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Synopsis 

The times to gelation and to vitrification for the isothermal cure of an amine-cured epoxy (Epon 
828/PACM-20) have been measured on macroscopic and molecular levels by dynamic mechanical 
spectrometry (torsional braid analysis and Rheometrics dynamic spectrometer), infrared spec- 
troscopy, and gel fraction experiments. The relationships between the extents of conversion at 
gelation and at vitrification and the isothermal cure temperature form the basis of a theoretical model 
of the time-temperature-transformation (TTT) cure diagram, in which the times to gelation and 
to vitrification during isothermal cure versus temperature are predicted. The model demonstrates 
that the “S”-shape of the vitrification curve depends on the reaction kinetics, as well as on the physical 
parameters of the system, i.e., the glass transition temperatures of the uncured resin (T,o), the fully 
cured resin (Tgm ), a d  the gel The bulk viscosity of a reactive system prior to gelation and/or 
vitrification is also described. 

INTRODUCTION 

The isothermal cure of thermosetting resins is usually characterized by gelation 
and vitrification: gelation corresponds to the incipient formation of an infinite 
network of crosslinked polymer molecules, and vitrification involves a trans- 
formation from a liquid or rubbery state to a glassy state as a result of an increase 
in molecular weight. The cure of thermosetting resins is complicated by the 
interaction of the chemical kinetics and the changing physical properties. Near 
vitrification, the kinetics are affected by the local viscosity, which in turn is a 
function of the extent of reaction and temperature. Thus the cessation of re- 
action is not necessarily an indication that the reaction is complete, i.e., the re- 
action may have been quenched due to vitrification. Subsequent exposure to 
temperatures greater than the temperature of cure could result in further reac- 
tion. 

The concept of a state diagram has been developed1 in an attempt to under- 
stand cure phenomena. A time-temperature-transformation (TTT) cure di- 
agram (Fig. 1) is a plot of the times required to reach gelation and vitrification, 
respectively, during isothermal cure as a function of cure temperature. Gelation, 
which occurs at  a fixed extent of conver~ion~>~ as long as the reaction mechanism 
is not a function of temperature, is responsible for the transformation from a 
liquid to a rubbery ~ t a t e , ~ , ~  since the network has elastic properties not present 
in the low molecular weight linear or branched resin. Vitrification occurs when 
the glass transition increases to the temperature of cure and marks the trans- 
formation from a rubber to a gelled glass (if gelation has occurred) or from a liquid 
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Fig. 1. Generalized time-temperature-transformation (‘IT”) cure diagram. A plot of the times 
to gelation and vitrification during isothermal cure vs. temperature delineates the regions of four 
distinct states of matter: liquid, gelled rubber, gelled glass, and ungelled glass. (Vitrification can 
occur in some systems above Tgm in consequence of degradation.) 

to an ungelled glass (if gelation has not occurred). Below gelTg, the temperature 
a t  which the time to gel is the same as the time to vitrify, the resin can remain 
ungelled, even though it becomes hardened during storage. The resin remains 
processable and fusible as long as it is in its ungelled state. Below Tgo, the glass 
transition temperature of the freshly mixed uncured resin, essentially no reaction 
occurs because the reactive species are immobilized in the glassy state. 

The resin will not vitrify on isothermal cure if the cure temperature is above 
Tgm, the glass transition temperature of the fully cured resin. The cure can then 
proceed to completion since it will not be quenched prematurely as it would be 
below Tgm , although 100% conversion is rarely achieved because some reactive 
sites may be isolated in the network. Other competing reactions such as deg- 
radation can occur; the temperatures at which they occur can overlap with Tgm , 
resulting in a situation where the resin may never be fully cured because of these 
conflicting proce~ses.~ 

The vitrification curve is “S”-shaped (Fig. 1). At temperatures immediately 
above Tgo the time to vitrification passes through a maximum in consequence 
of the opposing influences of the temperature dependence of the viscosity and 
the reaction rate constant. A t  higher temperatures the time to vitrification 
passes through a minimum in consequence of the opposing influences of the re- 
action rate constant and the decreasing concentration of reactants at vitrification 
as Tgm is approached. 

T o  characterize the curing phenomena of thermosetting resins, several com- 
plementary techniques can be utilized to obtain information on a macroscopic 
as well as a molecular level. Dynamic mechanical experiments permit the cure 
process to be monitored on a macroscopic level by measuring the elastic and loss 
moduli as the resin changes from liquid to rubber and eventually to glass. Iso- 
thermal experiments provide times to gelation and vitrification, and subsequent 
temperature scans provide thermomechanical spectra which characterize the 
state of cure of the resin. The entire cure process from liquid to solid can be 
monitored using the torsional braid analysis (TBA) technique because it utilizes 
a supported specimen; the Rheometrics Dynamic Spectrometer (RDS) used in 
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the dynamic oscillatory shear mode (parallel plates) is limited to the time to 
vitrification. On a molecular level, the infrared spectrum of an epoxy resin ex- 
hibits three absorption bands characteristic of the epoxide group: 1250 cm-l; 
between 950 and 860 cm-l (typically 915 cm-l); and between 865 and 785 cm-' 
(typically at  830 cm-l), which can be used to monitor the extent of reaction by 
measuring the decrease in intensity of the expoxide absorbance as cure proceeds. 
Gelation on a molecular level can be approximated as the point at which the resin 
begins to be insoluble. 

In this paper the above mentioned techniques and thermogravimetric analysis 
(TGA) are used to characterize the cure of an epoxy/amine system, and the 
concept of a TTT cure diagram is used to generate a model of the cure behavior, 
which is quantitatively compared with the data.6.7 

Modeling the Cure Behavior 

Gelation and Vitrification 

Critical to an understanding of the "S"-shaped vitrification curve (Fig. 1) is 
the relationship between the glass transition temperature ( T,) and the extent 
of conversion a t  the glass transition (X,). Complete analysis would take into 
account the reaction kinetics becoming diffusion-controlled on vitrification due 
to the increasing local viscosity which eventually quenches the reaction. Ac- 
cording to the approach of Adabbo and Williamsa using Di Benedetto's equation: 
the glass transition temperature increases with increasing extent of conversion 
as follows: 

(1) 

where Ex/Em is the ratio of lattice energies for crosslinked and uncrosslinked 
polymer and Fx/Fm is the corresponding ratio of segmental mobilities. The latter 
ratio is a measure of the mobility of the segment between crosslinks and therefore, 
is a function of the distance between crosslinks and hence Tgm. Experimental 
results for epoxy resinsaJO show that increasing the separation between crosslinks 
increases the ratio of segmental mobilities. 

The ratio (Ex/Em)/(Fx/Fm) can be determined from measurement of the 
minimum and maximum glass transit.ion temperatures since when X ,  = 0 and 
1, Tg = Tgo and Tgm, respectively, and, therefore, from eq. (l), 

Tg - T g o  - - (Ex/Em - Fx/Frn)Xg 
T g o  1 - (1 - Fx/Fm)Xg 

The ratios Ex/Em and Fx/Fm in eqs. (1) and (2) can be determined by fitting eq. 
(1) to a plot of X ,  vs. T,. 

Table I lists the values of these ratios, along with Tgo and Tgm, for several 
thermosetting systems whose extent of conversion vs. Tg data were found in the 
l i terat~re.". '~,~~.. '~ Although Tg0 and/or Tgm had to be estimated for some of the 
systems, there is a good correlation between the experimental data and values 
calculated from eq. (l), which are represented by the lines in Figure 2. 

The overall reaction rate is a function of the temperature, concentration of 
reactants, reaction mechanism, and the local microviscosity (which in turn is a 
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TABLE I 
Lattice Energy Ratio and Segmental Mobility Ratio for Epoxy Systems 

System T,o ("C) T,- ("C) EJE, FJF,,, Reference 

DGEBA/MDAa - 9' 170 0.76 0.45 11 
Epoxy/HHPAb 20(?)g 250 (?) 0.62 0.35 11 
Epoxy glass laminate 62 127 0.84 0.71 12 

DGEBA/amined -10 115 (?) 0.62 0.41 3 
Epon 828/DDSc 1 If 189 1.21 0.74 13 

Epon 828/PACM-20e -19 166 0.34 0.19 this work 

a Diglycidyl ether of Bisphenol A [Araldite F (CY 205) Ciba Geigy]/4,4'-methylene-dianiline. 
Cyclo aliphatic epoxy (Araldite CY 175 Ciba Geigy)/hexahydrophthalic anhydride. 
4,4'-Diamino diphenyl sulfone. 
4,4'-Diamino-3,3'-dimethylcyclohexylmethane. 
Bis(p-aminocyclohexy1)methane. 
Unpublished data from this laboratory. 

g Values not given in literature for numbers followed by (?). 

function of the molecular weight and temperature): 

where X is the extent of reaction at time t, A is the kinetic Arrhenius factor, EA 
is the activation energy, R is the molar gas constant, T is the temperature (K), 
f (X)  is a function of the reaction mechanism and the extent of conversion, and 
~ ( v L )  is a function of the local viscosity. At  each isothermal cure temperature 
below T,, the reaction procedes normally until the molecular weight increases 
to the extent that the glass transition approaches the cure temperature; the 
viscosity factor in eq. (3) becomes important as the material ~ i t r i f i e s . ~ J ~ J ~  

In the absence of diffusion control the general kinetic equation which describes 
the reaction is 

1. 

0. 

0. 

X9 
0. 

0. 

0. I 

1. 0 1. 2 1. 4 1. 6 1. 8 2. 0 
Tg/Tgo 

Fig. 2. Extent of conversion a t  vitrification vs. temperature for several epoxy systems: (0, 0) 
Fisch et al."; (+) Gray12; ( X )  Barton13; (*) Lunak et aL3; (0  ) this work. 
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For a stoichiometric mixture of reactants the simplest expression for f ( X )  is 

f ( X )  = (1 - X). ( 5 )  

f ( X )  = (B  + Xm)(l - X)" (6) 
where B is the ratio of rate constants, tZ&;.16 If the kinetics of cure can be de- 
scribed by a single homogeneous reaction over the entire temperature range ( Tgo 
to T,,), the time to reach vitrification (i.e., T,) during isothermal cure can be 
obtained by integrating eq. (4): 

where n is the order of reaction; or, for an autocatalytic reaction, 

where t;it = At,it is the dimensionless time to reach vitrification, T* = T/T,o is 
a dimensionless temperature, and Ar = EA/RTgO is the Arrhenius number. 
Rearranging eq. (1) to solve for X,, the extent of conversion when the glass 
transition temperature is equal to the cure temperature, 

By substituting for X, in eq. (7), the time to vitrification can be calculated. The 
time to reach gelation can also be calculated if the extent of conversion at gelation 
is known: 

SXge'g tiel = exp(Ar/T*) 

The integrations and times to gelation and vitrification as a function of reaction 
kinetics are tabulated in Table 11. 

1.8 r 

1.6 

T/Tgo 
1.4 

1.2 

1.0 

0.8  I 1 I I I 

0. 0 1.0 2. 0 3.0 4.0 
LOG TIME(MIN1 

Fig. 3. Theoretical isothermal TTT cure diagrams, generated using eqs. (9) and (7) for first (-) 
and second (- * -) order kinetics, and autocatalyzed first (- -) and autocatalyzed second (- - - -) 
order kinetics. The following parameters anticipate experimental results for Epon 828/PACM-20: 
E,/E, = 0.34, FJF,  = 0.19, X,,1= 0.75, TEo = 254"K, Tgm = 439"K, A = 4.5 X lo6 min-', and Ar 
= 25. For simplicity, B (= k ~ / k ' J  = l/* and so is independent of temperature, and m = 1; also the 
numerical value of the rate constant found for first order kinetics is used for the other cases. 
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By definition, gelTg is the temperature at  which the time to gel and the time 
to vitrify are the same. It follows that gelTg is the glass transition of the system 
a t  its gel point. By evaluating eq. (1 )  at X ,  = Xgel, gelTg can be calculated: 

which implies that gelTg is independent of the reaction kinetics. 
Using eqs. (7) and (9), the theoretical TTT cure diagram for a typical amine- 

cured epoxy system is presented in Figure 3 for first-order, second-order, and 
autocatalytic reaction kinetics. This model exhibits the same features as the 
conceptual diagram in Figure 1: the vitrification curve is “S”-shaped, with a 
minimum time to vitrify at high temperatures (near Tgw ) and a maximum time 
to vitrify at  low temperatures (near Tgo), and the gelation curve crosses the vit- 
rification curve at  a characteristic temperature gelTg. The shape of the curve 
is a function of the kinetics as well as the physical property parameters Tgo, gelTg, 
and Tgm , and the relationship between the glass transition temperature and the 
conversion at  Tg. A system which cures according to a first-order mechanism 
gels and vitrifies more rapidly, and has a more abrupt turn around a t  the mini- 
mum time to vitrify than one which cures according to a second-order mechanism. 
An effect of an autocatalytic mechanism is to decrease the minimum time to 
vitrification above gelTg and to increase the maximum time to vitrification below 
gelTg. Autocatalysis retards gelation for the cases considered. 

Viscosity as a Function of Cure 

The zero shear bulk viscosity of a curing resin is directly proportional to the 
weight average molecular weight Mw below the critical molecular weight for chain 
entanglement,l7-19 i.e., 

17 = KMw (11) 

where K is a constant incorporating an Arrhenius viscosity-temperature rela- 
tionship149192-0 

K = qw exp(E,/RT) (12) 

in which r ] ,  is the extrapolated viscosity at  T = 03 and E ,  is the activation en- 
ergy * 

Near the glass transition the viscosity-temperature relationship is no longer 
Arrhenius but is modified by the WLF equation21 

where C1, C2, and To are constants chosen to fit the viscosity-temperature data 
near the glass transition and to match the Arrhenius relationship [eq. (12)] at 
the reference temperature To. Substituting eq. (12) into eq. (11) and then 
combining it with eq. (13) results in the following relationship: 

where TO = 50 + Tg when T < 50 + Tg,  and To = T when T 2 50 + Tg. The 
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Fig. 4. Calculated times to attain specific zero shear rate viscosities a t  various isothermal cure 
temperatures using the time-temperature-viscosity relationships [Eqs. (14), (15), (4), (8)] for 
first-order kinetics. Successive contour lines differ by a factor of 10. The curves approach the 
computed gelation curve above gelTn and the vitrification curve below (Fig. 20). 

reference temperature, Tg + 50, is arbitrarily chosen to be the temperature above 
which the viscosity-temperature relationship is Arrhenius. In order to calculate 
the viscosity of a system while it is curing isothermally, three other relationships 
are required: 

(1) The relation between the weight average molecular weight and extent of 
reaction, which has been derived by Macosko and Miller for nonlinear step- 
growth polymers for cases of as well as unequal reactivity23 of reactive 
species. For a stoichiometric mixture of a difunctional epoxy and a tetrafunc- 
tional amine (assuming equal reactivity of the primary and secondary amine 
hydrogens) the equation reduces to 

(15) 

where MA and ME are the molecular weights of the amine and epoxy monomers, 
respectively, and X is again the extent of reaction. 

(2) The relation between extent of reaction and time, which requires inte- 
gration of the kinetic rate equation [eq. (4)]. 

(3) The relation between extent of conversion and the glass transition, which 
has already been introduced [eq. (111. 

The time required to reach a specified viscosity during isothermal cure can 
be calculated using eqs. (14), (15), (4), (8), and Table 11. Isoviscosity contours 
are plotted on a time-temperature plot (Fig. 4) along with the gelation and vit- 
rification curves for a first order epoxy/amine reaction using the parameters and 
physical constants listed for Epon 828PACM-20 in Table 111. As the glass 
transition (vitrification) is approached, the space between successive contour 
lines decreases more rapidly than for Arrhenius type behavior. Another feature 
of this figure is the way in which the contour lines all converge to the gelation 
line where the weight average molecular weight becomes infinite. This is in 
contrast to other  model^,^^^^^ in which gelation was not accounted for in the 
calculation of rheological properties. 

'/2M; (1 + x2) + Mi(1 + 3 x 2 )  + 4MAMEX M," = 
('/2MA + ME) (1 - 3x2) 
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TABLE I11 
Physical Constants and Other Parameters Used in Viscosity Calculations (Fig. 4) 

Parameter Symbol Value Source 

Molecular weight (amine) (g/mol) MA 210 

Functionality (of amine) f 4 
Molecular weight (epoxy) (g/mol) M E  382 

T, of uncured resin ("C) T g 0  -19 this work 
Tg of fully cured resin ("C) TR" 165 this work 
Ratio of lattice energy (crosslinked/monomer) E,/E, 0.337 this work 
Ratio of segmental mobility (crosslinked/monomer) F,/F,,, 0.194 this work 
Extent of conversion a t  gelation Xgel 0.57 Ref. 2 
WLF, equation constant c1 11 fit 
WLF, equation constant (OK) c2 75 fit 
Universal gas constant (cal/mol-OK) R 1.987 
Kinetic activation energy (cal/mol) E A  12,618 this work 
Kinetic Arrhenius factor (min-') A 4.51 X lo6 this work 
Viscosity activation energy (cal/mol) E ,  27,300 Ref. 20 
Viscosity Arrhenius factor (Pa-s-mol/g) 9- 6.25 X 10-13 Ref. 20 

EXPERIMENTAL 

Materials 

The thermosetting resin investigated was a stoichiometric mixture (1 epoxy/]. 
amine hydrogen) of a diglycidyl ether of Bisphenol A (Shell Epon 828) and 
bis(p -aminocyclohexyl) methane (PACM-20 DuPont) used as received. Epon 
828 is a viscous liquid at  room temperature with an equivalent molecular weight 
of 191 g/mol epoxide, and PACM-20 is a liquid (mp 15OC) with an equivalent 
molecular weight of 52.5 g/mol amine hydrogen. After mixing the viscous so- 
lution (Tg0 = -19OC) at  room temperature with an electric stirrer, the master 
batch was separated into small vials which were stored in liquid nitrogen. For 
each experiment a separate vial was allowed to warm to room temperature before 
i t  was opened (to prevent water from condensing on the resin). Except for the 
gel fraction experiment, in which there was an additional degassing step (20 min, 
25"C), the elapsed time from taking each vial out of the liquid nitrogen to the 
start of the experiment was the same (30 min) so as to synchronize the experi- 
ments using the different techniques. 

EXPERIMENTAL PROCEDURES AND RESULTS 

Torsional Braid Analysis (TBA) 

Each TBA specimen was made by dipping a multifilamented glass braid into 
the epoxy resin and smoothing it between two pieces of paper to remove excess. 
I t  was then mounted in the sample chamber at the temperature of cure in a he- 
lium atmosphere and the modulus and logarithmic decrement at about 1 Hz were 
monitored as a function of time by an automated apparatus (Plastics Analysis 
Instruments, Inc., P.O. Box 408, Princeton, NJ 08540).1,24 At each isothermal 
temperature the specimen was cured until the reaction was either complete or 
quenched, as indicated by a leveling off of the modulus. Typically, three peaks 
in logarithmic decrement were observed during cure, which were identified as 
an isoviscous pregel phenomenon, a liquid-to-rubber transformation (gelation). 
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Fig. 5. TBA spectra during isothermal cure of Epon 828PACM-20 from -15°C to 220°C: (a) 
relative rigidity; (b) logarithmic decrement. 

and vitrification, re~pectively.~,~ Representative spectra are shown in Figures 
5(a) and 5(b), and the times to these events are included in Table IV. Dynamic 
mechanical spectra were then obtained by cooling (at 1.5"C/min) to -190°C and 
then heating (at the same rate) to 200OC. If the resin was only partially cured 
during the isothermal stage, heating the resin to 2OOOC completes the cure (Tgm 
is 165OC). A subsequent scan from 2OOOC to -190OC provides the spectrum of 
the fully cured resin in which three relaxations are observed: the glass transition 
(Tg) ,  a secondary sub-glass transition (T,,,) related to the motion of the 
-CH2--CH(OH)-CH20- group in the epoxy25*26 and a cryogenic relaxation 
below Tsec.26 The values of T,,,, T,,,,, Tg ,  and Tgm obtained from these scans 
are also included in Table IV and plotted in Figure 6. Both T,,, and Tg increase 
with increasing extent of cure (higher isothermal cure temperature), and decrease 
upon degradation (above 22OOC). The cryogenic relaxation decreases in intensity 
with increasing cure. 

As representative examples of the dynamic mechanical spectra of the partially 
cured resin after extended isothermal cure, temperature scans after isothermal 
cure at 5°C (i.e., below gelTg) and after isothermal cure at 89°C (i.e., between gelTg 
and Tg,) are shown in Figures 7(a) and 7(b), respectively. The plots also include 
the temperature scans of the fully cured materials. As the scan reaches tem- 
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TABLE IV 
Time to Pregel, Time to Liquid-to-Rubber, and Time to Vitrification Events, vs. Cure 

Temperature (TBA data); Also: T,,, and T, Data after Extended Isothermal Cure 

260 
240 
220 
197 
165 
161 
158 
156 
150 
139 
130 
120 
110 
89 
70 
65 
39 
17 
5 

-5 
-11 
-15 

Uncured 

6 
12 

18 30 
24 38 
64 141 

189 375 
340 820 

1223 

2377 
2177 
238 
20 
16 
11 
10 
11 
14 
24 
46 
57 

203 
641 

1544 
2948 
2891 
1947 

-34 
-41 
-49 
-55 
-56 
- 60 
-64 
-62 
-63 
-70 
-74 
-80 

-56 
-50 
-46 
-29 
-28 
-30 
- 

- 

-32 
-31 
-31 
-30 
-28 
-27 
-28 
-29 
-30 
- 30 
-32 
- 28 
-33 
-30 

166 
171 
169 
162 
162 
162 
161 
158 
155 
130 
117 
100 

67 
40 

4 
-2 

-12 
-19 

- 

- 

170 
149 
151 
159 
164 
169 

165 
165 
163 
165 
164 
167 
165 
165 
167 
162 
164 
158 
169 
162 
162 

- 

peratures above the temperature of cure, the extent of cure changes during 
measurement. The temperature scan (-190°C to 200°C) of the material cured 
at  5°C displays six loss peaks [Fig. 7(a)] which are designated Tcryogenic, T,,,, T,, 
TR , revitrification, and devitrification (T,) in order of increasing temperature. 
The TR loss peak arises when the temperature scan rate equals the glass tran- 

2501 

m 

50 - 

-100' ' ' ' ' ' 
-50 0 50 100 150 200 250 

T(cure )  (C) 
Fig. 6. T,,, (*) and Tg (*) as a function of the cure temperature of Epon 828PACM-20, and Tsecm 

(+) and Tgm (+) after heating to 200°C. 
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Fig. 7. (a) TBA spectra after isothermal cure a t  5°C of Epon 828/PACM-20: 5 - -190 - 200 - -190OC (1.5OC/min). Compare the behavior of the undercured material (which displays six loss 
peaks) with that of the fully cured material (which displays two distinct loss peaks). (b) TBA spectra 
after isothermal cure a t  89OC of Epon 828h'ACM-20 89 - -190 + 200 - -190OC (1.5OC/min). 
Compare the behavior of the undercured and fully cured materials which display three and two 
distinct loss peaks, respectively. 

sition temperature's rate of i n c r e a ~ e . ~ ~ . ~ ~  The spectrum of the material cured 
isothermally above gelTg [Fig. 7(b)] differs from that cured below gelTg [Fig. 7(a)] 
in the following respects: the temperature window between Tg and revitrifi- 
cation is narrower; there is no hysteresis between cooling and heating in the glassy 
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0 1 2  
LOG TIME(min) 

Fig. 8. RDS spectra during isothermal cure from 42°C to 151'C of Epon 828PACM-20: Top: 
Dynamic shear modulus; bottom: dynamic loss modulus. 

state (which is a consequence of the higher molecular weight); and the pattern 
for the two glassy state relaxations is closer to that of the fully cured material. 

The modulus between T,,, and Tg of the partially cured material is greater 
than that of the fully cured material. Similar results have been obtained for 
other ~ y s t e m s . ~ ~ J  This has been associated with a decrease in density in the 
glassy state and an increase in equilibrium moisture content with increasing 
extent of ~ure.~993O 

Rheometrics Dynamic Spectrometer (RDS) 

Dynamic viscosity q*, elastic modulus G', and loss modulus G" were obtained 
from oscillatory shear measurements a t  1.6 Hz as a function of time at  various 
temperatures using parallel plates (25 mm diameter) separated by a 0.5 mm gap. 
(The sample chamber had been preheated to the cure temperature and was 
purged with nitrogen.) In the fluid state the maximum deformation was 5%; 
as the modulus increased, the deformation was decreased so as to keep the torque 
from going off scale. The G' and G" data are shown in Figure 8, and the times 

TABLE V 
Time to Liauid-to-Rubber and Time to Vitrification Events (RDS Data) 

Tcure ("C) tliquid-to-rubber b i n )  tvit  b i n )  
151 1.8 7 
133 4.3 12 
112 6.8 11 
92 12.3 18 
71 27.2 35 
51 - 76 
42 - 149 
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Fig. 9. Isoviscosity (dynamic) contours (RDS data); also TBA pregel(O), liquid-to-rubber (X), 
and vitrification (0) events. 

to the liquid-to-rubber transformation and vitrification, obtained from the 
shoulder and peak, respectively, in the G ”  data, are tabulated in Table V. 

The dynamic viscosity is plotted as isoviscosity contours in Figure 9. Also 
plotted are the times to the three events observed in the TBA data: the first 
event occurs a t  approximately the same viscosity1 (>lo00 P) over the common 
temperature range in which it was observed, whereas the second event cuts across 
the isoviscosity contours above 50°C. 

Infrared Spectroscopy (FT-IR) 

Infrared spectra from 4000 to 400 cm-l were collected using an FT-IR spec- 
trometer (Nicolet 7199), equipped with a liquid nitrogen cooled detector 
(HgCdTe) and a temperature programmer (Tetrahedron Wizard). Spectra were 
averaged over 32 scans taken at 4 cm-l resolution. A drop of uncured resin was 
sandwiched between two NaCl plates which were then placed in a tempera- 
ture-controlled cell (Wilkes). The spectrometer was continuously purged with 
nitrogen. A series of spectra was obtained at each temperature, at temperatures 
ranging from 25 to 150°C. 

A typical spectrum of uncured Epon 828DACM-20 taken at room temperature 
is shown in Figure 10. The extent of reaction at  any time can be related to the 
ratio of the area of the epoxide peak at 915 cm-l to its initial area. To eliminate 
error due to sample slippage, etc., the epoxide peak can be normalized by dividing 
its area by that of a reference peak (1184 cm-l). The 1184 cm-’ peak, due to 
C-C stretching of the bridge carbon atom between the two p-phenylene 
groups,3l is the preferred choice over the aromatic bands at 1607 and 1501 cm-l 
due to the interference of the latter with the changing primary and secondary 
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Fig. 10. FTIR spectrum of Epon 828/PACM-20: 4000 cm-' to 400 em-'. 

amine bands at  1625 and 1508 cm-l, respectively. Therefore, 

where Agldt) is the absorbance at 915 cm-l at  time t ,  A1184(t) is the absorbance 
at  1184 cm-l at  time t ,  Aepoxy(t) is the fraction of unreacted epoxy at  time t ,  and 
X is the extent of reaction with respect to epoxy. 

The extent of conversion with respect to the epoxide group [as calculated in 
eq. (16)] is plotted in Figure 11 for several cure temperatures. At  temperatures 
below 15OOC the reaction is quenched by vitrification before it can reach com- 
pletion. By plotting the extent of reaction as if it obeyed first-order reaction 
kinetics [n = 1 in eq. (5)] the apparent rate constant can be calculated from the 
slope of the linear portion (Fig. 12). The rate constants, the times at  which the 
data deviate from a straight line (which was found to correspond to the vitrifi- 
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Fig. 12. Extent of conversion data (Fig. 11) plotted as first order kinetics. The slope of the linear 
portion is equal to the rate constant (see Table VI). 

cation times), the times to vitrification, and the fractional conversion at  vitrifi- 
cation (obtained from comparison of the isothermal extent of conversion data 
and the time to vitrification data) are tabulated in Table VI. 

Gel Fraction 

Small amounts (1-2 mL) of uncured resin were placed in ampules, degassed 
a t  1 torr for 20 min (until the bubbles disappeared), sealed in a helium atmo- 
sphere, and placed in a heated oil bath held at a fixed temperature. The ampules 
were removed at selected intervals, quenched in liquid nitrogen, broken, and the 
soluble portion was extracted with dichloromethane for 3 h using a Soxhlet ex- 
traction column with coarse thimbles. The insoluble portion (gel) was then dried, 
weighed, and compared to the initial weight (before extraction) to give a gel 
fraction. This procedure was carried out with 10 samples a t  each of six cure 
temperatures ranging from 40°C to 90OC. 

TABLE VI 
Rate Constants, Times to Deviation from First Order Kinetics, Times to Vitrification, and 

Extents of Conversion a t  Vitrification vs. Temperature 

Tcure Rate constanta tdeviation' tvitb 
("C) (min-1) (min) (min) xKa 

- 16 150 1.23 - 
111 0.275 15 13 0.96 
93 0.151 21 20 0.94 
84 0.0951 28 27 0.92 
61 0.0268 69 68 0.83 
52 0.0136 93 103 0.73 
43 0.00868 152 167 0.72 
34 0.00465 251 244 0.67 
25 0.00231 384 386 0.57 

a IR data (see Fig. 12). 
TBA data (see Fig. 18). 
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Fig. 13. Gel fraction versus time during isothermal cure for Epon 828PACM-20 from 50°C to 
88°C. 

The gel fraction is plotted in Figure 13 as a function of time for several tem- 
peratures, and the gel points (defined as the onset of insolubility) are tabulated 
in Table VII. 

Thermogravimetry (TGA) 

Uncured samples were run at  5"C/min as well as isothermally at  225°C and 
250°C under a nitrogen atmosphere in a DuPont 950 TGA. Figure 14 indicates 
that weight loss begins in the vicinity of 285OC at a scan rate of 5"C/min. Iso- 
thermally at  225°C 1% was lost after 10 h, and at  250°C 1% was lost after 5 h. 

DISCUSSION 

The TBA and RDS data provide the basis for generating a TTT cure diagram. 
The times to the liquid-to-rubber transformation and vitrification are plotted 
in Figure 15 as a function of the reduced isothermal cure temperature: except 
for the RDS vitrification data at T* = 1.66 (150"C), the TBA and RDS data are 
consistent above gel Tg [ge~Tg* = 1.27 (49OC)I. The shoulder in G" of the RDS 

TABLE VII 
Times to Gel at Various Temperatures (Gel Fraction Data) 

~~ ~ 

tgel (mid Tcure(OC) ~~~ ~~ ~ ~ _ ___~______  

88 
79 
68 
58 
50 

9 
13 
38 
72 

165 
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Fig. 14. Thermogravimetry scan of uncured Epon 828PACM-20 a t  5”C/min in nitrogen atmo- 
sphere. 

data (Fig. 8) vanishes as the cure temperature decreases to gelTgr but the corre- 
sponding TBA peak persists a t  lower temperatures.l In addition, the times at  
which the kinetics begin to deviate from first order kinetics (Table VI) are also 
plotted in Figure 15 (designated “diffusion”): the fact that they lie on the 
“S”-shaped vitrification curve, determined by the peak in the logarithmic dec- 
rement (TBA), indicates that the reaction proceeds normally until the system 
vitrifies, i.e., there is no change in reaction mechanism or apparent rate constant 
at g e l a t i ~ n , ~ ~  but the reaction becomes diffusion-controlled as it vitrifies. 

The events identified as the liquid-to-rubber transformation can be correlated 
with molecular gelation by the gel fraction experiments. In Figure 16 these gel 
times (Table VII) have been included on the TTT diagram consisting of the TBA 
and RDS data. In Figure 17 the Arrhenius plot of rate constants determined 
by infrared (Table VI) is compared with the time-to-gel data obtained by gel 
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Fig. 15. TTT diagram of Epon 828PACM-20: TBA, RDS, and IR data. TBA: (0) vitrification; 
(+) liquid-to-rubber; (*) pregel. RDS: ( 0 )  vitrification; (0 )  liquid-to-rubber. IR: (0) diffu- 
sion. 
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vitrification; (+) liquid-to-rubber; (*) pregel. RDS: (0 )  vitrification; ( 0 )  liquid-to-rubber. Gel 
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fraction, TBA, and RDS experiments. The activation energies, obtained inde- 
pendently by each of these techniques, are listed in Table VIII. In the Epon 
828PACM-20 system the correlation is not as good as for other systems (see 
Appendix). 

Since the material gels a t  50°C but not a t  41"C, gelTg lies between 41°C and 
50°C. 

The extent of reaction at  gelation can be determined by plotting the times to 
gel on a plot of extent of conversion contours. In Figure 18 it is seen that gelation 
occurs between 70% and 80% conversion over the 'entire temperature range. 
According to a statistical approach by F l ~ r y ~ , ~ ~  the critical extent of reaction at 
the gel point (Xgel)  is 

(17) Xgel = l/[r + rp(f - 2)]1/2 

8. 0 r I 1 8.0 

6 R  i ' /  i t  
I. ., 

w 5 2. 0 
t 
C - 17 I I 

0. 0 

I 
-2.0 ' 1-2.0 

2.0 2.5 3. 0 3.5 4.0 
1000/T (K) 

Fig. 17. Arrhenius plots of IR rate constants, gel times (gel fraction data), and times to liquid- 
to-rubber transformation (TBA and RDS data) for Epon 828/PACM-20. Activation energy (kcall 
mol): (*) 16.8 (gel fraction); (+) 12.6 (FT-IR); (0) 10.7 (TBA); (0) 9.3 (RDS). 
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TABLE VIII 
Comparison of Activation Energy Using Various Techniques 

Technique EA (kcal/mol) Aa (min-I) 

IR 12.6 4.51 X lo6 
Gel fraction 16.8 
TBA 10.7 
RDS 9.3 

a Arrhenius factor determined from intercept of Arrhenius plot (Fig. 17). 

where r is the ratio of epoxide to amine hydrogen, p is the fraction of amine hy- 
drogen that is part of a multifunctional reactant (f > Z), and f is the functionality 
of the branching units. For the Epon 828/PACM-20 system, r = p = 1 and f = 
4, so 

Xgel = 1/[1 + (4 - 2)]1’2 (18) 

The discrepancy between the experimental (0.7-0.8) and theoretical (0.57) 
values for Xgel may be attributed to the unequal reactivity of the primary and 
secondary amines. There is spectroscopic evidence34 which suggests that, al- 
though the amine-epoxide reaction predominates prior to gelation, only ap- 
proximately half of the secondary amine hydrogens have reacted by the time all 
of the epoxides have reacted. This implies that a second crosslinking reaction 
mechanism is operative, presumably epoxide-epoxide or hydroxyl-epoxide. 

COMPARISON OF THE MODEL AND EXPERIMENTAL DATA 

The relationship between the extent of conversion at vitrification and the glass 
transition temperature is the basis of the TTT cure diagram because when it is 
coupled with the reaction kinetics it can be used to generate the “S”-shaped 
vitrification curve. The extent of conversion at  the time of vitrification was 

10 
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Fig. 18. Extent of isoconversion contours, gel fraction data, and times to vitrification data (T,) 
for Epon 828/PACM-20. The extent of conversion at  gelation is between 70% and 80%. 
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Fig. 19. Extent of conversion at vitrification as a function of temperature for Epon 828/PACM-20. 
Line is best fit of data (Table VI) to eq. (8). 

obtained from the IR data a t  each cure temperature, interpolating the times to 
vitrification from the TBA data (Table IV and Fig. 15). The curve in Figure 19 
defines the extent of conversion at vitrification: it is a fit of eq. (8) to the extent 
of conversion at  vitrification vs. temperature data. Below the curve the material 
is liquid or gelled rubber; above the curve the material is ungelled glass or gelled 
glass. 

The parameters found from a nonlinear least squares fit35 of the data gave 
values of E,IEm = 0.34 and F,/F, = 0.19 for the relative mobility and lattice 
energies of the segments between crosslinks, respectively. 

Although Di Benedetto estimated EJE,  = 1.2 for the styrene-divinyl-ben- 
zene system? and Williams assumed it to be unity for most thermosets? there 
is no a priori reason for it to be limited to these values, since it can be approxi- 
mated by9 

where d, and d, are the densities, (MO), and (M& are the monomer unit mo- 
lecular weights, and 6, and 6, are the solubility parameters of uncrosslinked 
and crosslinked polymer, respectively. The values of EJE,  found for Epon 
828RACM-20 and the systems listed in Table I tend to be less than 1, suggesting 
that dmld, < 1 andlor 6,/6, < 1. According to Nielsen, the ratio F,IF, is ex- 
pected to be zero, whereas Williams found it to be approximately 0.7 for several 
thermosets. The present analysis, which utilizes both ratios, finds that values 
of FxIFm range between 0.19 and 0.7. Using the values of the ratios of lattice 
energies and segmental mobilities obtained for Epon 828PACM-20 in eq. 10, 
gelTg is 49OC for X,, = 0.75. 

Figure 20 is the experimentally determined T” cure diagram, with data from 
TBA, RDS, gel fraction, and IR experiments, on which have been superimposed 
the theoretical “S”-shaped vitrification and gelation curves for first-order kinetics 
with gelation at  75% conversion. 

Below T* z 1.4 (85OC) the gelation and vitrification curves show excellent 
agreement with the data. On comparing the upper portion of the vitrification 
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Log (TIME) 
Fig. 20. Isothermal TTT cure diagram for Epon 828/PACM-20. Theoretical (solid lines): 

First-order kinetics using the following parameters: Tgo = -19OC, T,, = 166OC, E,/E, = 0.34, 
FJF, = 0.19, EA = 12.6 kcal/mol, A = 4.5 X 106 min-', X,I = 0.75, and gelTg = 49°C. Experimental: 
(*) pregel (TBA); (+) liquid-to-rubber (TBA); (0) vitrification (TBA); (0 )  liquid-to-rubber (RDS); 
( 0 )  vitrification (RDS), (0) diffusion control (IR), (A) gelation (gel fraction). 

curve to the second-order kinetics curve in Figure 3, it appears that the reaction 
mechanism changes from first to second order in the vicinity of 90°C with a 
corresponding shift in the gelation curve as well. [Since this is in the center of 

1.8 i 
1.6 

Tg/Tgo 

1.4 

1.2 

1.0 
0.0 1.0 2.0 3.0 4.0 

Log (TIHE) 
Fig. 21. Isothermal TTT cure diagram for Epon 828/PACM-20. Theoretical (solid lines): T* 

< 1.3: t = t (first order); 1.3 < T* < 2.3: t = [ l  - (T* - T L * ) / ( T ~ I *  - TL*)] t (firstorder) + [(T* 
- TL*)/(Tu* - TL*)] t (second order); Tu* = temperature above which reaction is second order, 
TL* = temperature below which reaction is first order. Experimental: same as for Fig. 20. 
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Fig. 22. TTT cure diagram in terms of log time vs. 1/T (K) for Epon 828/DDS. TBA: (0) vit- 
rification; (+) liquid-to-rubber transformation. Gel fraction: (A) helium; (v) air. Note that in 
this system the pregel event is not observed. Epon 828 is a diglycidyl ether of bisphenol A (Shell 
Chemical Co.). DDS is diamino diphenyl sulfone (Aldrich). 

the temperature range from which the TBA and RDS data were taken to calculate 
the activation energy, it would explain the low values obtained by these tech- 
niques (Table VIII). Gel fraction data were obtained only below 90°C, and all 
but two IR experiments were performed at  temperatures below 90°C. If the IR 
data below 90°C only are analyzed, the revised activation energy from the IR 
data is 13.3 kcal/mol.] By using a weighted average of first- and second-order 
kinetics beginning at T* = 1.3, and first-order kinetics below T* = 1.3, the model 
gives an excellent fit to the data over the entire range (Fig. 21). 
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Fig. 23. TTT cure diagram in terms of log time vs. 1/T (K) for Epon 825/DDS. TBA: (0) vit- 
rification; (+) liquid-to-rubber; (*) pregel. Gel fraction: (v) air. Epon 825 is a diglycidyl ether 
of bisphenol A (Shell Chemical Co.). 
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Fig. 24. TTT cure diagram in terms of log time vs. 1/T (K) for Epon 834/DDS. T B A  (0) vit- 
rification; (+) liquid-to-rubber; (*) pregel. Gel fraction: (v) air. Epon 834 is a diglycidyl ether 
of bisphenol A (Shell Chemical Co.). 

CONCLUSIONS 

The cure of a thermosetting resin can be described by a TTT cure diagram 
showing the times to gelation and to vitrification as a function of isothermal cure 
temperature. For a given system it is defined by the physical parameters of the 
resin, (T,o, ge~Tg,  and Tg,), the reaction kinetics, and the relationships between 
the extent of conversion and gelation, and the extent of conversion and the glass 
transition temperature. The TTT cure diagram for Epon 828/PACM-20, con- 
structed from TBA, RDS, gel fraction, and FT-IR experiments, is qualitatively 
comparable with a theoretically derived "T diagram. The comparison suggests 
that there may be a change in reaction mechanism from first order to a mixture 
of first- and second-order kinetics at 85"C, and demonstrates the utility of this 
type of analysis for thermosetting systems. 

APPENDIX MEASUREMENT OF GELATION TIMES 

In order to construct a TIT cure diagram, measurements of the times to vitrification and to gelation 
are required. The TBA technique gives an unambiguous assignment of vitrification in terms of the 
time (and a frequency) a t  which a peak occurs in the mechanical damping (logarithmic decrement) 
in conjunction with an increase in modulus. An attempt has been made in this report to identify 
the macroscopic liquid-to-rubber transformation with the onset of molecular gelation. The former 
was assigned to the mechanical loss peak occurring immediately prior to that for vitrification in the 
TBA experiment: the latter was assigned by the onset of insolubilization in gel fraction experiments. 
The correlation between these macroscopic and molecular observations was not as g o d  for the Epon 
828PACM-20 system (Fig. 17) as it is for other systems. Three examples for which the correlation 
is better are shown in Figures 22-24. 

This research was partially supported by the Army Research Office. 
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