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The main goal of this research is to gain a fundamental understanding of the 

synergistic mechanisms of degradation for a model E-glass/vinyl-ester composite 

exposed to humid environments and to compare them to the mechanisms of 

degradation resulting from water immersion.  Moisture sorption kinetics are assessed 

in terms of structural modification diffusion in order to understand how water sorption 

phenomena and leaching of low molecular weight species may be responsible for 

changes in material properties. 

Plasticization is identified using dynamic mechanical thermal analysis 

(DMTA) and is correlated to reversible degradation of the longitudinal tensile strength 

and short beam shear (SBS) strength.  Tensile strength is also seen to decrease as a 
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result of minimally reversible interfacial degradation, also identified through DMTA 

and SBS testing.  Exposure to 18%RH and 50%RH results in material properties 

which remain within initial scatter except where increases in the glass transition 

temperature and SBS strength indicate matrix dominated strengthening also identified 

in material exposed to 99%RH and immersion at elevated temperatures.  Tensile, SBS, 

and DMTA results all reveal degradation of the fiber resulting from exposure to high 

humidity and immersion environments at elevated temperatures.  Scanning electron 

microscopy confirms the occurrence of interfacial debonding and fiber pitting.  In 

material exposed to 80°C immersion, pitting of the fiber surface was identified at sites 

adjacent to kaolin clay, a hydrophilic particulate filler commonly used as a lubricant in 

pultrusion.   

Predictive degradation models are applied to tensile strength, SBS strength, 

and tensile failure strain results for 99%RH and immersion exposures, where 

irreversible degradation occurred at elevated temperatures.  Degradation resulting 

from exposure to 99%RH and immersion is found to be equivalent.  Predictive models 

show significant scatter based on the inability to isolate specific mechanisms.  Further 

work is indicated in this area to ensure that safety factors are appropriately selected. 
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1.  Introduction 

1.1 Motivation 

Glass fiber composites are commonly selected for civil applications due to 

their low cost, despite their known susceptibility to stress corrosion cracking [1-4].  As 

glass fiber composites are implemented more frequently in structural applications, it is 

important to understand the behavior of these materials over long periods of time.  

While composites have been in service for several years, the technology continues to 

progress.  Thus, the performance of composites put in-service thirty years ago may not 

accurately reflect the performance of a composite designed today.   

Because moisture, alkalinity, and temperature are the main factors affecting the 

durability of composite materials [5], the durability of composites is assessed through 

investigations of the effects of water on a particular system [6,7,8].  Immersion in 

liquid water addresses the worst case scenario where a composite is in continuous 

contact with liquid water in service.  Accelerated testing is also conducted by 

immersing composite material in liquid water at elevated temperatures to accelerate 

the diffusion of water and mechanisms of degradation.  Similarly, the effects of 

alklanity are addressed through exposure to alkaline solutions at elevated temperatures 

[5].   

Photo-degradation of polymeric materials is well known to result form 

exposure to ultraviolet (UV) radiation [9,10,11], and temperature and moisture are 

known to produce a synergy leading to accelerated degradation [12].  Exposure to the 
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UV spectrum has been observed to result in degradation of the first 10 µm of the 

polymer resin in composite material [9].  While the loss of material properties will 

occur within this surface layer and the tensile strain has been shown to decrease with 

increased UV exposure [13], the degradation of material properties should not 

significantly affect the material properties of the bulk material [9,14].  Furthermore, 

composites in structural applications are generally utilized on surfaces which are not 

exposed to direct sunlight. 

The main goal of this research is to establish a fundamental understanding of 

the mechanisms of degradation in humid environments as compared to those which 

result from exposure to water immersion at similar temperatures.  Because hot water 

immersion is a standard test methodology for accelerated testing of composite 

durability, it is important to understand the mechanisms of degradation in these 

standard test environments and how they relate to degradation experienced in in-

service humid environments in the absence of UV radiation. 

Hygrothermal degradation of glass fiber composites primarily results from the 

degradation of the glass reinforcement, polymer resin matrix, and fiber/matrix 

interface, which is often characterized by an interphase characterized by the 

interdiffusion of the polymer resin and coupling agent [7].  Hydrolytic attack on the 

glass fiber surface results in pitting which leads to decreases in mechanical strengths 

and strains.  The resin matrix serves in part to slow the progression of water to the 

glass surface, thereby protecting the glass reinforcement from hydrolytic attack [15].  

Interfacial degradation may result from hydrolytic attack of the fiber/matrix interphase 
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and may also be aggravated by hygrothermal swelling stresses [15].  Increased 

interfacial bonding generally leads to increased durability of the interphase, as long as 

the interphase is not hydrophilic [7,15].  Reversible degradation of the polymer resin is 

attributed to the physical effects of water including plasticization and swelling [7,16], 

while irreversible degradation of the polymer resin is attributed to hydrolysis, 

microcracking, polymer relaxation resulting from physical aging, and the formation of 

microvoids resulting from water clustering [7,16]. 

Despite the available knowledge regarding the mechanisms of degradation of 

the glass fiber and polymer matrix in moist environments, it is difficult to isolate the 

specific modes of degradation of a polymer matrix composite which has been exposed 

to moisture.  The longitudinal tensile strength of a composite depends upon the 

strength and strain of the constituent materials but is also strongly dependent upon the 

interphasial bond.  The gradual sorption of moisture into the bulk composite further 

complicates degradation mechanisms as the diffusion profile changes.  For instance, 

degradation of the interphase at higher temperatures may lead to pitting of the fiber 

reinforcement which is not so predominant at lower temperatures of exposure.  

Because it is so difficult to isolate the mechanisms of degradation and because there is 

interaction between the participating modes of degradation, it is desirable to 

implement a test program which allows for monitoring of specific modes of 

degradation. 

The hygrothermal degradation of reinforced epoxy composites has been 

studied at length [8,15,16,17-32].  However, studies indicate that vinyl-ester 
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reinforced composites demonstrate increased durability over epoxy based composites 

[33].  Therefore, vinyl-ester epoxy based resins are often selected as the matrix for 

their low cost, high durability, and resistance to chemical attacks [33-35].   

Because of their predominance in civil infrastructure applications, it is 

imperative to understand the mechanisms of degradation in E-glass/vinyl-ester 

composites.  Accelerated durability studies have been performed previously on 

glass/vinyl-ester composites [36-41]; however, there is still a lack of understanding of 

how these materials actually perform in the long term.  With a thorough understanding 

of the mechanisms of degradation, the structure may be optimally designed for 

resistance to degradation. 

1.2  Service Life Prediction of Composite Materials 

With the long term application of polymeric materials, durability testing is a 

major concern in the broad field of polymer science and can vary depending upon the 

specific application of the material.  Composites in civil infrastructure are expected to 

perform at or above the design level for decades.  The implementation of composites 

in civil infrastructure design for structures such as bridges is currently hindered by a 

lack of comfort with composites in the design and construction industry which also 

slows progress in the development of a sophisticated design code for composite 

materials in civil applications.  Once composite has been used in civil applications, it 

is difficult to perform an inspection which may provide information on the material 

performance beyond a qualitative analysis of the adhesion of the composite to the 

substrate. 
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The coatings industry may have similar in-service exposure conditions, but the 

service life, end goal for accelerated testing, and metrics for success and failure [42] 

are different from those sought in the structural composites field, where knowledge of 

a design parameter over time is desirable.  Specifically, coatings service life prediction 

(SLP) predicts time to failure of a critical mass of a larger population exposed to 

accelerated conditions [42], where these times to failure are years rather than decades 

long.  While the mechanisms of degradation in coatings represent those experienced 

by the composite matrix, failure is detected by the progression of parameters such as 

glossiness, color index, and blistering beyond a critical level. 

The composites industry implements a failure detection approach where 

designers require a certain design parameter, such as modulus or strength, to hold 

above a critical level for a specified service life.  The design process includes a scaled 

factor allowing for durability considerations [43].   

Well known degradation models exist to predict the change in material 

properties over time [44-46].  While predictive degradation models exist to account for 

humid environments [47,48], there are apparently no studies implementing the 

degradation model to composite materials exposed to humid environments.  Durability 

models must be conservative in order to ensure that a material property is above the 

critical value for the service life; however, they should not be overly conservative so 

that the cost and weight of the structure may be minimized.   
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1.3.  Goals and Objectives 

While hot water immersion accelerated testing is standard for durability testing 

of composite materials, exposure to liquid water at elevated temperatures is not likely 

for composites used in civil applications.  Composites used in civil infrastructure, 

rather, will be exposed to humid environments, and these environments will be 

transient in nature.  Before time-variant hot and humid environmental conditions may 

be considered, it is imperative to gain a thorough understanding of the mechanisms of 

degradation of glass composites in static, humid environments since it is difficult to 

isolate the various mechanisms of degradation in the fiber, matrix, and interphase. 

The main goal of this research is to gain a fundamental understanding of the 

synergistic mechanisms of degradation for a model E-glass/vinyl-ester composite 

exposed to humid environments and to compare them to the mechanisms of 

degradation resulting from immersion in deionized water.  Gravimetric studies are 

conducted to gain an understanding of the modes of moisture sorption in this glass 

composite system in humid and immersion environments.  Mechanical and physical 

testing of the composite is conducted in order to monitor the mechanisms of 

degradation which lead to decreases in longitudinal tensile properties.  A comparison 

of reversible and irreversible degradation trends is made in order to shed light on 

possible mechanisms of degradation.  Where environmental exposure results in 

degradation of material properties, predictive degradation models are implemented 

and compared.  Degradation trends resulting from immersion in liquid water are 

compared to those resulting from exposure to humid environments. 
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2.  Literature Review 

2.1  Moisture Sorption in Composites 

2.1.1  Effect of Moisture Sorption on Composites 

The effect of moisture sorption on the degradation of polymer composite 

materials can be best understood by considering the effect of water on the constituent 

elements of the system.  The degradation of polymers due to moisture can be broken 

up into chemical and physical degradation, where chemical changes include hydrolysis 

of the polymer matrix chain and interfacial bond, and physical degradation includes 

swelling, plasticization, and relaxation of the polymer [1,2].  Physio-mechanical 

degradation may also occur as swelling promotes microcracking in the hydrolyzed 

weakened resin and interfacial debonding at the hydrolyzed interface [1,3].  Table 1 

summarizes the chemical, physical, and physio-mechanical degradation mechanisms 

and classifies them as reversible or irreversible. It should be noted that reversible 

processes will never be fully reversible since the rearrangement of molecules will 

always lead to increased entropy of the system.  While hydrolysis is generally 

considered to be an irreversible degradation mechanism [1], there is evidence that 

hydrolyzed bonds can experience a condensation or hydration reaction which can 

partially reverse the effects of hydrolysis [4,5].  The following discussion addresses 

these degradation mechanisms in detail. 

 



  13 

Table 1.  Overview of moisture induced composite degradation mechanisms. 
F = Fiber, M = Matrix, I = Interphase.  * Addresses processes which have been 

claimed as both reversible and irreversible. 
Location Reversible?Classification

of Mechanism
Degradation 
Mechanism F M I Y/N 

Chemical Hydrolysis     
Pitting ×     N* 
Chain Scission  ×    N* 
Debonding   ×   N* 

Physical Plasticization  × ×   Y* 
Swelling  ×    Y* 
Leaching × × × N 
Relaxation  ×  N 
(Physical Aging)     

Physio-mechanical Microcracking  × × N 
Microvoids  × × N  

2.1.1.1  Polymer Matrix 

It is well known that the ingress of water results in changes of bulk polymeric 

properties [6-10], as the water molecules interact with the polymer chains.  The 

polymer matrix under consideration here, an epoxy based bisphenol-A vinyl-ester, 

may have a chemical structure similar to that provided in Figure 1.  This chemical 

structure provides the mechanical properties of epoxy with the processability of 

polyesters while bisphenol-A reduces the number of ester bonds present in polyester 

and eliminates carboxyl and hydroxyl end groups, reducing the polymer’s 

susceptibility to moisture degradation [11,12,13].  Furthermore, the presence of 

styrene in vinyl-ester reduces the viscosity, allowing for greater processability in the 

manufacturing of composites, but also increases shrinkage. 

 
Figure 1.  Possible structure of epoxy based bisphenol-A vinyl ester resin [12]. 
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The polar nature of the water molecule enables it to establish hydrogen bonds 

with hydroxyl groups common on polymer chains, interrupting preexisting inter-chain 

hydrogen bonds [14-16].  Such modifications in hydrogen bonding between the 

polymer and water molecule result in plasticization as segmental mobility increases 

[15,17] and swelling as the inter-chain bond length increases [18,19]. 

Research indicates that hydrolysis of the ester group is a primary reason for 

chemical degradation of the polymer structure [8,12].  In the presence of alkaline 

solutions, the hydrolysis reaction where the ester reacts with hydroxide ions is known 

as saponification.  Hydrolysis of the ester results in the formation of an additional 

polar hydroxyl group, increasing the number of site available for hydrogen bonding.  

Ether groups are also susceptible to hydrolysis, whereupon chain scission may occur 

and additional hydroxyl groups form. 

Changes in the chemical structure of polymers with environmental exposure 

can be detected via spectroscopy, where the relative intensity of characteristic peaks 

attributed to chemical structures may be monitored as a function of exposure 

conditions [20-23].  In the case of vinyl-ester resin, the ether C-O band at 1182 cm-1 

decreases with moisture sorption [20,21], indicating hydrolysis of ether bonds.  

Similarly, the ester band 1450 cm-1, indicative of C-O stretch and O-H bend, in a 

vinyl-ester resin decreases with increasing exposure to immersion environments 

[21,22]. An increase in the O-H stretching band at 3473 cm-1 band was observed after 

exposure to water as hydrolysis increased the population of hydroxyl and carboxylic 

acid groups [20]. 
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While it is expected that the C=O band at 1740 cm-1 would decrease as water 

hydrolyzes the ester, as is the case for an epoxy system [24], results for vinyl-esters 

are mixed.  Studies on neat vinyl-ester resin exposed to moist environments show no 

significant difference in C=O and intensity at 1750 cm-1 [20,22,23], though one study 

does demonstrate an initial decrease in C=O band intensity at 1728 cm-1.  This band 

intensity subsequently increases with increasing exposure time, though it does not 

reach pre-exposure levels after 12,000 hours of exposure to immersion in water at 

60°C [22].  It has been suggested that a shift in the C=O 1743 cm-1 peak of an epoxy 

to a lower frequency in the presence of water indicates the formation of hydrogen 

bonds between the ester and water [25]. 

Changes in the molecular weight of the polymer matrix may be detected 

through changes in the rubbery modulus, as detected in dynamic mechanical thermal 

analysis (DMTA) [27].  Classical rubber elasticity states that the average molecular 

weight between crosslinks, Mc, can be described via 

Mc =
3RTρ
Erp

' . (1)

where E’rp is the rubbery modulus of the pure polymer, R is the gas constant, T is the 

temperature in Kelvin, and ρ is the density of the pure polymer.  Equation 1 has been 

adapted for composites [24] 

( )3/1' 1
3

frp
c VE

RTM
−

=
ρ . (2)

The average crosslink density, ρc, is calculated as the reciprocal of Mc.  The molecular 

weight calculations should not be taken as an absolute value, despite the acceptable 
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order of magnitude [24].  Rather, the molecular weights should be taken as a 

qualitative representation of the changes in chemical structure of the composite matrix 

due to moisture sorption.  

Previous studies on fiber reinforced epoxies reveal that hygrothermal 

degradation causes in a decrease in rubbery modulus [28], resulting in an increase of 

molecular weight between crosslinks and a decrease in crosslink density.  This 

decrease in crosslink density indicates that chain scission occurs in the presence of 

water at elevated temperatures.  Increasing styrene content is known to decrease the 

crosslink density of neat vinyl-ester resins [11,29,30].  Where styrene may leach out 

into a surrounding environment, the length of crosslinks is not reduced; rather, 

residual unreacted styrene and homopolymerized styrene are removed.  Therefore, it 

may be expected that leaching of styrene also contributes to decreases in the average 

crosslink density of vinyl-ester composites. 

Polymers typically exhibit a moisture uptake coefficient, β, relating the weight 

change of the polymer resulting from sorption of a solvent such as water to volumetric 

changes.  The change is volume is used to determine the moisture induced strain, ε, 

using the moisture uptake, Mt, and a reference moisture uptake, Mo, below which no 

swelling occurs [8]. 

ε = β Mt − Mo( ). (3)

As water molecules interrupt inter-chain bonding by establishing water-polymer 

hydrogen bonds and water clusters, the inter-chain bond distance increases, resulting 

in dimensional changes of the bulk material [19,31].  In the case of composites, the 
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moisture uptake coefficient of glass and carbon fibers is much lower than those of 

typical polymer composite matrices [32].  Thus, the fiber dominated longitudinal 

direction of unidirectional composites will not experience noticeable swelling, 

whereas the transverse and through-thickness directions will experience clear 

dimensional changes with increased moisture uptake. 

 With these chemical and physical changes, LMWS may be formed due to 

chain scission of the polymer.  When exposed to liquid water, low molecular weight 

degradation products may have the ability to diffuse out of the polymer matrix, 

especially at elevated temperatures.  Similarly, LMWS residual from the initial 

polymerization reaction and cure may be driven out at elevated temperatures, resulting 

in an apparent weight loss of the polymer [33].  In the case of styrene, elevated 

temperatures may initiate further polymerization.  Once all the reaction sites for 

styrene have been occupied, the residual styrene may then diffuse out of the polymer 

[33].  Evidence of this phenomenon may be identified through a residual post-cure 

followed by weight loss and further rise in glass transition temperature.  Increases in 

the glass transition temperature resulting from exposure to hot water immersion have 

been attributed to leaching of LMWS [34].  Other LMWS diluents and additives 

which may desorb out are plasticizers, mold release agents, and other crosslinking 

agents [33,35].  Degradation of the interface, interphase, or glass reinforcement in 

GFRP can be observed through permanent weight loss not observed in neat resin 

[36,37], attributed to degradation of the silane coupling agent by some researchers 

[23]. 
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 Increased moisture content results in a plasticizing effect thereby decreasing 

the glass transition temperature, Tg.  Plasticization is largely reversible in that the 

removal of water will result in a subsequent increase in Tg between the “wet” state and 

“dry” state [38].  The reversible nature of this process indicates that the presence of 

water increases the mobility of the polymer resin through a weak interaction [39-41].  

An increase in Tg after exposure to water immersion at elevated temperatures has also 

been attributed to restrictions imposed on the polymer network due to tightly bound 

water molecules [38,41].  Increasing temperature of exposure is proposed to increase 

the amount of bound water [38], leading to higher Tg with increasing temperatures of 

immersion. 

 This change in polymer structure can sometimes be irreversible when the 

polymer has undergone chemical or physical aging.  Chemical aging occurs as the 

polymer structure chemically reacts to form an aged polymer species [42,43].  In the 

case of physical aging, the morphology of the polymer chains adjusts so that the 

structure approaches thermodynamic equilibrium [42,44].  Residual stresses formed 

within the polymer network during curing and subsequent cooling may be relaxed 

toward an equilibrium state during the process of physical aging in an effort to balance 

a disparate stress state between lower and higher density cross-linked areas [42].  

While thermoplastics may exhibit physical aging via crystallization, thermosets 

primarily exhibit relaxation phenomena due to physical aging.  As the polymer ages, 

the highly cross-linked regions relax toward a nodular center due to contractive forces 

which develop as a result of cross-linking [42].  In a study of neat epoxy resin, 
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physical aging resulted in a higher equilibrium moisture content and lower diffusion 

coefficient [44], as expected when lower density regions physically age to become 

more dense and, therefore, result in a more tortuous path for penetrating water 

molecules.  While some researchers argue that both aging processes can be observed 

via an increase in Tg [42], others have observed two regions of aging described as 

consolidation, where the Tg increases to a maximum with aging time, followed by 

degradation, where the polymer experiences a subsequent decrease in Tg [43]. 

 Relaxation of the stressed state of the polymer network may occur with 

moisture ingress, as water molecules interact with polar sites on the polymer network.  

Water molecules are more likely to form hydrogen bonds with themselves rather than 

dissimilar polar sites on a polymer, so accumulation of several water molecules at a 

single polar site may occur with progressive hydrogen bonding, resulting in the 

formation of water clusters [45-50].   

The ingress of moisture will lead to a differential stress state prior to 

saturation, where the stress distribution depends upon the moisture concentration.  

Equation 3, describing moisture induced swelling strain, states that there is some 

threshold moisture content which allows for a transition from compression to tension.  

With increasing moisture content, the swelling strain becomes more and more 

compressive.  In the case of unidirectional composites, the largest stresses will 

develop transverse to the reinforcing fiber, where the development of the differential 

stress state through thickness is of particular interest since the highest stress gradients 

will develop in the smallest dimension.  As moisture ingress occurs, the sum of forces 
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through the thickness must equal zero, so it is clear that the center of a sorbing species 

will experience tensile loading, leading to microcracking since polymers tend to be 

weak in tension [51]. 

2.1.1.2  Glass Fiber Reinforcement Degradation 

 Stress corrosion cracking of glass fibers and glass fiber composites is a well 

known phenomenon.  After an induction period required for water to establish a high 

enough mobility on the glass surface [52], water molecules react with the silicon-oxide 

bonds near the surface of the glass structure, leading to a weakening of the fiber 

concurrent with pitting and cracking [52].  It is theorized that the hydrolysis reaction 

H2O + Si-O-Si → Si-OH + HO-Si (4)

occurs during the three step process of adsorption, reaction, and separation [53,54].  

Here, adsorption is defined as the weak interaction of the water molecule with the Si-

O bond.  Definitions of adsorption will be discussed in detail in Section 2.1.2. 

The hydrolysis reaction is thought to be partly reversible, where condensation 

reaction, or hydration, of the metal hydroxyls may reestablish a metal oxide [4,5]. 

Si-OH + HO-Si → H2O + Si-O-Si (5)

Hydration of metal oxides concentrated at glass surfaces is thought to be characteristic 

of water adsorption on glass [52], so it would seem appropriate that heterogeneous 

non-silica metal-oxygen bonds would have a higher reactivity than the homogeneous 

silica bulk.  Ion exchange reactions may occur when selective leaching of modifier 

cations are replaced by protons [4,55], resulting in the formation of silanol (-Si-OH) at 

heterogeneities. 
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The reaction described in Equation 4 may also occur where the silicon atoms 

are replaced with alternative metal ions commonly found in multicomponent glasses.  

These metal oxides make glass fiber intrinsically alkaline, where acidic and neutral 

water environments have less of an effect than alkaline ones [56].  In a study where 

the cladding of optical glass fiber was enhanced with metal ions, the rate of 

degradation varies with metal content as Mg > Al > Al + Zn > Mg + Al + Zn [57], 

indicating that the addition of metal oxides to glass fiber cladding increases their 

durability despite their reported ability to participate in ion exchange reactions [4,55].  

Another study of zero stress aging of glass fibers revealed that the addition of B2O3 or 

Al2O3 reduced the fiber degradation in water environments [58].  The authors also 

noted that high amounts of modifiers in E-glass fibers are responsible for the higher 

rate of degradation [58]. 

The aggravating effect of stress in moist environments on the rate and degree 

of degradation, or corrosion, of glass fibers, can be observed on the macroscopic scale 

[59,60], microscopic scale [57], and nanoscale [4,61,62].  There is evidence that 

chemisorption of water to glass transitions from a thermodynamically unfavorable 

process to a thermodynamically favorable process with increasing stress [61], 

whereupon the hydrolytic attack on glass becomes more likely.  Furthermore, applied 

stress increases the reactivity of the silica bonds [54,61].  As the number of bonds 

within a ring of silica decreases, the bonds become more stressed, and their reactivity 

increases correspondingly [4].   
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While liquid water proves to be the most aggressive environment for stress 

corrosion of silica, water vapor also proves detrimental, where an increased 

concentration at the surface of the crack results in increased reactivity [59,64].  As 

degradation progresses, nanoscale voids form within the glass, leading to accelerated 

transport of water and other species [4].  Surface pitting will occur at high energy sites 

on the glass surface where silica will preferentially desorb into the surrounding 

medium [55]. 

Because of this known susceptibility to hydrolytic attack, it is important to 

have a protective coating on the fiber reinforcement to minimize exposure to water 

adsorption.  In general, a sizing which enhances interfacial adhesion will lead to 

decreased glass fiber degradation in moist environment [56]. 

2.1.1.3  Composite System Degradation 

 As water diffuses into the composites, stress gradients form at the macroscopic 

level and at the interfacial level.  While the surface layers with higher water 

concentration develop compressive moisture stresses, the inner layers consequently 

develop tensile stresses in order to balance the stress state in the bulk material to zero 

[65].  These tensile stresses can lead to microcracking of the polymer composite and 

have been observed to be localized around voids in resin rich areas [3].  These 

microcracks consequently traverse through the resin to interfaces, where interfacial 

debonding may initiate.  It has been argued that moisture induced compressive stresses 

may actually lead to relaxation of residual tensile stresses from the thermal gradient 
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established during high temperature curing, leading to an increase in strength [3] prior 

to moisture induced resin and interfacial degradation. 

The disparate stress state developed with the local fiber-interphase-matrix 

region will nonetheless impose tensile forces on the fiber and compressive stresses on 

the matrix [66,67].  Depending on the loading conditions and material parameters, the 

interphase could develop a tensile or compressive stress [67], resulting in a high 

internal stress gradient.  The combined effects of microcracking, high interfacial stress 

state, and hydrolytic attack on the silane coupling bonds reveal the serious 

susceptibility of the interphasial region and severe need for coatings which can 

withstand hygrothermal exposure. 

 It is often observed that the diffusion coefficient along the length of the fibers 

is higher than in the transverse direction [68,69].  A higher longitudinal diffusion 

coefficient is expected when interfacial debonding occurs since uptake of water 

through capillary action is effectively instantaneous [51].  Others assume that this 

elevated diffusion coefficient is a consequence of an elevated rate of sorption along 

the interphase [5], where polymer characteristics tend to vary from the bulk resin due 

to the resin’s interaction with the fiber and sizing [5,70].  It has been observed that the 

presence of a glass filler in a polymer matrix results in an increased equilibrium 

moisture content in the resin matrix as compared to the neat resin [71-73], possibly 

due to preferential moisture sorption in the interphasial region [74].  Increasing glass 

filler content has also been observed to decrease the equilibrium moisture content [75], 

even when adjusted for fiber volume content.  Glass filler is generally considered to 
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have low a low diffusion coefficient and maximum moisture content and, 

consequently, acts as a diffusion barrier.  Therefore, the presence of glass filler will 

result in lower composite diffusion coefficients and maximum moisture contents.  The 

effects of fiber reinforcement on the composite diffusion coefficient are addressed in 

detail in Section 2.4.1.1. 

 When interfacial debonding occurs, the fiber reinforcement becomes 

susceptible to hydrolytic attack.  In the case of carbon fiber reinforced polymers, this 

debonding leads to a loss in strength directly related to the loss of interfacial adhesion.  

However, the presence of water along a glass fiber interface will inevitably lead to 

fiber degradation.  Irreversible degradation can be observed through gravimetric 

measurements of GFRP which has been exposed to hydrolytic attack and subsequently 

redried, removing water and any degraded species [36,37,72]. 

 The combination of physical and chemical degradation may weaken the 

polymer at the surface of the composite, leading to surface erosion [76-79].  Simple 

microvoid formation may even lead to blistering of the polymer prior to surface 

erosion.  Evidence of this behavior can be seen in Figure 2.  Blistering of structural 

composites may occur when cracking occurs within the polymer, creating macrovoids 

in which water accumulates.  With surface erosion and cracking, the fiber 

reinforcement is subsequently attacked, and the whole process is aggravated. 
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Figure 2.  Surface degradation of E-glass/vinyl-ester. 
Exposed to 80°C deionized water for 24 weeks. 

 

2.1.2  Definitions of Moisture Transport  

 The gain and loss of a fluid in a diffusing medium may occur via absorption, 

adsorption, or desorption.  Sorption is a general term used for all these transport 

mechanisms and is commonly used when the specific mechanism of sorption cannot 

be identified or isolated.  A summary of major points follows below.  For a detailed 

discussion on sorption phenomena, the reader should refer to references [80-83]. 

Absorption is a physical phenomenon whereby a liquid or vapor outside a 

solid, defined as the sorbate, enters into the bulk solid, defined as the sorbent, from 

the bulk fluid sorbate [84].  Adsorption occurs when a liquid or vapor outside the solid 

attaches to the surface of the bulk solid, resulting in an adsorbed phase which is no 

longer part of the bulk fluid.  Physisorption and chemisorption commonly fall under 
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the umbrella of adsorption, wherein physisorption refers to a weak interaction with the 

surface and chemisorption considers a strong interaction, similar to chemical bonding 

[84,85].  Adsorption will not result in physical changes, such as plasticization or 

swelling [86], which are often seen in material which has absorbed water. 

Adsorption is primarily responsible for the uptake of vapors into porous 

species but is also used to describe vapor sorption by foodstuffs [87,88] and 

adsorption of fluids to the surfaces of nonporous solids [89].  The adsorbed molecules 

must be large enough to penetrate the pores as they adsorb to the pore walls [90].  

Capillary condensation occurs as the uptake of penetrant continues to increase.  

Diffusion may sometimes refer to sorption by a porous solid.  When fiber/matrix 

interfaces degrade, wicking along this interface may occur through capillary action, 

introducing an adsorbed layer of water on surfaces within the bulk composite. 

Diffusion of moisture into polymer composites is generally considered an 

absorption process.  However, some diffusion models (i.e., Langmuir diffusion 

[91,92]) can allow for the physical binding of the water molecules, having entered the 

bulk material, to the polymer chain.  The water molecule may adsorb to the polymer 

structure in this case, similar to how water may adsorb to a glass or polymer surface. 

 Desorption describes the loss of penetrant from the solid into the bulk fluid.  

Desorption can be detected and monitored through negative changes in weight, 

indicating weight loss, in order to complement positive values for uptake.  That is, the 

concentration of the bulk liquid or gas is lower than the concentration within or on the 

surface of the solid.  For a particular mode of adsorption or absorption, the same 
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mechanism is assumed to be responsible for the loss of sorbate, thus the same models 

are employed for uptake and loss of a fluid.  However, it should be noted that it is 

difficult to conclude that the desorption process is a complete reversal of the 

adsorption or absorption process.  Studies show that sorption is not, in fact, a 

completely reversible process and that the diffusion coefficients, though generally 

assumed to be a single value for each temperature, may not be identical between 

uptake and loss of a sorbate [2,26,48,93,94]. 

 Having defined the varying types of sorption, the term “uptake” should be 

interpreted with care.  Moisture “uptake” is sometimes erroneously used when 

referring to negative desorption weight change values for the sake of simplicity. 

2.1.3  States of Water Within a Polymer Network 

 As water molecules enter a bulk polymer sorbent, those water molecules may 

exist in two states:  free water and bound water [48,92].  Free water is proposed to 

exist in the free volume of the polymer system while bound water interacts strongly 

with the polymer network through weak hydrogen bonds [19].  Bound water is 

assumed to be responsible for swelling by increasing interchain hydrogen bond length 

as free water travels through pre-existing free volume voids [14,19]. 

Free volume theory [95] asserts that for a fluid, there is a net available volume 

between molecules which increases with temperature from an initial value of zero at 

absolute zero.  Subsequent applications of free volume theory to viscoeslastic 

polymers assume that the viscosity and, consequently, the stiffness of the material are 

dependent upon the amount of free volume in the material [96].  The presence of a 
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diluent such as water in a polymer should thereby increase the total free volume of the 

total system and enhance the mobility of the polymer network [97].  

2.2  Immersion vs. Humidity 

 The saturated state of water vapor, where the vapor pressure e equals the 

saturation pressure es, is thermodynamically distinct from liquid water in that two 

independent phases of one molecule can exist with equal chemical potentials at 

equilibrium.  Previous studies on composites assume that 100%RH is equivalent to 

immersion in water in order to obtain isotherms for the material [98,99]. 

 Shroeder’s Paradox [100] refers to the discrepancy observed between the fully 

saturated moisture content of a material after exposure to saturated vapor conditions 

and immersion in liquid water at a single temperature.  Explanations for this paradox 

vary depending on the material in question.  Nafion films are a prominent example for 

Shroeder’s paradox, and previous discussions have justified the behavior with 

capillary condensation in an assumed porous layer on the Nafion surface [101], as an 

artifact of measurement techniques [102], or by suggesting there could be multiple 

solutions to a thermodynamic equation [103].   

In the case of water penetration into rubber, it has been theorized that a 

pressure gradient approaching the surface between liquid and water is responsible for 

the discrepancy between exposure to saturated vapor and liquid water [93].  An early 

study on the treatment of rubber suggested that rubber immersed in a water solution 

will absorb more than that suspended in a saturated vapor above the solution since the 

rubber will drive to achieve infinite dilution in liquid water [6]. 
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Studies of glass/epoxy composites have noted lower moisture uptake in 

saturated steam environments when compared to immersion in water at the same 

temperature [104,105].  Conversely, an investigation of a carbon/epoxy system 

concluded with a higher moisture uptake in the 95%RH environment than in 

immersion in water at the same temperature [106]. 

 While LMWS may desorb into humid air, immersion in liquid water allows for 

leaching of LMWS to form a solution with the bulk liquid.  It is also possible for 

potential leachates to diffuse out of the bulk composite into water droplets formed on 

the surface in saturated steam environments, leading to higher concentration 

autocatalytic degradation environments than may occur in immersion environments.  

Furthermore, as interfacial debonding propagates along a fiber from a transverse 

surface, capillary avenues form, allowing for the adsorption of water along this 

interface.  Distinct behavior between adsorption of liquid water and water vapor along 

this capillary interface could represent the work addressing capillary avenues within 

Nafion films [101]. 

2.3  A Review on Humidity 

 In order to fully understand the sorption phenomena of polymer composites 

exposed to humid environments, it is important to review fundamental definitions 

employed when considering humidity.  Relative humidity (%RH) is the most popular 

form of reporting humidity values in the atmosphere, but a single relative humidity 

may represent two drastically different environments at two different temperatures, 

where the higher temperature moist air has an exponentially greater amount of water 
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in the air.  Despite a strong thermal dependency of the water content in air, isotherms 

developed by the adsorption community reveal that the relative pressure (or relative 

humidity, in the case of water vapor) dictates the amount of vapor sorbed by a sorbent 

[47].  Furthermore, when considering the uptake of moisture in humid environments 

for design purposes, the abundance of relative humidity data in historical weather 

records is undeniable. 

2.3.1  Definition of Relative Humidity 

 Relative humidity provides a ratio of the actual amount of water in the air, 

expressed as a partial pressure e, to the maximum possible amount of water in the air 

at the same temperature, referred to as the saturation pressure es, 

%RH =
e

es T( )
×100% . (6)

The partial pressure of water in a mixed air environment is experimentally determined 

while the saturation pressure is determined from available steam tables. 

Goff and Gratch [107] determined the expression used in the Smithsonian 

steam tables which serves as the standard against which all models are compared.   
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where Ts is defined as 373.16 Kelvin, es is given in atmospheres, and T is temperature 

in Kelvin.  With the data available in 1946, Goff and Gratch claim log10es in Equation 

7 to have an uncertainty of 0.02% and is valid in the range of 0°C to 100°C [107]. 

The expression developed by Wexler [108] is considered the most accurate to 

date: 

( )[ ] TaTaTe i

i
is lnln 7

2
6

0
+= −

=
∑ . (8)

a0 = 
a1 = 
a2 = 
a3 = 
a4 = 
a5 = 
a6 = 
a7 =

- 2.99122729 × 103 
- 6.0170128 × 103 
18.87643854 
- 0.028354721 
  1.7838301 × 10-5 
- 8.4150417 × 10-10 
  4.4412543 × 10-13 
  2.858487 

where es is given in Pascals, T is temperature in Kelvin based upon the International 

Practical Temperature Scale of 1968 (IPTS-68).   With the data available in 1976, 

Wexler claimed in Equation 8 are valid for the range of 0°C to 100°C and claims 

accuracy within 0.907% [108]. 

The Magnus formula provides a simple expression which tends to fit 

experimental data with good accuracy. 
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17.123 
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where es is given in millibars, T is temperature in degrees Celsius.  Coefficients 

provided in Equation 9 result in uncertainties within 0.15% and are valid over the 

range of 0°C to 100°C [109]. 

 Equations 7 through 9 are the three most commonly used expressions for the 

saturation pressure of water vapor over the temperature range 0°C to 100°C.  

Alternative expressions for es(T) are provided in [110-115].  The above equations do 

not account for large variations to extreme temperatures and pressures and assume that 

water vapor is isolated rather than present in a water-air mixture.  Buck recommends 

enhancement factors for the conversion of pure water vapor pressure to the vapor 

pressure of water vapor in a mixture such as air [109].  If es is the saturation vapor 

pressure of pure water and es’ is the saturation vapor pressure of moist air at some 

ambient temperature T and pressure P, then the enhancement factor, f(T,P) can be 

defined as 

( ) ss ePTfe ⋅= ,' . (10)

where Buck [109] provides the enhancement factor as 

( ) ( )( )2
432101, PaaTaaPaPTf +++++= . (11)

a0 = 
a1 = 
a2 = 
a3 = 
a4 =

  4.1 × 10-4 
  3.48 × 10-6 
  7.4 × 10-10 
30.6 
-3.8 × 10-2 

where T is in Celsius and P is in millibars and f will always be greater than 1.   

This correction is a weak function of temperature and pressure, so, at standard 

pressures around sea level, the correction is, at most, around 0.5% (f(T,P) ≈ 1.005) for 
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atmospheric temperatures through 100°C [109,110,116], translating to corrections in 

relative humidity calculations of about 0.4%RH [116].  Most available equations claim 

to be within a percent accuracy less than the uncertainty inherent in experimental 

observations of the saturation vapor pressure of pure water [110].  It is thus 

recommended that, with a maximum accuracy of ± 1.5%RH on modern relative 

humidity sensors, the Magnus formula provided in Equation 9 should be used void of 

enhancement factor for the calculation of relative humidity [116]. 

2.3.2  Definition of Absolute Humidity 

 Absolute humidity is used to express the density of water vapor in a moist air 

mixture and can be derived from basic principles [117].  The absolute humidity, dv, is 

fundamentally defined as 

V
m

d v
v = , (12)

with mv as the mass of water vapor in a volume V.  If e is the partial pressure of the 

water vapor, nv the moles of water vapor, and Mv the molecular weight of water, then 

the ideal gas law implies 
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At 20°C, in a pure water vapor environment, a relative humidity of 18%RH correlates 

to an absolute humidity of about 3 g/m3, whereas a relative humidity of 99%RH at 

80°C correlates to an absolute humidity of about 290 g/m3. 

2.3.3  Dew Point Temperature 

 The dew point temperature, Td, is defined as the temperature at which a given 

ambient pressure would be equal to the saturation pressure for water vapor.  

Calculation involves determining the inverse of Equations 7, 8, or 9 such that es(T) 

becomes Td(e).  The complex nature of these expressions require that Td be determined 

numerically and, so for the sake of simplicity, it is recommended [118] that the inverse 

of the Mangus formula provided in Equation 9 [109] be used for determination of 

Td(e) 
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a =
b =
c =

6.1121 
17.123 
234.95 

2.4  Diffusion 

Fick’s laws provide a theoretical basis for the diffusion of a fluid into a distinct 

sorbing medium from a higher concentration to a lower concentration.  Fick’s second 

law provides for non-steady-state diffusion, where a concentration profile can be 

investigated via  
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∂C
∂t

= ∇ • D
v 
∇ C( )[ ]. (16)

where C is the concentration of the sorbate, t is time, and D is the diffusion coefficient.  

The diffusion coefficient is thus described in units of area per time, describing the rate 

of diffusion into or out of a sorbent medium. 

2.4.1  Major Considerations in Diffusion 

Fick’s laws most fundamentally require a diffusion coefficient to describe the 

rate of diffusion and generally require the attainment of an equilibrium content where 

the rate of uptake slows to zero as equilibrium is approached.  These parameters can 

be affected and described by material characteristics, geometry, processing factors, 

and even environmental exposures. 

2.4.1.1  Diffusion Coefficient 

 To simplify Equation 16, the diffusion coefficient can be assumed to be 

independent of concentration and time.  Solutions exist for concentration and time 

dependent diffusion coefficients and are available in [83].  While Fick’s second law 

fundamentally assumes that diffusion into and out of the sorbent are equivalently 

described by the same diffusion coefficient, this assumption has often been proven 

invalid [2,26,48,93,94,119,120]. 

The diffusion coefficient can be determined either by monitoring the 

concentration profile throughout the volume [121] or via gravimetric measurements.  

Simple geometries with known solutions to Equation 16 are highly desirable for both 

methodologies.  Tracking the spatial concentration profile over time requires the 
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destruction of material for each time step.  Gravimetric measurements require the 

weighing of a specimen with known geometry for each time step, allowing for the 

diffusion of the sorbate into a single sorbent specimen to be monitored over time and 

providing the total weight change due to uptake or loss of the sorbate rather than a 

concentration.  Ultimately, however, the diffusion coefficient must be calculated 

according to a theoretical model used to fit experimental data trends. 

 The thermal dependency of the diffusion coefficient, discussed below, is well 

known.  Numerous studies exist concerning the variability of diffusion coefficient 

with polymer type [33,35], crosslink density [122], degree of cure [120,123,124], filler 

type [50,125], and filler amount [75,72,126].  For a multi-phase sorbent such as a 

filled polymer, the apparent diffusion of the sorbate will depend on the diffusion 

coefficients of the multiple phases.  While a time dependent diffusion coefficient may 

be considered [119,127], the change in D is more than likely dependent upon a 

progressing concentration, stress, or reaction front. 

2.4.1.1.1  Thermal Dependency of Diffusion Coefficient 

 It is well known that D is dependent upon temperature and can be described by 

the Arrhenius relationship 

⎥⎦
⎤

⎢⎣
⎡−

=
RT
E

DD a
o exp . (17)

where Do is the temperature independent empirical constant; Ea, the activation energy; 

R, the universal gas constant; and T is temperature in Kelvin.  The Arrhenius relation 

can be employed for the thermal dependence of D for any diffusion model, where Do 
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and Ea are determined for each model.  In the case where an Arrhenius plot of lnD vs. 

1/T does not result in a linear trend representative of Equation 17, a dual Arrhenius 

model [128] may be employed where  
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where Do1, Do2, Ea1, and Ea2, are the empirical diffusion coefficients and activations 

energies of the first and second phases, respectively. 

2.4.1.1.2  Geometrical Considerations in Diffusion 

For anisotropic substances, the diffusion along the three principal axes will not 

be identical to that of an isotropic substance with the same geometry.  Fick’s second 

law, Equation 16, can be expressed in Cartesian coordinates for an anisotropic 

substance with diffusion coefficients Dx, Dy, and Dz along the global x, y, and z 

directions [82] 
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assuming time and concentration independent diffusion coefficients.  Based on heat 

transfer studies [129], an effective diffusion coefficient can be introduced where 
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In the case of non-steady state diffusion into a thin plate with dimensions l, w, and h in 

the x, y, and z directions, where h is much less than l or w, it can be concluded that 

[82] 

y

x

D
D

w
l

=  (21)

since a fundamental assumption of diffusion into a thin plate assumes that diffusion 

through the six faces do not interfere with one another.  A complementary derivation 

of the effective anisotropic diffusion coefficient D is provided concluding that for a 

thin plate [98], 

h
D

w

D

l
D

h
D zyx ++= . (22)

where Dx, Dy, and Dz are dependent upon the orientation of the anisotropic media 

under consideration. 

For an orthorhombic system, as is the case for unidirectional composite 

laminae, there are three principal diffusivities, D1, D2, and D3, where D1 is along the 

fiber axis, D2 is transverse across the width of the composite, and D3 is the through 

thickness diffusivity.  Then, after Carslaw and Jaeger [129], the principal diffusivities 

can be determined by translating from global x-y-z coordinates to local 1-2-3 

coordinates, given a fiber orientation described by angles α, β, and γ between the 1 

axis and the x, y, and z axes, respectively.  In composites, where through thickness 

properties are very similar to transverse properties across the width, it can be assumed 

D2 = D3 [98,129], 
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αα 2
2

2
1 sincos DDDx += , 

ββ 2
2

2
1 sincos DDDy += , 

γγ 2
2

2
1 sincos DDDz += . 

(23)

Shen and Springer proposed a calculation for a composite diffusion coefficient based 

upon derivations of thermal conductivities [98] given the diffusivities of the resin and 

fibers, Dr and Df in a composite with a fiber volume fraction of Vf: 

( ) ffrf DVDVD +−= 11  (24.a)
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For composites where the diffusivity of the fiber is much less than that of the resin, as 

is often the case in polymer composites, Equation 24 can be reduced for Vf > 0.785 to 

( ) rf DVD −≅ 11  (26.a)
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Consequently, Equation 22 can be restated as 
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For a unidirectional composite with fiber volume greater than 78.5%, the following 

approximation can be made by reducing Equation 27 
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While these statements are theoretically available for Vf > 0.785, it is important 

to note that Vf are generally lower than 0.785.  Theoretical fiber volume fractions can 

be calculated as 78.5% for square packing of circular fibers up to 90.7% for hexagonal 

packing of circular fibers [32].  Unavoidable manufacturing inconsistencies involving 

fiber alignment, full fiber wet out, and the addition of fillers and fiber sizings or 

coatings result in Vf typically less than 78.5%. 

2.4.1.2  Equilibrium Moisture Content 

Isotherms are used to express the maximum moisture content of a sorbing 

substance as a function of partial pressure [47,81].  Isotherms were developed with 

adsorption theory [47,81]; and while some have an empirical origin, most have a 

theoretical basis based upon the adsorption of molecules to a surface.  Thermal 

dependency of maximum moisture content can be introduced through thermal 

dependency of isotherm coefficients through the implementation of isosteres [84].  

While the theoretical bases for isotherms are no longer valid when considering 

absorption along with adsorption, the availability of these relations allows for 

immediate implementation of known phenomena. 
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 A series of stylized isotherms are presented in Figure 3.  The following is a 

discussion on isotherms commonly used in the study of moisture sorption of 

composites.  A thorough set of data across relative pressures is hard to find, but 

available studies indicate that the equilibrium moisture content does not plateau at 

high relative pressures.  Rather, the isotherms may represent curves (a), (c), or (d) in 

Figure 3.  While Langmuir adsorption theory provides a strong foundation for the 

adsorption field, it will not be addressed here since composites clearly do not 

experience Langmuir adsorption, described by curve (b) in Figure 3. 
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Figure 3.  Stylized Isotherms [47,130]. 

(a) Henry’s Law; (b) Langmuir [Brunauer-Emmett-Teller (BET) Type I]; (c) BET 
Type II; (d) BET Type III; (e) BET Type IV; (f) BET Type V.  Partial pressure 

(p/po) is described in terms of vapor pressure p and saturation pressure po. 
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2.4.1.2.1  Henry’s Law 

 At the most fundamental level, it is generally assumed that the amount of 

sorbate sorbed is directly proportional to the partial pressure which describes the 

amount of sorbate in the air.  In terms of equilibrium moisture content, Henry’s Law 

states 

( )RHkM %=∞ . (29)

where k is known as Henry’s Law constant.  While the more flexible Freundlich’s 

relation is often implemented in the composites field, results indicate that materials 

sometimes obey Henry’s Law [105,131]. 

2.4.1.2.2  Freundlich’s Relation 

Freundlich’s relation provides a simple exponential relation using empirical 

constants a and b:  

M∞ = a %RH( )b . (30)

For gases, Freundlich’s relation can be derived at small vapor pressures using 

Gibb’s equation [133] 

dc
d

RT
c γ

⋅
−

=Γ , (31)

where Γ is the amount of adsorbed material; c, the surface-active component in 

solution; R, universal gas constant; T, temperature in Kelvin; and γ , interfacial surface 

energy.   

For a gas, it was proposed [133] that the surface tension of a surface, σ, can be 

described via the rule of mixtures using the surface tension of the bare surface, σ0; the 
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surface tension of the same surface with an adsorbed monomolecular layer, σ1; and the 

fraction of surface area with an adsorbed monomolecular layer, θ.  

( ) θσθσσ 10 1 +−= , (32)

where the adsorbed fraction can be described using the adsorbed quantity using the 

number of potential locales for adhesion of sorbate (e.g., available oriented surface 

molecules) [133], N, and the number of vacant adjacent potential adhesion sites, a:  

aaN
NΓ

=θ , (33)

where NA is Avagadro’s number.  Assuming the interfacial surface tension is 

equivalent to surface energy, combining Equations 31, 32 and 33 and integrating 

Equation 31 for c [133] the concentration of the surface-active component in solution, 

( )
RTN

aN A

Kc
10

0

σσ −

Γ= , (34)

where K0 is introduced as an integration constant.   

While this derivation was executed assuming small concentrations of 

adsorbate, one can extend the relation for a range of concentrations or partial 

pressures.  Rearranging Equation 34 considering relative humidity %RH in place of 

sorbate concentration and equilibrium moisture content M∞ in place of Γ, 

( )( )RH AaN
RTN

KM % 101
σσ −

∞ = , (35)

where the integration constant K1 and the exponent are analogous to a and b in 

Equation 30. 
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Freundlich’s equation is widely used in polymer composite research, assuming 

immersion in liquid water is equivalent to 100%RH, even though the statement is 

derived for the adsorption of a monomolecular layer.  Reported values of b for 

polymer composites range from 1.0 to 4.3 [50,99,105,131,134], despite the 

observation in the theoretical derivation of Equation 34 that b should be less than 1 

[133].  That is, where Freundlich’s Relation should theoretically represent BET Type I 

curve, sorption in composites results in a BET Type III isotherm. 

2.4.1.2.3  Dual Sorption Theory 

Dual Sorption Theory [135,136] accounts for positive deviations from Henry’s 

law by incorporating Langmuir sorption with Henry’s Law generally via 

M∞ = k %RH( )+
c %RH( )

1+ d %RH( )
. (36)

where k, c, and d can be defined in terms of Henry’s law dissolution constant, kD; the 

hole affinity constant, b; the hole saturation constant, CH’, and the saturation vapor 

pressure, po:  

k =k Dpo, 

c = CH
' bpo, 

d = bpo.
 

(37)

 Fundamentally, Dual Sorption Theory is based upon the assumption that water 

enters the sorbent as free water through normal diffusion processes, obeying Henry’s 

Law, but may then become immobilized as bound water at points within the 

microheterogeneous medium, whereby its equilibrium is described by the Langmuir 
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isotherm [136].  Additional assumptions are made when considering the kinetic 

element of Dual Sorption Theory, commonly known as Langmuir diffusion, to be 

discussed in Section 2.4.2.3. 

 Equation 36 represents a BET Type II isotherm, seen in Figure 3(c).  At 

sufficiently high and low pressures, the dual sorption isotherm reduces to a linear form 

where the two linear sections at high and low relative pressures, connected by a 

nonlinear region, are described by two characteristic slopes.  Thermal considerations 

may be incorporated by using the Arrhenius equation to obtain an enthalpy of 

dissolution for kD and an enthalpy of hole filling (a term used to refer to 

immobilization of sorbate) for b [136]. 

2.4.1.3  Typical Moisture Sorption Uptake Trends 

 Dynamic moisture uptake curves, plotted as moisture content as a function of 

time Mt against t1/2, may be as simple as the characteristic Fickian trend, depicted in 

Figure 4(a), where the initial uptake is linear up to about 0.6Mt/M∞ and concave 

toward the abscissa as Mt asymptotically approaches the system’s equilibrium content, 

M∞.  Non-Fickian sorption may manifest itself with an initial sigmoidal uptake, two 

stage phenomena, or other anomalous characteristics as in Figure 4.   

Sorption trends which initially demonstrated sorbate uptake may ultimately 

decrease after a maximum uptake has been reached, such in Figure 4(e), indicating 

loss of sorbent.  It is recommended that when sorption trends indicate degradation, 

attempts should be made to remove as much sorbate as possible at each measurement 

in order to identify the amount of material loss experience by the sorbent.  Curves with 
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sudden uptakes after an apparent equilibrium, such as that in Figure 4(f), indicate 

sorbent breakdown, such as interfacial wicking in composites, which leads to dramatic 

increases in moisture content. 

In the end, several fundamental assumptions must be made about the moisture 

uptake curves.  First and foremost, it is assumed that an increase in weight represents 

an increase of sorbate population in the sorbent.  When sorbate is removed to back-

calculate true weight gain after degradation, the weight loss represents the removal of 

all sorbate and no sorbent.  That is, if LMWS are leached into the exposure 

environment, it is assumed that no further LMWS are leached into the desorption 

environment.  While every attempt is made to purify sorbing species prior to sorbate 

immersion, it is inevitable that impurities will be present.  It is further assumed that 

impurities, such as metals or salts in solution, do not diffuse into the sorbent.  Previous 

research shows that solutions with ions known to be in solution do absorb into the 

specimen, though the modes of transport are distinct from that of water molecules 

[20]. 
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Figure 4.  Stylized typical moisture uptake trends after [137]. 

(a) Fickian; (b), sigmoidal; (c) Two-stage; (d) anomalous; 
(e) and (f) trends indicative of degradation. 

 

2.4.2  Diffusion Models 

2.4.2.1  Fickian Diffusion Model 

2.4.2.1.1  Theoretical Basis for Fickian Diffusion 

 Fickian diffusion in composites is traditionally treated by considering the one-

dimensional case of Fick’s second law assuming the diffusion coefficient is 

concentration independent such that Equation 16 reduces to 

∂C
∂t

= D∂ 2C
∂x 2 . (38)
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where C is concentration of sorbate per unit sorbent, t is time, x is the distance through 

the sorbate, and D is the Fickian diffusion coefficient.  Fick’s laws were developed 

with fundamental heat transfer equations in mind and, as such, solutions to the plane 

sheet case are well known [83,129].  In the case of a uniform initial distribution of 

sorbent, C0, within a plane sheet with the surfaces kept at a constant concentration, C1, 

the concentration distribution, C(x,t), through the thickness of the plate, x, from –h/2 

to +h/2 for a plate thickness h over time, t, is  

C(x, t) − C0

C1 − C0

=1−
4

π 2

−1( )n

2n +1( )2 exp −
Dt
h2 π 2 2n +1( )2⎡ 

⎣ ⎢ 
⎤ 
⎦ ⎥ cos

2n +1( )πx
h

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

n= 0

∞

∑ . (39)

for a diffusion coefficient independent of time and position.  The total weight change 

of the substance over time, Mt, is described by integrating C(x,t) over the thickness x 

from –h/2 to +h/2 such that 

Mt = M∞ ⋅ 1−
8

π 2
1

2n +1( )2 exp −
Dt
h2 π 2 2n +1( )2⎡ 

⎣ ⎢ 
⎤ 
⎦ ⎥ 

n= 0

∞

∑
⎧ 
⎨ 
⎪ 

⎩ ⎪ 

⎫ 
⎬ 
⎪ 

⎭ ⎪ 
. (40)

It is fundamentally assumed that the diffusion mechanisms responsible for diffusion 

into and out of a material are identical.  That is, absorption and desorption diffusion 

coefficients and sorption trends should be identical, save for the initial and final 

equilibrium moisture contents.  However, this assumption has repeatedly been shown 

to be invalid when desorption trends do not replicate absorption trends 

[2,26,48,93,94,119].  An explanation for this discrepancy could be that the sorption 

process is two phase, where there is some bound water which cannot be removed in 

the desorption process. 
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2.4.2.1.2  Treatment of Fickian Diffusion Model 

While Crank [83] provided the short time approximation for Equation 40 as 

Mt = M∞ ⋅
4 Dt

h
⋅

1
π

+ 2 −1( )n ierfc 2 Dt
nhn=1

∞

∑
⎧ 
⎨ 
⎩ 

⎫ 
⎬ 
⎭ 

, (41)

he also suggests that Equation 41 can be approximated as 

Mt =
4M∞

h
⋅

Dt
π

 (42)

for times through 0.6Mt/M∞ [83,93].  This treatment of approximating Equation 41 as 

Equation 42 is identical to assuming that, for short times, the plane sheet may be 

treated as a semi-infinite medium with an initial uniform concentration throughout the 

sorbent, and a constant uniform concentration at the surface [83,98,129]. 

 Shen and Springer [98] provide an approximation, albeit without reference, 

which can reduce the computational demands of Equation 40 via 

Mt ≈ M∞ ⋅ 1− exp −7.3 Dt
h2

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

0.75⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

⎧ 
⎨ 
⎪ 

⎩ ⎪ 

⎫ 
⎬ 
⎪ 

⎭ ⎪ 
. (43)

 Diffusion coefficients may be obtained from Equation 42 for short times or 

from curve fitting Equation 40. 

Shen and Springer [98] proposed an accelerated test methodology whereby a 

value of D is initially approximated, a short time is selected where Equation 42 is 

valid, and Equation 40 is evaluated to find M∞, knowing Mt.  Then additional times are 

selected, Equation 40 is evaluated for M∞, knowing Mt, and D is consequently adjusted 

such that M∞ is in good agreement over all time.  The authors claim such analysis will 
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result in values of D and M∞ for a material without having to perform long-term hot 

water bath tests. 

2.4.2.2  Two Phase Fickian Diffusion 

2.4.2.2.1  Theoretical Basis for Two Phase Fickian Diffusion 

 Maggana and Pissis [138] presented a modified two-phase Fickian model 

based upon work by Jacob and Jones [139].  Jacobs and Jones introduced a model 

considering a more dense and a less dense phase, where the moisture uptake is a 

consequence of two independent diffusion phenomena. 
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where Vd is the volume fraction of the more dense phase, Dd is the diffusion 

coefficient of the more dense phase, and Dl is the diffusion coefficient of the less 

dense phase. 

 The model presented in Equation 44 is based upon the fundamental assumption 

that there are two independent Fickian phases which begin sorption simultaneously 

[139].  Consequently, there should be two regions of the moisture uptake curve 

wherein sorption is dominated by the more or less dense phase.  The rate of uptake in 

the early stages of the curve should be additive since both phases are in the early stage.  

As the less dense phase approaches its equilibrium, the slope of the uptake curve 

should be characteristic of diffusion in the more dense phase. 
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Maggana and Pissis generalized the more and less dense phases to two 

arbitrary independent phases [138].  For these two moisture sorption mechanisms with 

two maximum moisture contents, M1 and M2, and two diffusion coefficients, D1 and 

D2, moisture uptake is described by [138] 
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where 

21 MMM +=∞ . (46)

and each diffusion coefficient follows the Arrhenius relation with independent values 

of Do and Ea. 

 Previous research indicates that two phases of water can be observed in a resin 

exposed to hygothermal environments, where the sorption of Phase I is controlled by 

the amount of water in the atmosphere and the sorption of Phase II is controlled by 

temperature and time [38].  Mikols and coworkers present a simplified model 

accounting for water sorbed into the free volume, described by a maximum moisture 

content, and for additional water sorbed due to changes in the polymer structure 

resulting from hygrothermal interactions and changes in free volume [140]. 

2.4.2.2.2  Treatment of Two Phase Fickian Diffusion 

 The diffusion coefficients according to Equation 44 may be determined from 

simple linear curve fits of each phase dominated region.  Figure 5 is presented for 
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clarification of the following discussion.  The initial slope of the uptake curve 

provides the approximate diffusion coefficient, Dx, for the bulk after the traditional 

Fickian approach [139] 
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However, it should be noted that the initial uptake is actually the summation of the 

uptake of the two phases.  Thus one can state [139] 
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where subscripts d and l refer to the more and less dense phases.   
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Figure 5.  Values for determination of two phase Fickian parameters. 

 

At later times, the slope represents the uptake in the more dense phase as the 

uptake in the less dense phase approaches equilibrium.  By extending a line from the 

region characterized by sorption of the more dense region to the ordinate axis, the 

equilibrium content for the less dense phase, Ml, can be determined from the intercept 

[139], as Figure 5 indicates.  Then 
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dl MMM +=∞  (49)

allows for the calculation of the corresponding diffusion coefficients after [139] 
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It follows from Equations 44 and 45 that the volume fraction of the more and 

less dense phases can be represented by  

∞

=
M
M

V d
d   and   

∞

=−
M
M

V l
d1 . (52)

However, Jacobs and Jones [139] present a relation for Vd based upon a general 

expression for thermal conductivity in two component systems having orthorhombic 

symmetry where  
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 Jacobs and Jones admit that the determination of the initial uptake curves may 

not be so straightforward and, as such, iterations may need to be performed in order to 

improve the quality of fit [138,139]. 
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 Several assumptions can be made when considering the effect of temperature 

on equilibrium moisture contents.  One could consider the case where a material is 

capable of sorbing a finite amount of sorbate where the volume percentage of one 

phase of the material would increase with temperature, similar to the model proposed 

in [140], implying that M∞ is constant over temperature while Vd varies.  Conversely, 

one could assume that there is no change in the relative volume percentage of either 

phase but the equilibrium content of each phase of the material increases 

proportionally with temperature, implying that M∞ varies with temperature and Vd is 

constant.  In the case of E-glass/vinyl-ester composite, not only is the bulk material 

heterogeneous, but the vinyl-ester resin matrix itself can be considered a biphasic 

material where the total moisture content increases with temperature, where the 

maximum moisture content of those two phases may also vary with temperature at two 

different rates. 

2.4.2.3  Langmuir Diffusion Model 

2.4.2.3.1  Theoretical Basis for Langmuir Diffusion 

Dual Sorption Theory introduces a model wherein water sorption occurs 

through the diffusion of free species into the sorbent concurrent with the adsorption of 

water molecules to the polymer, becoming bound [136].  Carter and Kibler [92] 

present a non-steady state diffusion model based upon the integration of diffusion and 

Langmuir adsorption theory [80,91,136]. 
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The following constituent equations as presented in [92] consider two phases 

of water  

dCD

dt
= −

dq
dx

−σ  (54)

Where x is position, t is time, CD(x,t) is the concentration of the free diffusion phase, 

q(x,t) is the mass flux of the free phase, and σ(x,t) is the rate at which the free phase 

becomes site bound.  It is important to note that only the free phase diffuses, but the 

free and bound water molecules each have the ability to bind to and to free themselves 

from the sorbent molecules.  Introducing the Langmuir diffusion coefficient, D, the 

parameters α and β, and the concentration of site bound molecules, CS(x,t), the 

following constituent equations can be developed [92] 

q = −D dCD

dx
 (55.a)

σ = βCD −αCS , (55.b)

whereupon [136] 

∂CD

∂t
= D∂ 2CD

∂x 2 − βCD + αCS . (56)

The system approaches an equilibrium such that [92,136] 

σ = 0,  βCD = αCS . (57)

That is, α represents the probability that a bound molecule will become free and β, that 

a mobile molecule will become bound, and the rates of conversion between the two 

phases will become equivalent as equilibrium approaches.  The maximum moisture 
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content, M∞, at equilibrium can then be expressed in terms of the equilibrium CD∞ and 

CS∞: 

∞∞∞∞∞ +=+= DDSD CCCCM
α
β , (58)

Then the moisture content Mt can be expressed as [91,92] 
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where t is time, D is the Langmuirian diffusion coefficient, and h is specimen 

thickness.  Carter and Kibler introduced the use of the term κ [92], defined as 

κ =
Dπ 2

h2  (60)

and state that Equation 59 is valid only for α,β << κ [92].  Several sources 

[22,91,105,141] restate Equation 59 without the exp(-βt) term since the rate of 

conversion between the two phases should be much less than κ: 
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For short exposure times, where t ≤ 0.7/κ, Equation 59 can be expressed as 

[92] 
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and for long exposure times,  
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Pseudo-equilibrium, Mps∞, may be described as 
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M ps∞ = M∞
α

α + β
⎛ 

⎝ 
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⎞ 

⎠ 
⎟ . (64)

This pseudo-equilibrium represents the fraction of mobile water in the sorbent and 

may become apparent in the form of a plateau at sufficiently high temperatures and 

sufficiently low specimen thicknesses, where the assumption α,β << κ becomes more 

accurate.  Figure 6 demonstrates the inherent variability of the pseudo equilibrium 

plateau as κ ranges from 20α, for which there is no discernable pseudo equilibrium, to 

200α, where a pseudo equilibrium is easily detected. 

 

Mps

 
Figure 6.  Parametric study [91] of Langmuir diffusion. 

G = Mt/M∞ plotted against τ = κt for α = 4β . 
The value of κ is varied from 20α (Curve 1) to 200α (Curve 5) 

 

2.4.2.3.2  Treatment of Langmuir Diffusion Model 

Various basic curve fitting algorithms have been used to obtain values of D, α, 

β, and sometimes even M∞.  One approach begins by selecting a moisture content from 

an apparent pseudo-equilibrium plateau in the empirical moisture sorption curve to 

define Mps∞ in order to obtain the ratio of α to α + β from Equation 64 [142].  An 

exponential curve fit was performed according to Equation 63 to obtain β, allowing 
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for the calculation of α from Equation 64 [142].  The slope of the initial uptake curve 

of Mt plotted against t1/2 for times less than 0.7/κ was used to determine the diffusion 

coefficient, D via Equation 62 [142]. 

 Li, Miranda and Sue determine the diffusion coefficient from a curve fit of the 

simplified solution to Fick’s Law, per Equation 40, and constrain D in Equation 59 to 

this value [143].  M∞, α, β were then obtained through a curve fitting algorithm.  

Assuming that β = 0, would imply that there is no conversion; subsequently, the 

diffusion coefficient would be equivalent to Fickian diffusion.  When β > 0, water 

may convert from free to bound water and vise versa, allowing for greater maximum 

moisture content in the sorbent than in Fickian diffusion. 

2.4.2.4  Structural Modification Diffusion Model 

2.4.2.4.1  Theoretical Basis for Structural Modification Diffusion 

 A two stage relaxation model has been presented wherein the first stage is 

predominantly Fickian diffusion followed by a slow relaxation of the polymer which 

allows for increased moisture sorption over time [144].  This model amounts to a 

modified Fickian model with a time dependent maximum moisture content 

Mt = Mo∞ ⋅ 1+ k t[ ]⋅ 1−
8

π 2
1

2n +1( )2 exp −
Dt
h2 π 2 2n +1( )2⎡ 

⎣ ⎢ 
⎤ 
⎦ ⎥ 

n= 0

∞

∑
⎧ 
⎨ 
⎪ 

⎩ ⎪ 

⎫ 
⎬ 
⎪ 

⎭ ⎪ 
. (65)

where Mo∞ is the pseudo-equilibrium moisture content and k is defined as a “relaxation 

coefficient” [144].  The second phase is characterized by this relaxation whereby the 

asymptote is an increasing linear function of t1/2 rather than a constant M∞.  However, 
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similar trends have been observed whereby the asymptote is a decreasing linear 

function of t1/2.  Decreasing linear asymptotic behavior, where a maximum moisture 

content is reached and followed by a loss in weight, may indicate sorbent degradation 

which can be identified by permanent weight loss after redrying.  Consequently, k can 

represent relaxation or degradation phenomena with a simple change in sign and, as 

such, should be referred to as representative of structural modification rather than a 

“relaxation coefficient”.   

2.4.2.4.2  Treatment of Structural Modification Diffusion Model 

 Determination of Mo∞ is not as straightforward as assigning the maximum 

moisture content.  Mo∞ represents the equilibrium moisture content for the Fickian 

component of Equation 65.  Consequently, the sorption trend of Mt vs. t1/2 should be 

separated into three sets where Fickian diffusion and structural modification dominate 

sorption at early and late times, respectively, and the third set represents an 

intermediate transition region, indicated in Figure 7. 
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Figure 7.  Stylized structural modification uptake trend. 
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Performing line fits on each of the two sets as in Figure 7 will allow for the 

determination of Mo∞, k and D.  The best fit line of the Fickian dominated phase 

should intercept the origin.  The pseudo equilibrium moisture content, Mo∞, is 

determined from the intercept of the best fit line characterizing the gravimetric data 

dominated by structural modification.  With a value of Mo∞, D and k can be calculated 

from the slopes of the corresponding line fits as 
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where the subscript SM refers to structural modification. 

2.4.2.4.3  Integration of Two-Phase and Structural Modification Models 

When considering the two-phase Fickican model, there is an intermediate time 

from which D2 can be determined based upon the assumption that the first phase has 

reached an equilibrium moisture content and the second phase is still in the early 

stages of sorption.  That is, for this intermediate time, Equation 45 can be 

approximated as 
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 Similarly, the structural modification model can be considered for later time 

periods, where the Fickian phase has reached its equilibrium moisture content, and the 
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secondary phase is being modified according to k.  During this latter period, Equation 

65 can be approximated as 

tMMM oot ∞∞ +≈ . (68)

From Equations 67 and 68, 

1MM o ≈∞  (69.a)

π
22 4 D

h
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kM o ≈∞ . (69.b)

Using the simplified structural modification model, the diffusion coefficient of the 

second phase in the dual phase Fickian model can be determined as 
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 Based upon this derivation, it is reasonable to assume that the structural 

modification facotr k is fundamentally related to the Fickian diffusion of a secondary 

phase.  The diffusion within this secondary phase is on such a slow time scale that it 

may be difficult to identify the secondary equilibrium moisture content in an 

experimental laboratory time scale. 

2.5  Predictive Degradation Models 

 In developing degradation models, a property, P, (e.g., tensile strength, glass 

transition temperature) is monitored over a period of time with environmental 

exposure.  For the purposed of accelerated testing, these environments are hot water 

immersion baths, where elevated temperatures accelerate the degradation rate.  

Constant exposure to hot water baths over a series of temperatures provides an avenue 
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for the degradation rate to be correlated to temperature and, as such, should allow for 

the prediction of the degradation rate at ambient temperature.  Because the correlation 

between temperature and degradation rate was established for immersion in water, the 

rate of degradation at ambient temperature will correlate to the material in constant 

contact with liquid water. 

 There are generally two types of degradation models:  one which characterizes 

the time to failure defined by a material property reaching a critical level and one 

which predicts a property level as a function of time.  Because this study concerns 

materials employed for civil infrastructure, the following discussion will focus on 

predictive degradation models. 

2.5.1  Current Degradation Models 

The following summarizes the state of the art in degradation models of fiber 

reinforced polymer composites. 

2.5.1.1  Arrhenius Rate Model 

 The Arrhenius Rate Model employs the Arrhenius rate equation to describe the 

rate of degradation of a material property P which is assumed to be proportional to the 

rate of some reaction [145]. 

⎥⎦
⎤

⎢⎣
⎡−

=
RT
E

A
dt
dP dexp  (71)

where A is a pre-exponential constant, Ed is the activation energy for the reaction 

responsible for degradation, R is the gas constant, T is temperature in Kelvin, and t is 

time.  Furthermore, it is assumed that [145] 



  63 

( )
1−

⎟
⎠
⎞

⎜
⎝
⎛∝

dt
dPPt . (72)

which would imply  

( ) 1ln −∝ TPt  (73)

as stated in [145].   

The temporal variation of P can be determined as 
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= lnexp  (74)

where B is an integration constant and P0 is the property at time zero.  Equation 74 

represents the Arrhenius rate degradation model.  It has been proposed that the Ed is 

well represented by the activation energy for the diffusion process [146]. 

A fundamental assumption of this model states that the rate of degradation is 

directly related to the rate of a single chemical reaction [145].  It may be possible for a 

plot of ln t(P) vs. T-1 to demonstrate non-linearity, implying that the rate of 

degradation in the material is controlled by more than one degradation mechanism. 

2.5.1.2  Time Temperature Superposition 

 The Time-Temperature Superposition (TTS) principle is a theoretical model 

used to describe the time and temperature dependent behavior of material properties 

for viscoelastic materials [96,147].  Most often, TTS is used for stiffness related 

properties, but it has also been implemented for time and temperature dependent 

strength [147,148]. 
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TTS is implemented by shifting a series of curves, obtained at a series of 

temperatures which describe a material property as a function of time, to form a 

master curve.  The Arrhenius equation can be used in determining the shift factor 

required to align the degradation trends at a variety of temperatures [148].  When shift 

factors exhibit non-linear behavior on an Arrhenius plot, it may be appropriate to 

implement a dual Arrhenius model [128,148].  The material property at a specific time 

can be determined by referencing the master curve assembled through TTS.  One such 

master curve describes the material property as function of time through an 

exponential relation where [150,151] 
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where P0 and P∞ are the initial and final property values; t is time; ti is the time at 

which degradation initiates; b is an exponential degradation factor; and aT, aM, and aC 

are shift factors relating to thermal, mechanical and environmental stress effects, 

respectively. 

Equation 75 was derived on the basis of a failure probability analysis in a 

degradation study using a Weibull distribution [152,153].  Therefore, the master curve 

describe by Equation 75 will produce a sigmoidal strength distribution when plotted 

against time, where there is some induction time required for failure to initiate, 

followed by a sudden steep drop in property described by b, ending with a gradual 

final approach to an equilibrium degradation value.  Previous studies indicate that the 

exponential degradation factor b does not change depending on stress histories [153].  
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2.5.1.3  Crack Propagation Degradation Model 

 A simple mechanistically based model is presented in the context of GRC 

accelerated testing wherein the propagation of fiber surface flaws is assumed to be 

responsible for the degradation of the fiber composite [154].  The theory assumes that 

the induced stress responsible for propagation of a fiber surface flaw is a function of 

temperature, the rate of propagation for a surface flaw, da/dt, is proportional to the 

concentration of hydroxyl ions, C, responsible for hydrolytic attack on glass and the 

crack propagation rate is described by the Arrhenius equation whereby [154] 

⎥⎦
⎤

⎢⎣
⎡−

=
RT

ECkk
dt
da

TC exp  (76)

where the terms kC and kT relate the proportionality of da/dt to hydroxyl concentration 

and the proportionality of induced stress to temperature, respectively. 

 Using the critical stress intensity factor KIC and a geometry factor Y, the 

strength of a fiber, σf, is can be stated using  

aY
K IC

f π
σ = , (77)

whereupon the strength of the composite is stated as [154] 

fflo V σηησ =  (78)

with ηo and ηl defined as efficiency factors for fiber orientation and length.   

Integrating Equation 76 for a(t) and substituting a(t) and Equation 77 into 

Equation 78, the solution can be normalized to initial values.  Consequently, 
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where the tensile strength at some time t is σ, and σ0 is the initial strength.  The term k 

encompasses all proportionality constants, provided on the right hand side of Equation 

76, along with the initial flaw size ao: 
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Equation 79 does not allow for a non-zero strength as t→∞, though such a parameter 

could be integrated using a form similar to the left hand side of Equation 75. 

2.5.1.4  Moisture Dependent Degradation 

 While temporal degradation models are integral to the design and performance 

predictions of a material property over time, degradation resulting from exposure to 

hot water baths is known to be strongly related to the moisture present in the material.  

Nissan [15] introduced a degradation model integrating the two regimes of moisture 

degradation where below a critical moisture content, wc, the moisture forms hydrogen 

bonds with the polymer network similar to the formation of an adsorption monolayer.  

Above a critical moisture content, additional water molecules form hydrogen bonds 

with broken polar bonds and adjacent water molecules.  The number of hydrogen 

bonds established by a single water molecule is described by a cooperative index, CI, 

through the saturation content. 

The referenced study addressed the change in Young’s modulus with moisture 

content [15], but the theory could similarly be extended to some arbitrary property P. 
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where P0 describes the initial property value, w is the moisture content, and W is the 

theoretical quantity of water molecules required for each polar group on the sorbent to 

be in a hydrogen bond with a single water molecule.  The critical moisture content, wc, 

is theorized to be on the order of the BET monolayer, below which hydrogen bonding 

with water molecules is sparse, as would be expected in an adsorbed monolayer.  

Above wc, water molecules establish hydrogen bonds with neighboring water 

molecules, leading to a clustering phenomenon. 

 An alternative study [31] provides a derivation of the property value as a 

function of moisture content as 
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This equation is based off a fundamental assumption that the degradation of the 

material property follows an exponential decay with time.  However, for a finite 

equilibrium moisture content, as is commonly observed, the exponential term does not 

go to zero and, as such, the mathematical statement does not hold, despite its similarity 

to Equation 81. 
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2.5.1.5  Multicomponent Degradation 

 Degradation of fiber reinforced composites is dependent upon the degradation 

of the constituent elements as well as interfacial adhesion.  Heretofore, the degradation 

models presented are purely empirical and do not address the degradation of the 

constituent elements.  Design of composite structures primarily concerns the tensile 

modulus and tensile strength.  While the tensile modulus does not decrease 

significantly through exposure to hot water baths, the tensile strength demonstrates 

severe degradation.  Therefore, a degradation model which integrates the degradation 

of constituent elements to produce the degradation trend of longitudinal tensile 

strength [155] is extremely useful. 

Using the weakest link model with a Weibull distribution for fiber strength, it 

is possible to consider the longitudinal tensile strength of a composite, σ1t, with a 

possible debond [155] 

( )[ ] m
dt meL /1

1
−+= δµσ , (83)

where µ describes the characteristic value of the Weibull distribution, δ is the 

ineffective length, Ld is the debond length, m is the dispersion of the Weibull 

distribution, and e is the base of the natural logarithms.  The characteristic value of the 

Weibull distribution is defined as 
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where σ is the average fiber strength obtained using a gage length of L and Г is the 

gamma function.  A modified stress corrosion model may be used for calculation of σ 

in Equation 84 in order to account for zero-stress aging and stress corrosion [155] 
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where tf is the time to failure, ta is the aging time, N is the susceptibility, B is an 

empirical parameter relating to stress corrosion, and α and β are empirical constants 

describing zero-stress aging of the fiber.  The fiber strength used in the Weibull 

distribution in Equation 84 can be described assuming that the aging time ta and the 

time to failure of the fiber are equivalent.  Research has also shown that µ and m may 

be assumed to be constant [156,157]. 

The debond length Ld can be described as 

tLd lnλκ += , (86)

with empirical parameters κ and λ defined in [155] for an E-glass/epoxy immersed in 

95°C water.  The ineffective length or stress transfer length is provided as [155,158] 
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where df is the fiber diameter, Ef is the fiber modulus, Gm, the matrix shear modulus, 

and φ is the stress intensity factor defined as the ratio of the stress from the end of the 

ineffective length δ away from the broken end of the fiber to a point far away from the 

break.  For an arbitrary stress development of φ=0.9, the cosh-1 term simplifies to 

2.302. 
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The fiber volume fraction and fiber modulus can be assumed constant with 

environmental exposure.  Gm, can be described using glass transitions temperatures 

[155] 

0TT
TT

GG
gd

gw
mm −

−
= ∞  (88)

with the long term matrix shear modulus Gm∞, wet and dry glass transition temperature 

Tgw and Tgd, temperature of exposure T, and empirically determined reference 

temperature T0.  While expressions are available for the variability of Tgw as a function 

of moisture content, direct measurement of Tgw would be recommended. 

This model does have some drawbacks.  Equation 86 assumes that interfacial 

debonding initiates immediately.  In reality, interfacial degradation is dependent upon 

the progression of the diffusion front.  It may be possible to implement a time shift 

factor to account for delayed initiation of interfacial debonding.  Furthermore, the 

debond length Ld is about 1000 times larger than the ineffective length δ, indicating 

that Equation 83 is highly dependent upon Equation 86. 

 At the most fundamental level, the model presented here does not allow for 

acceleration factors.  Rigorous implementation of this model in multiple environments 

would require isolated degradation studies of the fiber and neat matrix in the 

environments which correspond to the exposure conditions for the composite.  The 

factors provided with Equation 86 are derived for a specific environment and will not 

apply to accelerated testing performed in humid environments or at alternative 

temperatures of immersion.   
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2.5.1.6  Metric Based Numerical Analysis 

 One degradation model takes into account the various mechanisms responsible 

for composite degradation and incorporates them into metric based analysis [159].  

While this model may be applied to space environments to account for reactions such 

as oxidation which can result in crosslinking or charring, the model can also be 

simplified to address exposure to moist environments at elevated temperatures, where 

hydrolysis can occur.   

The change of a property P can be characterized by the progression of metric 

αi from 0 to 1, describing the progression of a chemical reaction i from the initial state 

(αi = 0) to the conclusion of the reaction (αi = 1) [159].  Chemical reactions may 

include oxidative crosslinking, mass loss reactions, hydrolysis, or post-cure [159].  For 

each metric, the change in material properties from P0 can be related to the 

degradation state as [159] 
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g p
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P α+

−

−
= 1

0

 (89)

where P0 is the initial property value, Tg is the glass transition temperature, T is the 

temperature of exposure, To is a reference temperature, and p and q are empirical 

parameters. 

For a chemical reaction αi, the progress of the reaction can be described in 

terms of the rate of reaction ki, activation energy Ei, and concentration of diffusing 

substance cs using empirical parameters ni and mi [159] 
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The mechanistic model presented here is intended to be considered through numerical 

analysis and, heretofore, has been primarily implemented for high temperature 

exposures where oxidation is a primary concern [159,160].  

2.5.1.7  Equivalent Temperature 

Because in-service environments are inherently dynamic, a time variant model 

must be able to account for variant temperature.  The concept of equivalent 

temperature is introduced [161] through a degradation model which assumes that for a 

particular temperature, the degradation rate is a constant  
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Then some equivalent temperature, T*, is introduced such that 
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implying 
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Simplifications may be made, assuming the temperature varies periodically [161]. 

 Using the equivalent temperature, it can be shown that the average temperature 

of a region can be inadequate to describe the degradation of a polymer [161], as 
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described through a degradation rate model.  This discrepancy can be less than 1°C for 

some tropical or equatorial climates in comparison to 10°C for extreme climates [161]. 

2.5.2  Degradation Models Integrating Exposure to Relative Humidity 

 The models presented in Section 2.5.1 are empirically based upon exposure to 

aggressive environments at elevated temperatures and have primarily been employed 

for use with accelerated testing in hot water baths.  Environmental degradation models 

have been developed to predict changes in properties after exposure to an environment 

with varying temperature, relative humidity [162-165].  These models also take 

ultraviolet (UV) exposure into account since their purpose is to predict the 

performance a material property with exposure to in-service outdoor environments.  

Hygrothermal exposure is well known to accelerate UV degradation of polymer 

materials [166,167].  While UV exposure is an important factor for environmental 

degradation studies, composites used in civil infrastructure are most often used outside 

of direct sunlight. 

2.5.2.1  Exponential Humidity Term 

 The rate of degradation of material performance has been described by an 

extension of the Eyring model for temperature incorporating a second stress, identified 

as relative humidity [162].  The change in performance is stated as [162] 
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where IUV is the ultraviolet irradiance defined in [162] and A, B, C, and D are 

empirical parameters.  A simplified form based upon the Arrhenius equation removes 

the temperature dependency in the exponential humidity term [163] 
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where A and B are empirical parameters.  For constant environmental conditions, 
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where P0 is the property at time zero.  In the absence of UV exposure, the irradiance 

term may be absorbed into the pre-exponential factor A. 

While this model does allow for time dependent environmental exposure, for 

static conditions, it assumes the rate of degradation is constant with time.  The 

degradation of structural composite properties is well known to slow over time. 

2.5.2.2  Power Law Humidity Term 

 An existing model [164,165] describes the time for a polymer to reach a 

specific property level, τ, as 

( ) 1%exp −−
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c IRH
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where A and c are empirical constants, E is the activation energy for the thermal 

process, and IUV is the irradiation dose of ultraviolet light below 400nm.  This model is 

fundamentally similar to the Arrhenius model introduced in Section 2.5.1.1.  The pre-

logarithmic term in Equation 74 could be considered equivalent to 1/τ in Equation 97. 
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2.5.3  Summary of Degradation Models 

Existing predictive degradation models range in complexity from a simple one 

parameter empirical statement in the Arrhenius rate degradation model to a complex 

numerical metric based analysis.  Most degradation models presented in Section 2.5 

assume that the Arrhenius model holds, just as for diffusion. 

2.6  Research Goals 

It is the main goal of this research to establish a sound understanding of the 

degradation mechanisms experienced by a model E-glass/vinyl-ester composite 

exposed to humid environments and to compare these modes of degradation to those 

which result from water immersion.  The property of main concern here is the 

longitudinal tensile strength of a model E-glass/vinyl-ester pultruded composite.  

Complementary short beam shear and DMTA testing shall be performed to provide 

insight as to the modes of degradation occurring in the polymer matrix and interphase.  

Gravimetric studies will be conducted in order to understand the modes of sorption in 

all humid and immersion environments for all specimen types.  The results from this 

study should help to understand the mechanisms of sorption and degradation in order 

to contribute to the development of predictive degradation models for composites 

which incorporate humidity as a degradation factor.   
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3.  Materials and Experimental Procedure 

3.1  Material Description 

 The material system under investigation is a pultruded unidirectional E-

glass/vinyl-ester composite composed of a bisphenol-epoxy vinyl-ester resin 

(Reichhold, DION VER 9102) matrix with unidirectional single-end E-glass fibers 

(PPG 113Y).  The composite system was fabricated by Glasforms, Inc.  While most 

process parameters were considered proprietary, it was communicated that the speed 

of the pultrusion line was 91 cm/min, the die temperature was in the range of 120°C, 

and no post-cure was performed.  Fiber volume fraction was determined to be 68% 

from burn-off testing, and the glass transition temperature, Tg, was 117°C as 

determined using dynamic mechanical thermal analysis (DMTA) with the three-point 

bending fixture in the transverse mode.  The degradation temperature as determined 

from thermogravimetric analysis (TGA) was 415°C. 

The nominal width and thickness of the as-received material were 100 mm and 

1.36 mm, respectively.  Four specimen sizes, provided in Table 2, were selected for 

tension, short beam shear (SBS), DMTA, and gravimetric observations according to 

ASTM specifications, as noted in Section 3.3. 

Longitudinal tensile testing was executed in order to determine longitudinal 

tensile parameters used in composite design.  While SBS testing is primarily used to 

determine the inter-laminar shear strength (ILSS) of a composite laminate, SBS testing 
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was executed to gain an understanding of the performance of the fiber/matrix bond in 

the monolayer pultruded composite under consideration.   

Specimens were cut to size using a diamond wet saw and were finished by wet 

sanding all cut edges with 320 grit silicon carbide polishing paper.  Samples were 

labeled prior to environmental exposure for purposes of identification. 

Table 2.  Nominal Specimen Dimensions.  Nominal thickness is 1.36 mm. 
Specimen Type Longitudinal (mm) Transverse (mm) 

SBS 11 5 
DMTA 10 35 

Gravimetric (Moisture) 25.4 25.4 
Tension 254 25.4  

 

3.2  Environmental Conditions 

 It was the main goal of this research to gain a fundamental understanding of 

the synergistic mechanisms of degradation in a composite exposed to humid 

environments and to compare them to the mechanisms of degradation resulting from 

immersion in deionized water.  To accomplish this task, sixteen static environments, 

including immersion in deionized water and humid air, were selected for the current 

investigation.  Environments were labeled according to Table 3.  The notation 

provided in Table 3 will be used throughout the following chapters.  Temperatures 

were controlled to within ± 3°C and relative humidities were controlled within ± 

5%RH.   

 Specimens were immersed in deionized water at four temperatures  

 (20°C, 40°C, 60°C, 80°C) and exposed to three relative humidities (18%RH, 50%RH, 

99%RH) at the lower three temperatures (20°C, 40°C, 60°C).   



  92 

 

The three lower temperatures of immersion (20°C, 40°C, and 60°C) were 

selected to complement accelerated hot water immersion studies available in the 

literature [1-7].  A fourth temperature of immersion at 80°C was added to complement 

the lower exposures.  The four 99%RH environments were selected in order to 

compare exposure to immersion in liquid water and exposure to high humidity 

environments.  18%RH and 50%RH were selected as the low and medium humidities 

so that the changes in material properties with exposure could be extended over a 

wide, distributed range of humidity.   

Table 3.  Environmental Conditions. 
* 2A refers to ambient laboratory conditions. 

Environment Temperature (°C) Relative Humidity Immersion 
2 L 20 18% - 
2 M 20 50% - 
2 H 20 99% - 
2 I 20 - Immersion 
4 L 40 18% - 
4 M 40 50% - 
4 H 40 99% - 
4 I 40 - Immersion 
6 L 60 18% - 
6 M 60 50% - 
6 X 60 75% - 
6 H 60 99% - 
6 I 60 - Immersion 
8 H 80 99% - 
8 I 80 - Immersion 
2 A* Ambient (~20) Ambient (~30%) -  

 

A fourth relative humidity (75%RH) was added several months after the 

initiation of the test program after observing that material properties were similar 

between sets exposed to 18%RH and 50%RH at a single temperature and between sets 

exposed to 99%RH and immersion at a single temperature.  The 75%RH environment 
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at 60°C (6X) provided a link between distinct behaviors observed at lower and higher 

humidities.  Similarly, a set exposed to 80°C at 99%RH (8H) was later added to 

complement immersion data.  While it would have been preferable to include 

additional 75%RH environments, material availability limited additional environments 

to just two (6X, 8H) where the size and number of sets were also smaller than those 

tested in the other 14 environments. 

99%RH high humidity environments (2H, 4H, 6H, 8H) were established by 

suspending specimens over deionized water at specified temperatures.  Environmental 

chambers were used to establish environments 2L, 2M, 4L, 4M, 6L, 6M, 6X for the 

specified temperatures and humidities.  Ambient conditions (2A) refer to ambient 

laboratory conditions of 20°C and 30%RH. 

With the exception of material exposed to 2A, all specimens were pre-

conditioned at 40°C, 18%RH for six weeks in order to remove any moisture present 

while minimizing post-cure and embrittlement.  Samples were removed at specified 

intervals for testing, whereupon half of each set was tested immediately after 

environmental exposure (referred to as “Wet”), and the remaining half were post-

conditioned for another six weeks at 40°C at 18%RH prior to testing (referred to as 

“Dry”).  Specimens exposed to ambient conditions (2A) were tested in the as-received 

form without pre-conditioning or post-conditioning in order to monitor the material 

properties of the unexposed material. 
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3.3  Test Program 

 Specimens were cut according to Table 2 for tension, SBS, and DMTA testing.  

Gravimetric observations were made on all four specimen types in order to gain an 

understanding of how moisture uptake behaved differently in the same material 

between specimen sizes.  Tensile tests were conducted to monitor the longitudinal 

tensile properties used in composite design, while SBS and DMTA tests provided 

insight into the performance of the matrix and interphase. 

With the exception of three environmental conditions, all tests were performed 

after 12, 24, 36, 48, 72, and 96 weeks exposure.  The three environmental conditions 

2A, 6X, and 8H were added late in the test program and so results are report through 

72 weeks only.  Due to a shortage of material, tensile testing of 6X and 8H was not 

performed at 24 and 36 weeks. 

3.3.1  Gravimetric Observations 

 All samples were weighed prior to pre-conditioning, exposure, testing, and 

post-conditioning.  Specimens were removed from each environment and allowed to 

equilibrate to room temperature, until cool to the touch, prior to all weight 

measurements.  Wet samples from high humidity and immersion environments were 

wiped dry with paper towel prior to weighing.  Measurements were taken on a balance 

with resolution of 10-5 g.  Weights were recorded after readings held for an audible 

five second count, with the exception of specimens exposed to 8H and 8I.  The 

prominent wicking effect experienced by samples exposed to 8H and 8I resulted in 

unstable readings in ambient environments due to immediate evaporation of water 
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which had wicked along degraded interfaces.  Therefore, “Wet” weights for highly 

degraded specimens were recorded at the first sign of stability in the balance reading.  

Gravimetric observations were made at 1 hr, 2 hr, 4 hr, 6 hr, 9 hr, 24 hr, 48 hr, 72 hr, 1 

wk, 2 wk, 4 wk, 6 wk, 8 wk, 10 wk, 12 wk, 15 wk, 18 wk, 24 wk, 36 wk, 48 wk, 60 

wk, 72 wk, and 96 wk. 

3.3.2  Mechanical Testing 

 Longitudinal tensile properties were monitored with environmental exposure to 

provide information as to how the ingress of moisture affects design properties 

dominated by the fiber and interphase.  Tensile testing was performed according to 

ASTM-D3039 with a crosshead speed of 2 mm/min in order to obtain longitudinal 

tensile modulus, strength, and failure strain.  The tensile modulus was calculated using 

stresses and strains at 0.05% and 0.2%.   

 Short beam shear strengths were monitored in order to understand the effect of 

moisture on the matrix and interphase dominated SBS strengths.  Short beam shear 

testing was performed in the longitudinal direction according to ASTM-D2344 using a 

span of 6.35 mm.  The SBS setup did not allow for a span less than 6.35 mm, despite 

the recommendation of ASTM-D2344 to use a span four times the specimen thickness, 

which is 5.44 mm here.  In order to avoid compression failure of the SBS specimen, a 

larger specimen size than is recommended by ASTM-D2344 was used with the 

available SBS setup with verification by previous work on the same material system.   
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3.3.3  Dynamic Mechanical Thermal Analysis 

 Dynamic Mechanical Thermal Analysis (DMTA) was conducted according to 

ASTM-E1640 as a complementary test to the mechanical SBS test in order to provide 

information on changes in the polymer structure and interphase.  The composite was 

tested in the three-point bending setup with a 28 mm span, loading the transverse axis, 

where material properties are matrix dominated.  Testing was performed at a 

frequency of 1 Hz and with a heating rate of 4°C/min between 20°C and 200°C.  The 

glass transition temperature was selected using the tanδ peak height and the E” peak 

height.  A detailed comparison of these results is presented in Section 6.2.2. 
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4.  Gravimetric Results 

4.1 Overview 

Gravimetric trends monitoring the weight change of a material over time allow 

for the interpretation of diffusion phenomena through the application of diffusion 

models.  Knowledge of the process of water sorption in a polymer composite provides 

for an understanding of physical processes which occur as the water and constituent 

elements interact.  For instance, gravimetric trends may reveal concentration driven 

diffusion profiles or physical relaxation of the polymer.  Additionally, thermal effects 

can be investigated through the implementation of diffusion models on sorption 

trends, where activation energies may shed insight as to the physical processes 

responsible for changes in the polymer composite. 

Where weight loss may occur, monitoring the weight of the composite with 

environmental exposure also allows for the identification of leaching of low molecular 

weight species (LMWS) or for the identification of severe material degradation.  

Severe degradation may be indicated by sudden weight gains, where wicking along 

interfaces may occur or by gradual weight loss where degraded material leaches into 

the surrounding environment more quickly that water sorbs into the bulk composite.  

Irreversible degradation may be identified through weight changes alone in these 

cases. 

When considering the uptake of water in material exposed to humid air and 

liquid water, it is assumed that the only sorbing substance is water molecules.  The 
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apparent moisture content at some time t, Mt, is calculated using the initial weight after 

pre-conditioning W0 and the “wet” weight after environmental exposure Ww  

%100
0

0 ×
−

=
W

WW
M w

t . (1)

After reconditioning at 40°C and 18%RH for 6 weeks, a “dry” weight Wd is 

obtained where the difference between wet and dry weight reveals the actual amount 

of water sorbed.   Where Wd < W0, it is clear that the composite has degraded enough 

such that material has been lost to the surrounding environment.  In aggressive 

environments, hydrolysis will result in the production of LMWS due to the 

degradation of the vinyl-ester polymer network, interphase, and fiber reinforcement.  

It is assumed that loss of degraded material occurs during environmental exposure and 

that post-conditioning drives out water molecules only.  The adjusted moisture content 

Mt,a can be defined as  

%100
0

, ×
−

=
W

WW
M dw

at . (2)

Because Wd < W0 was observed only in material exposed to some 99%RH and 

immersion environments, adjusted moisture uptake will be used for gravimetric data 

resulting from exposure to these conditions only. 

 The following presents moisture uptake trends with a discussion of apparent 

sorption phenomena and degradation mechanisms.  These effects are considered for all 

four specimen sizes defined in Section 3.1.  Table 4 reviews the dimensions of the 

exposed specimens.  Experimental data is considered with several diffusion models in 

order to shed light on the mechanisms responsible for changes in material properties.  
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These mechanisms may change depending on the temperature and water content of the 

environment.  Activations energies are determined for diffusion coefficients of the 

Fickian and structural modification models, where the diffusion coefficient 

demonstrated a thermal dependency. 

Table 4.  Nominal specimen dimensions.  Nominal thickness is 1.36 mm. 
Specimen Type Longitudinal (mm) Transverse (mm) 

SBS 11 5 
DMTA 10 35 

Gravimetric (Moisture) 25.4 25.4 
Tension 254 25.4  

4.2  Classification of Uptake Trends 

 Figure 8 summarizes possible four typical uptake trends (a-d) discussed in 

Section 2.4.1.3 and presents four additional trends (e-h) which were observed in this 

study.  Uptake trends may be described as Fickian, Figure 8(a); two-stage, Figure 8(b); 

and anomalous, Figure 8(c).  Trends may also indicate degradation, Figure 8(d), where 

degraded material may be lost at a greater rate than water was sorbed.  Severe 

degradation indicated by dramatic increases in moisture content, introduced in Section 

2.4.1.3 is not included in Figure 8 since this behavior was not observed in this study.  

Exposure to two environments resulted in two-stage sorption followed by indications 

of degradation, Figure 8(e).  At medium humidities, initial linear uptake was observed, 

followed by a gradual increasing or decreasing trend or both, as depicted in Figure 

8(f), (g), and (h).  An increasing trend, Figure 8(f), indicates possible structural 

relaxation phenomena where once saturation of the material occurs, the water 

molecules which interrupt inter-chain hydrogen bonding allow for relaxation of the 
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polymer structure, where additional water may sorb into the structure.  Conversely, a 

decreasing trend, Figure 8(g), may occur after an apparent saturation content, where it 

is possible that loss of residual LMWS may occur at a much slower rate than the 

uptake of water.  A combination of these effects may be described by a hybridization 

of these gradual increases or decreases in moisture content, Figure 8(h). 
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Figure 8.  Stylized typical moisture uptake trends. 
(a) Fickian; (b) two-stage; (c) anomalous; (d) indicative of degradation; (e) two-stage 
with indications of degradation; (f), (g), and (h) indicative of structural modification. 
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Table 5 provides a summary of the types of uptake curves observed after 

exposure to the 15 environments, excluding ambient conditions.  Table 5 also 

addresses the differences between moisture trends which may occur in material 

exposed to a single environment where the four specimen sizes did not all demonstrate 

the same behavior.   

Table 5.  Characterization of apparent uptake trends for all specimen sizes. 
RH = Relative Humidity; Imm. = Immersion. 

Environ. Temp (°C) RH Imm. SBS DMTA Moisture Tension
2 L 20 18%RH — c c c e 
4 L 40 18%RH — c c c c 
6 L 60 18%RH — c c c e 
2 M 20 50%RH — a a a a 
4 M 40 50%RH — f f f f 
6 M 60 50%RH — h h h h 
6 X 60 75%RH — g g g a 
2 H 20 99%RH — c c c b 
4 H 40 99%RH — c c c c 
6 H 60 99%RH — e b b c 
8 H 80 99%RH — d d d c 
2 I 20 — I c c c c 
4 I 40 — I c c c c 
6 I 60 — I e b e e 
8 I 80 — I d d d d  

 

Representative trends for moisture and tensile specimens exposed to 18%RH 

are presented in Figure 9 and Figure 10, respectively.  Material exposed to 60°C at 

low humidity (18%RH) demonstrated weight loss in all material sizes, reflected by Mt 

< 0.  The decrease in weight occurred after material pre-conditioned at 40°C and 

18%RH was exposed to the same humidity at a higher temperature, indicating either 

that pre-conditioning did not remove all residual moisture or that exposure to this 

higher temperature resulted in a loss of LMWS such as styrene.   
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Figure 9.  Moisture uptake trends for moisture specimens exposed to 18%RH. 

Error bars indicate standard deviations. 
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Figure 10.  Moisture uptake trends for tensile specimens exposed to 18%RH. 

Error bars indicate standard deviations. 
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It was interesting to note that the weight loss was most pronounced for the 

tensile specimens, the largest specimens exposed.  After the first twelve weeks of 

exposure to 18%RH at 60°C, there was a gradual increase in Mt such that Mt was less 

than but within scatter range of Mt = 0.  These results indicate that it is possible that 

after initial desorption, the dry polymer network relaxed, allowing for subsequent 

uptake of water molecules.  The trends for the three smaller specimens exposed to 

18%RH at 60°C were well represented by the sorption trend in Figure 9, which depicts 

the sorption of the moisture specimens, illustrating a general trend of weight loss over 

96 weeks exposure.   

For all temperatures of exposure at 18%RH, the maximum moisture content 

Mmax was greatest for the tensile specimens.  The larger value of Mmax for the tensile 

specimens is likely a consequence of the larger surface area of tensile specimens 

which allows for greater adsorption in these humid environments.  While the 

longitudinal diffusion coefficient for composites has been observed to be greater than 

the transverse diffusion coefficient [1,2], the domination of through thickness 

diffusion implies that the rate of sorption, described by Fick’s second law, is not 

affected by the competing flux in other directions.  Therefore, where desorption 

occurs, the sorbate may more readily exit in the transverse direction.  Similarly, where 

uptake occurs, the sorption of water in the fiber direction will result in a longer time to 

equilibrium since the longitudinal direction is much larger. 

The slower rate of diffusion in tensile specimens is exhibited in material 

exposed to 50%RH when comparing uptake in moisture specimens, shown in Figure 
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11, to that in tensile specimens, shown in Figure 12.  Exposure to 50%RH at 20°C 

demonstrates Fickian behavior where the initial uptake is linear and after about 12 

weeks (45 hr1/2) Mt hovers about an apparent equilibrium.  Mt after 12 weeks most 

represents an asymptote in tensile specimens.  Sorption in SBS specimens is presented 

in Figure 13 where it can be seen that Mt trends are more erratic, despite similarity to 

overall sorption trends for all other specimen sizes.  Figure 11 through Figure 14 are 

presented with similar scales so that the trends can be directly compared with one 

another.   

Exposure to 50%RH at 40°C results in a pseudo-equilibrium for all moisture 

specimens at approximately 6 weeks (32 hr1/2).  The moisture uptake trend of DMTA 

specimens closely represents that of moisture specimens where the main difference 

between the two curves is that Mt for DMTA specimens at any time is less than that of 

moisture specimens.  A pseudo-equilibrium can also be detected for SBS uptake trends 

at about 6 weeks (32 hr1/2) for the 40°C exposure at 50%RH, after which there is a 

gradual steady increase in Mt.  Before 6 weeks, however, SBS specimens appear to 

experience a sudden uptake at 2 weeks (18 hr1/2) which does not occur in an y other 

specimen size.  Because SBS specimens are just 5 mm wide and because a roving of 

glass fiber is generally less than 5 mm wide, SBS specimens may not provide a 

representative unit cell of the bulk pultruded material.  Rather, the more erratic 

behavior could be a result of measurements which are made on specimens which are 

more heterogeneous than larger specimens which are at least 5 times wider than SBS 

specimens. 
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Tensile specimens take approximately 15 weeks (50 hr1/2) to reach pseudo-

equilibrium, which is longer than the three smaller specimens exposed to the same 

environment of 50%RH at 40°C.  This longer time is expected since the apparent 

diffusion coefficient for tensile specimens is expected to be the lowest of all sizes, as 

indicated by Equation 22 in Section 2.4.1.1.2.  All material exposed to 50%RH at 

40°C demonstrate a pseudo-equilibrium, though the time to reach this level may vary 

depending on specimen size.  After this pseudo-equilibrium there is a steady increase 

in Mt for all specimen sizes, indicating a possible relaxation of the polymer which 

would allow for greater moisture sorption with time. 

At 60°C in 50%RH, a pseudo-equilibrium can be identified at about 6 weeks 

(32 hr1/2) in all specimens, as shown in Figure 11 through Figure 13.  After reaching 

this pseudo-equilibrium, moisture and DMTA specimens show a slight decrease in Mt, 

followed by a subsequent gradual weight gain, as seen in Figure 14.  Similar to results 

from 40°C at 50%RH, the uptake trend of DMTA specimens represents that of 

moisture specimens closely, where the magnitude of Mt is consistently less for DMTA 

specimens.  Again, the moisture sorption trend of SBS specimens is less smooth than 

for moisture and DMTA specimens.  The scatter in Mt measurements is also higher for 

the smallest specimen size than for moisture and DMTA specimens.  While a pseudo-

equilibrium can be identified for SBS specimens around 6 weeks, no consistent 

increase or decrease can be distinguished thereafter.   

The uptake in tensile specimens exposed to 50%RH at 60°C demonstrates a 

gradual increase in Mt after pseudo-equilibrium, indicating polymer relaxation similar 
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to that which occurs at late times in moisture and DMTA specimens exposed to the 

same environment and in material exposed to 50%RH at 40°C.  However, the 

relaxation in 60°C appears to be less than that occurring in 40°C at the same humidity.  

Exposure to 60°C results in a stiffer polymer network than exposure to 40°C does, 

reflected by increases in Tg to be discussed in Section 6.2.2.1, so the polymer may not 

relax as readily in the presence of water at a higher temperature of exposure.  Moisture 

sorption trends in moisture and DMTA specimens reveal competing mechanisms are 

responsible for weight changes.  These mechanisms include water sorption, loss of 

LMWS, and polymer relaxation.  Exposure to 18%RH at 60°C indicates that weight 

loss is most rapid for tensile specimens, so it would be expected that leaching of 

LMWS would not be detected after pseudo-equilibrium in tensile specimens.   
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Figure 11.  Moisture uptake trends for moisture specimens exposed to 50%RH. 

Scale selected to allow for direct comparison of 50%RH gravimetric trends. 
Error bars indicate standard deviations.   
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Figure 12.  Moisture uptake trends for tensile specimens exposed to 50%RH. 
Scale selected to allow for direct comparison of 50%RH gravimetric trends. 

Error bars indicate standard deviations. 
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Figure 13.  Moisture uptake trends for SBS specimens exposed to 50%RH. 
Scale selected to allow for direct comparison of 50%RH gravimetric trends. 

Error bars indicate standard deviations. 
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Figure 14.  Moisture uptake trends for DMTA and 
moisture specimens exposed to 50%RH at 60°C. 

Scale selected to allow for direct comparison of 50%RH 
gravimetric trends.  Error bars indicate standard deviations. 

 

Similarly, material exposed to 75%RH at 60°C shows varying behavior 

depending on size, as shown in Figure 15 and Figure 16.  Again DMTA specimens 

demonstrate sorption behavior which closely resembles that of moisture specimens.  

However, after about 2 weeks (18 hr1/2) DMTA specimens exhibit weight loss, 

possibly due to leaching of LMWS while the larger moisture specimens indicate slight 

polymer relaxation at early times followed by a slight decrease in weight.  Tensile 

specimens exhibit Fickian diffusion, as seen in Figure 16.  It is possible that the 

leaching of LMWS and polymer relaxation, seen in material exposed to 60°C at 

50%RH, complete with the moisture sorption such that no definitive net uptake or loss 

is seen after 8 weeks (37 hr1/2).  Again, SBS specimens show high scatter, but a 

general decrease in Mt can be observed after about 10 weeks (41 hr1/2), as seen in 
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Figure 16.  These results indicate that for 75%RH at 60°C, possible leaching is greater 

for smaller specimens, where it may be easier for LMWS to exit the material from the 

center of the specimen.  Leaching could not be identified in tensile specimens.  It may 

be that leaching is so quick that it cannot be detected before equilibrium is reached.  

This conclusion, while supported by 18%RH gravimetric trends, is in contrast to the 

weight loss detected in the 75%RH environment after reaching pseudo-equilibrium 

which is decreases in magnitude for larger specimens. 

 

-0.02
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20

0 20 40 60 80 100 120 140

(Time, hrs)1/2

A
pp

ar
en

t M
oi

st
ur

e 
U

pt
ak

e,
 %

DMTA Moisture

 
Figure 15.  Moisture uptake trends for DMTA and 
moisture specimens exposed to 75%RH at 60°C. 

Scale selected to allow for direct comparison of 75 %RH 
gravimetric trends.  Error bars indicate standard deviations. 
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Figure 16.  Moisture uptake trends for SBS and 
tensile specimens exposed to 75%RH at 60°C. 

Scale selected to allow for direct comparison of 75 %RH 
gravimetric trends.  Error bars indicate standard deviations. 

 

 Exposure to 20°C and 40°C in 99%RH and water immersion resulted in 

anomalous moisture uptake trends for all specimen sizes.  Representative moisture 

uptake trends are presented in Figure 17.  The non-linearity of the entire curve reveals 

non-Fickian behavior with continual moisture uptake.  Exposure to 99%RH and 

immersion at 60°C resulted in initial anomalous behavior with a sharp uptake in 

moisture content between 18 and 24 weeks (55 and 63 hr1/2), illustrating two-stage 

moisture sorption, as shown in Figure 18 and Figure 19. 
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Figure 17.  Moisture uptake trends for moisture 

specimens exposed to immersion at 20°C and 40°C. 
Error bars indicate standard deviations. 
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Figure 18.  Apparent moisture uptake trends for material exposed for 60°C at 99%RH. 

Error bars indicate standard deviations. 
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Figure 19.  Apparent moisture uptake trends for material exposed for 60°C immersion. 

Error bars indicate standard deviations. 
 

After exposure to 99%RH at 60°C, two-stage sorption is not obvious in the 

gravimetric trend of tensile specimens alone.  There is a spike between 18 and 24 

weeks which could be interpreted as an indication of the second stage of sorption 

using evidence from sorption trends for smaller specimens.  However, tensile 

specimens exposed to liquid water at the same temperature clearly demonstrate two-

stage sorption.   

 In the case of 99%RH exposure at 60°C, loss of degraded material is observed 

in SBS specimens only while exposure to 60°C water immersion reveals weight loss 

in SBS, moisture, and tensile specimens.  In 99%RH, leaching is likely to occur as 

degraded material desorbs into water condensed on the composite surface.  For smaller 

specimens, these droplets may coalesce to form a film which will produce a greater 

area of contact between liquid water and the composite, allowing for greater leaching.  
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SBS specimens are the only ones to demonstrate weight loss in 99%RH at 60°C, as 

expected.  Leaching from material exposed to 99%RH at 80°C also demonstrates this 

same behavior where the weight loss increases with decreasing specimen size, as 

shown in Figure 20.  Exposure to 99%RH and immersion at 80°C results in 

gravimetric trends indicative of material degradation for all specimen sizes. 
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Figure 20.  Apparent moisture uptake trends for material exposed for 80°C at 99%RH. 

Error bars indicate standard deviations. 
 

DMTA specimens do not reveal significant degradation in immersion at 60°C, 

as shown in Figure 19, and indicate a delayed onset of degradation for immersion at 

80°C.  This effect is a direct consequence of the fact that while moisture specimens 

were immersed in water resting loosely in polypropylene racks, DMTA specimens 

were exposed in punctured polyethylene bags.  Similar to SBS specimens, the 

degraded material produced in moisture specimens was more readily leached out into 

the surrounding liquid medium.  Consequently, the relative volume available for 
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uptake of water is increased, the effects of hydrolysis are aggravated, and more 

degraded material is leached out.  While degraded material produced in DMTA 

specimens immersed in water do leach out into the surrounding water, as indicated by 

Wd < W0, the weight loss is not as dramatic as specimens immersed loosely. 

4.3  Maximum Moisture Content 

Table 6 presents a summary of the maximum observed apparent moisture 

contents, Mmax, for all specimen sizes in all environments.  The maximum moisture 

content tends to increase with temperature for each humidity condition except 

50%RH.  At 18%RH, the composite loses weight, indicating loss of residual moisture 

not removed after preconditioning for 6 weeks in 18%RH at 40°C.  That is, the 

mechanism responsible for weight change in 60°C is distinct from the moisture uptake 

seen for lower temperatures at the same humidity, as discussed in the previous section.  

Similarly, the lower Mmax for 60°C at 50%RH is indicative of a loss of residual LMWS 

after initial uptake of water in the humid environment.  Relaxation of the polymer in 

40°C and 50%RH allows for greater moisture uptake not seen at the lower temperature 

of exposure at 20°C. 

It is worth noting that Mmax for DMTA species exposed to immersion 

environments at 60°C and 80°C are greater than other specimen sizes.  Because the 

DMTA specimens were immersed in polyethylene bags, it is possible that the 

diffusion of degraded species out of the bulk material was hindered by the film.  While 

holes in the bags allowed water to flow in and out, the movement of water around the 

specimens in the bags was likely much less than around those specimens immersed 
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freely in the liquid water, resulting in lesser weight loss of degraded material from 

DMTA specimens. 

Table 6.  Maximum apparent moisture content (%) for all specimen sizes. 
Brackets indicate standard deviations. 

Env. SBS  DMTA Moisture Tension 
2 L 0.0404 [0.0124] 0.0309 [0.0022] 0.0329 [0.0026] 0.0490 [0.0156]
4 L 0.0458 [0.0275] 0.0147 [0.0087] 0.0317 [0.0037] 0.0208 [0.0244]
6 L -0.0246 [0.0091] -0.0363 [0.0080] -0.0211 [0.0038] -0.0972 [0.0588]
2 M 0.0655 [0.0078] 0.0614 [0.0060] 0.0647 [0.0019] 0.0687 [0.0086]
4 M 0.0897 [0.0150] 0.0798 [0.0043] 0.0890 [0.0037] 0.1088 [0.0169]
6 M 0.0662 [0.0117] 0.0565 [0.0047] 0.0738 [0.0045] 0.0866 [0.0136]
6 X 0.1325 [0.0151] 0.1310 [0.0058] 0.1475 [0.0032] 0.1521 [0.0177]
2 H 0.3636 [0.0244] 0.2312 [0.0090] 0.2688 [0.0156] 0.2899 [0.0140]
4 H 0.7320 [0.0256] 0.7003 [0.0315] 0.6658 [0.0275] 0.5198 [0.0483]
6 H 0.9076 [0.0419] 0.9103 [0.0374] 0.9481 [0.0310] 0.9007 [0.0757]
8 H 1.0376 [0.0582] 1.1690 [0.0199] 1.2288 [0.0317] 1.3616 [0.0496]
2 I 0.4426 [0.0319] 0.4834 [0.0276] 0.3932 [0.0271] 0.3725 [0.0333]
4 I 0.6823 [0.0487] 0.7121 [0.0162] 0.5856 [0.0239] 0.6042 [0.0315]
6 I 0.8388 [0.0421] 0.9235 [0.0437] 0.8455 [0.0327] 0.8675 [0.0326]
8 I 0.8432 [0.0415] 1.0796 [0.0533] 0.9983 [0.0661] 0.9896 [0.1102] 

 
Table 7 presents maximum adjusted moisture contents for material exposed to 

99%RH and immersion environments.  Exposure to 99%RH at 20°C for 96 weeks did 

not result in any weight loss, so no adjusted moisture content is reported.  Only the 

smaller SBS and DMTA specimens exposed to 99%RH at 40°C and immersion at 

20°C experienced weight loss.  There was no statistically significant weight loss after 

redrying in gravimetric and tensile specimens exposed to 99%RH at 40°C and 

immersion at 20°C.  Standard deviations reported in Table 7 are the largest standard 

deviation of the wet or dry set.  The high scatter reported for material exposed to 80°C 

immersion is a consequence of unstable readings due to immediate evaporation of 

water from the highly degraded material, as discussed in Section 3.2.1.  The errors 
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were especially high for tension samples exposed to 80°C immersion since the large 

surface area of these specimens allowed for more wicking. 

Table 7.  Maximum adjusted moisture content (%) for sets experiencing weight loss. 
Brackets indicate standard deviations. 

Env. SBS DMTA Gravimetric Tension 
4 H 0.7579 [0.0256] 0.7046 [0.0315] — — 
6 H 1.0364 [0.0524] 1.0582 [0.0603] 1.0156 [0.0310] 0.9152 [0.1067] 
8 H 1.3621 [0.0800] 1.4477 [0.0300] 1.4675 [0.0317] 1.5289 [0.0496] 
2 I 0.5046 [0.0319] 0.5009 [0.0276] — — 
4 I 0.7599 [0.0494] 0.7336 [0.0162] 0.7081 [0.0239] 0.6674 [0.0315] 
6 I 1.0963 [0.3310] 1.0515 [0.0388] 1.0445 [0.2330] 0.9932 [0.1100] 
8 I 1.3440 [0.5238] 1.3930 [0.1211] 1.8119 [0.5905] 2.2638 [1.4956]  

 

4.3.1  Effect of Specimen Size on Maximum Moisture Content 

 Apparent Mmax value for 20°C, 40°C, and 60°C indicate a general decreasing 

trend with increasing size while material exposed to 80°C appears to sorb more water 

in larger specimens.  When compared to unexposed material in Figure 21 and Figure 

22, scanning electron microscopy reveals severe interfacial degradation and surface 

erosion in material exposed to 80°C, shown in Figure 23 and Figure 24.   
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Figure 21.  SEM of unexposed failed tensile specimen. 

 

 
Figure 22.  SEM of surface of unexposed failed tensile specimen. 
Fiber fracture is attributed to tensile failure during tensile testing. 
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Figure 23.  SEM of failed tensile specimen exposed to 80°C immersion for 72 weeks. 

 

 
Figure 24.  SEM of surface of moisture specimen 

exposed to 80°C immersion for 12 weeks. 
Fiber failure is attributed to stress corrosion cracking. 

No mechanical testing was performed on this specimen. 
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While thin surface layers of polymer resin above the glass fiber do no appear 

to be present prior to environmental exposure, as seen in Figure 22, the resin rich areas 

apparent in Figure 24 reveal polymer matrix degradation and loss.  It appears that 

particulate matter is present in these voids formed in resin rich areas, possibly 

contributing to or aggravating polymer degradation.  The fiber failure in Figure 21, 

Figure 22, and Figure 23 is attributed to tensile failure since material investigated in 

those three micrographs were all removed from failed tensile specimens.  The material 

investigated for Figure 24 was a gravimetric specimen which was not mechanically 

tested.  Stress corrosion cracking of the fiber such as that seen in Figure 24 is also 

visible on the surface of untested material which has been exposed to lower 

temperatures of immersion for less time. 

In the vicinity of the fiber fracture in Figure 24, an interphasial debond, about 

40 µm in length, can be identified, whereas unexposed material does not reveal 

significant interfacial debonding even after tensile testing and failure, as seen in Figure 

21 and Figure 22.  Interphasial degradation can be identified around glass fibers in 

exposed material tested to failure in tension where fiber failure has occurred with 

minimal damage to the surrounding polymer matrix.  This material degradation allows 

for wicking which will be more prominent in larger specimens with greater surface 

area, evidenced by greater values of Mmax. 

Below 80°C, tensile specimens consistently indicate the lowest Mmax.  

However, because larger composite specimens will have lower apparent diffusion 
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coefficients, it is expected that the larger specimens will have lower moisture content, 

even at large times [1]. 

4.3.2  Isotherms 

 An isotherm can be developed for each temperature by plotting Mmax against 

partial pressure, e/es or p/po.  Figure 25 presents isotherms for gravimetric specimens.  

It is clear from Figure 25 that the material follows a Brunauer-Emmett-Teller (BET) 

Type III isotherm, introduced in Section 2.4.1.2.  Consequently, neither Henry’s Law 

nor Dual Sorption Theory can apply, and Freundlich’s Relation is employed after 

bRHaM ⎟
⎠
⎞

⎜
⎝
⎛=∞ %100

% . (3)

A summary of a and b values is presented in Table 8.  Values for 80°C are not 

provided since there was only one humid environment at 80°C.  It is clear from Table 

7 and Table 8 that Freundlich’s relation underestimates Mmax at 99%RH. 
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Figure 25.  Isotherm for moisture specimens. 

Adjusted Mmax used where applicable. 
Error bars indicate standard deviations. 

 
 

Table 8.  Parameters for Freundlich’s Relation. 
SBS DMTA Gravimetric Tension Temp 

(°C) a (%) b a (%) b a (%) b a (%) b 
20 0.265 1.2 0.191 1.1 0.216 1.2 0.220 1.0 
40 0.517 1.6 0.563 2.2 0.496 1.7 0.475 1.9 
60 0.746 3.9 0.813 4.1 0.752 3.7 0.682 3.3  

 

4.4  Diffusion Model Results 

 The following section summarizes results for diffusion models applied to 

gravimetric observations for moisture specimens.  Adjusted moisture data were only 

considered for 99%RH at 60°C and 80°C and for immersion at 40°C, 60°C, and 80°C, 

per Table 7.  In order to address thermal trends for each diffusion mechanism, 

apparent moisture data for 20°C and 40°C at 99%RH and 20°C immersion were 
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analyzed to complement adjusted data at other temperatures.  Diffusion model results 

for all specimen sizes are available in Appendix A. 

4.4.1  Fickian Diffusion 

 Sorption behavior of this E-glass/vinyl-ester composite system reasonably 

represents Fickian diffusion for 50%RH and 75%RH exposures.  However, sorption 

trends for material exposed to 99%RH and immersion demonstrate non-Fickian 

behavior.  For Mt < 0.6Mmax prior to weight loss of degraded species, the uptake curves 

are non-linear at all temperatures, as depicted in Figure 26. 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 10 20 30 40 50

(Time,hr)1/2

A
pp

ar
en

t M
t /

 M
m

ax

20°C
40°C
60°C
80°C

 
Figure 26.  Initial apparent moisture sorption trend for immersion environments. 

——: 20°C, — —: 40°C, - -: 60°C, — - —: 80°C 
Error bars indicate standard deviations. 

  

 Nonetheless, the Fickian diffusion model was used to obtain Fickian diffusion 

coefficients for all environmental exposures.  Two approaches were used:  the first 

using apparent moisture trends and the second using adjusted moisture trends in order 
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to account for degradation.  When using apparent data, the maximum weight gain for 

each environment was used as M∞, assuming that each environment has a distinct 

maximum moisture content which is characterized by humidity and temperature.  The 

second approach assumes that M∞ is independent of temperature and can be detected 

through adjusted moisture uptake data, which accounts for loss of degradation 

products.   

 Diffusion coefficients were calculated according to Equation 42 in Section 

2.4.2.1.2.  Table 9 and Table 10 summarize the equilibrium content, M∞, and Fickian 

diffusion coefficient, D, for apparent and adjusted moisture uptake trends, 

respectively.  Experimental and theoretical values are compared in Figure 27 through 

Figure 32 using Equation 40 in Section 2.4.2.1.1 summed through n = 50. 

 

Table 9.  Fickian diffusion parameters using apparent moisture trends. 
Env. M∞ (%) D (10-8 mm2/s) 
2 L   0.033     0.46 
4 L   0.032     0.28 
6 L -0.014     8.64 
2 M   0.057     5.89 
4 M   0.060 26.8 
6 M   0.074 48.7 
6 X   0.148 78.7 
2 H   0.269     2.19 
4 H   0.666     2.28 
6 H   0.894     2.50 
8 H   1.229     6.07 
2 I   0.393     1.35 
4 I   0.586     3.40 
6 I   0.846     3.97 
8 I   0.998 12.8  
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Table 10.  Fickian diffusion parameters using adjusted moisture trends.
Env. M∞ (%) D (10-8 mm2/s) 
2 H 1.468   0.032 
4 H 1.468   0.170 
6 H 1.468   0.846 
8 H 1.468 3.74 
2 I 2.068 0.031 
4 I 2.068 0.102 
6 I 2.068 0.259 
8 I 2.068 0.990  
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Figure 27.  Comparison of apparent experimental moisture uptake trends 

to theoretical Fickian diffusion model for 18%RH exposures. 
Error bars indicate standard deviations. 
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Figure 28.  Comparison of apparent experimental moisture uptake trends 

to theoretical Fickian diffusion model for 50%RH exposures. 
Error bars indicate standard deviations. 
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Figure 29.  Comparison of apparent experimental moisture uptake trends 

to theoretical Fickian diffusion model for 99%RH exposures. 
Error bars indicate standard deviations. 
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Figure 30.  Comparison of apparent experimental moisture uptake trends 

to theoretical Fickian diffusion model for immersion exposures. 
Error bars indicate standard deviations. 
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Figure 31.  Comparison of adjusted experimental moisture uptake trends 

to theoretical Fickian diffusion model for 99%RH exposures. 
Error bars indicate standard deviations. 
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Figure 32.  Comparison of adjusted experimental moisture uptake trends 

to theoretical Fickian diffusion model for immersion exposures. 
Error bars indicate standard deviations. 

 

4.4.1.1  18%RH Results 

 Employing the Fickian diffusion model assumes that there is an initial linear 

uptake region to 0.6M∞.  However, the extreme sensitivity of the composite to 

moisture in dry environments resulted in gravimetric trends with high scatter at all 

temperatures.  The high diffusion coefficient at 60°C reflects the quick desorption of 

residual species, possibly residual LMWS or water molecules not removed through 

pre-conditioning, indicating that it is possible that the pre-conditioning process did not 

remove all water.  At lower temperatures, a gradual increase in moisture content 

occurs over the 96 weeks of exposure, as seen in Figure 27.  Around 18 weeks, there is 

a spike in moisture content both at 20°C and 40°C, with a larger spike occurring at 
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20°C.  Figure 27 further indicates the similarity in gravimetric trends at these two 

temperatures, reflected by their similar M∞ and D in Table 9. 

4.4.1.2  50%RH Results 

 The diffusion coefficient for 50%RH at 40°C was calculated using an apparent 

equilibrium content which was less than the maximum observed moisture content.  It 

is clear from Figure 12 and Figure 28 that from about 24 weeks on, non-Fickian 

diffusion occurs, as noted in Table 5.  Consequently, M∞ was selected to be the 

apparent equilibrium of about 0.06%, per Table 9.  Results for Fickian diffusion 

calculations are very reasonable for 50%RH.  In order to gauge goodness of fit, the 

correlation coefficient was calculated to compare experimental and predicted values, 

where 0 indicates a poor fit and 1 indicates a perfect fit.  For 50%RH Fickian results, 

the correlation coefficient is 0.978, 0.960, and 0.977 for 20°C, 40°C, and 60°C results, 

respectively. 

4.4.1.3  75%RH Results 

Fickian diffusion models well the moisture uptake trend experienced by the E-

glass/vinyl-ester composite in 75%RH at 60°C, where there is a clear linear initial 

trend and Mt approaches an equilibrium content through 96 weeks exposure.  The 

correlation coefficient for predictions according to Fickian diffusion is 0.997 for the 

60°C exposure at 75%RH, which is better than any goodness of fit for 50%RH 

exposure. 
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4.4.1.4  99%RH and Immersion Results 

In order to accommodate leaching of degraded species, adjusted moisture 

contents were used in an alternative methodology for fitting the Fickian model.  

Because knowledge of the dry weight provided for calculation of the water content in 

material where severe degradation occurred, it was assumed that the apparent Mmax 

was valid for all temperatures, as shown in Table 10. 

4.4.1.4.1  Apparent Uptake Trends  

 Diffusion coefficients for apparent uptake trends are greater for immersion 

environments than for 99%RH.  These higher D are a direct consequence of the lower 

M∞ for immersion environments.  The loss of degraded material in liquid water 

environments results in lower maximum moisture contents.  Consequently, D will be 

larger, even for similar initial moisture uptake trends since the moisture uptake will 

approach equilibrium sooner.  Claiming M∞ as the maximum moisture content is based 

upon the assumption that Fickian diffusion dominates prior to weight loss revealed by 

a decrease in moisture content.  Then the Fickian diffusion in 99%RH extends through 

a longer period of time to higher moisture contents, where the Fickian diffusion 

process is slower. 

4.4.1.4.2  Adjusted Uptake Trends 

Diffusion coefficients obtained using adjusted moisture uptake trends are 

higher for 99%RH environments than for immersion, but this result is also related to 

the lower equilibrium moisture content, which is 30% less at 99%RH than for 
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immersion.  Because the material is not capable of holding as much water in a steam 

environment, it reaches equilibrium more quickly, reflected by the higher D. 

4.4.1.5  Activation Energies 

Figure 33 presents Arrhenius plots of lnD vs. 1000/T.  Table 11 summarizes 

the activation energies determined for the Fickian diffusion model.  Activation 

energies calculated for the Fickian diffusion coefficients demonstrate a decreasing 

trend with increasing relative humidity.  These decreasing Ea values indicate that less 

energy is required to activate the diffusion process with increasing humidity. 
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Figure 33.  Arrhenius plots for Fickian diffusion coefficient. 

(a) 18%RH, (b) 50%RH, (c) 99%RH, (d) immersion; : apparent, ×: adjusted. 
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Table 11.  Activation energies for Fickian diffusion coefficients. 
Ea (kJ/mol) Apparent Adjusted 

18%RH 58 — 
50%RH 43 — 
99%RH 13 68 

Immersion 30 49  
 

 The activation energy for diffusion coefficients calculated using apparent 

moisture contents for liquid water environmental exposures is greater than for 

99%RH, indicating that more energy is required for moisture in the liquid phase to 

diffuse into the composite.  Because the degradation of the composite is included in 

apparent moisture sorption trends, it is expected that the activation energy for D 

calculated using apparent uptake trends is higher since the activation energy must also 

account for the activation energy of alternative mechanisms of mass transport.  

Otherwise, the trend of decreasing Ea with increasing environmental moisture would 

indicate that less energy should be required for diffusion of the liquid phase. 

Conversely, when the moisture content is assumed to be uniform across 

temperature but distinct between 99%RH and immersion, as is the case when 

considering adjusted moisture uptake trends, less energy is required to activate the 

diffusion process in the liquid environment.  The moisture contents used here, Mt,a, 

account for mass loss due to degradation and so indicate that less energy is required 

when the composite is exposed to the liquid phase of water. 

It is possible that as the environment transitions from liquid water to high 

water vapor content to low water vapor content the activation energy allows for the 

head of adsorption.  While adsorption is effectively instantaneous, as water molecules 
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diffuse into the bulk sorbent, adsorbed molecules are expected to diffuse into the bulk 

solid, so sorbate must continually adhere to the composite surface. 

4.4.2  Two Phase Fickian Diffusion 

Two phase Fickian diffusion was employed according to the methodology 

presented in Section 2.4.2.2.  In the case of apparent moisture trends indicative of 

degradation, it was necessary to use a value other than Mmax for calculation of 

diffusion parameters. Because the degradation is responsible for removing material 

after sorption by the first phase, it must follow that M2 < 0 and M1 > Mmax.  

Consequently, for these degradation trends the minimum moisture content observed 

after Mmax was used for M∞ rather than Mmax, as suggested in [3].  This methodology 

was used for immersion exposures at 60°C and 80°C only. 

Diffusion coefficients were calculated according to Equation 51 in Section 

2.4.2.2.2.  Table 12 and Table 13 present the moisture contents, M1 and M2, and 

diffusion coefficients, D1 and D2, for the two phase Fickian diffusion model for 

apparent and adjusted moisture uptake trends, respectively.  Experimental and 

theoretical values are compared in Figure 34 through Figure 39 using Equation 45 in 

Section 2.4.2.2.1 summed through n = 50.   
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Table 12.  Two phase Fickian diffusion parameters using apparent moisture trends. 
Env. M1 (%) M2 (%) D1 (10-8 mm2/s) D2 (10-8 mm2/s) 
2 L    0.017     0.016     2.54 0.014 
4 L    0.009     0.031     59.7 0.366 
6 L - 0.005  - 0.016 14.8 0.076 
2 M    0.054 0.011     7.79   0.0004 
4 M    0.040 0.049 44.2 0.533 
6 M    0.053 0.021 79.0 0.536 
6 X    0.145     0.003 81.6 0.973 
2 H    0.123     0.145     7.39 0.577 
4 H    0.257     0.409     8.41 0.511 
6 H    0.754     0.194     4.92 0.601 
8 H    1.449  - 0.220     5.75          1.58 
2 I    0.187     0.206     3.93 0.625 
4 I    0.413     0.173     5.20 0.649 
6 I    2.374  - 3.019     1.79 0.307 
8 I    5.868 -10.645     3.59 0.502  

 
 
 
 
 

Table 13.  Two phase Fickian diffusion parameters using adjusted moisture trends. 
Env. M1 (%) M2 (%) D1 (10-8 mm2/s) D2 (10-8 mm2/s) 
6 H 0.685 0.331     5.09 0.709 
8 H 1.212 0.256     5.24 0.979 
4 I 0.281 0.428     6.59 0.585 
6 I 0.359 0.685     8.84 0.809 
8 I 0.494 1.574 20.2 0.568  
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Figure 34.  Comparison of apparent experimental moisture uptake trends 

to theoretical two phase Fickian model for 18%RH environments. 
Error bars indicate standard deviations. 
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Figure 35.  Comparison of apparent experimental moisture uptake trends 

to theoretical two phase Fickian model for 50%RH environments. 
Error bars indicate standard deviations. 
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Figure 36.  Comparison of apparent experimental moisture uptake trends 

to theoretical two phase Fickian model for 99%RH environments. 
Error bars indicate standard deviations. 
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Figure 37.  Comparison of apparent experimental moisture uptake trends 

to theoretical two phase Fickian model for immersion environments. 
Error bars indicate standard deviations. 
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Figure 38.  Comparison of adjusted experimental moisture uptake trends 

to theoretical two phase Fickian model for 99%RH environments. 
Error bars indicate standard deviations. 
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Figure 39.  Comparison of adjusted experimental moisture uptake trends 

to theoretical two phase Fickian model for immersion environments. 
Error bars indicate standard deviations. 
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A major difficulty arises when attempting to determine two phase Fickian 

diffusion parameters for 99%RH and immersion environments with data through 96 

weeks.  The two phase Fickian model fundamentally assumes that available moisture 

trends demonstrate regions dominated by each of the two phases.  However, for lower 

temperatures, 20°C and 40°C, in 99%RH and immersion, it is highly likely that only 

the first phase dominates in the first 96 weeks of exposure.  Results for 60°C and 80°C 

indicate that M1 is at least 0.7 %, and 40°C immersion gravimetric data indicate a 

maximum experimental moisture content of around 0.6 % to 0.7 % for moisture 

specimens, noted in Table 6 and Table 7.  While it is possible that M1 is lower at these 

lower temperatures, it is more likely that the first phase has not yet reached 

equilibrium. 

While the two phase Fickian model appears to fit data well, the diffusion 

coefficients do not demonstrate a thermal trend at humidities other than 50%RH.  At 

low humidity, the sensitive nature of the sorbent to moisture results in erratic behavior 

which makes it difficult to isolate distinct regions dominated by sorption of the two 

phases.  Calculations of goodness of fit reflect the high scatter which make calculation 

of the diffusion parameters difficult.   

The two phase Fickian model results in correlation coefficients which range 

from 0.975 to 0.999 for apparent moisture trends resulting from exposures to 50%RH 

and above.  Correlation coefficients for 18%RH two phase Fickian curve fits are 

0.610, 0.885, and 0.621 for 20°C, 40°C, and 60°C, respectively.  Adjusted moisture 

trends produce correlation coefficients ranging from 0.979 to 0.994, though the 
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adjusted moisture trend for 60°C immersion produced a correlation coefficient of 

0.884.  In general, it can be concluded that the two phase Fickian model appears to fit 

data well, except for low humidity exposures. 

For apparent trends obtained from 99%RH and immersion exposures, the 

diffusion coefficients and M1 values are greater for 40°C than for 20°C; and these 

values are also greater for 80°C than for 60°C.  However, the diffusion coefficients are 

generally lower for 60°C and 80°C than for 20°C and 40°C.  Adjusted data reflect a 

slightly different trend for immersion, with D1 demonstrating clear thermal activation.  

D2 for adjusted immersion data shows a general decreasing trend with temperature 

while M2 increases with temperature.  These results indicate that the polymer structure 

may relax, allowing for greater moisture sorption, while uptake of the water molecules 

are hindered by greater movement and interaction with the polymer network. 

4.4.3  Langmuir Diffusion 

 Table 14 and Table 15 present the equilibrium moisture content M∞, diffusion 

coefficient D, and probabilities of conversion α and β for the Langmuir diffusion 

model presented in Section 2.4.2.3 for apparent and adjusted moisture uptake trends, 

respectively.  It is again stated that α and β describe the probability that a bound water 

molecule will convert to free water and vice versa.  Parameters were determined 

according to the methodology presented in [4] using Equations 62 and 63 in Section 

2.4.2.3.1, where α and β / (α+β) are found from a long term exponential curve fit and 

D is found from a short term linear fit.  Experimental and theoretical values are 
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compared in Figure 40 through Figure 45 using Equation 59 in Section 2.4.2.3.1 

summed through n = 50.   

 

Table 14.  Langmuir diffusion parameters using apparent moisture trends. 
Env. M∞ (%) D (10-6 mm2/s) α (10-8 s-1) β (10-8 s-1) 
2 L   0.033 2.73    2.60 12.8 
4 L   0.032 0.03    2.50 19.7 
6 L - 0.021 0.54    1.42    3.58 
2 M   0.065 0.22    0.71    0.16 
4 M   0.089 0.98    2.92    2.37 
6 M   0.074 1.58    4.72    1.62 
6 X   0.148 1.99  - 0.75  - 0.02 
2 H   0.269 0.23    3.40    2.92 
4 H   0.666 0.22    2.51    2.37 
6 H   0.948 2.04 10.3 42.0 
8 H   1.229 2.50 23.3 59.5 
2 I   0.393 1.76    5.21 15.6 
4 I   0.586 0.37    6.60    6.88 
6 I   0.845 0.13  - 0.78  - 0.15 
8 I   0.998 0.53  - 6.42  - 1.31  

 

 

 

Table 15.  Langmuir diffusion parameters using adjusted moisture trends. 
Env. M∞ (%) D (10-6 mm2/s) α (10-8 s-1) β (10-8 s-1) 
4 H 1.468 0.20     0.49     1.53 
6 H 1.468 0.29     1.38     2.01 
8 H 1.468 2.62 15.9 53.1 
2 I 2.068 0.30     0.21     2.17 
4 I 2.068 0.22     0.36     1.53 
6 I 2.068 0.31     0.78     1.96 
8 I 2.068 0.82     3.76     8.04  
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Figure 40.  Comparison of apparent experimental moisture uptake trends 

to theoretical Langmuir model for 18%RH environments. 
Error bars indicate standard deviations. 

 

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0 20 40 60 80 100 120 140

(Time,hr)1/2

A
pp

ar
en

t M
oi

st
ur

e 
C

on
te

nt
, %

20°C 40°C 60°C

 
Figure 41.  Comparison of apparent experimental moisture uptake trends 

to theoretical Langmuir model for 50%RH environments. 
Error bars indicate standard deviations. 
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Figure 42.  Comparison of apparent experimental moisture uptake trends 

to theoretical Langmuir model for 99%RH environments. 
Error bars indicate standard deviations. 
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Figure 43.  Comparison of apparent experimental moisture uptake trends 

to theoretical Langmuir model for immersion environments. 
Error bars indicate standard deviations. 
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Figure 44.  Comparison of adjusted experimental moisture uptake trends 

to theoretical Langmuir model for 99%RH environments. 
Error bars indicate standard deviations. 
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Figure 45.  Comparison of adjusted experimental moisture uptake trends 

to theoretical Langmuir model for immersion environments. 
Error bars indicate standard deviations. 
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Negative values of α and β were produced in environments where decreases in 

Mt occurred after Mmax was reached.  For apparent moisture trends indicating weight 

loss after reaching Mmax, the Langmuir diffusion model is not appropriate since α and 

β describe probabilities of conversion between the free and bound state of water [4].  

Probabilities must be positive.  The Langmuir diffusion model does not account for 

loss of free or bound water or degraded material to the exposure environment. 

 While the diffusion coefficients produced were reasonable [5], no consistent 

thermal trend could be established for D.  Interestingly, the thermal trend detected in α 

and β represent that established in [5], where the rates of conversion show a thermal 

trend for 20°C, 60°, and 80°C, but α and β are smallest for 40°C.  This trend is also 

shown in 99%RH and immersion environments.  It is possible that severe degradation 

occurring at 60°C and 80°C, indicated by permanent losses in SBS strength and the 

glassy modulus, is responsible for inconsistent results at higher temperatures.   

 For adjusted moisture uptake trends, where Mt,a represents the amount of water 

sorbed by accounting for loss of degraded species, β > α indicates that once a water 

molecule diffuses into the sorbent, it is more likely that that molecule will become 

bound to sorbent structure.  This trend is also seen in apparent trends at higher 

temperatures with 99%RH, where degradation is less severe than immersion.  At 

50%RH, however, it is less likely that a molecule will become bound; rather, it is 

more likely that a water molecule will transition from free to bound, as indicated by α  

> β. 
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4.4.4  Structural Modification Diffusion 

 Table 16 and Table 17 present the pseudo-equilibrium content, Mo∞; diffusion 

coefficient, D; and structural modification factor, k, for the structural modification 

model, according to Equation 66 in Section 2.4.2.4.2, for apparent and adjusted 

moisture uptake trends, respectively.  Experimental and theoretical values are 

compared in Figure 46 through Figure 51 using Equation 65 in Section 2.4.2.4.1 

summed through n = 50. 

Table 16.  Structural modification diffusion 
parameters using apparent moisture trends. 

Env. Mo∞ (%) D (10-7 mm2/s) k (10-4 s-0.5) 
2 L   0.017 0.22   -0.18 
4 L   0.001 1.48 34.7 
6 L -0.005 2.19     1.36 
2 M   0.054 0.78     0.01 
4 M   0.042 5.02     1.30 
6 M   0.053 8.43     0.49 
6 X   0.145 8.13   -0.03 
2 H   0.097 2.06     2.29 
4 H   0.250 1.62     1.99 
6 H   0.754 0.52     0.33 
8 H   1.342 0.49   -0.21 
2 I   0.187 0.82     1.45 
4 I   0.413 0.68     0.56 
6 I   2.374   0.040   -1.17 
8 I   5.869   0.037   -2.13  

 
 

Table 17.  Structural modification diffusion 
parameters using adjusted moisture trends. 

Env. Mo∞ (%) D (10-7 mm2/s) k (10-4 s-0.5) 
6 H 0.685 0.71 0.67 
8 H 1.212 0.62 0.35 
4 I 0.281 1.68 1.93 
6 I 0.359 2.20 2.85 
8 I 0.494 4.75 3.98  
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Figure 46.  Comparison of apparent experimental moisture uptake trends 
to theoretical structural modification model for 18%RH environments. 

Error bars indicate standard deviations. 
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Figure 47.  Comparison of apparent experimental moisture uptake trends 
to theoretical structural modification model for 50%RH environments. 

Error bars indicate standard deviations. 
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Figure 48.  Comparison of apparent experimental moisture uptake trends 
to theoretical structural modification model for 99%RH environments. 

Error bars indicate standard deviations. 
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Figure 49.  Comparison of apparent experimental moisture uptake trends 
to theoretical structural modification model for immersion environments. 

Error bars indicate standard deviations. 
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Figure 50.  Comparison of adjusted experimental moisture uptake trends 
to theoretical structural modification model for 99%RH environments. 

Error bars indicate standard deviations. 
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Figure 51.  Comparison of adjusted experimental moisture uptake trends 
to theoretical structural modification model for immersion environments. 

Error bars indicate standard deviations. 
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4.4.4.1  18%RH Results 

 Diffusion parameters at 18%RH may be a bit deceiving.  The Mo∞ value at 

18%RH for all temperatures is on the order of a standard deviation of a single Mt data 

point.  However, the thermal trend in Mo∞ reflects the general trend that some weight 

gain occurs at 20°C and that weight loss beyond initial pre-conditioning occurs in 

60°C. Weight loss would therefore imply a different mechanism is responsible for 

structural modification at 60°C.  It is possible that residual LMWS are lost in the 60°C 

low humidity environment after which weight gain may occur, reflected by the low, 

positive value of k.  Exposure to 18%RH at 40°C should not result in significant 

weight change since the material was pre-conditioned at 40°C and 18%RH prior to all 

environmental exposures.  In fact, over the first 72 hours of exposure, the apparent 

moisture “uptake” is less than zero, implying that weight loss occurred at early time 

past the 6 weeks pre-conditioning.  Over the next two years, significant structural 

modification occurred where Mt increased from -0.003 [0.002] % at 72 hrs to 0.032 

[0.004] % at 72 weeks.  While these moisture contents are very low, it is possible that, 

similar to 60°C exposure, 40°C results in relaxation of the polymer, allowing for more 

water molecules to ingress.  At 20°C, the structural modification is less, as would be 

expected since higher temperatures result in greater polymer chain mobility. 

4.4.4.2  50%RH Results 

 At 50%RH, Mo∞ increases from 18%RH, while k decreases.  The diffusion 

coefficient D, describing the Fickian dominated component of the structural 

modification model, increases with temperature, as would be expected.  Again, the 
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most significant structural modification occurs at 40°C, reflected by the k values in 

Table 16.  Pseudo-equilibrium contents are within a standard deviation of one another, 

again following Fickian dominated diffusion at early times.  It is possible that at 60°C 

desorption of LMWS occurs gradually over two years.  It is further possible that 

residual LMWS such as styrene slowly polymerize over the first 10 weeks (41 hr1/2) of 

exposure to elevated temperature, after which residual volatiles leach out over the next 

14 weeks.  From 24 weeks through 96 weeks (64 through 127 hr1/2), it appears that 

polymer relaxation occurs as the moisture content gradually increases.  If the same 

Mo∞ value of 0.053 % is used, the polymer relaxation which occurs from 24 weeks on 

would be reflected in a k of 1.12 × 10-4 s-0.5 at 60°C, on the same order of 40°C.  

Similarly, in 50%RH at 40°C, the gravimetric trend appears to hold an equilibrium 

moisture content from about 4 weeks through 24 weeks.  However, after 24 weeks, the 

moisture content shows a clear increasing trend, reflecting polymer relaxation, 

allowing from additional moisture uptake. 

While there is evidence for desorption of LMWS at 60°C both at 18%RH and 

50%RH, there is no evidence for desorption at 40°C.  A greater presence of LMWS 

would imply that there are more free ends to polymer chains, allowing for more 

hydrogen bonds which would result in greater polymer relaxation.  At 60°C, residual 

post-cure and loss of LMWS would result in a tighter polymer network, after which 

polymer relaxation could occur but the polymer network would still have less mobility 

at exposure to 60°C. 
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4.4.4.3  75%RH Results 

 Exposure to 75%RH at 60°C results in a diffusion coefficient about the same 

as 50%RH, despite distinct Mo∞ values.  It can be theorized that diffusion coefficients 

at the same temperature and different humidities would identical, as these results 

imply.  However, D as determined from apparent moisture uptake values for 60°C at 

99%RH and immersion are, respectively, 40 and 200 times less than those D 

determined for the lower humidities at the same temperature.  It is possible that these 

much lower values of D for apparent trends are a consequence of the larger values of 

Mo∞ which must be larger than equilibrium in order to account for degradation.  

Analysis of adjusted moisture uptake trends results in diffusion coefficients which are 

about 10 to 50 times smaller at 99%RH and immersion, respectively, when compared 

to D for 50%RH and 75%%RH at the same temperature, as seen in Table 16.   

Looking at the structural modification parameter for apparent trends at 60°C, a 

clear decreasing trend appears with increasing environmental moisture content, where 

k ranges from 1.36 × 10-4 s-0.5 at 18%RH to -1.17 × 10-4 s-0.5 in immersion, as shown in 

Table 16.  Desorption of LMWS would occur sooner and faster in drier environments, 

allowing for polymer relaxation to occur at earlier times, reflected by greater values in 

k.  In 99%RH and immersion at 60°C, the water content in the composite after 96 

weeks is up near 1 %, compared to 0.07 % and 0.14 % in 50%RH and 75%RH, 

respectively.  Prolonged exposure with high water content at elevated temperatures 

provides significant time for relaxation, hydrolysis, and desorption of degraded 

species to occur.  The weight loss due to desorption of degraded species into 60°C 
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high humidity and immersion environments is reflected by the negative k.  More 

aggressive degradation and weight loss at 80°C is reflected by even larger values of k. 

4.4.4.4  99%RH and Immersion Results 

In 99%RH and immersion environments, the diffusion coefficient 

demonstrates a decreasing trend with increasing temperature, contrary to expectations.  

It is possible that these results indicate a dominance of structural modification over 

Fickian diffusion in 99%RH and immersion environments.  Competing mechanisms of 

structural modification, such as polymer relaxation, desorption of residual LMWS, and 

leaching of degradation products, dominate over absorption of water molecules.  The 

relative dominance of these competing mechanisms are further reflected in the thermal 

trend of structural modification parameters, which decrease from positive to negative 

values with increasing temperature, as noted in Table 16. 

Model parameters for adjusted moisture trends in Table 17 should be 

considered along with results for 99%RH exposure at 20°C and 40°C and immersion 

at 20°C.  At 99%RH, the pseudo-equilibrium content increases with temperature, 

indicating higher temperatures provide a greater capacity for moisture uptake.  

However, D and k still demonstrate a decreasing trend with increasing temperature at 

99%RH.  Together, it can be concluded that while the capacity for moisture uptake 

increases with temperature, the rates of change within the polymer structure are 

inhibited by increasing temperature in this humid environment.   

Conversely, D and k for immersion environments tend to increase with 

temperature, while Mo∞ levels are significantly lower.  The higher diffusion 
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coefficients imply that pseudo-equilibrium is reached within days, resulting in 

structural modification which is responsible for moisture uptake for a greater portion 

of the exposure time.  These results indicate that increasing temperature not only 

speeds up the rate of diffusion, but it is also responsible for increasing relaxation of 

the polymer.  Considering adjusted values rather than apparent values inherently 

ignores competing degradation mechanisms, other than possible wicking, by 

considering the moisture uptake alone.   

4.4.4.5  Activation Energies 

Figure 52 presents Arrhenius plots of diffusion coefficients versus temperature.  

Table 18 summarizes the activation energies determined for the structural 

modification model. 

 While apparent gravimetric data for 50%RH results in a reasonable activation 

energy for the structural modification diffusion coefficient, the negative values for 

99%RH and immersion environments are counterintuitive.  The diffusion coefficient is 

generally found to increase with temperature, indicating an endothermic process.  

Table 18 indicates, however, that the diffusion process in 99%RH is an exothermic 

process, where the diffusion and relaxation processes slow with increasing 

temperature, while the pseudo-equilibrium content increases greatly with temperature.  

That is, the temperature alters the structure of the material, providing greater capacity 

while the process becomes more tortuous for the diffusing molecules.  It is possible 

that water in its vapor state is less favorable to entering the composite material than in 

the liquid state.  While degradation occurs in high humidity environments, as 
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evidenced by weight loss after redrying, this weight loss is more severe in immersion 

environments. 
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Figure 52.  Arrhenius plots for structural modification diffusion coefficient. 
(a) 18%RH, (b) 50%RH, (c) 99%RH, (d) immersion; : apparent, ×: adjusted. 

 

Table 18.  Activation energies for structural modification diffusion coefficients.
Ea (kJ/mol) Apparent Adjusted 

18%RH   47 — 
50%RH   49 — 
99%RH -23 -19 

Immersion -52   24  
 

 For immersion environments, the degradation evidenced by apparent moisture 

sorption is so severe that the structural modification process dominates early on.  
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Consequently, the diffusion process is inhibited by the overwhelmingly favorable 

structural modification as temperature increases. 

 Conversely, the degradation and loss of material in the immersion environment 

may allow for faster diffusion of water, even at early times.  The removal of degraded 

species in the liquid water alters the polymer structure such that diffusion of water is 

greatly enabled through an increase in available free volume.  Consequently, the 

Fickian dominated diffusion process in immersion environments is a thermally 

activated process, contrary to the case of 99%RH. 

4.5  Directional Diffusion Coefficients 

 With diffusion coefficients for multiple specimen sizes of a unidirectional 

composite, it is possible to compare the longitudinal and transverse diffusion 

coefficients [6].  Recall that for anisotropic Fickian Diffusion, where Dx, Dy, and Dz 

are the diffusion coefficients in a material with respective dimensions of l, w, and h 

[6], 

h
D

w

D

l
D

h
D zyx ++= . (3)

For a unidirectional composite with a longitudinal direction of length l, it can be 

assumed that Dx = D|| and Dy = Dz = D⊥ where D|| and D⊥ are diffusion coefficients in 

the longitudinal and transverse directions, respectively.   

⊥⎟
⎠
⎞

⎜
⎝
⎛ ++= D

w
hD

l
hD 1|| . (4)
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 Using multiple linear regression analysis with Equation 4, D|| and D⊥ were 

calculated from Fickian diffusion, presented in Appendix A.1, results and are 

presented in Table 19 and Table 20.  In some cases, denoted by * in Table 19, the 

values of D||
0.5 were less than zero, indicating that the analysis is not valid for those 

experimentally determined D.  Figure 53 compares the predicted and experimental D 

using Equation 4 with values provided in Table 19 and Table 20. 

Table 19.  Longitudinal and transverse D for apparent moisture trends. 
Using Fickian D.  * D||

0.5 < 0 
Env. D|| (10-8 mm2/s) D⊥ (10-8 mm2/s) D|| / D⊥ 
2 L 203 *    5.56 36.6 
4 L      13.7 *    1.59   8.3 
6 L         5.63 * 35.3   0.2 
2 M 25.3    6.63   3.8 
4 M      0.02 14.5       0.001 
6 M       2015 18.2    111 
6 X         791 54.9 14.4 
2 H 15.3    2.00   7.7 
4 H     0.02    2.58      0.007 
6 H 26.5    5.67   4.7 
8 H 78.7    4.31 18.3 
2 I        1.07 *    1.58   0.7 
4 I     0.24    2.88   0.1 
6 I 30.4    5.58   5.4 
8 I 43.2 14.8   2.9  

 
 

Table 20.  Longitudinal and transverse D for adjusted moisture trends.. 
Env. D|| (10-8 mm2/s) D⊥ (10-8 mm2/s) D|| / D⊥ 
2 H          0.00002 0.03         0.001 
4 H    1.43 0.12   12.2 
6 H 13.0 0.38   34.2 
8 H 25.6 3.14      8.2 
2 I    0.48 0.02   24.7 
4 I    1.15 0.06   18.1 
6 I 11.7 0.14   83.3 
8 I 86.7 0.61 142.7  
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Figure 53.  Comparison of predicted and experimental D accounting for size. 

Using Fickian results.  Line indicates equal values. 
 

 The values of D|| / D⊥ obtained using apparent moisture trends range from 

0.001 to 111 and do not indicate a trend with temperature.  Values of D|| / D⊥ 

determined from adjusted moisture trends, where loss of degraded material is 

accounted for, do not indicate a thermal trend either.  However, they do consistently 

indicate that longitudinal diffusion is greater than transverse.  The severe degradation 

observed in material exposed to immersion at 60°C and 80°C are likely responsible for 

the high D|| indicated by adjusted moisture trends.  These high D|| may indicate 

wicking along degraded interfaces such as those illustrated in Figure 23 and Figure 24.  

At 80°C, the weight loss due to degradation was less severe in 99%RH than in 

immersion, indicating that the diffusion along degraded interphasial avenues should be 
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less.  This proposition is confirmed by the lower value of D|| at 80°C, though no other 

adjusted result demonstrates this trend. 
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5.  Mechanical Characterization 

5.1 Tensile Testing 

 Longitudinal tensile testing was executed in order to determine longitudinal 

tensile parameters used in composite design.  Initial tensile properties are presented in 

Table 21.  The average and standard deviation for pre-conditioned material was 

obtained from tensile testing of 69 specimens pre-conditioned at 40°C and 18%RH for 

6 weeks.  Material exposed to 40°C at 18%RH was also tested in sets of 5 after 

another 6, 12, 18, 24, 30, 36, 42, 48, 54, 72, 78, 96, and 102 weeks of exposure, 

providing an additional 65 tests.  The baseline average and standard deviation were 

calculated using results from a total 134 tensile tests of material exposed to 40°C at 

18%RH.   

Table 21.  Initial tensile properties. 
Brackets indicate standard deviations. 

 As-Received Pre-conditioned Baseline 
Strength (MPa) 1141 [31] 1109 [46] 1119 [44] 
Modulus (GPa) 49.4 [1.8] 53.8 [3.2] 52.5 [3.1] 

Failure Strain (%) 1.92 [0.06] 1.71 [0.13] 1.79 [0.13]  
 

Exposure to 18%RH at 40°C results in embrittlement after the removal of 

water, as indicated by increased tensile modulus and decreased tensile strength and 

failure strain.  Both as-received and pre-conditioned longitudinal tensile specimens 

demonstrated a brooming mode of failure, as depicted in Figure 54. 

Previous work on the hygrothermal degradation of the tensile strength of a 

glass/vinylester system has revealed similar irreversible degradation [1,2].   
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Figure 54.  Brooming failure of tensile specimen. 

 

Tensile results for all environmental exposures can be found in Appendix B.1.  

The resulting trends can be classified into three groups.  Tensile properties of material 

exposed to 18%RH and 50%RH did not change significantly, though subtle increases 

in strength and strain can be detected.  Exposure to 99%RH and immersion in 

deionized water resulted in severe degradation of tensile properties.  Exposure to 

75%RH at 60°C resulted in decreased tensile properties which were less significant 

than that which occurred in material exposed to 99%RH and immersion environments 

but more significant than that which occurred after exposure to 50%RH.  Redrying of 

material exposed to 75%RH at 60°C resulted in recovery of tensile properties such 

that the dry values were within baseline scatter.  The following discussion has been 

broken up into three sections where the effect of (i) 18%RH and 50%RH, (ii) 75%RH, 

and (iii) 99%RH and immersion are discussed in detail. 



  161 

 

5.1.1  Low and Medium Humidity Tensile Results 

 For material exposed to 18%RH and 50%RH environments at all temperatures, 

the tensile strength remains within scatter bounds of the initial pre-conditioned value 

over an exposure period of 96 weeks.  A brooming failure mode was observed in all 

sets tested.   

Figure 55 provides the tensile strength of the composite after exposure to 

18%RH for 72 weeks.  For exposure to low humidity, no significant changes in 

strength values were observed between wet and dry testing.  The tensile strength of 

material exposed to 18%RH at 40°C appears to increase some, though the wet and dry 

values are both within initial baseline scatter.  However, baseline values were 

calculated using tensile results for pre-conditioned material along with results from 

material exposed to 40°C and 18%RH for all exposure times.  Therefore, this apparent 

increase in strength reflects the scatter inherent in the baseline set. 

Figure 56 provides the longitudinal tensile strength after exposure to 50%RH 

for 72 weeks.  After post-conditioning of material exposed to 50%RH, the average dry 

tensile strength is consistently greater than the average wet tensile strength.  However, 

after the removal of water, the dry tensile strengths are generally still within initial 

scatter range.  These results indicate that the removal of water contents between 0.05% 

and 0.1%, resulting from exposure to 50%RH, slightly increases the tensile strength of 

the composite.   
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Figure 55.  Tensile strength after exposure 18%RH for 72 wks. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations.   
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Figure 56.  Tensile strength after exposure to 50%RH for 72 wks. 
Shaded region indicates baseline average and standard deviation. 

Error bars indicate standard deviations.   
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 The observed decrease in tensile modulus resulting from exposure to low and 

medium humidity environments is similarly insignificant for both wet and dry sets.  It 

is interesting to note that the average tensile modulus does increase after exposure to 

18%RH and 50%RH at 20°C and 50%RH at 40°C for 12 weeks prior to a subsequent 

decrease, as depicted in Figure 57 and Figure 58.  The average tensile modulus is 

otherwise lower than the baseline through two years for all environmental exposures. 

There is an observable increase in the average failure strain of material 

exposed to low and medium humidity environments, depicted in Figure 59 and Figure 

60, although minimal.  The average dry failure strain tends to be greater than the wet, 

though the scatter in the baseline and concerned wet and dry sets is high.  For instance, 

the difference between wet and dry strains tends to be less than the standard deviation 

of the baseline set.   

In summary, material exposed to 18%RH and 50%RH demonstrates consistent, 

albeit subtle, increases in tensile strength and failure strain, seen in Figure 61 and 

Figure 62, while the tensile modulus decreases slightly but remains within initial 

scatter. 



  164 

 

 

44

46

48

50

52

54

56

58

60

62

20°C 40°C 60°C

Te
ns

ile
 M

od
ul

us
, G

Pa

Wet, 12wk Dry, 12wk Wet, 72wk Dry, 72wk

 
Figure 57.  Tensile modulus after exposure to 18%RH for 12 and 72 wks. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations.   

 
 

44

46

48

50

52

54

56

58

60

62

20°C 40°C 60°C

Te
ns

ile
 M

od
ul

us
, G

Pa

Wet, 12wk Dry, 12wk Wet, 72wk Dry, 72wk

 
Figure 58.  Tensile modulus after exposure to 50%RH for 12 and 72 wks. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations.   
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Figure 59.  Tensile failure strain after exposure to 18%RH for 72 weeks. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 

 
 

1.4

1.5

1.6

1.7

1.8

1.9

2.0

2.1

2.2

20°C 40°C 60°C

Te
ns

ile
 F

ai
lu

re
 S

tr
ai

n,
 %

Wet, 12wk Dry, 12wk Wet, 72wk Dry, 72wk

 
Figure 60.  Tensile failure strain after exposure to 50%RH for 72 weeks. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 61.  Tensile strength and failure strain after exposure to 18%RH. 
Closed: wet, open: dry.  Shaded region indicates baseline averages and 

standard deviations.  Error bars indicate standard deviations. 
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Figure 62.  Tensile strength and failure strain after exposure to 50%RH. 
Closed: wet, Open: dry.  Shaded region indicates baseline averages and 

standard deviations.  Error bars indicate standard deviations. 
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5.1.2  75%RH Tensile Results 

 Exposure to 75%RH at 60°C (6X) resulted in a partly reversible decrease in 

tensile strength, similar to but more severe than that observed in material exposed to 

50%RH at the same temperature (6M), as seen in Figure 63.  While exposure to 

50%RH at 60°C results in a relatively constant wet tensile strength, ranging from a 

low of 1058 [23] MPa at 24 weeks to a high of 1112 [23] MPa at 48 weeks, the wet 

tensile strength of material exposed to 75%RH at 60°C demonstrates a steady 

decreasing trend with time.   

 If recovery is defined as 

%100%Recovery
0

×
−
−

=
w

wd

PP
PP

, (1)

where Pd, Pw, and P0 are the average dry, wet, and initial property values, it can be 

concluded that post-conditioning of material exposed to 75%RH at 60°C leads to a 

61%, 72%, and 35% recovery in tensile strength at 12, 48, and 72 weeks, while 

redrying of material exposed to 50%RH at 60°C generally leads to increases in tensile 

strength above baseline values.  These results indicate that there is some progression 

of irreversible degradation with time resulting from exposure to 75%RH but not 

50%RH. 

Figure 64 presents the wet tensile strength for each individual specimen 

exposed to 75%RH plotted against the apparent moisture content of each specimen.  

The apparent moisture content is calculated from wet and initial weights, using 

Equation 1 from Section 4.1.  Figure 64 indicates that there is no clear relation of 

moisture content to tensile strength.  Rather the degradation mechanism responsible 
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for reversible deterioration of the tensile strength is a function of time.  The 

progression of decreasing tensile strength and strength recovery could therefore be a 

consequence of progressive interfacial debonding or polymer breakdown.  Increases in 

the tanδ peak height obtained from Dynamic Mechanical Thermal Analysis (DMTA) 

for material exposed to 60°C, discussed in Section 6.2.3.2, indicates that there is some 

progression of interfacial debonding or a chemical reaction leading to a decrease in 

crosslink density or a combination of both.  A discussion on crosslink density can be 

found in Section 6.2.4.   

Because tensile strength is highly dependent upon interfacial and polymer 

strength, the breakdown of these component strengths would lead to a decrease in 

longitudinal composite strength.  The discussion in Section 6.2.4 addresses the 

partially reversible nature of these changes in crosslink density and tanδ peak height. 

Furthermore, DMTA results reveal that there is some plasticization within the polymer 

matrix or interphase, reflected by an increase in glass transition temperature Tg and 

tanδ peak height after redrying.  A partially reversible decrease in crosslink density 

and the occurrence of plasticization would indicate a reversible decrease in polymer 

strength which would be reflected in the composite tensile strength. 
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Figure 63.  Tensile strength after exposure to 75%RH and 50%RH at 60°C. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 64.  Wet tensile strength of material exposed to 75% at 60°C. 

Shaded region indicates baseline average and standard deviation. 
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In the first 12 weeks of exposure to 75%RH at 60°C, the tensile modulus 

experienced a sharp decrease of 12.4% from 53.8 [3.2] GPa to 47.1 [1.8] GPa, as 

shown in Figure 65.  Post-conditioning material exposed for 12 weeks resulted in a 

subsequent increase of 8.3% to 51.0 [2.0] GPa, where the dry modulus is within initial 

scatter bounds.  After 12 weeks, however, the wet and dry moduli steadily increase to 

where they are each within initial scatter bounds.  An investigation of the wet tensile 

modulus as a function of moisture content for each specimen, shown in Figure 66, 

indicates that there does not appear to be a direct dependence on moisture content.  

Again, a progressive trend can be identified with time as the tensile modulus increases 

with time of exposure, independent of moisture content. 
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Figure 65.  Tensile modulus after exposure to 75%RH and 50%RH at 60°C. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 66.  Wet tensile modulus of material exposed to 75% at 60°C. 

Shaded region indicates baseline average and standard deviation. 
  

The tensile strain, presented in Figure 67, does not change until after 12 weeks 

of exposure to 75%RH at 60°C.  After the first 12 weeks, a marked decrease in the 

average wet tensile failure strain occurs, whereupon the failure strain increases after 

redrying.  Loading curves, provided in Figure 68 and Figure 69, indicates that wet 

material experiences a stiffening effect starting at a strain of about 0.8 %.  This onset 

of stiffening is later than that for pre-conditioned material, in which stiffening appears 

to initiate at a strain of about 0.5 %.  A secondary modulus may be defined as the 

modulus calculated from stresses and strains between 1.25 % and 1.4 %.  Table 22 

provides a summary of secondary moduli for material exposed to 60°C at 50%RH and 

75%RH for 48 weeks.  It is clear that the stiffening effect is more significant after 

exposure to 75%RH than for 50%RH, and this late stiffening is partly responsible for a 

decrease in failure strain. 
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Figure 67.  Tensile failure strain after exposure to 75%RH and 50%RH at 60°C. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 68.  Loading curves of material exposed to 75%RH at 60°C for 48 weeks. 

Five loading curves are presented for the pre-conditioned set. 
Three loading curves for both sets of exposed material are presented. 
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Figure 69.  Loading curves of material exposed to 50%RH at 60°C for 48 weeks. 

Five loading curves are for each set. 
 

Table 22.  Secondary moduli for material exposed 
to 50%RH and 75%RH at 60°C for 48 weeks. 

Brackets indicate standard deviations. 
 50%RH 75%RH Baseline 

Wet 67.5 [2.9] 86.9 [4.6] 
Dry 71.3 [3.9] 69.0 [4.0] 78.9 [7.0] 

 
 

 Similar to the tensile strength and tensile modulus, the secondary modulus 

appears to be independent of moisture content, as seen in Figure 70.  Nonetheless, it is 

clear that the presence of moisture in the material leads to a stiffening effect which can 

be reversed after the removal of water.  The plasticization effect detected through 

DMTA tests, which will be discussed in Section 6.2.2.2 and 6.2.3.2, is more 

pronounced after exposure to 75%RH than after exposure to 50%RH.  With the 

plasticized matrix, the fiber reinforcement may align at higher strains, leading to a 

higher secondary modulus.  While the tensile strength and modulus demonstrate a 
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clear trend with time, the results presented in Figure 70 do not indicate any clear 

temporal trend in secondary modulus. 
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Figure 70.  Wet secondary modulus of material exposed to 75% at 60°C. 

Shaded region indicates baseline average and standard deviation. 
 

5.1.3  High Humidity and Immersion Tensile Results 

 Degradation of tensile properties after exposure to 99%RH and immersion 

environments is more severe than any resulting from less aggressive environments 

and, at elevated temperatures, is irreversible.  Only material exposed to room 

temperature 99%RH and immersion demonstrated a complete regain of tensile 

strength after post-conditioning, as seen in Figure 71 through Figure 74.   
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Figure 71.  Tensile strength after exposure to 99%RH and immersion at 20°C. 

H = 99%RH, I = Immersion.  Mmax is maximum apparent moisture content. 
Shaded region indicates baseline average and standard deviation. 

Error bars indicate standard deviations. 
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Figure 72.  Tensile strength after exposure to 99%RH and immersion at 40°C. 

H = 99%RH, I = Immersion.  Mmax is maximum apparent moisture content. 
Shaded region indicates baseline average and standard deviation. 

Error bars indicate standard deviations. 
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Figure 73.  Tensile strength after exposure to 99%RH and immersion at 80°C. 

H = 99%RH, I = Immersion.  Mmax is maximum apparent moisture content. 
Shaded region indicates baseline average and standard deviation. 

Error bars indicate standard deviations. 
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Figure 74.  Tensile strength after exposure to 99%RH and immersion at 80°C. 

H = 99%RH, I = Immersion.  Mmax is maximum apparent moisture content.  The end 
time for all sets was 96 weeks except for 80°C, 99%RH (8H), which was tested 
through 72 weeks only.  Shaded region indicates baseline average and standard 

deviation.  Error bars indicate standard deviations. 
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All saturated environments demonstrate some recovery in tensile strength, 

though the regain decreases with increasing temperature of exposure.  Using the 

definition of recovery provided in Equation 1 in Section 5.1.2, Table 23 summarizes 

the maximum recovery observed over 96 weeks of exposure and the recovery at the 

end of testing at 96 weeks.  Recovery values greater than 100% indicate a material 

which experienced an increase in tensile strength above the baseline average after 

uptake and removal of water.  These increased strengths are within initial scatter. 

Table 23.  Recovery of tensile strength after exposure to saturated environments. 
End time is 96 weeks for all sets except for 80°C, 99%RH (8H), which was tested 

through 72 weeks only.  Brackets indicate standard deviations. 
Maximum Recovery Recovery at End Time 

Environ. 
Maximum 
Recovery 

Dry Tensile 
Strength (MPa) 

Recovery at
End Time 

Dry Tensile 
Strength (MPa) 

Baseline — 1119 [44] — 1119 [44] 
2 H 128% 1161 [34] 57% 1040 [34] 
2 I 127% 1155 [44] 64% 1045 [20] 
4 H   60% 1032 [23]   9%   735 [42] 
4 I   49%   993 [24]   7%   658 [20] 
6 H   25%   850 [19]   8%   509 [21] 
6 I   17%   800 [13]   7%   426 [25] 
8 H     8%   481 [29]   5%   332 [17] 
8 I     9%   498 [11]   2%   248 [32]  

 
Except for material exposed to 20°C in 99%RH and immersion, the maximum 

recovery in tensile strength occurred at 12 weeks.  For material exposed to 20°C at 

99%RH and 20°C immersion, the maximum recovery occurred at 36 weeks and 24 

weeks, respectively.  Through 48 weeks, however, the dry tensile strength is within 

initial scatter for material exposed to saturated environments at 20°C.  After 48 weeks, 

the tensile strength of material exposed to 20°C in 99%RH and immersion 

demonstrates irreversible degradation.  Even at room temperature in high moisture 
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content environments, there is a progression from reversible to irreversible 

degradation concurrent with plasticization. 

After 12 weeks of exposure, the increasing irreversibility of material 

degradation resulting from exposure to 99%RH and immersion environments at 

elevated temperatures is obvious and already shows a dependency on temperature.  

After 96 weeks of exposure, while the dry tensile strength is higher for after exposure 

to 40°C than for 60°C, the recovery is about the same.   

While the average tensile strength after exposure to 80°C immersion increases 

after redrying, at every time step except for 12 weeks, the scatter of the wet and dry 

sets are such that the two sets overlap, as demonstrated in Figure 75.  Even with the 

overlap in scatter, there is a small recovery in tensile strength, possibly due to the 

reversal of plasticization in the resin matrix. 
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Figure 75.  Tensile strength of material exposed to immersion at 80°C. 

Values plotted are the average, minimum and maximum for each set of 5 tests. 
Each time step is offset by 3 weeks for clarity. 
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 The failure mode transitions from primarily a longitudinal splitting failure, as 

after exposure to 99%RH and immersion environments at 20°C, to a surface 

separation failure.  The surface separation failure is characterized by surface layers 

failing in tension and separating from the inner thickness, which fails in longitudinal 

splitting.  Because the inner thickness is much less than the total composite thickness, 

the surface sections constrain the longitudinal splitting failure within, as depicted in 

Figure 76.  Increasing exposure time, temperature of exposure and moisture content 

leads to increasing width in surface separation sections, indicating that tensile strength 

of the surface layer decreases with time and moisture content. 

 (a) 

 

 
       (b) 

Figure 76.  Surface separation failure mode of tensile specimen.   
Material exposed to 60°C immersion for 24 weeks.  (a) Side view, (b) view 
of surface.  Boxed area identifies same location on single specimen with and 

without surface removed to reveal sub-surface longitudinal splitting. 
 

 Scanning electron microscopy further corroborates the development of failure 

mode in tensile specimens, where significant decreases in interfacial adhesion are 
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observed.  Figure 77 indicates good fiber/matrix adhesion in failed pre-conditioned 

tensile specimens.  In contrast, Figure 78 reveals interfacial debonding on the inner 

surface of one of these sections which failed in tension on the specimen surface and 

separated from the inner thickness. 

In Figure 77, where fibers have pulled out from the bulk material, matrix 

remains adhered to the fiber surface.  The failure of the polymer matrix appears to be 

brittle in nature.  Longitudinal matrix splitting can also be identified in Figure 77.  In 

Figure 78, fiber pullout occurs with little or no matrix adhered to the surface.  There 

are long sections of resin matrix on the failure surface where fiber failure occurred 

with little damage to the matrix, leaving only the concave resin surface, indicating loss 

of fiber/matrix adhesion.  Polymer matrix failure appears to be more ductile in the wet 

material presented in Figure 78. 

Figure 79 depicts two characteristic features of these debonding areas.  Region 

I in Figure 79 is a smooth surface which could represent a void formed between the 

fiber and matrix.  Such smooth, defined surfaces are not seen in unexposed failed 

tensile specimens, so it is reasonable to conclude that Region I indicates interfacial 

debonding.  Region II represents a general loss of fiber/matrix adhesion with localized 

polymer failures where adhesion was better.  Sub-micron pitting can also be identified 

in Region II and on the surfaces adjacent to the labeled areas.  The localized failures 

tend to be less than 3 µm.  There is strong evidence that these areas of localized 

polymer failure occur where there is kaolin filler.  Kaolin clay is a filler commonly 

used in pultrusion and has also been identified at pitting sites on the glass fiber.  The 
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effect of kaolin on glass fiber composite degradation will be addressed further in 

Section 5.3. 

 

Matrix splitting 

20 µm

 
Figure 77.  SEM of tensile failure of as-received material. 

 

 

Figure 78.  SEM of tensile failure after 24 weeks exposure to 60°C immersion. 
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Figure 79.  SEM of tensile failure after 24 weeks exposure to 60°C immersion. 

 

 Increasing moisture content clearly has a detrimental effect on the tensile 

strength of the E-glass/vinyl-ester composite under consideration here.  Figure 80 

presents the wet tensile strength as a function of the adjusted moisture content in the 

tensile specimen, where the adjusted moisture content uses the wet, dry, and initial 

weights, defined as Ww , Wd, and W0, respectively, to account for leaching of degraded 

material into the exposure environment: 

%100
0

, ×
−

=
W

WW
M dw

at . (2)

Figure 80 demonstrates that for material with similar moisture contents exposed to 

99%RH and immersion at the same temperature, the wet tensile strength resulting 

from exposure to 99%RH is less than that resulting from immersion.  Because it takes 

a longer period of time to reach a particular moisture content in 99%RH than in 
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immersion, it would be expected that time aggravates the degradation resulting from 

moisture uptake.  Redrying of the material demonstrates some recovery in tensile 

strength, as seen in Figure 81; however, as the wet tensile strength decreases, the 

recovery after redrying also decreases.  The irreversible degradation occurring at 

higher moisture contents, seen in Figure 80, becomes more severe as its influence on 

the tensile strength increases. 

The tensile modulus demonstrated a general decreasing trend with moisture 

content in material exposed to 99%RH and immersion, but the exposed values were 

generally within initial scatter, as seen in Figure 82 through Figure 85.  It is expected 

that the tensile modulus would decrease with increasing moisture, as the polymer resin 

plasticizes.   

For all 99%RH and immersion environments, the change in tensile modulus 

from wet to dry is on the order of a standard deviation.  However, removal of water 

from material exposed to 99%RH and immersion at 20°C, 40°C, and 60°C does 

consistently result in stiffening of the composite for all conditions except 99%RH at 

60°C, where no clear trend could be identified. 
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Figure 80.  Wet tensile strength as a function of 

adjusted moisture content for 99%RH and immersion exposures. 
Open: 99%RH, closed: immersion.  Linear fit was performed for Mt,a < 1%.  

Power fit was performed for all Mt,a.  Shaded region indicates baseline 
average and standard deviation.  Error bars indicate standard deviation. 
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Figure 81.  Wet and dry tensile strengths for 99%RH and immersion exposures. 

Open: 99%RH, closed: immersion.  The solid line indicates no recovery in tensile 
strength after post-conditioning.  Shaded region indicates baseline average and 

standard deviation.  Error bars indicate standard deviations. 
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Figure 82.  Tensile modulus after exposure to 99%RH and immersion at 20°C. 

H = 99%RH, I = Immersion.  Mmax is maximum apparent moisture content. 
Shaded region indicates baseline average and standard deviation. 

Error bars indicate standard deviations. 
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Figure 83.  Tensile modulus after exposure to 99%RH and immersion at 40°C. 

H = 99%RH, I = Immersion.  Mmax is maximum apparent moisture content. 
Shaded region indicates baseline average and standard deviation. 

Error bars indicate standard deviations. 
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Figure 84.  Tensile modulus after exposure to 99%RH and immersion at 60°C. 

H = 99%RH, I = Immersion.  Mmax is maximum apparent moisture content. 
Shaded region indicates baseline average and standard deviation. 

Error bars indicate standard deviations. 
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Figure 85.  Tensile modulus after exposure to 99%RH and immersion at 80°C. 

H = 99%RH, I = Immersion.  Mmax is maximum apparent moisture content. 
The end time for all sets was 96 weeks except for 80°C, 99%RH (8H), which 
was tested through 72 weeks only.  Shaded region indicates baseline average  

and standard deviation.  Error bars indicate standard deviations. 
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Exposure to 99%RH and immersion at 80°C leads to degradation of the tensile 

modulus, as shown in Figure 85 and Figure 86, likely due to degradation and 

weakening of the fiber as well as the polymer matrix.  Redrying of material exposed to 

80°C immersion leads to a decrease in tensile modulus.  DMTA results, which will 

discussed in Section 6.2.2.3, reveal significant plasticization of the polymer matrix, 

where the dry glass transition temperature increases by ~20°C after the removal of 

water.  A plasticized matrix will not only increase the load in the fibers, reflecting a 

higher longitudinal modulus, but it will also allow for fiber alignment at small loads, 

further increasing the longitudinal modulus when compared to dry modulus values.  It 

is also possible that a severe loss of fiber/matrix adhesion allows for increasing 

sensitivity to matrix plasticization.  In less severe environments, where fiber/matrix 

adhesion may be greater, it is possible that the modulus is more dependent upon the 

performance of the system as a whole, including the stress transfer between less 

degraded fiber and matrix. 

The decrease in longitudinal tensile failure strain after exposure to 99%RH and 

immersion environments represents a trend similar to that seen in the degradation of 

tensile strength.  However, Figure 87 and Figure 88 indicate that, as tensile properties 

degrade, the tensile strength experiences a greater loss than the tensile strain. 
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Figure 86.  Tensile modulus after exposure to 80°C immersion. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 87.  Tensile stress and strain after exposure to 99%RH. 
Closed: wet, open: dry.  Shaded region indicates baseline average and 

standard deviation.  Error bars indicate standard deviations. 
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Figure 88.  Tensile stress and strain after immersion. 

Closed: wet, open: dry.  Shaded region indicates baseline average and 
standard deviation.  Error bars indicate standard deviations. 

 

Exposure to 99%RH and immersion at 20°C results in a loss of wet tensile 

strength with no significant change in failure strain.  Redrying material exposed to 

20°C results in a return of tensile strength to initial values along with an increase in 

tensile strain, seen in Figure 87 and Figure 88.  Removal of the water in material 

exposed to 99%RH at 40°C results in a full regain of tensile failure strain despite a 

permanent decrease in tensile strength.   

These changes in failure strain and strength can be related to the secondary 

modulus, introduced in Section 5.1.2.  Figure 89 presents a summary of moduli after 

exposure to 99%RH and immersion at 20°C and 40°C for 96 weeks.  Secondary 

moduli are not provided for 60°C and 80°C exposures since the exposed material 

failed prior to the onset of a second modulus.  Exposure to high humidity and 
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immersion at 20°C and 40°C results in a secondary modulus less than the initial 

baseline value, 78.9 [7.0] GPa.  Thus it is possible for tensile specimens with these 

lower secondary moduli to achieve higher strains even where tensile strength has been 

lost.  Figure 87 and Figure 88 show that material exposed to 99%RH and immersion at 

20°C and 40°C have been observed to return to failure strains within baseline scatter 

after post-conditioning.  It is possible that, in the case of these exposures, tensile 

failure is dominated by the maximum fiber strain.  Interfacial degradation may be 

responsible for these losses in secondary modulus and ultimate strength. 

While the tensile modulus at early loading does not demonstrate a dramatic 

dependence upon moisture content, Figure 90 indicates the secondary modulus clearly 

decreases with increasing moisture content.  Thus, while the plasticizing effect may 

not manifest itself at low loads, plasticization appears to influence the modulus at 

higher loads, leading to higher failure strains.  SEM investigations provided no 

evidence of fiber degradation after exposure to 20°C and 40°C, supporting the theory 

that failure after these exposures is dictated by fiber strain.  At higher temperatures, 

pitting of fibers, such as that shown in Figure 91, results in severely degraded fiber 

strengths, leading to lower composite strengths and strains. 
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Figure 89.  Tensile modulus and secondary modulus after exposure 
to 99%RH and immersion (Imm) at 20°C and 40°C for 96 weeks. 

Shaded region indicates baseline average and standard deviation for tensile modulus 
(light) and secondary modulus (dark).  Error bars indicate standard deviations. 
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Figure 90.  Secondary modulus after exposure to 

99%RH and immersion at 20°C and 40°C. 
Open: 99%RH, closed: immersion.  Shaded region indicates baseline 

average and standard deviation.  Error bars indicate standard deviations. 
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1 µm

 
Figure 91.  SEM of fiber pitting in tensile specimen. 

Exposed to 80°C immersion for 72 weeks. 
 

5.2  Short Beam Shear Testing 

SBS testing was executed to gain an understanding of the performance of the 

fiber/matrix bond in the monolayer pultruded composite under consideration.  Initial 

short beam shear (SBS) strengths are presented in Table 24.  The average and standard 

deviation for pre-conditioned material was obtained from SBS tests of 70 specimens 

pre-conditioned at 40°C and 18%RH for 6 weeks.  Material exposed to 40°C at 

18%RH was also tested in sets of 5 after another 6, 12, 18, 24, 30, 36, 42, 48, 54, 72, 

78, 96, and 102 weeks of exposure, providing an additional 65 tests.  The baseline 

average and standard deviation were calculated using results from a total 135 SBS 

tests of material exposed to 40°C at 18%RH.  Exposure to 18%RH at 40°C results in 
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slight strengthening after the removal of water, possibly due to embrittlement, as seen 

in pre-conditioned tensile data. 

Table 24.  Initial short beam shear strength. 
Brackets indicate standard deviations. 
 SBS Strength 

As-Received 66.6 [0.7] 
Pre-Conditioned 71.2 [2.2] 

Baseline 71.9 [2.2]  
 

ASTM-D2344 states that a true short beam shear strength may only be 

considered for specimens which fail in shear.  It is also possible for specimens to fail 

in crushing and bending.  Bending was the only alternative failure mode detected and 

occurred only in highly degraded specimens.  Here, short beam shear strengths are 

presented regardless of failure mode.  Short beam shear data for all environments, 

times, wet, and dry sets can be found in Appendix B.2. 

5.2.1  Low and Medium Humidity Short Beam Shear Results 

 While tensile properties do not demonstrate any significant change, short beam 

shear testing of material exposed to 18%RH and 50%RH at elevated temperatures 

reveals increased strengths, as seen in Figure 92 and Figure 93.  Room temperature 

exposures at 18%RH and 50%RH demonstrate a slight decrease in SBS strength, 

although these values are within initial scatter. 
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Figure 92.  SBS strength after exposure to 18%RH for 96 wks. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 93.  SBS strength after exposure to 50%RH for 96 wks. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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The lowest wet SBS strength observed was produced after exposure to 50%RH 

20°C, where the SBS strengths over 96 weeks of exposure ranged from a minimum of 

66.5 [2.3] MPa at 36 weeks to a maximum of 69.5 [1.1] MPa at 48 weeks.  The 

highest wet SBS strength was produced after exposure to 18%RH at 60°C, with SBS 

strengths ranging from 75.0 [1.7] MPa at 36 weeks to 78.8 [2.5] MPa at 96 weeks.  

When material is exposed to 50%RH, the SBS strength increases after the sorbed 

water is removed.  Thus, the plasticizing effect of water becomes obvious even at such 

low water contents of 0.05 % to 0.1 %.  At low humidity, 18%RH, in elevated 

temperatures the SBS strengths consistently increase with temperature.  Removal of 

water after exposure to 50%RH at elevated temperatures reveals an increase in SBS 

strength over the baseline value.   

It is possible that a post-cure effect or loss of low molecular weight species 

(LMWS) lead to the strengthening effect detected through increases in SBS strengths, 

and this effect is amplified at higher temperatures.  The presence of water decreases 

the SBS strength, regardless of temperature, indicating plasticization.  If the SBS test 

is taken to reflect the relative interfacial strength of a composite, this clear sensitivity 

of SBS strength to even small quantities of moisture demonstrates the high sensitivity 

of the interphase in this E-glass/vinyl-ester composite.  It is also possible that the SBS 

strength reflects plasticization or embrittlement of the matrix, which may fail in shear. 

5.2.2  75%RH Short Beam Shear Results 

 SBS testing reveal that exposure to 75%RH at 60°C results in a wet SBS 

strength which is just below baseline scatter, as seen in Figure 94.  Redrying increases 



  196 

 

the SBS strength to above or within initial scatter.  Figure 94 compares SBS results 

after exposure to 75%RH and 50%RH, demonstrating that the removal of water leads 

to a greater increase of SBS strength for material exposed to 75%RH, while the dry 

SBS strengths are greater for material exposed to 50%RH. 
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Figure 94.  SBS strengths after exposure to 50%RH and 75%RH at 60°C. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations.   

 

Increasing moisture contents, resulting from exposure to increased relative 

humidity at one temperature of exposure, result in decreased SBS strengths both 

before and after the removal of any sorbed water, as seen in Figure 95 and Figure 96.  

That is, the presence of water negatively affects interfacial adhesion and matrix shear 

strength, as monitored through SBS testing, and higher water contents result in 

increasingly permanent degradation even if combined with strengthening due to post-

cure or loss of LMWS at elevated temperatures. 
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Figure 95.  Wet SBS strength and apparent moisture content after exposure to 60°C. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations.   
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Figure 96.  Dry SBS strength and apparent moisture content after exposure to 60°C. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations.   
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5.2.3  High Humidity and Immersion Short Beam Shear Results 

 The reversible plasticizing effect becomes most evident at higher moisture 

contents which result from exposure to 99%RH and water immersion.  For a particular 

moisture content, while there is no significant difference between the effects of 

99%RH and immersion exposures, as seen in Figure 97, there is a thermal effect.  The 

wet SBS strength for material exposed to 20°C saturated environments of 99%RH and 

immersion is consistently lower than the SBS strength for material exposed to 99%RH 

and immersion at 40°C, indicating that the strengthening effect, which may result from 

post-cure or leaching of LMWS, is one of several competing mechanisms responsible 

for changes in SBS strength. 
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Figure 97.  Wet SBS strength after exposure to saturated environments. 

Open: 99%RH, closed: immersion.  Shaded region indicates baseline average 
and standard deviation.  Error bars indicate standard deviations. 

 



  199 

 

 Table 25 and Table 26 present the SBS results after 12, 24, and 96 weeks of 

exposure.  Material exposed to 60°C immersion and 99%RH for 12 weeks 

demonstrated full recovery in SBS strength after post-conditioning.  The dry SBS 

strength in material exposed to these 60°C conditions for 12 weeks indicates a 

strengthening effect similar to that seen in material exposed to 60°C at lower 

humidities and all 40°C conditions.  Exposure to 99%RH and immersion at 20°C 

results in a plasticization effect revealed by the full recovery in SBS strength after 

post-conditioning without a strengthening effect seen at elevated temperatures.  After 

12 weeks in these 60°C immersion and 99%RH, the dry SBS strength is lower than the 

baseline value, indicating that the onset of irreversible degradation occurs between 12 

and 24 weeks.  Gravimetric results for material exposed to 99%RH and immersion at 

60°C reveal a sharp increase in moisture uptake between 18 and 24 weeks of exposure 

which was discussed in Section 4.2.  The degradation revealed by SBS testing in 

material exposed to 80°C is irreversible from at least 12 weeks.  

Table 27 and Table 28 provide the differences between wet and dry SBS 

strengths for 99%RH and immersion exposures.  This set of data indicates that the 

removal of water from material exposed to 99%RH and immersion conditions results 

in an increase in SBS strength ranging from 6.5 [2.8] MPa to 16.2 [2.8] MPa, with no 

clear indication of how elevated temperature affects regain.  Hydrogen bonds formed 

by the water molecules with the polymeric interphase will result in plasticization 

leading to decreased interfacial strength.  Hydrogen bonds formed by water molecules 
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with the polymer itself will decrease the shear modulus and strength even while the 

presence of water promotes crosslinking, increasing the same constituent strengths. 

Table 25.  SBS strength after exposure to 99%RH. 
* 80°C, 99%RH was tested through 72 weeks only; 72 week results reported here. 

Brackets indicate standard deviations. 
 Wet Dry 
Time (wk) 12 24 96* 12 24 96* 

20°C 60.9 [2.0] 60.4 [2.8] 57.9 [2.1] 72.9 [2.0] 68.9 [2.6] 69.0 [1.3] 
40°C 62.9 [1.3] 62.3 [2.4] 58.8 [3.6] 73.6 [1.1] 74.6 [1.4] 70.9 [2.1] 
60°C 65.1 [1.8] 55.7 [2.6] 55.2 [3.0] 75.8 [0.7] 65.8 [3.5] 62.8 [2.6] 
80°C 45.8 [3.0] 40.5 [1.5] 35.4 [0.7] 54.9 [2.5] 47.0 [2.8] 41.9 [1.2]  

 
Table 26.  SBS strength after immersion in water. 

Brackets indicate standard deviations. 
 Wet Dry 
Time (wk) 12 24 96 12 24 96 

20°C 59.1 [2.0] 58.6 [1.6] 57.5 [2.0] 71.3 [2.2] 71.5 [0.7] 69.5 [1.7] 
40°C 63.4 [2.2] 61.0 [3.4] 61.4 [2.2] 74.5 [1.1] 73.6 [1.3] 73.6 [1.3] 
60°C 63.4 [2.2] 56.5 [2.2] 50.9 [2.8] 74.4 [4.7] 65.1 [4.7] 60.0 [2.9] 
80°C 49.1 [2.1] 44.4 [4.2] 31.0 [2.4] 57.0 [3.8] 54.2 [3.5] 40.0 [1.7]  

 
Table 27.  Difference between wet and dry SBS strengths for 99%RH. 

* 80°C, 99%RH was tested through 72 weeks only. 
Brackets indicate maximum standard deviation between wet and dry sets. 

Time (wk) 20°C 40°C 60°C 80°C 
12 12.1 [2.1] 10.8 [1.3] 10.7 [1.8] 9.2 [3.0] 
24   8.4 [2.8] 12.3 [1.3] 10.1 [3.5] 6.5 [2.8] 
36   8.7 [2.0] 10.2 [1.9]   5.4 [2.1] 7.4 [2.2] 
48   9.8 [1.5]   8.5 [3.0]   9.2 [3.5] 9.5 [1.8] 
72 14.2 [3.0] 10.4 [3.1] 14.5 [2.3] 6.5 [1.2] 

* 96 11.1 [2.1] 12.1 [3.6]   7.6 [3.0] —  
 

Table 28.  Difference between wet and dry SBS strengths for immersion. 
Brackets indicate maximum standard deviation between wet and dry sets. 

Time (wk) 20°C 40°C 60°C 80°C 
12 12.2 [2.2] 11.0 [2.2] 10.9 [4.7]   7.9 [3.8] 
24 12.8 [1.6] 12.6 [3.4]   8.6 [4.7]   9.8 [4.2] 
36 13.3 [2.4] 11.2 [3.2] 12.4 [4.2] 12.3 [2.2] 
48 14.5 [1.9] 11.1 [3.0]   8.8 [3.1]   7.3 [3.4] 
72 13.3 [1.9] 15.1 [1.8] 16.2 [2.8]   7.5 [4.0] 
96 13.0 [2.0] 12.2 [2.0]   9.2 [2.9]   9.0 [2.4]  
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Through 96 weeks of exposure to 40°C immersion and 99%RH, post-

conditioning results in full recovery of the SBS strength to the high end of the initial 

scatter range.  DMTA tests reveal a dry Tg which is 3°C to 9°C greater than the initial 

baseline average for material exposed to the same exposure conditions, indicating a 

tightening of the polymer network which could be inferred from SBS strengths which 

are also above the baseline value. 

DMTA testing also reveals that an irreversible increase in tanδ peak height 

occurs after exposure to 60°C and 80°C exposures of 99%RH and immersion, 

indicating significant loss of interfacial adhesion [3].  These results will be addressed 

further in Section 6.2.3.3.  Furthermore, a transition in SBS failure mode for these 

degraded specimens from shear to flexure indicates clear degradation of the fiber 

reinforcement which was indicated by concurrent irreversible decreases in tensile 

failure strain. 

The increase in SBS strength after post-conditioning does not appear to depend 

on time or, consequently, moisture content, as seen in Table 27 and Table 28.  Figure 

98 provides the dry SBS strength plotted against weight loss, Wl, after redrying where 

Wl is defined using the weight prior to exposure W0 and the weight after exposure and 

subsequent pre-conditioning Wd  

%100
0

0 ×
−

=
W

WW
W d

l

.
 (3)

Figure 98 indicates that irreversible degradation of SBS strength occurs where 

weight loss after post-conditioning exceeds 0.1 %, indicating severe degradation of the 

constituent materials. 
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Figure 98.  Dry SBS strength and weight loss after redrying. 

Open:  99%RH, closed: immersion.  Shaded region indicates baseline average and 
standard deviation.  Error bars indicate standard deviations. 

 

 Material exposed to saturated environments at 80°C demonstrate extreme 

degradation, where the loss in dry SBS strength is already 14.3 [3.8] MPa for 

immersion and 16.3 [2.6] MPa for 99%RH after 12 weeks and reaches up to 31 [1.7] 

MPa loss after 72 weeks in 99%RH and 96 weeks in immersion .  The increase in SBS 

strength after redrying by material exposed to saturated conditions at 80°C tends to be 

less than that of other saturated environments, as seen in Table 27 and Table 28, 

possibly because of weakened fiber strength.   

5.3  Effect of Kaolin Filler 

 Evidence was presented earlier in Section 5.1.3 that kaolin clay filler, 

commonly used in pultrusion, may contribute to the degradation of material properties.  
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Kaolin is a hydrous alumina silicate clay, Al2O3 · 2SiO2 · 2H2O which is primarily 

mined from hydrothermal deposits [4].  Pure kaolinite composes 50-99% of kaolin 

clay and is characterized by a pseudohexagonal plate structure which forms a layered 

crystal through hydrogen bonding [4].   

Scanning electron microscopy of failed tensile specimens tested after 72 weeks 

exposure to 80°C immersion are shown in , where pitting has occurred in the vicinity 

of a filler particle.  Electron Dispersive X-Ray Spectroscopy (EDX) results, presented 

in Figure 100 and Figure 101, confirm that a layered structure identified in specimens 

exposed to 80°C immersion for 72 weeks has a high concentration of aluminum and 

silicon but low concentrations of carbon and calcium.  The oxygen peak was not as 

strong as the aluminum and silicon peaks, but did conclusively indicate that oxygen is 

present in higher concentrations where there is filler and less so in the polymer and 

fiber.  These results indicate that the filler is, in fact, kaolin clay and not calcium 

carbonate CaCO3, another common filler used in pultrusion. 

Tensile testing of material exposed to 80°C resulted in fiber failure at pitting 

sites, shown in Figure 102 through Figure 104.  SEM analysis consistently revealed 

kaolin filler particles were located at pitting sites where fiber failure occured.  It can 

be inferred that kaolin acts as an initiator for pitting of glass fiber in this pultruded 

composite.  While kaolin clay is known to slow the diffusion of water into and the 

degradation of composite materials when compared to unfilled or calcium carbonate 

filled glass fiber composites [5], kaolin does appear to aggravate the fiber pitting 

process. 
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10 µm 

 
Figure 99.  SEM micrograph of area used for EDX dot map. 

Failed tensile specimen exposed to 80°C immersion for 72 weeks. 
 

10 µm 

 
Figure 100.  Color coded dot map of EDX results corresponding to Figure 99. 

Failed tensile specimen exposed to 80°C immersion for 72 weeks. 
Key to colors in dot map:  Green: Calcium, Blue: Carbon, Red: Silicon. 
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(d) 

Figure 101.  Elemental breakdown of EDX dot map corresponding to Figure 99. 
Failed tensile specimen exposed to 80°C immersion for 72 weeks. 

(a) Carbon, (b) calcium, (c) oxygen, (d) aluminum, (e) silicon. 
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(a) 

 

 
(b) 

Figure 102.  SEM micrograph of fiber pitting occurring next to kaolin. 
Failed tensile specimen exposed to 80°C immersion for 72 weeks. 

(a) is higher magnification of boxed area in (b). 
 
 
 
 

 
(a) 

 
(b) 

Figure 103.  SEM micrograph of fiber pitting occurring next to kaolin. 
Failed tensile specimen exposed to 80°C immersion for 72 weeks. 

Image of pitting in fibers at (a) left and (b) right in Figure 99. 
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(a) 

 

 
(b) 

Figure 104.  SEM micrograph of fiber pitting occurring next to kaolin. 
Failed tensile specimen exposed to 80°C immersion for 72 weeks. 

(a) is higher magnification of boxed area in (b). 
 

 Because the plate-like kaolin crystalline structure is established through 

hydrogen bonding, it would be expected that water molecules would be attracted to 

these filler particles.  The attraction of water molecules to kaolin slows the diffusion of 

water through the bulk composite, but it will also establish local sites with high water 

concentrations.  When kaolin is located near the surface of a glass fiber, it is then 

expected that pitting will be localized in the vicinity of clay filler particles.  While clay 

filler may be viewed to slow the degradation of glass fiber composites, there is cause 

for concern in that it may aggravate the fiber pitting process.  The localized pitting 

may have occurred at scratches on the fiber surface which were created through 

frictional contact between the filler and fiber during the manufacturing process or it 

may be possible that the particles establish a high energy surface site by introducing 

heterogeneities on the fiber surface.  In either case, the fluctuations in surface energy 

would be established in the presence of kaolin, leading to pitting at these locations [6]. 
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 It may also be possible that there is some dissolution of aluminum and silicon 

into the polymer matrix from the glass fiber.  It has been established that glass fiber 

should exhibit dissolution of silica with pitting [7].  Furthermore, it has also been 

claimed that hydrolytic degradation of the glass fiber results from ion exchange 

reactions and contributes to local alkalinity [8].  Interestingly, kaolin is known to only 

react with strong acids and bases and to demonstrate ion exchange reactions [4].  

Therefore the reactivity of kaolin and the glass fiber could act synergistically to further 

aggravate degradation.   

 It should also be recalled that E-glass fiber is known to have a chemical 

makeup which consists of Al2O3 along with several other metal oxides [9].  It has been 

posed that water preferentially adsorbs to the heterogeneous surface sites characterized 

by metal oxides in E-glass fibers [9], which may lead to localized degradation.  It may 

be possible that the metal-oxide surface heterogeneities together with the alumina 

present in kaolin contribute to high surface energies where pitting is very likely.  In 

either of these cases pitting of the fiber may lead to dissolution of silicon or aluminum 

which may form a dissolution locally in the vicinity of kaolin filler particles.  

Therefore, high temperatures and moisture contents should lead not only fiber pitting 

but also to greater degradation localized around kaolin filler. 

 Kaolin was identified earlier in Section 5.1.3 underneath sites of localized 

polymer failure in specimens which also demonstrated poor interfacial adhesion.  The 

micrograph presented in Figure 79 which depicted poor fiber/matrix adhesion is 

presented again in Figure 105.  A closer look at one of the localized failure sites 
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reveals a layered structure underneath representing that of kaolin.  Figure 105, Figure 

103(a), and Figure 104(b) all indicate that the kaolin filler particle may experience 

debonding along its own interface after immersion in deionized water.  Again, because 

water would be attracted to the kaolin filler, it may be expected that localized 

debonding occurs at the filler interface.  Debonding would then result in greater 

moisture sorption in the immediate vicinity of the filler particle, leading to possible 

microcracking, microvoid formation, or polymer degradation.  The resin surface at the 

failed fiber/resin interface in Figure 105 shows some similarity to the failed fiber/resin 

interface shown in Figure 106 and Figure 107 and on the right side of Figure 99. 

In summary, kaolin may slow the initial degradation of a glass reinforced 

composite.  The hydrophilic nature of kaolin clay may ultimately lead to more severe 

degradation over the decades long service life of a civil structure.   

 

5 µm

 
(a) (b) 

Figure 105.  SEM micrograph of failed tensile specimen revealing kaolin filler. 
Material exposed to 60°C immersion for 24 weeks. 

(a) is higher magnification of boxed area in (b). 
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Figure 106.  SEM micrograph of failed tensile specimen exposed to 60°C immersion 

for 24 weeks, indicating weakened polymer at fiber/matrix interface. 
 

 

10 µm 

 
Figure 107.  SEM micrograph of failed tensile specimen exposed to 40°C immersion 

for 12 weeks, indicating weakened polymer at fiber/matrix interface. 
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5.4  Relating Results of Short Beam Shear and Tension Testing 

 It is well known that the tensile strength is highly dependent upon interfacial 

adhesion.  Results from short beam shear testing are primarily used to address the 

interlaminar shear strength (ILSS) of a composite, though it has been suggested that its 

use is appropriate for use as a relative measure of the fiber/matrix adhesion due to its 

sensitivity to through thickness longitudinal shear strength [10,11].  In the case of a 

pultruded composite, where the material is considered a single lamina, the shear 

failure should occur either in the matrix or at the interfacial level.  However, because 

the test mode and failure modes are wholly distinct, it is difficult to quantitatively 

relate any short beam shear strength to tensile strength. 

 Exposure to low and medium humidity environments did not result in 

significant changes in tensile strength, though increases in SBS strength could be 

observed.  Any increases in polymer or interphasial strength, reflected by increases in 

SBS strength, were not significant enough to result in increases in tensile strength. 

 Exposure to 75%RH at 60°C revealed a decrease in SBS strength and tensile 

strength and strain prior to post-conditioning.  Plasticization is evidenced through the 

near full recovery in SBS and tensile strengths after post-conditioning and also can be 

detected through the decrease in tensile strain prior to post-conditioning resulting from 

the increased secondary modulus.   

Removal of water through post-conditioning returns the tensile strength to the 

low end of initial scatter and the tensile strain returns to the high end of initial scatter, 

as shown in Figure 108 and Figure 109. Post-conditioning of this material exposed to 



  212 

 

75%RH at 60°C, however reveals a strengthening effect as the SBS strength increases 

above initial values after post-conditioning, also shown in Figure 108 and Figure 109.  

Degradation of the interphase, also detected through increases in tanδ peak height 

through DMTA results discussed in Section 6.2.3.2, is likely responsible for 

degradation in tensile strength both before and after post-conditioning.  Conversely, 

the increased dry tensile strain may be a consequence of the strengthening effect 

detected in SBS testing.  A stiffer polymer network, also detected through increases in 

Tg, would result in a polymer which could experience greater deformation, despite a 

weakening of the bulk composite.  Unexposed material exhibited a longitudinal 

splitting failure indicative of longitudinal matrix splitting.  DMTA and SBS results 

indicate that the decreased tensile strength and increased tensile strain of the exposed 

material is likely a consequence of a stronger polymer network coupled with a 

weakened interfacial strength. 
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Figure 108.  Tensile strength and SBS strength after exposure to 75%RH at 60°C. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations.   
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Figure 109.  Tensile strain and SBS strength after exposure to 75%RH at 60°C. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations.   
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SBS results indicate that exposure to 99%RH and immersion at 20°C results in 

reversible plasticization.  At 40°C, exposure to 99%RH and immersion, plasticization 

also occurs but competes with a strengthening effect.  The recovery in SBS strength 

and tensile failure strain after post-conditioning suggests that fibers are not damaged 

in these 20°C and 40°C environments over 96 weeks of exposure.  Exposure to 

99%RH and water immersion at 60°C permanently degrades the tensile strength at all 

time steps.  In the first 12 weeks, the loss in SBS strength can be reversed and even 

increased above initial values after redrying.  After 12 weeks of environmental 

exposure, post-conditioning results in 83% and 53% recovery in tensile strain for 

99%RH and immersion, respectively.  The dry SBS strength, provided in Table 29, is 

also greater for 99%RH after drying.   

Table 29.  SBS strengths and tensile strain after 
12 weeks exposure to 99%RH and immersion at 60°C. 

Brackets indicate standard deviations. 
  Wet Dry 
 Initial 99%RH Immersion 99%RH Immersion 

SBS (MPa) 71.9 
  [2.2] 

65.1 
  [1.8] 

63.4 
  [2.2] 

75.8 
  [0.7] 

74.4 
  [4.7] 

Tensile Strength (MPa) 1119 
   [44] 

760 
   [9] 

733 
 [18] 

850 
[19] 

800 
  [13] 

Tensile Strain (%) 1.79 
[0.13] 

1.39 
[0.06] 

1.39 
[0.03] 

1.66 
[0.08] 

1.56 
[0.06] 

tanδ peak height 0.193 
[0.011]

0.259 
[0.005] 

0.256 
[0.009] 

0.194 
[0.010] 

0.239 
[0.010] 

Tg [E’’] (°C) 100.4 
   [2.9] 

99.6 
  [0.7] 

101.6 
    [0.6] 

114.9 
    [1.3] 

115.1 
   [0.6]  

 
Assuming results of SBS testing reflect relative strength of the fiber/matrix 

interphase, it would be expected that the tensile strength would recover more after 

redrying.  However, DMTA results presented in Table 29 indicate that there is likely 
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interphasial degradation occurring in the first 12 weeks of exposure as the tanδ peak 

height increases.  Increases in Tg reveal potential further post-cure or loss of LMWS 

which may increase polymer strength while decreasing the failure strain.  It is possible 

that an increase in polymer strength accounts for the increase in SBS strength while 

the degradation of the interface is responsible for the permanent loss in tensile 

strength. 

After the first 12 weeks of exposure to 99%RH and immersion at 60°C, 

irreversible degradation of the tensile and SBS strength can be attributed to fiber 

pitting, revealed through SEM analysis.  Fiber pitting in material exposed to 80°C 

saturated environments was detected in the scanning electron microscope after the first 

12 weeks, leading to severe permanent degradation of material strength. 

In summary, plasticization of the matrix and interphase occurs at 20°C and is 

reversible.  Plasticization or leaching occurring in the polymer and interphase at 40°C 

and 60°C cannot counteract the irreversible strengthening effect due to post-cure or, 

more likely, leaching of LMWS and degradation occurring in these aggressive 

environments.  After 12 weeks of exposure to 99%RH and immersion at 60°C there is 

a transition from reversible plasticization and strengthening, similar to that seen in 

material exposed to similar conditions at 40°C, to irreversible degradation of the fiber, 

matrix, and interphase, similar to but less severe than degradation experienced by 

material exposed to wet conditions at 80°C.  Severe hydrolysis at 80°C leads to 

chemical and physical damage and permanent degradation of material strengths. 
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6.  Dynamic Mechanical Thermal Analysis 

6.1 Background 

 Dynamic mechanical thermal analysis (DMTA) is a highly sensitive analytical 

technique for investigating characteristic transitions of polymers.  Determination of 

the glass transition temperature, Tg, with environmental exposure can reveal 

plasticization through a reversible decrease in Tg or post-cure through an irreversible 

increase in Tg.  Leaching of low molecular weight species (LMWS) may also lead to 

an increase in Tg as the mobility of the polymer decreases when the LMWS are 

removed.  In addition to providing Tg for thermoset polymers, the characteristic 

DMTA curves introduced in the following discussion may also reveal information 

regarding relative crosslink density and interfacial adhesion. 

 The storage modulus, E’, curve of a thermoset or its composite is characterized 

by glass transition region and the glassy and rubbery plateaus before and after Tg.  Tg 

can be determined as the temperature at inflection point in the E’ curve [1].  

Strengthening of the polymer due to post-cure may also be revealed through increases 

in the glassy modulus.  A decrease of the glassy modulus may indicate degradation of 

the composite material with environmental exposure.  Based upon rubber elasticity 

theory, the rubbery plateau is assumed to correlate to changes in crosslink density of 

the polymer [2].  Classic rubber elasticity theory can be used to describe the average 

molecular weight between crosslinks, Mc, [3] 
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where E’rp is the rubbery modulus of the unreinforced polymer, R is the gas constant, 

T is the temperature in Kelvin, and ρ is the density of the unreinforced polymer.  This 

calculation of molecular weight should be taken as a qualitative representation of 

changes in crosslinking rather than as an absolute value, despite the acceptable order 

of magnitude [3].  The crosslink density, ρc, can be calculated as the inverse of Mc.  

Previous studies on the crosslinking of a vinyl-ester with styrene content indicate that 

increasing styrene content correlates to a decrease in crosslink density and, 

consequently, rubbery modulus [4-7]. 

 DMTA testing is based upon the in phase, elastic and the out of phase plastic 

response of a viscoelastic material to an applied load.  The storage modulus describes 

the elastic response while the loss modulus, E”, describes the out of phase component.  

The breadth of the E” curve relates to the range of the glass transition region and the 

peak E” correlates to Tg.  Tg as detected from E” should correlate to the value obtained 

from E’, but these values will be lower than that determined from tanδ [1].  The loss 

modulus represents the amount of energy dissipated in the deformation process [8].  

For a composite, this dissipation may originate in the viscoelastic matrix, interphase, 

or filler, such as glass fiber reinforcement or fillers such as kaolin clay or calcium 

carbonate which are commonly used in pultruded structural composites.  Energy 

dissipation may also be related to the quality of interfacial adhesion, where lower 

interfacial adhesion results in greater energy loss [8].  For the material considered 

here, burn-off tests revealed the presence of a particulate filler confirmed to be kaolin 
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clay, as discussed in Section 5.3.  Changes in interfacial adhesion could be attributed 

to changes in the adhesion of the polymer matrix to either the glass fiber 

reinforcement or the particulate filler.  An increase in the volume fraction or size of 

filler will lead to an increase in E” [9] since the filler surface area increases with both 

variables. 

 The damping curve described by tanδ describes the ratio of the loss modulus to 

storage modulus.  The high sensitivity of this value to changes in both E’ and E” can 

result in curves which demonstrate unambiguous peaks, allowing for straightforward 

detection of Tg and other characteristic transitions.  However, because of the 

sensitivity to changes in the storage and loss moduli, the tanδ peak value may be less 

consistent in the determination of Tg [1].  The height of the tanδ curve has also been 

related to interfacial adhesion performance [8].  An increase in damping loss, where 

the characteristic value is taken as the tanδ peak height, correlates to a loss in 

interfacial adhesion since perfect adhesion would restrict the mobility of the polymer 

in the immediate vicinity of the fiber reinforcement, leading to a quicker response 

when a load is applied.  Therefore, as the fiber/matrix bond performance decreases, 

the tanδ peak height increases [8].  Conversely, as the degree of crosslinking increases, 

the system rigidity increases and can be observed in a broadened transition region and 

decreased tanδ values [2].  A broadening of the tanδ glass transition region has also 

been attributed to the presence of a stiffer interphase [1]. 

 A drying effect is often observed in the characteristic curves of material which 

has been exposed to water environments [10].  The drying effect is most obvious in 
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the tanδ curve, where biphasic behavior may be observed through two peaks 

characterizing the plasticized, wet material with lower Tg and the dry material with 

higher Tg [11].  This drying effect may be affected by scan rate [12], as a longer time 

at elevated temperature will result in a drier material. 

Biphasic behavior can also be observed in a two component resin [13].  In a 

styrene crosslinked vinyl-ester, homopolymerization of styrene may occur to form a 

second phase with a characteristic Tg distinct from that of the vinyl-ester.  

Alternatively, the components used to form vinyl-ester may react with each other 

during the DMTA scan, resulting in a lower Tg characteristic of the uncured polymer 

and a higher Tg characteristic of the polymer with higher crosslink density.  Evidence 

of this biphasic behavior in dry vinyl ester, attributed to measurement “instability”, is 

indicated in [14], where the biphasic behavior observed in neat vinyl ester resin is 

indistinguishable in the glass fiber composite.  The appearance of a second peak has 

also been attributed to the presence of an interphase [15]. 

 While the current study would greatly benefit from a comparison of the 

behaviors of neat resin and composite, it was not possible to replicate the cure 

schedule and formulation of the neat resin used in this pultruded material.  The 

thermal gradients imposed upon the raw fiber and resin as they are pulled through the 

die are not uniform.  Non-uniform resin formulation in the composite at the microscale 

may also result from preferential adsorption of one part of the uncured resin to the 

fiber surface or due to the formation of an interphase near the fiber surface [16].  The 
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interphase in a glass composite has been detected in DMTA tests conducted in the 

longitudinal direction but is indistinguishable in the transverse direction [15]. 

6.2  DMTA Testing Results 

6.2.1  Initial Values 

 Values for as-received and pre-conditioned characteristic DMTA parameters 

are provided in Table 30.  The average and standard deviation values for pre-

conditioned material were obtained using DMTA results after testing of 56 specimens 

pre-conditioned at 40°C and 18%RH for 6 weeks.  Material exposed to 40°C at 

18%RH was also tested in sets of 4 after another 6, 12, 18, 24, 30, 36, 42, 48, 54, 72, 

78, 96, and 102 weeks of exposure, providing an additional 52 tests.  The baseline 

average and standard deviation were calculated using results from a total 108 tensile 

tests of material exposed to 40°C at 18%RH.  Representative curves are presented in 

Figure 110 and Figure 111.  DMTA results for all environmental exposures can be 

found in Appendix C. 

Table 30.  Initial DMTA values. 
Brackets indicate standard deviations. 

 As-Received Pre-conditioned Baseline 
Tg (°C) (tanδ peak) 112.7 [2.6] 116.8 [4.7] 117.8 [4.2] 
Tg (°C) (E” peak) 95.3 [1.7] 99.3 [2.8] 100.4 [2.8] 

tanδ peak height 0.197 [0.006] 0.194 [0.010] 0.193 [0.011] 
E’ (GPa) (Tg - 60°C) 18.2 [0.3] 17.5 [0.7] 17.7 [0.8] 
E’ (GPa) (Tg + 60°C) 2.19 [0.19] 2.21 [0.14] 2.14 [0.17]  

 
The glass transition region can be qualitatively addressed using the breadth of 

the tanδ curve.  The glass transition region has previously be quantified as the full 

width at half the maximum (FWHM) of the tanδ curve [6].  For both raw and pre-
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conditioned material, the FWHM is about 80°C.  Consequently, the glassy and 

rubbery moduli are selected at Tg ± 60°C, rather than using the usual 40°C or 50°C 

offset, so that the E’ value selected represents that on the glassy and rubbery plateau.  

Where failure occurs before Tg + 60°C, the rubbery modulus is taken as the minimum 

E’ immediately before failure. 
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Figure 110.  Representative storage and loss modulus curves of unexposed material. 

Thin: as-received; bold: pre-conditioned. 
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Figure 111.  Representative tanδ curves of unexposed material. 

Thin: as-received; bold: pre-conditioned. 
 

6.2.2  Glass Transition Temperature 

6.2.2.1  Low and Medium Humidity Results 

 Exposure to 18%RH and 50%RH results in subtle increases in tensile strength 

and strain, discussed in Section 5.1.1.  The same exposures indicate clear increases in 

short beam shear (SBS) strength at elevated temperatures of exposure and small 

decreases at 20°C, as shown in Section 5.2.1.  The increases in SBS strength indicate a 

strengthening of the polymer or interphase or a combination of both through leaching 

of LMWS or post-cure or a combination thereof.  Redrying of the material results in 

observable increases of SBS strength.  The small decreases in SBS strength observed 

at room temperature and the increases observed after redrying indicate that there is a 

small plasticization effect detectable through SBS testing.  Comparing Tg values to 
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SBS strength values indicates that both plasticization and either leaching of LMWS or 

post-cure occurs, as seen in Figure 112 through Figure 119.  These results are not 

surprising, as increases in Tg are often correlated with increases in polymer strengths 

[17], due to a tightening of the polymer network.  The following discussion presents a 

detailed analysis of the changes in Tg, as determined using both the tanδ and E” peak, 

after exposure to 18%RH and 50%RH environments. 
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Figure 112.  Wet Tg (using tanδ) and SBS strength for 18%RH exposures. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 113.  Dry Tg (using tanδ) and SBS strength for 18%RH exposures. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 114.  Wet Tg (using tanδ) and SBS strength for 50%RH exposures. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 115.  Dry Tg (using tanδ) and SBS strength for 50%RH exposures. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 116.  Wet Tg (using E”) and SBS strength for 18%RH exposures. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 117.  Dry Tg (using E”) and SBS strength for 18%RH exposures. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 118.  Wet Tg (using E”) and SBS strength for 50%RH exposures. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 119.  Dry Tg (using E”) and SBS strength for 50%RH exposures. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 

 

6.2.2.1.1  Tg as Determined from tanδ Peak 

Material exposed to 18%RH and 50%RH at 20°C demonstrates a small 

decrease in average Tg as determined using the tanδ peak.  This decrease results in a Tg 

which is within initial scatter bounds except for two wet sets exposed to 50%RH at 

20°C for 36 and 48 weeks, as shown in Figure 120 and Figure 121.  Figure 122 and 

Figure 123 reveal a trend of increasing Tg for material exposed to low and medium 

relative humidity at 40°C.  All Tg are within initial scatter except for that of material 

which was post-conditioned after exposure to 50%RH at 40°C for 96 weeks, where the 

Tg clearly increased.  Material exposed to 18%RH and 50%RH at 60°C shows a 

general increase in both wet and dry Tg from the baseline value, as shown in Figure 

124 and Figure 125.   
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Figure 120.  Tg (using tanδ) for material exposed to 20°C at 18%RH. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 121.  Tg (using tanδ) for material exposed to 20°C at 50%RH. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 122.  Tg (using tanδ) for material exposed to 40°C at 18%RH. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 123.  Tg (using tanδ) for material exposed to 40°C at 50%RH. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 124.  Tg (using tanδ) for material exposed to 60°C at 18%RH. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 125.  Tg (using tanδ) for material exposed to 60°C at 50%RH. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Exposure to room temperature leads to small moisture uptake, resulting in a 

depression of the average Tg.  Exposure to elevated temperatures results in an increase 

in wet Tg for material exposed to 18%RH and an increase in dry Tg resulting from 

exposure to 50%RH.  Increases in Tg after post-conditioning of material exposed to 

50%RH indicate plasticization. 

The increase in Tg seen for specimens exposed to 50%RH at 60°C tested 

before and after post-conditioning are likely a consequence of leaching of LMWS.  

Between 6 weeks and 24 weeks of exposure to 50%RH at 60°C, DMTA specimens 

demonstrate a steady decrease in weight, seen in Figure 126, likely a result of leaching 

of residual LMWS, even in the presence of water.  Apparent moisture uptake in Figure 

126 is calculated using the exposed, wet weight Ww and the initial, pre-conditioned 

weight W0: 

%100
0

0 ×
−

=
W

WW
M w

t

.
 (2)

While SBS, moisture and tensile specimens exposed to 60°C and 50%RH do not 

demonstrate weight loss after post-conditioning, DMTA specimens show a slight loss 

in weight, seen in Figure 127, indicating loss of some material between completion of 

pre-conditioning and completion of post-conditioning.  Weight loss is calculated using 

the weight after post-conditioning: 

%100
0

0 ×
−

=
W

WW
W d

l

.
 (3)

It is highly likely that this loss of material occurred during exposure to 60°C at 

50%RH.  While the weight loss and drops in apparent moisture uptake do not directly 
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correlate to changes increases in Tg, these results provide evidence for loss of LMWS 

during exposure to 60°C at 50%RH which may be responsible for the increase in Tg.   
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Figure 126.  Moisture trend for DMTA specimens exposed to 50%RH at 60°C. 

Error bars indicate standard deviations. 
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Figure 127.  Weight loss of DMTA specimens 
post-conditioned after exposure to 50%RH at 60°C. 

Error bars indicate standard deviations. 
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6.2.2.1.2  Tg as Determined from Loss Modulus Peak 

 Similar trends in Tg are found when using the E” curve rather than the tanδ 

curve to detect Tg.  Where high standard deviations indicate significant overlap of 

scatter for Tg values obtained using the tanδ peak, the lower scatter inherent in the Tg 

determined using E” peaks allows for more straightforward detection of changes in Tg.  

Figure 128 through Figure 133 provide Tg values, determined using E”, for material 

exposed to 18%RH and 50%RH.   
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Figure 128.  Tg (using E”) for material exposed to 20°C at 18%RH. 
Shaded region indicates baseline average and standard deviation. 

Error bars indicate standard deviations. 
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Figure 129.  Tg (using E”) for material exposed to 20°C at 50%RH. 
Shaded region indicates baseline average and standard deviation. 

Error bars indicate standard deviations. 
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Figure 130.  Tg (using E”) for material exposed to 40°C at 18%RH. 
Shaded region indicates baseline average and standard deviation. 

Error bars indicate standard deviations. 
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Figure 131.  Tg (using E”) for material exposed to 40°C at 50%RH. 
Shaded region indicates baseline average and standard deviation. 

Error bars indicate standard deviations. 
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Figure 132.  Tg (using E”) for material exposed to 60°C at 18%RH. 
Shaded region indicates baseline average and standard deviation. 

Error bars indicate standard deviations. 
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Figure 133.  Tg (using E”) for material exposed to 60°C at 50%RH. 
Shaded region indicates baseline average and standard deviation. 

Error bars indicate standard deviations. 
 

Small decreases in Tg are observed in material exposed to low humidity at 

20°C, as seen in Figure 128, indicating that the presence of even a small bit of 

moisture sorbed in a room temperature 18%RH environment results in a decrease in 

Tg.  These water molecules may loosen the polymer network, evidenced by a lower Tg, 

where it requires less energy to activate segmental motion.  Removal of the sorbed 

moisture through post-conditioning will not result in a significant shift in Tg since the 

apparent moisture content was so low.  However, the relaxation of the polymer 

network may still remain, indicated by a depressed Tg which does not change between 

wet and dry sets.  A similar phenomenon is seen in material exposed to 50%RH at 

20°C, where plasticization becomes obvious and the dry Tg is about the same as that 

for material exposed to 18%RH at the same temperature, as shown in Figure 129. 
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Figure 130 illustrates a very gradual increase in Tg for material exposed to 

18%RH at 40°C.  While it is expected that values for the 18%RH exposure at 40°C lie 

within the baseline scatter since the baseline is calculated using these values, there a 

gradual increasing trend with time, nonetheless.  A similar gradual increasing trend 

can be seen in Figure 131 for material which has been post-conditioned after exposure 

to 50%RH at 40°C where the plasticizing effect of water has been reversed.  These 

results indicate that there is a gradual tightening of the polymer network, possibly a 

result of leaching of LMWS or progressive polymeric reaction at this elevated 

temperature.   

Exposure to 60°C at 18%RH results in a Tg which gradually increases with 

exposure time, as shown in Figure 132.  This increase in Tg is likely a consequence of 

leaching of LMWS in this dry environment.  Figure 133 illustrates the significant 

increase of Tg in material exposed to 50%RH even before the removal of water 

through post-conditioning.  The steady decrease in wet Tg from 48 weeks through 96 

weeks is indicative of an increasing plasticization phenomenon, where a longer 

exposure to 50%RH at 60°C allows for easier activation of segmental motion in the 

presence of water.  The discussion of the moisture sorption trend presented in Section 

4.2 proposed that leaching of LMWS occurs through about 24 weeks after which the 

polymer network begins to relax, allowing for greater moisture sorption.  The 

relaxation of the polymer network would allow for increased hydrogen bonding with 

sorbed water molecules, leading to an increased plasticization effect when water is 
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present.  However, the leaching of LMWS would result in a tightened polymer 

network reflected by a progressively higher Tg after the removal of water.   

6.2.2.2  75%RH Results 

Material exposed to 75%RH at 60°C demonstrates an increase in Tg even 

before water is removed, shown in Figure 134.  Because material exposed to 75%RH 

has a higher water content than material exposed to 50%RH at the same temperature, 

the it is expected that the increased plasticization effect would result in a wet Tg for 

material exposed to 75%RH which is lower than that for material exposed to 50%RH.  

The plasticization effect is reversed after redrying, whereupon the Tg of material 

exposed to 50%RH and 75%RH at 60°C is about the same.  Again, the using the E” 

curve to detect Tg results in more distinct trends with lower scatter. 
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Figure 134.  Change in Tg after exposure to 75%RH at 60°C. 

Standard deviation of baseline Tg using tanδ and E” indicated by light shaded region 
and dark shaded region, respectively.  Error bars indicate standard deviation. 
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6.2.2.2.1  Tg as Determined from tanδ Peak 

 Investigation of the tanδ curves indicates that the Tg does not change 

significantly from initial values when tested immediately after exposure, as shown in 

Figure 134 and Figure 135.  However, redrying reveals that the Tg increases from the 

baseline average by 7.9 [2.2] °C at just 12 weeks to 11.2 [1.4] °C at 48 weeks.  The 

plasticization effect depressed Tg by 5.5°C [2.2] °C at 12 weeks and 8.8°C [6.8] °C at 

48 weeks.  Figure 135 shows that while material exposed to 50%RH at 60°C 

demonstrates plasticization only some of the time, the plasticization observed in 

material exposed to 75%RH at the same temperature is more consistent and generally 

more dramatic than that resulting from exposure to 50%RH.  Furthermore, the dry Tg 

for material exposed to these two humidities are very close to each other, as seen in 

Figure 135, indicating that the while plasticization effects are greater with exposure to 

75%RH, the increase of Tg resulting from leaching of LMWS or possible post-cure is 

comparable once the water is removed. 
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Figure 135.  Tg (using tanδ) for material exposed to 50%RH and 75%RH. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 

 

6.2.2.2.2  Tg as Determined from Loss Modulus Peak 

The increase in Tg resulting from post-cure or leaching of LMWS into 60°C 

humid environments is more pronounced when considering Tg as determined from E” 

rather than tanδ, even before removal of water.  Figure 136 illustrates the increases in 

wet Tg observed for both 50%RH and 75%RH exposures at 60°C. 

Testing of dry material after post-conditioning results in an increase in Tg 

ranging from 7.8 [1.6] °C to 12.2 [1.3] °C.  The depression in this Tg resulting from 

plasticization has less scatter and is more dramatic than that of 5~9°C seen using the 

Tg determined from the tanδ peak.  A more significant plasticization phenomenon is 

expected in higher humidity environments where the moisture uptake is greater.  

Again, the dry Tg for material exposed to 50%RH and 75%RH at the same temperature 
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are comparable, and the increase from initial values is greater for Tg determined using 

E” rather than tanδ. 
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Figure 136.  Tg (using E”) for material exposed to 50%RH and 75%RH. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 

 

6.2.2.3  High Humidity and Immersion Results 

 While the effects of plasticization and leaching of LMWS are sometimes 

difficult to detect in material exposed to 18%RH and 50%RH, material exposed to 

99%RH and immersion environments demonstrates much more plasticization.  

Increasing temperature of exposure results in a steady increase in Tg. 

6.2.2.3.1  Tg as Determined from tanδ Peak 

Using the tanδ peak, the most significant decrease in Tg from the baseline 

average occurs with exposure to immersion at 20°C, as seen in Figure 137 and Figure 
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138.  In exposures at 20°C, the decrease in Tg is more dramatic after immersion in 

water when compared to exposure to 99%RH.  The variation of Tg resulting from 

exposure to 40°C does not differ significantly between 99%RH and immersion.  After 

redrying, the Tg of all material exposed to 99%RH and immersion at 20°C and 40°C 

are all within initial scatter.  Through 36 weeks, the dry Tg of material exposed to 

these four environments are all within scatter range of each other.  From 48 weeks on, 

though, material exposed to 40°C has a higher Tg than that of material exposed to 

20°C, indicative of increasing rigidity in the polymer network with increasing time of 

exposure at 40°C. 

These results provide evidence that, similar to SBS results, presented in Figure 

139and Figure 140, a tightening of the polymer network does occur at 40°C, likely a 

result of leaching of LMWS or post-cure.  Because the composite material 

demonstrates degradation and leaching of degraded material in 99%RH and 

immersion environments at elevated temperatures, it is not possible to isolate leaching 

of residual LMWS from leaching of degradation products. 
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Figure 137.  Tg (using tanδ) for material exposed to 99%RH for 96 weeks. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 138.  Tg (using tanδ) for material immersed in water for 96 weeks. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 139.  Tg (using tanδ) and SBS strength for 99%RH exposures. 

Open: wet, closed: dry.  Shaded region indicates baseline average and standard 
deviation.  Error bars indicate standard deviations. 
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Figure 140.  Tg (using tanδ) and SBS strength for immersion exposures. 

Open: wet, closed: dry.  Shaded region indicates baseline average and standard 
deviation.  Error bars indicate standard deviations. 
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For material exposed to 60°C, exposure to 99%RH consistently results in a wet 

Tg lower than that for material exposed to immersion.  This phenomenon is 

demonstrated for one set tested at 96 weeks in Figure 137 and Figure 138.  It is likely 

that the increased Tg is a consequence of leaching which occurs more readily in the 

liquid water exposures and leads to a strengthening effect.  While greater weight loss 

correlates to a higher Tg, as shown in Figure 141, it also correlates to a higher 

temperature of exposure.  The dry Tg appears to be primarily a function of temperature 

of exposure rather than as a function of amount of material lost to the exposure 

environment, although the dry Tg does appear to increase gradually over time.  Figure 

142  illustrates this gradual increasing Tg for material immersed in deionized water at 

60°C.  Similar trends are seen for 99%RH and immersion at 40°C, 60°C, and 80°C.  

These results indicate that while the majority of LMWS are leached into the 

environment in the first 12 weeks, the leaching may progress over the course of years. 

With increasing temperature and moisture content, the plasticization 

phenomenon leads to greater changes in Tg, as Figure 143 and Figure 144 demonstrate.  

Figure 143 and Figure 144 plot the change in Tg from wet to dry as a function of 

adjusted moisture content Mt,a, where Mt,a reflects the amount of water in degraded 

specimens by accounting for leaching of degraded material.  Mt,a is calculated using 

the wet, dry, and initial weights (Ww, Wd, and W0): 

%100
0

, ×
−

=
W

WW
M dw

at

.
 (4)

The increase in Tg after post-conditioning is most significant for the material exposed 

to 80°C immersion where the material experiences the greatest moisture uptake and 
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leaches the most degraded material.  It can be concluded that an increasing 

temperature of exposure for 99%RH and immersion exposures results in higher 

moisture content, plasticization, and leaching of LMWS. 
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Figure 141.  Tg (using tanδ) as a function of weight loss for immersion exposures. 

Shaded region indicates baseline standard deviation. 
Error bars indicate standard deviations. 
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Figure 142.  Tg (using tanδ) material exposed to 60°C immersion. 

Shaded region indicates baseline standard deviation. 
Error bars indicate standard deviations. 
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Figure 143.  Regain in Tg (using tanδ) as a function of 

adjusted moisture content for 99%RH exposures. 
Shaded region indicates baseline standard deviation. 

Error bars indicate standard deviations. 
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Figure 144.  Regain in Tg (using tanδ) as a function of 
adjusted moisture content for immersion exposures. 
Shaded region indicates baseline standard deviation. 

Error bars indicate standard deviations. 

6.2.2.3.2  Tg as Determined from Loss Modulus Peak 

 As seen in Figure 145 and Figure 146, using the E” peak to determine Tg 

reveals a clear plasticization effect as a function of moisture content, though the 

depression in Tg due to plasticization, presented in Figure 147 and Figure 148, does 

not demonstrate a clear trend with moisture content.  The slight increase in 

plasticization induced by increasing moisture content is obscured by the high scatter of 

the calculated regain. 

Figure 149 and Figure 150 provide a plot of the shift from initial to dry Tg as 

determined using E”.  The shift in Tg resulting from leaching of LMWS is lower in 

magnitude than that indicated by shifts in Tg using tanδ, but the scatter is also much 

lower.  Figure 149 and Figure 150 provide a clear indication of the dependency of Tg 
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on moisture content, where the leaching effect is amplified for higher temperatures, as 

discussed in the previous section. 
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Figure 145.  Wet Tg (using E”) with adjusted moisture content for 99%RH exposures. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 146.  Wet Tg (using E”) with adjusted 
moisture content for immersion exposures. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 147.  Regain in Tg (using E”) as a function of 

adjusted moisture content for 99%RH exposures. 
Shaded region indicates baseline standard deviation. 

Error bars indicate standard deviations. 
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Figure 148.  Regain in Tg (using E”) as a function of 
adjusted moisture content for immersion exposures. 
Shaded region indicates baseline standard deviation. 

Error bars indicate standard deviations. 
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Figure 149.  Change in dry Tg (using E”) from initial as a function of 

adjusted moisture content for 99%RH exposures. 
Shaded region indicates baseline standard deviation. 

Error bars indicate standard deviations. 
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Figure 150.  Change in dry Tg (using E”) from initial as a function of 

adjusted moisture content for immersion exposures. 
Shaded region indicates baseline standard deviation. 

Error bars indicate standard deviations. 
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6.2.3  Peak Height of Damping Loss Curve 

 While plasticization effects are largely reversible, changes in interfacial 

adhesion are largely irreversible, as the SEM micrographs of failed tensile specimens, 

provided in Figure 151, confirm.  As interfacial debonding progresses, more energy is 

dissipated during loading, and the tanδ peak increases [8,14,18]. 

(a) (b) 
Figure 151.  SEM micrographs of tensile failure. 

Material exposed to 60°C Immersion for 36 weeks. (a) Wet, (b) Dry. 
 

 In the case of a neat vinyl-ester resin, the tanδ peak height increases with 

increasing styrene content [4-7].  Because styrene acts as a chain extender [14], it is 

commonly observed that increasing styrene content in vinyl ester resins decreases the 

crosslink density, increases the mobility of the polymer chains, and consequently 

increases the tanδ peak height [2]. 

It is also well known that the presence of moisture causes a decrease in the 

tanδ peak height concurrent with a decrease in Tg [11,19-24].  It is possible that 

debonding effects in specimens tested immediately after exposure are revealed 
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through an increase in tanδ peak height which remains after post-conditioning [18].  A 

reversible or irreversible increase would indicate corresponding reversible or 

irreversible interfacial debonding, respectively.  Similar to the moisture dependency of 

the plasticizing depression of Tg, the change in tanδ peak height should demonstrate a 

dependency on moisture content if it is related to plasticization. 

6.2.3.1  Low and Medium Humidity Results 

Figure 152 and Figure 153 present representative tanδ curves for material 

exposed to 18%RH and 50%RH.  The majority of DMTA results for material exposed 

to 18%RH and 50%RH reveal no change in tanδ peak height except for material 

exposed to 50%RH at 60°C and, at two time steps, 18%RH at 60°C.  One of these 

exceptions for 60°C exposure at 18%RH is presented in Figure 152.   
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Figure 152.  Damping loss curves for material exposed to 18%RH for 96 weeks. 

Thin–––: Pre-conditioned, Bold──: 20°C, — — : 40°C, - - : 60°C 
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Figure 153.  Damping loss curves for material exposed to 50%RH for 96 weeks. 

Thin Thin–––: Pre-conditioned, Bold──: 20°C, — — : 40°C, - - : 60°C 
 

It is possible that the anomalies observed with this high temperature, low 

humidity exposure can be attributed to the composite’s high sensitivity to moisture 

after long-term exposure to dry environments.  It is worth noting that where the wet 

tanδ peak height is abnormally high, the increase in average peak height is present in 

only the last two of the four specimens tested.  When the low humidity environment is 

accessed, cool air enters the environmental chamber, whereupon the relative humidity 

temporarily increases.  After several hours of opening and closing the environmental 

chamber, the last few specimens have been exposed to more moisture than specimens 

tested earlier in the day.  The isolated increase in tanδ peak height at this time can be 

attributed to this moisture shock inherent in testing.  It is important to note here that 
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such environmental shock to a material conditioned in hot, dry environments such as a 

desert may occur in a sudden rain and will result in sudden, observable changes. 

The tanδ curves for material exposed to 18%RH and 50%RH demonstrate the 

same general behavior, where the only major change is the onset of the glass transition 

region which increases with increasing temperature of exposure, narrowing the 

transition region.  For material exposed to higher temperatures, even when the Tg 

value does not change, the polymer network has been tightened such that more energy 

is required to initiate movement of the stiffer polymer chain [25], demonstrating that, 

in the absence of water, thermal exposure alone results in a tightening of the molecular 

network.  This stiffening of the polymer network is a physical mechanism likely 

responsible for the small increases in SBS strength observed after exposure to low 

humidities. 

The changes for material exposed to low and medium humidity environments, 

50%RH at 60°C, primarily occur in the polymer network rather than at the interphasial 

level.  The irreversible increase in peak height observed in material exposed to 

50%RH at 60°C will be discussed in Section 6.2.3.2 along with a discussion of the 

effects of exposure to 75%RH at the same temperature. 

6.2.3.2  75%RH Results 

 The tanδ peak height for material exposed to 75%RH at 60°C is lower than 

that for material exposed to 50%RH at 60°C and, unlike the case of 50%RH 

exposures, the peak height increases noticeably after redrying, as indicated in Figure 

154 and Figure 155.  Table 31 summarizes the wet and dry average tanδ peak heights. 
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Figure 154.  Damping loss curves for material exposed to 50%RH 

and 75%RH at 60°C for 72 weeks prior to post-conditioning. 
Thin: Pre-conditioned, bold: 75%RH, dashed: 50%RH. 

 

0.00

0.05

0.10

0.15

0.20

0.25

25 50 75 100 125 150 175 200

Temperature, °C

ta
nδ

 
Figure 155.  Damping loss curves for material exposed to 50%RH 

and 75%RH at 60°C for 72 weeks after post-conditioning. 
Thin: Pre-conditioned, bold: 75%RH, dashed: 50%RH. 
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Table 31.  Damping loss peak heights for material 
exposed to 60°C at 50%RH and 75%RH 

Brackets indicate standard deviations. 
50%RH 75%RH Time 

(wk) Wet Dry Wet Dry 
12 0.229 [0.006] 0.222 [0.007] 0.204 [0.007] 0.221 [0.011]
24 0.227 [0.007] 0.225 [0.017] 0.214 [0.002] 0.222 [0.008]
36 0.230 [0.007] 0.236 [0.004] 0.220 [0.007] 0.229 [0.005]
48 0.235 [0.019] 0.242 [0.010] 0.212 [0.013] 0.220 [0.016]
72 0.232 [0.002] 0.233 [0.008] 0.217 [0.006] 0.221 [0.013] 

 
 

This lower tanδ peak height and earlier onset of the glass transition region for 

wet material, shown in Figure 154 and Figure 155, indicate a plasticization effect in 

the presence of moisture content for both 50%RH and 75%RH exposures.  The 

reversible broadening of the tanδ curve further indicates plasticization and drying 

within the polymer structure [11,23].  The plasticization phenomenon is more 

significant for material exposed to higher relative humidity, where the material sorbs 

more water.  While the tanδ peak height is higher for both wet and dry material 

exposed to 50%RH at 60°C, the two environments considered here result in dry tanδ 

curves which have similar breadths and which each enter the glass transition region 

around the same temperature. 

The lower SBS strength obtained for material exposed to 75%RH at 60°C, 

provided in Figure 156, further verifies the proposition that increased plasticization 

occurs in this environment along with leaching of LMWS.  It is possible that the 

leaching of LMWS results in a tighter polymer network, reflected by a higher tanδ 

peak height and SBS strength.  Figure 156 would indicate, therefore, that leaching of 

LMWS is less significant in a 75%RH environment, as would be expected.   



  259 

 

Strengthening detected through SBS testing is a matrix dominated effect which 

results only in subtle increases in tensile properties, as discussed in Section 5.1.1.  It 

was proposed that the degradation of tensile strength in material prior to post-

conditioning was a result of both plasticization and interfacial degradation.  The 

results presented in Figure 157 indicate that the reversible decreases in tensile strength 

of material exposed to 50%RH are strongly related to reversible plasticization, even as 

interfacial degradation is indicated through increases in tanδ. 
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Figure 156.  Short beam shear strength as related to tanδ peak height for 

material exposed to 50%RH and 75%RH at 60°C. 
Closed: Wet; Open: Dry.  Shaded region indicates baseline average and 

standard deviations.  Error bars indicate standard deviation. 
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Figure 157.  Tensile strength as related to tanδ peak height for material 

exposed to 50%RH and 75%RH at 60°C. 
Closed: Wet; Open: Dry.  Shaded region indicates baseline average and 

standard deviations.  Error bars indicate standard deviation. 
 

6.2.3.3  High Humidity and Immersion Results 

Exposure to 99%RH and immersion results in an increase in tanδ peak height 

for both wet and dry sets.  For temperatures of exposure less than 80°C, the tanδ peak 

height either decreases after redrying or remains within experimental scatter of the wet 

set.  Results after 96 weeks of exposure, presented in Figure 158 and Figure 159, 

illustrate the general trends observed for each environment. 
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Figure 158.  tanδ peak height for material exposed to 99%RH for 96 weeks. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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Figure 159.  tanδ peak height for material immersed in water for 96 weeks. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 
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The increased tanδ peak height is indicative of a both loss of interfacial 

adhesion as well as a possible decrease in crosslink density, where the mobility of the 

polymer chain increases with these modes of degradation.  Where the removal of 

water from material exposed to 99%RH and immersion at 20°C and 40°C results in 

decrease in tanδ peak height, the changes are indicative of reversible reaction within 

the interphase and bulk matrix which would result in a partially reversible decrease in 

crosslink density.  The irreversible nature of the increase in tanδ peak height indicates 

significant interfacial degradation.  While chemical degradation due to hydrolysis is 

generally considered irreversible, a condensation or hydration reaction may occur at 

hydrolyzed bonds [26,27], leading to subsequent decreases in tanδ peak height. 

In the first 12 weeks of exposure to 60°C in 99%RH and immersion, the tanδ 

peak height value decreases after post-conditioning, as shown in Figure 160, similar to 

the behavior seen in material exposed to high humidity and immersion at 20°C and 

40°C.  SBS tests reveal a transition from reversible to irreversible degradation 

sometime between 12 and 24 weeks, and moisture uptake trends indicate that this 

transition likely occurs between 18 and 24 weeks.  After 12 weeks exposure to 

99%RH at 60°C, the tanδ peak height decreases after post-conditioning similar to 

behavior exhibited in material exposed to lower temperatures of immersion and 

99%RH through 96 weeks.  From 24 weeks on, material exposed to 99%RH at 60°C 

indicates irreversible increases in tanδ peak height, in following with the transitions 

seen in SBS and gravimetric data. 
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For 60°C immersion, however, a significant decrease in tanδ peak height 

occurs beyond this expected transition period at 24 weeks.  It is unclear why the 

change in tanδ peak height demonstrates such high reversibility beyond this time 

period since irreversible degradation is indicated in the tanδ peak height from 36 

weeks on.  Nonetheless, the changes in tanδ peak height correlate with reversible 

changes in SBS strength, seen in Figure 161.  In the transition from reversible to 

irreversible degradation, it is highly likely that severe interfacial debonding has 

occurred, reflected by the clear increase in the tanδ peak height from the baseline.  
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Figure 160.  tanδ peak height for material exposed  

to 99%RH and immersion (Imm.) at 60°C. 
Shaded region indicates baseline average and standard deviation. 

Error bars indicate standard deviations. 
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Figure 161.  Short beam shear strength as related to tanδ peak height 

for material exposed to 99%RH and immersion at 60°C. 
Closed: Wet; Open: Dry.  Shaded region indicates baseline average and 

standard deviations.  Error bars indicate standard deviations. 
 

In the case of immersion at 60°C, the tanδ peak height is larger for wet sets 

than for dry sets at 12 weeks, indicating a reversible decrease in crosslink density.  By 

96 weeks exposure, the wet tanδ peak height is less than but within experimental 

scatter of the dry, similar to changes seen at 80°C.  In these aggressive environments, 

because of the irreversible nature of the severe interfacial degradation, the increases in 

tanδ peak height after redrying indicate significant plasticization. 

For material exposed to 99%RH and immersion at 80°C, there is a marked 

increase in tanδ peak height after redrying, indicating significant plasticization of the 

polymer matrix and possibly the interphase.  It is also possible that a loss of degraded 

material in the form of LMWS in the post-conditioning environment results in this 

increase in tanδ peak height.   Scanning electron microscopy, such as Figure 162, 
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indicates that the severe interfacial degradation is not reversible.  Because of the 

severity of the interfacial degradation experienced in 80°C saturated environments, it 

can be concluded that the change between wet and dry sets is directly related to 

plasticization of the polymer since the interfacial degradation is demonstrably 

irreversible.   

 

 
Figure 162.  SEM of failed dry tensile specimen exposed to 80°C immersion. 

Tested after post-conditioning. 
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6.2.4  Storage Modulus Results 

 While changes are seen in the rubbery modulus, as expected, the glassy 

modulus does not change prior to irreversible degradation of the constituent elements, 

where severe permanent degradation of the tensile strength is also observed, as seen in 

Figure 163.  Changes observed in the glassy modulus can be correlated to physical 

degradation of the polymer matrix and fiber reinforcement in this system, as is 

detected by weight loss of the composite after redrying, Figure 164, indicating 

leaching of degraded material.  This trend is fundamentally qualitative.  Validation on 

other composite systems must be performed before general conclusions can be made. 
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Figure 163.  Glassy modulus [E’(Tg-60°C)] and tensile strength for all dry sets. 

Shaded region indicates baseline averages and standard deviations. 
Error bars indicate standard deviations. 
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Figure 164.  Glassy modulus [E’(Tg-60°C)] versus weight loss after redrying. 

Shaded region indicates baseline average and standard deviation. 
Error bars indicate standard deviations. 

 

The rubbery modulus can reveal changes in average crosslink density of the 

polymer matrix.  An increase in Mc, as calculated according to Equation 1 in Section 

6.1, correlates to a decrease in rubbery modulus and crosslink density ρc.  An observed 

change in Mc with exposure could be a consequence of hydrolysis where scission of 

crosslinks leads to increasing Mc or it could indicate post-cure where additional 

crosslinks are formed, decreasing the value of Mc.  Leaching of styrene or other 

LMWS would result in an increase in an increased Mc as the LMWS are lost and the 

average molecular weight between crosslinks increases. 

This interpretation is in apparent contrast to studies concerning the effect of 

styrene content on neat vinyl-ester resins where it has been shown that decreasing 

styrene content leads to lower Mc and increased tanδ peak height due to increased 
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linear polymerization [4-7].  A loss of LMWS after curing would result in a more open 

polymer network, leading to higher Mc and tanδ peak height.   

Since these changes due to leaching of LMWS are reversible, post-

conditioning should result in a subsequent increase in tanδ peak height as 

plasticization is reversed.  If any change in average molecular weight between 

crosslinks is observed with post-conditioning after leaching, it might be reflected 

through increased Mc since water may effectively act to crosslink the polymer even as 

it plasticizes the resin.   

 In the case of hydrolysis, the hydrolytic attack of the crosslink creates longer 

polymer chains with fewer crosslinks and, therefore, higher mobility, as indicated by 

increases in tanδ peak height with Mc.  Where hydration or condensation reactions 

occur to reverse the chain scission, decreases in both tanδ and Mc should be seen after 

redrying.  Figure 165 and Figure 166 demonstrate that where tanδ decreases after 

redrying, so does Mc, indicating a reversible reaction responsible for a decrease in 

crosslink density.  The condensation reaction on hydrolyzed species appears to occur 

only in material which has been exposed to 99%RH and immersion at 40°C and 60°C.  

Material exposed to high humidity and immersion at 20°C does not demonstrate any 

change in Mc outside initial scatter.  Therefore, it can be concluded that hydrolysis 

occurs at elevated temperatures only. 
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Figure 165.  Changes in tanδ and Mc after redrying for 99%RH exposures. 

Shaded regions indicate baseline standard deviations. 
Error bars indicate standard deviations. 
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Figure 166.  Changes in tanδ and Mc after redrying for immersion exposures.

Shaded regions indicate baseline standard deviations. 
Error bars indicate standard deviations. 
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Material exposed to 80°C demonstrates a decrease in rubbery modulus after 

post-conditioning reflecting an increase in Mc.  Because most interfacial and fiber 

chemical degradation is shown to be irreversible after exposure to 80°C immersion 

and 99%RH, it is possible that the decrease in crosslink density indicates a decrease in 

hydrogen bonding as water is removed.   

For 18%RH and 50%RH exposures at 20°C and 40°C, the tanδ and Mc values 

stay within initial scatter bounds, as shown in Figure 167 and Figure 168.  For 60° 

exposures at 18%RH, 50%RH, and 75%RH, there is a clear increase in both tanδ peak 

height and Mc, where it is likely that there is leaching of residual volatiles.  The 

molecular weight between crosslinks increases with increasing relative humidity only 

at 60°C.  At 75%RH, the changes in tanδ peak height and Mc after redrying, shown in 

Figure 169, indicate that the presence of water not only plasticizes the resin but is also 

responsible for a decrease in crosslink density which can be partially reversed upon 

post-conditioning.  In contrast, Figure 169 reveals that post-conditioning does not 

results in changes in tanδ peak height and Mc beyond initial scatter range.  

Furthermore, the increase in tanδ peak height from baseline values indicates that there 

is some interphasial degradation, possibly a consequence of hydrolytic degradation.   

Post-conditioning of material exposed to 75%RH lowers Mc such that the dry 

Mc is in the vicinity of that for material exposed to 50%RH, as seen in Figure 169.  

The higher moisture content resulting from exposure to 75%RH at 60°C is not only 

responsible for plasticization but also for a reversible decrease in crosslink density not 

seen after exposure to lower humidities. 
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Figure 167.  Wet tanδ peak height and Mc for 18%RH exposures. 

Shaded regions indicate baseline averages and standard deviations. 
Error bars indicate standard deviations. 
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Figure 168.  Wet tanδ peak height and Mc for 50%RH and 75%RH exposures. 

Open: 50%RH, closed: 75%RH.  Shaded regions indicate baseline averages and 
standard deviations.  Error bars indicate standard deviations. 
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Figure 169.  Changes in tanδ and Mc after redrying for 50%RH and 75%RH exposures. 
Open: 50%RH, closed: 75%RH.  Shaded regions indicate baseline standard deviations.  

Error bars indicate standard deviations. 
 

6.3  Summary 

 DMTA results for 75%RH exposure support evidence of plasticization seen 

through increases in tensile failure strain and interphasial degradation seen in 

decreases in tensile strength, discussed in Section 5.1.2.   

 DMTA testing confirmed plasticization as a reversible mechanism of physical 

degradation responsible for decreases in tensile strength and SBS strength.  

Plasticization was also confirmed where increases in the secondary modulus were 

observed, theorized to be a consequence of fiber alignment as the plasticized resin 

deformed at high strains.  The change in Tg resulting from the removal of water was 

shown to be highly dependent on the temperature of exposure in Section 6.2.2.3.1, 

indicating increased plasticization and/or leaching of LMWS with increasing 
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temperature.  Recovery of SBS strength was shown to be predominantly independent 

of temperature in Section 5.2.3 for exposures up to 60°C.  At 80°C, the severe material 

degradation experienced in 99%RH and immersion conditions was demonstrated by 

clear decreases in glass modulus and a decreased capacity for recovery in SBS 

strength. 

 Increases in Tg with increasing temperature of exposure corroborate the 

strengthening effect detected in SBS testing for all environmental conditions.  In the 

first 12 weeks of exposure, material exposed to 99%RH and immersion at 60°C 

demonstrated reversible degradation concurrent with a strengthening effect, also seen 

in similar 40°C wet environments.  The reversible degradation was attributed 

primarily to plasticization which weakened the polymer matrix and interphase while 

Strengthening of the polymer was attributed primarily to leaching of LMWS.  At 40°C 

and 60°C decreases in Mc after post-conditioning of material exposed to 99%RH and 

water immersion indicate that a dehydration reaction may have led to recovery in 

polymer strength as the effects of hydrolysis were partly reversed.   

While the changes in the chemical makeup of the polymer structure, reflected 

through changes in rubbery modulus, did not change through 96 weeks, somewhere 

between 18 and 24 weeks, the degradation resulting from exposure to 99%RH and 

immersion at 60°C transitioned from reversible to irreversible.  From 24 weeks on, 

even as the tensile strength did not demonstrate a change in degradation mode, SBS, 

DMTA, and gravimetric results indicated irreversible degradation of the interface 

along with fiber pitting, confirmed through SEM investigations. 
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7.  Predictive Degradation Models 

7.1 Overview 

Accelerated testing should be implemented with predictive degradation models 

to estimate a material property for the duration of a structure’s service life.  These 

degradation models should also allow for the most accurate prediction possible so that 

the amount of material required to maintain a critical design level for the duration of 

the service life can be minimized in order to reduce weight, labor, and cost. 

 The difficulty in predictive modeling lies with the application of a simplistic 

empirical model which generally cannot take into account the various chemical, 

physical, and physio-mechanical mechanisms of degradation.  Furthermore, 

employing a single model for all environmental exposures assumed that the modes of 

degradation do not change over time or between environments.  The most rigorous 

predictive model would require the isolation of mechanisms of degradation and would 

allow for transitions between these mechanisms. 

 In the following analysis, the Arrhenius rate, crack propagation, time-

temperature-superposition (TTS), and a moisture dependent degradation model, all 

introduced in Section 2.5.1, are employed to predict short beam shear (SBS) strength, 

tensile strength, and tensile strain with environmental exposure.  An empirically based 

predictive degradation model is developed here for application to SBS results.  

Predictions are made for both wet and dry material properties.  The multicomponent 
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degradation model is also employed using experimental DMTA results to predict the 

wet tensile strength resulting from immersion in deionized water. 

A fundamental limiting assumption of these models is that the mechanisms of 

degradation are uniform for all moist environments.  A transition in mechanisms may 

be identified through a non-linear Arrhenius plot, where the mechanisms governing 

degradation may vary between temperatures and humidity and so may be described by 

two characteristic activation energies.  In order to account for transitions in 

degradation mode between environments, the empirically based degradation model 

developed in this chapter accounts for plasticization in environments with relative 

humidities 75%RH and above but not in lower humidity environments.  The 

theoretically based moisture dependent degradation model does assume a transition in 

degradation mode due to water clustering; however, its application to the degradation 

of tensile modulus is only moderately successful since the degradation of the tensile 

modulus is minimal and high in scatter.   

Because no significant changes in tensile modulus occurred over two years of 

exposure, it is not considered in time based predictive models.  The tensile modulus 

did demonstrate a subtle decreasing trend with increasing moisture content, as 

discussed in Section 5.1, but the scatter for the modulus of exposed material remained 

within initial scatter.  Because the moisture dependent degradation model was 

developed specifically using the Young’s modulus, the moisture dependent 

degradation model is the only model to consider the longitudinal tensile modulus.   
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 Because no significant changes in material properties were observed in 

18%RH and 50%RH exposures, time based predictive models are not applied to 

results from these environments.  In the case of 40°C high humidity and immersion 

environments, the strengthening effect introduced in Section 5.2.3 led to SBS 

strengths which were above the baseline average after post-conditioning.  

Consequently, these dry SBS results are not considered in the application of time 

based prediction models. 

Similarly, an increase in tensile strain was observed after post-conditioning of 

specimens exposed to 99%RH and immersion at 20°C.  This increase in tensile strain 

after post-conditioning is partly a consequence of the reversal of plasticization in the 

matrix.  The increase above initial scatter range may be related to predominantly 

irreversible interfacial debonding which occurs in the wet environments.  While 

exposed material demonstrates ductile matrix failure concurrent with debonding prior 

to post-conditioning, as seen in Figure 170, post-conditioning leads to more brittle 

matrix failure along with interfacial failure, as seen in Figure 171.  After post-

conditioning the loss of adhesion between the fiber and matrix may allow for the 

fibers to be loaded to a higher strain and may also allow for a larger strain from the 

initial onset of failure at the maximum load to complete failure at zero load.  

Consequently, the increased strain of the post-conditioned material exposed to 99%RH 

and immersion at 20°C are not considered in the analysis of dry tensile strains. 
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Figure 170.  SEM of failed wet tensile specimen 

exposed to 20°C immersion for 12 weeks. 
 

 
Figure 171.  SEM of failed dry tensile specimen 

exposed to 20°C immersion for 24 weeks. 
 



  281 

 

7.2  Arrhenius Rate Degradation Model 

 The Arrhenius rate degradation model [1], introduced in Section 2.5.1.1, was 

employed by fitting data to  

( )
tB

P
tPP

ln
0

0 =
−

 (1)

where P is the material property at time t, P0 is the baseline initial property value, and 

B is the unitless Arrhenius rate degradation model parameter.  Here, B has been 

calculated using time in weeks.  Calculated values of B are summarized in Table 32. 

Table 32.  Arrhenius rate degradation model parameters. 
SBS Strength Tens. Strength Tens. Strain 

Env. Wet B Dry B Wet B Dry B Wet B Dry B 
6 X 0.015 -0.012 0.028 0.014 0.016 -0.006 
2 H 0.045 0.005 0.038 0.006 0.019 — 
4 H 0.039 — 0.078 0.058 0.039 0.018 
6 H 0.054 0.019 0.127 0.110 0.085 0.062 
8 H 0.130 0.100 0.193 0.185 0.166 0.157 
2 I 0.053 0.004 0.038 0.005 0.013 — 
4 I 0.040 — 0.090 0.076 0.050 0.035 
6 I 0.064 0.023 0.140 0.124 0.098 0.082 
8 I 0.120 0.088 0.193 0.186 0.163 0.153  

 
The thermal dependence of the degradation parameter B should be described 

by the Arrhenius relation 

⎥⎦
⎤

⎢⎣
⎡−=

RT
EBB B

o exp , (2)

where Bo is a pre-exponential factor and EB is the activation rate for the degradation 

process.  Activation energies for the Arrhenius rate degradation model parameters are 

provided in Table 33, with Arrhenius plots in Figure 172 through Figure 174. 
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 In the case of 75%RH exposures, dry material properties result in a negative 

value of B, indicating increases in material properties.  For environments where 

redrying resulted in returns to initial baseline values, the dry sets were removed for the 

purpose of analysis of thermal trends since both negative and positive values of B 

cannot be accounted for in the Arrhenius relation.  At 75%RH, it is expected that 

exposure to temperatures other than 60°C would result in B < 0 for dry properties, so 

dry B values for 75%RH have been included in Table 32 for guidance. 

 

 

Table 33.  Activation energies EB (kJ/mol) 
for Arrhenius rate degradation model parameters. 

SBS Strength Tens. Strength Tens. Strain 
Env. Wet Dry Wet Dry Wet Dry 

99%RH 14 39 23 48 31 50 
Immersion 12 41 23 49 36 34  
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Figure 172.  Arrhenius plots of Arrhenius rate degradation parameters for SBS strength. 

(a) 99%RH, (b) immersion;  wet; × dry. 
 
 



  283 

 

-6

-5

-4

-3

-2

-1

2.75 3.00 3.25 3.50

1000/Temp,K

ln
(B

)

(a) 

-6

-5

-4

-3

-2

-1

2.75 3.00 3.25 3.50

1000/Temp,K

ln
(B

)

 
(b) 

Figure 173.  Arrhenius plots of Arrhenius rate 
degradation parameters for tensile strength. 
(a) 99%RH, (b) immersion;  wet; × dry. 
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(b) 

Figure 174.  Arrhenius plots of Arrhenius rate degradation parameters for tensile strain. 
(a) 99%RH, (b) immersion;  wet; × dry. 

 

 Degradation parameters are higher for “wet” material than for “dry” material, 

as shown in Table 32.  Post-conditioning of material leads to partial recovery of 

material properties by reversing plasticization and possible interfacial degradation, as 

discussed in Section 6.2.2 and Section 6.2.3.  The analysis in Section 6.2.4 also 

indicates that the removal of water leads to an increase in crosslink density.  

Degradation of dry material should be more difficult to activate since the aggravating 
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effects of water have been reversed.  This analysis is supported by the higher values of 

EB determined for the degradation trends of “dry” material, provided in Table 33. 

 SBS strength demonstrates the least severe degradation, indicated by lower 

values of B in Table 32, when compared to tensile strength and strain for all exposures 

except for those at 20°C.  The activation energies for SBS strength degradation 

indicate that while the rates of degradation may be less for SBS strength degradation 

than for degradation of tensile properties, the degradation process is most easily 

activated for SBS.  If it is assumed that a combination of interphasial and matrix shear 

failure are responsible for SBS failure, the degradation of these constituent strengths is 

less aggressive but more easily activated than for longitudinal tensile parameters.   

 When comparing results for degradation rates and activation energies of tensile 

strength and strain in Table 32 and Table 33, the lower values of EB in and higher 

values of B for tensile strength further support evidence that degradation of tensile 

strength is more aggressive than that of tensile failure strain.  Because tensile strain is 

largely dominated by fiber failure strain, the degradation of failure strain should be 

controlled primarily by the degradation of the fiber whereas degradation of the tensile 

strength is dependent upon the degradation of fiber, matrix, and interphasial strengths.  

Thus, it is expected that the activation energy for degradation of tensile strength is 

lower than for tensile strain since its degradation is more easily activated. 

The aggravating effect of water on the degradation of tensile strength can be 

seen through greater values in B in Table 32 for immersion exposures where moisture 

sorption is slightly greater than for 99%RH at similar time periods.  Degradation of 
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tensile strain appears to be more easily activated with exposure to immersion, possibly 

due to the leaching of degraded products where hydrolytic degradation of the fibers 

occurs.  Removal of the water would also make the matrix more brittle, reducing the 

failure strain of the dry matrix and, consequently, the dry composite.  Figure 175 and 

Figure 176 indicate that the presence of water in “wet” material leads to more ductile 

matrix failure.  Exposure to immersion environments should therefore result in 

activation energies which are lower for “dry” material than for “wet” material, as 

indicated in Table 33. 

 

 

 
Figure 175.  SEM of failed wet tensile specimen 

exposed to 60°C immersion for 24 weeks. 
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Figure 176.  SEM of failed dry tensile specimen 

exposed to 60°C immersion for 24 weeks. 
 

 The dry EB for strength degradation is anywhere from 24 to 29 kJ/mol greater 

than the wet EB.  While EB for the degradation of tensile failure strain after exposure to 

99%RH is 18 kJ/mol greater for wet than for dry, the dry EB is actually 2 kJ/mol less 

for immersion environments, indicating the detrimental effect of removing water on 

the degradation rate of the failure strain.  When considering wet/dry cyclic 

environments, significant attention should be paid to the changes in failure strain. 

 For hot water bath accelerated testing, it may not always be realistic to conduct 

tests on both wet and dry specimens.  In order to gain an understanding of the rate of 

irreversible degradation using the Arrhenius rate degradation model, the addition of at 

least 25 kJ/mol to the wet activation energy may be appropriate. 
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7.3  Time Temperature Superposition 

 Phani and Bose [2] proposed a simplified version of the time-temperature 

superposition (TTS) degradation model where the property P at some time t can be 

described, using the initial property value P0 and the property P∞ as t → ∞, via 

( )
⎥⎦
⎤

⎢⎣
⎡−=

−
−

∞

∞

τ
t

PP
PtP exp

0

, (3)

where τ is the characteristic relaxation time.  Mathematically, this model restricts P0 > 

P(t) > P∞.  It may be possible to account for increases in P by selecting some P0 < P(t) 

< P∞, where degradation does not occur after the initial increase in P(t).  Relaxation 

times τ were calculated using P∞ values presented in Table 34.  Calculated values of τ 

are summarized in Table 35. 

Table 34.  P∞ values used for calculation of TTS relaxation times. 
Property Wet Dry 

SBS Strength (MPa) 31.0 40.0 
Tensile Strength (MPa) 234 248 

Tensile Strain (%) 0.548 0.572  
 

Table 35.  Relaxation times (yr) for TTS degradation model. 
SBS Strength Tens. Strength Tens. Strain 

Env. Wet τ Dry τ Wet τ Dry τ Wet τ Dry τ 
6 X 9.2 — 6.9 13.5   9.3 — 
2 H 3.3 22.3 5.8 25.2 12.4 — 
4 H 3.9 — 2.4   3.1   4.4 9.3 
6 H 2.5   5.6 1.1   1.4   1.6 2.2 
8 H 0.5   0.5 0.4   0.4   0.3 0.4 
2 I 2.8 26.0 5.7 27.3 16.9 — 
4 I 3.9 — 1.9   2.2   3.3 4.2 
6 I 2.0   4.4 0.9   1.1   1.3 1.5 
8 I 0.6   0.7 0.3   0.3   0.3 0.4  

 
τ can be described by the Arrhenius relation for thermal dependency using a 

pre-exponential factor τo and activation energy Eτ. 
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⎥⎦
⎤

⎢⎣
⎡−=

RT
E

o
τττ exp , (4)

It should be noted that τ is implemented as a relaxation time rather than a rate 

parameter, so its thermal dependency will be reflected through a negative activation 

energy such that τ decreases with temperature.  Activation energies for the crack 

propagation characteristic degradation rates are provided in Table 36, with Arrhenius 

plots in Figure 177 through Figure 179. 

The results presented in Table 35 and Table 36 demonstrate similar trends as 

those observed for the Arrhenius rate degradation model, discussed in the previous 

section.  The TTS model has major advantages in that it allows for P∞ > 0 and allows 

for increases from P0. 

Table 36.  Activation energies Eτ (kJ/mol) for crack propagation degradation model. 
SBS Strength Tens. Strength Tens. Strain 

Env. Wet Dry Wet Dry Wet Dry 
99%RH -25 -51 -38 -59 -52 -66 

Immersion -22 -49 -41 -60 -55 -52  
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Figure 177.  Arrhenius plots of relaxation times for SBS strength. 

(a) 99%RH, (b) immersion;  Wet; × Dry. 
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(b) 

Figure 178.  Arrhenius plots of relaxation times for tensile strength. 
(a) 99%RH, (b) immersion;  Wet; × Dry. 
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(b) 

Figure 179.  Arrhenius plots of relaxation times for tensile strain. 
(a) 99%RH, (b) immersion;  Wet; × Dry. 

 

7.4  Crack Propagation Degradation Model 

The crack propagation degradation model [3], introduced in Section 2.5.1.3, 

was employed by fitting data to  

( )
ktP

tP
+

=
1

1

0

 (5)

where P is the material property at time t, P0 is the baseline initial property value, and 

k is the characteristic degradation rate which incorporates environmental effects such 



  290 

 

as temperature.  While the model was developed for tensile strength, it shall be 

extended to tensile strain and SBS strength here. 

When P(t) > P0, Equation 5 requires that k < 0, resulting in values of P/P0 

which grow by several orders of magnitudes over short periods of time.  

Consequently, this model is not applicable to changes in material properties where P > 

P0.  Calculated values of k are summarized in Table 37. 

Table 37.  Characteristic degradation rates (yr-1) for crack propagation model. 
SBS Strength Tens. Strength Tens. Strain 

Env. Wet k Dry k Wet k Dry k Wet k Dry k 
6 X 0.14 —   0.26 0.12 0.16 — 
2 H 0.39 0.04   0.32   0.07 0.12 — 
4 H 0.32 —   0.97   0.67 0.38 0.21 
6 H 0.53 0.16   2.84   2.06 1.27 0.87 
8 H 2.93 1.69 12.45 10.35 6.84 5.64 
2 I 0.47 0.03   0.33   0.06 0.09 — 
4 I 0.33 —   1.29   1.04 0.53 0.39 
6 I 0.69 0.21   4.02   2.92 1.76 1.33 
8 I 2.40 1.26 13.79 11.60 6.12 5.10  

 
The thermal dependence of the degradation parameter k should be described by 

the Arrhenius relation 

⎥⎦
⎤

⎢⎣
⎡−=

RT
E

kk k
o exp , (6)

where ko is a pre-exponential factor and Ek is the activation rate for the degradation 

process.  Activation energies for the crack propagation characteristic degradation rates 

are provided in Table 38, with Arrhenius plots in Figure 180 through Figure 182. 

The results presented in Table 37 and Table 38 demonstrate similar trends as 

those observed for the Arrhenius rate and TTS degradation model.  While the crack 
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propagation degradation model does not allow for increases from initial material 

properties, it does restrict the change in properties to a positive value as t increases.   

 

Table 38.  Activation energies Ek (kJ/mol) for crack propagation degradation model. 
SBS Strength Tens. Strength Tens. Strain 

Env. Wet Dry Wet Dry Wet Dry 
99%RH 27 49 52 70 57 75 

Immersion 37 49 53 73 60 59  
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Figure 180.  Arrhenius plots of crack propagation degradation rates for SBS strength. 

(a) 99%RH, (b) immersion;  wet; × dry. 
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(b) 

Figure 181.  Arrhenius plots of crack propagation degradation rates for tensile strength. 
(a) 99%RH, (b) immersion;  wet; × dry. 
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(b) 

Figure 182.  Arrhenius plots of crack propagation degradation rates for tensile strain. 
(a) 99%RH, (b) immersion;  wet; × dry. 

 

7.5  Equivalent Temperature 

 While equivalent temperatures have previously been proposed [4] to represent 

time variant environments, as discussed in Section 2.5.1.7, an alternative definition of 

equivalent temperature is defined here which can be applied to any model employing 

the Arrhenius relation for developing thermal trends. 

 It is first assumed that a change in property after exposure to some static 

temperature T1 and relative humidity RH1 can be described by the same relationship at 

having been exposed to immersion at some other temperature Te: 

( ) ( )tTPtRHTP e ,,, 11 = . (7)

Most degradation models integrate the Arrhenius relation into the specified 

degradation rate parameter, such as B for the Arrhenius rate degradation model and k 

for the crack propagation degradation model.  Consequently, the characteristic 

degradation rate parameter for any environment can be described at an equivalent 



  293 

 

temperature of immersion using the activation energy and pre-exponential coefficient 

established for immersion exposures. 

( ) ⎥
⎦

⎤
⎢
⎣

⎡−
=

e

iA
i RT

E
ARHTA ,

,011 exp, , (8)

where A is a degradation rate parameter, such as B or k, determined for some exposure 

to T1 and RH1 and A0,i and EA,i are the corresponding pre-exponential factor and 

activation energy for immersion exposures.  Therefore, the equivalent temperature for 

immersion, Te, is then 

( )AAR
E

T
i

iA
e lnln ,0

,

−
= . (9)

 Applying this methodology to 75%RH and 99%RH wet results and 99%RH 

dry results, equivalent temperatures of immersion were determined for humid 

environments where degradation was observed.  Results are summarized for the 

Arrhenius rate degradation model in Table 39.  Equivalent temperatures determined 

for the TTS and crack propagation degradation model are comparable, as would be 

expected since B, τ, and k demonstrate similar thermal dependency. 

Table 39.  Equivalent temperatures (°C) for Arrhenius rate degradation model. 
SBS Strength Tens. Strength Tens. Strain 

Env. Wet Dry Wet Dry Wet Dry 
6 X -30 — 8 — 21 — 
2 H 26 25 17 13 24 — 
4 H 17 — 40 49 40 24 
6 H 38 50 59 61 58 53 
8 H 109 89 76 71 76 80  

 
 It is not surprising that equivalent temperatures of immersion for 99%RH 

environments are very close to the temperatures of exposure at 99%RH.  Furthermore, 
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the slight decrease observed in wet SBS strength after exposure to 75%RH resulted in 

an unrealistic sub-zero temperature of immersion.   

 In general, equivalent temperatures of immersion were calculated except for 

SBS strengths resulting from exposure to 80°C at 99%RH, where the SBS strengths at 

each time step were observed to be lower than for immersion exposures.  The higher 

equivalent temperatures of immersion provided in Table 39 for 20°C results at 

99%RH and for dry tensile strain at 40°C and 99%RH are considered a consequence 

of error which is inherent in the line fitting process. 

Experimental results can only be compared for calculated Te of 20°C, 40°C, 

60°C, or 80°C.  Those calculated Te which are differentiated from the actual 

temperature of exposure by more than 5°C and which are within 5°C of one of the four 

experimental Te are indicated in bold in Table 39.  Most experimental trends for humid 

environments with these distinct equivalent temperatures closely resemble the 

experimental trend for immersion in the specified equivalent temperature.  A 

comparison is provided in Figure 183 through Figure 186.  Unfortunately, 99%RH 

exposure at 60°C cannot be compared to 50°C immersion since that temperature of 

immersion was not considered in this study.   
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Figure 183.  Comparison of wet SBS strength 

after exposure to 40°C at 99%RH and 20°C immersion. 
Shaded region indicates baseline average and standard deviation. 

Error bars indicate standard deviations.   
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Figure 184.  Comparison of wet SBS strength  

after exposure to 60°C at 99%RH and 40°C immersion. 
Shaded region indicates baseline average and standard deviation. 

Error bars indicate standard deviations.   
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Figure 185.  Comparison of wet tensile failure strain 

after exposure to 60°C at 75%RH and 20°C immersion. 
Shaded region indicates baseline average and standard deviation. 

Error bars indicate standard deviations.   
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Figure 186.  Comparison of dry tensile failure strain 

after exposure to 40°C at 99%RH and 20°C immersion. 
Shaded region indicates baseline average and standard deviation. 

Error bars indicate standard deviations.   
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Most comparable trends appear to be within scatter range of each other, though 

degradation may be consistently underestimated, as in Figure 183, or overestimate, as 

in Figure 184, the material property.   

For wet tensile strains, exposure to water immersion at 20°C results in 

significant decreases after just 12 weeks which are not seen after 12 weeks exposure to 

75%RH at 60°C, as seen in Figure 185.  After 12 weeks, however, the wet tensile 

strains for the two exposure conditions appear to be within scatter range of each other.  

Because a shortage of material prevented tensile testing for the 75%RH exposure 

between 12 and 48 weeks, it is unclear how the trends replicate each other for 

intermediate times. 

The degradation of the dry tensile strain for material exposed to 99%RH at 

40°C remains within baseline scatter for the first 48 weeks, seen in Figure 186, similar 

to results for 20°C immersion.  From 72 weeks on, the dry failure strain demonstrates 

irreversible degradation not seen in material immersed in 20°C deionized water, where 

fiber pitting is likely less severe. 

7.6  Moisture Dependent Degradation 

 In this section, three moisture dependent degradation models will be employed.  

The first considers the tensile modulus as a function of moisture content based on a 

derivation relating the modulus to the hydrogen bonding within a polymeric material 

[5] and will be discussed in Section 7.6.1.  The second model, addressed in Section 

7.6.2, adopts an empirically based exponential degradation model which allows for a 

non-zero strength as moisture content becomes very large.  In Section 7.6.3, a third 
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model is developed to predict the SBS strength as a function of moisture content.  It 

shall consider the observable increases in SBS strength resulting form exposure at 

elevated temperatures as well as plasticization and degradation resulting from 

prolonged exposure to water. 

7.6.1  Theoretically Based Moisture Dependent Degradation Model 

The moisture dependent degradation models presented in Section 2.5.1.4 are 

independent of time save for predictions in moisture content which could be made 

using diffusion models.  The analysis here employs a theoretical model relating the 

disruption of inter-chain hydrogen bonds by water to the change in moduli based upon 

analysis of materials such as cellulose, nylon, and wool [5].  Because the tensile 

modulus does not demonstrate significant changes with time here, it was not employed 

in temporally based degradation models earlier.  However, the wet tensile modulus 

does demonstrate a subtle decreasing trend with increasing moisture content, as 

discussed in Section 5.1.   

The model [5] states that in Region I under a critical moisture content, wc, the 

modulus E changes from an initial value of E0 with increasing moisture content Mt, 

given in grams of water per grams of sorbent here 

⎥⎦
⎤

⎢⎣
⎡ ⋅−=

W
M

EE t

3
1exp0 , Mt < wc (10)

where W is the “hypothetical quantity of water required to provide one molecule for 

each OH” or any other group on the sorbing polymer molecule which may establish a 
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hydrogen bond with water [5].  Above the critical moisture content, which is theorized 

to be on the order of the BET adsorbed monolayer [5], in Region II, 

( ) ⎥⎦
⎤

⎢⎣
⎡ ⋅−⎥⎦

⎤
⎢⎣
⎡ −⋅=

W
MCICI

W
w

EE tc

3
exp1

3
1exp0 , Mt > wc (11)

where CI is the average cooperative index referring to the total number of inter-chain 

bonds broken by a single water molecule. 

It shall first be assumed that wc is greater than the observed Mmax resulting 

from exposure to 75%RH, which was 0.15 [0.02] % for tensile specimens exposed to 

75%RH at 60°C.  For Mt < wc, tensile moduli from 50%RH and 75%RH exposures 

were used to calculate W using Equation 10.  Since the modulus for 18%RH exposures 

were about the initial value with high scatter in moisture contents and no clear trend, 

as discussed in Section 5.1, these results were not used.  For Mt > wc, results for 

99%RH and immersion exposure were used at all temperatures to calculate wc and CI.  

Using the wet tensile modulus, resulting values of W, wc, and CI are presented in 

Table 40. 

Table 40.  Parameters for theoretically based moisture dependent degradation model. 
W (g H2O / g sorbent) 0.073 
wc (g H2O / g sorbent) 0.140 

CI 0.943  
 

First and foremost, the critical moisture content wc is determined as 14 %, 

while it was assumed to be 0.15 %.  While this result is not reasonable and implies 

invalidity of the model, the values determined for W and CI are reasonable, and their 

theoretical implications are discussed below. 
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W can be theoretically calculated with knowledge of then number of sites 

available for hydrogen bonding and the molecular weight of the sorbent repeating unit.  

The proposed structure of a model vinyl-ester [6,7] indicates that there are three types 

of sites available for hydrogen bonding, identified as ester, ether, and hydroxyl groups, 

all of which could possibly establish hydrogen bonds [8,9].  Using the structure 

proposed in Section 2.1.1.1 [7], there are two ether groups and one hydroxyl group in 

the repeating unit with a molecular weight of 152 g/mol.  External of the repeating 

unit, there are two esters, including four oxygen molecules, and a hydroxyl in the 

chemical structure with a molecular weight of 122 g/mol.  The number average 

molecular weight of one commercial vinyl-ester is given as 2.0 kg/mol [6], implying 

that there are about 12 repeating units in one commercial vinyl-ester.  Assuming this 

structure is correct, W can be calculated as 

sorbent g / OH g 379.0
g/mol 122g/mol 15212

g/mol 185g/mol 18123
2=

+×
×+××

=W . 

The calculated W is about five times greater than the experimentally determined value 

of 0.073.  The calculation provided above assumes that water will establish a hydrogen 

bond at every available site, when it is known that hydrogen bonding is much more 

likely with hydroxyl groups [8]. 

The average cooperative index CI of 0.943 indicates that a single water 

molecule breaks just one hydrogen bond as it interacts strongly with the bulk polymer.  

While this result is reasonable, it indicates that water clustering is unlikely since CI < 

1.  It should be reiterated that CI is the average value and accounts for the presence of 
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clustering which is likely at hydroxyl groups (CIOH > 1) and less likely at ester and 

ether groups (CICO ≈ 0) [8]. 

The critical moisture content wc was determined to be much greater than the 

maximum observed moisture content in this composite system.  A moisture content of 

14 % for this material system would be indicative of severe degradation.  Because wc 

was determined to be much greater than the assumed 0.15 %, it should be restated that 

the model will not be continuous as it transitions for Region I to Region II.  Figure 187 

provides a comparison of experimental and theoretical results.  Figure 188 provides 

the same results on a smaller scale, where the high scatter in experimental results can 

be identified, along with discontinuity between Region I and Region II. 
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Figure 187.  Moisture degradation predictive model and wet tensile modulus. 

□: Experimental, - - : average initial modulus, ––––: Region I for Mt < wc (not visible 
below markers), —  — : Region II for Mt > wc.  ↓ indicates wc used in calculations. 

Error bars indicate standard deviation. 
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Figure 188.  Moisture degradation predictive model and wet tensile modulus. 

Plotted through Mt = 1 %.  □: Experimental, - - : average initial modulus, ––––: 
Region I for Mt < wc, —  — : Region II for Mt > wc.  ↓ indicates wc used in 

calculations.  Error bars indicate standard deviation. 
 

7.6.2  Empirically Based Moisture Dependent Degradation Model 

An alternative moisture degradation model was introduced in Section 2.5.1.4, 

and has been generalized here for a property P, which reaches P∞ as the moisture 

content Mt → ∞ from P0 at t = 0:  

( ) ( )tCM
PP

tPP
−=

−
−

∞

exp
0

0 , (12)

where C is the empirically determined moisture dependent degradation parameter.  

While Mt should theoretically reach a finite M∞ as t → ∞, it may be possible for severe 

degradation to result in sudden, dramatic moisture uptake where M∞ → ∞ for t → ∞. 

To obtain C values, Equation 12 was fitted using strength and strain results for 

material exposed to 50%RH, 75%RH, 99%RH and immersion for all temperatures.  
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Property values for material exposed to 18%RH were not considered since these low 

humidity exposures tended to result in slight increases in property values with high 

scatter.  Because the small moisture content in material exposed to 50%RH did appear 

to result in slight plasticization, as elucidated in Section 5.1.1 and Section 5.2.1, these 

results were included in the following analysis. 

For each temperature of exposure, P and Mt results for material exposed to all 

humidities and immersion at that temperature were used to determine C from Equation 

12.  It was assumed that the changes in material properties resulted from interaction 

with a specific moisture content at a particular temperature, characterized by C, and so 

the degradation observed in dry results resulted from the same moisture content used 

to determine the degradation in material tested in the wet state.  Where leaching of 

degraded species from SBS specimens was observed, in high humidity environments 

at 40°C, 60°C and 80°C and in immersion environments at 20°C, 40°C, 60°C, and 

80°C as indicated in Section 4.3, adjusted moisture contents were used in place of 

apparent moisture contents so that the effect of moisture sorption alone could be 

considered.  Leaching of degraded material from tensile specimens was noted in 

99%RH at 60°C and 80°C and in immersion environments at 40°C, 60°C, and 80°C. 

The P∞ values used in Equation 12 were distinct for wet and dry sets and are 

summarized in Table 34 in Section 7.3.  Calculated values of C are summarized in 

Table 41. 

 

 



  304 

 

Table 41.  Degradation parameter (%-1) for empirically 
based moisture dependent degradation model. 

SBS Strength Tens. Strength Tens. Strain Temperature 
(°C) Wet C Dry C Wet C Dry C Wet C Dry C 

20 1.23 0.15 0.74 0.10 0.34 — 
40 0.48 — 1.06 0.83 0.58 0.34 
60 0.52 0.20 1.28 1.05 0.88 0.66 
80 1.25 1.18 1.79 1.57 1.79 1.36  

 
The thermal dependence of the degradation parameter C should be described 

by the Arrhenius relation 

⎥⎦
⎤

⎢⎣
⎡−=

RT
E

CC C
o exp , (13)

where Co is a pre-exponential factor and EC is the activation rate for the degradation 

process.  Activation energies for the moisture dependent degradation model are 

provided in Table 42, with Arrhenius plots in Figure 189 through Figure 191.  Figure 

192 and Figure 193 demonstrate typical degradation trends for this moisture dependent 

model.  Adjusted moisture contents are provided in Figure 192 and Figure 193, where 

leaching of degraded material occurred. 

 

Table 42.  Activation Energies EC (kJ/mol) for moisture dependent degradation. 
* If 20°C exposure is omitted from Arrhenius plot, 

EC = 15 kJ/mol for dry tensile strength. 
SBS Strength Tens. Strength Tens. Strain 
Wet Dry Wet Dry Wet Dry 

- 0.49 25 12 38 * 23 31  
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Figure 189.  Arrhenius plots of moisture dependent 
degradation parameter for SBS strength. 

 Wet; × Dry. 
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Figure 190.  Arrhenius plots of moisture dependent 

degradation parameter for tensile strength. 
 Wet; × Dry.  Dashed lines indicate line fit for dry C values.  —  —:  20°C, 40°C, 

60°C, 80°C environments.    - - -: 40°C, 60°C, 80°C exposures. 
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Figure 191.  Arrhenius plots of moisture dependent 

degradation parameter for tensile strain. 
 Wet; × Dry. 
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Figure 192.  Predictions of SBS strength for material exposed to 20°C. 

Closed: wet, open: dry.  ——: wet predictions, —  — : dry predictions, - - - : baseline 
average.  Error bars indicate standard deviations.  Apparent moisture content is 

provided for 50%RH and 99%RH results; adjusted moisture content is provided for 
immersion results, where leaching of degraded species occurred. 
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Figure 193.  Predictions of SBS strength for material exposed to 80°C. 

Closed: wet, open: dry.  ——: wet predictions, —  — : dry predictions, - - - : baseline 
average.  Error bars indicate standard deviations.  Adjusted moisture content is 
provided for immersion results, where leaching of degraded species occurred. 
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The values of C for wet SBS strength degradation indicate that the degradation 

experienced in 20°C exposures closely resembles that resulting from 80°C exposures, 

though Figure 192 and Figure 193 indicate that the experimental results are not as 

similar as the values of C suggest.  In the case of SBS specimens exposed to 20°C, 

reversible plasticization was responsible for the decrease in wet SBS strength, while 

degradation of the fiber and matrix are attributed for the severe degradation of SBS 

strength in material exposed to 80°C.  At 40°C and 60°C, the primary mechanisms 

responsible for degradation of the wet SBS strength are plasticization and 

strengthening due to leaching of LMWS or post-cure, as discussed in Section 5.2.  In 

99%RH and immersion environments at 60°C, fiber degradation is also observed.  

Consequently, the competing mechanisms of degradation and strengthening result in 

moisture dependent degradation parameters which are not adequately described by a 

single activation energy, as seen in Figure 189. 

While post-conditioning results in near full recovery of the SBS strength in 

material exposed to 20°C environments due to reversible plasticization, the 

degradation of the fiber and polymer in material exposed to 80°C does not allow for 

much recovery in SBS strength.  Consequently, the C value is very similar for 80°C 

exposures both before and after post-conditioning, though the dry C value is less, as 

expected. 

Degradation of the SBS strength of post-conditioned material results in a C 

with an activation energy which is 26 kJ/mol greater than that of material tested prior 

to post-conditioning.  This positive activation energy for the moisture dependent 
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degradation parameter characteristic of the SBS strength for dry material reveals the 

irreversible nature of the degradation of material tested before post-conditioning. 

The moisture dependent degradation parameters for tensile strength and strain 

are several times larger than that for the degradation of SBS strength for all 

temperatures of exposure except 20°C.  Plasticization has already been introduced as a 

significant mechanism for degradation of the wet SBS strength.  In the case of tensile 

properties, Section 5.1.3 addresses the near complete recovery of tensile strength and 

the increases in tensile strain observed after post-conditioning in material exposed to 

20°C.  Section 7.1 reviews this increase as a reason for the omission of dry tensile 

strain for the calculation of C at 20°C.  The significant recovery in tensile strength 

results in a value of C which is much lower for material exposed to 20°C than for 

material exposed to wet environments at higher temperatures.  Figure 190 

demonstrates the effect that the lower magnitude of C calculated for the degradation of 

dry tensile strengths has on the Arrhenius plot.  Removing C determined for 20°C dry 

results from the Arrhenius plot results in a 61% decrease in activation energy from 38 

kJ/mol to 15 kJ/mol.   

Consequently, the difference between the reversible and irreversible 

degradation of tensile strength may be summarized through the 3 kJ/mol difference 

between wet and dry activation energies of 12 kJ/mol and 15 kJ/mol, respectively.  It 

is not surprising that activation energies for degradation of wet and dry tensile strain 

are larger than for tensile strength and that the difference between EC for tensile strain 

is larger at 8 kJ/mol.  The presence of water results in some plasticization of the 
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polymer matrix which results in lower tensile strains at low temperatures of exposure, 

as elucidated in the discussion on tensile strain throughout Section 5.1.  These 

degradation trends also account for the degradation of E-glass fiber reinforcement at 

high temperatures and moisture content which result significant irreversible 

degradation of the failure strain.  Because the interfacial degradation is primarily 

irreversible, the difference between the activation energies for tensile strengths before 

and after post-conditioning should be the lowest, while plasticization observed through 

SBS testing is most significant, as revealed through the larger difference in EC. 

The activations energies for this empirically based moisture dependent 

degradation model allow for determination of material properties independent of 

environmental moisture content, e.g. relative humidity, provided that the moisture has 

an observable effect on material properties. 

7.6.3  Predictive Modeling of Short Beam Shear Strength with Exposure 

An empirical model may be developed for the prediction of short beam shear 

strength as a function of moisture content.  The physical mechanisms of degradation 

of plasticization and strengthening due to leaching of LMWS were integrated into this 

model through additive degradation terms.  Chemical and physio-mechanical 

degradation due to hydrolysis and interfacial debonding were incorporated using an 

exponentially based moisture dependent degradation parameter. 

Results presented in Section 5.2 indicated that there was a consistent difference 

between wet and dry SBS strengths for material exposed to 99%RH and water 

immersion resulting from the reversible effects of plasticization.  The average 
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difference between the wet and SBS strengths for material exposed to 99%RH and 

immersion was 10.52 MPa.  Exposure to 50%RH resulted in a difference on average 

of 3.0 MPa, which was on the order of a standard deviation for a single set of SBS 

strength measurements.  There was no consistent difference between wet and dry 

strengths for material exposed to 18%RH.  Material exposed to 75%RH recovered 6.9 

MPa after the removal of water.  Because the difference between wet and dry SBS 

strengths of material exposed to 50%RH was on the order of a standard deviation of a 

set of 5 SBS strengths, it was assumed in the application of this model that 

plasticization did not occur in 18%RH or 50%RH environments.  Despite a lower 

average difference between wet and dry SBS strengths resulting from exposure to 

75%RH, it was assumed for the purposes of this model that plasticization resulting 

from this 75%RH exposure could be represented by the average plasticization 

adjustment of 10.52 MPa determined fro 99%RH and immersion exposures.  Defining 

R as the recovery in SBS strength after post-conditioning, the wet SBS strength Swcan 

be determined using the dry SBS strength Sd via 

RSS dw −= . (14)

For 18%RH and 50%RH exposures, R = 0.  For environmental exposures of 75%RH 

and above, R = 10.52 MPa. 

The strengthening effect was determined using results from 18%RH and 

50%RH exposures at the elevated temperatures of 40°C and 60°C and was assumed to 

hold for 99%RH and immersion at higher temperatures.  Because there were no humid 

environments considered below 99%RH at 80°C, it was assumed that the 
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strengthening effect could be linearly extrapolated from lower temperatures of 

exposure to predict strengthening at 80°C.  While strengthening did not occur in 20°C 

exposures, there was a slight decrease SBS strength.  While it is likely that the 

restructuring of the polymer network was a consequence of small water uptake, the 

weakening effect may incorporated in the strengthening term to account for subtle 

plasticization effects.  To determine the strengthening effect, the average difference 

between the dry SBS strength Sd and baseline SBS strength S0 for material exposed to 

low and medium humidities at 20°C, 40°C, and 60°C was calculated and was found to 

be -1.74 MPa, 1.32 MPa, and 4.94 MPa, respectively.  An empirical constant A can be 

introduced to describe the strengthening effect at a temperature of exposure T using a 

reference temperature T0 via 

( )ATTSSd 00 −+= . (15)

Using average values of Sd – S0 for each environmental exposure independent of time, 

T0 and A were determined to be 31°C and 0.1669 MPa/°C, respectively. 

 To determine the effects of degradation, it was assumed that irreversible 

degradation of SBS strength was dependent upon the amount of moisture sorbed.  

Where irreversible degradation was observed in 60°C and 80°C exposures, an 

exponential empirical relationship was employed after 

( )td MDSS ⋅−= exp0 . (16)

where D is an empirical parameter describing the degradation of Sd. and Mt is the 

moisture content.  In these highly degraded specimens, leaching of degraded material 

occurred, requiring the use of adjusted moisture content in order to consider the effect 
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of the amount of water present in the material.  D was calculated using average values 

of Sd – S0 for each hot, moist environmental exposure independent of time.  Material 

exposed to 99%RH and immersion at 60°C demonstrated a transition from reversible 

to irreversible degradation somewhere between 12 and 24 weeks, as indicated through 

SBS and DMTA results which were discussed in Sections 5.2.3 and 6.2.3.3.  

Consequently, dry SBS strengths obtained after just 12 weeks exposure to 99%RH and 

immersion at 60°C were not included in the calculation of D.  D was found to be 

0.2385 %-1. 

 Subsequently, the wet SBS strength can be predicted as a function of moisture 

content and temperature of exposure 

( )[ ] ( ) RMDTTASS tw −⋅−−+= exp00 . (17)

Table 43 provides empirically derived constants for the composite under 

consideration. 

Table 43.  Constants for empirical SBS degradation model. 
Note that for 18%RH or 50%RH exposures, R = 0. 

For calculation of dry SBS strength, it should be assumed R = 0. 
A 0.1669 MPa/°C 

T0 31°C 
D 0.2385 %-1 
R 10.52 MPa  

The reversible plasticization term R should only be used when deriving wet 

short beam shear strengths in wet environments with a relative humidity of at least 

75%RH and should be set to zero for lower humidity environments.  When calculating 

dry short beam shear strengths Equation 17 should still be used with the same 

moisture content used for wet predictions, but R should be set equal to zero since the 
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dry environment describes irreversible changes in SBS strength due to post-cure and 

the ingress of moisture. 

 Figure 194 and Figure 195 provide a comparison of experimental and predicted 

results for wet and dry sets.  Correlation coefficients for wet and dry predictions were 

0.874 and 0.733, respectively.  Correlation coefficients for predictions corresponding 

to each environmental exposure were calculated using both wet and dry results and are 

provided in Table 44.   
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Figure 194.  Comparison of experimental and predicted wet SBS strengths. 

Error bars indicate standard deviations. 
Shaded region indicates baseline average and standard deviation. 
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Figure 195.  Comparison of experimental and predicted dry SBS strengths. 

Error bars indicate standard deviations. 
Shaded region indicates baseline average and standard deviation. 

 

Table 44.  Correlation coefficients for SBS strength predictions. 
Each correlation coefficient accounts for both wet and dry predictions. 

Env. 
Correlation 
Coefficient 

2L 0.616 
4L 0.175 
6L -0.039 
2M 0.258 
4M -0.101 
6M 0.288 
6X 0.925 
2H 0.968 
4H 0.989 
6H 0.920 
8H 0.752 
2I 0.989 
4I 0.977 
6I 0.920 
8I 0.865  
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The correlation coefficients calculated for 18%RH and 50%RH exposures 

indicate that predictions are quite poor.  However, it is worth noting that of the 72 

predictions made for the wet and dry SBS strength in 6 environments at 6 time steps, 

72% of the calculated strengths are within a standard deviation of the experimental 

results.  It may be desirable to investigate further the distribution of the predicted and 

experimental SBS strengths which are within one standard deviation but which result 

in low correlation coefficients. 

Table 44 further indicates that predictions for the SBS strength of material 

exposed to 99%RH and immersion at 80°C are less accurate than for lower 

temperature high humidity and immersion environments.  Equation 17 consistently 

overestimated the SBS strength by 9.51 [3.99] MPa.  This overestimation is a result of 

the assumed strengthening effect.  If the strengthening effect is assumed to be zero, 

predictions are closer to but still greater than experimental measurements.  In this hot 

wet environment, pitting of the fiber and hydrolysis of the polymer resin and 

interphase leads to severe weakening of the composite along with significant leaching 

of degraded species.  The transition and degree of degradation modes is not accounted 

for in this simplistic empirical model.  

7.7  Multicomponent Degradation 

 The multicomponent degradation model takes into account degradation of the 

glass fiber and plasticization of the resin matrix [10].  Based on the weakest link 

model assuming a Weibull distribution for fiber strength, the strength P at some time t 

can be determined with the characteristic value of the Weibull distribution µ, an 
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ineffective length δ, and the debond length Ld, and the parameter describing the 

dispersion of the Weibull distribution m [10]: 

( ) ( ) ( ) ( )[ ]{ }
( ) ( ) ( )[ ]{ } md

md

meL

metLtt
P

tP
1

1

0 000 −

−

+

+
=

δµ

δµ
 (18)

where P0 is the strength at t = 0 and e is the base of natural logarithms.  The 

characteristic value of the Weibull distribution is defined as [10] 
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where σ is the average fiber strength obtained using a gage length of L. 

 Consequently, Equation 18 reduces to 
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where the debond length is described by empirical parameters κ and λ defined in [10] 

( ) ttLd lnλκ += , (21)

and the ineffective or stress transfer length is provided as [10,11] 
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where df is the fiber diameters, Vf is the fiber volume fraction, Ef is the fiber modulus, 

and φ is the stress intensity factor defined as the ratio of the stress from the end of the 

ineffective length δ away from the broken end of the fiber to a point far away from the 



  317 

 

break.  For an arbitrary stress development of φ=0.9, the cosh-1 term simplifies to 

2.302.   

Gm is the matrix shear modulus which will change with hygrothermal exposure 

and can be described using Gm∞ to describe the longterm modulus with the wet and 

dry glass transition temperatures Tgw and Tgd, the temperature of exposure T, and a 

reference temperature T0: 

0TT
TT

GG
gd

gw
mm −

−
= ∞ . (23)

 The fiber strength is provided in [10], using the modified stress corrosion 

model: 
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where tf is the time to failure, ta is the aging time, N is the susceptibility, B is an 

empirical parameter relating to stress corrosion, and α and β are empirical constants 

describing zero-stress aging of the fiber.  The fiber strength used in the Weibull 

distribution can be described assuming that the aging time ta and the time to failure of 

the fiber are equivalent. 

 However, research has shown that the characteristic value of the Weibull 

distribution µ does not change significantly with environmental exposure [12,13].  

Therefore, rather than calculating σ(t), it may be assumed that µ(t) = µ(0), simplifying 

Equation 18 to  
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Predictions were made using experimentally determined Vf = 0.68, df = 18 µm, 

and T0 = 10°C.  It was assumed that Ef = 73 GPa for glass fiber and Gm∞ = 1.1 GPa for 

vinyl-ester [14].  Predictions are presented in Table 45, comparing the predictions 

made using Equation 25 to tensile strengths of material exposed to immersion 

environments prior to post-conditioning. 

Table 45.  Tensile strength predictions for immersion 
exposures made using multicomponent degradation model. 

Brackets indicate standard deviations. 
Exposure Lengths Tensile Strength (MPa) 

Temp. Time (wk) δ (m) Ld (m) Predicted Experimental
 12 5.15 × 10-6  2.62 × 10-3 1075 1021 [11] 
 24 5.15 × 10-6  2.74 × 10-3 1070   988 [12] 

36 5.21 × 10-6  2.81 × 10-3 1066   976 [19] 20°C 48 5.12 × 10-6  2.86 × 10-3 1064   981 [21] 
 72 5.14 × 10-6  2.94 × 10-3 1061   923 [14] 
 96 5.12 × 10-6  2.99 × 10-3 1059   912 [20] 
 12 4.77 × 10-6  2.62 × 10-3 1075   873 [15] 
 24 4.84 × 10-6  2.74 × 10-3 1070   818 [21] 

36 4.71 × 10-6  2.81 × 10-3 1066   777 [22] 40°C 48 4.76 × 10-6  2.86 × 10-3 1064   750 [10] 
 72 4.78 × 10-6  2.94 × 10-3 1061   681 [20] 
 96 4.73 × 10-6  2.99 × 10-3 1059   621 [15] 
 12 4.46 × 10-6  2.62 × 10-3 1075   733 [18] 
 24 4.47 × 10-6  2.74 × 10-3 1070   608 [42] 

36 4.41 × 10-6  2.81 × 10-3 1066   571 [33] 60°C 48 4.45 × 10-6  2.86 × 10-3 1064   530 [42] 
 72 4.41 × 10-6  2.94 × 10-3 1061   461 [23] 
 96 4.46 × 10-6  2.99 × 10-3 1059   377 [28] 
 12 4.08 × 10-6  2.62 × 10-3 1075   438 [32] 
 24 4.00 × 10-6  2.74 × 10-3 1070   359 [21] 

36 4.04 × 10-6  2.81 × 10-3 1066   331 [22] 80°C 48 4.12 × 10-6  2.86 × 10-3 1064 273 [6] 
 72 4.08 × 10-6  2.94 × 10-3 1061   244 [13] 
 96 4.12 × 10-6  2.99 × 10-3 1059   234 [15]  
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A major obstacle in implementing this degradation model lies in the relative 

magnitudes of δ and Ld, as seen in Table 45.  The debond length provided in [10] 

indicates that Ld ~ 10-3 m while δ ~ 10-6 m.  Therefore, the changes in Gm calculated 

using Equation 23 will result in changes in δ which have little effect on the value of δ 

+ Ld.  In other words, Equation 21 describing Ld(t) governs the outcome of Equation 

25.  Table 45 reveals that because the subtle changes in δ do not affect δ + Ld, the 

predicted strengths are the same for all environments and vary only with time.  This 

uniformity is also a consequence of the fact that κ and λ values are provided for 95°C 

water immersion only and are assumed to hold for all immersion temperatures.   

 While implementation of this model would allow for accelerated testing to be 

performed through DMTA tests, the multicomponent degradation model does not 

successfully model the degradation of the glass fiber composite in a series of 

environments. 

7.8  Predictions 

Because it is highly desirable to use predictive modeling in civil structure 

design, the results of most importance for degradation models are those for in-service 

environments.  While in-service conditions will naturally be time variant, a worst case 

scenario of constant exposure to liquid water at 20°C could be assumed.  It is further 

possible that conditions close to 99%RH at 40°C may temporarily occur in hot, humid 

environments.  It is encouraging that exposure at 50%RH or less does not result in 

significant degradation of the E-glass/vinyl-ester composite under consideration here.   
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Previous analysis [15] has indicated that exposure conditions of 45°C and 

85%RH should provide adequate representation of the most aggressive worldwide 

environmental conditions.  Because there is no 85%RH environment considered in this 

study, exposure to 75%RH at 60°C shall be taken as an adequate representation of a 

humid environment near 85%RH.  

Predictive degradation curves through 75 years are presented in Figure 196 

through Figure 204, illustrating the predictions for wet material properties after 

exposure to 20°C immersion, 40°C at 99%RH, and 60°C at 75%RH.  Figure 205 

through Figure 213 present the same plots through 3 years.  Standard deviations in 

Figure 196 through Figure 204 are smaller than the markers used to plot results. 
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Figure 196.  Predictions of SBS strength for immersion at 20°C through 75 yrs. 

□: Experimental, - - : initial, ––––: Arrhenius rate degradation model, 
—  — : TTS, — - : crack propagation degradation model. 

Error bars indicate standard deviations. 
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Figure 197.  Predictions of SBS strength for 99%RH at 40°C through 75 yrs. 

□: Experimental, - - : initial, ––––: Arrhenius rate degradation model, 
—  — : TTS, — - : crack propagation degradation model. 

Error bars indicate standard deviations. 
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Figure 198.  Predictions of SBS strength for 75%RH at 60°C through 75 yrs. 

□: Experimental, - - : initial, ––––: Arrhenius rate degradation model, 
—  — : TTS, — - : crack propagation degradation model. 

Error bars indicate standard deviations. 
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Figure 199.  Predictions of tensile strength for immersion at 20°C through 75 yrs. 

□: Experimental, - - : initial, ––––: Arrhenius rate degradation model, 
—  — : TTS, — - : crack propagation degradation model. 

Error bars indicate standard deviations. 
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Figure 200.  Predictions of tensile strength for 99%RH at 40°C through 75 yrs. 

□: Experimental, - - : initial, ––––: Arrhenius rate degradation model, 
—  — : TTS, — - : crack propagation degradation model. 

Error bars indicate standard deviations. 
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Figure 201.  Predictions of tensile strength for 75%RH at 60°C through 75 yrs. 

□: Experimental, - - : initial, ––––: Arrhenius rate degradation model, 
—  — : TTS, — - : crack propagation degradation model. 

Error bars indicate standard deviations. 
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Figure 202.  Predictions of tensile strain for immersion at 20°C through 75 yrs. 

□: Experimental, - - : initial, ––––: Arrhenius rate degradation model, 
—  — : TTS, — - : crack propagation degradation model. 

Error bars indicate standard deviations. 
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Figure 203.  Predictions of tensile strain for 99%RH at 40°C through 75 yrs. 

□: Experimental, - - : initial, ––––: Arrhenius rate degradation model, 
—  — : TTS, — - : crack propagation degradation model. 

Error bars indicate standard deviations. 
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Figure 204.  Predictions of tensile strain for 75%RH at 60°C through 75 yrs. 

□: Experimental, - - : initial, ––––: Arrhenius rate degradation model, 
—  — : TTS, — - : crack propagation degradation model. 

Error bars indicate standard deviations. 
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Figure 205.  Predictions of SBS strength for immersion at 20°C through 3 yrs. 

□: Experimental, - - : initial, ––––: Arrhenius rate degradation model, 
—  — : TTS, — - : crack propagation degradation model. 

Error bars indicate standard deviations. 
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Figure 206.  Predictions of SBS strength for 99%RH at 40°C through 3 yrs. 

□: Experimental, - - : initial, ––––: Arrhenius rate degradation model, 
—  — : TTS, — - : crack propagation degradation model. 

Error bars indicate standard deviations. 
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Figure 207.  Predictions of SBS strength for 75%RH at 60°C through 3 yrs. 

□: Experimental, - - : initial, ––––: Arrhenius rate degradation model, 
—  — : TTS, — - : crack propagation degradation model. 

Error bars indicate standard deviations. 
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Figure 208.  Predictions of tensile strength for immersion at 20°C through 3 yrs. 

□: Experimental, - - : initial––––: Arrhenius rate degradation model, 
—  — : TTS, — - : crack propagation degradation model. 

Error bars indicate standard deviations. 
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Figure 209.  Predictions of tensile strength for 99%RH at 40°C through 3 yrs. 

□: Experimental, - - : initial, ––––: Arrhenius rate degradation model, 
—  — : TTS, — - : crack propagation degradation model. 

Error bars indicate standard deviations. 
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Figure 210.  Predictions of tensile strength for 75%RH at 60°C through 3 yrs. 

□: Experimental, - - : initial, ––––: Arrhenius rate degradation model, 
—  — : TTS, — - : crack propagation degradation model. 

Error bars indicate standard deviations. 
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Figure 211.  Predictions of tensile strain for immersion at 20°C through 3 yrs. 

□: Experimental, - - : initial, ––––: Arrhenius rate degradation model, 
—  — : TTS, — - : crack propagation degradation model. 

Error bars indicate standard deviations. 
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Figure 212.  Predictions of tensile strain for 99%RH at 40°C through 3 yrs. 
□: Experimental, - - : initial, ––––: Arrhenius rate degradation model, 

—  — : TTS, — - : crack propagation degradation model. 
Error bars indicate standard deviations. 

 



  329 

 

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.0

0 0.5 1 1.5 2 2.5 3

Time, Yr

Te
ns

ile
 S

tr
ai

n,
 %

 
Figure 213.  Predictions of tensile strain for 75%RH at 60°C through 3 yrs. 
□: Experimental, - - : initial, ––––: Arrhenius rate degradation model, 

—  — : TTS, — - : crack propagation degradation model. 
Error bars indicate standard deviations. 

 

Figure 205 through Figure 213 indicate that at early times up through about 1 

to 1.5 years, the TTS and crack propagation degradation model tends to be an 

overestimate of experimental results while the Arrhenius rate degradation model 

appears to match degradation through these times well.  At later times, the TTS and 

crack propagation model tends to model results more accurately, while the Arrhenius 

rate degradation model predicts larger values than are observed.  It is interesting to 

note in Figure 196 through Figure 204 that TTS and crack propagation degradation 

model predict similar tensile strength and failure strain after 75 years, while SBS 

predictions are much higher using TTS since TTS assumes a non-zero P∞. 
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In order to compare predictive results, the design code used in ACI-440 will be 

introduced here [16].  Provided a mean tensile strength fu,ave with standard deviation σ, 

ACI-440 provides the guaranteed tensile strength ffu* as [16] 

σ3,
* −= aveufu ff  (26)

and the design tensile strength ffu as 

*
fuEfu fCf = , (27)

where CE is an environmental reduction factor dependent on fiber type and in-service 

environmental conditions.  A table of CE values is provided in Table 46. 

Table 46.  Environmental reduction factors per ACI-440 [16]. 
Exposure Condition Fiber Type CE 

Carbon 1.0 
Glass 0.8 Not exposed  

to earth and weather Aramid 0.9 
Carbon 0.9 
Glass 0.7 Exposed  

to earth and weather Aramid 0.8  
 

For the E-glass/vinyl-ester under consideration here, using baseline values, the 

guaranteed tensile strength is 988 MPa.  For service conditions where contact with 

earth and water is unlikely, the design tensile strength is 790 MPa while exposure to 

earth and water requires a design value of 692 MPa.  Because most civil applications 

will require an externally bonded E-glass/vinyl-ester material to be exposed to the 

elements, the latter design value will be used. 

 Using the latter design value, which is 62% of the baseline average tensile 

strength, Table 47 summarizes the time required for a material to reach this design 

parameter from initial values.   
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Table 47.  Time (yr) to reach ACI-440 design tensile strength 
for harsh environmental conditions using degradation models. 

Exposure condition 
Arrhenius rate 

degradation TTS
Crack 

Propagation 
20°C Immersion 802 4.0 5.4 

40°C 99%RH 3 1.7 1.8 
60°C 75%RH 27,000 4.9 6.9  

 
According to Table 47, the most conservative calculation indicates that it 

would take 1.7 years for the longitudinal tensile strength of the concerned glass 

composite to reach the specified design value of 692 MPa.  That prediction is made for 

environmental conditions of 40°C and 99%RH, where 1.8 years (96 weeks) of 

exposure results in a wet tensile strength of 696 [38] MPa.  The composite does not 

reach the specified design strength through 96 weeks exposure to 75%RH at 60°C or 

20°C immersion.  The Arrhenius rate degradation model clearly underestimates the 

tensile strength after just two years exposure to this harsh environment.   

It can be concluded that implementing the Arrhenius rate degradation model 

could lead to a significant reduction in the safety factor for a structure in service.  It 

should further be noted that predictions for the time to reach the ACI-440 design value 

using the Arrhenius rate degradation model are anywhere from 1.7 to 5,500 times 

larger than the predicted times using the TTS or crack propagation degradation model.  

It should raise significant concern, however, that the more conservative predictive 

models implemented here indicate that the E-glass/vinyl-ester composite will take less 

than 10 years to degrade below its design tensile strength for environments considered 

in Table 47.  These results cannot be corroborated without continued long term testing. 
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Results presented in Figure 200 and Figure 203 and Table 47 indicate that 

predictions are more conservative using the TTS degradation model, as opposed to the 

crack propagation degradation model, for the 99%RH condition at 40°C through the 

first 25 years of exposure.  Using results from 20°C immersion and 60°C and 75%RH 

exposures, the TTS model remains more conservative through at least 60 years.  The 

TTS model will not, however, predict a material property below the minimum 

observed in the most harsh environment if that minimum value is used in the 

derivation of relaxation times.  While the TTS based degradation model is generally 

more conservative through the first couple of decades, it will not allow for a material 

property to go below that observed in accelerated testing.  Therefore, if the TTS is to 

be implemented, environmental exposures should be selected judiciously for 

accelerated testing. 

A main goal of accelerated testing is to predict the strength of a material 

through the entirety of a material’s service life so that the structure will maintain the 

design strength for the duration of a structure’s service life.  To do this, the strength of 

the material at the end of a specified service life shall be used to establish a reduction 

factor.  Currently, ACI-440 assumes that a glass fiber composite exposed to earth and 

water will retain 70% of its initial guaranteed strength through its service life, as noted 

in Table 46.  

The service life for a structure may vary, however.  Composites used in 

retrofitting of civil infrastructure are designed for a service life of 35 years.  While 

civil structures are generally designed for a total service life of 50 years, civil 
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structures are currently seeing service lives of 75 years and should be expected to stay 

in service through 100 years.  Therefore, composites used in civil infrastructure could 

be designed for a service life of 35 years but may remain in service upwards of 100 

years. 

The Arrhenius rate, TTS, and crack propagation degradation models are 

employed here to predict the percent retention of the initial guaranteed strength for this 

glass fiber composite after 35, 50, 75, and 100 years.  Calculations are made using 

predictive degradation trends obtained for the three environments considered to be 

representative of worst case in-service conditions.  Results are presented in Table 48 

through Table 51. 

 

 

Table 48.  Percent retention of guaranteed tensile strength after 35 year service life. 
Guaranteed tensile strength is 988 MPa. 

Exposure condition 
Arrhenius rate 

degradation TTS 
Crack 

Propagation 
20°C Immersion 81.3 % 23.9 % 32.1 % 

40°C 99%RH 47.0 % 23.7 % 19.2 % 
60°C 75%RH 89.3 % 24.2 % 35.9 %  

 
 

Table 49.  Percent retention of guaranteed tensile strength after 50 year service life. 
Guaranteed tensile strength is 988 MPa. 

Exposure condition 
Arrhenius rate 

degradation TTS 
Crack 

Propagation 
20°C Immersion 79.8 % 23.7 % 27.2 % 

40°C 99%RH 43.8 % 23.7 % 16.1 % 
60°C 75%RH 88.2 % 23.7 % 30.5 %  

 
 



  334 

 

Table 50.  Percent retention of guaranteed tensile strength after 75 year service life. 
Guaranteed tensile strength is 988 MPa. 

Exposure condition 
Arrhenius rate 

degradation TTS 
Crack 

Propagation 
20°C Immersion 78.1 % 23.7 % 22.4 % 

40°C 99%RH 40.2 % 23.7 % 13.2 % 
60°C 75%RH 86.9 % 23.7 % 25.2 %  

 
 

Table 51.  Percent retention of guaranteed tensile strength after 100 year service life. 
Guaranteed tensile strength is 988 MPa. 

Exposure condition 
Arrhenius rate 

degradation TTS 
Crack 

Propagation 
20°C Immersion 76.9 % 23.7 % 19.5 % 

40°C 99%RH 37.7 % 23.7 % 11.5 % 
60°C 75%RH 86.0 % 23.7 % 21.9 %  

 
 
The TTS degradation model indicates that after just 35 years, the tensile 

strength will reach 24% of the guaranteed strength for all environmental exposures.  

The predicted tensile strength is nearly constant after 35 years using this model due to 

the allowance for a non-zero P∞ of 24% which is determined from tensile tests of 

material exposed to the most aggressive environment.  Consequently, the TTS model 

suggests CE = 0.24 should be used rather than 0.7. 

Based upon immersion at 20°C and exposure to 75%RH at 60°C, the more 

conservative crack propagation degradation model indicates that a CE = 0.2 would be 

appropriate, while the Arrhenius rate degradation model suggests CE = 0.8.  It is worth 

noting that the Arrhenius rate degradation model results in a CE which is actually 

higher than that that recommended by ACI-440.  However, results also indicate that 

the Arrhenius rate degradation model is non-conservative. 
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40°C exposure at 99%RH indicate that the design strength should be 12% or 

38% the guaranteed strength using the crack propagation and Arrhenius rate 

degradation models, respectively.  This accelerated test environment will be more 

aggressive than field conditions since constant exposure to 99%RH at 40°C is not 

expected. 

While use of the Arrhenius rate degradation model would demand a lower 

design strength, it may result in non-conservative design values.  The time temperature 

superposition model results in a more conservative CE based upon the lowest tensile 

strength observed in accelerated testing and could require as much as three times as 

much material.  The more conservative CE = 0.24 determined using the TTS 

degradation model is recommended for use in composite design.  However, it is 

important to note that the calculation of the recommended lower design factor is 

fundamentally dependent upon the lowest tensile strength observed in environmental 

testing, P∞, and the guaranteed tensile strength.  Therefore, the CE may vary between 

material systems or accelerated test programs, where more or less aggressive 

environments may be used.  If the standard 60°C immersion environment used for 

accelerated testing is employed to determine the reduction factor, then CE = 0.38 

instead of 0.24. 

Because the use of the TTS degradation model results in a much lower CE than 

is specified by ACI-440 and because the Arrhenius rate degradation model results in a 

CE > 0.7 using non-conservative predictions, it is clear that further standardization and 

execution of accelerated testing is needed to verify CE for a range of material systems.  
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This analysis indicates that a value of CE significantly lower than that recommended 

by ACI-440 should be used. 
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8.  Conclusions 

 Hot water immersion accelerated testing of a model E-glass/vinyl-ester 

composite has been performed and complemented with environmental testing in static, 

humid environments at the same temperatures.  Short beam shear (SBS) testing and 

dynamic mechanical thermal analysis (DMTA) were conducted concurrent with 

tensile testing in order to gain an understanding of the modes of moisture degradation 

which are responsible for decreases in tensile strength.  Predictive degradation models 

were applied to tensile strengths obtained through 96 weeks where degradation led to 

tensile strengths beyond baseline scatter.  The Arrhenius rate degradation model 

resulted in non-conservative strength predictions for lower temperatures of exposure at 

late times while the time temperature superposition (TTS) model predicted non-

conservative values at early times.   

It was found that plasticization was most significant in immersion 

environments but could be detected in humid environments as low as 50%RH.  

Plasticization led to reversible decreases in tensile strength.  Interfacial debonding was 

detected through increases in the DMTA tanδ peak heights and was found to lead to 

irreversible decreases in tensile strength. 

 Irreversible degradation or pitting of the glass fiber reinforcement was 

observed in 99%RH and immersion conditions at 60°C and 80°C.  In material exposed 

to 80°C immersion, fiber pitting was localized adjacent to kaolin particulate filler in 

the vinyl-ester matrix.  Kaolin, a hydrous alumina silicate, may slow down initial 
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degradation but shows clear indications of aggravating the fiber pitting process.  The 

filler’s hydrophilic nature provides high energy sites where pitting initiation is more 

favorable and leads to degradation of the matrix as the bond between the polymer 

matrix and kaolin filler itself deteriorates.  While kaolin clay may be an effective 

processing aid, these results suggest that further study is required to address whether 

kaolin filler content accelerates the degradation process of a glass fiber composite in 

moist environments. 

Hydrolysis could also be detected in material exposed to 40°C and 60°C in 

99%RH and water immersion.  Post-conditioning of material exposed to 40°C and 

60°C environments resulted in partial recovery of changes in the rubbery modulus 

indicating that the hydrolyzed species may have experienced a condensation reaction.   

A matrix dominated strengthening effect was detected through increases in 

SBS strengths observed at 40°C and 60°C, where increases in the glass transition 

temperature, Tg.  These results indicated a increase in matrix and interfacial bond 

strength which occurs at elevated temperatures at all humidity levels and in immersion 

environments.  The strengthening effect could not be detected in fiber dominated 

longitudinal tensile testing. 

Tightening of the polymer network was evident in gravimetric observations, as 

well.  At 60°C in 18%RH, weight loss was observed, possibly due to leaching of 

LMWS or residual moisture content not removed in pre-conditioning, leading to a 

stiffening of the polymer network.  In 50%RH at 60°C, moisture uptake demonstrated 

a Fickian trend at early times, followed indications of weight loss, attributed to 
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leaching of LMWS, and then a slight weight gain, possibly due to further moisture 

uptake in the polymer network where relaxation of the polymer structure occurs at 

elevated temperature.  Similar behavior was observed in 75%RH at the same 

temperature, though only weight loss was observed after apparent equilibrium.  

Relaxation of the polymer network in 75%RH at 60°C could not be detected through 

gravimetric observations. 

At 40°C in 18%RH, a gradual weight gain was observed over 96 weeks, 

indicating slight polymer relaxation.  At 50%RH and 40°C, a linearly asymptotic trend 

after pseudo-equilibrium was reached indicated relaxation which was more significant 

in the 40°C environment where there was less leaching of LMWS.  Relaxation was not 

observed in 20°C exposures at low and medium humidities.   

Exposure to 99%RH and immersion environments at 20°C, 40°C, 60°C, and 

80°C resulted in apparent equilibrium moisture uptake at 60°C and 80°C only.  Two 

stage moisture sorption was observed in 60°C immersion and 99%RH environments 

only, beginning around 18 weeks.  These environments also demonstrated a transition 

in degradation mode from strengthening and reversible plasticization at 12 weeks to 

irreversible degradation of the matrix and fiber reinforcement from 24 weeks on.  

Results for material exposed to 60°C indicate that there is also a transition in diffusion 

mechanisms between 75%RH and 99%RH, but this threshold for this transition could 

not be identified since no humidities were considered within that range. 

The moisture uptake trends in these room temperature environments could be 

approximated as Fickian in 50%RH and 75%RH environments only.  Anomalous 
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behavior was observed in 99%RH and immersion exposures, where 60°C high 

humidity and immersion demonstrated two stage anomalous sorption.  At 60°C and 

80°C in 99%RH and immersion, degradation and leaching of degraded species could 

be detected through apparent moisture uptake trends where a maximum moisture 

uptake was reached followed by a decrease in weight, indicating the loss of degraded 

material to these environments was greater than the uptake of water.  Leaching of 

degraded material was much more severe in immersion environments than in 99%RH 

exposures.   

 Structural modification diffusion theory was used to model non-Fickian 

behavior for all environmental conditions.  The structural modification factor 

successfully accounted for relaxation phenomena as wells as leaching of LMWS such 

as unpolymerized styrene and degraded material after Fickian dominated diffusion no 

longer dominated.   

 Freundlich’s relation was determined to be the most adequate isotherm 

available, despite its theoretical constraints.  While Freundlich’s relation is derived for 

an adsorbed monolayer, it is one of the few isotherms which allows for an isotherm 

which describes an increasing Mmax with increasing vapor pressure where the slope of 

the isotherm also increases with partial pressure.  The isotherm could not, however, 

address the discrepancy between equilibrium moisture contents in 99%RH and 

immersion environments, also known as Schroeder’s paradox. 

 Differences between 99%RH and immersion exposures could be detected 

beyond equilibrium contents through mechanical testing and DMTA.  While 
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experimental results were similar for these high humidity and immersion exposures, 

subtle differences could be identified and are summarized in Table 52.   

Table 52.  Summary of phenomena observed in 99%RH and immersion environments. 
Environment 99%RH Immersion 

Larger diffusion coefficients  × 
Greater Mmax  × 

Greater leaching of degraded material  × 
Greater interfacial debonding

(using SBS strengths and tanδ peak height)  × 

Greater strengthening effect  × 
Greater loss in tensile strength with time  × 

Greater loss in tensile strain with time  × 
Greater loss in SBS strength with time  × 

Higher degradation rate parameters  × 
Greater activation energies

(diffusion and degradation rates) ×  
 

 
Degradation models were used to predict the tensile strength of the mode E-

glass/vinyl-ester composite through a series of possible service lives.  Composites in 

civil infrastructure are primarily used as retrofits which are designed for 35 year 

service lives.  Bridges are designed for a 50 year service life, even as they are seeing 

actual service lives in the range of 75 to 100 years.  Predictive degradation models 

were only applied to the degradation of tensile strengths for material exposed to 

75%RH and above.  Exposure to 18%RH and 50%RH resulted in tensile properties 

which remained within initial scatter for 96 weeks. 

The Arrhenius rate degradation model was found to be non-conservative 

through the conclusion of 96 weeks of testing while the crack propagation and time 

temperature superposition degradation models were non-conservative through the first 

year of testing.  Predictions made by the crack propagation and TTS degradation 

models were more accurate at later times than predictions made using the Arrhenius 
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rate degradation model.  However, the crack propagation and TTS models were more 

conservative than the Arrhenius rate model, leading to lower environmental 

degradation reduction factors CE than are recommended by ACI-440.  ACI-440 

recommends CE = 0.7 for outdoor exposure of glass fiber composites.  Using the 

recommended TTS model, it was determined that CE = 0.24 is more appropriate than 

CE = 0.7.  It is important to note that the CE calculated using TTS is determined by the 

lowest tensile strength observed in environmental testing.  Additional environmental 

tests may lead to a higher CE if less aggressive environments are used.  Ultimately, the 

predictions of degradation models can only be verified through further environmental 

testing. 

In general, exposure to field conditions of 50%RH and lower should allow for 

a long service life.  Interfacial degradation and hydrolysis seen in the single 75%RH 

environment considered shows cause for concern and requires further attention in 

future studies.  High humidity service conditions near 99%RH may result in a service 

life as low as 4 or 5 years at 20°C, as determined through predictive degradation 

models fit to available data.  Exposure to liquid water leads to leaching of degraded 

material, resulting in lower material strengths.  Prolonged contact with water should 

be avoided in order to reduce this leaching. 

Future work should concentrate on degradation mechanisms resulting from 

exposure to relative humidities above 50%RH in the range of 75%RH.  There appears 

to be a transition in degradation modes between 75%RH and 99%RH, and 

identification of this threshold would contribute to a greater understanding of 
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degradation mechanisms of glass composites in humid and liquid water environments.  

Monitoring the degradation of tensile strengths observed in higher humidity 

environments would allow for the implementation of available degradation models 

which account for the effects of relative humidity. 
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Appendix A.  Summary of Diffusion Results 

A.1  Fickian Diffusion Parameters 

 

Table A.1.  Fickian diffusion parameters for moisture 
specimens using apparent moisture trends. 

 
Env. M∞ (%) D (10-8 mm2/s) 
2 L   0.033     0.46 
4 L   0.032     0.28 
6 L - 0.014     8.64 
2 M   0.057     5.89 
4 M   0.060 26.8 
6 M   0.074 48.7 
6 X   0.148 78.7 
2 H   0.269     2.19 
4 H   0.666     2.28 
6 H   0.894     2.50 
8 H   1.229     6.07 
2 I   0.393     1.35 
4 I   0.586     3.40 
6 I   0.846     3.97 
8 I   0.998 12.8  

 

Table A.2.  Fickian diffusion parameters for moisture 
specimens using adjusted moisture trends. 

 
Env. M∞ (%) D (10-8 mm2/s) 
2 H 1.468   0.032 
4 H 1.468   0.170 
6 H 1.468   0.846 
8 H 1.468 3.74 
2 I 2.068 0.031 
4 I 2.068 0.102 
6 I 2.068 0.259 
8 I 2.068 0.990  
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Table A.3.  Fickian diffusion parameters for SBS 
specimens using apparent moisture trends. 

 
Env. M∞ (%) D (10-8 mm2/s) 
2L   0.040       0.64 
4L   0.046       0.60 
6L - 0.025 66.3 
2M   0.066       3.08 
4M   0.090 14.0 
6M   0.066          110 
6X   0.132          142 
2H   0.223      5.48 
4H   0.732      2.44 
6H   0.631 10.7 
8H   1.038 13.6 
2 I   0.443      1.46 
4 I   0.682      3.61 
6 I   0.647 11.8 
8 I   0.843 30.4  

 

Table A.4.  Fickian diffusion parameters for SBS 
specimens using adjusted moisture trends. 

 
Env. M∞ (%) D (10-8 mm2/s) 
2 H 1.362 0.04 
4 H 1.362 0.28 
6 H 1.362 1.26 
8 H 1.362 7.09 
2 I 1.945 0.05 
4 I 1.945 0.15 
6 I 1.945 0.68 
8 I 1.945 4.74  
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Table A.5.  Fickian diffusion parameters for DMTA 
specimens using apparent moisture trends. 

 
Env. M∞ (%) D (10-8 mm2/s) 
2L   0.031     0.14 
4L   0.015     0.96 
6L - 0.025 19.9 
2M   0.061     3.84 
4M   0.080 11.5 
6M   0.057 95.9 
6X   0.131         108 
2H   0.231     2.75 
4H   0.700     2.95 
6H   0.614 10.7 
8H   1.169     8.29 
2 I   0.483     1.12 
4 I   0.712     2.54 
6 I   0.684     9.16 
8 I   1.080 17.9  

 

Table A.6.  Fickian diffusion parameters for DMTA 
specimens using adjusted moisture trends. 

 
Env. M∞ (%) D (10-8 mm2/s) 
2 H 1.448 0.03 
4 H 1.448 0.22 
6 H 1.448 1.04 
8 H 1.448 5.17 
2 I 1.845 0.06 
4 I 1.845 0.16 
6 I 1.845 0.70 
8 I 1.845 3.81  
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Table A.7.  Fickian diffusion parameters for tension 
specimens using apparent moisture trends. 

 
Env. M∞ (%) D (10-8 mm2/s) 
2 L   0.049    7.88 
4 L   0.021     2.52 
6 L - 0.097 55.6 
2 M   0.069     6.16 
4 M   0.109     8.60 
6 M   0.087 18.0 
6 X   0.152 56.4 
2 H   0.290     2.21 
4 H   0.520     2.82 
6 H   0.545     9.41 
8 H   1.362     4.58 
2 I   0.372     1.61 
4 I   0.604     2.58 
6 I   0.645     7.69 
8 I   0.990 17.5  

 

Table A.8.  Fickian diffusion parameters for tension 
specimens using adjusted moisture trends. 

 
Env. M∞ (%) D (10-8 mm2/s) 
2 H 1.529 0.03 
4 H 1.529 0.12 
6 H 1.529 0.32 
8 H 1.529 3.41 
2 I 2.459 0.02 
4 I 2.459 0.06 
6 I 2.459 0.18 
8 I 2.459 0.97  
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A.2  Structural Modification Diffusion Parameters 

 

Table A.9.  Structural modification diffusion parameters for moisture 
specimens using apparent moisture trends. 

 
Env. Mo∞ (%) D (10-7 mm2/s) k (10-4 s-0.5) 
2 L   0.017 0.22   -0.18 
4 L   0.001 1.48 34.7 
6 L - 0.005 2.19     1.36 
2 M   0.054 0.78     0.01 
4 M   0.042 5.02     1.30 
6 M   0.053 8.43     0.49 
6 X   0.145 8.13   -0.03 
2 H   0.097 2.06     2.29 
4 H   0.250 1.62     1.99 
6 H   0.754 0.52     0.33 
8 H   1.342 0.49   -0.21 
2 I   0.187 0.82     1.45 
4 I   0.413 0.68     0.56 
6 I   2.374   0.040   -1.17 
8 I   5.869   0.037   -2.13  

 

Table A.10.  Structural modification diffusion parameters for moisture 
specimens using adjusted moisture trends. 

 
Env. Mo∞ (%) D (10-7 mm2/s) k (10-4 s-0.5) 
6 H 0.685 0.71 0.67 
8 H 1.212 0.62 0.35 
4 I 0.281 1.68 1.93 
6 I 0.359 2.20 2.85 
8 I 0.494 4.75 3.98  
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Table A.11.  Structural modification diffusion parameters for SBS 
specimens using apparent moisture trends. 

 
Env. Mo∞ (%) D (10-7 mm2/s) k (10-4 s-0.5) 
2 L   0.012      0.002  0.63 
4 L   0.025    1.38 -0.26 
6 L - 0.020    0.54 -0.22 
2 M   0.053    1.13  0.08 
4 M   0.039    6.85  1.60 
6 M   0.050    2.88  0.31 
6 X   0.112 19.7  0.02 
2 H   0.096    3.63  2.55 
4 H   0.357    1.34  1.31 
6 H   0.879    0.55    0.004 
8 H   2.180    0.28 -1.13 
2 I   0.147    1.46  2.72 
4 I   0.399    1.06  0.96 
6 I   2.220    0.11 -1.26 
8 I   2.413    0.31 -1.80  

 

Table A.12.  Structural modification diffusion parameters for SBS 
specimens using adjusted moisture trends. 

 
Env. Mo∞ (%) D (10-7 mm2/s) k (10-4 s-0.5) 
4 H 0.341 1.02 1.55 
6 H 0.637 1.32 0.95 
8 H 0.811 2.33 1.12 
2 I 0.136 1.97 3.50 
4 I 0.328 2.05 1.82 
6 I 0.411 2.34 2.43 
8 I 0.673 4.58 1.91  
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Table A.13.  Structural modification diffusion parameters for 
DMTA specimens using apparent moisture trends. 

 
Env. Mo∞ (%) D (10-7 mm2/s) k (10-4 s-0.5) 
2 L   0.013     0.11 -0.03 
4 L   0.006     0.09  0.10 
6 L - 0.013     6.87  1.48 
2 M   0.057     1.14 -0.19 
4 M   0.038     4.62  1.18 
6 M   0.047 14.0  0.18 
6 X   0.131     9.67 -0.25 
2 H   0.138     1.37  0.83 
4 H   0.280     1.88  2.00 
6 H   0.786     0.77  0.22 
8 H   1.528     0.60 -4.76 
2 I   0.141     2.22  3.12 
4 I   0.381     1.01  1.12 
6 I   0.864     0.62  0.89 
8 I   5.192     0.08 -1.68  

 

Table A.14.  Structural modification diffusion parameters for DMTA 
specimens using adjusted moisture trends. 

 
Env. Mo∞ (%) D (10-7 mm2/s) k (10-4 s-0.5) 
4 H 0.265 2.11 2.27 
6 H 0.735 0.83 0.57 
8 H 1.190 0.88 0.29 
2 I 0.143 1.54 3.16 
4 I 0.362 1.12 1.40 
6 I 0.976 0.63 0.28 
8 I 0.974 2.19 0.65  
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Table A.15.  Structural modification diffusion parameters for 
tension specimens using apparent moisture trends. 

 
Env. Mo∞ (%) D (10-7 mm2/s) k (10-4 s-0.5) 
2 L   0.027    2.58   0.07 
4 L - 0.005    3.61 -5.12 
6 L - 0.046 58.4 -1.13 
2 M   0.065    0.56 -0.03 
4 M   0.040    6.33   1.82 
6 M   0.048 44.8   0.40 
6 X   0.139    6.73   0.09 
2 H   0.102    1.93   2.37 
4 H   0.285    1.33   1.01 
6 H   0.416    1.23   1.50 
8 H   0.982    1.06   0.61 
2 I   0.123    2.48   2.72 
4 I   0.345    0.96   0.93 
6 I   1.851    0.10 -1.03 
8 I   4.980    0.06 -2.11  

 

Table A.16.  Structural modification diffusion parameters for tension 
specimens using adjusted moisture trends. 

 
Env. Mo∞ (%) D (10-7 mm2/s) k (10-4 s-0.5) 
6 H 0.433 1.54 1.38 
8 H 0.680 2.21 2.08 
4 I 0.251 1.81 2.09 
6 I 0.551 1.13 1.21 
8 I 0.581 5.08 3.09  
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A.3  Two Phase Fickian Diffusion Parameters 

 Two phase Fickian diffusion was employed for moisture specimens only. 

Table A.17.  Two Phase Fickian diffusion parameters for moisture 
specimens using apparent moisture trends. 

 
Env. M1 (%) M2 (%) D1 (10-7 mm2/s) D2 (10-7 mm2/s) 
2 L    0.017     0.016     2.54 0.014 
4 L    0.009     0.031     59.7 0.366 
6 L - 0.005  - 0.016 14.8 0.076 
2 M    0.054 0.011     7.79   0.0004 
4 M    0.040 0.049 44.2 0.533 
6 M    0.053 0.021 79.0 0.536 
6 X    0.145     0.003 81.6 0.973 
2 H    0.123     0.145     7.39 0.577 
4 H    0.257     0.409     8.41 0.511 
6 H    0.754     0.194     4.92 0.601 
8 H    1.449  - 0.220     5.75          1.58 
2 I    0.187     0.206     3.93 0.625 
4 I    0.413     0.173     5.20 0.649 
6 I    2.374  - 3.019     1.79 0.307 
8 I    5.868 -10.645     3.59 0.502  

 

Table A.18.  Two Phase Fickian diffusion parameters for moisture 
specimens using adjusted moisture trends. 

 
Env. M1 (%) M2 (%) D1 (10-7 mm2/s) D2 (10-7 mm2/s) 
6 H 0.685 0.331     5.09 0.709 
8 H 1.212 0.256     5.24 0.979 
4 I 0.281 0.428     6.59 0.585 
6 I 0.359 0.685     8.84 0.809 
8 I 0.494 1.574 20.2 0.568  
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A.4  Langmuir Diffusion Parameters 

 

Table A.19.  Langmuir diffusion parameters for moisture specimens 
using apparent moisture trends. 

 
Env. M∞ (%) D (10-6 mm2/s) α (10-8 s-1) β (10-8 s-1) 
2 L   0.033 2.73    2.60 12.8 
4 L   0.032 0.03    2.50 19.7 
6 L - 0.021 0.54    1.42    3.58 
2 M   0.065 0.22    0.71    0.16 
4 M   0.089 0.98    2.92    2.37 
6 M   0.074 1.58    4.72    1.62 
6 X   0.148 1.99  - 0.75  - 0.02 
2 H   0.269 0.23    3.40    2.92 
4 H   0.666 0.22    2.51    2.37 
6 H   0.948 2.04 10.3 42.0 
8 H   1.229 2.50 23.3 59.5 
2 I   0.393 1.76    5.21 15.6 
4 I   0.586 0.37    6.60    6.88 
6 I   0.845 0.13  - 0.78  - 0.15 
8 I   0.998 0.53  - 6.42  - 1.31  

 

Table A.20.  Langmuir diffusion parameters for moisture specimens 
using adjusted moisture trends. 

 
Env. M∞ (%) D (10-6 mm2/s) α (10-8 s-1) β (10-8 s-1) 
4 H 1.468 0.20     0.49     1.53 
6 H 1.468 0.29     1.38     2.01 
8 H 1.468 2.62 15.9 53.1 
2 I 2.068 0.30     0.21     2.17 
4 I 2.068 0.22     0.36     1.53 
6 I 2.068 0.31     0.78     1.96 
8 I 2.068 0.82     3.76     8.04  
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Table A.21.  Langmuir diffusion parameters for SBS specimens 
using apparent moisture trends. 

 
Env. M∞ (%) D (10-6 mm2/s) α (10-8 s-1) β (10-8 s-1) 
2 L   0.040    5.30       0.09    0.16 
4 L   0.045 10.7       1.29    3.73 
6 L - 0.025    7.30       4.60 14.0 
2 M   0.066    0.38       3.08    0.58 
4 M   0.090 15.0       3.46    3.14 
6 M   0.066    9.05       0.36    0.07 
6 X   0.132    9.92       2.36    1.30 
2 H   0.364    0.73       1.00    1.46 
4 H   0.732    0.25       3.25    2.59 
6 H   0.908 60.2   16.7    3.34 
8 H   1.038    0.46 - 11.4  - 0.04 
2 I   0.443 12.3      5.18 13.0 
4 I   0.682    0.50      7.46 11.1 
6 I   0.839    0.31      9.90 12.2 
8 I   0.843    0.88    - 7.25  - 0.47  

 

Table A.22.  Langmuir diffusion parameters for SBS specimens 
using adjusted moisture trends. 

 
Env. M∞ (%) D (10-6 mm2/s) α (10-8 s-1) β (10-8 s-1) 
4 H 1.362 0.20 0.67    1.33 
6 H 1.362 0.19 0.43    0.19 
8 H 1.362 1.66 16.3 23.7 
2 I 1.945 0.56 0.34    2.84 
4 I 1.945 0.45 0.40    1.20 
6 I 1.945 0.26 0.48    0.66 
8 I 1.945 0.43 0.46    0.33  
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Table A.23.  Langmuir diffusion parameters for DMTA specimens 
using apparent moisture trends. 

 
Env. M∞ (%) D (10-6 mm2/s) α (10-8 s-1) β (10-8 s-1) 
2 L    0.031    0.65    2.34 11.7 
4 L    0.015 31.4  - 0.28  - 0.32 
6 L - 0.036 11.2    1.11    1.43 
2 M    0.061    0.34  - 0.70  - 0.10 
4 M    0.080    0.51    2.42    1.99 
6 M    0.057    3.76  - 0.38  - 0.05 
6 X   0.131    3.00  - 4.35  - 0.09 
2 H   0.231    0.35    2.90    1.44 
4 H   0.700    0.55    5.60 10.1 
6 H   0.910    2.89 12.2 48.7 
8 H    1.169    1.05 15.8 12.0 
2 I    0.483    1.51    4.12 10.2 
4 I    0.712    0.36    4.24    3.98 
6 I    0.924      0.671    9.60 18.5 
8 I    1.080      0.674  - 7.41  - 0.33  

 

Table A.24.  Langmuir diffusion parameters for DMTA specimens 
using adjusted moisture trends. 

 
Env. M∞ (%) D (10-6 mm2/s) α (10-8 s-1) β (10-8 s-1) 
6 H 1.448 0.44    1.60    2.36 
8 H 1.448 1.42 12.1 18.6 
4 I 1.845 0.23    0.42    1.27 
6 I 1.845 0.16    0.24    0.22 
8 I 1.845 0.67    1.84    1.88  
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Table A.25.  Langmuir diffusion parameters for tension specimens 
using apparent moisture trends. 

 
Env. M∞ (%) D (10-6 mm2/s) α (10-8 s-1) β (10-8 s-1) 
2 L 0.049 1.39    1.74     205 
4 L 0.021 0.16  - 0.56  - 0.38 
6 L -0.097 82.2  - 2.70  - 1.07 
2 M 0.069 0.36  - 1.46    0.05 
4 M 0.109 1.73    1.60    1.70 
6 M 0.087 0.95    2.00    0.98 
6 X 0.152 5.48    1.89    0.14 
2 H 0.290 9.04    7.01    - 44.2 
4 H 0.520 0.21    4.02    3.58 
6 H 0.901 0.46    3.65    4.64 
8 H 1.362 0.27    6.55    2.64 
2 I 0.372 4.60    5.17 11.2 
4 I 0.604 0.19    3.28      1.88 
6 I 0.867 0.83    8.32    14.2 
8 I 0.990 0.52  - 7.02     - 0.96  

 

Table A.26.  Langmuir diffusion parameters for tension specimens 
using adjusted moisture trends. 

 
Env. M∞ (%) D (10-6 mm2/s) α (10-8 s-1) β (10-8 s-1) 
6 H 1.545 0.42    0.96    2.24 
8 H 1.545 2.30 15.1 66.6 
4 I 2.459 0.19    0.24    1.30 
6 I 2.459 0.12    0.12    0.22 
8 I 2.459 2.97    4.44    25.4  
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Appendix B.  Summary of Mechanical Testing 

B.1  Tensile Results 

 

Table B.1.  Wet tensile results for 18%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

Strength 
(MPa) 

Modulus 
(GPa) 

Failure Strain 
(%) 

12 1070 [19] 55.0 [2.3] 1.78 [0.04] 
24 1161 [27] 52.4 [3.6] 1.80 [0.07] 
36 1120 [29] 49.8 [3.5] 1.90 [0.12] 
48 1195 [19] 51.7 [1.2] 1.91 [0.04] 
72 1113 [9] 59.6 [1.2] 1.88 [0.03] 

20°C 
 

18%RH 

96 1186 [31] 51.1 [2.0] 1.97 [0.08] 
12 1067 [13] 51.6 [2.2] 1.76 [0.001] 
24 1152 [21] 49.7 [2.3] 1.93 [0.08] 
36 1137 [44] 51.1 [2.8] 1.91 [0.08] 
48 1130 [40] 50.2 [3.2] 1.84 [0.10] 
72 1099 [31] 52.2 [1.2] 1.79 [0.02] 

40°C 
 

18%RH 

96 1136 [47] 52.0 [1.9] 1.89 [0.07] 
12 1099 [89] 50.4 [2.4] 1.89 [0.10] 
24 1126 [49] 48.8 [2.1] 1.94 [0.08] 
36 1137 [28] 50.6 [1.1] 1.92 [0.05] 
48 1131 [24] 50.2 [2.7] 1.93 [0.09] 
72 1155 [22] 49.5 [3.5] 1.84 [0.13] 

60°C 
 

18%RH 

96 1107 [32] 51.0 [2.0] 1.85 [0.06]  
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Table B.2.  Wet tensile results for 50%RH and 75%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

Strength 
(MPa) 

Modulus 
(GPa) 

Failure Strain 
(%) 

12 1040 [30] 58.1 [3.2] 1.61 [0.07] 
24 1054 [33] 52.2 [2.7] 1.53 [0.08] 
36 1093 [22] 50.2 [2.1] 1.84 [0.07] 
48 1153 [17] 52.2 [1.8] 1.86 [0.05] 
72 1084 [27] 50.2 [1.0] 1.83 [0.02] 

20°C 
 

50%RH 

96 1123 [11] 50.1 [2.9] 1.91 [0.09] 
12 1075 [10] 52.9 [3.6] 1.76 [0.05] 
24 1107 [13] 48.7 [3.6] 1.89 [0.12] 
36 1121 [47] 51.9 [1.8] 1.85 [0.04] 
48 1133 [19] 50.6 [1.5] 1.83 [0.04] 
72 1107 [23] 51.4 [2.1] 1.77 [0.07] 

40°C 
 

50%RH 

96 1096 [16] 50.8 [0.5] 1.84 [0.01] 
12 1086 [21] 48.0 [2.7] 1.94 [0.09] 
24 1112 [23] 48.4 [2.3] 1.88 [0.08] 
36 1084 [17] 51.8 [2.9] 1.84 [0.08] 
48 1058 [23] 47.6 [2.9] 1.91 [0.07] 
72 1064 [33] 51.4 [1.3] 1.70 [0.05] 

60°C 
 

50%RH 

96 1082 [20] 51.7 [1.8] 1.81 [0.05] 
12 1064 [1] 47.1 [1.8] 1.85 [0.05] 
48 1001 [19] 50.0 [0.5] 1.61 [0.04] 

60°C 
 

75%RH 72 968 [30] 52.0 [1.8] 1.64 [0.04]  
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Table B.3.  Wet tensile results for 99%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

Strength 
(MPa) 

Modulus 
(GPa) 

Failure Strain 
(%) 

12 974 [32] 53.8 [2.7] 1.62 [0.08] 
24 992 [23] 54.3 [1.5] 1.48 [0.08] 
36 969 [51] 49.4 [3.1] 1.74 [0.09] 
48 985 [35] 51.3 [1.7] 1.69 [0.04] 
72 918 [17] 49.4 [3.6] 1.67 [0.10] 

20°C 
 

99%RH 

96 934 [15] 50.9 [2.6] 1.68 [0.07] 
12 905 [16] 48.5 [3.1] 1.63 [0.16] 
24 848 [31] 48.0 [1.4] 1.64 [0.05] 
36 823 [23] 49.8 [2.8] 1.56 [0.08] 
48 801 [25] 46.1 [3.9] 1.59 [0.14] 
72 736 [24] 51.1 [2.7] 1.40 [0.06] 

40°C 
 

99%RH 

96 696 [38] 50.8 [1.8] 1.40 [0.06] 
12 760 [9] 49.5 [2.7] 1.39 [0.06] 
24 655 [44] 48.1 [4.3] 1.39 [0.08] 
36 622 [12] 49.0 [2.3] 1.32 [0.06] 
48 577 [37] 48.9 [1.5] 1.25 [0.05] 
72 515 [36] 50.4 [0.9] 1.09 [0.05] 

60°C 
 

99%RH 

96 456 [28] 49.6 [1.8] 0.96 [0.06] 
12 427 [10] 46.4 [1.7] 0.94 [0.01] 
48 294 [15] 46.9 [2.0] 0.66 [0.04] 

80°C 
 

99%RH 72 277 [8] 52.5 [3.3] 0.56 [0.02]  
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Table B.4.  Wet tensile results for immersion environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

Strength 
(MPa) 

Modulus 
(GPa) 

Failure Strain 
(%) 

12 1021 [11] 52.5 [2.5] 1.62 [0.05] 
24 988 [12] 5.14 [0.8] 1.66 [0.08] 
36 976 [19] 48.2 [2.2] 1.75 [0.05] 
48 981 [21] 49.9 [3.3] 1.76 [0.11] 
72 923 [14] 48.8 [1.0] 1.69 [0.03] 

20°C 
 

Immersion 

96 912 [20] 50.6 [1.7] 1.67 [0.04] 
12 873 [15] 50.5 [1.7] 1.54 [0.03] 
24 818 [21] 47.2 [4.4] 1.64 [0.11] 
36 777 [22] 49.9 [2.2] 1.50 [0.04] 
48 750 [10] 46.1 [1.3] 1.45 [0.15] 
72 681 [20] 47.2 [2.1] 1.38 [0.02] 

40°C 
 

Immersion 

96 621 [15] 50.3 [1.2] 1.27 [0.02] 
12 733 [18] 50.0 [0.5] 1.39 [0.03] 
24 608 [42] 46.9 [2.9] 1.33 [0.12] 
36 571 [33] 51.0 [2.3] 1.16 [0.04] 
48 530 [42] 48.6 [1.6] 1.17 [0.09] 
72 461 [23] 47.1 [1.6] 1.04 [0.04] 

60°C 
 

Immersion 

96 377 [28] 48.5 [1.0] 0.83 [0.05] 
12 438 [32] 49.4 [1.8] 0.92 [0.06] 
24 359 [21] 45.8 [2.8] 0.85 [0.08] 
36 331 [22] 48.1 [1.8] 0.73 [0.05] 
48 273 [6] 47.1 [1.4] 0.64 [0.01] 
72 244 [13] 46.3 [2.1] 0.56 [0.03] 

80°C 
 

Immersion 

96 234 [15] 45.1 [3.0] 0.55 [0.02]  
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Table B.5.  Dry tensile results for 18%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

Strength 
(MPa) 

Modulus 
(GPa) 

Failure Strain 
(%) 

12 1121 [28] 55.0 [1.4] 1.61 [0.05] 
24 1151 [30] 50.8 [0.8] 1.91 [0.02] 
36 1136 [32] 47.0 [2.3] 2.01 [0.07] 
48 1172 [42] 49.1 [3.0] 1.96 [0.08] 
72 1108 [37] 49.9 [1.7] 1.85 [0.07] 

20°C 
 

18%RH 

96 1157 [38] 49.7 [3.4] 1.99 [0.09] 
12 1128 [40] 50.2 [2.3] 1.94 [0.06] 
24 1154 [10] 49.7 [1.6] 1.94 [0.03] 
36 1144 [38] 52.2 [1.6] 1.86 [0.05] 
48 1167 [22] 50.3 [1.3] 1.95 [0.07] 
72 1140 [17] 50.7 [0.6] 1.79 [0.02] 

40°C 
 

18%RH 

96 1129 [25] 53.2 [0.5] 1.81 [0.01] 
12 1153 [32] 50.5 [3.0] 1.91 [0.12] 
24 1130 [11] 52.2 [4.1] 1.89 [0.11] 
36 1123 [42] 48.6 [1.3] 2.00 [0.03] 
48 1099 [50] 49.2 [2.9] 1.90 [0.10] 
72 1123 [28] 50.1 [1.6] 2.00 [0.05] 

60°C 
 

18%RH 

96 1123 [20] 51.6 [1.3] 1.81 [0.05]  
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Table B.6.  Dry tensile results for 50%RH and 75%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

Strength 
(MPa) 

Modulus 
(GPa) 

Failure Strain 
(%) 

12 1117 [10] 55.5 [0.6] 1.68 [0.03] 
24 1109 [26] 49.0 [3.0] 1.93 [0.06] 
36 1153 [37] 48.6 [2.4] 1.94 [0.09] 
48 1161 [26] 54.1 [1.9] 1.85 [0.05] 
72 1136 [25] 49.6 [1.6] 1.89 [0.05] 

20°C 
 

50%RH 

96 1149 [50] 50.4 [1.2] 1.98 [0.04] 
12 1150 [15] 50.1 [1.2] 1.94 [0.05] 
24 1135 [58] 50.7 [2.5] 1.92 [0.12] 
36 1163 [14] 49.5 [1.7] 1.95 [0.08] 
48 1149 [38] 49.8 [2.1] 1.93 [0.07] 
72 1110 [39] 51.4 [4.1] 1.75 [0.10] 

40°C 
 

50%RH 

96 1153 [39] 52.1 [2.1] 1.84 [0.06] 
12 1132 [30] 52.0 [2.9] 1.87 [0.10] 
24 1174 [28] 48.7 [1.5] 2.01 [0.04] 
36 1137 [7] 48.8 [2.9] 1.90 [0.10] 
48 1112 [30] 48.2 [1.9] 1.93 [0.06] 
72 1136 [33] 51.0 [2.3] 1.90 [0.05] 

60°C 
 

50%RH 

96 1097 [31] 52.3 [1.8] 1.80 [0.06] 
12 1097 [12] 51.0 [2.0] 1.87 [0.06] 
48 1085 [37] 51.1 [2.4] 1.90 [0.08] 

60°C 
 

75%RH 72 1021 [28] 52.0 [0.8] 1.74 [0.02]  
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Table B.7.  Dry tensile results for 99%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

Strength 
(MPa) 

Modulus 
(GPa) 

Failure Strain 
(%) 

12 1143 [8] 55.3 [1.4] 1.66 [0.05] 
24 1122 [37] 50.0 [2.2] 1.91 [0.09] 
36 1160 [34] 47.6 [1.6] 2.00 [0.05] 
48 1092 [39] 52.0 [2.8] 1.87 [0.08] 
72 1055 [26] 49.7 [1.9] 1.84 [0.05] 

20°C 
 

99%RH 

96 1040 [24] 50.7 [1.3] 1.90 [0.03] 
12 1032 [23] 49.4 [1.3] 1.86 [0.04] 
24 935 [29] 49.5 [2.1] 1.77 [0.06] 
36 929 [52] 50.0 [3.2] 1.72 [0.10] 
48 890 [59] 49.0 [0.8] 1.75 [0.05] 
72 831 [73] 49.5 [2.8] 1.58 [0.10] 

40°C 
 

99%RH 

96 735 [42] 52.9 [1.5] 1.43 [0.06] 
12 850 [19] 49.5 [2.6] 1.66 [0.08] 
24 752 [32] 48.9 [2.6] 1.54 [0.09] 
36 693 [46] 48.3 [2.2] 1.48 [0.04] 
48 644 [42] 46.3 [3.3] 1.44 [0.12] 
72 598 [16] 46.8 [1.8] 1.27 [0.04] 

60°C 
 

99%RH 

96 509 [21] 52.2 [3.6] 1.03 [0.05] 
12 481 [29] 47.9 [2.3] 1.03 [0.02] 
48 332 [17] 50.9 [0.1] 0.69 [0.04] 

80°C 
 

99%RH 72 295 [14] 49.8 [1.5] 0.62 [0.01]  
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Table B.8.  Dry tensile results for immersion environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

Strength 
(MPa) 

Modulus 
(GPa) 

Failure Strain 
(%) 

12 1106 [22] 53.9 [2.0] 1.64 [0.09] 
24 1155 [44] 49.1 [3.1] 1.97 [0.09] 
36 1149 [16] 51.4 [4.0] 1.88 [0.11] 
48 1115 [28] 51.3 [1.8] 1.87 [0.03] 
72 1046 [30] 51.7 [2.4] 1.78 [0.07] 

20°C 
 

Immersion 

96 1045 [20] 50.4 [2.0] 1.91 [0.06] 
12 993 [24] 50.2 [1.2] 1.80 [0.04] 
24 905 [35] 52.5 [2.7] 1.64 [0.08] 
36 836 [15] 51.0 [2.4] 1.62 [0.09] 
48 781 [15] 48.4 [1.7] 1.64 [0.03] 
72 728 [18] 50.6 [1.6] 1.41 [0.06] 

40°C 
 

Immersion 

96 658 [20] 50.0 [3.8] 1.33 [0.07] 
12 799 [13] 49.7 [1.1] 1.56 [0.06] 
24 677 [27] 50.0 [1.8] 1.38 [0.02] 
36 646 [27] 48.4 [3.7] 1.36 [0.06] 
48 578 [34] 49.3 [1.8] 1.25 [0.05] 
72 551 [32] 48.6 [1.9] 1.14 [0.06] 

60°C 
 

Immersion 

96 426 [25] 51.0 [2.2] 0.91 [0.06] 
12 498 [11] 47.5 [3.2] 1.09 [0.05] 
24 417 [31] 49.7 [0.8] 0.89 [0.04] 
36 341 [19] 46.2 [1.5] 0.78 [0.05] 
48 307 [15] 45.7 [3.2] 0.70 [0.05] 
72 269 [15] 43.6 [1.1] 0.64 [0.04] 

80°C 
 

Immersion 

96 248 [32] 45.9 [2.0] 0.57 [0.04]  
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B.2  Short Beam Shear Results 

 

Table B.9.  Wet SBS strengths for 18%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

SBS Strength 
(MPa) 

12 70.9 [1.0] 
24 71.2 [2.7] 
36 70.3 [2.7] 
48 71.0 [1.5] 
72 67.1 [3.2] 

20°C 
 

18%RH 

96 70.2 [1.3] 
12 74.5 [1.2] 
24 72.1 [1.5] 
36 72.5 [3.4] 
48 72.4 [2.3] 
72 72.5 [0.7] 

40°C 
 

18%RH 

96 72.6 [0.6] 
12 76.6 [1.4] 
24 75.3 [1.4] 
36 75.0 [1.7] 
48 75.5 [1.9] 
72 75.6 [0.8] 

60°C 
 

18%RH 

96 78.8 [2.5]  
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Table B.10.  Wet SBS strengths for 50%RH and 75%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

SBS Strength 
(MPa) 

12 69.2 [1.3] 
24 68.1 [2.0] 
36 66.5 [2.3] 
48 69.5 [1.1] 
72 67.5 [0.8] 

20°C 
 

50%RH 

96 68.2 [2.6] 
12 71.2 [0.9] 
24 70.0 [1.3] 
36 67.3 [3.0] 
48 71.5 [1.4] 
72 69.0 [1.5] 

40°C 
 

50%RH 

96 71.0 [0.9] 
12 75.2 [2.0] 
24 73.7 [1.7] 
36 76.3 [2.5] 
48 73.2 [1.9] 
72 72.3 [2.8] 

60°C 
 

50%RH 

96 74.0 [3.1] 
12 67.9 [1.6] 
24 69.6 [1.6] 
36 67.9 [1.5] 
48 68.9 [1.2] 

60°C 
 

75%RH 
72 66.7 [2.5]  
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Table B.11.  Wet SBS strengths for 99%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

SBS Strength 
(MPa) 

12 60.9 [2.0] 
24 60.4 [2.8] 
36 61.6 [1.8] 
48 61.8 [1.5] 
72 56.8 [2.4] 

20°C 
 

99%RH 

96 57.9 [2.1] 
12 62.9 [1.3] 
24 62.3 [2.4] 
36 62.3 [1.2] 
48 61.7 [3.0] 
72 60.9 [2.9] 

40°C 
 

99%RH 

96 58.8 [3.6] 
12 65.1 [1.8] 
24 55.7 [2.6] 
36 60.5 [1.3] 
48 56.8 [3.3] 
72 53.0 [2.3] 

60°C 
 

99%RH 

96 55.2 [3.0] 
12 45.8 [3.0] 
24 40.5 [1.5] 
36 38.0 [2.2] 
48 36.2 [1.6] 

80°C 
 

99%RH 
72 35.4 [0.7]  
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Table B.12.  Wet SBS strengths for immersion environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

SBS Strength 
(MPa) 

12 59.1 [2.0] 
24 58.6 [1.6] 
36 57.5 [2.4] 
48 56.9 [1.9] 
72 57.1 [1.9] 

20°C 
 

Immersion 

96 56.6 [2.0] 
12 63.4 [2.2] 
24 61.0 [3.4] 
36 62.4 [2.2] 
48 61.9 [3.0] 
72 57.7 [1.8] 

40°C 
 

Immersion 

96 61.4 [2.0] 
12 63.4 [2.2] 
24 56.5 [2.2] 
36 52.9 [4.2] 
48 57.4 [2.8] 
72 50.3 [2.8] 

60°C 
 

Immersion 

96 50.9 [2.8] 
12 49.1 [2.1] 
24 44.4 [4.2] 
36 39.6 [2.2] 
48 39.3 [3.4] 
72 37.4 [4.0] 

80°C 
 

Immersion 

96 31.0 [2.4]  
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Table B.13.  Dry SBS strengths for 18%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

SBS Strength 
(MPa) 

12 69.9 [2.1] 
24 69.5 [1.2] 
36 71.2 [1.8] 
48 71.1 [1.3] 
72 67.9 [2.1] 

20°C 
 

18%RH 

96 71.8 [2.3] 
12 72.6 [1.1] 
24 73.1 [1.9] 
36 72.8 [2.2] 
48 71.4 [3.0] 
72 72.4 [2.4] 

40°C 
 

18%RH 

96 72.9 [3.2] 
12 77.9 [0.7] 
24 74.1 [3.3] 
36 75.8 [3.0] 
48 77.2 [2.6] 
72 78.7 [2.2] 

60°C 
 

18%RH 

96 75.1 [4.1]  
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Table B.14.  Dry SBS strengths for 50%RH and 75%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

SBS Strength 
(MPa) 

12 71.3 [2.2] 
24 70.6 [2.9] 
36 70.3 [1.1] 
48 70.8 [0.8] 
72 68.1 [2.3] 

20°C 
 

50%RH 

96 70.1 [1.1] 
12 72.8 [1.5] 
24 74.8 [0.9] 
36 73.6 [1.7] 
48 73.1 [2.2] 
72 73.7 [2.4] 

40°C 
 

50%RH 

96 75.8 [0.9] 
12 78.5 [1.6] 
24 78.6 [2.2] 
36 76.3 [2.6] 
48 75.8 [3.8] 
72 77.5 [2.5] 

60°C 
 

50%RH 

96 77.0 [1.3] 
12 76.3 [0.8] 
24 75.2 [3.2] 
36 73.0 [2.5] 
48 77.5 [0.3] 

60°C 
 

75%RH 
72 73.5 [2.4]  
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Table B.15.  Dry SBS strengths for 99%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

Strength 
(MPa) 

12 72.9 [2.0] 
24 68.9 [2.6] 
36 70.2 [2.0] 
48 71.6 [0.7] 
72 71.0 [3.0] 

20°C 
 

99%RH 

96 69.0 [1.3] 
12 73.6 [1.1] 
24 74.6 [1.4] 
36 72.5 [1.9] 
48 70.2 [2.3] 
72 71.3 [3.1] 

40°C 
 

99%RH 

96 70.9 [2.1] 
12 75.8 [0.7] 
24 65.8 [3.5] 
36 65.9 [2.1] 
48 66.0 [3.5] 
72 67.5 [1.0] 

60°C 
 

99%RH 

96 62.8 [2.6] 
12 54.9 [2.5] 
24 47.0 [2.8] 
36 45.4 [2.0] 
48 45.7 [1.8] 

80°C 
 

99%RH 
72 41.9 [1.2]  
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Table B.16.  Dry SBS strengths for immersion environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

SBS Strength 
(MPa) 

12 71.3 [2.2] 
24 71.5 [0.7] 
36 70.8 [2.2] 
48 71.3 [1.9] 
72 70.4 [1.9] 

20°C 
 

Immersion 

96 69.5 [1.7] 
12 74.5 [1.1] 
24 73.6 [1.3] 
36 73.5 [3.2] 
48 72.9 [2.3] 
72 72.8 [1.6] 

40°C 
 

Immersion 

96 73.6 [1.3] 
12 74.4 [4.7] 
24 65.1 [4.7] 
36 65.3 [1.9] 
48 66.2 [3.1] 
72 66.5 [2.2] 

60°C 
 

Immersion 

96 60.0 [2.9] 
12 57.0 [3.8] 
24 54.2 [3.5] 
36 51.8 [1.7] 
48 46.6 [3.2] 
72 44.9 [2.4] 

80°C 
 

Immersion 

96 40.0 [1.7]  
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Appendix C.  Summary of DMTA Results 

C.1  Glass Transitions Temperatures and tanδ Peak Heights 

 

Table C.1.  Wet Tg and tanδ for 18%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

Tg [tanδ] 
(°C) 

Tg [E’’] 
(°C) 

tanδ 
pk height 

12 114.5 [0.8] 98.4 [2.2] 0.193 [0.007] 
24 115.6 [1.6] 98.6 [2.1] 0.199 [0.008] 
36 115.9 [1.8] 99.5 [2.9] 0.200 [0.004] 
48 114.4 [2.1] 97.5 [1.6] 0.188 [0.003] 
72 113.8 [1.5] 98.8 [2.1] 0.188 [0.012] 

20°C 
 

18%RH 

96 117.5 [1.8] 97.6 [2.0] 0.194 [0.005] 
12 118.0 [1.5] 98.7 [1.6] 0.188 [0.003] 
24 116.1 [1.6] 101.8 [1.4] 0.191 [0.009] 
36 119.7 [4.0] 101.8 [1.5] 0.200 [0.005] 
48 119.8 [3.6] 103.9 [1.3] 0.201 [0.021] 
72 121.9 [4.0] 101.9 [2.6] 0.190 [0.010] 

40°C 
 

18%RH 

96 119.5 [1.3] 103.3 [1.1] 0.189 [0.003] 
12 123.3 [3.8] 106.7 [0.8] 0.200 [0.006] 
24 120.0 [1.9] 108.0 [0.7] 0.192 [0.009] 
36 120.0 [7.2] 109.9 [0.4] 0.196 [0.022] 
48 125.3 [2.2] 111.1 [1.2] 0.222 [0.012] 
72 124.8 [1.6] 111.0 [0.1] 0.203 [0.007] 

60°C 
 

18%RH 

96 128.4 [2.7] 111.7 [1.8] 0.211 [0.016]  
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Table C.2.  Wet Tg and tanδ for 50%RH and 75%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

Tg [tanδ] 
(°C) 

Tg [E’’] 
(°C) 

tanδ 
pk height 

12 113.4 [1.2] 94.8 [1.0] 0.192 [0.004] 
24 112.4 [4.1] 95.4 [3.5] 0.198 [0.005] 
36 111.2 [0.7] 93.3 [1.1] 0.198 [0.012] 
48 110.5 [2.2] 94.4 [2.4] 0.192 [0.011] 
72 113.2 [3.3] 98.0 [0.3] 0.203 [0.015] 

20°C 
 

50%RH 

96 114.3 [2.5] 93.1 [1.0] 0.199 [0.011] 
12 113.7 [2.5] 97.4 [1.9] 0.195 [0.003] 
24 115.5 [3.8] 99.2 [1.8] 0.199 [0.008] 
36 114.9 [2.0] 97.0 [1.8] 0.204 [0.005] 
48 115.9 [3.4] 100.3 [1.7] 0.197 [0.017] 
72 117.1 [1.4] 100.0 [2.0] 0.201 [0.010] 

40°C 
 

50%RH 

96 116.4 [3.1] 100.3 [1.2] 0.207 [0.004] 
12 124.4 [2.0] 110.1 [1.2] 0.229 [0.006] 
24 125.9 [1.7] 111.9 [0.7] 0.227 [0.007] 
36 119.3 [1.4] 111.4 [0.4] 0.230 [0.007] 
48 123.9 [1.5] 111.7 [1.0] 0.235 [0.019] 
72 124.0 [2.3] 110.2 [1.0] 0.232 [0.002] 

60°C 
 

50%RH 

96 117.4 [2.1] 106.3 [0.6] 0.233 [0.005] 
12 119.2 [1.5] 105.5 [0.4] 0.204 [0.007] 
24 118.1 [1.8] 106.3 [0.5] 0.214 [0.002] 
36 120.6 [4.6] 106.5 [1.3] 0.220 [0.007] 
48 119.8 [6.8] 104.8 [0.8] 0.212 [0.013] 

60°C 
 

75%RH 
72 12.01 [5.0] 103.0 [0.7] 0.217 [0.006]  
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Table C.3.  Wet Tg and tanδ for 99%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

Tg [tanδ] 
(°C) 

Tg [E’’] 
(°C) 

tanδ 
pk height 

12 105.0 [3.0] 85.1 [1.5] 0.199 [0.009] 
24 109.2 [7.5] 88.6 [1.0] 0.207 [0.006] 
36 104.6 [1.6] 90.0 [2.2] 0.205 [0.002] 
48 101.9 [1.8] 86.3 [2.2] 0.203 [0.006] 
72 103.5 [1.6] 87.2 [1.5] 0.207 [0.007] 

20°C 
 

99%RH 

96 102.7 [1.1] 85.8 [0.8] 0.209 [0.004] 
12 101.7 [1.6] 90.2 [1.2] 0.230 [0.004] 
24 102.8 [1.2] 91.7 [0.5] 0.244 [0.009] 
36 99.8 [0.7] 89.3 [0.1] 0.248 [0.010] 
48 101.8 [1.2] 91.7 [0.9] 0.231 [0.005] 
72 99.8 [0.8] 91.4 [0.5] 0.235 [0.009] 

40°C 
 

99%RH 

96 102.7 [2.9] 93.9 [0.6] 0.227 [0.004] 
12 108.1 [0.7] 99.6 [0.7] 0.259 [0.005] 
24 108.9 [0.9] 99.7 [0.9] 0.279 [0.004] 
36 107.9 [1.4] 100.2 [0.9] 0.267 [0.009] 
48 109.9 [0.4] 101.3 [0.5] 0.290 [0.006] 
72 109.4 [0.8] 99.7 [1.1] 0.270 [0.010] 

60°C 
 

99%RH 

96 110.1 [0.9] 102.4 [0.7] 0.273 [0.005] 
12 116.1 [1.2] 106.5 [1.5] 0.296 [0.004] 
24 118.3 [1.5] 108.4 [2.0] 0.299 [0.010] 
36 119.9 [2.6] 110.2 [1.6] 0.279 [0.011] 
48 118.8 [0.9] 108.9 [2.1] 0.278 [0.002] 

80°C 
 

99%RH 
72 124.0 [3.2] 11.40 [1.3] 0.245 [0.024]  
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Table C.4.  Wet Tg and tanδ for immersion environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

Tg [tanδ] 
(°C) 

Tg [E’’] 
(°C) 

tanδ 
pk height 

12 101.7 [2.1] 87.2 [1.3] 0.202 [0.017] 
24 100.3 [0.8] 84.8 [1.1] 0.208 [0.017] 
36 101.0 [3.6] 87.3 [1.7] 0.220 [0.007] 
48 97.9 [2.1] 83.0 [1.4] 0.217 [0.009] 
72 97.9 [0.7] 84.8 [0.7] 0.213 [0.015] 

20°C 
 

Immersion 

96 98.3 [1.0] 85.6 [2.7] 0.221 [0.006] 
12 101.3 [1.6] 91.6 [0.7] 0.233 [0.013] 
24 10.32 [1.3] 94.4 [1.1] 0.248 [0.011] 
36 101.5 [1.9] 90.8 [0.5] 0.242 [0.003] 
48 102.8 [1.1] 95.1 [1.8] 0.256 [0.019] 
72 101.6 [1.4] 91.9 [1.0] 0.245 [0.004] 

40°C 
 

Immersion 

96 99.6 [0.5] 92.4 [0.8] 0.248 [0.005] 
12 109.5 [1.2] 101.6 [0.6] 0.256 [0.009] 
24 110.5 [1.0] 101.6 [1.0] 0.295 [0.013] 
36 109.0 [1.0] 101.3 [0.8] 0.281 [0.005] 
48 110.7 [0.4] 102.4 [1.4] 0.289 [0.014] 
72 109.7 [0.6] 102.3 [0.6] 0.276 [0.003] 

60°C 
 

Immersion 

96 112.6 [2.3] 104.2 [1.7] 0.271 [0.010] 
12 118.6 [4.4] 110.3 [0.8] 0.302 [0.004] 
24 116.3 [0.3] 106.6 [1.3] 0.288 [0.014] 
36 118.2 [1.6] 108.8 [1.5] 0.284 [0.017] 
48 120.5 [0.8] 111.7 [0.8] 0.297 [0.014] 
72 120.0 [1.1] 111.7 [1.1] 0.258 [0.007] 

80°C 
 

Immersion 

96 121.0 [1.9] 113.1 [1.9] 0.254 [0.025]  
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Table C.5.  Dry Tg and tanδ for 18%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

Tg [tanδ] 
(°C) 

Tg [E’’] 
(°C) 

tanδ 
pk height 

12 115.5 [2.6] 98.3 [1.1] 0.179 [0.014] 
24 116.4 [0.3] 98.5 [1.7] 0.191 [0.004] 
36 117.2 [0.7] 97.2 [0.8] 0.195 [0.008] 
48 119.1 [2.7] 102.3 [2.0] 0.204 [0.009] 
72 117.6 [3.5] 100.4 [1.3] 0.204 [0.008] 

20°C 
 

18%RH 

96 118.1 [0.8] 97.3 [1.9] 0.189 [0.013] 
12 118.4 [1.3] 99.9 [1.3] 0.202 [0.005] 
24 113.4 [0.7] 99.5 [0.7] 0.177 [0.011] 
36 119.1 [1.4] 102.7 [1.4] 0.195 [0.009] 
48 121.4 [3.2] 102.6 [3.2] 0.204 [0.013] 
72 118.9 [1.0] 101.0 [1.0] 0.191 [0.007] 

40°C 
 

18%RH 

96 120.9 [0.8] 105.4 [0.8] 0.185 [0.014] 
12 125.2 [8.4] 111.7 [6.4] 0.198 [0.012] 
24 120.5 [1.3] 107.2 [0.4] 0.184 [0.009] 
36 127.0 [2.3] 10.95 [1.0] 0.225 [0.006] 
48 122.3 [4.5] 107.9 [0.7] 0.206 [0.011] 
72 127.2 [4.6] 111.9 [2.2] 0.195 [0.009] 

60°C 
 

18%RH 

96 124.4 [5.1] 109.1 [1.2] 0.196 [0.003]  
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Table C.6.  Dry Tg and tanδ for 50%RH and 75%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

Tg [tanδ] 
(°C) 

Tg [E’’] 
(°C) 

tanδ 
pk height 

12 119.9 [2.7] 98.2 [1.2] 0.204 [0.011] 
24 116.7 [2.6] 97.5 [0.8] 0.196 [0.021] 
36 116.5 [0.6] 99.2 [1.5] 0.192 [0.010] 
48 114.8 [0.6] 99.6 [2.7] 0.197 [0.021] 
72 114.4 [2.1] 97.4 [1.8] 0.203 [0.009] 

20°C 
 

50%RH 

96 116.6 [4.4] 100.5 [4.3] 0.198 [0.006] 
12 115.9 [1.5] 99.8 [1.1] 0.195 [0.006] 
24 112.9 [1.0] 99.5 [0.4] 0.176 [0.004] 
36 117.9 [3.5] 105.1 [0.8] 0.201 [0.025] 
48 125.7 [6.8] 105.5 [1.6] 0.203 [0.002] 
72 121.6 [5.9] 103.5 [0.7] 0.202 [0.006] 

40°C 
 

50%RH 

96 124.6 [1.8] 105.6 [0.8] 0.203 [0.008] 
12 126.5 [1.2] 114.5 [1.6] 0.222 [0.007] 
24 125.6 [3.1] 114.0 [1.2] 0.225 [0.017] 
36 131.2 [1.9] 116.2 [1.8] 0.236 [0.004] 
48 128.9 [0.8] 116.0 [0.9] 0.242 [0.010] 
72 128.1 [1.4] 115.8 [0.5] 0.233 [0.008] 

60°C 
 

50%RH 

96 129.2 [1.9] 117.3 [0.9] 0.235 [0.005] 
12 124.7 [2.2] 114.6 [1.8] 0.221 [0.011] 
24 125.4 [0.6] 114.1 [1.6] 0.222 [0.008] 
36 125.8 [2.9] 115.2 [0.8] 0.229 [0.005] 
48 128.0 [1.4] 117.0 [1.3] 0.220 [0.016] 

60°C 
 

75%RH 
72 125.7 [1.7] 113.1 [0.7] 0.221 [0.13]  
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Table C.7.  Dry Tg and tanδ for 99%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

Tg [tanδ] 
(°C) 

Tg [E’’] 
(°C) 

tanδ 
pk height 

12 109.9 [4.6] 93.9 [4.7] 0.199 [0.009] 
24 117.3 [1.5] 100.3 [0.5] 0.207 [0.006] 
36 119.8 [4.6] 101.2 [1.2] 0.195 [0.002] 
48 113.4 [1.7] 99.3 [2.7] 0.187 [0.012] 
72 113.8 [4.2] 99.1 [1.4] 0.206 [0.010] 

20°C 
 

99%RH 

96 115.6 [2.9] 98.9 [2.6] 0.204 [0.011] 
12 117.0 [5.4] 103.0 [1.8] 0.211 [0.013] 
24 115.2 [4.1] 102.4 [2.4] 0.184 [0.012] 
36 115.9 [1.7] 103.2 [1.2] 0.213 [0.008] 
48 121.0 [5.3] 102.7 [0.7] 0.212 [0.012] 
72 116.7 [0.6] 104.2 [1.3] 0.196 [0.014] 

40°C 
 

99%RH 

96 119.9 [1.9] 104.5 [1.5] 0.215 [0.005] 
12 125.9 [2.8] 114.9 [1.3] 0.235 [0.010] 
24 126.0 [1.7] 113.7 [0.9] 0.275 [0.002] 
36 127.7 [1.3] 115.2 [1.2] 0.256 [0.008] 
48 127.4 [1.7] 116.0 [1.0] 0.265 [0.014] 
72 130.6 [1.9] 116.5 [0.6] 0.275 [0.012] 

60°C 
 

99%RH 

96 125.8 [0.9] 116.5 [0.9] 0.264 [0.023] 
12 138.2 [0.3] 123.8 [2.8] 0.308 [0.016] 
24 139.1 [1.9] 123.1 [2.2] 0.305 [0.018] 
36 141.1 [1.2] 129.9 [2.7] 0.320 [0.013] 
48 144.0 [1.2] 130.6 [1.9] 0.307 [0.017] 

80°C 
 

99%RH 
72 142.5 [1.7] 130.9 [1.1] 0.321 [0.027]  
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Table C.8.  Dry Tg and tanδ for immersion environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time 
(wk) 

Tg [tanδ] 
(°C) 

Tg [E’’] 
(°C) 

tanδ 
pk height 

12 117.2 [2.3] 100.6 [2.2] 0.200 [0.005] 
24 115.7 [2.7] 99.4 [1.2] 0.201 [0.011] 
36 112.0 [2.2] 98.8 [0.9] 0.178 [0.010] 
48 114.9 [1.5] 98.1 [1.6] 0.210 [0.004] 
72 113.4 [1.1] 97.6 [2.0] 0.189 [0.006] 

20°C 
 

Immersion 

96 115.0 [1.9] 98.9 [2.2] 0.204 [0.007] 
12 119.5 [1.8] 103.7 [1.9] 0.217 [0.008] 
24 116.7 [1.9] 105.1 [0.7] 0.193 [0.005] 
36 125.6 [6.8] 103.8 [0.7] 0.226 [0.010] 
48 123.0 [4.8] 104.4 [0.7] 0.222 [0.005] 
72 119.3 [0.8] 106.2 [1.7] 0.207 [0.002] 

40°C 
 

Immersion 

96 120.4 [2.2] 108.0 [0.3] 0.226 [0.002] 
12 126.0 [2.4] 115.1 [0.6] 0.239 [0.007] 
24 126.7 [1.1] 115.5 [0.5] 0.250 [0.003] 
36 129.5 [1.8] 118.0 [2.3] 0.288 [0.012] 
48 129.4 [0.9] 117.1 [1.9] 0.277 [0.013] 
72 131.3 [1.1] 119.8 [0.9] 0.274 [0.018] 

60°C 
 

Immersion 

96 133.3 [1.1] 121.5 [0.8] 0.281 [0.010] 
12 138.5 [1.9] 124.9 [2.6] 0.292 [0.012] 
24 141.5 [1.4] 125.6 [2.8] 0.301 [0.005] 
36 142.9 [1.5] 126.4 [0.6] 0.304 [0.005] 
48 140.2 [1.5] 127.0 [1.2] 0.304 [0.017] 
72 143.9 [0.9] 130.7 [2.5] 0.305 [0.001] 

80°C 
 

Immersion 

96 141.8 [0.6] 126.2 [1.2] 0.309 [0.008]  
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C.2  Storage Moduli 

 

Table C.9.  Wet storage moduli for 18%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time
(wk) 

E’[Tg-60°C] 
(GPa) 

E’[Tg+60°C] 
(GPa) 

12 17.28 [0.87] 2.26 [0.19] 
24 18.31 [0.95] 2.36 [0.16] 
36 17.52 [0.20] 2.25 [0.17] 
48 18.78 [0.53] 2.21 [0.10] 
72 18.60 [1.22] 2.24 [0.21] 

20°C 
 

18%RH 

96 18.51 [0.63] 2.26 [0.15] 
12 18.20 [0.33] 2.16 [0.12] 
24 18.21 [0.58] 2.11 [0.22] 
36 17.89 [0.85] 2.05 [0.17] 
48 18.68 [0.54] 2.13 [0.10] 
72 16.68 [0.63] 1.98 [0.18] 

40°C 
 

18%RH 

96 17.42 [0.30] 1.99 [0.17] 
12 17.84 [0.81] 2.25 [0.13] 
24 17.68 [0.46] 1.98 [0.10] 
36 17.53 [0.37] 1.89 [0.11] 
48 16.91 [0.49] 1.91 [0.16] 
72 17.50 [0.82] 1.91 [0.19] 

60°C 
 

18%RH 

96 18.48 [0.71] 1.89 [0.14]  
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Table C.10.  Wet storage moduli for 50%RH and 75%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time
(wk) 

E’[Tg-60°C] 
(GPa) 

E’[Tg+60°C] 
(GPa) 

12 16.96 [1.14] 2.21 [0.12] 
24 17.87 [0.55] 2.07 [0.14] 
36 17.58 [0.89] 2.24 [0.10] 
48 16.95 [0.40] 1.97 [0.14] 
72 17.94 [1.07] 2.26 [0.05] 

20°C 
 

50%RH 

96 17.53 [0.59] 2.11 [0.21] 
12 17.69 [0.41] 1.97 [0.05] 
24 17.26 [0.53] 1.91 [0.06] 
36 17.75 [1.05] 2.01 [0.10] 
48 18.10 [0.32] 1.94 [0.14] 
72 17.01 [0.76] 1.90 [0.12] 

40°C 
 

50%RH 

96 17.20 [0.23] 1.94 [0.12] 
12 18.04 [0.53] 1.83 [0.18] 
24 16.80 [0.32] 1.77 [0.10] 
36 16.55 [0.41] 1.84 [0.18] 
48 16.71 [0.56] 1.71 [0.12] 
72 17.27 [1.06] 1.73 [0.14] 

60°C 
 

50%RH 

96 18.15 [0.42] 1.76 [0.06] 
12 16.07 [0.49] 1.66 [0.02] 
24 17.40 [0.47] 1.67 [0.12] 
36 16.72 [0.78] 1.68 [0.13] 
48 16.94 [0.53] 1.66 [0.07] 

60°C 
 

75%RH 
72 17.75 [0.88] 1.60 [0.19]  
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Table C.11.  Wet storage moduli for 99%RH environments. 
Brackets indicate standard deviations. 

 
Exposure
Condition

Time
(wk) 

E’[Tg-60°C] 
(GPa) 

E’[Tg+60°C] 
(GPa) 

12 17.07 [1.04] 1.93 [0.13] 
24 17.48 [0.87] 2.15 [0.14] 
36 17.15 [0.31] 2.05 [0.07] 
48 17.66 [0.68] 2.06 [0.16] 
72 18.10 [1.44] 2.09 [0.15] 

20°C 
 

99%RH 

96 17.22 [0.45] 1.99 [0.14] 
12 18.32 [0.74] 1.73 [0.09] 
24 18.05 [0.73] 1.67 [0.12] 
36 18.83 [0.09] 1.66 [0.20] 
48 16.28 [0.85] 1.51 [0.10] 
72 17.65 [0.15] 1.53 [0.06] 

40°C 
 

99%RH 

96 17.68 [0.58] 1.56 [0.02] 
12 17.33 [0.81] 1.51 [0.14] 
24 15.45 [0.52] 1.05 [0.08] 
36 15.44 [0.51] 1.01 [0.04] 
48 14.61 [0.35] 0.97 [0.04] 
72 14.99 [0.63] 1.04 [0.06] 

60°C 
 

99%RH 

96 15.60 [0.37] 1.04 [0.07] 
12 1.320 [0.38] 0.90 [0.05] 
24 13.19 [0.42] 0.88 [0.03] 
36 11.77 [0.13] 0.88 [0.03] 
48 11.54 [0.40] 0.81 [0.03] 

80°C 
 

99%RH 
72 11.43 [0.67] 0.75 [0.01]  
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Table C.12.  Wet storage moduli for immersion environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time
(wk) 

E’[Tg-60°C] 
(GPa) 

E’[Tg+60°C] 
(GPa) 

12 17.42 [0.71] 2.20 [0.15] 
24 17.55 [0.65] 2.22 [0.04] 
36 17.82 [1.21] 2.02 [0.07] 
48 16.77 [0.72] 197 [0.08] 
72 17.35 [0.68] 1.94 [0.10] 

20°C 
 

Immersion 

96 19.03 [0.66] 2.01 [0.16] 
12 18.02 [0.44] 1.87 [0.08] 
24 17.53 [0.61] 1.66 [0.15] 
36 17.45 [1.25] 1.53 [0.06] 
48 17.27 [0.91] 1.44 [0.12] 
72 17.68 [0.37] 1.48 [0.10] 

40°C 
 

Immersion 

96 17.90 [0.61] 1.44 [0.09] 
12 17.66 [0.59] 1.52 [0.04] 
24 14.79 [0.46] 1.10 [0.05] 
36 15.16 [0.70] 1.05 [0.11] 
48 14.45 [0.85] 0.94 [0.03] 
72 14.51 [0.51] 0.97 [0.08] 

60°C 
 

Immersion 

96 14.82 [0.33] 1.00 [0.06] 
12 13.51 [0.76] 0.96 [0.04] 
24 12.68 [0.46] 0.85 [0.05] 
36 11.90 [0.48] 0.82 [0.06] 
48 11.91 [0.12] 0.80 [0.01] 
72 10.02 [0.54] 0.84 [0.02] 

80°C 
 

Immersion 

96 9.92 [0.39] 0.78 [0.03]  
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Table C.13.  Dry storage moduli for 18%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time
(wk) 

E’[Tg-60°C] 
(GPa) 

E’[Tg+60°C] 
(GPa) 

12 18.47 [0.54] 2.21 [0.24] 
24 18.13 [0.55] 2.31 [0.26] 
36 17.49 [0.28] 2.09 [0.14] 
48 18.02 [1.07] 2.26 [0.20] 
72 18.63 [0.44] 2.12 [0.22] 

20°C 
 

18%RH 

96 17.98 [0.64] 2.11 [0.15] 
12 17.89 [0.90] 2.13 [0.06] 
24 16.73 [0.42] 1.89 [0.20] 
36 18.64 [0.18] 2.22 [0.13] 
48 18.16 [0.72] 2.03 [0.14] 
72 17.25 [0.31] 1.86 [0.09] 

40°C 
 

18%RH 

96 17.54 [0.79] 1.92 [0.18] 
12 17.12 [0.42] 1.92 [0.07] 
24 17.98 [0.26] 1.92 [0.16] 
36 17.48 [0.65] 1.94 [0.12] 
48 18.16 [0.66] 1.90 [0.11] 
72 17.00 [0.13] 1.91 [0.11] 

60°C 
 

18%RH 

96 16.90 [0.43] 1.74 [0.16]  
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Table C.14.  Dry storage moduli for 50%RH and 75%RH environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time
(wk) 

E’[Tg-60°C] 
(GPa) 

E’[Tg+60°C] 
(GPa) 

12 17.32 [0.43] 2.15 [0.11] 
24 18.02 [0.51] 2.32 [0.25] 
36 17.08 [0.57] 2.21 [0.16] 
48 17.16 [0.52] 2.19 [0.08] 
72 18.07 [0.88] 2.11 [0.15] 

20°C 
 

50%RH 

96 18.60 [0.91] 2.26 [0.06] 
12 18.45 [0.99] 2.24 [0.04] 
24 16.89 [0.77] 1.99 [0.12] 
36 18.09 [0.68] 2.11 [0.15] 
48 17.84 [0.44] 1.95 [0.09] 
72 17.59 [0.89] 1.85 [0.15] 

40°C 
 

50%RH 

96 17.66 [0.45] 1.94 [0.19] 
12 17.94 [1.06] 1.92 [0.12] 
24 17.08 [0.06] 1.77 [0.11] 
36 17.69 [0.14] 1.89 [0.12] 
48 17.34 [0.47] 1.79 [0.09] 
72 17.56 [0.54] 1.73 [0.07] 

60°C 
 

50%RH 

96 17.62 [0.16] 1.66 [0.11] 
12 17.08 [0.45] 1.81 [0.11] 
24 17.38 [0.39] 1.87 [0.09] 
36 17.78 [0.38] 1.80 [0.19] 
48 17.88 [0.37] 1.92 [0.13] 

60°C 
 

75%RH 
72 17.94 [1.21] 1.78 [0.9]  
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Table C.15.  Dry storage moduli for 99%RH environments. 
Brackets indicate standard deviations. 

 
Exposure
Condition

Time
(wk) 

E’[Tg-60°C] 
(GPa) 

E’[Tg+60°C] 
(GPa) 

12 18.73 [0.70] 2.04 [0.12] 
24 17.69 [0.92] 2.25 [0.22] 
36 17.02 [1.16] 2.19 [0.25] 
48 17.14 [0.18] 2.12 [0.12] 
72 18.12 [0.42] 2.09 [0.17] 

20°C 
 

99%RH 

96 17.71 [0.83] 2.04 [0.26] 
12 17.37 [0.61] 2.03 [0.20] 
24 17.03 [0.44] 1.75 [0.14] 
36 18.50 [0.47] 1.86 [0.13] 
48 17.08 [0.67] 1.83 [0.09] 
72 16.97 [0.33] 1.86 [0.13] 

40°C 
 

99%RH 

96 17.16 [0.21] 1.76 [0.10] 
12 16.77 [0.34] 1.73 [0.16] 
24 14.99 [0.03] 1.24 [0.12] 
36 14.32 [0.32] 1.22 [0.06] 
48 15.05 [0.57] 1.23 [0.08] 
72 14.45 [0.28] 1.20 [0.10] 

60°C 
 

99%RH 

96 14.33 [0.61] 1.18 [0.11] 
12 16.52 [0.63] 1.08 [0.09] 
24 12.21 [0.33] 0.89 [0.06] 
36 11.37 [0.25] 0.83 [0.07] 
48 11.11 [0.13] 0.80 [0.04] 

80°C 
 

99%RH 
72 10.98 [0.59] 0.82 [0.09]  
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Table C.16.  Dry storage moduli for immersion environments. 
Brackets indicate standard deviations. 

 
Exposure 
Condition 

Time
(wk) 

E’[Tg-60°C] 
(GPa) 

E’[Tg+60°C] 
(GPa) 

12 18.02 [0.44] 2.06 [0.09] 
24 17.27 [0.74] 2.31 [0.13] 
36 16.78 [0.24] 1.92 [0.04] 
48 19.19 [0.27] 2.09 [0.13] 
72 16.08 [0.40] 2.12 [0.16] 

20°C 
 

Immersion 

96 17.97 [1.13] 2.11 [0.20] 
12 17.20 [0.32] 1.89 [0.24] 
24 15.91 [0.56] 1.68 [0.10] 
36 17.62 [0.65] 1.91 [0.16] 
48 17.13 [0.53] 1.69 [0.12] 
72 18.01 [0.48] 1.96 [0.06] 

40°C 
 

Immersion 

96 16.26 [0.72] 1.78 [0.10] 
12 16.75 [0.28] 1.74 [0.16] 
24 14.16 [0.31] 1.15 [0.12] 
36 14.36 [0.74] 1.23 [0.06] 
48 14.35 [0.44] 1.19 [0.08] 
72 14.83 [0.67] 1.26 [0.10] 

60°C 
 

Immersion 

96 14.15 [0.70] 1.11 [0.11] 
12 13.76 [0.99] 1.10 [0.11] 
24 11.78 [0.56] 0.95 [0.02] 
36 12.77 [0.40] 0.95 [0.06] 
48 11.09 [0.34] 0.89 [0.06] 
72 11.20 [0.60] 0.79 [0.10] 

80°C 
 

Immersion 

96 9.65 [0.43] 0.73 [0.09]  
 

 

 




