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SYNOPSIS 

An investigation was carried out into the effect of the extent of reaction on the mechanical 
properties, in a mixture of an epoxy prepolymer and a cycloaliphatic diamine, above the 
gel point. First, the most adequate technique to approach the extent of reaction was chosen 
between differential scanning calorimetry, Fourier transformation infrared, and size ex- 
clusion chromatography. It was found that the differential scanning calorimetry gave a 
good estimate of the extent of reaction, measuring the glass transition temperature and 
using a modified DiBenedetto equation. Dynamic mechanical properties and static me- 
chanical properties are shown to be highly dependent upon the extent of reaction. The p 
relaxation was found to be responsible for the fracture properties at room temperature 
through the changes in extent of reaction. 0 1992 John Wiley & Sons, Inc. 

INTRODUCTION 

In the last decade, a considerable amount of research 
has been done on the relationship between structure 
and physicochemical properties of epoxy networks. 
It is well known that in the final epoxy network 
structure the physical and mechanical properties 
directly depend upon the chemical structure and cure 
reactions. 

Varying the matrix structure is generally pro- 
ceeded by controlling the crosslink density or the 
average molecular weight between crosslinks, M, . 
The use of different average molecular weight of the 
epoxy prepolymer, ME, is the most common way’y2 
to vary the crosslink density. It introduces a large 
distribution of the molecular weight between cross- 
links. The studies show that the glass transition 
temperature decreases with increasing ME or in- 
creasing M,. Another method consists of adding a 
third monomer, as well as a difunctional monoamine 
with a structure similar to the tetrafunctional di- 
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amine. The amine compounds are supposed to have 
the same reactivity so that the monoamine acts as 
a chain extender. This technique has been used by 
many  author^.^-^ The rubbery modulus has been 
shown to decrease with increasing the amount of 
monoamine or M,. The crosslink density can also 
be varied by changing the stoichiometric ratio hy- 
drogen-to-epoxy, This technique introduces 
dangling chains with unreacted functions. It was 
found that Mc reaches its minimum for a stoichio- 
metric ratio equal to 1, whereas Tg is maximum. 

Little attention has been paid to the level of epoxy 
networks properties as a function of the degree of 
cure.” The cure schedule or cure time is varied, 
leading to “opened” networks, with dangling chains 
or unreacted monomers and sol-gel fractions, com- 
pared to other methods where the networks are 
“closed.” Noordam et a1.I‘ studied the influence of 
the extent of reaction on many mechanical prop- 
erties on a batch of epoxy amine networks based 
upon different DGEBA prepolymers and diamines. 
Very low crosslinked networks near the gel point 
showed poor mechanical properties. On the other 
hand, stiffness and impact behavior had an optimum 
at  80% of epoxy conversion and decreased with 
higher extents of reaction. 
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The majority of methods used for assessing the 
extent of reaction are very sensitive up to the ge- 
lation (the early stages of crosslinking) but fail in 
the later stages: equilibrium swelling, sol-gel anal- 
ysis, heat distorsion test, surface hardness, water 
absorption, resistivity methods, dielectric studies, 
dilatometric methods, infrared analysis, and differ- 
ential scanning calorimetry (DSC ) ( measurements 
of the residual heat of reaction). Noordam et al." 
used attenuated total reflectance Fourier transform 
infrared ( FTIR) spectroscopy and theoretical cal- 
culation according to Flory, l' Stockmayer, l' and 
Carothers.13 According to Noordam et al., a good 
agreement between the calculated and observed val- 
ues was obtained with the Flory" and Stockmayerl' 
statistic approach in the case of low epoxy conver- 
sion from 50 to 70%. Above 70%, the car other^'^ 
approach seemed to better fit the experimental data 
(even if it is well known that the Carothers approach 
is not correct). However, for high extents of reaction 
none of these theories could give a good estimate. 

The aim of this work is to analyze the influence 
of the extent of reaction, x ,  above the gel point of 
an epoxy/amine system on the static and dynamic 
mechanical properties. We will investigate another 
way to use DSC thermograms, referring to Pascault 
and Williams, l4 who analyzed different equations 
that have been proposed to fit experimental data Tg 
vs. x. The best technique to determine x when it 
reaches the maximum value of conversion, x,,, , will 
be discussed. Mechanical properties such as stiff- 
ness, toughness, yield behavior, and viscoelastic 
properties were tested as a function of the extent of 
reaction. We tried to establish a structure-property 
relationship of the various networks besides the 
complexity of the unclosed networks with dangling 
chains contributions. 

EXPERIMENTAL 

Materials 

The epoxy prepolymer used in this study was almost 
pure diglycidyl ether of bisphenol-A (DGEBA) : 
DER 332 from Dow Chemical, with an equivalent 
weight of epoxy groups equal to 174 g/eq. The curing 
agent was 4,4'-diamino-3,3'-dimethyldicyclohexyl- 
methane (3DCM, Laromin C 260, from BASF) , with 
a molecular weight of 238 g/mol. Figure 1 shows 
the structural formulae of both monomers. The 
reactants were used as received, with a stoichio- 
metric ratio a / e  of 1. The formulation is 100 g 
DGEBA for 34.5 g 3DCM. 

Processing 

The epoxy prepolymer and the comonomer were 
mechanically stirred under vacuum at room tem- 
perature for one half hour. The mixture was then 
poured into a 180 X 180 X 6 mm3 dimension mold. 
Different cure schedules were performed to obtain 
two kinds of networks. Four precure stages, based 
upon a time-temperature-transformation diagram 
previously established by Verchere et al., l5 led to 
the synthesis of partially reacted networks. Some of 
these samples were postcured at  a temperature T2 
= 19OoC.l5 Table I summarizes the cure schedules 
chosen for the study. 

Characterization of the Epoxy Networks: 
Epoxy Conversion 

A Mettler T A  3000 DSC was used to measure the 
glass transition temperature, Tg (onset value) , and 
the changes in isobaric heat capacity through the 

DER 332 H = 0,03 
DOW CHEMICAL 
174 g/eq 

3DCM 
BASF 
238 g/mol 

Figure 1 
of the epoxy networks. 

Molecular structure of the epoxy prepolymer and diamine used for the synthesis 
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Table I Influence of Cure Schedules on the Glass Transition Temperature, Extent of Reaction, and 
Volumetric Mass of DGEBA-3DCM Networks 

~ 

50 
75 

100 
120 
140 

75/190 

120/190 
140/190 

100/190 

300 
120 
80 
75 
60 

120/14 
80/14 
15/14 
60/14 

74 
88 

116 
135 
142 
183 
183 
183 
183 

63 52 75 
77 74 80 
86 87 87 

90 91 
93 92 93 

100 
100 
100 
100 

74 
78 
86 
90 
92 
99.4 
99.4 
99.4 
99.4 

72 
77 
84 
88 
89 
96 
96 
96 
96 

1.137 
1.134 
1.132 
1.129 
1.131 
1.131 
1.132 
1.130 

Comparison of different techniques to measure conversion, x ,  and xth by DiBenedetto, Hale, and Oleinik, respectively (see text). 

glass transition temperature, AC,, of the different 
samples at 10°C/min heating rate under argon at- 
mosphere. 

The extent of reaction is commonly deduced from 
DSC thermograms by calculating the residual heat 
of reaction A H R :  

where AHo is the total heat evolved by the epoxy- 
amine reaction. It has been proved that for the 
DGEBA-3DCM system the residual heat of reaction 
is hardly detectable for high extents of reaction 
(above 90% ) , whereas the glass transition temper- 
ature still increases, showing the extent of reaction 
is not at its maximum value.15J6 

Using the original DiBenedetto theoretical equa- 
tion, we can evaluate the extent of reaction ( x )  of 
the thermosets. x depends upon Tgo and T,,, the 
glass transition temperature of the unreacted mix- 
ture ( x  = 0)  and the glass transition temperature of 
the fully reacted network ( x  = 1 ) , respectively. 

The adjustable parameter A can be evaluated two 
different ways: 

1. From an extension of the Couchman equa- 
tion, l7 Pascault and Williams14 showed that 
X is the ratio AC,,/ACpo where AC,, and 

2. 

AC,, are, respectively, the isobaric heat ca- 
pacities of the fully reacted network and of 
the initial unreacted mixture. 
From the location of gelTg, the particular 
temperature at which gelation and vitrifica- 
tion take place simultaneously. If xge1, the ex- 
tent of reaction at  this point, is equal to 0.6 
and assuming the validity of eq. ( 2 )  we have 

The main drawback of this equation is the 
uncertainty in the determination of Tgm and 
particularly AC,,. As a matter of fact, 
Oleinik showed that theoretically the max- 
imum extent of reaction that can be expected 
in an epoxy-amine system is x = 0.95-0.96: 
The unreacted epoxy or amino groups are 
spatially separated from each other and can- 
not meet and react due to the high connec- 
tivity of the network. Thus, the infinite prop- 
erties of the network cannot be determined 
by the experiment. We'll discuss later how 
one can dispense with Tgm and AC,, . 

Size exclusion chromatography (SEC) was em- 
ployed to estimate the extent of reaction in epoxy 
functions in the postgel stage. The amount of sol- 
ubles in the networks were first collected by Soxhlet 
extraction in boiling tetrahydrofurane solvent on 
always the same mass of sample, even after gelation. 
The unknown concentration of the solution, in 
epoxy functions, was calculated, following the height 
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of DGEBA peak, assuming that the epoxy functions 
are equally reactive and that there is no substitution 
effect 19: 

ht (1 - x ) 2  = - 
h0 

( 4 )  

This is the simultaneous probability that both epoxy 
groups remain unreacted on the same molecule, and 
h,/h, is the ratio of the actual height of the peak 
with respect to the initial one. It is necessary to 
emphasize that the assumption of equal reactivity 
of the epoxy functions has been measured experi- 
mentally with the help of the SEC only up to the 
gelation point. However, statistical predictions after 
gelation are correct with the absence of a substitu- 
tion effect.20 At high extents of reaction, topological 
limitations produce an effect of nonequal reactivity, 
and if we assume, as Oleinik," that due to steric 
hindrance x,,, = 0.96 then it is certain that for high 
conversions the epoxy functions do not have equal 
reactivity. 

Infrared analyses were performed on a Nicolet 
MX-1 FTIR spectrometer with KBr pellets con- 
taining the finely ground material. The phenyl group 
band ( 1180 cm-') was used as a reference since it 
is assumed to be unmodified during the reaction.21 
The disappearance of the epoxy functions was fol- 
lowed with the height of the epoxy band (915 cm-') 
with respect to the phenyl band height. 

Specific weight measurements proceeded for all 
samples with Archimedes' principle in water at 25°C. 

Characterization of the Epoxy Networks: 
Mechanical Measurements 

Dynamic mechanical measurements were performed 
with a Rheometrics RDA 700 apparatus in torsion 
mode at 11 Hz. Storage shear modulus G', loss shear 
modulus G", and loss factor tans were recorded dur- 
ing a temperature ramp from -150 to +11O"C for 
partially crosslinked networks and from -150 to 
+25OoC for fully reacted networks. A special study 
was carried out for fully crosslinked networks in the 
glass transition region ( Tg -30°C to Tg + 30°C). 
The time (or frequency) -temperature superposition 
principle [ Williams-Landel-Ferry ( WLF ) equa- 
tion] was used to determine the viscoelastic coeffi- 
cients C1 and C,, which are related to the free volume 
characteristics on the molecular scale. G', G", and 
tan6 were measured as a function of frequency (from 
10-'-10+2 rad s-l with five angular frequencies per 
decade). In the glass transition region, the temper- 

ature dependence of the horizontal shift factor, aT, 
obeys the WLF equation22: 

where fo and f a r e  the frequencies of the motions, 
respectively, at the reference temperature To and at  
the temperature T. We refer to GQrard et al.23 to 
determine the viscoelastic parameters. 

C1 and C2, corresponding to the reference tem- 
perature To, are related to C; and Ci , associated to 
Tg by the relationships 

C?Ci = ClC2 and Tg (1 Hz) - C: = To - C2 (6)  

The reference temperature Tg ( 1 Hz) is defined as 
the temperature at which G" goes through a maxi- 
mum when the frequency is 1 Hz. 

Cf and Ct can be related to quantities on the mo- 
lecular scale by assuming the validity of two rela- 
tionships associated with the free volume concept: 

1. The Doolittle equation,24 which correlates the 
viscosity 77 to the free volume uf 

where A and B are empirical constants de- 
pending upon the polymer structure. 

2. The linear variation in fractional free volume 
as a function of temperature: 

Combination of eqs. ( 7)  and (8) finally yields 
the relationships: 

and C: = - fg cg - - (9) 
B 

1 -  
2, 3fg @-f 

Tensile tests were made with an Adamel Lho- 
margy (DY25) machine at  room temperature with 
a strain rate of 6.6 - lop4  s-l. Specimen elongations 
were monitored using an extensometer (Adamel 
Lhomargy EX10). Young's moduli in the vitrous 
state E, were calculated from the initial part of the 
stress-strain curves. 

Compression tests were made with the same ma- 
chine as used for the tensile tests, using parallel- 
epipedic samples (20 X 12 X 6 mm3) deformed in a 
compression rig a t  a strain rate of 8.3 - s-l. The 
yield stress a, and the yield strain were deter- 
mined. 
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Single-edge notched (SEN) specimens were used 
in three point-bending modes (span to length = 48 
mm) . Specimen thickness, w , was about 12 mm and 
width, 1, about 6 mm. Cracks of various lengths were 
tailored with a saw and the crack tip was achieved 
with a razor blade at  room temperature. The radius 
of the tip was about 1 wm, and its length is a. Frac- 
ture toughness was calculated using the formula 

(10)  

where a, is the critical stress for crack propagation 
and f ( a /  w ) a form factor previously described.25 The 
fracture energy GI, in plane strain condition is given 
by 

where u is the Poisson ratio and E,  is Young's mod- 
ulus. 

RESULTS AND DISCUSSION 

Glass Transition Temperature and Extent 
of Reaction 

The DSC measurements made on the networks 
without a postcure stage show that the glass tran- 

X 

1 .o 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

sition temperature increases with increasing cure 
temperature (see Table I ) .  When the networks are 
postcured ( T2 = 19O"C, t2 = 14 h ) ,  T, reaches a 
maximum that does not vary significantly with the 
temperature of the first stage of cure, T,, = 183 
f 3°C. 

We now investigate the equation that could better 
fit the experimental data of x vs. Tg. 

1. First, we assume that the postcured networks 
have an extent of reaction of 1. Thus, Tgmax 
= Tgm = 183°C. Tgo is taken equal to -32"C, 
AC,, = 0.19 J g-' k-', and ACPo = 0.59 J g-' 
k-'. These are the mean values of 10 exper- 
iments. The standard deviation is 3°C for 
T,,, 1°C for Tgo, and 0.02 J g-' k-' for both 
heat capacities. None of the measured sam- 
ples showed any physical aging, which would 
consistently influence AC,, measurements. 
The DiBenedetto curve x = f (T,) is shown 
in Figure 2 (pointed line). The extents of re- 
action found with the SEC, XSEC, and FTIR, 
XIR, techniques are reported in the same fig- 
ure. 

VerchGre's DSC measurements, l5 obtained 
from eq. ( 1 ) , are reported in Figure 2 ( * ) . A 
good agreement with the theoretical curve is 
observed. The experimental value of gelTg 
= 48°C largely differs from the gelTg = 37°C 

-40 0 40 80 120 160 200 

Figure 2 Extent of reaction as a function of the glass transition temperature. (. . . .) , X 
= ACpa/ACpo = 0.32, T g m  = i m ~ ,  x = 1; (-), X = A C p ~ / A C P o  = 0.39, T#M = 142OC, XM 
= 0.92; (---), X = ACp,w/ACp, = 0.32, T g M  = 183OC,x~= 0.96; (+),xsEc; (O), XIR; ( * ) ,  
XDSC from eq. 1 ( VerchBre) . 
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given by the curve for x = 0.6. The theoretical 
curve roughly fits the experimental extents 
of reaction above 0.8. One can note that a 
small increase in extent of reaction leads to 
a significant increase in T, due to the slope 
of the DiBenedetto curve in the high T, re- 
gion. This means that the method is able to 
detect a small variation in the extent of re- 
action, as soon as the T, measurement is pre- 
cise at the end of the reaction, when other 
methods fail. As a matter of fact, the FTIR 
analysis was unable to give any information 
about the amount of epoxy functions left in 
the 140/ 190 network. 

2. It is convenient to think that the postcured 
networks reached a maximum glass transition 
temperature, which is Tgm. It is possible, 
however, that this glass transition tempera- 
ture should only be considered a maximum 
Tgmax, corresponding to an extent of reaction 
xmax unknown. Oleinik l8 suggested that for 
an epoxy-amine system x,,, should be equal 
to 0.95-0.96. Hale et a1.16 found, for their 
epoxy-novolac system, an optimum conver- 
sion of 0.85. They explained this low value 
by more severe topological limitations be- 
cause their system had a much higher func- 
tionality than an amine-epoxy system. To 
estimate T,,, they suggested to restate eq. 
(2)  as 

where T g M  is the glass transition temperature 
of a network whose extent of reaction is per- 
fectly known and close to 1. x' is the ratio x /  
xM,  where xM is the extent of reaction of the 
network showing T, = T,M. A' = A C p ~ / A C P o .  
ACpM is the changes in heat capacity through 
the glass transition of the T g M  network. 

We apply eq. (12) to our system to deter- 
mine whether undetectable epoxy functions 
remain unreacted in the postcured samples, 
which could explain the shift in gelTg com- 
pared to the experimental value. To apply eq. 
(12),  we take the experimental point, T,M 

This new theoretical curve gave the theoret- 
ical values gelTg = 41°C and TBm = 187°C 
(plain line in Fig. 2) .  According to eq. ( 12 ) , 
the postcured networks should have an extent 
of reaction of 0.99. This seems to be consis- 
tent with the fact that none of the methods 

= 142"C, XM = 0.92, AC,, = 0.23 J 8-l K-'. 

3. 

tested could detect any unreacted epoxy 
functions. 
It is also possible to consider the DiBenedetto 
curve constructed with the theoretical value 
of the maximum extent of reaction calculated 
by Oleinik18: x = 0.96 for T,,,, = 183°C. In 
this case, gelT, = 43°C whereas Tgm = 214°C 
(broken line in Fig. 2) .  It seems that even if 
the theoretical gelTg value is closer to the ex- 
perimental value it is not reasonable to take 
this latter curve into account. As a matter of 
fact, the FTIR method would be able to detect 
4% of unreacted epoxy functions in the po- 
stcured samples and this is not the case. The 
extraction of the postcured samples showed 
that no DGEBA prepolymer molecules could 
be detected by SEC. The very low quantity 
of extracted sol fraction was analyzed by 
FTIR but no reactive epoxy functions could 
be observed. The presence of CH groups could 
be attributed to a degradation of the network 
after too long a stay in hot solvent. Statistical 
calculations predict that if x is reaching 1 the 
sol fraction should be almost pure DGEBA. 
Consequently, the absence of DGEBA in the 
solution attests that x - 1. 

As a first conclusion, it seems that the ap- 
proach of the DiBenedetto curve developed 
by Pascault and Williams l4 in the form used 
by Hale et a1.16 fits better the experimental 
data. It is thus this equation that is kept for 
the calculation of &h. On the other hand, one 
should keep in mind that it is not necessary 
to use any adjustable parameters nor make 
statistical calculations assuming a particular 
model for the network build-up. However, the 
goodness of fit is in part due to the fact that 
the curve is forced to pass through T g M .  This 
equation will be of great interest for the fol- 
lowing work because it will give the extent of 
reaction of any sample by a very classical T, 
measurement, especially for high conversions 
when other methods are inaccurate. 

Specific Mass of the Epoxy Networks 

The specific mass of the samples is plotted as a 
function of the extent of reaction (see Fig. 3). It 
slightly decreases with decreasing the molecular 
weight between crosslinks. Enns and Gillham, 26 us- 
ing a rigid bisphenol-A-based prepolymer, reported 
the same variation, whereas Misra et al.' verified 
the opposite on a batch of amine-cured epoxies. 
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1.135 

1.130 

1 
E 
9 m 
a 

c 

- 

- 

l.140 I 

1.125 ~ 

70 75 80 85 90 95 100 

x %  

Figure 3 
reaction: DGEBA-3DCM network. 

Specific mass as a function of the extent of 

GuptaZ7 in a large review of the literature empha- 
sized the diversity of behaviors concerning the spe- 
cific mass dependence upon the crosslink density. 
The specific mass is greatly dependent upon the 
chain stiffness of the amine comonomer and of the 
prepolymer. Bellenger et a1.28 pointed out the fact 
that a specific mass decrease can be attributed to 
changes of van der Waals volume related to the 
epoxy- amine addition. Won et al." showed that the 
specific mass variations at the second decimal level 
can mainly be attributed to the fraction of heavy 
heteroatoms (essentially oxygen). It is constant in 
this study and we can attribute the changes of the 
third decimal level to the variation in crosslink den- 
sity. It is not clear that the very small variation in 
specific mass should induce a variation in vitrous 
modulus. Won et al.30 established a good correlation 
between the room temperature tensile modulus and 
the crosslink density but the networks based upon 
epoxy-diamine-monoamine showed no specific be- 
havior of the specific mass with tensile modulus. 
The variations of the specific mass of the DGEBA- 
3DCM networks with Young's modulus will be dis- 
cussed later. 

Viscoelastic Properties of the Polyepoxy Networks 

1. Partially cured networks were studied at low 
temperatures, where samples do not undergo 
further curing. In Figure 4, loss factor (tanb) 
is recorded vs. temperature a t  a frequency of 
11 Hz. The tans vs. temperature curves pass 
through a maximum near -50°C ( @  peak). 
This mechanical relaxation is associated with 

two kinds of molecular segments. At high 
temperatures ( T > -5O"C), the hydroxyether 
moieties relax, whereas at lower temperatures 
( T  < -50°C) the motions of diphenylpropane 
groups supply their contribution to the p re- 
l a x a t i ~ n . ~ ~ ' ~ ~  

Hydroxyether groups concentration in- 
creases upon curing, as a result of the epoxy- 
amine reaction, leading to the transformation 
of the shape of the 0 peak. The peculiar 
structure of the partially cured networks, 
composed of crosslinked segments and dan- 
gling chains of various sizes, provides a large 
variety of behaviors of the diphenylpropane 
and hydroxyether units during the relaxation. 
Charlesworth3 showed that the specific loss 
is more dependent upon the neighboring 
group interactions than on the crosslink den- 
sity. 

A special point appears at -90°C where 
all the curves pass through. This noteworthy 
point will be considered as the beginning of 
the p relaxation whereas the end of the p peak 
occurs a t  +lO"C. In this range of tempera- 
tures, the decrease in G' is of very low mag- 
nitude but can be displayed. In Figure 5, the 
ratio ( GLgooc - G:looc)/GL900C, represen- 
tative of the area below the @ peak, is plotted 
vs. the extent of reaction (Table 11). We do 
not take into account the absolute values of 
moduli because of the errors introduced by 
the compliance of the instrument, which de- 
pends upon the sample dimensions and the 
strain imposed. The former ratio increases 
with increasing x .  The storage modulus at 
room temperature is dependent upon the 
magnitude of the @ relaxation, which condi- 
tions the decrease in modulus from low tem- 
peratures to room temperature. Won et aL30 
found the same variation in tensile vitrous 
modulus with the crosslink density for co- 
polymers and terpolymers polyepoxy systems. 
They showed that this phenomenon, which 
they called antiplasticization phenomenon, is 
correlated to the effect of crosslinks on the 
local mobility. Internal antiplasticization 
phenomenon is the term used in the case of 
a decrease in modulus associated with an in- 
crease in Tg.  Arridge and S ~ e a k e ~ ~  observed 
the equivalent phenomenon on a DGEBA- 
triethylene tetramine with increasing the de- 
gree of cure. They also attributed the decrease 
in modulus on the high-temperature side to 
changes of segment mobility. Our results are 



866 JORDAN, GALY, AND PASCAULT 

POST-CU R I N C 

lo -% MECHANICAL TESTS 

- 
z. 
v) 

c 
U 

10- 

10- 

-150 -130 -110 -90 -70 -50 -30 -10 10 30 50 70 90 110 

Temperature [' Cl 

Figure 4 
networks cured a t  75,100, 120, and 14OoC. Loss factor tans at  11 Hz. 

Dynamic mechanical spectrum of the p relaxation for the DGEBA-3DCM 

in good agreement with the observations de- 
picted in the literature. 

2. The fully reacted networks all show the same 
viscoelastic behavior over a large range of 

I 4.5 

I Crn 

1 '  
I 1.5 

70 75 80 85 90 95 100 

x % 

Figure 5 Magnitude of the p relaxation represented by 
the modulus ratio below and above the transition as a 
function of the extent of reaction. Young's modulus vs. x .  

temperatures (from -150°C to 250°C). 
Three relaxations are observed the ,f3 relax- 
ation already cited; the w relaxation, probably 
corresponding to the cyclohexyl moieties 
mobility, at about 75OC; and the main relax- 
ation a related to the glass transition tem- 
perature, which appears at 208°C (Fig. 6).  
The four postcured matrices show the same 
viscoelastic behavior except in the 150°C re- 
gion, where the 75/ 190 and the 100/190 net- 
works have an unexpected shoulder appearing 
on the main relaxation a. Physical aging is 
not responsible for these characteristics be- 
cause the samples have been heated and 
quenched before the mechanical analysis, 
More work is needed to elucidate this behav- 
ior. 

3. The methodology detailed in the experimen- 
tal section for the determination of the vis- 
coelastic parameters C: and Ci was success- 
fully applied to all the experiment data. Table 
I11 summarizes the calculated characteristics 
(2, c;, aft andf,. 
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Table I1 
with the Fracture Results 

Storage Moduli as a Function of Temperature Below and Above the /3 Relaxation Associated 

Network 

75 
100 
120 
140 

75/190 

120/190 
140/190 

100/190 

1.707 
1.937 
1.795 
2.040 

2.173 
2.066 
1.458 
2.206 

1.173 
1.215 
1.132 
1.195 

1.297 
1.220 
0.870 
1.313 

0.313 
0.373 
0.369 
0.414 

0.403 
0.409 
0.403 
0.405 

0.98 
0.8 
0.7 
0.71 

0.78 
0.73 
0.75 
0.75 

Cf and C: are considered constant within 
the uncertainty of the determination. Cf is 
equal to 10.7, with a variation of 4% between 
the lowest and highest values. Cz is equal to 
40.6"C, with a variation of 7%. Cy and C;  are 
systematically smaller than the universal 
values reported by Ferry34: Cy = 17.4 and 

l o - *  

10- 

Ci = 51.6OC. This seems to be in reasonable 
agreement with the few values available in 
the literature for cured epoxy networks (see 
Table I11 ) . Perret35 found C? values between 
10.5 and 13 for the DGEBA-diamine di- 
phenyl methane (DDM) matrix with hydro- 
gen to epoxy ratios lower or equal to 1. G6rard 

I I I I 

MECHANICAL TESTS 

lo-' I 1 1 I I I I 1 
-150 -100 -50 0 50 100 150 200 250 

Temperature [ "  Cl 

Figure 6 
networks. Loss factor tan6 at 11 Hz. 

Dynamic mechanical spectrum of the 75/190,100/190,120/190, and 140/190 
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Table I11 Computed Viscoelastic Characteristics 
of the DGEBA-3DCM Networks 

C! ckc5 
Network c? ("C) ("C) 102f,/B lo3 uf/B 

75/190 10.9 39.3 428 3.98 1.015 
100/190 10.7 40.4 432 4.06 1.005 
120/190 10.8 41.9 452 4.02 0.961 
140/190 10.5 40.7 427 4.14 1.017 

et al.23 and Won et al.5 found (2: values be- 
tween 9.2 and 12.5 for polyepoxy networks 
with different diamines or stoichiometric ra- 
tios or for terpolymers containing various 
amounts of monoamine. The observed values 
are close enough, with respect to the uncer- 
tainty of the determination, to conclude the 
similarity of the four networks. Williams et 
a1.22 reported that the empirical constant B 
that allows to compute f,, the free volume 
fraction at T,, and the thermal expansion 
coefficient, a/,  is not equal to 124 but varies 
from 0.6-1.2. Without entering into this dis- 
cussion, we considered a f / B  and f,/B only. 
The values of f,/B are in good agreement with 
G6rard et a l . ' ~ ~ ~  results, but a f / B  seems lower, 
corresponding to a higher rigidity of the 
chains. However, it is not possible in our case 
to distinguish one network from another. The 
first stage of cure does not influence the vis- 
coelastic properties and the free volume be- 
havior since the postcure step homogenizes 
all the samples. This is possible in the case 
of DGEBA-3DCM networks because of the 
unique epoxy/amine reaction leading to the 
same networks disregarding the temperature 

schedule. But, it has not been possible to at- 
tribute the shoulder appearing on the 75 / 190 
and 100/190 networks to any chemical or 
physical parameter. 

Influence of the Extent of Reaction on the Static 
Mechanical Properties 

The mechanical properties such as Young's modulus 
E,,  the critical stress intensity factor KI,, the critical 
strain energy release rate GI,, the yield stress a,, 
and the yield strain ty are reported in Table IV. Very 
low crosslinked networks ( T1 = 50°C, x = 0.75) were 
particularly brittle and none of the properties could 
be measured. 

Young's modulus E, is plotted in Figure 5. E,  de- 
creases as the extent of reaction increases up to 90%. 
The values are slightly higher for further reaction. 
The postcured samples are considered equivalent 
since the modulus values prevent from distinguish- 
ing one sample from another. These results are sur- 
prising since one should expect a better stiffness for 
a higher density of covalent bonds in larger cross- 
linked matrix. Noordam et al." observed the same 
variation in flexural modulus, flexural strength, and 
impact resistance with conversion. According to 
Noordam et al., lo who worked on DGEBA-diamine 
systems (including the DGEBA-3DCM system), the 
decrease in mechanical properties can be attributed 
to an increase in free volume: Upon cooling, a matrix 
with a high crosslink density will have a more re- 
stricted molecular mobility and thus be less able to 
closely pack in the glassy state. This implies an in- 
crease in free volume and a lower modulus. No ex- 
perimental evidence of this assumption was made. 
On the other hand, we studied the influence of the 
effect of crosslinks on the storage shear modulus at 
room temperature: The vitrous modulus follows ob- 

Table IV Static Mechanical Properties of DGEBA-3DCM Networks at 20°C 

T# X E" K I ~  GI, U Y  tY 

Network ("(3) (76) (Gp4  (MPa &) (J/m2) (MPa) (%I 

75 88 80 2.9 0.98 266 102 6.4 
100 116 87 2.7 0.8 205 108 9.0 
120 135 91 2.3 0.7 190 110 11.3 
140 142 93 2.3 0.71 192 105 10.0 

75/190 183 100 2.4 0.78 220" 107 5.9 
100/190 187 100 2.3 0.73 201" 103 6.0 
120/190 188 100 2.4 0.75 208" 106 5.2 
140/190 183 100 2.4 0.75 205" 

a Fragile, instable, and "stick-slip'' phenomenon. 
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viously the same evolution-the antiplasticization 
phenomenon noted by Won et aL3' 

We note a particular point at which the modulus 
ratio increases in the form of a step function whereas 
Young's modulus decreases following a step func- 
tion. This special point is situated between 0.85 and 
0.90 of conversion. A second effect is that at x > 0.9 
the modulus and the /3 relaxation do not change. 
Miller and M a c ~ s k o ~ ~  studied theoretically the 
crosslink density or concentration of effective junc- 
tion points in an infinite network. An effective 
crosslinking point is an A, molecule, of functionality 
f > 2, with three or more branches going to infinity. 
For an epoxy amine system, in the case of an A2 
+ A4 copolymerization the probability that an A 
monomer will be an effective crosslink of degree 3 
is given by Figure 7.37 When x reaches 0.86-0.87, 
the probability of an amine of functionality 4 to have 
three branches going to infinity exactly is at its 
maximum. It is a special step in the statistical build- 
up of the network. At this point, the effective cross- 
links of degree 4 are in very few number. The shape 
of the curve E,  vs. x probably reflects the structure 
of the network at  this value of conversion. 

On the other hand, the linear elastic fracture me- 
chanics (LEFM) properties do not show the same 
variation. Figure 8, representing the variation in KI, 
and GI, vs. x, shows that the values decrease con- 
tinuously, then increase for high degrees of conver- 
sion, x > 0.92, in the form of a parabolic function. 
The increase in KI, and GI, occurs when the effective 
crosslinks with four branches are statistically in 
larger number than the branches of degree 3. LEFM 
measurements show two specific behaviors before 
and after this point: 

, 

P 

1 

0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

x % 

Figure 7 Probability of an A4 monomer to have reacted 
three times, P ( X 3 ) ,  and four times, P ( X 4 ) ,  as a function 
of the extent of reaction. 

1 350 

300 

250 

200 

0.5 > 150 
70 75 80 85 90 95 100 

x 70 

Figure 8 
strain energy release GI, vs. x .  

Critical stress intensity factor KIC and critical 

1. the crack propagation is continuous and un- 
stable for lightly crosslinked networks 

2. whereas the high Tg specimens exhibit a dis- 
continuous and unstable crack propagation 
behavior called "stick-slip.'' 

The LEFM properties are in good agreement with 
the Charpy impact resistance measured by Noordam 
et a1.l' on the same system in the same range of 
conversion: between 0.70 and 0.90, KI,, GI,, and the 
impact resistance decrease with increasing x . After 
x = 0.90, we assume that the apparition of the ef- 
fective crosslinks of degree 4 may be responsible for 
the increase in KI, and GI, and for the changes in 
the propagation of the crack. 

KI, is also strongly dependent upon the cure 
schedule or extent of reaction (Fig. 8).  It is inter- 
esting to correlate the KI, variation vs. x with the 
shear yielding behavior. The compressive yield stress 
u, and yield strain c, increase slightly with increasing 
the degree of cure, whereas KI, varies on the opposite 
(see Table 111). Yamini and Y o ~ n g ~ ~ * ~ ~  have shown 
with an epoxy amine system that KI, decreases with 
increasing yield stress a,. A low yield stress will allow 
the sample to deform plastically at the crack tip, 
leading to the blunting of the crack and thus to an 
increase in the crack tip radius. It is established that 
the critical stress u, depends upon the crack tip ra- 
dius: The former increases as the latter increases. 
KI,, which is proportional to a, [see eq. ( l o ) ] ,  in- 
creases with increasing ac or with decreasing a,. 

A large review of literature shows that toughness 
is often related to the /3 relaxation and low-temper- 
ature dynamical mechanical properties. Obviously, 
the variation in KI, and in amplitude of the /3 relax- 
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Magnitude of the p relaxation as a function Figure 9 
of the critical stress intensity factor. 

ation both basically depend upon the epoxy conver- 
sion. However, KI, is a macroscopic measurement 
representative of the ability of the material to resist 
to rupture. KI, is more dependent upon the molecular 
weight between crosslinks than on the extent of re- 
action itself even if the two parameters are related 
to each other. Thus, it seems hazardous to attribute 
the variation in KI, to microscopic molecular mo- 
bility, which is dependent upon x with the inter- 
mediate of the apparition of hydroxyether during 
the reaction. Nevertheless, we plotted the modulus 
ratio GLgoOc - G;,ooc/GLgoec as a function of KI, (see 
Fig. 9).  The curve would testify to a sharp corre- 
lation between the two properties if we could explain 
sensibly the particular behavior of the 120 network, 
which is largely out of the curve. 

CONCLUSION 

This study shows that the degree of conversion can 
be obtained for highly crosslinked networks by de- 
termining the glass transition temperature and using 
the DiBenedetto equation, developed by Pascault 
and Williams, l4 in the way used by Hale et a1.I6 The 
interest of this equation lies in the fact that no ad- 
justable parameter is used nor statistical calculations 
assuming a particular model for the epoxy network 
build-up. Thus, the epoxy conversion can be cal- 
culated when the SEC and FTIR methods get to 
their limit of application. 

It was shown that the extent of reaction indirectly 
modifies the /3 relaxation. In fact, it is the hydroxy- 
ether moieties appearing during the reaction that 

are responsible for the changes of mobility in the 
network at  low temperatures. 

The viscoelastic behavior, a t  low temperatures, 
induces the room temperature mechanical properties 
such as Young's modulus, which decreases with in- 
creasing x or Tg. The apparition of effective cross- 
links of degree 3 was shown to be a valuable param- 
eter of the network to describe the variation in dy- 
namic and tensile modulus. 

The fracture properties seem to be more depen- 
dent upon the apparition of the effective crosslinks 
of degree 4. It does not seem reasonable to correlate 
the molecular mobility data to the fracture behavior 
because they depend upon each other through the 
medium of other parameters, such as crosslink den- 
sity and molecular weight between crosslinks, which 
both depend upon the degree of conversion in this 
case. 

The compressive behavior is in good agreement 
with the variation in KI, and with the results de- 
picted in the literature. 

It has been shown that precure temperature 
schedules do not influence the networks on the level 
of the mechanical properties. The quantities on the 
molecular scale are also considered equal within the 
uncertainty of determination. The only sensitive 
parameter to the precure temperature is the loss 
factor. A shoulder appears below the principal me- 
chanical relaxation for the two networks precured 
at 75 and 100°C. The changes of mobility at high 
temperatures has not been attributed, but it is sure 
in the case of DGEBA-3DCM that it is not the result 
of secondary reactions such as etherification. 

This study takes place in a larger project that 
includes the influence of a precure stage by micro- 
wave energy and the influence of the heating rate 
upon the network structure. This work will provide 
a comparison between the thermal and microwave 
precure stages on networks of equal extents of re- 
action. 
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