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PREFACE

This McDonnell Douglas Research Laboratory (MDRL ) report reviews the phe—

nomena which control the durabi l i ty  of epoxies . The MDRL epoxy studies

in i t i a l ly  were performed under the McDonnell Douglas Independent Research and

Development program and during 1976 under Air Force contract F4462 0—76 —C—0075 ,

ent i t led  “The Relation Between the Chemical and Phys ical Structure and the

Mechanical Response of Polymers” (1 April 76—28 February 77) which is monitored

by Dr. D. R. U lr ich , Chemical Sciences Directorate , Air Force Off ice  ot

Sc ien t i f i c  Research. The details of these studies are presented in the

references quoted.

This report has been reviewed and is approved.

L ~ eO~~~~~~c z r~~4

I

C. J. Wolf
Chief Scientist, Chemical Physics
McDonnell Douglas Research Laboratories

D. P. Ames
Staff Vice President
McDonnell DouglRs Research Laboratories
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1. INTRODUCTION

Epoxies are ut i l ized by the aerospace indust ry  primari ly in the form of

matr ices for  composite materials and as adhesives . The increasing use of

epoxies requires a knowledge of thei r  l i fe t ime in extreme service environments.

When epoxy adhesives and composites are utilized in primary structural com-

ponents of airframes, it is vital that the durability of such components be

known during design development. A number of laboratory and field studies

have indicated tha t  the combined e f fec t s  of sorbed moisture and thermal

environment can cause s igni f icant  changes in the mechanical response of these

materials)~’
2 However, the long—term,in—service durability of epoxy adhesives

and composites in primary structural airframe components is unknown primarily

because (1) long—term, in—service aging characteristics are difficult to simu—

late by short—term laboratory and/or field tests and (2) the basic phenomena

responsible for the changes in the mechanical response in laboratory—simulated

service environments have not been identified and/or understood.

To predict the durability of epoxies in a service environment with con-

fidence requires knowledge of (1) the chemical structure and the physical

arrangement of the crosslinked network structure in the bulk, (2) the molecular

nature of the flow and failure processes, (3) the structural parameters which

control the flow and failure ~.rocesses , (4) the effect of the flow and failure

processes on the mechanical properties, and (5) how these structural parameters

are modified by fabrication procedures and the service environment. These

basic relationships are illustrated in Figure 1. To predict the durability of

an epoxy in a specific environment requires identification of the primary

failure mode, if any, and the structural phenomena controlling the initiation

and growth characteristics of this mode . Identification of the primary failure

mode, which may be difficult , and subsequent durability predictions require a

thorough understanding of the relationships illustrated in Figure 1.

In this report , we review the basic areas necessary for meaningful dura—

bility predictions: (I) the structure of epoxies, (2) their modes of deformation

and failure and the structural parameters controlling these modes , (3) the

effects of sorbed moisture on the epoxy structure , properties , and modes of

deformation and failure, and (4) the complex fabrication and environmental

phenomena affecting the durability in service environments.

I
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Figure 1 The basic epoxy interrelationships necessary for durability predictions
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2. CONCLUSIONS

11w structure—property relations of TGDDM—DDS and DGEBA—DETA epoxies , the

effects of sorbed moisture , and the fabrication and environmental factors that

control the durability of epoxies have been reviewed. The primary conclusions

are summarized as follows .

2.1 Structure—Property Relations

• The modes of deformation and failure and mechanical response of epoxies

are controlled by the epoxy network structure and microvoid characteristics.

• The c rossl ink—den s i ty  d i s t r i b u t i o n  in epoxy networks can be hetero-

geneous with regions of low—crosslink density contrc l.ling the flow processes.

Steric and diffusional restrictions inhibit crosslink reactions during the

latter stages of cure and limit the overall achiev...ble crosslink density.

• Microvoids, which act as stress concentrations and sinks for sorbed

moisture , can be formed in epoxies as a result of clusters of unreacted , low—

molecular—weight material ejected from the epoxies during cure.

• The epoxies deform and fail predominantly by a crazing process. The

TGDDM-DDS epoxies also deform to a limited extent by shear banding.

2.2 Sorbed Moisture

• Epoxies are plasticized by sorbed moisture , and their Tg’s are lowered
to a greater extent than predicted from free—volume considerations . Strong

hy drogen bonding or the preferential accumulation of moisture in regions of

low—crosslink density could explain the anomalous plasticization .

• Moisture diffusion in epoxies can be adequately described by Fick’s

laws of diffusion. Non—Fickian diff~ sion with accelerated moisture sorption

will occur , however , in environments thit cause microvoid or crack formation in
the epoxies.

• Local swelling stresses generated by the sorption of moisture in

epoxies cannot be predic ted  accurately wi thout  a detailed knowledge of the

epoxy network structure and the moisture distribution within the network.

• Sorbed moisture enhances the craze cavitat ion and propagation pro—

see 

iithe

ePoxies bY Plas t ic i t .  The cr aze cavitat ion s tress



p
more susceptible to sorbed moisture than ~~~ par t i cu la r ly  when microscopic

regions of high—moisture concentration are present in the epoxy . Therefore,

modification of Tg by sorbed moisture cannot alone 
be utilized as a sensitive

guide to pred ict deteriora tion in the mechanical response and durability of

epoxies.

2.3 Durability

• Permanent damage regions can form on the surface of epoxy components

when aircraft perform supersonic maneuvers. Such maneuvers can impose surface

tensile stresses greater than the epoxy craze cavitation stress as a result of

severe temperature and moisture gradients.

• To predict the durability of epoxies with confidence in less extreme

environmental conditions requires a detailed knowledge of the service environ-

ment , the structure—property relations of epoxies, the effect of fabrica t ion

and environmental factors, and their complex interactions on the formation of

permanent damage regions. The present knowledge of epoxies and composite

materials is not sufficiently advanced to achieve accurate predictions.

p



3. RECOMMENDATIONS

For accurate durability predictions of epoxies, additiona l studies are

required to determine:

(1) the effect of cure conditions on the network structure and microvoid

charac te r i s t ics,

(2) the relation between networir structure and modes of deformation and

fa i lu re ,

(3) the relation between the crazing process and fatigue characteris-

tics ,

(4) the local swelling stresses for different network morphologles and

moisture distributions,

(5) the molecular interactions of water molecules with polymer chains ,

(6) the effect of inhomogeneous diluent concentrations on the solvent

crazing process,

(7) the magnitude of fabrication stresses for specific cure conditions,

(8) the total stresses imposed on an epoxy as a result of combined

service, fabrication , and environmental stresses as a function of specific

environments, and

(9) the identification of the critical path to failure for specific

environments.

p
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V
4. STRUCTURE OF EPOXIES

The mechanical response of a polymer glass depends on the amount of f low

occurring during the failure process, either microscopically via crazing and/ar

shear banding or macroscopically via necking.215 Hence, it is importan t to

identify the major structural parameters controlling the flow processes that
occur during deformation and failure. The major parameters controlling the

16—21
f low processes in uncrosslinked polymer glasses are the free volume and

the stress—raising microvoid characteristics of the glass19 ’22 ’23 . For cross—

linked glasses, such as epoxies, the crosslinked network structure is an

additional structural parameter affecting the flow processes.

4.1 Network Structure

Generally , the cure process and final network structure of epoxies have

been estimated from (1) the chemistry of the system, if the curing reactions

are known and assumed to go to completion, and (2) experimental techniques

such as infrared spectra, swelling, dynamic mechanical, thermal conductivity,

and differential scanning calorimetry measurements.24 39 However, in many

epoxy systems , the chemical reactions are diffusion controlled and incomplete,

and a heterogeneous distribut ion in the crosslink density occurs. Both of

these factors significantly modify the network structure. Figure 2 schematically

illustrates possible network topographies of epoxies.40’
41’62 An ideal uniform—

crosslinked network structure is illustrated In Figure 2(a). In reality , how-

ever, networks contain loops and dangling chain—ends as illustrated in Figure

2(b). Such networks can exhibit essentially a uniform—crosslink density in a

low—molecular—weight or crosslink density matrix (Figure 2(c)]. Also, non-

uniform crosslink density networks in which regions of high—croeslink density

form either a continuous (Figure 2(d)] or a discontinuoue phase in a low—

molecular—weight or crosslink density matrix are other possible network

morphologies.
p 4

HI.gh—crosslink density regions from 6 to 10 nm in diameter have been

observed in crosslinked resins.19’26’42 6° The conditions for formation of

a heterogeneous rather than a homogeneous system depend on polymerization

conditions (i.e., temperature, solvent, and/or chemical composition). The

high—crosslink density regions have been described as agglomerates of colloidal
47 ,48 50particles or floccules in a lower—molecular-weight interstitial fluid.

6



Ideal network

Loops; dangling
chain ends

Uniform crosslink 
_______________

Non•uniform crosslink
density

GPT’-elIl-,

Figu re 2 Epoxy network morphologles (R.ferencs 62)

Solomon et al. 49 suggested that a two—phase system is produced by micro—

gelation prior to the formation of a macrogel. Kenyon and Nielson28 suggested

that the highly—crosslinked microgel regions are loosely connected during the

latter stages of the curing process. More recently , Karyakina et al.58

suggested that microgel regions originate in the initial stages of polymeriza-

tion from the formation of micro—regions of aggregates of primary polymer

chains. The high—crosslink density regions have been reported to be only
47 ,48,50weakly attached to the surrounding matrix , and their size varies with

cure conditions47 , proximity of surfaces50’57
, and the presence of solvents

28’49.

The epoxy network structure depends on the chemistry of the system, the

initial epoxy:curing agent ratio, and cure conditions. In this report , we

consider two chemically different epoxy systems: (1) an amine (diethylene

• triamine, DETA)—cured difunctional bisphenol—A—diglycidyl ether epoxy (DGEBA)

(Fi gure 3) and (2) an amine (diaminodiphenyl sulf one, Di)S)—cured tetrafunctional

tetraglycidyl 4,4’—diaminodiphenyl methane epoxy (TCDDM) (Figure 4). The

7
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DC .EBA—DETA epoxy system is one of the more common epoxy systems , whereas the

TGDDM—DDS system is current ly  the main constituent of many adhesives and com-

posite matrices utilized by the Air Force and their contractors.

bisphenol-A-diglycidy l ether epoxy DGEBA

• CH3

CH2—CH — CH2 —0 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

0— CH~ — CH—C H 2

dieth ylene tr iamine DETA

H2N—CH 2 —CH2 —NH—CH 2 --- CH2 —NH2

0 714?I1-$

Figure 3 The D~ EBA.DETA epoxy system

tetraglycidy! 4. 4’ diaminodiph enyl methane epoxy TGDDM

0 0
/ \

CH 2 CH CH2 CH2—CH — CH2

> _©_CH2_©_ N”

CH2 — CH—CH 2 CH2—CH — CH2
\ /  \ /o 0

4.4’ disminodiph.nyl sulfon. DOS

H; 0

~i

t
• Figure 4 The TGODM.DDS epoxy syst em

• ~~~~~~ 8
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4.1.1 The DGEBA—DETA Epoxy System

The stoichjometrjc mixture for the DCEBA—DETA epoxy system is “ 11 wt %

DETA. 61 This composition was determined by assuming that  all primary and

secondary amine hydrogens react with epoxide groups in absence of side

reactions . However, DGEBA—DETA epoxies, despite being prepared from stol—

ch iome tr ic mix tures of epoxy and amine , are not highly crosslinked glasses
because they exhibit 15—20% extension to break 25°C below their Tg

’5• Also,

considerable molecular flow occurs during the deformation and failure of

these glasses.

Furthermore , the mechanical properties of these epoxies exhibit a free—

volume dependence as a function of thermal his tory which indicates that these

glasses consist of regions of l ightly or non—crosslinked material.  A typical

volume—temperature plot for a polymer is shown in Figure 5. Changes in free

volume, or local order , in the glassy state can occur as a result of extension

to temperatures below Tg of packing changes associated with the liquid state.

The liquid—volume temperature plot extrapolated to below Tg in Figure 5

represents the lower free—volume , equilibrium state of the glass . The t ime

necessary to achieve the equilibrium state at a given temperature below Tg
depends on the glassy—state mobility. Below a certain temperature , the

glassy—state mobility is too small to allow any changes in free volume. A

decrease in free volume that occurs in the glassy state results in inhibition

of the flow processes that take place during deformation and a more brittle

mechanical response. Rapidly cooling from above T , however, produces a glass

with a larger free volume.

Table 1 shows the effect of thermal history on the room—temperature

tensile yield stress and ultimate elongation of a DGEBA—DETA (13 wt% DETA)

epoxy glass (T
8 

“v 107°C). Annealing 5°C below Tg (specimens i-S in Table 1)

causes an increase in the macroscopic yield stress and a decrease in the

extension to break as the equilibrium state of the glass at this temperature

is approached . Prior to testing, samples 6,7, and 8 in Table 1 were exposed

to the same thermal history as preceding samp les in this 6 to 8 series.

Quenching from 55°C above Tg (specimen 6 in Table 1) produces a low macroscopic

yield stress because of the high free—volume frozen into the glass. Subsequent

annealing of the quenched specimen in the glassy state 5°C below Tg (102 °C)

(specimen 7 in Table 1)followed by a further quench from 55°C above T (specime

n9
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• 8 in Table 1) produces essential ly reversible changes in the macroscopic yield

stress. These modifications of the macroscopic yield stress and ultimate

elongation with thermal history indicate that the flow processes in DGEBA—DETA

epoxies are controlled by the free volume of the regions of lightly or non—

crosslinked material.

77
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Plgui. 5 A schematic vo lume.tsmp .ratu r. plot for a polym.r

p

10



p

TABLE 1 EFFECT OF THERMAL HISTORY ON THE ROOM-TEMPERATURE
TENSILE MECHANICAL PROPERTIES (STRAIN RATE 10 2/min)
OF DETA (13 wt%)-CURED DGEBA EPOXY.

Ultimate
Thermal history elongation

1) Cured 24 h. 23°C; 24 h , 150°C;
coo led 2°C/m m to room tem peratur e 7.9 ± 01 14 ± 1

2) 102°C-  1 day 8.2 ± 0.1 14 ± 1
3) 102°C - 3 days 8.2 ± 0_ i 13 ± 1
4) 102°C - 6  days 8.2 ± 0.1 12 ± 1
51 102°C- l7da y s 8.2 ± 0.1 1 1 ± 1
6) 162°C, 10 m m ;  quenched

u ce water 7.3 ± 0.1 15 ± 1
7) 102°C - i  day 8.3 ± 0.1 13±1
8) 162°C. 10 m m ;  quenched in

ice water 7.3 ± 0.1 17±1

Q~77473~.35

Figure 6 i l lustrates the e f f e c t  of annealing [5°C below Tg (125° C ) ]  on

the temperature and strain—rate dependence of the macroscopic yield stress of

DGEBA—DETA (11 wt% DETA) epoxy relative to the unannealed epoxy . The general

increase in the yield stress at all temperatures and strain—rates on annealing

below T
5 

further illustrates the free—volume dependence of these epoxies .

The DGEBA—DETA epoxies did not significantly swell (maximum swell ratio

achieved ~ 1.5%) after 15 days exposure to the favorable swelling agents

• reported for similar materials.25 The l i terature also suggests tha t  swelling

is not a valid technique to determine crosslink density of resins prepared from

approximately stoichiometric quantities of epoxy and amine.26’28’62 The lack

of swelling does suggest , however , that these glasses are highly crosslinked .

The lack of swelling the high—temperature ductility , and the free—volume

dependence of the mechanical properties of DGEBA—DETA epoxies can be understood
p 

if these glasses possess a heterogeneous—crosslink density distribution. We

suggest that these glasses consist of regions of high—crosslink density inter-

connected by free—volume dependent , low—crosslinked or non—crosslinked material.

The latter control the flow properties of these epoxies.

11
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Unannea led
• — — Annealed 24 h1~ 9
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Figure 6 Log (strain .rate) versus yield stress of a DGEBA-DETA (11 wt% DETA) epoxy as a function of
temperature and thermal histor y

This morphological model is consistent with bright—field transmission

electron microscope observations. The bright—field transmission electron

micrographs in Figure 7 show the network structure of interconnected 6—9 nm

diameter particles observed in a strained DGEBA—DETA epoxy film. By straining

the epoxy films directly in the electron microscope , we observed that the 6—9 nm

diameter particles remain intact and flow past one another during the flow pro-

cesses. The basic 6—9 nm diameter particles shown in Figure 7 are in the size

range associated with molecular domains. For crystallizable polymers , Wunderlich

and Mehta63 and Aharoni64 have presented theories in which the initial step of

crystallization from the melt and solution occurs by formation of ordered

molecular domains. Ordered nodules the size of molecular domains (5—6 nm in

diameter) have been observed in thin films and on the surfaces of poly—
p 

carbonate.
21’65 We suggest that the 6—9 mm diameter particles are molecular

domains which are intramolecularly crosslinked and which form during the

initial stages of polymerization. Chompff66 has recently noted that configu-

rational restrictions favor excessive intramolecular crosslinking. Intra—

molecular crosslinking is also favored by the inability of many unreacted

12



epoxy and amine species attached to a growing domain to diffuse to reactive

species attached to neighboring domains. These species therefore can react

only with active species in their immediate location. The intramolecularly—

crosslinked molecular domains are interconnected by either low— or high—cross—

• l ink density regions during the latter stages of the cure to form the final

network structure . This hypothesis assumes that intramolecular crosslinking

occurs in the early polymerization stages. For solution—phase condensation

crosslinking, Flory67 considered intramolecular crosslinking insignificant

prior to gelation. Other workers, however , caution that in many thermoset

systems, intramolecular crosslinking could occur to a significant extent prior
68—70

to gelation . The ab ility of the suggested 6—9 ma diameter molecular

domains to remain intact during the flow processes does, however, suggest

• that intramolecular crosslinking occurred within the domains.

‘a)
Ib)

S

I I
75 nm 75 nm

(C)

75 nm

Fl urs 7 Sr4ØstMsId tvansmêeslon .( ctron mlc,ogr.ph. of network st ructure In deformed DGEBA.DETA
(13 wt% DETAIl epoxi es

13



The interconnection of molecular domains by regions of either low— or

high—cr osslink density allows two types of network s t ruc ture: (1) regions of

high-crosslink density embedded in a low— or non—crosslinked matrix or (2) non—

cross linked or low—crosslink density regions embedded in a high—crosslink

density matrix. From straining films in the electron microscope , we have

observed both types of network morphology , with the second type more prevalent.

An example of the first type of morphology is i l lustrated in Figure 8(a) where

aggregates of 6—9 nm particles are embedded in a deformable , low—crosslink

density matrix. Deformation of this type of network involves preferent ia l

deformation of the regions of low—crosslink density without causing cleavage

of the high—crosslink regions . For the second type of network , the deformation

process is more complex. Local a f f ine  deformation requires network cleavage

and flow to occur simultaneously in the high—crosslink density regions as flow

with l i t t le  network cleavage occurs in the neighboring low—crosslink density

regions. This deformation process results in progressively larger regions

that are poorly crosslinked. Such a deformed network structure is illustrated

in the bright—field transmission electron micrograph of a strained DGEBA—DETA

epoxy film in Figure 8(b) . The dark network structure consists of 6—9 nm

diameter interconnected domains separated by low—crosslinked and/or thinned

regions of the network which appear light in the micrograph. The network is

tighter in the bottom—right of the micrograph than in the upper portion which

suggests that more deformation has occurred there.

~~~~ ~ 
~~

1000 nm 500 nm

FI ss 8 Brl~~t.field t,.n,miuslon electron mlcroyaphs of strained DGEBA-DETA epoxies illustrating (a)
agpeg t.s of 6 9 nm psrticlss in a low —croulink density matrix and (bI. network in which high.
crosslink density regions form th. continuous ~~~
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The presence of regions of low—crossl ink densi ty  in the DCEBA—DETA

epoxies suggests t h a t  many react ive  groups remain unreacted w i th i n  these

glasses because of diffusion and steric restrictions imposed during poly—

• merization and network formation .

Studies have not yet been performed on the effect of different cure

conditions on the network siructure . The room—temperature mechan~.cal

properties of DETA—DGEBA epoxies , however , do not vary as a function

of post—cure temperature when post—cured for 24 h in vacuum at 8O0~ l9O 0C. ll

Despite the presence of regions of low—crosslink density containing

unreacted groups , d i f f u s i o n  and s ter ic  res t r ic t ions  inhibi t  add i t iona l

crosslinking in this temperature range. However , exposure to temperatures

above 180° C for  24 h, where diffusional and steric restrictions may be partially

overcome , causes the epoxies to embri t t le  because of the onset of complex

• oxidative crosslinking reactions . D i f f e r e n t i a l  infrared analysis of an epoxy

post—cured above 180° C relative to a standard epoxy post—cured at 150°C

reveals an additional broad sorption band in the 700—1800 cm~~ region. 71 
The

intensity of this sorption increased with exposure time and increasing

tempera ture , from 180°—300°C, and increased more rapidly in air than in vacuum.
A strong infrared  sorption at 1725 cm~~ appears during the initial stages of

the degradation process , which indicates the formation of carbonyl groups .

Such groups could result f rom oxidation of unreacted epoxide rings to foriw

ct—hydroxy aldehyde and carboxylic acid.72 Degradation causes the epoxies to

change from colorless to brown to cherry red with an accompanying increase in

free—radical formation as monitored by electron paramagnetic resonance

spec trome try 71
. Jam

73 
first detected free—radical formation during thermo—

oxidative degradation of epoxies. Ovenall 74 , in more detailed studies of

epoxies , concluded that  at 180°C in air , the formation and decay of radicals

occur by oxidative scission and molecular d i f fus ion  in terac t ion  between radicals ,

respectively. Later studies have suggested that  resonance—stabilized free

radicals occur in the thermal degradation of epoxies.75 ’76 These da ta indica te
that complex oxidative degradation reactions start to occur in DGEBA epoxies near

180°C and cause detectable embri t t lement  above ‘\~ 200 °C, (Sorbed oxygen present

in the epoxies allows such reactions to occur even when post—curing under vacuum.)

15
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p
‘ .1.2 The TGDDM-DDS Epoxy System

Table 2 i l lus t ra tes  the percentage by weight of DDS required for  (1) all

pr imary  and secondary amines in the DDS to react and (2) only primary amines

to react wi th  e i ther  50 or 100% of the epoxide groups in j h e  t e t r a f u n c t i o n a l

TGDDM molecules .

TABLE 2 THEORETICAL REACTION MIXTURES FOR TGDDM-DDS EPOXY
SYSTEM

100% TGDDM 50% TGDDM
Epoxide Groups Epoxide Groups

React React

100% DOS primary and secondary amines react 37 wt% DDS 23 wt% DDS

100% DOS primary amines react 54 wt% DDS 37 wt% DDS

GPn-ola’.3.

Examination of molecular models indicates that considerable steric

restrictions are present in the TGDDM molecule in the vicinity of the epoxide

groups. Hence , because of this in terference , it is unlikely that many

secondary ainines react in this system. Our studies indicate that steric and

diffusional res tric tions also limit the number of pr imary amines tha t reac t
in the TGDDM—DDS system. Our cure conditions were 1 h at 150°C and 5 h at

177° C. The DDS is crystalline with a melting point of 162°C.

We have monitored the tensile mechanical properties of the TGDDM—DDS

epoxy system as a function of composition (10—35 wt% DDS) and test temperature

(23—250°C). Figure 9 is plot of tensile strength , ul timate elongation , and

Youn g’s modulus from 23—250°C for a TGDDM—DDS (35 wt% DDS) epoxy . The gradual

decrease in tensile strength and modulus and the increase in ultimate elonga—

tion from 200—250°C suggests that a broad glass transition exists in this

• temperature range. Ultimate extension of � 15% near Tg for epoxies with 15—35

• vt% DDS suggests these glasses are not highly crosslinked.

16



40 1 I I 4x 104 I I

g3O - - -

-5
g 2o - - —

~~~i: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ /- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0 50 100 150 200 250 0 50 100 150 200 250
Temperatu re 1°C) Temperature 1°C)

• 

8xi04 & + L ~~~I~~~~~~~~~~

0 50 100 150 200 250
Temperature (°C)

0P77-0731.t

Figure 9 Tensile strength , ultimate elongation , and Young ’s modulus versus temperature for TGDDM.DDS
(35 wt% DOS) epoxy that was deformed at a strain .rate of 10 2/min

A plo t of T
g 
versus initial DDS concentration , shown in F igure 10, con-

firms that these epoxies are not highly crosslinked. [The temperatures repre-

sentative of these broad T ‘s were taken as those temperatures at which the
g

room—temperature modulus (ERT) decreased by half (i.e., ERT/2)}. From 10—25

wt% DDS, the T
g 

r ises with increas ing DDS concentration because of correspond—
ing increases in molecular weight and/or crosslink density. The T

g 
exhib its

a maximum of ‘
~~ 250°C at “. 30 wt% DDS and subsequently decreases for higher DDS

concentrations . For epoxies prepared from > 25 wt% DDS , steric and diffusional
restrictions evidently inhibit additional epoxy—amine reactions. Above “ 30

wt% DOS concen tra tions , unreacted DDS molecules plasticize the epoxy system
and decrease the T

g• 
However , 37 wt% DDS is required to consume half the TGDDM

epoxide groups when only epoxide—primary amine reactions occur (Table 2).

Hence, the maximum in T at 30 wtZ DDS suggests that less than half the TGDDM

epoxide groups have reacted when 100% of the DOS is ~ sumed . These observa—

tions illustrate that the 5 h, 177°C cured TGDDM—DDS epoxy systems are not

17



highly crosslinked because of steric and diffusional restrictions during cure.

After gelation , unreacted groups have difficulty approaching one another

because of mobi l i ty  restr ict ions.

250

~- 200 - -

C..’

• w

~~~150 -
0

~~~1O0
I.-

75 I I
10 15 20 25 30 35

Weight % DOS GP?7-0731-Ie

Figure 10 A measure of the Tg (ERT/2) versus initial wt% of DDS in TGDDM.DDS epoxies

After cure, aggregates of unreacted DOS molecules have been detected in

TGDDM—DDS (
~ 25 vt% DDS) epoxies by both electron di f f rac t ion  and x—ray

emission spectroscopy studies. Electron diffraction patterns were obtained

from thin films prepared from .~~ 25 wt% DDS that were similar to those obtained

from the unreacted DDS crystals. The aggregates of unreacted DDS molecules

crystallize after cooling the epoxy from its cure temperature. In addition ,

x—ray emission spectroscopy of fracture surfaces has detected regions of high

sulfur content which are probably clusters of unreacted DDS molecules. In this

technique, a fracture surface is bombarded with an electron beam, and the sur-

faces are scanned for emitted x—rays characteristic of sulfur. Figure U is an

x—ray map of the sulfur distribution (indicated by the white dots) superimposed

on the secondary scanning electron micrograph of the fracture surface. The

large concentration of sulfur in the fracture—initiation region probably

results from a cluster of unreacted DDS molecules.

18
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• Figure 11 X4ay emissi on scanning spectroscopy map of sulfur distributi on in the fracture surface of
TGDDM-DDS (27 wt% DDS) epoxy which was fr actured at 250°C

Bright—field transmission electron microscopy studies of the network

structure of strained TGDDM—DDS epoxy films have revealed microscopic hetero-

geneities only in the brittle, low—molecular—weight systems prepared from
• 10—15 wt% DDS. In Figure 12(a), a strained TGDDM—DDS (10 wt% DDS) epoxy is

shown to break into 2.5 to 13 nm diameter particles. At higher deformations,

the network breaks into “~ 2.5 nm diameter particles , as shown in Figure 12(b).

These basic 2.5 nm diameter particles are of a similar size as the TGDDM

molecule.

• Evidence that the crosslinked network topography of TGDDM-DDS epoxies can

be heterogeneous is suggested from fracture topography observations. Figure 13

shows scanning electron micrographs of the fracture topography initiation

region of a TGDDM—DDS (23 wt% DDS) epoxy. Undefo’med particles, 1—5 ).fln in

size, are embedded in the deformed, surrounding material. These undeformed

particles are possible regions of high—crosslink density which are embedded in

a lower—crosslink density, deformable matrix.

~~
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Figure 12 Bright-field transmission electron micrographs of structure in deform cd TGDDM-DDS (10 wt%
DOS) epoxy
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Figure 13 Scanning electron micrographs illustrating possib!e undeformed regions of high-crosslink density
embedded in a lower-crosslinked density, deformable matrix in the fracture topographyinitiation
region of a TGDDM-DDS (23 wt% DOS) epoxy, which was fractured in tension at room
temperature at a strain-rate of 

~
- 10 2/min

4.2 Microvoid Characteristics

~~ Little attention has been given to the microvoid characteristics in

therinosets, such as epoxies, and how such microvoids can be produced during

fabrication . These microvoids can have a deleterious effect on the mechanical

properties by acting as stress concentrators and also on the durability by

serving as a sink for the accumulation of sorbed moisture. Microvoids can result

in epoxies from (1) trapped air, which can be easily avoided if the appropriate

precautions are taken during fabrication, and (2) low—molecular—weight material

trapped in the glass which is subsequently eliminated during post—cure. This

low—molecular—weight material results from either inhomogeneous mixing of

epoxy monomer and curing agent and/or the inability of the constituents to

• react and resultant aggregation of these constituents,

~‘ 
4.2.1 The DOEBA—DETA Epoxy System

Pure DGEBA epoxy monomer crystallizes at room temperature (melting point

41.5°C) resulting in crystals that are suspended in the higher—molecular—weight

liquid. In commercial DGEBA epoxides, such as Epon 828, the crystals are
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“~ 15 pm in size and predominantly in the form of square platelets, as illus-
trated in the optical micrograph in Figure 14. We have demonstrated for cer-

tain cure conditions that the presence of these crystallites can result in

microvoids in the post—cured resin.7’ Partly curing the partially crystalline

DGEBA epoxide monomer with DETA at room temperature leaves the crystals

embedded in the glass. Post—curing ~ 80°C under vacuum produces “ 10 pm

microvoids and associated stresses in the epoxy as a result of melting the

crystals and subsequent volatilization of the resultant liquid. Figure 15

illustrates the light—scattering patterns, under polarized light, associated

with the microvoids and surrounding stress field in an amine—cured DGEBA

system that was post—cured at 95°C for 24 h.

Such microvoid production can be avoided easily for DGEBA—based epoxy

systems by either initially melting the crystals prior to curing or initially

curing above the monomer crystalline melting point. These observations, how-

ever , do demonstrate that clusters of unreacted molecules present in an epoxy
system during cure can, for certain cure conditions, result in microvoids in

the finally cured glass.
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FIgure 14 OptIcal mlcvogr.pli of put. DGEBA crystals suspended In an unreact.d comm .rcsal epoxide
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Figure 15 Light-scattering pattern., under polarized light, produced by niicrovoids and surrounding stress
fie lds in an polyamide-cured DGEBA epoxy

4.2.2 The TGDDM—DDS Epoxy System

To obtain a TGDDM-~DDS epoxy system with a high Tg~ which is advantageous

to limit the deleterious effects of sorbed moisture on this epoxy, requires

‘\‘ 30 wt% DDS in the initial TGDDM—DDS mixture (see Figure 10). However, at

these DDS concentrations, aggregates of unrea~ted DDS molecules can be present

in the epoxy after the system forms a glass at the cure temperature. The

elimination of these aggregates during subsequent cure could result in micro—

voids in the glass.

Microvoids are produced in the TGDDM—DDS system by elimination of unreacted,

low—molecular—weight material. Figure 16 shows the progressive weight loss

• with increasing anneal temperatures from l50°—250°C for a TGDDM—DDS (27 wt% DDS)
‘
~! . epoxy originally cured at 177°C for 5 h. In this figure, the amount of water

subsequently sorbed by the epoxy at 120°C in an autoclave for 3 h is plotted

versus anneal temperature. The increase in water sorption with increasing

anneal temperature from 150°—200°C is associated with microvoids produced by

volatilization of unreacted low—molecular—weight material. The water sorption

exhibits a maximum in the 200°—225°C range and decreases as the anneal tempera—

ture approaches T
g 

at ~ 250°C because the microvoids partially collapse.

Hence, a high T
g 
TGDDM-DDS epoxy system may contain microvoids which

result from the elimination of aggregates of unreacted ODS molecules trapped

in the glass during the early stages of cure.
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- .-- - - ;



/ - 3 ;

A
2 -  - 2

1 —  — 1

0 I I I 0
150 175 200 225 250

24 h anneal tem perature (°C)

Figure 16 Plots of weight loss and subsequent water sorption versus anneal temperature for TGDDM-DDS
(27 wt% DDS) epoxy
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5. DEFORMATION AND FAILURE MODES OF EPOXIES

The relat ion between the network s t ruc tu re , microvoid charac te r i s t ics,

and failure processes of epoxies has received little attention . Localized

plast ic flow has been reported to occur during the failure processes of
53, 55, 71, 7 7—84epox ies , and , in a number of cases, the f rac ture energies have

been reported to be a factor of two to three times greater than the expected
77 ,78 ,82 ,84—91theoretical estimate for purely brittle fracture. However , no

systemat ic studies have been made to elucidate the microscopic flow processes

tha t occur during the deformation of epoxies and the relation of such flow

processes to the network structure.

Recently, we have conducted studies on the failure processes of amine—

cured DGEBA epoxy systems and TGDDM—DDS epoxy systems. The major findings

from these studies will now be reviewed .

5.1 The DGEBA-DETA Epoxy System

The failure processes of DGEBA—DETA epoxies were monitored by optical and

electron microscopy of thin films deformed on a metal substrate and of the

fracture topographies of epoxy specimens fractured in tension as a function

of temperature and strain—rate, in addition , epoxy films were strained

directly in the electron microscope , and the failure processes were monitored

by bright—field microscopy . These studies indicate that epoxies fail by a
83,92crazing process.

The structure of a craze is illustrated in Figure 17. Crazes only form

in tension, and craze initiation involves cavitation at a stress concentration

defect or inhomogeneity in the glass. Sternstein and Ongchin93 have sugges ted
that cavitation results from both the tensile dilatational component of the

applied stress field and a normal yielding factor. This cavitation results

in a highly porous structure at the craze tip. As the craze develops, miclo—

voids formed by the cavitational craze—initiation process coalesce and enlarge,

and polymeric material flows and orients in the direction of the applied

tensile stress. This flow and orientation results, as illustrated in Figure 17,

in fine, highly oriented fibrils within the well—developed craze. A crack

will propagate through the craze when a cavity formed by enlargement and coal—

escence of microvoids attains a critical size and begins to propagate perpen—
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dicularly to the tensile stress through the craze. The amount of energy

expended in the form of viscous, molecular flow during the craze process is

considerable and enhances the toughness of the material. Detailed discussions

of the crazing and fracture processes of polymer glasses are given by Rabinowitz

and Beardmore12 and Kambour94.

.Itt
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Figure 17 The structure of a craze

Crazes were observed in one—stage, carbon—platinum surface replicas of

DGEBA—DETA epoxy films that were adhered to a brass substrate and strained

“~ lOX in tension. The replicas in Figure 18 illustrate the craze structure.

The absence of any carbon—platinum particles within regions of the craze

fibrils indicates that a thin epoxy layer adhered to the replica. At the

craze tip, ~ 10 nm diameter voids are produced by the tensile dilational

stress fields [Figure 18(a)]. These voids coalesce to form larger voids .~~,

100 nm in diameter separated by 20—100 tim diameter fibrils. Further from the

craze tip , the fibrils fracture as their length approaches “i 100 tim. The

latter phenomenon may be a consequence of the poor structural integrity of the

replica.

(b)

(a)

I I I
lOO nm lOO nm

Figure 1$ Carbon-platinum surfacs replicas of craze structure In DGEBA.DETA (11 wt% DETA) epoxy
films that wets strained on a metal substrate
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Crazes were also found to propagate in “ 1 ~im thick DGEBA—DETA epoxy f ilms
that were strained directly in the electron microscope. An overall view of

a craze consisting of coarse 100—1000 tim wide fibrils is shown in the bright—

field transmission electron micrograph in Figure 19(a). The region near the

craze tip is shown in more detail in Figure 19(b). The structure of the coarse

% 1000 tim wide craze fibril shown in Figure 19(a) is illustrated in more detail
in Figure 20. These micrographs reveal that the epoxy deforms inhomogeneously

within the craze fibril [Figure 20(a)] and breaks up into 6—9 nm diameter

particles. The network structure of 6—9 tim diameter particles within the

region of the craze fibril is illustrated in Figure 20(b).

(a) (b)

..ThI7I1 .I.
800nm 600 nm

Figure 19 Bright-field transmission electron micro graphs of (a) overall craze and (b) craze tip in DGEBA-
OETA (13 wt% DETA) epoxy

(a) (b)

120 nm 120 nm

Figure 20 Bright.fl&d transmission elect ron micrographs of cra ze flb rll structure in DGEBA-DETA II 3 wt %
DETA) epoxy
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The fracture topographies of DCEBA—DETA epoxies fractured as a function

of temperature and strain—rate were stud ied by optical and scanning electron

microscopy . The optical micrograph shown In Figure 21(a) illustrates the

three characteristic topographic regions observed in these epoxies : (1) a

coarse initiation region (dark area in the left of the micrograph), (2) a

slow crack—growth , smooth , mirror—like region , and (3) a fast crack—growth ,

rough , parabola region. The topography varies with temperature and strain—

ra te , with the mirror—like region covering a larger portion of the fracture

surface with increasing temperature and/or decreasing strain—rate , as

Illustrated in Figure 22.

The coarse initiation region often is found within a cavity as indicated

by a cusp in the fracture topography which separates this region from the

surrounding smooth , mirror—like region [Figure 21(b)]. The coarse structure

can ( 1) cover a rela tively small reg ion in the center of the initiation
cavity, (2) cover the entire cavity, or (3) irregularly cover parts of the

cavity.

The structure of the coarse topography in the initiation region

exhibited little consistency between samples or with varying temperature and

strain—rate. A typical range of topographies consisted of the mica—like

structure illustrated in Figure 21(c), a nodular structure and a collapsed
fibrillar topography. At temperatures nearer the T

g 
(i.e., at T

g 
— 25 °C) the

frac ture—initiation region in the DGEBA—DETA epoxies is either non—existent

and/or much smoother than at lower fracture temperatures.

The fracture topography initiation region characteristics can be

exp lained in terms of a crazing failure process. Murray and Hull95 have
reported that void growth and coalescence within a craze produce a planar

cavity whose thickness Is that of the craze. A mica—like structure in the

slow crack—growth fracture topography of polymer glasses is generally associated

with crack propagation through pre—existing craze material96. Murray and

Hull95 and Com es and Haward97 have observed irregularly furrowed or rumpled

surfaces within initiation cavities in polystyrene and poly(vlnyl chloride),

respectively. Furthermore , there Is evidence from studies on polystyrene that

the initial stages of void growth and coalescence within a craze involve

fracture through the center of the craze98’99. In addition , the coarseness of

the craze fibrils has been reported to decrease with i~’creasIng craze width
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Figure 21 Fracture topo graphy of amine-cured DGEBA epoxies: (a) optical microgi-aph of overall topog.
raphy. (b) optical microgra ph of slow crack-growth region , and (c) scanning electron micrograph
of init iati on region
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Figure 22 Optica l micrographs of overall fracture surfaces of DGEBA-DETA (9 wt% DETA) epoxies as a
fun ction of temperature and strain-rate

and thickn ess
99 . These facts suggest that the coarse initiation region in

epoxies results from void growth and coalescence through the center of a

simultaneously growing, poorly developed craze, which cons ists of coarse

fibrils. The diameter of the broken fibrils depends on the relative rates of

craze and void growth. Nodular particles and fibrillar structures that lie

parallel to the fracture surface are associated with fractured craze fibLils.

Doyle
100 ’101 

and Hoare and Hull
102 

have reported broken fibrils that lie

parallel to the fracture surface in polystyrene and have suggested that these

fibrils are swept down onto the fracture surface as the crack passes through

the craze. We cannot preclude, however , that the mica—like structure such as

that observed in Figure 21(c) results from the coalescence of a bundle of

parallel mlcrocrazes situated in slightly different planes rather than

directly from the fracture of poorly formed, coarse craze fibrils . Skibo
103

et al. suggested that the mica—like structure which they observed in the

non—initiation region of the fatigue—fracture topography of polystyrene is a

result of the intersection of the crack plane with craze bundles. The more

nodular—like topographies are similar to those observed in the fracture

topographies of certain multi—phase metals’04 and polyvinyl ch1oride
105

~~
07
.

In polyvinyl chloride, this structure has been associated with particulates
in the polymer resulting from imperfect melting of resin particles 105—107
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Hence , we also cannot preclude that any heterogeneity in the epoxy structure

could be partially responsible for the observed topographies.

The variation in the fracture topography initiation region which did not

exhibit consistent trends with strain—rate and temperature , except for the

disappearance or smoothening of the coarse topographies in those specimens

fractured near T
gi is a result of a number of factors : (1) the relative rates

of crack and craze propagation , (2) the craze structure immediately prior to

crack propagation through the craze, (3) the modification of the craze

structure by crack propagation , (4) the collapsing and relaxation of the craze

remnants after crack propagation , and (5) the variation in the local stress

fields in tue vicinity of the growing craze or crack which depend on the

microvoid characteristics of the epoxy .

The smooth mirror—like region of the fracture topography of DGEBA—DETA

c OXies whose area increases with increasing temperature and dicreasing strain—

• rate (Figure 22) can be attributed to a crazing process. For other polymers ,

this region has been associated with slow crack—growth , and its size varies

- 108—ill -with temperature , molecular weight and strain—rate. In studies on

polyes ter res ins , Owen and Rose112 report that the mirror—like area increases

with resin flexibility. A number of workers have associated this smooth

frac ture topography region with slow crack—propagation through the median of
95 ,96,101,102 ,113,114

the craze with subseqent relaxation of craze remnants.

El—Hakeem et al.114 have directly observed the masking of the microfeatures

of this fracture topography region by the subsequent relaxation processes.

The smoothness of the fracture topography region surrounding the coarse

initiation region in DGEBA—DETA epoxies results from crack propagation either

through the center or along the craze—matrix boundary interface of a thick ,

well—developed craze consisting of fine fibrils . The presence of fine fibrils

would produce a smoother fracture topography than in the coarse initiation

reg ion , irrespective of any subsequent relaxation of craze remnants. One—stage ,

carbon— platinum surface replicas of the mirror—like region reveal areas con-

sisting of 15—30 mm diameter particles . This granular appearance of the

replica could be the result of fractured fine fibrils aligned normal to the

surface. However , we canno t precl ude tha t such st ruc tures are regions of
high—crosslink density. The extent of the mirror—like region is a measure of

the area in which crack propagation occurs through a preformed craze.95 For a
fracture surface completely covered by the mirror—li Ke region , crazes have
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grown completely across the specimen prior to any significant crack propaga—
102 102tion . Hoare and Hull have suggested that this area depends on (1) the

ease of cav itat ion and crack pr opaga tion within the craze , (2) the ra te of

craze n uclea tion and growth , and (3) the concentration of crazes. The decrease

in the crazing stress with increasing temperature and/or decreasing strain—rate

favors craz e growth , which will result in a larger mirror—like region .
River markings which radiate from the fracture—initiation site are also

observed in the mirror—like region, as illustrated in Figure 21(b). These

markings , which vary inconsistently between epoxy specimens , are steps formed

by the subdivision of the main crack into segments running on parallel planes.

• This subdivision could result from the interaction of the crack front with

the craze structure. Owen and Rose
112 

have found that the river markings

become rdered and regular as the flexibility and therefore the ability to

undergo crazing in polyester resins is enhanced.

Interference colors, often observed in the mirror—like region of non—

• cros-s-1t~ked polymer glasses6, were not evident in the fracture topography of
DGEBA—DETA epoxies. Broutman and McGarry

77 also found tha t interference
colors were absent in the fracture surfaces oT cross1ink~~~po1ymethylmeth—

acrylates. They suggested that the thickness of the craze or craze remnánts

in the mirror—like regions of these crosslinked glasses was not large enough

to cause interference with visible light. A similar explanation may apply to

epoxies where the presence of crosslinking presumably inhibits the develop-

ment of thick crazes.

5.2 The TGDDM—DDS Epoxy System

TGDDM—DDS epoxies exhibit fracture topography characteristics similar to

those of the DGEBA—DETA epoxies, which indicates that they too deform and fail

primarily by a crazing process. The fracture topography initiation region

characterIstics of a TGDDM—DDS (27 wt% DDS) epoxy are illustrated in Figure

23. The overall fracture topography initiation cavity is illustrated in

Figure 23(a); 1—5 u rn diameter , poorly developed , fractured fibrils are shown

in Figure 2 3 (b ) ,  and well—developed , 100—200 nm diameter finer fractured
fibrils are illustrated in Figure 23(c). The size distribution of the

fractured fibrils within the initiation region depends on the relative rates

of craze and crack propagation (see Section 5.1). Elongated fibrils that were
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Jr
swept onto the fracture surface were found in the TGDDM—DDS epoxy fracture

topographies as illustrated in Figure 24.
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Figure 23 Scanning electro n micrographs of (a) overall fracture topography initia tion cavity, (b) coarse
fractured fibrils , and Ic) fine fractured fibrils in TGDDM-DDS (27 wt% DDS) epoxy, fractured
at room tempera”ire at a strain-rate of 1O 2/min
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Figure 24 Scanning electron micrographs of fibrils swept onto the f:acture surface in TGDDM-DDS (23
wt% DDS) epoxy, fractured at 200°C at strain-rate of 10 2/min

The TGDDM—DDS epoxies also deform to a limited extent by shear banding.115

• Regular, right—angle steps were c bserved in the fracture topography initiati’rn

region, as illustrated in Figure 25. A plot of the percentage of all fracture

topographies that exhibited this mode of deformation as a function of test

temperature is shown in Figure 26. The regular, right—angle steps observed

in ~.‘ 20% of all room—temperature fractures (strain rate “ 10 
2/min) were more

prevalent at higher temperatures. At and above 250°C (T
g ~ 250°C), 

none of

the fracture surfaces exhibited the right—angle steps because viscous flow and

relaxation processes during and after crack propagation cause a smooth fracture

surface and mask the fracture topography microfeatures. The increase in the

percentage of fracture topographies exhibiting right—angle steps with tempera-

ture is consistent with the shear—band mode of deformation becoming more

favored relative to the crazing mode with increasing temperature.21’93’1~
6

Shear—band propagation in these crosslinked glasses produces structurally

• - weak planes because of bond cleavage caused during molecular flow. Hull117 F

118and Mills have both noted that the intersection of shear~
--bands, which occurs

)J fr at right angles, causes a stress concentration. This stress concentration Is

sufficient to cause a crack to propagate through the structurally weak planes 4

caused by shear—band propagation These phenomena produce right—angle steps t• •

~~-

• 
in the fracture topography.
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Figure 25 Scanning electron micrographs of right-angle steps in the fracture topography initiation region of
TGDDM-DDS (35 wt% DDS) epoxy fractured at 225°C at a strain-rate of 10—2/min
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Figure 26 Percentag, of fracture topography initiati on r gsons that exhibit right-angle ste ps versus
temperatur , in TGDDM-DDS (15-35 wt% DDS) epoxies
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6. EFFECTS OF SORBED MOISTURE ON DURABILITY OF EPOXIES

Epoxy composites and adhesives sorb moisture which in both laboratory

and field tests deteriorates the mechanical properties , particularly at high

temperatures. The effect of sorbed moisture on the physical properties and

mechanical integrity of epoxies and other thermosets utilized as adhesives

and composite matrices in the aerospace industry has received considerable
1,2,19,82,84,86,88,119—179attention. Despite these studies , all the basic

mechanisms responsible for moisture—induced degradation of epoxies have not

been identified and/or understood ; hence, the durability of epoxy components

in the service environment is still uncertain. In this section, the pertinent

basic physical phenomena induced and/or modified by sorbed moisture and

affecting the durability of epoxies are discussed. These phenomena include

(1) lowering of Tg by sorbed moisture, (2) diffusion 
of sorbed moisture ,

(3) swelling stresses induced by sorbed moisture , (4) modification of the

deformation and failure modes and the mechanical response by sorbed moisture ,

and (5) interaction of sorbed moisture with other environmental factors .

6.1 The Glass Transition

The glass transition temperature , Tg~ 
of a polymer is that temperature at

which the glass becomes a viscous liquid with a corresponding viscosity

decrease of several orders of magnitude within a % 10 K temperature range. This

transition is a second—order phase change and unlike a crystalline melting

point occurs over a temperature range , is time dependent , and does not involve

changes in extensive properties such as enthalpy and volume but only their rates

of change with temperature. Near Tg~ a polymer glass softens with decreases

in tensile strength and increases in ductility.

Epoxies generally exhibit broad , Tg
’S (see Section 4.1.2) because of the

presence of crosslinks and their heterogeneous distribution . The large—scale ,

cooperative segmental motions that occur at T require the cleavage of cross—

llnk~ for certain types of morphological networks, particularly those in which

regions of high—crosslink density form the cont inuous phase (see Section 4.1).

The sor~tion of moisture by epoxies lowers their T ’S and correspondingly

causes them to soften at lower temperatures. The lowering of the Tg by a

diluent , plasticization, is a result of a decrease in the free volume (total

• volume minus molar volume) of the system caused by the addition of the lower - 
• 

• ,
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free—volume diluent. The free volume at T
g 

for a wide variety of glass—forming

materials has been shown to be a constant and have a critical free—volume
- 180—182 183traction of 0.025 of the total volume. Kelley and Bueche have

derived an expression relating the I of a polymer—diluent system to that of

the Tg’S of the two components. The Kelley—Bueche equation assumes that the

free volume contributed by the diluent is additive to that of the polymer and

that the free volumes of the mixture and components at their T ‘a are a
8

universal constant. The Kelley—Bueche equation for the Tg of the polymer—

diluent system is

x V T  +~~~(l - V ) Tp
~~
p gp d ~

p gd
g ct

P
V
P

czd( P
) ‘ (1)

where T = T of the polymergp g

T T of the diluent ,gd g

= coefficient of expansion of polymer

= coefficient of expansion of diluent , and

V volume fraction of the polymer.

J 
For an epoxy—water system, the Kelley—Beuche equation must be used in a

simplifi~~ form. The coefficient of expansion of amorphous water between its

Tg and melting point (TM
) at 0°C is unknown. Therefore , assuming 

~
the Kel1ey—Be~che equation simplifies to

T - V T  +(l — V ) Tg p g p  p gd (2)

184—189
Experimentally, the T of water has been reported in the 128—142 K range .

~90A goo~1 empirical rule for most substances is

Tg/TM 2~ 
1/2 to 2/3 • 

(3)
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which places the I of water in the 137—182 K range. In Figure 27, we compare
177 

g
Browning ’s experimentally determined T ’ s of a BF3

:NH
2—C2H5 catalyzed

TGDDM—DDS epoxy—moisture system , which contains equilibrium amounts of sorbed

moisture , with the theoretically calculated values of Tg determined from

Equation (2). The upper limits of the theoretical plot are calculated

assuming a T~ of water of 182 K, whereas the lower limits are determined

utilizing a Tg 
of 135 K. The experimental data points are well below the

theoretical predictions . This discrepancy could be caused by the following

phenomena: (1) the strong hydrogen—bonding capability of water could produce

anomalous effects or (2) if the epoxy has a heterogeneous—crosslink density

distribution , moisture will preferentially sorb in the regions of low—cross—

link density. The regions of low—crosslink density control the flow processes

that occur at T
g• 

Equilibrium moisture gains are determined by assuming a

uniform moisture distribution. However, a non—uniform distribution could lead

to local moisture concentrations in low—crosslink density regions that are

considerably greater than those implied for a uniform moisture distribution .

Hence , the depression of T may be greater than that expected for a homogeneous

distribution of sorbed water. Therefore, the depression of Tg 
of TGDDM—DDS

epoxies by sorbed moisture is considerably greater than that predicted theo-

retically.

The plasticization of epoxies by sorbed moisture has generally been

reported to be reversible since desorption of moisture from the polymer regener—
1,2,19,82,84,86,88,119—179ates the original physical and mechanical properties.

However, in many environments, irreversible , permanent—damage regions can easily

be produced in epoxies during the moisture sorption and desorption processes.

These phenomena will be discussed in later sections.
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Figure 27 Theoretical and experimental plots of Tg vs equilibrium moisture weight gain for BF3:NH2—C2H5catalyzed TGDDM-DDS (24 wt% DOS) epoxy -mo istu re system

6.2 Diffusion

The durability of epoxies in many aerospace service environments depends

on the degree of deterioration of the high—temperature mechanical properties

caused by the plasticizing effect of sorbed moisture and whether this phenomenon

is adequately considered during the design stage. The previous relative—

humidity time—temperature exposure of the epoxy component and the diffusion

characteristics of moisture in this component determine the moisture profile

and the resultant mechanical response of the material. Hence, the diffusion

characteristics of moisture in an epoxy component are critical factors for pre-

dicting mechanical response and durability in a given service environment.

Many diffusion processes can be adequately described by Fick’s laws of

dif fusion.191 A number of workers have successfully applied Fick’s second

law of diffusion to the sorption and desorption of moisture in epoxies and

epoxy composites and have predicted the moisture profiles as a function of time

for specific environmental ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Fick’s second law for one—dimensional diffusion is given by
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(3)

where c is concentration , D is the diffus ion coefficient , and x is the distance

the moisture has advanced from a given boundary. Equation (3) has been solved

for the case of a flat sheet sorbing vapor at both faces under constant

environmental conditions. The solution for the fraction of the equilibrium

amount of moisture sorbed in time t [M (t)] is given by

1/2
M(t) 

— 

~~ 
(
~
) ‘ 

(4)

where 1 is the plate thickness.192 From linear plots of M(t) 
versus (t)1”2 ,

the Fickian behavior in composites, corrected for volume effects, was identi—
156 ,158cal with that of the neat resins. The rates of moisture sorption

increased with temperature, and the equilibrium amount of moisture was directly

proportional to the relative humidity.

At high moisture contents [M (t) 
> 0.6], Equation (4) does not hold , and a

number of methods have been used to determine the moisture profiles in epoxies

and epoxy composites. Estimates within 15% of the moisture content and its

distribution have been obtained from a series solution of Equation (3) by Shen

and Springer169 and from a hyperbolic tangent method developed by McKague
168

.

Bohlmann and Derby178 have noted that a numerical—methods technique utilizing

a computer program193 must be used to account for the moisture profile for

transient conditions with different relative humidities at each surface.

The utilization of Fickian diffusion as the controlling mechanism to pre-

dict the concentration and distribution of sorbed moisture and corresponding

deterioration in the high—temperature mechanical properties can lead to

serious errors in the durability predictions of epoxies in many environments.

Any damage induced in the epoxy or epoxy composite by fabrication and/or
environmental conditions can cause deviations from Fickian diffusion and

accelerate moisture sorption.

Non—Fickian diffusion has been observed in polymers194 in which the dif-

fusion coefficient also becomes time and concentration dependent. This type
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of diffusion has generally been attributed to interaction between the polymer
195—202 203—207and penetrant , voids in the polymer , and clustering of the

194,208—212penetrant in the polymer

Non—Fickian diffusion of moisture in epoxies and epoxy composites generally

results from the perturbation of the diffusion processes by microvoids and/or

cracks. These voids or cracks can be caused by many factors such as one or a
• combination of the following phenomena: (1) swelling stresses induced by the

sorbed moisture (see Section 6.3), (2) craze cavitation (see Section 6.4),

(3) formation of water clusters and their subsequent elimination from the

glass (see Section 6.5), and (4) high surface tensile stresses resulting from

temperature and moisture gradients (see Section 6.5).

Sorbed moisture can modify the epoxy network and therefore the moisture

diffusion characteristics in that network. These network modifications can be

(1) bond cleavage as a result of swelling stresses179 and/or relaxation of

fabrication stresses, (2) formation of additicnal crosslinks by moisture—

enhanced mobility of unreacted groups, and (3) modification of the free volume

and/or microvoid characteristics.

In epoxy composites , anomalous diffus ion can also occur as a result of

(1) accelerated diffusion along the fiber—matrix boundary interface because

the presence of voids at the interface creates a preferential diffusion path
175

and (2) stress—biased diffusion caused by anisotropic swelling stresses in the
213composite

Hence, a number of phenomena, some of which have been alluded to in this

section and will be discussed in greater depth in subsequent sections, can

cause non—Fickian diffusion of moisture in epoxies and epoxy composites. This

non—Fickian diffusion , if not considered during the design stage of an epoxy

component , can seriously modify the durability in many long—term applications.

6.3 Swelling

Sorbed moisture causes epoxies to swell.1”75’177 The swelling stresses

generated by the sorbed moisture can significantly affect the durability of

epoxies in many environments. Swelling stresses caused by moisture gradients ,

together with other stresses inherent in the material, such as fabrication

stresses, can be sufficiently large to cause localized fracture of the

polymer177 (see Section 6.5). For example, the crazing of polystyrene on

sorption of normal hydrocarbons has been shown to result from a coupling of the
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relaxat ion of orientation stresses frozen i n to  the  glass and the swelling

stresses which a n -  produced at t h e  boundary  between the  swo l Ion , u l i L e r  regions

of the glass and the unswollen core .’24 218 Fur the rmore , F o u r i e r — t r a n s f o r m

infrared spectroscopy suggests that the swelling stresses are s u f f i c i e n t  to

~- 1t -ave bonds In the  c rossl inked , TGDDM—DDS epoxy system. ’79 Al though the

mois ture—induced  swell ing of epoxies generally results in only a 1—2% thick-

ness increase , these dimensional changes can result in high stresses in a

composite where the fibers constrain the swelling.

For durability predictions of epoxies, the local magnitude of the swelling

• stresses and strains and at what stress or strain they produce permanent damage

in the epoxy glass must be known . Halpin175 has calculated the dilatational
strains in epoxies assuming volume additivity and a homogeneous water distri-

bution . However, the experimentally observed swelling strains were greater

than predicted by theory by a factor of three at moisture contents ~ 2%.

The swelling of elastomers by diluents can be adequately treated by kinetic

theory of rubber elasticity utilizing Gaussian statistics.67’219’22° However,

the swelling of a non—uniform , high—crosslink density epoxy glass is considerably

more difficult to treat on a fundamental level. Gaussian statistics cannot be

utilized at high—crosslink densities. Also, a heterogeneous—crosslink density

t distribution could produce non—uniform diffusion at low concentrations as has

been suggested for other heterogeneous systems.22~~
225 In these systems, some

of the penetrant molecules are envisaged to diffuse faster along certain

unspecified paths.

To compute the moisture sorption levels for specific environmental on—

ditions that cause network modification and subsequent growth of permanent

damage regions in epoxies requires (1) further experimental and theoretical

studies on moisture—induced swelling stresses and strains and (2) a detailed

knowledge of the network structure and the stress levels in the presence

of moisture at which damage occurs in the network (see Section 6.4).

6.4 Modes of Deformation and Failure and Mechanical Response

In Section 5, evidence was presented to show that crazing is the pre—

dominant mode of deformation and failure in the TGDDM—DDS and DGL~A-DETA

epoxy systems. In any durability prediction, it is vital to understand how

sorbed moisture modfies the crazing process and mechanical response. Sorbed
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low—molecular—weight liquids generally cause failure in polymers by inducing

razlng or cracking at stresses much lower than those observed in their absence.
22 ,82,84 ,86 ,88,94 ,170—172,211,214—218,225—269Numerous studies on the inter-

action of low—molecular—weight diluent molecules on the crazing process have

illustrated that this phenomenon is complex and not completely understood on a

molecular level. This section reviews the basic physical phenomena responsible

for modification of the crazing process in the presence of low—molecular—weight

diluent molecules , presents evidence that sorbed moisture modifies the crazing

process and mechanical response of TGDDM—DDS epoxies, and discusses the impli-

cations of these findings in relation to the durability of TGDDM’-DDS epoxies.

The modification of craze initiation and propagation by the presence of

diluen ts can occ ur as a result of plas ticiza tion227 and/or sur face energy

reduc tion 234 . The presence of the diluent at the craze tip can reduce the

• surface energy of the polymer, facilitating the creation of a new surface.
263

For an sorbed diluent layer at least a few molecules thick, the interfacial

surface energy par ticipa ting in craze cavi tat ion can be red uced f r om the higher

polymer—air surface energy value. The plasticization of the polymer at the

craze tip by the diluent lowers the shear yield stress which is also ac tive

in the craze cavitation process. The stress concentration at the craze tip

increases the fractional free volume of the polymer which both enhances

sorption of the diluent and lowers the T of the polymer.
22 ’263

Andrews and coworkers
231’244 ’249 have shown tha t solven t craze forma tion

(W) is governed by the cavitation properties of a solvated zone of polymer at

the craze tip:

W — 4.84 (hy/p) f2/3 
+ 0.66 Y1~?hf (5)

where h is the craze thickness , y the interfacial energy of the voids , p the

mean distance between the void centers, f the void f rac tion , Y the shear

yield stress , and 
~
j, a constant with a value of 4.4. These threshold conditions

for craze cavitation depend on the work necessary to produce plastic yielding

and the work necessary to create void interfaces . The yield stress is strongly

temperature dependent relative to the surface energy term. Andrews and co-

workers showed that W decreases with temperature and that, above a critical
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temperature I , W assumes a minimum constant value W . The temperature T has

been associated with the T
g 

of the plasticized swoll:n polymer at the craze

tip. The yield stress term in Equation (1) reduces to near zero at T
g 

because

Y ~ 0 at or above T5
. When Y ~t’ 0, W is dependent only on the temperatue—

dependent surface energy term .

More recently,  Kambou r and coworkers 250 
have suggested that the plastici-

zation effect is the more important factor in solvent—crazing. They reported

that the solvent—crazing resistance of undiluted polystyrene is the same as

that of the preplasticized polystyrene in air. This finding implies that the

presence of a liquid/polyme r interface is not critical to crazing effectiveness

of a given diluent. These workers, therefore, concluded that liquids do not

appear to reduce craz ing resistance by flow ing in to and wetting the sur fa ce of
holes as they form.

There have been a number of efforts to correlate the modification of the

craze—crack behavior of the polymer in the presence of a diluent with the

solubility parame ters of the polymer and diluent. Bernier and Kambour
233

studied the effect of a variety of liquids on the failure of poly(2,6—dimethyl—

1,4—phenylene oxide). They concluded that a liquid acts as a solvent when its

solubility parameter is close to that of the polymer. When the difference

between the solubility parameters of the liquid and polymer is small , the

liquid promotes cracking; when this difference is large, crazing is enhanced.
• Vincent and Raha2’°, however, found that a more effective representation of

the solvent—cracking versus crazing behavior is obtained by considering the
capacity of each liquid—to—hydrogen bond in addition to its solubility

parameter.

Kambour and coworkers233’239 have also shown a close correlation between

the critical strain for craze or crack formation (e
c

) and the solub ility
parameter of the diluent. Subsequently , Andrews and Bevan244 found tha t the
work of solvent craze formation (W) above the Tg of the plasticized polymer

at the craze tip , is a smooth function of the difference in the solubility

parameters of the polymer (ó~
) and the diluent 

~
6
d~

’ 
~~~ 

— 6
d~~ 

These workers

• also found that W exhibits a minimum at 6
1, ~ 

6d~ 
More recently, Ma1269 has

reported that W,6d relations are not affected by hydrogen bonding. Despite

these reported correlations between the solubility parameters of polymer and
• diluent and the work of craze cavitation formation , the modification of craze
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initiation and propagation in a specific polyme r by a given dfluent cannot be

predicted a priori. The polymer—dilueiit interactions on a rr’ lecular level and

the effect of these interactions on plasticization and swelling behavior at the

craze tip are not understood . For example , the role of factors , such as the

- 270,271 -size and shape of the diluent molecule , tne rotational isomeric con-

f igurations of the polyme r , and the flexibility of the polymer chains in

polymer—diluent interactions are not fully understood .

There are a number of additional phenomena that play a significant role

in solvent crazing. For an initially undiluted polymer that is stressed in a
236 ,245 ,253 ,260 ,267

diluent environment , Williams and coworkers have determined

that the craze growth rate is controiled by the slower of either the relaxation

processes of the polymer or the rate of flow of the diluent through the porous

craze structure . Mai and coworkers
26 5 ’269 

have investigated the effects of

diluents on polymer fracture toughness as a function of crack velocity.
214—218

Hopfenberg and coworkers have shown that solvent crazing can be sig-

nificantly enhanced by any orientation present in the polymer. Crazing has

been shown to occur at the boundary between the outer swollen gel and the

unpenetrated glassy core of the polymer when the combined orientation and

swelling stresses are sufficiently large to cause craze cavitation and propa-

gation. Subtle differences in polymer orientation can result in significant

changes in the rate of solvent crazing. These workers also found that crazing

can occur upon either sorption or desorption of the diluent from the glassy

polymer which depend on variations in the thermal and mechanical histories of

the glass.

Distribution of the diluent within the polymer is another significant

factor affec ting craze initiation and growth characteristics. Andrews and

coworkers 231’244 ’249 
assume an initial homogeneous distribution of diluent

wi thin the polymer , but in many service environments clustering of the diluent
in the polymer may occur . For example, sorption of the diluent into the

polymer at elevated temperatures could cause the polymer to be saturated

with the diluent. When the polymer is subsequently cooled , the solubility

of the diluent in the polymer is lowered , and regions of h igh diluent
concentration or even diluent clusters can form in the polymer.2 12 ’270 ’271

Dynamic mechanical studies of such polymer—diluent systems suggest that the

regions of high diluent concentration are small, ~~ 10 ~~~270~ 27l These
regions would preferentially be highly plasticized which would lower the local
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shear y ie ld  stress and favor cavi ta t ion .  W i t h i n  these regions of high

diluent concentration , the surface energy associated with void formation would

also be lowered if the surface tension of the diluent were lower than that of

the polymer.
272 ’273 It is possible that the regions of high diluent

• trat ion , because of their small size, would favor craze cavitation but not

significantly plasticize the craze fibrils . For these conditions , crazes

would form more easily , but the fibrils would possess good load—bearing capa—

bility. This hypothesis may explain why poor solvents act as good crazing

agents because of their tendency to cluster , whereas good solvents act as

cracking agents because they are homogeneously distributed throughout the

glass thereby plast icizing and softening the craze f ibr i l s.

There have been few studies on the modification of the modes of deforma—
84 , 86 , 88 , 170 ,172tion and f a i lu re  of therniosets by water .  Generally , such

studies reported changes in fracture toughness induced by water with no attempt

to explain such changes in terms of modification of the microscopic modes of

deformation and failure.

• We have recently studied the effect of sorbed moisture on the tensile

mechanical properties and fracture topographies of TGDDM—DDS (27 wt% DDS)

epoxy as a function of test temperature. In Figure 28, the tensile strength ,

ul t imate  elongation , and Young ’s modulus of both initially we t and dr y epoxies
are shown as a function of test temperature. The wet epoxies exhibit lower

tens ile streng ths , ultimate elongations , and moduli than the dry epoxies from

room temperature to 150°C. Plasticization of the epoxy including a softening

of the craze fibrils by the sorbed moisture would cause such a deterioration

in the mechanical properties. Above 150°C, the mechanical properties of both

the initially wet and dry epoxies start to merge because signIficant amounts

of moisture are eliminated from the wet glasses during the t ime of thc~ test.

The microscopic yield stress (that stress at the onset of no~t—l inear

behavior in the tensile stress—strain curve) is shown in FigurE 29 as a

function of test temperature for both initially wet and dry ~GDDM—DDS (27 wt%

DDS) epoxies. (This yield stress is closely associated wi th  the onset of

localized flow and cavitation.) The microscopia yield stress of the wet epoxies

is lower than that of the dry glasses from room temperature to 150°C, as - -

shown in Figure 29. Above 150°C, the yield stresses of the wet and dry epoxies

merge because water is eliminated from the wet specimens during the test.
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Figure 28 Tensile strength, ultimate elongation. and Young’s modulus of initially wet N4 wt% sorbed
moisture) and dry TGODM-DDS (27 wt% DOS) epoxi es as a function of test temperature
(stra in-rate 1O 2/min )

From room temperature to 150°C, the lower yield stresses of the epoxies

containing 4 wt% sorbed moisture , relative to those of the dry epoxies, are

equivalent to lowering the dry yield stresses lOO°—l25°C on the temperature

scale. However , the Tg of this epoxy Is lowered only 
‘
~~ 60° C by “~ 4 wt% sorbed

moisture (see Figure 27). These observations imply that craze cavitation

stress is more susceptible to sorbed moisture than the main T
g• Hence , the

magnitude the Tg is lowered on the temperature scale by sorbed moisture cannot
be utilized to predict any modification of the formation of permanent damage

regions in these epoxies. The craze cavitational stress is more sensitive to

sorbed moisture than the Tg for a heterogeneous distribution of moisture in

the epoxy. High moisture concentrations in localized regions enhance cavita-

tion by plasticlzation which results in a lower local shear yield stress. The
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overall Tg 
of the epoxy , however , is generally measured on a macroscopic level

and is not sensitive to high local moisture concentrations. The surface energy

for formation of a fresh surface when cavitation occurs is not enhanced by the

presence of local concentrations of moisture because the surface tension of

water (7.2 Pa) is greater than that of the epoxy C” 4—5 Pa).
274 (Moisture was

introduced into the TGDDM—DDS epoxies at 135°C in an autoclave, and the samples

were then cooled to room temperature. The decrease in solubility of moisture

in epoxies on lowering the temperature results in local regions of high moisture
212 ,270 ,271concentrations. )

1.8x104

0 Dry

~~~bed w~~~~ pflor t0 tes t

20 50 100 150 200 250 270
Temperature (°C) GPn.en,-a,

Figure 29 Microscopic yield stress (strain-rate 10 2/minj of initially wet (~4 wt% sorbed moisture ) and
dry 100DM-DOS (27 wt% DOS) epoxies and wate r vapor pressu re as a function of temperatu re

Fracture topography studies also indicate that craze deformation and

failure modes in epoxies are modified by sorbed moisture. The optical micro—

graphs in Figure 30 compare the room—temperature fracture topography of a dry

TCDDM—DDS (27 wtZ DOS) epoxy with one containing ~ -‘ 4 wtZ sorbed water. The

smooth , mirror—like region in the wet sample is considerably larger than in
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•
the dry sample. The extent of the mirror—like region is a measure of the area

in which crack propagation occurs through a preformed craze. Hoare and Hull102

suggested that this area depends on the ease of craze growth, crack nucleation ,

• and crack growth within the craze. The area of the mirror—like region increases

• with test temperatures as illustrated in Figure 22. The extent of this region

in the wet specimen that fractured at room temperature is equivalent to that

in a dry specimen fractured at 125°C.

(a) Dry (b) 4% Water

Qp77~•73~~~ 
I _j 

________

1. 25 mm 1.25 mm

Figure 30 Optical micro graphs of room temp erature frac ture wrfaces of (a) dry and (b) (4 wt% sorbed
moisture ) TGDDM-DDS (27 wt% DOS) epoxy

Scanning electron micrographs of the fracture topography ini~tiation

regions in the wet TGDDM—DDS epoxies reveal numerous cavities, as illustrated

in Figure 31. The cavities are more numerous than thos’~ observed in dry

epoxy glasses fractured under similar conditions . This observation suggests

that sorbed moisture in these epoxies enhances cavitation .

Hence, the data illustrated in Figures 28—31 suggest that sorbed moisture

lowers the craze initiation and propagation stresses in TGDDM—DDS epoxies.
The sorbed moisture has a more severe effect on the crazing process than the

T
g~ 

probably as a result of the presence of islands of high moisture concen-

tration.
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Figure 31 Scanning electron micrograp h of cavities in the fra cture topography init iation region of wet
TGDDM- DDS (27 wt% DOS) epoxy (4 wt% sorbed moisture) which was fractured at room
temp erature at a strain -rate of -

~~ 10 2/min

• The enhancement of craze cavitation and propagation in TGDDM—DDS epoxies

by sorbed moisture directly affects the durability of these glasses in humid

environments. The plasticizing effect of sorbed moisture on TGDDM—DDS epoxies

- is already abnormally large (see Section 6.1). However, local concentrations
- of sorbed moisture lower the local shear yield stress to an even greater extent

— than that expected from the observed, macroscopic lowering of the Tg 
Such

high, local moisture concentrations can form in microvoids, in the porous

structure of a preformed craze, or from moisture sorption at elevated tempera—

ture followed by exposure of the epoxy to lower temperature. The ease of dif—

j . - ; fusion of moisture through a porous craze structure and its accumulation near
- the craze tip where it enhances cavitation must be considered a significant

L -~~;~i mechanism for the growth of permanent damage regions in these glasses in humid
- environments~. particularly in view of the low stress levels at which cavitation

- - generally occurs in polymer glasses (Figure 29).
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7. FACTORS THAT CONTROL THE DURABILIT Y OF EPOXIES

in the service environment , durab ili ty of epox ies depends on a complex
number ot  interacting phenomena. The factors that control the critical path

t 3  ultimate failure or unacceptable damage depend specifically on the particular

environmental conditions . In this section , all poss ible fa ctors tha t generally

affec t the durability of epoxies in service environments are reviewed , and some

of the critical environments that affect the durability of epoxies and the

difficulties in predicting their long—term durability are discussed.

The durability of an epoxy component depends on the structure and phy sical

state of the epoxy after cure and fabrication. Figure 32 illustrates the pri—

mary phenomena that are dependent on cure and fabrication conditions and that

also affect the durability of epoxies. These phenomena include the network

structure , microvoid characteristics (considered in Section 4), and fabrication

stresses. Stresses can arise in the epoxy during fabrication from (1) shrink-

age of the epoxy during cure , (2) temperature grad ents within the sample

dur ing cure , and (3) the mismatch in the coefficients of expansion of the
275 ,276

epoxy matrix and fiber in an epoxy composite. Temperature gradients ,

wh ich are worse in th ick specimens, can cause one region of the epoxy to form

a glass pr ior to other regions during cure. Once the epoxy has formed a glass

at the cure tempera ture , stresses develop in a composite on cooling to room
temperature because of the difference in the coefficients of expansion of

4 matrix and filler. Such stresses are complex and intimately depend on the dis—

tribution of the fibers in the epoxy matrix. The theoretical treatment of the

4 - - stresses and strains that arise from thermal expansion and shrinkage differences

in composites has recently been reviewed by Hale.
277 Several environmen tal

-

~ 
- - factors can cause growth of the flaws produced during cure and fabrication

and/or formation of new permanent damage regions. Figure 33 illustrates the

environmental factors that contribute to the formation of permanent damage

regions and , hence , directly limit the durability of epoxies. The primary

environmental factors are service stresses, humidity , temperature , and solar

radiation .

Normal service stresses, particularly in combination with e~svizonniental

and fabrication stresses , can cause formation of permanent damage regions in

•1 epoxies. Solar radiation can induce surface crosslinking and/or a lowering of
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•. molecular weight which will cause surface stresses and possible microcracking.278

(There is no evidence , at present , to suggest that TGDDM—DDS epoxies are par-

t icularly susceptible to radiation—induced chemical changes.)

Durability

Cure conditions

Network Microvoid Fabrication
structure characteristics stresses

I I I
Shrinkage Mismatch in Temperaturestresses j 

coefficients gradients
of expansion

_____________________ 
QPt?-Ot3I•32

Figure 32 Schematic of cure and fabrication factors that affect the durability of epoxies

Durability

Environmental formation
of per manent damage

regions

I I I I
Service stresses J Humidity LTemperature j Solar radiation

I I I 1 I
Moisture 1 Swelling I Leach Absorption :1 Stresses and
clusters stresses I unreacted desorption gradients from
I I [ material I radiation

Microvoids Moisture I Fatigue crosslinking
_____________ 

gradients [~~ çrovoids StI~ISSaS

I Plasticization i 

~ I
i ~~~rAdditional J Ease of Thermal Sunlight:

cure [ crazing sp ike shade Microvoids
s Il-elIi.ss

Figure 33 SchematIc of environmental factors that affect the durability of epoxies
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Temperature effects can also contribute to the formation of permanent

damage regions. High temperatures can cause trapped , unreacted , low—molecular—

weight material to be evolved from the epoxy , resulting in microvoids (see

Section 4.2). Thermal gradients can cause stresses in epoxy components. Such

gradients can be caused by sunlight heating only one surface or from a thermal

spike caused by aerodynamic heating during high—speed dashes by an aircraft

followed by rapid cooling when speed is reduced.

The sorpt ion of moisture by epoxies can cause a number of phenomena which

may contribute to the formation of permanent damage regions. Moisture—induced

plasticization , in addition to enhancing crazing, increases the mob ility w ithin
the epoxy which may lead to additional cure. Sorbed moisture causes swelling

stresses which are particularly serious at the boundary between the outer

swollen region and the inner unswollen core. The sorption and desorption of

moisture causes oscillatory swelling stresses which are equivalent to subjecting

the epoxy to fatigue. The sorption and desorption of moisture could result in

leaching from the epoxy any unreac ted, low—molecular—weight material , result-

ing in microvoids. The formation of water clusters (see Section 6.4) and their

subsequent elimi ation can also result in the formation of microvoids in epoxies .

Bair and Johnson
212 

have directly shown that cavities are produced in a poly-

ethylene—water system by such a mechanism.

There are many possible critical paths involving the effects of the

original network structure , microvoid characteristics, and fabrication stresses

together with service stresses, moisture, temperature , and solar radiation

exposure of epoxies that will lead to formation and/or growth of permanent

damage regions. The critical path that causes damage and that predominates

in a given service environment often depends on a complex series of inter-

acting phenomena which were illustrated as separate entities in Figures 32 and

33.
The most extreme environmental conditions experienced by components on a

fighter aircraft occur during a supersonic dash. The aircraft dives from

high altitudes (outer surface temperature _200 to —55°C) into a supersonic,

low—altitude run during which the surface temperature rises in minutes to

100 °—l5O°C as a result of aerodynamic heating. On reduction of speed, the
outer surface temperature drops extremely rapidly. In Figure 34, a tempera—
ture profile of the outer surface of the aircraft component as a function of
time illustrates the thermal spike that the outer surface receives during the
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supersonic maneuver. This particular thermal spike has been utilized by
168 177McKague and Browning in their studies of the simulation of real—life

environmental conditions on the durability of epoxies and epoxy composites .

McKag ue 168 found that epoxy laminates are damaged after thermal—spike exposures

as indicated by abnormal increases in moisture sorption. Browning
177 found

similar evidence of thermal—spike—induced damage in unfilled TGDDM—DDS epoxies.

After exposure to thermal spikes, this epoxy exhibited numerous surface

microcracks. Browning177 suggests that damage occurs during the rapid cool—

down por tion of the spike at which the rate is ‘\‘ 500°C/mm . The rapid cool—

down rate causes the exterior of the epoxy component to be cooler than the

interior, which results in surface tensile stresses. In addition , moisture

is driven from the exterior but not from the interior of the component during

the temperature—rise portion of the spike, which leads to a moisture gradient.

The larger swelling stresses in the interior of the material relative to the

less swollen exterior results in surface tensile stresses which , together with

those stresses that result from the temperature gradients, are suf f iciently

large to cause growth of permanent damage regions by a crazing mechanism.

During the short duration of the thermal spike, some moisture remains in the

epoxy surface region and lowers the craze cavitation stress (see Section 6.4),

thereby enhancing the possibility of surface damage.

The less rapid neating rate of the thermal spike could also possibly

cause damage as a result of expanding, superheated steam momentarily trapped

in a microvoid . At 150°C, a small vapor pressure could cause microvoid

expansion because the yield stress of the highly plasticized microvoid walls

is negligible at this temperature. (In Figure 29, the water vapor pressure is

plotted as a function of temperature; at 150°C the vapor pressure is similar

in magnitude to the yield stress of the wet epoxy assuming the dry epoxy yield

stress—temperature plot is shifted lOO°— 125°C on the temperature scale by

sorbed moisture.) At MDRL, moisture—saturated epoxies have been rapidly

heated by introduction into a preheated oven in the 50—150°C range. Mechanical

property and fracture topography observations do not indicate any significant

evidence of microvoid growth as a result of water vapor pressure. Therefore,

at present, the primary mode of damage during a thermal spike occurs during

the rapid cool—down period.

The thermal spike utilized by McKague
168 and Browning

177 is one of the

more severe spikes in terms of maximum temperature and rate of cool—down .
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Recen tly , Bohlman and Derby178 found no evidence of damage in graphite—epoxy

lam inates for the less—severe thermal spike condition which the Space Shuttle

Orbiter will experience (assuming a cool—down rate of only 4°C/mm ).

150 I I

100 - -

0
0

Jso
~~ 

_ _ _ _ _ _ _ _  

-

0 -  -

0-25 i
1 2 3 4 5 6 7

Time (mm )

Figure 34 Thermal spike experienced by outer surface of epoxy component as a result of a supersonic 3
maneuver

For less—severe environmental conditions than those that involve super-

sonic maneuvers, it is, at present , difficult to predict the long—term effects

of fabrication and environmental factors on the durabflity of epoxies in

specific environments. Such a priori predictions require knowledge of the

structure—property relations of epoxies, the magnitude and/or duratiott of

fabrication , environmental and service stresses placed on the material, and a

detailed understanding of other fabrication and environmental factors alluded

to in Figures 32 and 33. However, the present state of knowledge of epoxies

and composite materials does not yield all such required information.
Furthermore , an understanding of the interactions of the various fabri—

cation and environmental factors that affect the durability of theruiosets or

their composites has received little attention. Blaga and Yamaaaki159 have
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1
studied and suggested the critical phenomena affecting the weathering of glass—

reinforced polyesters . In their studies , they propose that damage occurs in

surface regions under the combined action of radiation—induced tensile stresses

in the surface region together with physically—induced stress fatigue . Tensile

stresses in the surface region are caused by shrinkage of the matrix that

resul ts f r~th crossLink~,ng induced by the ultraviolet radiation. Stress fatigue

is imposed on the composite sys t~~iThy physically—induced alternating stresses
produced by cyclic variation of temperature and probably moisture resulting

from thermal and moisture gradients and inhomogeneities. The resin in the

interface region is damaged by stress—fatigue resulting from the differential

dimensional changes between glass and matrix, induced by moisture and/or

temperature cyclic variations. Under the influence of alternating cyclic

stresses and in conjunction with chemical degradation of the matrix, the

interface region undergoes cracking, fracture, and fiber delamination. These

workers note that the stresses at the interface are complex.

I
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