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The relations between the chemical and physical network structure, the deformation and failure 
processes and the tensile mechanical properties of polyethertriamine-cured bisphenoI-A-diglycidyl 
ether epoxies are reported for a series of epoxy glasses prepared from a range of polyethertriamine 
concentrations. Near-infra-red spectroscopy indicates that these glasses form exclusively from 
epoxide-amine addition reactions. Their Tg exhibits a maximum and swell ratio a minimum at the highest 
crosslink density. Stress-birefringence studies reveal that these highly crosslinked glasses are ductile 
and undergo necking and plastic deformation. The plastic deformation initially occurs homogeneously 
but ultimately becomes inhomogeneous and shear bands develop. Tensile failure occurs in the high 
strain shear band region. The ultimate tensile strain of these epoxies attains a maximum of 15% for the 
highest crosslinked glass. Off stoichiometric networks fail at lower strains because such networks 
inherently contain more defects in the form of unreacted ends. The density, yield stress, tensile strength, 
and modulus of these glasses all decrease with increasing polyethertriamine concentration as a result of 
increasing free volume because of the poor packing ability of the amine molecule. A slight minimum is 
superimposed on this downtrend in density and modulus with increasing amine content at the highest 
crosslink density because of geometric constraints imposed on segmental packing by the network 
crosslinks. The ability of these crosslinked glasses to undergo deformation is discussed in terms of the 
free volume and the crosslinked network topography. Network failure is considered in terms of stress- 
induced chain scission which is determined by the concentration ad extensibility of the least extensible 
network segments. 

Keywords Epoxies; cure reactions; network structure; mechanical properties; deformation process; 
failure process 

INTRODUCTION 

The increasing use of high-performance, fibrous 
composites in critical structural applications has led to a 
need to predict the lifetimes of these materials in service 
environments. To predict the durability of a composite in 
service environment requires a basic understanding of (1) 
the microscopic deformation and failure processes of the 
composite; (2) the significance of the fibre, epoxy matrix 
and fibre-matrix interfacial region in composite per- 
formance; and (3) the relations between the structure, 
deformation and failure processes and mechanical 
response of the fibre, epoxy matrix and their interface and 
how such relations are modified by environmental factors. 

This paper considers the structure-property relations 
of epoxy matrices, with specific emphasis on amine-cured 
epoxides. In attempts to correlate the structure-property 
relations of amine-cured epoxides, there have been a 
number of studies on the mechanical properties of these 
glasses as a function of epoxide: amine ratios and the 
chemical structure of the constituent epoxide and amine 
monomers 1 - t  5. Generally, there is no direct correlation 
between the chemistry of the epoxide and amine 
monomers and the mechanical properties of epoxies with 

* This work was carried out under the auspices of the US Department 
of Energy by Lawrence Livermore National Laboratory under Contract 
No. W-7405-Eng-48 

the exception that as the distance between crosslinks 
becomes shorter, these glasses become more brittle 1'10,15 
Also, for a specific amine-cured epoxide system, the Tg is 
always highest for the fully reacted, highest crosslink 
density glass 3 ,6,9,12,16 - ~ 8 

There are a number of reasons why there is not a simple 
correlation between the chemistry of the starting 
materials and the mechanical properties of the resultant 
cured epoxy glass. Firstly, the chemistry of the epoxy 
network may not always be simple. Amine-cured epoxy 
networks are generally assumed to result exclusively 
from addition reactions of epoxide groups with primary 
and secondary amines ~6. However, these reactions 
are often incomplete due to steric and diffusional restric- 
tions and additional reactions such as epoxide 
homopolymerization c a n  occura,12,13,16,19-zs The 
physical structures of epoxies are also complex on a 
macroscopic and microscopic scale and have not been 
characterized in detail. Macroscopically, the crosslinked 
networks are inhomogeneous because of voids and 
possible distributions in the crosslink density. On a more 
microscopic level, details of the local free volume, the 
rotational isomeric configurations of segments between 
crosslinks, chain end defects, and any bond angle and 
length distortions produced to form the crosslinked 
networks are generally unknown. These chemical and 
physical structural parameters are significant in the 
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deformation and failure processes and mechanical 
response of the glassy crosslinked networks. However, few 
studies have been carried out on the microscopic 
deformation and failure processes of epoxy 
glasses 13'27'29'3°. Therefore, at present there are con- 
siderable gaps in the understanding of the structure- 
property relations of epoxies. 

To further the understanding of crosslinked epoxies, 
this paper reports structure-property studies of a series of 
polyethertriamine-cured bisphenol-A-diglycidyl ether 
(DGEBA) epoxies, the chemical structures of which are 
well characterized. Different epoxy networks were 
produced by varying the epoxide:amine ratios. The 
physical structure, deformation and failure processes and 
mechanical properties of these glasses are reported and 
are correlated with the systematic chemical structural 
changes in this epoxy series. The high ductilities of these 
epoxies and their relative insensitivity to inherent 
fabrication flaws were advantageous in correlating their 
network structure with their mechanical response. 

EXPERIMENTAL 

Materials 

Pure DGEBA, DER 332 (Dow*) epoxide monomer 
was used in this study and was cured with an aliphatic 
polyethertriamine, Jeffamine T403 (Jefferson). The 
chemical structures of the amine and epoxide monomers 
are shown in Figure 1. The epoxide and amine equivalent 
weights determined by chemical titration were 175.15 and 
82.92 g, respectively. If these systems form exclusively 
from epoxide-amine addition reactions, ~ 47 amine parts 
per hundred epoxide parts (phr) T403 are required for 
complete cure. A range of epoxies with 25-75 phr T403 
was prepared. The DGEBA epoxide monomer was 
preheated to 60°C to melt any crystals present s prior to 
mixing with the T403. After mixing the two monomers, 
the mixtures were vacuum degassed and cast between 
glass plates separated by 0.3 cm thick Teflon spacers. A 
thin layer of release agent (DC-20 Dow) was baked onto 
each plate prior to casting. The epoxy sheets were cured 

CH 3 O / O \  r - ~  I ~ / \ 

CH2-- CH - -  CH 2 -  O - -  O ( ~ - C - ( ~ 0 j ) - - O - - C H 2 - - -  CH--CH 2 

CH 3 

Diglycidyl ether of bisphenol A 
(DOW DER 332) 

H2~ 4 0  CH 2 CH (CH3) x- ~- NH 2 

CH3CH2~CH2--[-O CH 2 CH (CH3)-]7-NH 2 

H2C --[-O CH 2 CH (CH3) z-]7-NH 2 

x + y + z ~ 5 . 3  

between the glass plates at room temperature for 24 h, 
post-cured at 85°C for 16 h, and then slowly cooled at 

2°C min-  1 to room temperature. All specimens used for 
physical structural characterization and mechanical pro- 
perty tests were fabricated from these epoxy sheets. 

Methods 

Near-infra-red spectroscopy (Cary) 14 spectro- 
photometer) was used to study the cure reactions and the 
resultant chemical structure of the epoxies. A correct 
portion of epoxide and amine were mixed, degassed, and 
poured into a glass cell. To reduce the path length, a thin 
glass plate was inserted. A copper constantan thermo- 
couple was used to control the test temperature. Each 
epoxy mixture was scanned at room temperature for 24 h 
and at 85°C for 16 h. The absorbances of the epoxide (A=) 
and phenyl (Ap) groups were monitored at 2.205 and 
2.160~m, respectively. As the phenyl group does not 
participate in any of the chemical reactions, the 
absorbance of this group was utilized as an internal 
standard. The epoxide group consumption was deter- 
mined by monitoring the changes in the A= :Ap ratio with 
cure time. 

A differential scanning calorimeter (d.s.c.) (Du Pont 
910) was used to monitor the Ts's of the epoxies. The 
heating rate was 10°C min-1. The dynamic mechanical 
properties of the epoxies were monitored by a Rheometric 
mechanical spectrometer (Model RMS-7200). Epoxy 
specimens with dimensions of 6.4 x 1.3 x 0.3 cm were 
torqued at an oscillating frequency of 1.0 Hz. The shear 
storage (G') and loss (G") moduli and tan 6 were 
determined from - 1 6 0  ° to + 140°C. The densities of the 
epoxies were determined in density gradient columns. 
Swelling studies were carried out on 1 x 1 x 0.3 cm epoxy 
specimens that were immersed in methylethylketone for 
seven days. The weights (w) and volumes (v) of the 
specimens were measured prior to (wi and vi) and after (wt 
and vf) immersion and the swelling ratio Vf/V i determined. 

For  the mechanical tensile tests, dogbone-shaped 
specimens with a gauge length of 7.5 cm and a width of 1.3 
cm were cut from the cast epoxy sheets. After polishing the 
specimen edges along the gauge length, the specimens 
were annealed at 85°C under vacuum for 1.5 h to remove 
any sorbed moisture and release any fabrication strains. 
The specimens were stored in a desiccator prior to testing. 
All tensile tests were carried out at room teperature on a 
mechanical tester (Instron, TTDM) at a crosshead speed 
of 0.5 cm min-  1. The fracture topographies of the failed 
specimens were documented by optical microscopy 
(Zeiss). 

The deformation modes were monitored with a 
polariscope (Photoelastic Inc.) as a function of stress for 
epoxies with 37, 47 and 57 phr T403). An attached camera 
was used to record the birefringence patterns. 

Polyether triamine 
(Jefferson T403) 

Figure I Chemical structure of DGEBA epoxide and T403 
polyethertriamine curing agent 

RESULTS AND DISCUSSION 

Chemical structure 

Amine-cured epoxy networks generally form exclu- 
sively from epoxide-amine addition reactions, i.e.: 

* Reference to a company or product name does not imply approval or 
recommendation of the product by the University of California or the 
US Department of Energy to the exclusion of others that may be suitable 

R1CH--CH 2 + R2NH2---*RICH(OH)CH2NHR 2 
\ /  

O 
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Figure 2 Epoxide consumption during cure at 23°C for 24 h 
fo l lowed by postcure at 85°C for DGEBA-T403 (47 phr T403) 
epoxy 
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Figure 3 Ultimate percent epoxide consumption versus T403 
concentration for 24 h cure at 23"C followed by 85~C postcure 
for DG EBA-T403 
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For all the amine hydrogens to react with epoxide groups 
in the DGEBA-T403 system exclusively by epoxide- 
amine additon reactions would require a stoichiometric 
quantity of 47 phr T403 based on the chemically- 
determined equivalent weights of the DGEBA and T403 
reactants. 

The epoxide consumption during cure was monitored 
by near-i.r, as a function of T403 concentration (25- 
75 phr) for a 24 h cure at 23°C followed by a postcure at 
85°C. In Figure 2 a plot of epoxide consumption during 
cure is illustrated for the DGEBA-T403 (47 phr T403) 
epoxy. (A period of 10 min was used to heat the epoxy 
from 23 ° to 85°C). For this epoxy, all the epoxide groups 
are consumed after about 200 rain at 85°C. Similar plots 
were made for all epoxy systems in the 25-75 phr T403 
concentration range. The i.r. measurements were trun- 
cated when either a 100~ epoxide consumption occurred 
or the epoxide consumption ceased to change with time at 
85°C. The ultimate percentage epoxide consumptions at 
85°C are plotted as a function of T403 concentration in 
Figure 3. All epoxide groups are consumed at )45 phr 
T403. The lowest T403 concentration of 45 phr for full 
epoxide consumption is slightly power than the 47 phr 
T403 predicted from chemical analysis of the starting 

materials and assuming exclusively epoxide-amine ad- 
dition reactions. This slight discrepancy could be due to 
insufficient accuracies in (1) the chemical titration pro- 
cedures to determine the DGEBA and T403 equivalent 
weights and/or (2) in the near-i.r, to detect small differ- 
ences in epoxide concentrations. In the 25-45 phr T403 
range in Figure 3, the epoxide consumption levels fall on a 
straight line which, when extrapolated, goes through the 
origin. This data indicates that the DGEBA-T403 epoxies 
form exclusively from epoxide-amine addition reactions 
which proceed to completion without any additional 
epoxide consumption occurring as a result of side 
reactions. 

The epoxide consumptions were also monitored for an 
85°C cure alone. For the DGEBA-T403 (47 phr T403) 
epoxy, the cure reaction is complete after about 300 min as 
shown in Fioure 4. A plot of epoxide consumption versus 
T403 concentration for a 16 h cure at 85°C is illustrated in 
Figure 5. This plot exhibits similar features as that plot for 
the 24 h, 23°C + 85°C postcured epoxies. Hence, the near- 
i.r. studies indicate that the DGEBA-T403 epoxies form 
exclusively from epoxide-amine addition reactions when 
cured either at 23°C, 24 h+85°C postcure or at 85°C. 

Network structure 
The physical network structures and the average 

I I 1 1 I 1 
1 0 0 -  

40 

20 

I I I I I I 
50 1 oo 150 200 250 300 

T i m e  (rain) 

Figure 4 Epoxide consumption versus cure time at 85°C for 
DGEBA-T403 (47 phr T403) epoxy 
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Table I Network structures and M c for DGEBA-T403 epoxies 

T403 
concentration (%) Structure Comments M c 

AII-NH 2 and -NH groups react; 

/o\ 
a/ / b\ \ / / <a) one - - C  C - -  group reacts on 

each DGEBA molecule; (b) In some DGEBA 

molecules both ~ C ~ C ~ groups 
/ ~  / ~ / ~ react whereas in others no 

/e\ 
C ~ C groups react 

/ ~, ~' ", , . .J \ / " " '~  /o\ 
I groupsreect  2,. 

~ / / completely. A network of interconnected 

- ' - , x ~  / ~ , t  f ~ ~ rings 

a / \  / , ~ \  \,b j l  /o\ 

94.7 / . . / j ,  groups react; no -NH groups react. 682 
(a) Ring and (b) branched structures 

I \ 

I All ~ C  ~ C ~  groups react; 
142.0 2/3 NH 2 groups react; no NH groups 0- 

~ ~ / react; (a) branched and (b)linear structures 

T403 ! 

DGEBA 

molecular weight between crosslinks, Me, for DGEBA- 
T403 epoxies as a function of T403 concentration were 
determined and are illustrated in Table 1. These network 
structures and Mc values were ascertained based on the 
chemical and physical structure of the DGEBA and T403 
monomers and the following assumptions: (1) the cure 
reactions and network formation result exclusively from 
epoxide-amine addition reactions; (2) all primary amine 
hydrogens react with epoxide groups prior to the onset of 
secondary amine-epoxide addition reactions. The latter 
assumption is an approximation that simplifies the 
molecular description of the network structure. In fact, 
both the primary and secondary amine-epoxide reactions 
occur simultaneously, but the faster primary amine- 
epoxide reaction predominates in the early stages of cure 

and the slower secondary amine-epoxide reaction pre- 
dominates in the later stages of cure. The presence of 
bulky groups in the vicinity of the amine group are known 
to preferentially slow the reaction rate of the secondary 
amine hydrogen relative to the primary amine 
hydrogen. 31-33 Molecular models indicate that the 
---CH 3 group adjacent to the NH2 group in the T403 
molecule would produce sufficient steric interference to 
significantly and preferentially slow the rate of secondary 
amine-epoxide reactions. 

The functionalities and flexibilities of the DGEBA and 
T403 structures allow a variety of ring structures to form 
in the fully crosslinked DGEBA-T403 (,~47 phr T403) 
epoxy network. These chemically different series of rings 
can occur in the epoxy network and are illustrated in 
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Table 2. In addition, hybrids of these basic ring structures 
can also occur. Molecular models of these ring structures 
indicate all such structures illustrated in Table 2 are 
sterically possible, primarily due to the flexibility of the 
DGEBA and T403 segments that make up the sides of the 
rings. Molecular models of the rings indicate that their 
sides can pack relatively well, with the exception of the 
three-sided rings, when such rings are considered in 
isolation from their neighbours. However, when the 
packing and steric requirements of interconnected neigh- 
bouring rings are considered, it is evident that the ability 
of the sides of the rings to pack efficiently is severely 
restricted and will be inhibited the most for the highest 
crosslink density network. 

The Mc values illustrated in Table 1 are plotted versus 
T403 concentration in Figure 6 as the continuous line. The 
circular data points in this plot are determined from 
dynamic mechanical measurements and are discussed 
later. A more rapid increase in M¢ with T403 con- 
centration occurs on the excess epoxide side of stoichio- 
metry relative to the excess T403 side. 

Physical properties 
The physical properties of the DGEBA-T403 epoxies 

as a function of T403 concentration can be understood in 
terms of the network structures discussed previously. 

In Figure 7, the Ts's of the DGEBA-T403 epoxies, 
determined from d.s.c, measurements, are plotted versus 

Table 2 Ring structures in D G E B A - T 4 0 3  epoxy networks 

Series (A) Sides o f  rings consist of  (1 DGEBA segment + 2 arms 
of  the T403 molecule) n 

W h e r e n = l , 2 , 3  . . . .  

n = l  

Series (B) Sides of rings consist of  (2 DGEBA segments + 2 arms 
of  T403 molecule) n 

Where n = 1 ,2 ,  3 . . . .  

\ / , , . ,  f---- ' \  
n = l  n = 2  

Series (C) Sides of  rings consist of  (2 DGEBA segments + n 
DGEBA segments) 

Where n = 1 ,2 ,  3 . . . .  

/ \  I 
n = l  n = 2  

T403 1 ,,.,-x, 
DGEBA - -  
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Figure 6 M c versus T403 concentration for DGEBA-T403 
epoxies; continuous line determined from chemistry of cure 
reactions; circular data points determined from G' values above Tg 
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T403 concentration. The highest T v 93°C, is exhibited by 
the epoxy with the highest crosslink density at ~ 45 phr 
T403, which is consistent with studies on other epoxy 
systems 3,6,9,12,t 6 - 1 s. The Tg decreases less sharply with 
T403 concentration on the excess T403 side of 
stoichiometry because Mc increases less sharply on this 
side of stoichiometry. 

In Figure 8, the swelling ratios of the epoxies are plotted 
as a function of T403 concentration. This ratio exhibits a 
minimum at stoichiometry and also increases less sharply 
with T403 concentration on the excess T403 side of 
stoichiometry. This data is consistent with the relation 
between crosslink density and T403 concentration. The 
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soluble fraction of 0.4 wt~ in the DGEBA-T403 
(47 phr T403) epoxy in the swelling agent was negligible. 

A plot of the 23°C density of the DGEBA-T403 epoxies 
versus T403 concentration, in Figure 9, reveals the density 
progressively decreases with increasing T403 con- 
centration. A slight inflection or minimum is super- 
imposed on this downtrend at the T403 stoichiometric 
ratio, even when the outer data points of the scatter are 
considered. The inability of the three-armed T403 
molecule to pack as well as the more linear DGEBA 
molecule causes a progressive density decrease with 
increasing T403 concentration. The apparent minimum in 
the density that is superimposed on this downtrend at 
the highest crosslink density is caused by the geometric 
constraints imposed on segmental packing by the cross- 
linked network geometry. Molecular models indicate that 
as the crosslink density of the network increases, the 
packing efficiency decreases. From compressibility 
studies, Findley and Reed a4 report lower crosslinked 
epoxies are more compact. Also~ diffusion studies of H20 
and 02 in crosslinked glasses indicate that the per- 
meabilities will exhibit maxima at the highest crosslink 

2.0 

1 . 8  m 

~ 1 . 6  - -  
O 

C 
= 1 . 4 -  

1 . 2 -  

I I I I 

m 

m 

1 .0  I I I I 
0 20  4 0  60  80  100 

T403 concentrat ion (phr)-II~ 
Figure 8 Swelling ratio versus T403 concentration for DGEBA- 
"1"403 epoxies, at 23=C 

density if the units that form the network inhibit close 
packing because of steric restrictions 35 -37. (The diffusion 
of He in thin DGEBA-T403 epoxy films as a function of 
T403 concentration was studied, but because of the 
sensitivity of the measurements to fabrication defects in 
the films, the data was inconclusive.) 

The dynamic mechanical properties of the DGEBA- 
T403 epoxies were monitored as a function of T403 
concentration in the -150°-140°C range. Plots of the 
logarithm of the shear storage (G') and loss (G") moduli 
and tan 6 versus temperature are shown in Figure 10 for 
DGEBA-T403 (47 phr, T403) epoxy. A secondary glass 
transition, Tu, (~ -60°C) and a primary T s (~90°C) are 
evident as maxima in log G" and tan 6 at these tem- 
peratures. A plot of Tg versus T403 concentration deter- 
mined from the dynamic mechanical data exhibited 
similar characteristics as that plot determined from d.s.c. 
measurements in Figure 7. The secondary glass transition, 
T=, of the DGEBA-T403 epoxies exhibits a maximum 
temperature, ~ - 6 0 ° C ,  for the stoichiometric epoxy 
containing about 45 phr T403. The T u follows the same 
trend as the primary T s with T403 concentration. The 
intensity of the.T u in the -150°-(Tg 50°C) range also 
exhibits a maximum for the epoxy with the highest 
crosslink density. This observation implies the network 
segments responsible for the glassy state molecular 
motion associated with T u possess the greatest mobility at 
the highest crosslink density. The ability of polymeric 
segments to undergo molecular motion in the glassy state 
depend on both inter- and intramolecular inter- 
actions 3s-4°. In this case, the molecular motion is 
enhanced for the higher crosslinked glasses because these 
glasses have greater free volume as a result of the packing 
constraints imposed by the crosslinks. 

The storage modulus, G', at 23°C exhibits a minimum 
for the highest crosslink density epoxy which further 
supports the contention that the crosslinks inhibit 
intermolecular packing and enhance network flexibility. 

The dynamic mechanical data was used to determine 
the molecular weight between crosslinks, Me, for the 
DGEBA-T403 epoxies. The values of log G' above T s were 
determined in the 100°-120°C region where the shear 
modulus is independent of temperature. At higher tem- 
peratures, > 120°C, the modulus increases with increasing 
temperature, probably because of oxidative crosslinking 
of the rubbery network. The rubbery plateau region is the 
narrowest for the epoxy with the highest Tg and crosslink 
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density, containing 47 phr T403, that is shown in Figure 
10. For off-stoichiometric epoxies with lower Tg's and 
crosslink densities, the rubbery plateau is more distinct in 
the 100°-120°C range because the Tg is separated further 
from the onset of oxidative network degradation. Mc was 
determined from this data using Nielsen's 41 empirical 
equation: 

log1 o G' ~ 7.0 + 293d/M~ 

where G' is the shear modulus in dynes cm -2 
(10-1 Nm- 2) and d is the density of the polymer. The 
values of Mc determined from this equation as a function 
of T403 concentration are compared in Figure 6 with the 
Me-T403 concentration plot determined from the 
chemistry of the system as described previously. The 
experimental data points follow the same general trend as 
the chemically determined Mo-T403 concentration plot 
but exhibit on average ~30~  higher M¢ values. The 
agreement between the data is relatively good in view of 
the empirical nature of the M¢-lOgl0 G' relation and the 
inaccuracies in the M= values determined from the 
chemical studies because of experimental errors in the 
values of the DGEBA and T403 equivalent weights and 
the concentration of unreacted epoxide groups. 

Mechanical properties and deformation and failure 
processes 

The DGEBA-T403 epoxies are ductile in tension at 
23°C and exhibit a macroscopic yield point, and undergo 
necking and cold drawing. 

The ultimate strain of the DGEBA-T403 epoxies 
exhibits a maximum of 15% at the stoichiometric T403 
concentration as shown in Figure 11. (Chiao, Jessop, and 
Newey 5 also report a maximum in ultimate strain at the 
stoichiometric ratio for aromatic amine-cured DGEBA 
epoxies.) At ~< 35 phr T403, the ultimate strain increases 
rapidly with decreasing T403 content as a result of 

failure, embrittle over a period of days at 23°C (3~o strain 
to failure) as a result of the recrystallization of the 
unreacted DGEBA molecules. A similar recrystallization 
phenomena in polyamide cured DGEBA epoxies has 
been reported previously a. 

In Figure 12, Young's modulus, E, for the DGEBA- 
T403 epoxies is plotted as a function of T403 concentra- 
tion. At >35 phr T403, E decreases with increasing T403 
concentration with a minimum super-imposed on this 
downtrend at the stoichiometric T403 concentration. A 
similar minimum is ioserved for the shear storage mo- 
dulus G', determined from dynamic mechanical measure- 
ments, at the stoichiometric T403 concentration. 
Previously, a number of workers have observed a mini- 
mum in E in amine-cured epoxies at the stoichiometric 
curing agent concentration 3'5'6'9. E rapidly decreases 
with decreasing T403 concentration of < 35 phr T403 as a 
result of the increasing proximity of the Tg to the 23°C test 
temperature. 

The tensile macroscopic yield stress and strength are 
plotted in Figures 13 and 14, respectively, as a function of 
T403 concentration. At >35 phr T403 both the 
macroscopic yield stress and tensile strength decrease 
with increasing T403 concentration. There is no evidence 
of a minimum superimposed on the downtrend in the 
yield stress and tensile strength at the T403 stoichiometric 
ratio. The yield stress and tensile strength for the 
T403 stoichiometric ratio epoxy occur at approximately 
greater than 6~ strain, whereas the modulus, which does 
exhibit a minimum at the T403 stoichiometric ratio, is 
determined at 1~o strain. Apparently, the mechanical 
properties measured at the higher strains are not sensitive 
to the geometric constraints imposed on the segmental 

I I I I ' 
increasing Me, decreasing Tg, and plasticization of the 3 0 0 0  - -  
glasses by unreacted DGEBA molecules. However, these c - ~  
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packing by the network crosslinks. Mechanical property 
data of the DGEBA-T403 epoxy system reported by 
Chiao and Moore 4 in the 36-42 phr T403 range is consist- 
ent with the data shown in Figures 13 and 14. At < 35% 
T403 concentration, the tensile yield stress and strength 
decrease rapidly with decreasing T403 concentration as a 
result of decreasing Tg, increasing Me, and the plasticizing 
effect of unreacted DGEBA monomer. The microscopic 
yield stress, defined as that stress at the onset of the non- 
linear behaviour in the stress-strain plot, follows the 
same trend with T403 concentration as the macroscopic 
yield stress. 

The mechanical properties of DGEBA-T403 epoxies 
are dependent on thermal history and the resultant glassy 
state free volume, as has been reported for other epoxy 
systems 12,2 7,4.2 -4.5. Annealing just below T s decreases the 
glass-state free volume whereas quenching the epoxy from 
above its Tg results in a high free volume. A higher free 
volume enhances the ability of network segments to 
undergo flow under load via rotational isomeric con- 
figurational changes and results in a decrease in the yield 
stress and an increase in the ultimate elongation. For 
example, at 23°C for the DGEBA-T403 (47 phr T403) 
epoxy, there is a 70% increase in strain to failure and a 
20% decrease in the yield stress for a glass that was 
quenched into ice water from 60°C above T~ relative to a 
glass that had been annealed for 24 h at 7°C below T 8. In 
addition, reversible thermal anneal cycles produced 
reversible changes in the mechanical properties of this 
epoxy because of the reversibility of the free volume 
changes. 

The deformation processes of DGEBA-T403 epoxies 
were monitored under polarized light as a function of 
strain level. The birefringent patterns of DGEBA-T403 
(47 phr T403) epoxy as a function of strain are shown in 
Fiaure 15. At strains -~2.5% only elastic deformations 
occur and homogeneous colour changes produced under 
polarized light in this strain region disappear 
instantaneously upon removal of the load. In the 2.5-4% 
strain region, homogeneous elastic and plastic 
deformations occur, and upon removal of the load the 
homogeneous plastic deformation does not relax out 
which results in a permanent homogeneous colour change 
in the unstrained epoxy when viewed under polarized 
light. Above 4% strain, the plastic deformation becomes 
increasingly inhomogeneous with increasing strain as 
indicated by the development of birefringent fringes. 
Ultimately, a local region of high strain develops in the 
sample in the form of a diffuse shear band and a neck 
develops in this region. The birefringent fringes orient at 

45 ° to the direction of the applied load in the shear 
band. Fracture occurs in the high strain, shear band 
region. Occasionally, more than one diffuse shear band 
will develop in the sample. 

For the off-stoichiometric DGEBA-T403 epoxies that 
are in the 30-75 phr T403 range, birefringent-strain studies 
indicate the following trends in the deformation processes 
for epoxies that increasingly are removed further from the 
stoichiometric T403 concentration: (1) plastic flow is 
initiated and also becomes inhomogeneous at lower 
strains; (2) the regions of high strain are less oriented and 
their associated shear bands are less well developed upon 
crack propagation and ultimate failure through such 
regions. DGEBA-T403 epoxies in the 20-30 phr T403 
range that exhibit ultimate elongations in the 20-709/0 
range deform only in a homogeneous plastic fashion. 
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Figure 15 Birefringent deformation processes in DGEBA-T403 (47 phr T403) epoxy as a function of strain at 23°C, under polarized light 

The fracture topographies of the DGEBA-T403 
epoxies exhibit three characteristic regions: (1) a coarse 
initiation region; (2) a slow crack growth, smooth region; 
and (3) a fast crack growth, rough region. These 
topographical features are typical for tensile failures of 
unnotched amine-cured epoxies s'la,27,29,a°. The coarse 
initiation region is a result of crack propagation through 
coarse crazes and/or shear bands. The crack then imposes 
a higher stress field on the craze or flaw tip which 
produces a small plastic zone that results in a smooth 
fracture topography. Whether flow in this small plastic 
zone at the crack tip occurs by shear yielding or yielding 
under normal stresses is difficult to ascertain 
experimentally and will depend on the stress fields 
imposed on the epoxy immediately ahead of the crack tip. 
The area of the mirror fracture topography is a measure of 
the ability of the polymeric glass to undergo plastic flow at 
the propagating crack tip. The percentage of the fracture 
surface that exhibits the smooth mirror topography for 
the DGEBA-T403 epoxies is plotted as a function of T403 
concentration in Figure 16. This mirror area percentage 
exhibits a minimum near the stoichiometric T403 con- 
centration, and nearly completely covers the fracture 
surface +25 phr T403 content on either side of 
stoichiometry. The least flow occurs ahead of the pro- 
pagating crack for the stoichiometric epoxy because this 
glass is most highly strained prior to crack propagation. 

Structural factors controlling mechanical properties and 
deformation and failure processes 

The structural factors that control the deformation and 
failure processes and mechanical properties of DGEBA- 
T403 epoxies are here critically reviewed. It is suggested 

here that molecular failure processes and ultimate 
elongation of the DGEBA-T403 epoxies are controlled 
by the concentration of inherent and/or stress-induced 
defects in the most highly strained region of the epoxy 
network. In fully reacted networks, network failure is 
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Figure 16 Mirror area as a percentage of total fraction surface 
versus "1"403 concentration for DGEBA-T403 epoxies fractured at 
23~C 
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initiated by chain scission in overstrained segments. Such 
scissions result in the neighbouring segments carrying 
more of the applied load. Furthermore, the chemically 
active free radicals that form upon scission can react with 
neighbouring segments to produce further scissions. Both 
these phenomena result in autocatalytic network 
degradation. The scission process will depend directly on 
the network extensibility and, therefore, on the network 
topography. Evidence to support these contentions are 
now considered. 

Consider first network deformation in the elastomeric 
state. A number of workers have developed expressions 
for the relation between the ultimate network mechanical 
properties and the crosslink density of an elastomeric 
network46 -49. Such expressions assume the networks are 
randomly crosslinked and affine deformation occurs. For 
such networks, chain segments between crosslinks will 
experience tensions far larger or smaller than the average. 
Bueche 4a predicts at high crosslink densities that the 
strength of the rubbery networks rapidly decrease with 
decreasing Me, because of the enhanced probability of 
fracture of chain segments. Experimental evidence 
supports Bueche's theory 46'4s'5°. In the case of epoxies, 
however, the crosslinking process is not random because 
the molecular weight between the active chemical species 
in the unreacted epoxide and amine monomers generally 
exhibit discrete values. Primarily, there are three discrete 
Mo values for the fully crosslinked DGEBA-T403 epoxy 
network. An Mc value of 342 is associated with the 
DGEBA segment and Mc values of 100 and 158 are 
associated with the arms of the T403 molecule in which x, 
y or z = 1 or 2, repsectively, in Figure 1. (Capillary column 
gas chromatography studies of T403 together with 
probability theory indicates that in ,~95~ of the T403 
segment arms x, y, or z=  1 or 2.) In Figure 17, the 
distribution in the M= values of the fully cured DGEBA- 
T403 epoxy network is compared with a network that has 
the same average M= between crosslinks, but exhibits a 
random distribution in M~ with arbitrarily assigned limits 
of Me at 50-450. In randomly crosslinked networks under 
strain, computer modelling studies of such networks 
indicate the small percentage of the lowest Mc segments 
will carry a significant portion of the load and these 
segments will undergo chain scission at relatively low 
loads. For this randomly crosslinked network, a continual 
network degradation occurs under strain as a result of the 
progressive scission of the small percentage of unbroken, 
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Figure 17 
T403 (47% T403) epoxy compared with a random distribution of 
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lowest Mc segments that carry a significant portion of the 
applied load. In contrast, in the DGEBA-T403 network 
the percentage of segments with the lowest Mo value is 

11.5% of the total network segments and, hence, there 
are a considerably larger number of minimum Mc 
segments to share the load than in the case of the 
randomly crosslinked network. Nevertheless, the 
DGEBA-T403 network is far from ideal compared to 
most amine-cured DGEBA epoxies which contain 
segments of two discrete Mc values in which 50% of the 
segments exhibit the minimum Mc value. 

The extensibility of the network segments rather than 
the M c values determine the ultimate network properties. 
From the theory of rubber elasticity, the maximum 
network extensibility is directly related to Mc by the 
expression, 2bOCM~ 49. In highly crosslinked systems, 
however, the extensibility of the network segments 
between crosslinks depends on specific rotational 
isomeric configurations of the segments and the 
perturbation of these configurations from their minimum 
energy configurations by geometric network constraints. 
In the case of the DGEBA-T403 network, molecular 
models indicate that the lowest M~ segments are indeed 
the least extensible. Hence, for the fully crosslinked 
DGEBA-T403 epoxy network in the elastomeric state the 
extensibility of the lowest M~, least extensible segments 
and their concentration determine the ultimate network 
mechanical properties. The packing of the network in the 
elastomeric state determines the number of such segments 
in a specific plane and, hence, the load each minimum Mc 
segment carries under stress. In addition to the segmental 
extensibility, the network topography will also 
significantly affect the ultimate elastomeric network 
properties. Computer modelling indicates the abilities of 
the basic ring structures of the epoxy network (that are 
illustrated in Table 2) to undergo deformation control the 
network extensibility. Molecular modelling, together with 
computer modelling, indicates the deformability of these 
rings depends on (1) the extensibility of their sides; (2) the 
flexibility of their internal angles; and (3) their ability to 
undergo co-operative deformation with their inter- 
connected neighbours. Their co-operative deformation is 
controlled by the regularity of the network topography 
which is determined by the different geometries of the 
basic rings and their orientation relative to one another. 
The more regular networks consist of interconnected 
rings of similar size and shape. However, the more 
irregular networks consist of rings with a variety of 
geometries that will develop overstrained segments at 
lower extensibilities. The fully crosslinked DGEBA-T403 
epoxy network is relatively irregular as shown in Table 1. 
The deformability of the basic ring structures will also 
depend on the direction of the applied stress field relative 
to the rii~g structure. This orientation factor will 
significantly affect the networks that consist of regions of 
regularly oriented and interconnected rings. 

In the glassy state, the flexibility and extensibility of the 
crosslinked epoxy network will be constrained by the 
available glassy-state free volume. This free volume will 
depend on the molecular shape and packing potential of 
the monomeric epoxide and amine constituents, the 
geometric constraints imposed on the packing of the 
network segments by the network topography and the 
proximity of the epoxy glass to its ~.  The ability of the 
chain segments to attain their maximum extended state 
via rotational isomeric changes will depend on the 

3 8 4  POLYMER,  1984,  Vol 25, March 



Structure-property relations of epoxy glasses: R. J. Morgan et al. 

intramolecular flexibility of the segments in addition to 
their intermolecular packing requirements 3a. The in- 
tensity of a glassy-state secondary T u is a crude indication 
of the glassy state flexibility of that portion of a network 
segment associated with the T u. In the case of the 
DGEBA-T403 epoxies the intensity of the principal 
glassy-state T~ exhibits a maximum at stoichiometry, 
indicating the packing constraints imposed on the net- 
work segments by the crosslinks enhances local segmental 
mobility. Recent electron paramagnetic resonance studies 
of DGEBA-T403 epoxies by Brown and Sandreczki 51 
also indicate mobility of free radicals in the glassy state is a 
maximum for the highest crosslink density epoxy. 

In the DGEBA-T403 epoxy glasses there is sufficient 
segmental mobility in the highly-strained shear bands, 
through which ultimate fracture occurs, that the network 
structure and its associated defects rather than the glassy 
state packing constraints determine the ultimate strain in 
this region. Hence, the ultimate glassy-state extension in 
DGEBA-T403 epoxies is a maximum at stoichiometry 
and decreases either side of stoichiometry as more defects 
are introduced into the network in the form of unreacted 
groups. The presence of unreacted groups and their 
associated unconnected, non-load bearing segments 
results in higher loads being imposed under stress on 
those segments that are incorporated into the network. 
The higher segmental stresses enhance stress-induced 
chain scissions at lower network extensibilities. The 
critical concentration of chain scissions associated with 
crack initiation will be attained at increasingly lower 
network extensibilities as the initial concentration of 
unreacted groups in the network increases. 

There is experimental evidence that network chain 
scission does occur during the deformation of DGEBA- 
T403 (47 phr T403) epoxies. Experiments have been 
carried out at LLNL 52 in which these epoxies have been 
strained homogeneously and plastically to 30% extension 
under tension at 70°C (ultimate failure is ~40% at 70°C) 
and then the load removed and this strain completely 
annealed out at 100°C. Subsequent studies indicate the 
ductility of such epoxies decreased by 70% and their Tg's 
decrease by 8°C compared to reference specimens that 
were exposed to the same thermal history but were not 
stressed at 70°C. Such deterioration in the mechanical 
response and T 8 are consistent with network deterioration 
via chain scission. In more direct evidence (1) stress- 
Fourier transform infra-red spectroscopy studies of thin 
DGEBA-T403 epoxy films indicate permanent chemical 
changes occur after removal of the load after 10% strain at 
23°C s3 and (2) free radicals have been observed by 
electron paramagnetic resonance studies after ballmilling 
these epoxies. 51 

The magnitudes of the macroscopic and microscopic 
yield stresses, tensile strength (which is controlled by the 
flow properties of the epoxy) and Young's modulus, E, of 
DGEBA-T403 epoxies are determined by the glassy-state 
packing and free volume. These mechanical properties 
will follow the same trends as the density as a function of 
T403 concentration. The density of the DGEBA-T403 
epoxies decreases with increasing T403 content with a 
slight minimum superimposed on such a downtrend at 
stoichiometry (Fi#ure 9) because of the constraints of the 
crosslinks on the network packing efficiency. At > 35 phr 
T403, the yield stresses, tensile strength, and Young's 
modulus all follow the same trend as the density and 
decrease with increasing T403 concentration. The 

minimum in the density at stoichiometry that is super- 
imposed on the downtrend with increasing T403 concen- 
tration is revealed in the modulus data but is not clearly 
evident in the yield stress and tensile strength data. At 
<35 phr T403, the DGEBA-T403 epoxies become 
increasingly soft with decreasing T403 concentrations as a 
result of the increasing proximity of T 8 to the test 
temperature lower M c values and increasing con- 
centrations of unreacted DGEBA monomer which acts 
as a plasticizer. This softening causes sharp decreases 
in the yield stresses, tensile strength and modulus with 
decreasing T403 content resulting in a maximum in such 
properties at ~ 35 phr T403. The ultimate extension of 
these soft glasses is enhanced as a result of homogeneous 
plastic flow. 

CONCLUSIONS 

DGEBA-T403 epoxy glasses form exclusively from 
epoxide-amine addition reactions. Their Tg exhibits a 
maximum and their swell ratio a minimum at the highest 
crosslink density. These highly crosslinked glasses are 
ductile and undergo necking and plastic deformation. The 
plastic deformation initially occurs homogeneously, but 
ultimately develops inhomogeneously in the form of shear 
bands. Failure occurs in the high strain, shear band 
region. Computer models indicate the ultimate strain of 
these crosslinked glassy networks is determined by the 
concentration of unreacted and/or broken network 
segments. Stress-induced chain scission of network 
segments is determined by the concentration and extensi- 
bility of the least extensible segments. The ability of these 
epoxies to undergo plastic flow depends on: (1) the 
deformability of the basic network ring structures and 
their ability to undergo co-operative motion; and (2) the 
glassy-state free volume. The free volume depends on the 
molecular shape and packing ability of the constituent 
epoxide and amine portions of the network and the 
geometric constraints imposed on segmental packing by 
the network geometry. 
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