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Synopsis 

The glass transition temperature T, and density of a TGDDM-DDS epoxy resin system were 
studied as a function of cure times at various cure temperatures. Both T, and density asymp- 
totically increased toward a maximum value with increasing cure time. The T, and density 
measurements were related to the extent of cure, and the relationship in both cases was found 
to be independent of cure temperature. 

INTRODUCTION 

The chemical kinetics and mechanisms of the cure reactions in tetra- 
glycidyldiaminodiphenylmethane-diaminodiphenylsulfone (TGDDM-DDS) 
resin system has been continuously studied in our laboratories for the last 
few years. We have reported continuing series of papers on the subject in 
which we attempted to derive an overall mechanistic picture for this system 
as a function of cure temperature and time.1-3 It is well known that the 
cure reactions directly control the composite processing and the final epoxy 
network s t r ~ c t u r e . ~ , ~  The latter directly influences many of the physical and 
mechanical properties of the system. The effectiveness of such a network man- 
ifests itself by the change in the glass transition temperature T, and density, 
both of which change with a change in the degree of c r~ss- l ink ing .~~ 

In this paper, we report on the changes in the glass transition temperature 
and density of TGDDM-DDS resin system as a function of cure times at 
various cure temperatures. The Tg and density measurements are related 
to the extent of cure in terms of the theory of gelatin, such as functionalities 
of the reactants and the molecular distribution. A model explaining this 
relationship has been proposed. 

EXPERIMENTAL 

Materials 

The formulation used in this study was composed of Ciba-Geigy’s MY720 
epoxy resin, which contains basically the tetraglycidyldiamino- 
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diphenylmethane molecules (TGDDM), and diaminodiphenylsulfone (DDS) 
hardener. Both of the ingredients were used as received. The mixtures of 
MY720 and DDS, containing 28 phr DDS by weight, were prepared by first 
heating the resin to 120°C under high purity N, gas. Then the curing agent, 
DDS, was added slowly with continuous stirring by hand, under Nz gas, 
until a clean mixture was obtained. The total mixing time was approxi- 
mately 15 min. The mixture was then immediately poured into several 
aluminum weighing dishes and cured isothermally at a given temperature 
in an electrically heated oven under a positive pressure of N, gas. Curing 
was carried out at four different temperatures, 140, 153, 177, and 201°C. 
The oven temperature was controlled by a thermocouple placed inside a 
metal plate on which the sample dishes containing the resin mixture were 
placed. At each cure temperature, samples were withdrawn at time intervals 
ranging from 15 to 360 min (6 h). 

DETERMINATION OF EXTENT OF CURING 

The extent of curing was determined by differential scanning calorimetry. 
The instrument used was a duPont 1090 thermal analyzer coupled with a 
duPont 910 DSC. The residual heat of cure HR was determined on partially 
cured samples in closed aluminum pans in DSC by scanning them in a 
dynamic mode at a rate of 10"C/min. Sample size was kept at approximately 
15 mg. The total heat of cure H ,  was obtained in a similar way by using 
uncured sample (freshly prepared resin mixture). The extent of cure a was 
then calculated as a = (H,  - HR)/HT. 

GLASS TRANSITION TEMPERATURE MEASUREMENTS 

A duPont 943 thermomechanical analyzer (TMA) was used to measure 
the glass transition temperature of the epoxy resin as a function of state of 
cure. An expansion probe with a contact diameter of 2.54 mm was used. 
Tests were made on small samples with a thickness of about 2 mm, and the 
width, which is the same as the diameter, of the probe tip resting on the 
sample. The load on the probe was 1 g, and the heating rate was 10"C/min. 
The glass transition temperature was taken as the temperature where the 
two tangent lines to the thermal expansion curves intersect. 

DENSITY MEASUREMENTS 
Density measurements were carried out in a density gradient column 

prepared according to ASTM D1505-68. The liquid used was potassium car- 
bonate solution whose density ranged from 1.21 to 1.30 g/mL over the length 
of a 80-cm column. This gives the sensitivity of 0.0017 g/mL per cm of column 
length. Three specimens were measured for each condition, and the reported 
data here are the average of the three specimens. The specimens were im- 
mersed in the low-density liquid before being dropped into the column. This 
was done to ensure perfect wetting and to prevent the formation of air 
bubbles around the specimens. 
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THEORETICAL ANALYSIS 

Gel Point 
As seen in Table I, the resin system, as formulated, is epoxy rich; hence 

its gelation behavior is of interest. Applying the standard gelation theory 
by Flory,'O we can write the following equations describing the extent of 
reaction at the gel point: 

and 

where PEk, is the fraction of epoxy group that has reacted at the gel point, 
mE is the number of moles of epoxy component, and f E  is the functionality 
of the epoxy component present. The subscript A refers to the analogous 
quantities for the amine component, and the subscript g refers to the quan- 
tities evaluated at the gel point. As shown in Table I, the value of mA is 
0.113 and of mE is 0.237. 

A display of eqs. (1) and (2) is shown in Fig. 1. The conditions for gel 
formation are plotted in terms of the functionality of the epoxy f E  and the 
functionality of the amine f A .  Gel formation is only possible when the values 
of the ( f E ,  fa) pair fall within the area bounded by the heavy lines. We have 
assumed that both fE  and f A  have maximum values of 4. Within this area 
the curves as depicted by the dotted lines represent the contours of constant 
extent of reaction of the amine PA and the curves as depicted by the dashed 
lines represent the contours of constant extent of reaction of the epoxy groups 
P E .  

The information contained in Fig. 1 can be used in several ways. One can 
estimate the extent of reaction in terms of either of the components at the 
gel point if the functionalities of the components are known. For example, 
at point E in Fig. 1, f E  = 3.32, f A  = 2.5, PE@) = 0.32, and PAk) = 0.90. 
What this means is that 32% of the epoxy groups and 90% of the amine 
groups would have reacted when the gel point E is reached. 

TABLE I 
Composition of TGDDM-DDS Resin System 

Molecular 
weight No. 

Ingredient Weight (g) (g/mol) moles Equivalent" 

MY720 100 422 0.237 0.237fE 
DDS 28 248 0.113 0.113fA 

a Where f E  = functionality of epoxy and fA = functionality of amine. 
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Fig. 1. Conditions for gel formation as a function of functionalities of epoxy fE  and the 
amine fa. Gel formation is only possible for points following on or within the heavy boundaries. 
The curves within the area represent contours of the extent of reaction at the gel point of 
epoxy group PEu, (dashed lines) and of amine PA&) (dotted lines). 

MOLECULAR WEIGHT 
In the pregel region, that is, at PA or PE less than that required for gel 

formation, it is possible to calculate both the weight-average and the num- 
ber-average molecular weight of the system. Stockmayerll derived a general 
expression for the weight-average molecular weight of condensation poly- 
mers. For M, of the present system corresponding to the stoichiometric 
amounts shown in Table I, the Stockmayer's equation becomes 
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or 

Since 

Equation (4)  can be expressed in terms of PE as 

where M,(O) is the weight-average molecular weight of the unreacted mix- 
ture, that is, when PE = 0. Thus the eq. (6) provides the M,(P) as a function 
of the extent of reaction of the epoxy component and of the functionality of 
the epoxy and amine components. Mw(P) approaches infinity when the sys- 
tem reaches the gel point. 

The corresponding number-average molecular weight M, is given by the 
equation 

where MJO) is the number-average molecular weight of unreacted mixture, 
which was calculated to be 287.35 g/mol for the formulation shown in Table 
I. Since mE = 0.237 and mA = 0.113, eq. (7) reduces to 

M,(PE) approaches infinity when the denominator (1 - 0.681fEPE) ap- 
proaches zero. The value of the extent of reaction PE at that point is greater 
than the value calculated from eq. (1); hence eq. (8) is invalid for extents 
of reaction beyond the gel point. The weight-average molecular weight at 
the gel point is infinite because it is sensitive to the higher molecular weight 
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species. However, the number-average molecular weight remains finite 
through the gel point; in fact, it has a relative value. 

It is of interest to examine the behavior of both M,(PE) and MJP,) as 
calculated from eqs. (6) and (8), respectively. These values are listed in 
Tables I1 and 111 for the two different pairs of values of f A  and fE.  For example, 
Table I1 lists the values calculated assuming f A  = 4 and f E  = 3.32. The 
first column in the table lists the values of P-fraction of epoxy group that 
has reacted-which ranges from zero (no reaction) to 0.285, the value char- 
acteristic of the gel point. The third column lists the values of the ratio 
M,(P,)/M,(O) calculated from eq. (6). For small values of PE, the ratio in- 
creases only relatively slowly; however, as PE approaches the characteristic 
value at the gel point, the ratio increases very rapidly, becoming infinite 
at the gel point. 

The values of the ratio of the number-average molecular weight, 
M,(PE)/M,(0) are shown in the last column. In contrast to the rapid increase 

~- 

0 
0.056 
0.113 
0.17 
0.226 
0.254 
0.265 
0.276 
0.282 
0.284 
0.285 

0 
0.1 
0.2 
0.3 
0.4 
0.45 
0.47 
0.49 
0.50 
0.503 
0.5043 

1 
1.26 
1.71 

, 2.65 
5.42 

10.61 
16.85 
40.0 

120.35 
306.70 

ffi 

1 
1.15 
1.34 
1.62 
2.04 
2.34 
2.50 
2.66 
2.76 
2.78 
2.80 

~ 

a MJO) = 384.93 g/mol; M,(O) = 287.35 g/mol. 

TABLE I11 
Calculated Values of M,(PE)/M,(0) and M,(PE)IM,(O) for f~ = 3.32 and f A  = 3" 

P E  PA M,(pE)/M,(o) M,(P,)/M"(O) 

0 0 1 1 
0.042 0.1 1.17 1.11 
0.085 0.2 1.43 1.24 
0.127 0.3 1.83 1.40 
0.170 0.4 2.49 1.62 
0.21 0.5 3.77 1.92 
0.25 0.6 7.35 2.34 
0.275 0.65 13.36 2.64 
0.287 0.68 25.1 2.86 
0.296 0.70 61.7 3.02 
0.3011 0.712 221.5 3.13 
0.3015 0.713 787.1 3.14 
0.3016 0.7132 ffi 3.15 

a MJO) = 384.93 g/mol; MJO) = 287.35 g/mol. 
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of the weight-average molecular weight as PE approaches the value at the 
gel point, the number-average molecular weight ratio increases slowly. At 
the gel point, the molecule contains only three monomer units and the 
number-average molecular weight would be only 862 g/mol. 

Table I11 shows the similar calculation for the case where fE = 3.32 and 
f A  = 3. 

At the gel point, there is an infinitesimal quantity of material with infinite 
average molecular weight. Since the quantity of gel is infinitesimal re- 
gardless of its weight, the bulk viscosity of the system will be controlled by 
the viscosity of the sol, which is relatively low. The system would consist 
of very small gel particles immersed in a relatively lowmolecular-weight 
substrate. As the reaction proceeds beyond the gel point, the fraction of 
material in the gel phase increases, and the fraction of the material in the 
sol phase decreases. The number-average weight of the sol fraction decreases 
as the extent of reaction increases beyond the value characteristic of the 
gel point. 
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Glass Transition Temperature 

The glass transition temperature T, of the epoxy system was determined 
as a function of cure time and cure temperature as a means of monitoring 
the relative degree of cross-linking in the system. These data are shown in 
Fig. 2. As seen from the figure, for the three highest temperatures the T, 
asymptotically approaches a common value for longest cure time. Figure 3 
shows the same data in terms of cure temperature for the different cure 
times. The figure clearly shows that the reaction rate increased with tem- 

Fig. 2. 
time. 

20 
0 I I I I I 1 

0 1 2 3 4 5 6 
CURE TIME (hrs) 

Glass transition temperatures of epoxy as a function of cure temperature and'cure 



6184 CIZMECIOGLU, GUPTA, AND FEDORS 

280- 
260- 

240 
220- 

200- 

180 

160 u 
O -  140- 
ern 

120 
loo- 
80- 

60- 
40- 
20- 

I I I I I I I I I I 

- 
0 1 hr CURE - 
A 1 112 hrs CURE 
0 2 hrs CURE - 
0 3 hrs CURE 
0 4 hrs CURE 

- 

- 
- - 
- - 

- 
- - 

s - 
- 
- 
- 
- 

0 1  I I I I I I I I I 
120 130 140 150 160 170 180 190 200 210 M) 

perature, and at higher cure temperatures (>177"C), T, converges to a 
similar value with lessened effect of time. 

As the extent of reaction increases, the average molecular weight of the 
polymer chains also increases, and therefore the Tg is also expected to in- 
crease. Beyond the gel point, an additional factor that leads to an increase 
in Tg is the introduction of increasing numbers of cross-links within the 
system. Both the increase in molecular weight prior to the gel point and 
the introduction of cross-links beyond the gel point produce corresponding 
increases in T,. 

Fox and Loshaek12 have shown that the glass transition temperature can 
be expressed in terms of molecular weight and cross-link concentration by 
means of the equation 

K 
Mn 

Tg = Tg(m) - - + K,X 

where T (m) is the glass transition temperature of the uncross-linked pol- 
ymer of infinite molecular weight; that is, as M 3 00, X = 0, X is the 
concentration of cross-links (moles per gram), and K and K, are the constant 
parameters specific for each polymer type. 

In the pregel region where X = 0, it was shown earlier that M,, is related 
to the extent of reaction by means of eq. (8). Hence, eq. (9) can be expressed 
as 

a. 
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Since X = 0, eq. (10) can be rewritten as 

0.681K 
MJO) pE Tg = Tg(0, + ~ 

(11) 

where Tg(,, = Tg(m) - K/Mn(0) represents the glass transition temperature 
of the system when the extent of reaction is zero. Hence, according to eq. 
(111, the plot of T, versus extent of reaction should be linear with slope 
equal to 0.681K/Mn(0), which is independent of cure temperature. 

Beyond the gel point, the previously homogeneous system becomes het- 
erogeneous; the sol fraction and the gel fraction. The sol fraction is comprised 
of those molecules that are not yet a part of the gel. The maximum number- 
average molecular weight of the sol occurs at the gel point. As the reaction 
proceeds, both the quantity of sol fraction and its number-average molecular 
weight decrease, and in the limit of complete reaction the sol fraction be- 
comes zero. For the gel fraction, there is a simultaneous increase in both 
the quantity and its complexity. The major process occurring in the gel 
itself, as reaction proceeds, is to  increase the degree of cross-linking. It has 
been shown by Fox and Loshaek12 that Tg increases linearly with increasing 
degree of cross-linking. Hence for cross-linked polymers, Tg can be expressed 
as 

or more simply as 

where K' = 0.681 KIMJO) and K: = XK, 
In eqs. (12) and (13) we have assumed that the concentration of cross- 

links X is directly proportional to the extent of reaction. 
Figure 4 shows the data of Fig. 2 plotted as T, versus extent of reaction. 

As may be seen, the data can be reasonably represented by two linear 
segments with a transition between the two centered about the presumed 
gel point. Linear extrapolation indicates a gel point occurring at an extent 
of reaction of about 70%. It was expected that the relationship between Tg 
and conversion should be independent of cure temperature. This is true for 
the lowest, 140"C, and the two highest cure temperatures; 177 and 201°C. 
The data for the intermediate temperature (153°C) diverge significantly, 
although the experiments at this temperature were repeated twice to check 
the data and the results were the same. At present, we have no simple 
explanation for this. 

The slope of the initial linear portion of Fig. 4 is 130"C, but the slope of 
the final linear portion is about three times as large and equal to 430°C. 
The composition listed in Table I contains 6.17 x equivalence of epoxy 
group per gram of mixture, and thus the slope of Fig. 4 in the PE > PEg 
region becomes 7 x lo4 g/eq "C in these units, assuming that all of the 
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epoxy groups are involved in cross-link formation. From Mason's data13 for 
peroxide vulcanized natural rubber, it can be shown that the slope of the 
Tg versus cross-linked unit concentration is about 2 x lo4 glmol "C, which 
is similar in magnitude to the value for the epoxy system studied. Actually, 
the correspondence between the two systems is closer than this because only 
a fraction of the epoxy groups serves as cross-links and the rest serves to 
form the linear chain between cross-links. This serves to decrease the quan- 
tity 7 x lo4 g/eq "C to a lower value. For example, if only half of the epoxy 
groups are involved in cross-linking, the slope for the epoxy system would 
be 3.5 x lo4 gleq "C. 

DENSITY MEASUREMENT 
The change of density as a function of cure time for the four cure tem- 

peratures is shown in Fig. 5. As may be seen from the figure that, at a given 
cure time, the density of the resin increases with an increase in cure tem- 
perature. When density data are plotted against the conversion (extent of 
curing), a linear relationship independent of cure temperature was obtained, 
as shown in Fig. 6. The increase of density with conversion suggests that 
the free volume in the resin system is reduced by cross-linking. This is 
probably because the molecular segments are tied up by cross-linking points. 

A correlation of these data can be obtained on the assumption of additivity 
of volumes; that is, it is assumed that the total volume is the sum of the 
individual volumes, and no volume change occurs as a result of interaction 
between individual components. If we assume the following two reactions 
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Fig. 5. Densities of TGDDM-DDS resin system as measured at room temperature as a 
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function of cure times at four cure temperatures. 

to be the main reactions in the epoxy system, the volume changes AV (mL/mol) 
as a result of these reactions can be shown as 

(A) + H,N - - AV = -26.5 mllmol 
0 OH NHR 

V = 21.8 V = 19.2 V = 14.5 
V,,, = 21.8 + 19.2 = 41 

(B) + HNR - - AV = -25.3 ml/mol 
0 OH N 

A 

V = 21.8 V = 4.5 V = 1 
V,,,, = 26.3 

In reaction A, the epoxy group reacts with the primary amine to produce 
an hydroxyl group and a secondary amine. In reaction B, an epoxy group 
reacts with a secondary amine to form an hydroxyl group and a tertiary 
amine. By using volume increments from Ref. 14, one can show that reaction 
A would lead to a molar volume contraction of 26.5 mL/mol of amine reacted, 
and reaction B would lead to a molar volume contraction of 25.3 mL/mol of 
amine reacted, which is essentially the same value given by reaction A. We 
use the average of the two in order to represent the overall molar volume 
change, which is a decrease of 25.9 mL/mol. 

The volume of the system initially at a fixed temperature, such as 25"C, 
can be written as 
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Fig. 6. Densities as a function of conversion (extent of curing) at four cure temperatures. 

where VE and VA are the volumes occupied by an epoxy and amine group, 
respectively, and ZV, is the volume contributed by all groups other than 
epoxy and amine. At any extent of reaction PE, the volume can be written 
as 

where VH and VAr are the volumes of the hydroxyl group and the product 
amine group, respectively. From the early discussion, the term in square 
brackets can be taken to have the value of - 25.9 mL/mol. Furthermore, by 
dividing the total volume by the total weight of the mixture, which is 128 
g (from Table I) we obtain the specific volume. Thus eq. (15) becomes 

if we take the functionality of epoxy f E  to be 3.32 and mE = 0.237 from 
Table I, then eq. (16) becomes 
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According to eq. (17), a plot of the specific volume (reciprocal of density) 
against conversion should be linear with a negative slope, and the response 
should be independent of temperature. Figure 6 shows the density data 
plotted in this fashion. As seen, the response is linear and independent of 
cure temperature. The slop-e has a value of - 0.025, whereas the slope from 
eq. (17) is predicted (based on the additive group volume contribution) to 
be - 0.16. The discrepancy between the predicted and experimental results 
can be attributed to the following: (1) the approximate nature of the value 
of volume increments used as shown in reactions A and B; (2) it was assumed 
in the derivation of equations that the epoxy group are completely depleted 
at the end of the reaction, that is, stoichiometric amount (this is in fact not 
the case for the TGDDM-DDS system studied in this work, because the 
system studied is epoxy rich-ratio of epoxy to amine is 2-and the epoxy 
groups are never completely used up at the end of the curing reactions); and 
(3) the presence of porosity or void formed during cure. 

CONCLUSIONS 

A study of the glass transition temperature and density of a tetra- 
glycidyldiaminodiphenylmethane epoxy resin cured with a diaminodiphen- 
ylsulfone curing agent has been carried out as a function of cure times and 
temperatures. The following conclusions were reached from this study. 

At a given cure temperature, Tg asymptotically increases toward a max- 
imum value with an increase in cure time. At a given cure time, Tg 
increases with increasing cure temperature. 
The Tg were related to the extent of reaction (or conversion), and the 
relationship between Tg and conversion was found to be independent of 
cure temperature. The experimental data were in qualitative agreement 
with expressions for Tg in terms of average molecular weight and the 
extent of reaction. 
At a given cure time, the density of the system increases with an increase 
in cure temperature. A linear relationship between the density and the 
extent of reaction was obtained. This relationship was also found to be 
independent of cure temperature. 
The conditions for gel formation were analyzed in terms of functionalities 
of the epoxy and amine groups. 
Equations were derived to calculate both the number-average and weight- 
average molecular weight corresponding to the percentage amounts of 
ingredients used in this study. It was shown that, as the reaction proceeds 
toward the gel point, weight-average molecular weight increases rapidly 
and becomes infinite at the gel point, whereas the number-average mo- 
lecular weight increases slowly, and at the gel point it becomes finite; for 
example, the molecule contains only three monomer units. 

This paper represents the results of one phase of research carried out at the Jet Propulsion 
Laboratory, California Institute of Technology, under contract NAS7-918 sponsored by Na- 
tional Aeronautics and Space Administration. 
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