to shift and superimpose the compliance curves at different temperatures to a 

reference temperature of 60°C. An excellent superposition was ob tained indicating that 

creep at this stress level was well within the linear region. The superimposed creep curve, 

also known as "Master Creep Curve" for the resin at 5 MPa is shown in Figure 4.18. 

Since the instantaneous cornpliance increases with increase in temperature, vertical 

shifting was used to account for this change before horizontal shifting. Vertical shift 

factor was obtained from the slope of temperature versus elastic moduIus plot obtained 

using DMA at a frequency of IO? Hz shown in Figure 4.19. The relation between 

instantaneous compliance and temperature for resin is given as S, = A + B*T ( where A 

is the constant, B is the slope obtained from DMA plot, T is the temperature, S, is the 

compliance). This equation was used to ca lda t e  the vertical shift between two creep 

curves at two temperatures (Tl and TXf) and subtract from (or add to) the creep curve at 

TI to shift it towards that at TRI. The slope and constant vaIues for resin are tabulated in 

Table 4.5. The experimental creep data at 3,7 and 15 MPa and master curves at 3 ,7  MPa 

is shown Appendix B. Master creep curves at 3,5,7 MPa superimpose as shown in figure 

4.20 indicating that creep is in the linear region at these stress levels. However, creep 

curve at 7 MPa deviates from the creep curves at 3 and 5 MPa for time greater chan 10' 

minutes. 

observed 

shown in 

This suggests that creep becomes non-linear beyond 10' minutes. It was 

ihat at a given temperature, increase in stress also accelerates creep process. As 

Figure 4.21, increase in stress (beyond 7 MPa) increases the creep compliance. 

Also, creep curves at 15 MPa, 70% and 85% of ultimate tensile strength (UTS) doesn't 

superimpose at dl (shown in figure 4.19 for a temperature of 60°C), suggesting that creep 

is non-linear at 15 MPa, 70% and 85% of UTS. This suggests that creep becomes non- 
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Table 4.5: Equation parameters for Postcured Specimens 

Fraction (%) 
O % (Resin) 

54% 

(X 10“) M P ~ K - ~  
5-75 
1.57 

( x 10.') M P ~  
9.87 
6.68 
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Stress 
(MW 

Activation Energy 
(k J/mole) 

Pre-exponential factor 

3 

TabIe 4.6: Activation energy and Pre-exponential factor values of resin, composite with 
54% and 71% Vf 

5 
7 

Ave. 

r 

126 
135 
128 

Vf:71% 
77.87 

Resin 
125 

Resin 
43.90 

1 

Vf:54% 
67.77 

Vf:54% 
193 

45.90 
46.78 

-- 

20 1 
203 
199 

Vf:71% 
227 
228 
227 
228 

69.52 
69 -46 

-- 

77.6 1 
77.53 

-- 



linear creep occurs at a stress level above 7 MPa and the time for such transition 

decreases with increasing stress- 

A plot of horizontal shift factor versus inverse temperature of resin at 3, 5 and 7 

MPa shown in figure 4.22 is non-Iinear. Figure 4.22 indicates that shift factors for 3 and 5 

MPa superimposes we1L Shift factor at 7 MPa superimposes with shift factor at 3 and 5 

MPa till 180°C and then deviates beyond 180°C. Assuming chat the temperature effect on 

creep can be modeled using an arrehenius relations, the activation energies were 

calculated from slopes of horizontal shift factor versus inverse temperature plot (limited 

to straight line portion) shown in Figure 4.22. The activation energy and pre-exponential 

factor values for 3 5  and 7 MPa are tabulated in Table 4.6. 

4.2.1.2 COMPOSITE WITH 54 % FIBER VOLUME FRACTION 

Figure 4.23 shows the experimental total compliance data at 5 MPa for [90Is 

composite with 54% fiber volume fraction in the temperature range of 60°C-230°C. As 

expected, the creep compliance increases with the increase in temperature and tirne. 

Similar to the resin, TTSP was used to shift and superimpose the compliance curves at 

different temperatures to a reference temperature of 60°C. An excellent superposition was 

obtained indicating that creep at this stress level was well within the linear region. The 

master creep curve for composite with 54% fiber volume fraction at 5 MPa is 

shown in Figure 4.24. Since the instantaneous compliance increases with increase in 
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temperature, vertical shifüng was used to account for this change before horizontal 

shifting. Similar to resin, vertical shift factor was obtained from the slope of temperature 

versus elastic modulus plot obtained using DMA at a frequency of 10 Hz. The equation 

and procedure used to vertically shift a creep curve at a temperature (TI) to the creep 

cuve  at reference temperature (Tmf) was same as discussed in section 4.2.1.1. The slope 

and constant values for composite with 54% fiber volume fraction are tabulated in 

Table 4.5. The experimental creep data at 3,7 and 15 MPa and master curves at 3 and 7 

MPa are shown Appendix B. Master creep curves at 3, 5,  7 MPa superimpose as shown 

in Figure 4.25 indicating that creep is in the Iinear region at these stress levels. However, 

creep curve at 7 MPa deviates from the creep curves at 3 and 5 MPa for tirne greater than 

107 minutes. This suggests that creep becomes non-linear beyond lo7 minutes. Also. 

creep curves at 15 MPa, 70% and 85% of ultimate tensiIe strength (UTS) doesn't 

superimpose at d l  (shown in Figure 4.26 for a temperature of 60°C), suggesting creep to 

be in non-linear region at 15 MPa, 70% and 85% of UTS. This suggests that transition 

from linear to non-Iinear creep occurs at some stress Ievel above 7 MPa and the time for 

such transition decreases with increasing stress. 

A plot of horizontal shift factor versus inverse temperature of [go18 composite 

with 54% fiber volume fraction at 3, 5 and 7 MPa shown in figure 4.27 is non-linear. 

Figure 4.27 indicates that shift factor at 3 and 5 MPa well. Horizontal shift factor at 7 

MPa superimposes with shift factor at 3 and 5 MPa till 180°C and then deviates beyond 

180°C. Assuming that the temperature effect on creep can be modeled using an 

arrehenius relations, activation energies were calculated from slopes of horizontal shift 
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factor versus inverse temperature plot shown in Figure 4.27. The activation energy and 

pre-exponential factor values for 3, 5 and 7 MPa are tabulated in Table 4.6. 

4.2.1.3 COMPOSITE WITH 71 % FIBER VOLUME FRACTION 

Figure 4.28 shows the experimental total compliance data at 5 MPa for [90Is 

composite with 7 1% fiber volume fraction in the temperature range of 60°C-230°C. As 

expected, the creep compliance increases with the increase in temperature and tirne. 

Similar to 54% composite, TTSP was used to shift and superimpose the compliance 

curves at different temperatures to a reference temperature of 70°C. An excellent 

superposition was obtained indicating that creep at this stress level was well within the 

linear region. The master creep curve for [90]8 composite with 54% fiber volume fraction 

at 5 MPa is shown in Figure 4.29. Since the instantaneous cornpliarice increased with 

increase in temperature, vertical shifting was used to account for this change before 

horizontal shifting. Vertical factor was obtained from the slope of temperature versus 

elastic modulus plot obtained using DMA at a frequency of 10 Hz. The equation used for 

vertical shifting was similar to as discussed in section 4.2.1.1. The dope and constant 

values for [90J8 composite with 71% fiber volume fraction are tabuiated in Table 4.5. The 

experimental creep data at 3,7 and 15 MPa and master curves at 3, 7 MPa is shown 

Appendix B. Master creep curves at 3 and 5 MPa superimpose as shown in Figure 4.30 

indicates that creep is in the linear region at 3 and 5 MPa. However, creep curve at 7 MPa 

doesn't superimpose with creep curves at 3 and 5 MPa suggesting that creep becomes 

non-linear beyond 5 MPa. This suggests that transition from linear to non-linear creep 

occurs at some stress level above 5 MPa. 
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Figure 4-33 : Master creep c u v e  at 5 MPa for [90]~: composite 
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A plot of horizontal shift factor versus inverse temperature of [90Is composite 

with 71% fiber volume fraction at 3, 5 and 7 MPa shown in Figure 4.31 is non-linear. 

Figure 4.31 indicates that shift factor at 3 and 5 MPa well. Horizontal shift factor at 7 

MPa superimposes with shift factor at 3 and 5 MPa till 150°C and then deviates beyond 

150°C. Assuming that the temperature effect on creep c m  be modeled using an arrhenius 

relations, activation energies were calculated from slopes of horizontal shift factor versus 

inverse temperature plot shown in figure 4.3 1. The activation energy and pre-exponential 

constant values for 3 ,5  and 7 MPa are tabulated in Table 4.6. 

4.2.1.4 SUMMARY AND EFFECT OF FIBER VOLUME FRACTION ON CREEP 

A cornparison of master curves at 5 MPa for resin and 5 4 8  composite and for 

54% and 71% composite as shown in Figures 4.32-4.33 indicate that creep of resin is 

retarded by fiber reinforcernent (creep compliance decreases with inclusion of fi bers). 

The limit of linear creep region for resin and 54% composite was found to be 7 MPa. 

However, for 71% composite, the limit of linear creep region was found to be about 5 

MPa. Though the limit of linear creep region remained the same for both the resin and the 

54% composite, it changed for 71% composite. An increase in fiber volume fraction 

decreased the creep compliance reducing the creep rate and increased the activation 

energy (tabulated in Table 4.6). 



4.2.2 EFFECT OF PHYSICAL AGING 

4.2.2.1 RESIN 

Figure 4.34 shows the creep curves for resin that was physically aged for various 

times at 80°C. As shown in the figure, creep compliance at a given creep time decreased 

with increase in the aging time, modulus increased. This indicates that creep is retarded 

by physical aging. The short-term creep curves (mornentary) at different aging times 

were horizontally shifted and superimposed to a reference aging time of 2 hours using 

TTSP. The master curve of resin at 80°C is shown in Figure 4.35. Despite horizontal 

shifting, some amount of vertical shifting was needed to account for change in 

instantaneous compliance with aging time. This vertical shifting was determined from the 

relation between instantaneous compliance with aging tirne at various ternperatures. This 

relation was determined using DMA and is given in Table 4.7. The individual master 

curves for resin at 5 MPa, 7 MPa, 15 MPa, 70% and 85% UTS in the temperature range 

of 40°C-240°C are shown in Appendix C. A double log plot of horizontal shift factor 

versus aging time is shown in Figures 4.36-4.38 in the temperature range of 40°C-240°C 

at 5, 7 and 15 MPa. It is observed that the shift factor increases with increase in aging 

time at various temperatures. In addition, the aging temperature also affects the rate of 

physical aging and this is characterized by aging shift rate (p), which is the slope of the 

plot in Figues 4.364.38. A plot of shift rate as a function of temperature at different 

stress levels is shown in Figure 4.39. The shift rate slightly increased with temperature 

and then remained constant except at 200°C, where it peaked. However, the sudden 

increase in shift rate at 200°C is not fuily understood and is thought to be due to process 

induced residud stresses. Further experimentation is required to understand and 
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Figure 4.34: Cornpliance data at 5 MPa for resin at 80°C at variolus 
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F i y r e  4.35: Momentary mvter curve at 5 MPa for resin at 80°C 



Table 4.7: Vertical shift factor for physically aged specimens 
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Figure 4.37: A@ng shift factor for resin as a function of aging time 
at 7 MPa 
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Figure 4.39: Shift rate for resin as a function of temperature at 
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characterize this behavior. The shift rate of resin varied between 0.3 to 0.7. Wang et al. 

[22] also observed shift rates between 0.3-0.8 for Fiberite 954-2 resin in the temperature 

range of 140-200°C, which is consistent with the present results. Though the shift rate 

values reported in Iiterature 114-221 varies frorn one researcher to another, the magnitude 

and temperature dependence of shift rates observed in this study is consistent with the 

O ther pub lished Iiterature [14-221. 

The shift rate remained constant at 5, 7 and 15 MPa for any given temperature. 

However, beyond 15 MPa (Le at 70% and 85% UTS), the shift rate decreased at a given 

temperature. Similar effect of stress on shift rate was noticed by Struik [14]. He has 

explained this behavior to be due to partial erasing of aging by applied stress. The shift 

rate will be a useful parameter in determining aging shift rate which are required, in 

modeling of creep. 

4.2.2.2 COMPOSITE WITH 54% FIBER VOLUME FRACTION 

Figure 4.40 shows the compliance data at 5 MPa for [9018 composite with 54% 

volume fraction that was physically aged for various times at 80°C. As shown in the 

Figure 4.40, at a given creep tirne decreased with increase in the aging time, modulus 

increased. This indicates that physical aging retards creep. Similar to resin, the short-term 

creep curves (momentary) at different aging times were horizontally shi fted and 

superimposed to a reference aging time of 2 hours using TTSP. The master curve of [9018 

composite with 54% volume fraction at 80°C is shown in Figure 4.41. Despite horizontal 

shifting, some arnount of vertical shifting was needed to compensate for the increase in 

instantaneous compliance with aging time. Vertical shift factors at different temperatures 



Figure 4.10: Cornpliance data at 5 MPa for [90Is composite (VI. 54%) 
at 80°C at various physical aging times 

Figure 4-41 : Momentq mater curve at 5 MPa for [90]8 composite 
(V,- 54%) at 80°C 



Figure 4.42: A g n g  shift factor for composite (Vi :54'?.0! as a function 
of aging t h e  at 5 MPa 

Fi y r e  4.43: Aging shifi factor for composite (Vr :54Y~j as a function 
of crging time at 7 MPa 
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Figure 4.4:  Shifi rate for composite (Vr 54%) as a hnction of 
temperature at vanous stress leve1s 



for are tabulated in Table 4.7. The individual master curves of composite with 54% 

volume fraction at 5 MPa, 7 MPa, 15 MPa, 70% and 85% of UTS in the temperature 

range of 40°C-240°C are given in Appendix C. It was observed that horizontal shift 

factor increased with increase in aging time at different temperatures. In addition. the 

aging temperature also affects the rate of physical aging and this is characterized by aging 

shift rate (p), which is the dope of the plot in Figures 4.42-4.44. A plot of shift rate as a 

function of temperature at different stress Ievels is shown in Figure 4.45. Similar to resin. 

the shift rate of 54% composite slightly increased with temperature and then remained 

constant except at 200°C, where it peaked. Such a sudden increase in shift rate was also 

noticed by Gates and Feldrnan [20] at around 2 10-2 15°C for IM7/K3B (carbon/polyimide 

composite). However, the sudden increase in shift rate at 200°C is not fuliy understood 

and is thought to be due to process induced residual stresses. Further experimentation is 

required to understand and characterize this behavior. The shift rate of 54% composite 

varied between 0.3 to 0.55. Wang et al. [22] also observed between 0.3-0.8 for 954-2 

composite in the temperatilre range of 140-200°C, which is consistent with the present 

results. Similar to the resin, the magnitude and temperature dependence of shift rates 

observed in this study for 54% composite is consistent with the other published literature 

[ 14-22]. 

The shift rate remained constant at 5, 7 and 15 MPa for any given temperature. 

However, beyond 15 MPa (i.e. at 70% and 85% UTS), the shift rate decreased at a given 

temperature. Similar influence of stress on shift rate was noticed by Struik [14]. He has 

explained this behavior to be due to partial erasing of aging by applied stress. The shift 
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rate will be a useful parameter in determining aging shift rate which are required, in 

modeling of creep. 

To validate the shifting procedure, total cornpliance data was predicted for an 

aging time of 1500 hours at 8O0C and compared with experimental compliance data aged 

for 1500 hours at 80°C. The log(horizonta1 shift factor) versus log(aging time) plot at 

O 
80C for composite was extrapolated to obtain shift factor for an aging time of 1500 hours. 

The master curve for a reference aging tirne of 2 hours, shown in Figure 4.41 was shifted 

using the extrapolated shift factor to obtain creep curve for composite for an aging tirne 

of 1500 hours. Figure 4.46 shows the superposition of predicted and experimental 

cornpliance data at 80°C. Excellent correlation is observed and this validates the shi fting 

procedure and shift factors obtained in the snidy. 

4.2.2.3 SUMMARY AND EFFECT OF FIBER VOLUME FRACTION ON 

PHYSICAL AGING 

Figure 4.47 shows a plot of shift rate as a function of temperature for resin and 544  

composite at 5 MPa. The magnitude of shift rates was found to be same for resin and 

54% composite. This is expected since the property of 19018 composite is dominated by 

rnatrix properties. Shift rates were found to be independent of fiber volume fraction 

except at 200°C. Similar trend in shift rates with fiber volume fraction was noticed by 

Struik [14], Sullivan [18], and Wang et al. 1221. 



4-2.3 EFWCT OF MOISTURX 

4.2.3.1 RIESIN 

Figure 4.48 shows experimental total compliance data at 5 MPa for dry (0%) and 

moisture conditioned (5.27%) at various temperatures. It can be inferred from the Figure 

4.48 that the magnitude and the rate of creep increases with increase in moisture content 

at a given temperature. Similar trend has been reported in literature [25, 49, 50, 541 and 

has been expIained in terms of plasticization of matrix by the absorbed moisture. Rate of 

creep in a polymer is determined by the mobility of polymer chains. Since the mobility of 

polymer chains decreases drastically with decrease in temperature below Tg, creep rate of 

a polymer at a temperature Ti is deterrnined by how far below the temperature Ti is from 

Tg. Since the introduction of moisture in a polymer decreases Tg as shown in Figure 4.49, 

the rnobility of a polymer with moisture will be more than a dry polymer at T[,-[ below 

Tg. This is because (Tgwet - Tras lWCf) which influences molecular mobility for a wet 

sample will be more than ( ~ p d ~  - TtaL ZV) for a dry sample. If the above explanarion is 

valid, then temperature T,, for dry and wet sample can be varied such that (TT' - Tt,,. 

I = ( T ~ ~ ~  - TtUt. dly). Hence the creep of dry sarnple tested at a temperature Tm,. 2 will 

be equal to that of a wet sample at T,, IWe' Le. [Tt,& tdv = [(~,d" - TgWe') + TtLSI. 

(Please note that T,,:~ > Tt,Tt ). A plot of moisture content as a function of glass 

transition temperature (Tg) is shown in Figure 4.49. As shown in Figure 4.49, Tg of resin 

decreases from 270°C (0% moisture content) to 179°C (5.27% moisture content) i-e. a 

total decrease of 91°C. Thus, the total compliance of 5.27% moisture conditioned sample 

at 80°C was found to be same as that of dry sample at 170°C, shown in Figure 4.50. 

Similarly, the total compliance of 5.27% moisture conditioned samples at 40°C and 60°C 
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Figure 4.5 1 : Master creep curve at 5 and 7 MPa for moisture 
conditioned resin 



Fiber 
Volume 

Table 4.8: Equation pararneters for moisture conditioned specimens 

(Resin) 
54 

Slope(B) 
(x IO-') MP~".K-' 

Constant (A) 
( x IO-') M P ~ - '  

1.52 1.53 1.55 6-66 6.70 6.70 



waî found to be sarne as that of dry sample at 130°C and 150°C respectively. Similar 

trend was observed for resin at 7 MPa shown in Appendix D. The experimental 

compliance data for 2% and 3% rnoisture conditioned resin at 5 MPa, 7 MPa, 70%UTS 

and 85% UTS at various temperatures is shown in Appendix D. 

The compliance curves for moisture content, at different temperatures were 

shifteu ~ i d  superimposed to a reference temperature of 60°C using TTSP. Horizontal and 

vertical shifting were used to obtain a smooth master curve, Vertical shift factor was 

obtained from the slope of ternperature versus modulus plot. The modulus values were 

obtained from the dope of stress-strain plot for given moisture content ac different 

temperatures. The equation and vertical shifting procedure was simiIar to as discussed in 

section 4.2.1.1 _ The slope and constant values for various moisture contents are tabulated 

in Table 4.8. Figure 4.51 shows the master creep curve of moisture conditioned (5.27%) 

resin at 5 and 7 MPa at 6Q°C. It was observed that creep curve at 5 MPa superimposes 

with creep curve at 7 MPa, suggesting creep to be in the linear region at these stress 

levels. This suggests that moisture does not influence the linear-nonlinear creep transition 

in resin. Master creep curves for 2 % and 3% moisture conditioned resin at 5 and 7 MPa 

are shown in Appendix D. However, creep curves at 70% and 85% UTS (shown in 

Appendix D) didn't superimpose suggesting creep to be in non-linear region beyond 7 

MPa, similar to dry resin. 

Figure 4.52 shows a plot of horizontal shift factor as a function of temperature for 

5.27% moisture conditioned resin at 5 and 7 MPa. The superposition of shift factors at 5 

and 7 MPa indicates creep to be in the linear repion at these stress levels. The plot of 

shift factor of resin as a function of temperature for 2 % and 3% moisture contents is 
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shown in Appendix D. Activation energy was deterrnined from the dope of the plot 

shown in Figure 4.52. The activation energies of dry (0%) and moisture conditioned (1. 3. 

& 5.27%) resin were found to be nearly same shown in Figure 4.53, indicating that creep 

acceleration was due to plasticization. The activation energy and pre-exponential factor 

values for resin at different rnoisture contents are tabulated in Table 4.9. During rnodeling 

on creep the effect of moisture is accounted for through this pre-exponential factor. 

4.4.3.2 COMPOSITE WITH 54% FIBER VOLUME FRACTION 

Figure 4.54 shows experimental total compliance data at 5 MPa for dry ( 0 8 )  and 

moisture conditioned (5.27%) [90J12 composite with 54% volume fraction at different 

ternperatures. Similar to resin, it can be inferred from the Figure 4.54 that the magnitude 

and the rate of creep increases with increase in moisture content at a given ternperature 

Moisture accelerates creep process through plasticization (reduction in Tg) of matrix 

(resin) as discussed in section 4.2.3.1. A plot of moisture content as a function of glass 

transition temperature (Tg) is-shown in Figure 4.55. As shown in Figure 4.55, Tg of 54% 

composite decreases from 270°C (0% moisture content) to 221°C (3.50% moistiire 

content) i.e. a total decrease of 49°C. Thus, the total cornpliance of 3.50% moisture 

conditioned sample at 80°C was found to be sarne as that of dry sample at 130°C, shown 

in Figure 4.56. Similady, the total compliance of 3.50% moisture conditioned samples at 

40°C and 60°C was found to be same as that of dry sample at 90°C and llO°C 

respectively. Similar trend was observed for composite at 7 MPa shown in Appendix D. 

The experimental compliance data for 2% and 3% moisture conditioned composite at 5 

MPa, 7 MPa, 70% and 85% UTS at different temperatures is shown in Appendix D. 
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Figure 4.57: Master creep cunle at 5 and 7 MPa for moisture 
conditioned [go] 12 composite (VI 154%) 



Similar to resin. the cornpliance curves at different temperatures were shifted and 

superimposed to a reference temperature of 60°C using TTSP. Horizontal and vertical 

shifting were used to obtain a smooth master curve. The modulus values were obtained 

from the slope of stress-strain plot for given moisture content at differen t temperatures. 

The equation and vertical shifting procedure was same as discussed in section 4.2.1.1. - 

The dope and constant values for various rnoisture contents are tabulated in Table 4.8. 

Figure 4.57 shows the master creep curve of moisture conditioned composite at 5 and 7 

MPa at 60°C. Similar to resin, it was observed that creep curve at 5 MPa superimposes 

with creep curve at 7 MPa, suggesting creep to be in linear region at these stress levels. 

SimiIar to resin, rnoisture does not influence the linear-non linear creep transition. 

However, creep curves at 70% and 85% UTS didn't superimpose suggesting creep to be 

in non-linear region beyond 7 MPa. 

Figure 4.58 shows a plot of horizontal shift factor as a function of moiscure 

content at 5 and 7 MPa. It was observed that shift factor increased with increase in 

moisture content. The superposition of shift factors at 5 and 7 MPa indicates creep to be 

in linear region at these stress levels. The plot of shift factor of composite as a fiinction of 

temperature at 2 % and 3% moisture contents is shown in Appendix D. SimiIar to resin, 

activation energy was determined from the slope of plot shown in Figure 4.58. The 

activation energies of dry (0%) and moisture conditioned (2, 3, & 3.50%) composite were 

found to be nearly same shown in Figure 4.59, indicating that creep acceleration was due 

to plasticization of matrix (resin). The activation energy ands pre-exponential factor 

values for [90] l 2  composite with 54% volume fraction at different moisture contents mare 

tabulated in Table 4.9. 
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Figure 4.59: Activation energy of [90] 1t composite (Vf 54%) as 
a function of rnoisture content at 5 and 7 MPa 



4.2.4 INTERACTIVE EFEECT OF STRESS, TEMPERATURE, MOISTURJ3, 

PHYSICAL AGING AND FIBER VOLUME FRACTION 

4.2.4.1 RESIN 

Figure 4.60 shows experimental total compliance data at 5 MPa for aged and 

moisture conditioned (16.6 days, 4.40%) resin at various temperatures. The experimental 

total compliance data at 7 MPa, 70% and 85% UTS is shown in Appendix E. TTSP wus 

used to shift and superimpose the compliance curves to a reference temperature of 60°C. 

Horizontal and vertical shifting were used to obtain a smooth master curve shown in 

Figure 4.61 at 5 and 7 MPa. Vertical shift factor was obtained from the siope a f  

temperature versus modulus plot. The modulus values were obtained from the dope of  

stress-strain plot at different temperatures for aged (16.6 days) resin with 4.40% moisture 

content. The equation and procedure used to vertically shift a creep curve at a 

temperature (Ti) to the creep curve at reference temperature (Ter) was same as discussed 

in section 4.2.1.1. The slope and constant values are tabulated in Table 4.10. It was 

observed that creep curve at 5 MPa does not supenmpose with creep curve at 7 MPe. 

suggesting creep to be in the non-linear region at above 5 MPa. This suggests that aging 

and moisture in combination, influences the linear-nonlinear creep transition in resin. A 

plot of shift factor as a function of temperature is shown in Figure 4.62. Superposition of 

shift factors at 5 and 7 MPa indicates that creep rnechanism is not altered. 

In order to understand the interactive effect, the compliance data at 5 MPa for 

postcured (PC), Aged (PA -16.6 days), Moisture conditioned (M - 5.25%), and Aged- 

Moisture conditioned (PA+M: 16.6 days + 4.40%) resin at 80°C are plotted together 

shown in Figure 4.63. As shown in Figure 4.63, aging retards creep and moisture 
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Table 4.10: Equation parameters for Aged - moisture conditioned specimens 

Fiber Volume 
Fraction (9% ) 

O % (Resin) 
54% 

SIope@) 
(X IO-') MP~-'.K-' 

5.70 
1.50 

Constant (A) 
( x IO-') M P ~ "  

9.30 
6.50 
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Figm 4-61: Shift factor for a@-rnoisturs conditioned rzsiri as a 
fiinction of temperatlire at 5 MPa and 7 MPa 
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Figure 4.63: Cornpliance data at 5 MPa for postcured, aged, moisture 
conditoned and aged-rnoisture conditioned m i n  at 80°C 



Table 4.11 : Reduction of glass transition temperature at different moisture 
contents 

Moisture level 
(% 

Aging condition 
(Hrs.) 

Unaged 
Unaged 
Unaged 

168 
Unaged 

200 
Unaged 

300 
Unaged 

400 

Resin 
O 

5.27 
4.95 

4.89 

4.60 

4.40 

Vf : 54% 
O 

3 .SO 
3 -44 

3.20 

3.09 

2.90 

Tg("C 

Resin 
270 
179 
181 
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184 
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AT= = T ~ ~ - -  T ~ \ ~ ~ ~  

Vr : 54% 
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22 1 
222 
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224 
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225 
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89 
87 
88 
83 
86 
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85 
80 
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49 
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44 
47 
43 
46 
40 
45 
39 



Figure 4.64: Validation of mechanism for interactive influence of aging 
and moisture for resin at 5 MPa 
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Stress 
(MPa) 

Table 4.1 1 : Activation energy and Pre-exponentid factor values for aped-moisture 
conditioned resin and composite (Vf : 54%) at various stress IeveIs 

5 

Activation Energy 
(kJhole) 

Pre-exponential factor 

Resin 
120 

Vf : 54% 
190 

Resin 
5 1.8 

Vf : 54% 
63.4 



accelerates creep. The creep acceleration for cornbined effect of aged -moisture 

conditioned sample at a constant temperature was found to be less than that non-aged 

rnoisture conditioned sarnpIe. The difference in creep acceleration was found to be due to 

difference in magnitude of matrix plasticization, between non-aged and aged resin, by 

absorbed moisture as shown in Table 4.1 1. A non-aged sample with 4.408 moisture 

content experienced a reduction in Tg by W°C, while the aged sarnples experienced a 

reduction in Tg by 80°C for the same amount of moisture. The creep of aged resin with 

4.4% moisture content at 80°C was found to be same as that of non-aged sample at 160°C 

shown in Figure 4.64. However, the creep of non-aged sample at 80°C is same as creep 

of non-aged dry sample with 4.40% moisture content. Similarly, compliance of aged 

resin with 4.4% moisture content at 40°C and 60°C were found to be same as that of non- 

aged dry sarnpIe at 120°C and 140°C respectively. Similar results were obtained at 7 MPa 

shown in Appendix E. Thus, it can be concluded that combined effect of aging and 

moisture decreased the magnitude of plasticization as compared to non-aged samples 

containing the same amount of moisture for a given temperature and stress level. The 

activation energy and pre-exponential factor values for resin are tabulated in Table 4.12 

4.2.4.2 COMPOSITE WITH 54% FIBER VOLUME FRACTION 

Figure 4.65 shows experimental total compliance data at 5 MPa for aged and 

moisture conditioned (16.6 days, 2.90%) 54% composite at different temperatures. TTSP 

was used to shift and superimpose the compliance curves to a reference temperature of 

60°C. Horizontal and vertical shifting was done to obtain a smooth master curve shown 

in Figure 4.66 at 5 and 7 MPa. Vertical shift factor was obtained from the dope of 
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Figure 4.65: Cornpliance data at 5 MPa for [90]::  aged-rnoirture 
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Figure 4.66: Master creep cunle at 5 MPa and 7 MPa for [go] 1 2  

aged-moisture conditioned composite (V;- 54%) 



temperature versus modulus plot. The modulus values were obtained from the slope of 

stress-strain plot at different temperatures for aged (16.6 days) resin with 4.40% moisture 

content. The equation and vertical shifting procedure was same as discussed in section 

4.2-1.1. The slope and constamt values are tabulated in Table 4.10. Similar to resir. :: was 

observed that creep curve at 5 MPa does not superimpose with creep curve at 7 MPa, 

suggesting creep to be in the non-linear region at above 5 MPa. This suggests that aging 

and moisture in combinati-on. influences the Iinear-nonlinear creep transition in 

composite. The effect of stress is very apparent in composite than in resin. A plot of shift 

factor as a function of temperature shown in Figure 4.67. Similar to resin, shift factors at 

5 MPa superimposes with thatz of 7 MPa . 

In order to delineate the interactive effect, compliance data at 5 MPa for 

Postcured (PC), Aged (PA -16.6 days), Moisture conditioned (M - 3%). and Aged- 

Moisture conditioned (PA+M= 16.6 days + 2.90%) composite sample at 80°C are plotted 

together as shown in Figure 4.68. As shown in Figure 4.68, aging retards creep and 

moisture accelerates creep of rnatrix. The creep acceleration for combined effect of aged- 

moisture conditioned composiite sample at a constant temperature was found to be less 

than that non-aged moisture caonditioned sample similar to resin. The difference in creep 

acceleration was found to b e  due to difference in magnitude of matrix (resin) 

plasticization, between non-aged and aged resin, by absorbed moisture as shown in Table 

4.11. For absorbed moisture content of 3% of non-aged sarnples experienced a reduction 

in Tg by 45OC, while the aged samples experienced a reduction in Tg by 3g°C for the 

same moisture content. The creep of aged composite with 2.90% moisture content at 
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Figure 4.69: Validation of mechanism for interactive influence of aging 
and moisture for composite (Vf : 54%) at 5 MPa 



80°C was found to be sarne as that of non-aged sample at 120°C shown in Fi, cure 4.69. 

Similarly, compliance of aged resin with 2.90% rnoisture content at 40°C and 60°C were 

found to be same as that of non-aged dry sample at 100°C and 80°C respectively. Similar 

results were obtained at 7 MPa shown in Appendix E. Combined effect of aging and 

moisture decreased the magnitude of plasticization of matr-ix (resin) as compared to non- 

aged samples containing the same arnount of moisture for a temperature and stress level. 

The activation energy and pre-exponential factor values for composite are tabulated in 

Table 4.12. 

4.3 FRACTURE 

The fracture tests were done to detennine the individual and interactive effect of 

temperature, physical aging and moisture on total fracture energy. This fracture energy 

data will be used for creep rupture rnodeling ~ ~ r - t e 4 h e a ~ h e r n & k ~ .  

4.3.1 RE'SIN 

4.3.1.1 EFFECT OF TEMPERATURE 

Figure 4.70 shows the stress-strain plot of resin in the temperature range of RT- 

180°C. The strength decreased with increase in temperature and fracture strain increased 

with increase in temperature. A plot of total fracture energy as a function of temperature 

is shown in Figure 4.71. Fracture energy is the energy absorbed by a specimen when i t  

fractures and was measured frorn the area under stress-strain curve at different 

temperatures. The total fracture energy was found to decrease with increase in  

temperature. The total fracture energy decreased from 170 k ~ m "  at room temperature 

(295 K) to a value of 96 kJmJ at 180°C (453 K). 
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4.3.1.2 EFE'ECT OF AGING 

The stress strain plot of resin at different aging times at 80°C is shown in figure 

4.72. The stress strain plot of resin at 150°C and 180°C is shown in Appendix E. The 

fracture stress, strain and fracture energy values at values temperatures are tabulated in 

Table 4.13. Figure 4.73 shows a plot of total fracture energy as a function of aging time at 

different temperatures. Total fracture energy of the resin decreased with increase in aging 

time at ail temperatures unti1 about 168 hours(7 days). However, an increase in fracture 

energy was observed after aging for 168 hours (7 days) at d l  temperatures and then 

decreased again. The higher fracture energy for 7 days of aging as compared to I day 

appears to corroborate the explanation based on residual stresses. It is possible that any 

decrease in energy due to aging is offset by an increase in energy due to reduction in 

residual stresses. The fracture energy decreased by 73.5 %, 67.5% and 66.6% after aging 

for 400 hours (16.6 days) at 80°C, 150°C and 180°C from that of non-aged samples. 

Similar trend was observed by Kong [24] for epoxy resin. The magnitude of 5% reduction 

in fracture stress, strain and fracture energy reported by Kong [24] for epoxy resin is 

consistent with present result. He observed 8096, 46.3% and 41% decrease in fracture 

energy, fracture stress and strain respectively after aging for 1666 hours at 140°C when 

compared to non-aged sample. 

4.3.1.3 EFFECT OF MOISTURE 

A stress strain plot of resin at different moisture contents at 80°C is shown in 

figure 4.74. Similar results were obtained at 150°C and 180°C, whose plots are shown in 
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Table 4.13: Effect of aging on tensile properties of resin 
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Table 4.14: Effect of moisture on tensile properties of resin 
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Figure 4.77: Total fracture energjy of resin as a function of temperature 
at various aging times and moisture contents 



Strain 7/2 1.3M.04 1.40 kO.02 1 -4310.0 15 
16.614-4 1 -072.03 0.95kû.03 0.92+0.03 

Stress 
ma) 

% Reduction 
in Stress 

1 Total 1 0  

O 
7/2 

16.6i4.4 
7/2 

1 6.6/4.4 

Fracture 
EnergJ'(k~m-3)- 

% Reduction 

Table 4.15: Cornbined effect of aging and moisture on tensile properties of resin 
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Appendix E. The fracture stress, strain and total fracture energy values are tabulated in  

4.14. Figure 4.75 shows the effect of moisture content on total fracture energy at different 

temperatures. At a given temperature, total fracture energy decreases with increase in 

moisture content. 

4.3.1.4 COMBINED EFFECT OF AGING AND MOISTURE 

Figure 4.76 shows the stress strain plot of resin at 80°C conditioned to various 

moisture levels and physical aging times. The fracture stress, strain and fracture enei-gy 

values are tabulated in Table 4.15. Total Fracture energy as a function of temperature at 

different moisture contents and aging times is shown in Figure 4.77. While aging and 

rnoisture alone decreased fracture energy, combined effect of aging and moisture resulted 

in fracture energy higher than that of non-aged moisture conditioned specimen for a 

given moisture content and temperature. The total fracture energy of aged (16.6 days) 

resin with 4.40% rnoisture content was found to be higher than that of non-aged rnoisture 

conditioned sample at a given temperature. 

4.3.2 COMPOSITE WITH 54% FIBER VOLUME FRACTION 

4.3.2.1 EFFECT OF TEMPERATURE 

Figure 4.78 shows the stress-strain plot of composite with 54% volume 

fraction in the temperature range of RT-180°C. Similar to resin, the strength decreases 

with increase in temperature. Figure 4.79 shows a plot of total fracture energy as a 

function of temperature. Fracture energy is the energy absorbed when specirnen fractures 

and was measured from the area under stress-strain curve. Similar to resin. the fracture 
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energy of composite decreases with increase in temperature. The fracture energy 

decreased from 168kJrn" at roorn temperature to 85 k h J  at 180°C (453 K). Sirnilar 

decrease in fracture energy with temperature was observed by Raghavan and Meshii [9] 

and Miyano et al [ I l ]  for carbodepoxy composites and is consistent with the present 

results. 

4.3.2.2 EFFECT OF AGING 

The stress strain plot of [90]1~ composite with 54% volume fraction at different 

aging times at 80°C is shown in Figure 4.80. The stress strain plot of composite at 150°C 

and 180°C is shown in Appendix E. The fracture stress, strain and fracture energy values 

at different temperatures are tabulated in Table 4.16. Figure 4.8 1 shows a plot of total 

fracture energy as a function of aging time at different temperatures. Though the total 

fracture energy decreased with increase in aging time at 80°C, an increase in fracture 

energy was observed at 150°C and 180°C after aging for 400 hours (16.6 days). The total 

fracture energy of 400 hours aged composite at 150°C and 180°C was found to be higher 

than that of non-aged sample. The higher fracture energy at 150°C and 180°C for 16.6 

days of aging as compared to 1 and 7 days could be due to relaxation of residua1 stresses 

induced during processing. However, fracture energy decreased drastically after aging for 

1000 hours (41.6 days) at 180°C. Sirnilar trend was observed by Kong [24] for 

carbodepoxy .composite. He noticed a decrease of 38.5%, 73.6% and 87.8% in fracture 

stress, strain and energy after 1666 hours of aging at 140°C from chat of non-aged 

sample. 
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Figure 4.81: Stress-Stnin plot o f  [90] 11 composite (V,- 54%) 
at various moisture contents at 80GC 

Figure 4.83: Total fracture energy of [go] 12 composite (Vf 54%) as 
a function of temperature at various moisture contents 
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Table 4.17: Effect of moisture on tensile properties of [90] ,2  composite with 54% Vf 
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Figure 4-85: Total fracture energy of [90] 12 composite (Vi :M%) as 
a function of temperature at various moisture contents 
and physical aging times 
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4.3.2.3 EF'FXCT OF MOISTURE 

A stress strain piot of [90]12 composite with 54% volume fraction at different 

moisture contents at 80°C is shown in figure 4.82. The stress strain behavior of [90] i 2  

composite with 54% volume fraction at 150°C and 180°C is shown in Appendix E. The 

fracture stress, strain and total fracture energy values are tabulated in Table 4.17. Figure 

4.83 shows the effect of moisture content on fracture energy at different temperatures. 

The fracture energy decreased with increase in moisture content at al1 temperatures. 

4.3.2.4 COMBINED EFFECT OF AGING AND MOISTURI3 

Figure 4.84 shows the stress strain plot of composite with 54% volume 

fraction at 80°C at different moisture contents and physical aging times. The fracture 

stress, strain and fracture energy values are tabulated in Table 4.18. Total fracture energy 

as a function of temperature at different moisture contents and aging times is shown in 

Figure 4.85. The total fracture energy of aged composite with 3% moisture content was 

found to be higher than non aged moisture conditioned sampie (3.5%) at a given 

temperature. 

4.4 CREEP RUPTURE 

4.4.1 RESIN 

4.4.1.1 EF'FXCT OF TEMPERATURE/STRESS 

Figure 4.86 shows the rupture time of resin as a function of % of ultimate tensile 

strength at different temperatures. It was observed that rupture time decreases with 
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increase in temperature and stress level. Similar trend has been observed by several 

researchers [1,3, 81. The rupture time varïed from 80 to 10' minutes. 

4.4.1.2 EFFECT OF PHYSICAL AGING 

Figure 4.87 shows the effect of aging on rupture tirne. Aging shifts the rupture 

time to right Le. takes longer times to rupture when compared to non-aged samples. In 

other words, physical aging increased the creep mpture time for resin. This could be due 

to reduction in creep rate as compared to non-aged samples. Similar behavior was 

observed for PMMA polymer by Crissman and Mckenna [23]. However, they found the 

creep rupture time to decrease after 11 days of aging for a given stress ievel. 

4.4.1.3 EFFECT OF MOISTURE 

Figure 4.88 shows rupture time as a function of % of ultimate tensile strength at 

80°C. In contrat to aging, moisture accelerates the creep process, there by shifting the 

rupture time to left Le. to shorter times. Moisture accelerated the creep rate and 

decreased the creep rupture time when compared to non-aged samples. Many researchers 

have observed such creep rupture acceleration in the past [35, 65-67]. 

4.4.1.4 COMBINED EF'FECT OF AGING AND MOISUTRF3 

The creep rupture time of aged resin was longer than for non-aged resin for a 

given moisture content as shown in Figure 4.88 ( PC:Postcured, PA:Physically Aged (400 
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hours), M: Moisture-conditioned (5.27%), PA+M: Aged & Moisture conditioned (400 

hours+4.40%)). It was observed during the discussion on interactive effect of moisture 

and physical aging on creep that creep rate of PA+M would Se slower than that of M 

sample for a given moisture, temperature and stress level. This was attributed to 

reduction in the magnitude of plasticization in the aged state. Similar trend was observed 

in fracture energy Le. the fracture energy of PA+M were higher than that of M sample for 

a given moisture and temperature- Hence it is expected that the creep rupture tirne of 

PA+M specimens would be longer than that of M specimens for a given, temperature and 

stress level. ResuIts of this study are the first data on the combined effect of aging and 

moisture on creep rupture of resin. 

4.4.2 COMPOSITE WITH 54% FIBER VOLUME FRACTION 

4.4.2.1 EFFECT OF TEMPERATURE / STRESS 

Figure 4.89 shows the rupture time of [90Il2 composite with 54% volume fraction 

as a function of % of ultimate tensile strength at different temperatures. Similar to resin, 

rupture tirne decreased with increase in temperature and stress level. Similar trend was 

observed by other investigators 11, 3, 81. Rupture time varied from 45 to 10' minutes. 

4.4.2.2 EFFECT OF PHYSICAL AGING 

Figure 4.90 shows the effect of aging on rupture time. In contrat to resin, aging 

shifts the rupture time to nght i.e. takes shorter time to rupture. In other words, aging 

decreased the creep rupture time when compared to non-aged samples. 
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Figure 4-89 Crrep rupture time Tor composite (,Vf: 54%) at 
vario lis tem peratrues 

Figure 4.90: Creep rupture time for physically aged (400hrs) [9Q2  
composite (Vc : 54%) at various temperatures 



Fi y r e  4.9 1 : Creep rupture time for postcured, physica!ly aged, 
moisture conditioned, and aged-moisture conditioned 
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4.4.2.3 EFF'ECT OF MOXSTURE 

Figure 4.91 shows rupture time as a function of % of ultimate tensile strength at 

80°C. In contrast to aging, rnoisture accelerates the creep process, there by shifting the 

pf%tr 
-7 rupture time to e t  1.e. to shorter times. Similar to resin, moisture accelerated the creep 

rate and decreased the creep rupture time for composite when compared to non-aged 

samples. Many researchers have observed such creep rupture acceleration in the past [46, 

4.4.2.4 COMBINED EFFECT OF AGING AND MOISUTRE 

Similar to resin, the creep rupture time of aged composite was longer than for non-aged 

composite shown in Figure 4.91 ( PC:Postcured, PA: Physically Aped (400 hours), M: 

Moisture Conditioned (3.50%), PAtM: Aged & Moisture conditioned (400 

hours+3.30%)). It was observed during the discussion on interactive effect of moisture 

and physicai aging on creep that creep rate of PAtM would be slower than that of M 

sample for a given rnoisture, temperature and stress levei. This was attributed to 

reduction in the magnitude of plasticization in the aged state. Sirnilar trend was observed 

in fracture energy i.e. the fracture energy of PA+M were higher than that of M sample for 

a given moisture and temperature. Hence it is expected that the creep rupture tirne of 

PA+M specimens would be Ionger than that of M specimens for a given % UTS, 

temperature and stress level. Results of this study are the first data on the combined effect 

of aging and moisture on creep rupture of composite. 



C W T E R  5 

CONCLUSION 

Experirnental study of individual and interactive infi uence of stress, temperature. physical 

aging, and moisture on creep, fracture and creep rupture of an epoxy and a composite has 

been completed. In addition, the interactive influence of aging and moisture on moisture 

absorption kinetics has also been studied. Results of this study are sumrnarized below. 

5.1 MOISTURI3 ABSORPTION KINETICS 

Saturation moisture content, diffusion coefficient and rate of moisture absorption, for 

the resin and the composite, increased with increase in temperature and relative 

hurnidity. 

Introduction of carbon fibers decreased the saturation moisture content, the diffusion 

coefficient and the rate of moisture absorption for the resin. 

Activation energy for moisture absorption decreased with increase in fiber volume 

fraction. 

Physical aging decreased the saturation moisture content, the diffusion coefficient and 

the rate of moisture absorption for the resin and the composite. 

5.2 CREEP 

5.2.1 Effecf of temperature/sîress 

Increase in temperature and stress accelerated creep of resin (Le. magnitude and rate 

of creep increased with increase in temperature and stress). 



Introduction of carbon fibers retarded the creep of the resin (i.e. magnitude and creep 

rate decreased). 

Resin and composite exhibited linear creep untiI7 MPa. Above 7 MPa, creep became 

nonlinear for both the resin and the composite (54%). 

For composite with 71% fiber volume fraction, the stress limit for linear creep was 

found to be 5 MPa. 

Time for transition from linear to non-Iinear creep at a constant applied stress 

decreased with increase in applied stress. 

5.2.2 Effect of PIzysical aging 

Physical aging retarded creep (Le. shifted the creep curve to longer times). 

Effect of physical aging on creep could be modeled by Time-Aging Time 

Superposition principle. 

Shift rate increased with aging temperature and decreased with stress. 

Shift rate was found to be independent of fiber volume fraction i.e. effect of physicaI 

aging on creep was found to be of same magnitude for both the resin and the 

composite 

5.2.3 Effecf of Moisture 

Moisture accelerated the creep of the resin and composite through plasticization of 

matrix (i.e. reduction in Tg ) 



The creep of the moisture conditioned sample at a temperature Ti was shown to be 

equivalent to the creep of a dry sample at higher temperature T2 [T2 = TI + ( ~ , d ~ -  

Tgwet)] - 

Activation energy for creep of moisture conditioned sarnple was found to be same as 

that of dry sample for both the resin and the composite. 

Moisture did not alter the stress limit for linear creep for both the resin and the 

composite. 

5.2.4 Combined effect of Temperature, Stress, Plzysical agirzg and Moistrtre 

Combined effect of aging and moisture decreased the magnitude of plasticization of 

rnatrix (resin) (Le. the magnitude of decrease in Tg was lower than that for the 

moisture conditioned sarnple ) 

6 Hence. the creep of physically aged-moisture conditioned resin and the composite 

(PAtM) was less than that of moisture conditioned resin and the composite. 

The activation energy for creep was found to be the sarne for the resin and composite, 

for al1 conditions (such as postcured (PC), physically aged(PA), moisture- 

conditioned(M), and physically aged and moisture conditioned (PAtM)). Hence, it 

can be concluded that the effect of temperature on creep is same for a11 the conditions 

investigated in this study. However, the pre-exponential factors varied for al1 the test 

conditions. The pre-exponentid factor for Postcured (PC) > Moisture (M)> Physical 

aging 'and moisture (PA+M) > Physical aging (PA). 

While the stress Iirnit for linear to non-linear creep transition was found to be same 

for postcured (PC), physically aged (PA), and moisture conditioned (M) resin and the 



composite. it changed for physically aged and moisture conditioned (PA+M) resin and 

the composite 

5.3 FRACTURE 

Fracture energy for resin and the composite decreased with increase in temperature. 

Individually, physical aging and moisture decreased the fracture energy for the resin 

and the composite. 

At a given temperature, the fracture energy of physically aged and moisture 

conditioned (PA+M) resin and the composite was found to be higher than that of 

moisture conditioned (M) but lower than that of physically aged (PA) resin and the 

composite. 

5.4 CREEP RUPTURE 

With increase in temperature and stress, creep rupture time decreased for the resin 

and the composite. 

Creep rupture time for physically aged resin was found to be higher than that for non- 

aged resin (Postcured:PC). Creep rupture time for physically aged composite was 

found to be less than that for non-aged composite (PC). However, current results are 

limited to one aging time and further experimentation is required at other aging times 

to veriQ the observed effect of physical aging on creep rupture. 

The creep rupture time for the moisture conditioned resin and composite was lower 

than that for postcured resin and composite, at a given temperature and stress. 



For a given temperature and stress Ievel, the creep rupture time for physically aged 

and moisture conditioned (PA+M) resin and the composite was found to be higher 

than that for moisture conditioned (M), but Iess than that for physically aged (PA) 

resin and the composite. 

Based on these resuits the following conclusion can be drawn on interactive influence of 

temperature, stress, physical aging, moisture and fiber volume fraction on creep. fracture 

and creep rupture of resin and composite 

Interactive influence of the other factors on the influence of temperature on creep was 

not observed. 

Interactive influence of physical aging and moisture on the effect of stress on creep 

was observed, when moisture and physical aging were considered together. 

Physical aging and moisture influenced each other on their effect on creep and creep 

rupture. 
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APPENDM - A 



Calculation of Diffusion Coefficient 

h = Thickness of the specimen, L = Length of the specimen, i v=  Width of the specimen 

M m  = Maximum moisture content 

[?$ = m = linear slope of weight change versus square root of tirne data 

Resin 

Temperature (T) = RT , m= 0.0882 , w =5 mm, h = 2.33 mm, L = 37.63 mm, 

M m =  3-29 % 

D p  9.115 x I U8 min2/sec 

Composite with 54% fiber volume fraction 

Temperature (T) = RT, m= 0.0593, w =5.3 1 mm, h = 1-62 mm, L = 37.90 mm, 

M m  = 1-80% 
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Figure A i  : Desorpion curvrs for resin at vanous temperatures 
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Figure A2: Desorption cunJes for composite (Vr :54?/0) at 
various temperatures 
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Figure A3 : Desorption cunres for composite (Vr :7 1%) at 
various temperatures 
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Figure B3: Cornpliance data at 7 bPa for resin at various temperatures 

Resin: 7 MPa 

TRr = 60°C 

-2 

Figure creep cunle at 7 & P a  for m i n  



%sin :15 MPa 

.A@' 

-1 -5 

Fi pure 5 5 :  Compliance data at 15 & P a  h r  resin at vanous 

. . - 

lem peratures 

R e i n  : 70% of UTS 

O 

Figure B6: 

2 
Log(Time): min. 

Compliance dam at 70Yb of UTS for resin at various 
temperatures 



O i 2 3 4 
Log(Time): min. 

Figure 37: Cornpliance dara ar 85% of UTS for resin at various 
temperatures 
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Figure 8 8 :  Cornpliance data at 3 MPa for composite (Vi :54?0j 
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Figure B9: Master creep c w e  at 3 W a  îbr [90ln cornposire (.Vf:54 ?O) 

Figure BLO: Cornpliance data at 7 h@a for [90Iô cornposire (Vr :%?'O) 
at various temperatures 
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Figure C L : Cornpliance data at 5 MPa for resin at 40°C at various 
physical aging times 
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Figure C?: Momentary master cuve at SMPa for resin at 40°C 



Figure C3: Cornpliance data at 5 MPa for resin at 60°C at van-ous 
phpical aging times 
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Figure C4: Mornentary master curve at 5 MPa for resin at 60°C 
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Figure C5: Cornpliance data at 5 MPa for resin ar 180°C at various 
physical agïng times 
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Fi,we C6: Momentary master cmre at 5 MPa for resin at 180°C 



Figure C7: Compliance data at 5 - m a  ibr resin at 200°C at various 
physical aging times 

Figure C8: Momentary maser cuwe at SMPa for resin at 70O0C 

-2.95 

-3-00 
2 
E -3.05 - 
h 

a, 

E -3.10 - 
fl - - 
F -3-15 
2 -3.20 - 
m 

-3.25 - 
m 
0 
4 -3.30 - 

-3.35 -. 

Resin : 5 MPa 2 
Tac = 2 hr. @ 200°C B 

8 

-3 -2 -1 O 1 2 

Log(Aging Time):min, 



-1 O 1 

Log {Aging Tirne): min. 
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Fi-me C 10: Momentary master curve at 5 MPa for resin at 220°C 
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Figure C E :  Cornpliance data at 7 AWa for resin zt 40°C at various 
physical aging times 
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Figure C 14: Momentary master curve at 7 MPa for resin at 40°C 
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Figure CIS: Cornpliance data at 7 MPa for resin at 60°C at various 
physical aging times 

Figure C 16: Momentary master curve at 7 MPa for resin ar 60GC 
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F!=we C 17: Cornpliance data 7 MPa for rein at 180°C at virrious 
physicsl aging times 
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Figure C 19: Cornpliance data at 7 MF% for resin at 200°C at various 
physical aging times 

Figure C30: Momentary master curve at 7 MPa for resin at 200°C 



-- 
k qpre C2 i : Cornpliance data at 7 -MPa for resin at 22û"C at vzrious 

physicat agng  times 

Figure C22: Momentary master curve at 7 MPa for resin at 720°C 
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Fi,we C23: Cornpliance data at 15 MPa for resin at 4U°C at various 
physical aging times 
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Figure C25: Cornpliance data at 15 MPa for resin at 60°C at various 
physica! aging times 
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Figure C26: Momentary master curve at 1 MPa for resin at 60aC 
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Figure C27: Cornpliance data at 15 MPa for resin at 180°C at various 
physical aging times 

Resin : 15 MPa 
Tmr= 2 hr. (A) 180°C 

Figure C78: Momentary master cuve at 15 MPa for resin at 180°C 
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Figure C29: Compiiance data at 15 MPa for resin at 200°C at various 
physical aging times 

Figure C30: Mornentary master curve at 15 MPa for resin at 200°C 
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Fi y r e  C3 1: Cornpliance data at 15 MPa for resin ar 220°C at various 
physical aging times 
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Figure C32: Momentar). master cunte at 15 MPa tbr resin at 220°C 



Figure C33: Cornpliance data at 70% of UTS for resin at 80°C at 
various physical aging time 
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Figure C34: Momentary master cuve at 70% of UTS for resin 
at 80°C 
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Figure C35: Cornpliance data at 70% of UTS for resin at 180°C at 
various physical aging times 
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Figure C36: Momentary master curve at 70% of UTS for resin 
at 180°C 
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C37: Cornpliance data at 85% of UTS for resin at 80°C at 
vanous physical aging times 
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Figure C3 8: Momentary master curve at 85% of UTS for resin 
at 80°C 



Figure C39: Cornpliance data at 85% of UTS for resin at 1 80°C at 
various physicaI aging times 

-3.10 
F 

tu & -3-14- 
. . CI 

a9 
O 

5 3.18 - - - 
E" 
8 -3.22 - - 
rn 
Y 

O 

-3.26 - 
O 
J 

-3.30 . 

7 

2 hr 180°C: 85% UTS 

,-, 4 h r  
~ 1 0  hr 
-24 hr 

Figure C40: Momentary master curve at 85% of UTS for resin 
at 180°C 
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Fimure C4 I : Cornpliance data at 5 MPa for [90Is composite (Vf:54.0) 
at various physical aginç times at 40°C 
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Figure C42: Momentary master curve at 5 MPa for composite 
(Vf:54%) at 40°C 
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Figure C43: Cornpliance data at 5 MPa for [90Is composite (Vf:j40/a) 
at various physical aging tirnes at 60°C 
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Figure C44: Momentary master curve at 5 MPa for [9OIs composite 
(Vf:54%) at 60°C 
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Figure C15: Cornpliance data at 5 h4Pa for [90]g composite (Vr:54%) 
at 180°C at various physical aging times 
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Figure C46: Momentary master cuve at 5 MPa for 
(Vf:54%) at 1 80°C 
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Figure C47: Cornpliance data at 5 MPa for [90Is composite (Vf:54/'0) 
at 200°C at different physical aging times 
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Figure C48: Momentary master cunre at 5 MPa for [9018 composite 
( Vf:SLCO/oi at 2OO0C 
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Figure C.19: Cornpliance data at 5 MPa for composite (V,-54%) 
at 220°C at various physical aginç tirnes 

Tmf= 2 hr. @ 220°C 

Figure CSO: Momentary rnaster curve at 5 MPa for [90Is composite 
(Vr:54%) at 320°C 



Figure C51: Cornpliance data at 5 MPa for composite (Vr:540io) 
at 24O0C at various physical aGnp tirnes 
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Figure C52: Momentary master cuve at 5 MPa for [90]8 composite 
(Vf :54%j at 240UC 
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Figure C53 : Compiiance data at 7 m a  pü j, composite (vf 34% j 
iOUç at various physical agnç times 
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Figure C54: Niomenrary masrer ar 7 K F a  curve For [9ÛI8 composite 
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Figure C55: Cornpliance data at 7 MPa [9OIs composite (Vu :549/0) 
60°C at various physical aging times 
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Figure C56: Mornentary master at 7 MPa curve for composite 
(VI 54%) at 60°C 



Figure C57: Cornpliance data at 7 MPa [9Üls composite (Vr 54%) 
at 1 80°C at various physical aging times 
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Figure C58: Momentary rnaster at 7 MPa cunre for [90js composite 
(VI 54%) at 1 80°C 



Figure C5Y: Cornpliance data at 7 MPa [gola composite (Vr 540.8) 
at 200°C at various physical aging times 
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Figure C60: Momentary master at 7 MPa cure  for [90Is composite 
(Vf 54%) at 200°C 
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Figure C6 L : Cornpliance data at 7 MPa composite (VI :5400) 
at 220°C at various physical aging times 
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Figure C62: Momentary master at 7 MPa curve for [90Is composite 
(Vr 54%) at 220°C 
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Figure C63: Cornpliance data at 7 MPa [90Is composite (Vf 54%) 
at 240°C at various physical aging times 
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Td= 2 hr. @ 240°C 

Figure C64: Mornentary master at 7 MPa curve for [90Is composite 
(Vf 54%) at 240°C 
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Figure C65: Comp3iance data at 15 MPa for [9018 composite (Vf:54?44 
at 40°C at various physical aginp times 
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Figure C66: Momentary rnaster curve at 15 MPa for [90Is composite 
(Vf:54%) at 40°C 
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Figure C67: Cornpliance data at 15 MPa for [!?OIS composite (Vf:54%) 
at 60°C at various physical aging times 
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Figure C68: Momentary master cuve at 15 MPa for composite 
(Vf 54%) at 60°C 



Figure C69: Cornpliance data at 15 MPa for [90Is composite (Vf:54%) 
at 180°C at various physical aging times 

VIF.-54% : 15 MPa 
Tmr= 2 hr. @ 180°C 

Figure C70: Momentary master curve at 15 MPa for composite 
(Vf:54%) at 180°C 



Figure C7 1 : Cornpliance data at 15 ma for [go]* composite (Vf:54%) 
at 200°C at various physical aging times 
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Figure C72: Momentary master curve at 15 MPa for [90Is composite 
(Vf :54%j at 200°C 
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Figure C73: Cornpliance data at 70% of UTS for composite (Vf:54%) 
at 80°C at vanous physical aging times 
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Figure C74: Momentary master curve at 70% of UTS for composite 
(Vf:54%) at 80°C 
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Figure C75: Cornpliance data at 70% of UTS for [90]8 composite (Vf:54%) 
at 180°C at various physical aging times 

Figure C76: Momentary master curve at 70% of UTS for [90]8 composite 
(Vf 54%) at f 80°C 

-3.80 

7 

z z . . 
A 

0 -3.82 - U 
E 
a 
C - 
E 
8 

3.84 - - 
O 
k 
rn 
O 
2 

-3.86 

Te,,,: 2 ht. @ 180% 

n o a  

7 , , , 

-3 -2 -1 O t 2 
Log(Time): min. 



+ 2 hr 80°C: 85% UTS 

~i 4 hr 
+10 hr 

-24 hr 

-3 -2 -1 O 1 2 3 
Loguime): min. 

Figure C77: Cornpliance data at 85% o f  UTS for [90]8 composite (Vr:54%) 
at 80°C at various physical aging times 
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Figure C78: Momentary master curve at 85% of UTS for composite 
(Vf 54%) at 80°C 
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Figure C79: Cornpliance data at 85% of UTS for [90]8 composite (Vf:54%) 
at 180°C at various physical aging times 
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Figure C80: Momentary master cuve at 85% of UTS for [90j8 composite 
Or,:54%) at 180°C 
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Figure DI : Compliance data at 5 MPa for 2 % rnoisture conditioned resin 
at various temperatures 
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Figure D2: Compliance data at 5 MPa for 3 % moisture conditioned resin 
at various temperatures 



Figure D3: Compliance data at 7MPa for 2 % moisture conditioned resin 
at various temperatures 

Figure D4: Compliance data at 7MPa for 3 % moisture conditioned resin 
at vanous temperatures 



Figure D5: Master creep curve at 5 MPa for moisture conditioned resin 
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Figure D6: Master creep curve at 7 MPa for moisture conditioned resin 
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Figure D7: Shift factor as a fùnction of ternperatlrre for 2 5% - 
moisture conditioned resin at 5 and 7 MPa 
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Figure D8: Shift factor as a function of temperature for 3 % 
moisture conditioned resin at 5 and 7 MPa 
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Figure D9: Cornpliance data at 7 MPa for dry and rnoisture conditioned resin 
at various temperatures 

Figure D10: Validation of mechanism of creep acceleration by moisture 
for resin at 7 MPa 



Figure D 1 1 : Compliance data at 70% UTS for 5.27 % moisture 
resin conditioned at various temperatures 
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Figure D12: Compliance data at 85% UTS for 5.27 % moisture 
resin conditioned at va"us temperature 



-2 -1 O 1 2 
Log(Time) : min. 

Figure D 13: Cornpliance data of 2 % moisme conditioned composite 
wîth 54% Vf at 5 MPa at different temperatures 
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Figure D14: Cornpliance data of 3 % moisture conditioned composite 
with 54% Vf at 5 MPa at different temperatures 
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Figure D 15 : Compliance data of 2 % moisture conditioned composite 
with 54% Vf at 7 MPa at different temperatures 

-2 - 1 O 1 2 
Log(Time): min. 

Figure D 16: Compliance data of 3 % moisture conditioned composite 
With 54% VE at 7 MPa at different temperatures 
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Figure D 17: Master creep curve of moimire conditioaed cornpsite 
with 54% V,- at 5 MPa at 60°C 
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Figure D 18: Master creep curvc of moistüre conditioned composite 
wirh 54% Vf at 7 &Pa at 60°C 



+5 MPa 

+7 MPa 

Temperature : K-' 

Figure D 19: Shift factor as a fmction of temperature for 2% rnoisutre 
conditioned composite with 54% Vr at 5 and 7 MPa 
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Figure DZO: Shifi factor as a hnction of temperature for 3% moisutre 
conditioned composite with 54% Vf at 5 and 7 MPa 
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Figure DZ 1 : Cornpliance data of dry and moisture conditioned camposite 
with 54% Vf at 7 MPa at different temperatures 
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Figure D22: Validation of creep rnechanism by moisture for composite 
(Vf 54%) at 7 MPa 
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Figure D23: Compliance data of dry and moisture conditioned composite 
with 54% Vr at 70% of UTS at different temperatures 
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Figure D24: Compliance data of 3.5% moisture conditioned composite 
with 54% Vf at 85% of ü T S  at different temperatures 
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Figure E 1 : Cornpliance data at 7 MPa for aged-moisture conditioned 
resin at various temperatures 

Figure E2: Validation of mechanism for interactive lofluence of aging 
and moisture for resin at 7 MPa 
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Figure E3: Cornpliance data at 70% UTS for aged-rnoisture conditioned 
resin at various temperatures 
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Figure E4: Compliance data at 85% UTS for aged-rnoisture conditioned 
resin at vanous temperatures 
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Figure E5: Compliance data at 7 MPa for postcured, physically 
aged, moisture-conditioned and aged-moisture conditioned 
resin at 80°C 

Figure E6: Compliance data at 7 MPa for postcure& physicalIy 
aged, moisture-conditioned and aged-moisture conditioned 
composite (Vf:54%) at 80°C 
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Figure E7: Cornpliance data at 7 MPa for aged-rnoisture condi tioned 
composite (Ve54%) at various temperatures 
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Figure E8: Validation of mechanism for interactive influence of aging 
and moisture for composite (Vf:54%) at 7 MPa 
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Figure E9: Compliance data at 70% of UTS for aged-moisture 
conditioned composite (Vf:54%) at various temperatures 

Figure E10: Compliance data at 85% of UTS for aged-moisture 
conditioned composite (Vr:54%) at various temperatures 





F i y e  F 1 : Stress-Strain plot of resin at different various aging times 
at 150°C 

Figure F2: Stress-Sîrain plot of resin at various physical aging times 
at 180°C 



Figure F3: Stress-Strain plot of resin at 150°C at various moisture 
contents 

Figure F4: Stress-Strain plot of resin at 180°C at various moisture 
contents 



Figure F5: Stress-Strain plot of resin at 1 50°C at ~ ~ ~ o u s  physical 
aging times and moisture contents 
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Figure F6: Stress-Strain plot of resin at 180°C at various physical 
aging times and moisture contents 
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Figure F7: Stress-Strain plot of LW] Iz composite (Vf 54%) at 
various physical aging times at 150°C 
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Figure F8: Stress-Strain plot of [9U]i2 composite (Vf 54%) at 
various physical aging times at 180°C 
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Figure F9: Stress-Strain plot of [go] 12 composite (Vr 54%) at 
various moisture contents at 150°C 

Figure F10: Stress-Strain plot of PolI2 composite (Vf 54%) at 
vanous moisture contents at 180°C 
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FigureF 1 1 : Stress-Strain plot of [90] 12 composite (Vf 54%) at 
15U°C at vanous rnoisture contents and physical agmg 
times 
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Figure F12: Stress-Strain plot of [90Jiz composite (VF 54%) at 
180°C at various moisture contents and physical agimg 
times 




