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SYNOPSIS 

Isothermal properties of thermosetting materials after cure, such as density and modulus, 
pass through maximum and minimum values with increasing chemical conversion. In this 
report observed decreases in modulus and density at isothermal temperatures below the 
glass-transition temperature, T,, are termed “anomalous.” Four diepoxide (diglycidyl ether 
of bisphenol A) and tetrafunctional diamine (trimethylene glycol di-p-aminobenzoate) high 
T, thermosetting systems with different ratios of amine to epoxy were investigated for the 
purpose of analyzing the evolution of the isothermal properties with increasing conversion. 
The density, T,, and modulus of the materials with increasing conversion were measured 
by a combination of dilatometric, differential scanning calorimetry, and torsional braid 
analysis techniques. The results are presented in the form of conversion-temperature- 
property (T,TP) diagrams with modulus and density as the properties. T, is used as a direct 
measure of conversion based on the one-to-one relationship between T, and conversion. 
The property-conversion behavior of the systems with different ratios of amine to epoxy 
show similar behavior if T, is used as the measure of conversion and the data are normalized 
with respect to T, at a conversion corresponding to the lower limit of the conversion range 
at which a maximum in the isothermal modulus occurs. The conversion corresponding to 
molecular gelation, .+T,, correlates with the lower limit of the conversion range at which 
the maximum in isothermal modulus occurs; also marks a change in the behavior of 
the sub-T, mechanical relaxations vs. conversion. The conversion corresponding to the 
maximum in isothermal modulus vs. conversion correlates with the conversion corresponding 
to the maximum in isothermal density vs. conversion. 0 1995 John Wiley & Sons, Inc. 

INTRODUCTION 25OC’ have been correlated with other properties a t  

There is evidence in the literature pertaining to the 
so-called “anomalous behavior” of the isothermal 
density in the glassy state of thermosetting materials 
decreasing with increasing chemical conversion (or 
increasing glass-transition temperature, Tg).14 The 
changes in density with conversion have been cor- 
related with other properties of thermosets. For high 
Tg epoxy-amine systems, the changes in density at 

25°C such as the modulus passing through a max- 
imum with increasing c o n ~ e r s i o n ~ ~ ~  and the equilib- 
rium moisture content increasing at  later stages of 
conversion? Other researchers also found changes 
in isothermal properties, such as high strain 
strength,” equilibrium moisture absorption; initial 
water diffusion coefficient,2 and low-strain modu- 
1us,”,12 to reflect the anomalous change in density 
with conversion. 

Noncrosslinking thermosetting systems that - -~ 
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harden due to reactions during cure, for example, 
a linear polyamic acid ester to polyimide sys- 
tem, also show anomalous behavior of the iso- 
thermal modulus decreasing with increasing con- 
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It is not possible to fully understand the glassy 
state behavior of thermosetting materials without 
understanding the anomalous behavior. It is impor- 
tant therefore to identify the sources that can con- 
tribute to the changing density in the glassy state 
of a material after cure vs. chemical conversion. Fig- 
ure 1 is a flow sheet of some of the phenomena that 
determine the glassy state density of a single phase 
thermosetting system and examples of processes and 
properties that are intimately related to the density. 
Analysis of the anomalous behavior is complicated 
by the multitude of interrelated variables that have 
an effect on the density. These include temperature 
gradients during solidification (i.e., vitrification), 
constraints due to adhesion to a substrate or an en- 
closure, and other processing variables. Use of sol- 
vents and catalysts (more generally, any small mol- 

ecule) that may plasticize the polymer must be con- 
sidered when investigating density trends. Molding 
techniques can have an effect on the density of the 
material (e.g., frozen-in flow patterns can result in 
anisotropic behavior of the solid). Thermal degra- 
dation reactions that occur at high cure tempera- 
tures, T,,, which are utilized in an attempt to induce 
"full" conversion, should also be considered. 

The anomaly has been analyzed by measuring 
other properties that depend on density. However, 
because these properties are not a function of density 
alone, caution must be made in relating the anom- 
alous density behavior to them. Water absorption 
is an example of a property that may change during 
cure in epoxy systems due to both density changes 
and changes in the polarity of the internal structure 
(e.g., concentration of hydroxyl groups in an epoxy- 

[=][=) Composites [=] [=] 

1 Material Choice: ~onomers 
solvent, catalyst. fillas, etc.. 

Figure 1 Schematic diagram showing some of the factors and processes (bottom) that 
affect the density of a thermosetting system and examples of properties (top) that depend 
on density. 
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amine reacting system). The modulus of a thermo- 
setting system is affected by density and also by 
other quantities, such as intermolecular forces, in- 
tramolecular forces, molecular structure (e.g., cross- 
link concentration and molecular weight), temper- 
ature, and relaxational events. 

Physical aging, the spontaneous process of a 
nonequilibrium glassy material to densify in an at- 
tempt to attain its equilibrium state, plays a role in 
changing the glassy state proper tie^.'*'^-'^ Physical 
aging alters the free volume, the macroscopic vol- 
ume, the modulus, etc., of a glass. Physical aging 
effects arise during cure (when Tg rises above T,,,), 
during storage below Tg, and from different cooling 
rates from above Tg into the glassy state. It is nec- 
essary to identify physical aging effects when in- 
vestigating the behavior of thermosets vs. conver- 
sion. 

Two approaches can be used to alter the concen- 
tration of crosslinking sites in thermosetting sys- 
tems. One is to vary the ratio of the different mono- 
mers in the initial formulation so that after full 
thermal cure the systems have different crosslink 
concentrations. Complications arise due to the un- 
certainty of the different systems to achieve full 
conversion (i.e., complete conversion of the deficient 
species). Small concentrations of unreacted material 
in a thermosetting system can have a significant in- 
fluence on material behavior; for example, Tg may 
increase dramatically when the chemical conversion 
of a thermosetting system approaches completion." 

Another approach involves using a single initial 
reactive thermosetting formulation and comparing 
its properties vs. chemical conversion from the un- 
cured state (no crosslinks) to the fully cured state 
(maximum crosslinks). This approach is particularly 
attractive if conversion uniquely relates to molecular 
structure. The molecular architecture can be inferred 
at any conversion for different time and temperature 
paths of reaction if the kinetics of the competing 
reactions are known. This method has the advantage 
that it is not necessary to attempt full conversion 
of different formulations for comparison. Compli- 
cations arise due to the handling and characterizing 
of undercured specimens. Ungelled specimens tend 
to be brittle below their Tg, and flow above their TB' 
Also, undercured specimens may react during char- 
acterization at temperatures above or near the pre- 
vious cure temperature (e.g., during measurement 
of Tg). It is noted that for both approaches to chang- 
ing the internal structure, the structures being com- 
pared differ more than in crosslinking density. 

This report describes use of the above two ap- 
proaches to investigate the changes of properties 

with increase of conversion. Measurements of prop- 
erties (i.e., modulus and density) of a diglycidyl ether 
of bisphenol A (diepoxide, DGEBA) and a trime- 
thylene glycol di-p-aminobenzoate (tetrafunctional 
aromatic diamine, TMAB) high Tg thermosetting 
system with different ratios of amino hydrogen at- 
oms to epoxide groups ( r )  vs. conversion are pre- 
sented. Precautions have been taken to compare 
specimens in which the effects of physical aging have 
been minimized. Tg is used as a direct measure of 
conversion on the basis of experimental results 
showing a one-to-one relationship between Tg and 
conversion.20-23 

The chemical kinetics of this thermosetting 
family20-22,24 and the effect of physical aging on the 
dynamic mechanical behavior of the material with 
r = 1 in the fully cured state17 and vs. chemical 
conver~ion'~ have been reported. 

The isothermal behavior of properties measured 
after thermal cure vs. chemical conversion may be 
succinctly summarized and related to events such 
as gelation, vitrification, and other transitions by 
using a plot with conversion, as measured by Tg, and 
temperature as coordinates for a base plane and 
projecting the values of a physical property onto the 
base plane. The resulting plot is termed a conver- 
sion-temperature-property (T,TP) diagram.7~8.'2~'3 It 
is shown herein that the T,TP diagrams constructed 
using the low-strain shear modulus and the density 
as the property are qualitatively the same for mea- 
surement temperatures above the Tg of the un- 
reacted formulation, Tgo. 

An integrated review of research in our laboratory 
on the cure and evolution of properties of thermo- 
setting systems has been p~blished.'~ The present 
work forms part of a Ph.D. thesis.26 

EXPERIMENTAL 

Chemical Systems 

The systems investigated were formulated with four 
different ratios of a diglycidyl ether of bisphenol A 
(DGEBA) [DER332, Dow Chemical Co.] and the 
tetrafunctional aromatic diamine, trimethylene gly- 
col di-p-aminobenzoate (TMAB) [Polacure 740M, 
Air Products Co.]. The chemical structures and 
principal reactions are shown in Figure 2. The epoxy 
monomer is a viscous liquid at 25°C and has a theo- 
retical epoxide equivalent weight, EEW, of 174.4 g/ 
eq (determined by bromine titration by Dow Chem- 
ical Co., cf. EEW = 170 g/eq for the pure chemical). 
The amine curing agent is a highly crystalline solid 
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THERMOSETTING SYSTEM: REACTANTS 

diglycidyl ether of bisphenol-A (DGEBA) 

trimethylene glycol di-paminobenzoate (TMAB) 

REACTIONS : 

-CH-CHZ-N- 
I I ,oj + -CH-CH2-N- + 
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HO-CH 

I 

-CH- 
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OH 

-CH- 
I 
OH 
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Figure 2 Chemical reactants and reactions. 

at room temperature (mp = 125°C) with a theoret- 
ical amino hydrogen equivalent weight of 78.5 g/eq. 
The principal parameters of the uncured and fully 
cured systems are defined and included in Table I. 

During thermal cure, at all ratios of amine to 
epoxy, the epoxy groups react with primary and sec- 
ondary amino hydrogens (Fig. 2). In epoxy-rich sys- 
tems, the excess epoxy groups may react with hy- 
droxyl groups that form by the epoxy/amine reac- 
tion. The reaction of epoxy with hydroxyl in the 
epoxy-rich systems generally occurs after the more 
reactive amine groups have been depleted.22 

Mixing Procedure 

Four different mixtures, with ratios ( r )  of amino hy- 
drogen atoms to epoxide groups, r = 1.2, 1.0, 0.9, 
and 0.8, were prepared according to the following 
procedure. The crystalline amine was added to the 
heated liquid epoxy monomer at 100°C. The mix- 
ture, approximately 50 g, was then vigorously stirred 
for 30 min. This procedure was adopted to ensure 
homogenous mixing and to avoid the use of solvent, 
the presence of which could complicate the chemical 
kinetics and the determination of the chemical 
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Table I Principal Parameters for DGEBA/TMAB Systems 

a3 23 -124 
1.2 0.53 11 -156 39 47 164 -39 
1 .o 0.58 -1 -155 36 42 180 -44 
0.9 0.61 -1 -156 44 178 -44 
0.8 0.65 -6 - 156 50 57 188 -52 
0 -14 - 149 

(1) r is the ratio of amino hydrogens to epoxide groups in the initial formulation. r = 03 corresponds to pure TMAB and r = 0 

(2) X,, is the molecular gelation conversion from Flory's theory.m31 
(3) Tg of the unreacted system. 
(4) Glassy-state relaxation temperature of the unreacted system. 
(5) ,T,(min) is the minimum value of eTg. .Tg is the TB at a conversion corresponding to a maximum in isothermal modulus vs. 

(6) is the value of Tg at a conversion corresponding to molecular gelation. Values of ,,Tg were obtained from Tg vs. conversion 

(7) Tg of the fully cured system. 
(8) Glassy-state relaxation temperature of the fully reacted system. 

corresponds to pure DER 332. 

conversion (see text). 

data in Gillham et aLMZ2 Values of Tg vs. conversion in Gillham et a1.m22 were acquired using differential scanning calorimetry. 

structure vs. properties behavior of the material.20 
Immediately after mixing, the liquid was degassed 
under vacuum (E 1 torr) at 75°C for 15 min. The 
resulting clear viscous liquid mixture was poured 
into numerous aluminum weighing pans, which were 
individually sealed in plastic bags, kept inside a des- 
sicator, and stored in the freezer part of a refrigerator 
(T = -2O"C, i.e., below the Tg of the unreacted ma- 
terial). 

Torsional Braid Analysis (TBA) 

TBA, which uses a composite specimen as the active 
part of a freely oscillating torsional pendulum, was 
performed on the four samples with different ratios of 
amino hydrogen to epoxide. Each sample was taken 
out of the freezer and allowed to stand at 25°C for 30 
min inside the dessicator before removal. A heat- 
cleaned-in-air glass braid was dipped in the viscous 
reactive liquid mixture at room temperature for 30 
min. The impregnated glass braid was then squeezed 
between aluminum foil to remove excess liquid ma- 
terial and to insure good wetting of the glass filaments. 
The final amount of material on the braid was ap- 
proximately 15 mg. The specimen (dimensions ap- 
proximately 1 mm in diameter and 50 mm in length) 
was mounted to form the TBA inner pendulum, which 
was inserted into the preheated chamber of the TBA 
instrument (4OOC). All experiments were performed 
in an atmosphere of flowing helium. Reviews of the 
TBA technique have been p ~ b l i s h e d . ~ , ~ ~ , ~  The auto- 
mated instrument is available from Plastics Analysis 
Instruments, Inc. (Princeton, NJ). 

In the TBA experiment, the torsion pendulum is 
intermittently set into motion to produce a series of 
freely damped waves. The frequency and logarithmic 
decrement of the free oscillations in each wave are 
determined; they are related to the in-phase shear 
modulus and tan 6 of the composite specimen. The 
reported parameters of the TBA experiment are 
the relative rigidity (f'), logarithmic decrement 
(A = T tan 6), and relative out-of-phase shear mod- 
ulus (aG"), as defined27: 

G' 
K I ( ~ T ) ~  

f 2  E ~ 

(3) 

where f is the frequency of oscillation, G' is the in- 
phase shear modulus, GI' is the out-of-phase shear 
modulus, K is a geometric constant for a given spec- 
imen, I is the moment of rotational inertia of the mov- 
ing parts of the pendulum, Ai and Ai+l are the ampli- 
tudes of successive peaks in the damped wave, and 6 
is the phase angle between stress and strain. The con- 
stant a = ~/I(r(27r)~ is shown in eq. (3). The relative 
rigidity is proportional to the in-phase shear modulus 
and is therefore referred to as the modulus in this 
work. The frequency typically ranges from 0.2 to 3 
Hz; measurements of frequency are sensitive to 
changes of 0.0001 Hz. Tg occurs at about 0.7 Hz; TB 
and T, (both less than T,) occur at about 1.1 Hz for 
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all specimens. All heating and cooling rates used in 
the TBA experiments were l"C/min and 1.5"C/min, 
respectively. TBA measurements were taken at ap- 
proximately 2°C intervals during temperature ramps. 

Descriptions of the curing and measuring pro- 
cedures in the TBA experiment follow. An uncured 
specimen was initially heated from 40 to 100°C be- 
fore being cooled to -180°C. Dynamic mechanical 
measurements obtained during cooling (and heating) 
provided the modulus (relative rigidity) and the me- 
chanical damping (logarithmic decrement and rel- 
ative loss modulus) data vs. temperature. The tem- 
peratures of the maxima in the relative loss modulus 
obtained on cooling were used to assign the values 
of the relaxation temperatures, i.e., the glass-tran- 
sition (relaxation) temperature (T,) and the sub-T, 
glassy state relaxation temperatures (T, and T,, 
where T, > T,). Data on cooling (rather than on 
heating) were utilized to minimize the effect of 
physical aging on the properties of the material. The 
specimen was then heated to above its T, where ad- 
ditional reaction could occur and raise the value of 
TB. The specimen was then cooled to -180°C while 
the dynamic mechanical behavior was obtained. The 
heating and cooling cycle was performed approxi- 
mately 15 more times with progressively higher 
maximum temperatures until measurements had 
been taken on the specimen from the uncured to the 
fully cured state. This involved heating eventually 
to above T,,, the highest measured value of Tg, for 
the four specimens. A single TBA specimen was used 
for each of the four systems. 

Data for the isothermal modulus vs. conversion 
are reported using data obtained during cooling. The 
corresponding data for isothermal mechanical loss 
(A and aG") are not reported here. It is assumed that 
the specimen had a constant mass and unchanged 
dimensions throughout the experiment. It is also as- 
sumed that microcracking was negligible for the 
temperature-conversion range of the data reported. 
An absence of hysteresis in the modulus vs. tem- 
perature plots between cooling and subsequent 
heating at a given conversion is evidence for the 
absence of microcracking. 

The TBA unit is a convenient oven for heating and 
cooling small specimens at controlled rates in an inert 
atmosphere (without performing torsional pendulum 
experiments). A holding cell, designed for the TBA 
unit, allows 12 specimens, each with dimensions less 
than 10 X 10 X 4 mm, to be supported within the TBA 
oven. Specimens that were to be analyzed in a density 
gradient column or by a differential scanning calorim- 
eter were thermally treated in an atmosphere of flow- 

ing helium in the TBA oven prior to analysis (see 
following). 

Preparation and Curing Procedure of Specimens 
for Dilatometric and Differential Scanning 
Calorimetric (DSC) Experiments 

The system with r = 1.0 was used for density and 
thermal expansion coefficient measurements and for 
DSC experiments. The following procedure was 
performed repeatedly to produce specimens with dif- 
ferent extents of cure. The initial reactive mixture, 
inside its plastic bag, was removed from the freezer 
and allowed at least 20 min to reach room temper- 
ature before being taken out of the bag (in order to 
prevent condensation of moisture from the atmo- 
sphere on the surface of the cold material). A portion 
of the liquid mixture was poured into an aluminum 
dish and degassed in a vacuum oven for 15 min at  
75OC (E 1 torr). The degassed liquid mixture was 
used to fill a heated multicavity aluminum mold 
(5OOC) that was lined with aluminum foil. The mold 
contained cavities that resulted in disk-shaped 
specimens for density gradient column measure- 
ments (with diameter approximately 5 mm, thick- 
ness approximately 1 mm, mass approximately 25 
mg). A portion of the degassed liquid mixture was 
also used to fill aluminum molds lined with alumi- 
num foil that produced specimens with a rectangular 
shape (width approximately 6 mm, length approx- 
imately 7 cm, thickness approximately 0.6 mm) for 
measurements of thermal expansion coefficients. 
Portions of the degassed liquid mixture were also 
placed into six DSC pans that were then sealed un- 
der nitrogen (mass of sample per pan - 10 mg) for 
subsequent DSC experiments. 

Specimens of the three types were then placed 
together inside a large, temperature programmable 
oven at ambient temperature and pressure. The oven 
was purged continuously with nitrogen. The tem- 
perature was then raised at 5"C/min to a predeter- 
mined cure temperature, T,,,, held isothermally at 
the cure temperature for 2 h, and then cooled at 
5"C/min to 40°C (see below). The partially and fully 
cured specimens were then removed from the oven. 

At this juncture the values of T, of the specimens 
were determined (see later) using two of the DSC 
specimens; these two DSC specimens were not used 
for any subsequent experiments. The values of T, 
were used to determine the maximum temperature 
for further thermal treatment, as is described in the 
next paragraph. The rectangular specimens for 
thermal expansion coefficient measurements were 
peeled from the aluminum foil and stored inside a 
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dessicator for analysis a t  a later time. The density 
gradient column specimens, or simply "disks," were 
removed from the aluminum foil. The disks were 
inspected using a polarizing light microscope. All 
disk specimens used for further study were free from 
visible voids, bubbles, and cracks that could affect 
the measured macroscopic density of the material. 

For each cure condition (i.e., as defined by the 
maximum temperature of cure), the disks (removed 
from the aluminum mold and foil) and the remaining 
DSC specimens were then heated in the TBA oven 
at  5"C/min to 20°C above their DSC-determined Tg 
values, held at this temperature for 20 min, and then 
cooled at a controlled rate of 5"C/min to 25°C. This 
thermal treatment was performed in the TBA oven 
so that the specimens could be cooled at a constant 
rate of 5"C/min to 25°C (the other larger oven was 
capable of cooling at a constant rate of 5°C only to 
40°C). This additional thermal treatment was also 
intended to remove physical aging effects that may 
have arisen during cure and to relieve stresses that 
may have built up between the specimen and the 
aluminum foil. The disks were again inspected using 
a polarizing light microscope. The disks for density 
determinations and the DSC specimens were ana- 
lyzed within an hour of the additional thermal 
treatment. 

Density Determinations 

The densities of the partially and fully cured spec- 
imens at 24.95 k 0.05"C (hereafter, 25°C) were 
measured using a density gradient column (ASTM 
D1505)29 prepared using toluene and carbon tetra- 
chloride.' The column was calibrated with density 
floats of 1.21053, 1.21477, 1.21953, and 1.22447 g/ 
mL. Density measurements commenced approxi- 
mately 10 min after the additional thermal treat- 
ment in the TBA oven, described above. Two to four 
disk specimens with the same cure history were 
placed individually into the column at approximately 
5-min intervals. The position of each disk in the 
column was recorded vs. time. Each specimen, after 
an initial rapid descent in the column, equilibrated 
at a definite level in the column and maintained 
that level for at least 40 min. The position at 20 min 
was used to determine the reported density of each 
specimen. Reported densities for each value of con- 
version are the average of the two to four specimens. 

DSC Experiments 

Differential Scanning Calorimetric (DSC) experi- 
ments were used to determine Tg, the extent of 

physical aging, and Acp (the difference in heat ca- 
pacities of the liquid or rubbery state and the glassy 
state) of the specimens. The glass transition appears 
as an endothermic shift over a temperature interval 
in the DSC heating scan. The value of Tg was taken 
as the midpoint of the step transition. The value of 
Acp was taken as the difference between the extrap- 
olated liquid or rubbery state and glassy state heat 
capacity vs. temperature data at the defined TB' 

A physically aged specimen displays an endo- 
thermic peak, generally centered in a range from 
approximately Tg to Tg + 10°C. The area under this 
peak, with a baseline constructed from the extrap- 
olated cp vs. temperature data in the liquid or rubbery 
state, was used as an estimate of the extent of phys- 
ical aging that had occurred within the specimen. 
No specimen used for measurements of density or 
thermal expansion coefficients displayed measurable 
aging peaks. 

A differential scanning calorimeter capable of 
controlled cooling to -40°C was used for all DSC 
experiments (Perkin-Elmer DSC-4). The DSC oven 
was purged with dry nitrogen. The weighed speci- 
mens (mass approximately 10 mg) were contained 
in weighed and sealed aluminum DSC pans. DSC 
measurements were performed on specimens after 
curing in the large oven and after additional thermal 
treatment in the TBA oven (the temperature and 
atmosphere of which were closely controlled). Only 
the values of Tg of the specimens that had been cured 
in the larger oven and had experienced the additional 
thermal treatment in the TBA oven are reported 
here. A specimen was placed in the DSC unit at 
25°C and cooled to -30°C at a programmed rate of 
320"C/min. It was then subjected to a temperature 
scan from -30°C to Tg + 40"C, at a heating rate of 
10°C/min. 

Thermal Expansion Coefficient Determinations 

Thermal expansion coefficients of specimens for 
each cure condition were determined using an au- 
tomated dynamic mechanical analyzer of solid ma- 
terials (Rheometrics Solid Analyzer RSAII). A rec- 
tangular specimen (dimensions 0.6 X 5.7 X 22.6 
mm3) was mounted at room temperature in the unit 
using the thin-film fixture. (No dynamic mechanical 
tests were performed using the unit.) The atmo- 
sphere was flowing dry nitrogen. 

The specimen was then heated to approximately 
20°C above Tg and then immediately cooled to 30°C 
at  5"C/min. This procedure was an attempt to re- 
lieve stresses that may have developed by curing in 
the aluminum mold. The specimen was then heated 
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at 5'C/min from 30'C to Tg + 20°C and then im- 
mediately cooled at 5'C/min to 30OC; data collected 
during this cooling ramp were used for the deter- 
mination of the thermal expansion coefficients both 
above and below Tr The value of Tg of each specimen 
was that taken using the corresponding DSC spec- 
imens. 

The RSAII unit was programmed to keep the 
specimen under 10 g of tension (approximately 3 
X lo5 dyne/cm2) during the heating and cooling 
ramps by automatic continuous adjustment of the 
positions of the thin-film fixture clamps. The change 
in position of the clamps was recorded vs. temper- 
ature and the data obtained were used to determine 
the linear dimension (length) of the specimen vs. 
temperature. 

RESULTS AND DISCUSSION 

Principal Parameters of Epoxy-Amine Systems 

The TBA technique was used to determine the prin- 
cipal transition temperatures from the maxima of 
aG" vs. temperature at approximately 1 Hz for the 
systems under investigation; the transition temper- 
atures are included in Table I. Tgo and T,, are the 
glass-transition temperature and secondary glassy- 
state transition temperature of the uncured material, 
respectively. The @-relaxation was not evident in 
the uncured material. Tgw and Tsw are the glass- 
transition temperature and secondary glassy-state 
transition temperature of the fully cured material, 
respectively. The y-relaxation was evident only as 
a low-temperature shoulder on the &relaxation 
damping peak in the fully cured material. It is noted 
that full cure in all of the systems involves complete 
reaction of all of the epoxy groups: for those systems 
with amine hydrogen/epoxy < 1/1 (i-e., r = 0.9 and 
0.8) this involves reaction of excess epoxy with hy- 
droxyl groups.22 

Values for Xgel, the fractional conversion at  mo- 
lecular gelation as calculated using Flory's the- 
0 ~ y , 3 ~ 3 ~ ~  are included in Table I. gelTg is defined as 
the value of Tg at a conversion corresponding to mo- 
lecular gelation. The values of gelTg in Table I were 
obtained from Tg vs. conversion data, obtained by 
DSC, previously reported from this 
.Tg(min) is the minimum value of the glass-transi- 
tion temperature (measured by TBA) at  which the 
isothermal modulus of a material a t  any temperature 
passes through a maximum with increasing conver- 
sion (see later). 

The principal parameters of Tgo, Tyo, T,,, To,, 
Xgel, gelTg, and .Tg(min) provide a framework for de- 

veloping an understanding of the complex behavior 
of the properties of thermosetting systems after cure 
vs. chemical conversion. 

In a previous report originating from this labo- 
r a t ~ r y , ~ , ~  no distinction was made between the y- 
relaxation and the @-relaxation; both relaxations 
were referred to as the @-relaxation. For complete- 
ness, in this report, the y-relaxation and @-relaxa- 
tion have been identified separately (see later). 

In the following discussion, the Tg is used in two 
ways: as an actual value of temperature used to de- 
fine the glass to rubber (or liquid) relaxation at ap- 
proximately 1 Hz; and as a property of a specimen 
that measures the conversion of epoxide. Tg is used 
as a direct measure of conversion based on the one- 
to-one relationship between Tg and c o n v e r ~ i o n . ~ ~ ~ ~  

Data from TBA Experiment 

Examples of the relative rigidity and relative out- 
of-phase shear modulus data for the stoichiometric 
system ( r  = 1.0) at three different conversions are 
shown in Figure 3. The vertical down arrow identifies 
the y-relaxation and the vertical up arrow identifies 
the /3-relaxation for the material with Tg = 64'C. 

THERMOMECHANICAL (TBA) BEHAVIOR 
AT DIFFERENT CONVERSIONS (rd.0) 

- 0.001 

-200 -100 0 100 200 300 

Temperature ("C) 

Figure 3 Thermomechanical (TBA) behavior of stoi- 
chiometric system ( r  = 1.0) at  three different conversions. 
Data were collected on cooling (see text). Vertical arrows 
mark peaks in the aG' data below Tg that correspond to 
the y-relaxation and p-relaxation for the specimen with 
Tg = 64°C. 
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The intensity of the y-relaxation weakens with in- 
creasing T,; the y-relaxation is scarcely apparent 
for Tg = 179°C. 

The P-relaxation is apparent only at conversions 
higher than gelation, or equivalently at T, > gelTg. 
All of the data shown in Figure 3 is of gelled material 
(gelT, for r = 1.0 system is 42”C, Table I). The tem- 
perature T, increases with increasing Tg. 

The isothermal modulus after cure may either in- 
crease, decrease, or experience a maximum with re- 
spect to conversion at a fixed temperature (e.g., T 
= -140, 20, 80”C, respectively, in Fig. 3). The iso- 
thermal modulus is also expected to increase in the 
rubbery state with increasing conversion. In the fol- 
lowing analysis the relative rigidity data at different 
isothermal temperatures are plotted vs. conversion, 
as measured by Te Data at particular temperatures 
were obtained by interpolation of data obtained 
during cooling. (The corresponding mechanical loss 
data are not reported.) 

All isothermal modulus data reported was ob- 
tained on cooling. It is noted that for the ungelled 
material, microcracking generally occurred at tem- 
peratures below -1OOOC. (Microcracking could be 
inferred from the hysteresis between cooling and 
heating data for a fixed conversion.) For this reason 
isothermal modulus vs. conversion data of ungelled 
material are shown only for T > -100°C. However, 
because microcracks did not appear to occur for 
gelled material, isothermal modulus data of gelled - 

material are included for T < 

-20 

-40 

-60 

0 e -80 
Frn 

F* 
3 -100 

-120 

-140 

-160 

cracked specimen could be “healed” (i.e., the micro- 
cracks removed) by heating to just below, as well as 
to above, Te 

Secondary Relaxation Temperatures 
(T7 and TB) vs. Tg 

In Figure 4, temperatures T y  and T, are plotted vs. 
Tg. At low conversions only the y-relaxation peak 
is apparent. At  high conversions the P-relaxation 
peak is pronounced whereas the y-relaxation is only 
detected as a weak shoulder on the low-temperature 
side of the P-relaxation peak. As reported previ- 
ously,7,8 T, is approximately linearly related to Tg 
at conversions above those corresponding to gela- 
tion. 

The temperature values of Tyo for the systems 
with r = 1.2, 1.0, 0.9, and 0.8 are -156, -155, -156, 
and -156”C, respectively. This suggests that the 
temperature location of the peak in the relative out- 
of-phase shear modulus of the y-relaxation (which 
is related to its activation energy at  constant 
frequency32) is independent of the initial ratio of 
amino hydrogens to epoxy groups in the systems. 
The decrease in intensity of the y-relaxation peak 
with increasing conversion suggests that either the 
entities involved in the relaxation are becoming de- 
pleted with increasing conversion or that the de- 
veloping network structure hinders the y-motion. 

Unlike the values of T,, the values of T, show 
-100°C. A micro- systematic variations with respect to the initial ratio 

TyAND T, vs T8 
FOR DIFFERENT STOICHIOMETRIC RATIOS (r) 

n o  

A 
0 

-20 20 60 100 140 180 

T, ec, 
Figure 4 
symbols correspond to T, and T,, respectively (see text). 

T, and T, vs. TB for different stoichiometric ratios. The filled and unfilled 
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of amino hydrogen atoms to epoxy groups (Fig. 4). 
In general, the value of T, at a given Tg (i.e., con- 
version) increases with an increasing ratio of amino 
hydrogen to epoxy groups (increasing r).  This im- 
plies that the temperature location of the peak in 
the relative out-of-phase shear modulus of the @- 
relaxation (which is related to its activation energy 
at a constant frequency) is sensitive to the molecular 
structure or composition of the developing network. 

For the epoxy-rich formulations, r = 0.9 and 0.8, 
T, vs. Tg data show a relatively abrupt increase in 
the range 130 < Tg < 160°C that is not observed for 
the other two systems (Fig. 4). This is a consequence 
of the epoxy reaction with hydroxyl that occurs in 
epoxy-rich systems to produce an ether linkage with 
additional crosslinks.22 It has been shown that in 
the DGEBA/TMAB system with r = 0.8, the epoxy- 
hydroxyl reaction occurs after the depletion of amino 
hydrogens at a conversion value corresponding to a 
Tg value equal to 120°C.22 This implies that the 
epoxy-hydroxyl reaction has a different affect on 
the @-relaxation than the epoxy-amine reactions as 
a consequence of the different structures in the de- 
veloping network. 

Modulus VS. T,(T < -80°C) 

The relative modulus, defined as the relative rigidity 
of the material at any state of cure divided by the 
relative rigidity of the uncured material, is plotted 
in Figure 5 vs. Tg at  T = -90°C for the systems with 
different stoichiometries. The data in Figure 5 have 
been shifted vertically by multiple intervals of 0.05 
for clarity (data for r = 1.2 have not been shifted). 

The isothermal modulus at -90°C vs. Tg sets of 
data appear to be linear in two conversion regions 
separated by the value of gelTg, the pre-gel data hav- 
ing a higher slope than the post-gel data. This be- 
havior has been reported to occur at temperatures 
from -180 to -80°C for the DGEBA/TMAB r = 1.0 
~ y s t e m . ~ . ~  (No physical significance was attributed 
to the temperatures of -80 and -180°C.) 

The increase in isothermal modulus below T, may 
arise for the following reasons: as the sub-T, relax- 
ation transitions rise to above T the relaxations of 
the transitions freeze out; the increasing concentra- 
tion of hydroxyl groups in the system with increasing 
conversion increases the attractive forces (i.e., hy- 
drogen bonding) between submolecular groups; and 
microcracking, on cooling to T from above Tg, could 
be more severe the lower the T, (i-e., the lower the 
conversion). 

Modulus vs. T,(-8OoC < T < T,) 

The behavior of the isothermal modulus after cure 
vs. Tg in the temperature region, -80°C < T < T&, 
is more complicated than below approximately 
-80°C (e.g., T = -9OoC, as above). An example is 
displayed in Figure 6 for the system with r = 1.0 for 
several temperatures (-80, -60, -40, and -20°C). 
The other formulations ( r  = 0.8, 0.9, and 1.2) fol- 
lowed the same pattern in this temperature range. 
The modulus passes through a maximum and then 
a minimum with increasing Tg for some tempera- 
tures (-60, -40, and -20°C). The maximum is in- 
dependent of the temperature and occurs near gelTg- 
The maximum in isothermal modulus below Tgo vs. 
conversion may be due to the competition of factors, 
which increase the modulus (as above), with relax- 
ational or structural factors that reduce the modulus 
with increasing conversion (see later). 

It has been implied in previous ~ o r k ~ , ~  that the 
minimum is due to T, passing through the isother- 
mal temperature with increasing conversion. The 
value of T, = T is marked by the filled down arrows 
in Figure 6. Note that the conversion at which T, 
= T does not correspond directly to the minimum 
in modulus for the data shown in Figure 6. The in- 
crease in the concentration of hydroxyl groups, and 
thus hydrogen bonding, may contribute to the in- 
crease in isothermal modulus vs. conversion before 
T, = T. More generally, there are likely to be off- 
sets between assignments of minimum and maxi- 
mum values of isothermal properties and transi- 
tional assignments with increasing conversion since 
whereas the maxima and minima may correspond 
to a relaxation having completely passed through 
the measurement temperature with increasing con- 
version, the assignment of the relaxation (e.g., of 
Tg, T,. . . ) is not usually made at  the end of a 
relaxation but, for example, from maxima in G' 
or tan 6. 

Modulus vs. T,(T, < T < Tgm) 

At isothermal temperatures for which TBo < T < Tgm 
the material experiences the effects of the transfor- 
mation from liquid to glass (i.e., vitrification) with 
increasing conversion (T,). The modulus of the ma- 
terial with r = 1.0 at 25°C vs. Tg is shown in Figure 
7. The other formulations ( r  = 0.8,0.9, and 1.2) fol- 
lowed the same pattern at this temperature. As Tg 
of the cured material passes through the isothermal 
temperature the modulus rapidly rises. As the glass 
transition rises above a given isothermal tempera- 
ture above Tgo, the relaxations of the transition 
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ISOTHERMAL MODULUS AT -W0C VS Tg 
FOR DIFFERENT STOICHIOMETRIC RATIOS (r) 

0 40 80 120 160 200 

Tg ec, 
modulus vs. TB at T = -90°C. The lines are visual aids only. 

freeze out causing the isothermal modulus to in- 
crease. As Tg further increases above 25°C the mod- 
ulus reaches a maximum value and then decreases 
with increasing Tg The decreasing modulus is at- 
tributed to the increased hindrance of the more ex- 
tensively crosslinked and higher molecular weight 
system to densify and pack tightly. 

This decrease in isothermal modulus in the glassy 
state, after cure and cooling through Tg, with in- 

creasing conversion may be due to structural effects, 
i.e., that increasing crosslinks and increasing mo- 
lecular weight prevent efficient structural packing 
even in the equilibrium state (which would be re- 
alized after infinite time), or due to relaxational (ki- 
netic) effects, i.e., that increasing crosslinks and in- 
creasing molecular weight decrease the rate at which 
the glass densifies in an attempt to achieve its equi- 
librium configuration on cooling through the glass 

0 40 80 120 160 200 

T-8oOC 

T=-6ooC 

T 4 C  

T=-WC 

Figure 6 Isothermal modulus vs. TB for stoichiometric system ( r  = 1.0) for values of T 
= -80, -60, -40, and -20°C. The downward pointing filled arrows mark T,. The downward 
pointing unfilled arrows mark minimum in modulus vs. conversion. The upward pointing 
unfilled arrow marks molecular gelation. 
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Figure 7 
= 1.0) system. 

Modulus vs. TB at 25°C for stoichiometric (F 

transition to the isothermal temperature of mea- 
surement. The relative contributions of structural 
and relaxational factors is not presently well un- 
derstood, but is a key issue in the understanding of 
the glassy state properties of thermosetting systems. 
The structural argument would lead to the isother- 
mal modulus at a cure temperature in the equilib- 
rium rubbery state (e.g., for cure temperature greater 
than Tgm) eventually decreasing with increased con- 
version. If this is found not to be true, the decrease 
in the isothermal glassy state modulus after cure 
with increasing conversion would then presumably 
be the consequence of relaxational (kinetic) effects 
on cooling through Tg to the temperature of mea- 
surement. 

The value of Tg at  which the isothermal modulus 
is at a maximum value is denoted as eTg. .Tg is con- 
sidered to be related to the value of conversion at 
which the entire glass relaxation peak has passed 
above the measurement temperature. At the con- 
version at which the entire glass relaxation has risen 
above the temperature, no further increases in mod- 
ulus are realized by the vitrification process. Further 
increased crosslinks and increased average molec- 
ular weight with increased conversion are considered 
to decrease the packing ability of the glass and de- 
crease the modulus. The isothermal modulus is dis- 
played for several values of T > Tgo for the r = 1.0 
material in Figure 8. The other formulations (F = 0.8, 
0.9, and 1.2) followed the same pattern in this tem- 
perature range. It is anticipated and it is observed 
that eTg increases with increasing T for T > Tgo. 

On the basis of the explanation for the maximum 
in the isothermal modulus vs. conversion for T > Tgo 
being from competition between the effect of vitri- 
fication on cooling from above Tg to T (which in- 
creases the modulus) and the decreasing packing 
ability (which decreases the modulus), it follows that 
vitrification would play no role for isothermal tem- 
peratures sufficiently below the Tgo (e.g., at T 
= -60°C). On this basis, the maximum in isothermal 
modulus that is observed at  -60°C in the vicinity 
of gelation (Fig. 6) is the consequence of factors other 
than vitrification. 

The values of .Tg for the systems with different 
values of r are plotted on the plane formed using Tg 
and T as coordinates in Figure 9. Data of .Tg vs. Tg 
for the different stoichiometric systems overlap at  
high conversion; the values of .Tg for the different 
systems depart from the apparent single locus at  
low conversions. The lowest value of eTg for each 
value of r is denoted as ,Tg(min) and appears to occur 
in the vicinity of gelTg (see Table I). This suggests 
that gelation plays a role in the maximum in mod- 
ulus with increasing conversion and that the anom- 
aly (as observed in the isothermal modulus decreas- 
ing with increasing conversion) only occurs in the 
gelled material for the present system. 

A question arises to whether the variations in 
,Tg(min) for the systems with different values of r 
are caused by the different values of Tgo in the sys- 
tems or whether they are caused by the phenomenon 
of gelation as measured by gelTg- It might be argued 
that if the value of Tgo determined the value of 
.T,(min) for each system, assuming that .Tg(min) 

ISOTHERMAL MODULUS AT (T>TSo) vs T8 (r=1.0) 
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Figure 8 
for stoichiometric system (F = 1.0). 

Isothermal modulus vs. TB for values of T > T@ 
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CONVERSION AT MAXIMUM MODULUS (eTg) 
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Figure 9 Maximum of isothermal modulus, ,T,, vs. 
conversion (T,) plotted on T, and T coordinates. Molecular 
gelation conversions, as marked by were obtained 
using DSC?0-22 The horizontal double-headed arrow in- 
dicates the value in ("C) of =Tg - T, at T = 4°C for r = 1.0. 

was a constant amount higher than T, for all the 
systems with different values of r, an increase in T@ 
would dictate an increase in .T,(min). 

Note that the value of ,T,(min) increases in the 
following order: r = 1.0, r = 1.2, r = 0.9, and r = 0.8 
(Table I). For the values of gelTg that have been ob- 
tained, gelTg increases in the following order: r = 1.0, 
r = 1.2, and r = 0.8 (Table I). The value of T, in- 
creases in the following order: r = 0.8, r = 0.9, r 
= 1.0, and r = 1.2 (Table I). It is observed that 
.T,(min) is not a constant amount higher than T, 
for the systems studied here. There is, however, a 
positive correlation between the values of gelTg and 
.T,(min). Thus, these data imply that the value of 
.T&min) is related to the conversion corresponding 
to gelation (i.e., ge,Tg) rather than to the value of TBo 
of a system. 

The values of gelTg are approximately 7°C greater 
than the corresponding values of .T,(min). This 
mismatch might partially arise because the values 
of gelTg were obtained from DSC data using Flory's 
theory for molecular gelation20-22; the values of 
,T,(min) were obtained from torsion pendulum data 
that correspond to macroscopic  measurement^?^,^^ 

It has been stated in a previous report7#* that the 
conversion interval, .Tg - Tg (where Tg = T)  is a 
constant with respect to conversion and equal to 
approximately 35°C for the DGEBA/TMAB system 
with r = 1.0. [To determine the value of eTg - T, in 

Fig. 9, choose a value of ,Tg (read off the x-axis) and 
the corresponding value of T, = T horizontally to 
the left of ,Tg] However, this report, using more 
measurements and different stoichiometric ratios 
shows that .Tg - T, decreases with increasing T, at  
high Te 

For T > T,, as stated above, eTg is related to the 
conversion at which the entire glass relaxation re- 
gion rises above the measurement temperature. The 
magnitude of ,Tg - T, can then be related to the 
breadth of the glass relaxation vs. temperature. This 
is in accordance with data collected (e.g., see Fig. 
3). For high T, material the glass relaxation peak 
in terms of relative loss modulus is relatively narrow 
and .Tg - T, is observed to be small. For material 
with an intermediate T,, the glass relaxation peak 
is broad and eTg - T, is observed to be larger. For 
the DGEBA/TMAB system, the glass relaxation 
peak is relatively narrow also for very low T, (T, 
< ,,IT,) material (data not shown); however, an as- 
signable value for .Tg was absent because no maxi- 
mum in modulus vs. conversion is observed at any 
temperature for conversions less than the conversion 
corresponding approximately to gelation. The 
breadth of the T, region for different conversions 
reflects the dispersity of molecular structure. The 
dispersity of molecular structure of a DGEBA/ 
TMAB system is less for unreacted (T, = T,) and 
for fully reacted (T, = Tgm) material than for ma- 
terial a t  intermediate conversions. 

T,TP Diagram 

A T,TP diagram has the T, as the x-axis, T as the 
y-axis, and a property, P, as the projection from the 
implied third orthogonal axis onto the plane formed 
by Tg and T.7,8,'2.'3 The diagram can include tran- 
sition temperatures such as T,, TB, and T, vs. con- 
version (T,) to relate properties to the transitions. 
Maximum, minimum, and iso-value contours of the 
property also can be projected onto the plane formed 
by Tg and T. The diagram can explicitly show the 
effect of increasing conversion (T,) on the isothermal 
properties of a thermoset, the effect of temperature 
at a fixed conversion, as well as the influence of 
transitions as they pass through the isothermal 
temperature of measurement in terms of different 
regions of behavior. 

Isothermal modulus vs. T, data for the four stoi- 
chiometric systems were used to construct a T,TP 
diagram with modulus as the property (P)  in Figure 
10. The vitrification line is defined as T = Tr Above 
T = T, the material is a liquid before gelation and 
a rubber after gelation. Below T = T, the material 
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EXPERIMENTAL TgTP (P=MODULUS) DIAGRAM 
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Figure 10 Experimental data (maxima and minima in 
isothermal modulus, and T, and To) for the four systems 
( r  = 1.2,1.0,0.9, and 0.8) plotted on a T,TP ( P  = modulus) 
diagram. 

is a glass. Prior to gelation the glass is brittle, after 
gelation the glass becomes tougher with increasing 
conversion. 

Values of .Tg are included in Figure 10. The values 
of .Tg for the different stoichiometries overlap at 
conversions Tg 9 gelTg In this range eTg depends 
mainly on the value of Tg At lower values of Tg, the 
maxima depart from the single contour. As stated 
above, the minimum values of .Tg at which the max- 
ima in isothermal modulus are observed, ,Tg(min), 
correspond approximately to molecular gelation, 

Also displayed in the T,TP diagram of Figure 10 
are the values of T = T, and T = To vs. Tg At tem- 
peratures lower than the sub-T, relaxations, i.e., T, 
and T,, the material is relatively more brittle than 
at temperatures above the sub-T, relaxations. The 
material is also significantly more brittle in the 
glassy state at conversions less than the conversion 
at  gelation. This brittleness may be observed in the 
TBA experiment via the phenomenon of micro- 
cracking (as discussed earlier). 

Also plotted on the T,TP diagram of Figure 10 
are the values of the minimum in isothermal mod- 
ulus for the temperature range -80°C < T < Tgo for 
the stoichiometries investigated; the data fall on one 
line within the scatter of the data. The line drawn 
in Figure 10 represents the locus of these minimum 
values. This line is approximately parallel to T = Tg, 
suggesting a dependency on Tg rather than To (as 

gel Tg- 

Not shown on the T,TP diagram of Figure 10 are 
the conversions at which the isothermal modulus 
vs. Tg data change slope (as for T = -90°C in Fig. 
5). These conversions correspond approximately to 
gelation for the stoichiometries and measurement 
temperatures investigated (see Fig. 5). 

From the above results it follows that the con- 
version corresponding to gelation affects the location 
(or existence) of .Tg at values of conversion near 
gelation (near gelTg); at higher conversions the po- 
sition of eTg is related only to the vitrification pro- 
cess. An empirical shift factor based on the value of 
.T,(min), which has been correlated with gelTg, is 
utilized to collapse the data onto a single locus in 
the normalized T,TP diagram (Fig. 11). The shift 
factor is: 

where .T,(min, ref) is taken as that of the r = 0.9 
system. The first factor on the right hand side of 
eq. (4) is the full shift with respect to the differences 
in .T,(min) between the reference material and a 
material with a different value of r; the exponential 
factor is a non-optimized weighting factor that re- 
flects the larger influence of gelation on the values 
of eTg at lower conversions. The weighting factor 
approaches 1 when Tg approaches .T,(min) and ap- 
proaches 0 as Tg becomes much greater than 
.T,(min). The same shift factor is utilized and is 
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Figure 12 eTg values for different cooling rates ( r  = 1.0). 

adequate for the values of eTg, T,, and the minimum 
in modulus. The shifted values of To, however, show 
differences at high conversions before and after 
shifting. 

Figure 12 shows values of eTg for data collected 
on the DGEBA/TMAB system with r = 1.0 taken 
at different cooling rates. The scatter in the data 
prohibits any conclusion being made on the effect 
that the cooling rate has on the location of eTg in 
the temperature-conversion plane. 

T,TP Diagrams for Other Thermosetting Systems 

Similar T,TP ( P  = modulus) diagrams, as for those 
for the DGEBA/TMAB systems, have been con- 
structed for a dicyanate ester to polycyanurate sys- 
tem (crosslinked network)" and a polyamic acid es- 
ter to polyimide system (linear semiladder poly- 
mer).13 Despite significant differences in chemical 
structure, the glassy state material properties display 
similar general phenomena with respect to increased 
conversion. One similarity is a locus of values of eTg 
that is linear with increased conversion at high con- 
versions and has values of eTg - Tg in the order of 
20-60°C. Also similar for the DGEBA/TMAB and 
dicyanate ester to polycyanurate crosslinking sys- 
tems is the abrupt change in behavior of the glassy- 
state relaxations at conversions near gelation. 

There are, however, some interesting differences. 
For example, with the dicyanate ester to polycy- 
anurate system at measurement temperatures below 
Tgo, the isothermal modulus decreases with respect 
to increasing conversion throughout the entire con- 
version range. The decrease in the isothermal mod- 

ulus with increasing conversion in the dicyanate es- 
ter system at low temperatures has been attributed 
to a decreased ability of the material to pack in the 
glassy state." (This is suggested by the concept that 
monodispersed monomers can pack more effectively 
than a distribution of higher molecular weight ma- 
terial.) In contrast, for epoxies, an increase in iso- 
thermal modulus with increasing conversion is ob- 
served at  temperatures less than TBo. 

The polyamic acid ester/polyimide T,TP diagram 
also shows the anomalous behavior of the isothermal 
modulus decreasing with conversion at T > Tg0.l3 
However, the isothermal modulus vs. conversion at 
low temperatures for the polyimide system is more 
complicated. The behavior below Tgo for the poly- 
imide system analyzed may be a consequence of the 
existence of three sub-T, relaxations; the three re- 
laxations experience changes in both intensity and 
in value of the relaxation temperature vs. conver- 
sion. Experimental complications arise in the poly- 
imide system due to a loss of mass during cure that 
changes the dimensions of the specimen and negates 
the proportionality between the relative rigidity and 
modulus. The mass loss also changes the relative 
concentrations of atoms such as carbon, oxygen, ni- 
trogen, and hydrogen of the system. 

Dilatometric Findings 

The density at 24.95 k 0.05"C for the stoichiometric 
DGEBA/TMAB system ( r  = 1.0) versus conversion, 
Tg, is displayed in Figure 13. The values of Tg for 
the specimens were determined by DSC as outlined 
in Experimental (also see next section). As for the 
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Figure 14 
( r  = 1.0) vs. Tg for T > TBo. 

Normalized density of stoichiometric system 

modulus data, the density increases as Tg passes 
through T, reaches a maximum at Tg > T, and then 
decreases as Tg increases further. 

The density of the specimens at isothermal tem- 
peratures other than 25°C was determined by using 
the density at 25°C and the thermal expansion coef- 
ficients of the rubbery and glassy states for a given 
conversion. Figure 14 displays normalized density 
(i-e., density a t  a given Tg divided by the density of 
the material at a conversion corresponding arbi- 
trarily to Tg = 174°C) vs. Tg data for different values 
of T. It is observed that the maximum in density vs. 
conversion (i.e., eTg via density data) increases with 
increases in T. In analogy with Figure 9, a limited 
T,TP diagram with P = density is plotted in Figure 
15. Note that like the modulus data a t  conversions 
above gelation and T > Tgo, the locus of eTg data 
points via density falls approximately on a straight 
line and that the value of eTg - Tg measured via 
density decreases with increasing conversion ( Tg). 

The modulus and the density at 25°C are plotted 
for comparison in reduced forms vs. Tg in Figure 16 
(reduced form is defined as the difference between 
the value of the property at a conversion of Tg and 
the maximum value of the property divided by the 
maximum value of the property). The values of Tg 
for the modulus data were acquired using TBA and 
the values of Tg for the density data were acquired 
using DSC; use of different techniques to determine 
Tg will tend to weaken the correlation. The modulus 
and density sets of data show similar behavior. Note 
that the multiplicative factor of 60 (a non-optimized 
factor) is used to magnify the changes in reduced 
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Figure 15 
( r  = 1.0). 

TgTP diagram with density as the property 

density and results in superposition of the density 
data with the modulus data. 

The data in Figure 16 suggest that the value of 
the modulus at 25°C is dominated by the density 
(i.e., packing) at 25°C and that small changes in 
density correlate with relatively large changes in 
modulus. Data at other temperatures above Tgo (e.g., 
density data in Fig. 14) show agreement (not shown 
explicitly) between the density and modulus. 
Therefore, for these results, the modulus is dem- 
onstrated to be a convenient and sensitive property 
that reflects the behavior observed in the isothermal 
density with increasing conversion for conversions 
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25°C vs. Tg for r = 1.0. 

Reduced modulus and reduced density at  
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greater than gelation and temperatures greater 
than Te 

It has been suggested that the isothermal free 
volume after cure vs. Tg passes through a minimum 
value with increasing conversion.' Such changes in 
free volume with conversion above Tgo would account 
for the maximum in density and in modulus with 
conversion. Positron annihilation spectro~copy~~ 
experiments on the DGEBA/TMAB system with r 
= 1.0 have provided information on the free volume 
concentration and average radius size of free volume 
holes vs. conversion in the DGEBA/TMAB system 
with r = l.0.26,35 Results show that the fractional 
free volume of specimens at 25°C passes through a 
minimum value vs. conversion. The conversion cor- 
responding to the minimum in fractional free volume 
at 25°C is the same as for the maximum in density 
and modulus at 25°C. 

Tb vs. Conversion Relationship 

The preceding work relies on the Tg vs. conversion 
relationship being a one-to-one relationship; this 
allowed Tg to be used as a direct measure of con- 
version. Evidence for this appears in previous work 
on the DGEBA/TMAB as well as in work 
performed on other thermosetting  system^.^^.^^ 

The T, vs. conversion data for the DGEBA/ 
TMAB stoichiometric system ( r  = 1) included in 
Figure 17 are for different time-temperature cure 
conditions.20.21 The values of conversion and Tg were 
determined from a DSC heating scan at 10"C/min 
on unaged specimens cured to different extents. It 
is realized that the system may not truly achieve 
full cure (i.e., 100% of the epoxide groups reacted) 
for the cure schedule used in this study3'; however, 
the maximum conversion observed and its corre- 
sponding Tg are denoted as x = 1 and T, = T,,, 
respectively. 

Note that the data a t  different cure temperatures 
overlap, suggesting a unique relationship between 
conversion as measured by the residual heat in the 
DSC scan and Te Also note that the data are highly 
nonlinear and that the value of the slope is largest 
at the highest conversion. Thus, by plotting the ma- 
terial properties vs. T,, as in the T,TP diagram, the 
conversion axis at high conversions is expanded rel- 
ative to those at low conversions. 

Recent work has argued that the value of T, is 
insensitive to the ratio of the extents of reaction of 
the different competing crosslinking reactions in a 
single aromatic amine/epoxy system.24 According to 
this argument the value of T, is related to the overall 
sum of the extents of the competing reactions in a 

TI vs CONVERSION @=LO) 
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Figure 17 Tg vs. conversion data for the stoichiometric 
system (r = 1.0) of DGEBA/TMAB for different time- 
temperature cures.20'21 The full line was constructed using 
eq. (6) with TBo = 5"C, T,, = 178"C, and yields a best-fit 
value of Ac,,/Ac, = 0.37 (cf., direct experimental value 
of 0.35). 

thermosetting system, assuming that each type of 
reaction increases Tg an equal amount. With this in 
mind, the value of T, in this study is used here as 
an overall sum of all the reactions that have oc- 
curred. In this report, no attempt was made to dis- 
tinguish the extents of different reactions in the 
systems. 

Reports have been published on the DGEBA/ 
TMAB reaction k i n e t i ~ s . ~ ~ ~ ~ , ~ ~  In the DGEBA/ 
TMAB system with r = 1.0, epoxy groups react with 
primary and secondary amines. However, for the 
epoxy-rich DGEBA/TMAB system, etherification 
(i.e., the reaction between epoxide and hydroxyl 
groups) can occur.22 As the data of Figure 11 dem- 
onstrate, the details of the extents of the different 
reactions do not seem to affect the loci of the values 
of eTg beyond the manner that those reactions are 
reflected in the values of gelTg and Tg of the systems. 

The concept that T, vs. conversion data are in- 
dependent of the relative extents of different reac- 
tions in a system can be further demonstrated by 
fitting the data to an equation originally proposed 
by Couchman and to predict the value of 
T, for a polymer system vs. compositional variation: 
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where W, and W2 are the weight fractions of ma- 
terials 1 and 2, Tgl and Tg2 are the values of Tg of 
the homopolymers of material 1 and 2 in Kelvin, 
and Acp is the heat capacity of the liquid or rubber 
minus that of the glass of the homopolymers. The 
values of Tg and Acp can often be conveniently mea- 
sured by DSC, leaving no adjustable parameters. 

The Couchman equation has been modified for 
utilization in a crosslinking system to g i ~ e ~ ~ , ~ ' :  

Acpm (1 - x)ln(T&) + - x ln(Tgm) 

4.0 (1 - x )  +- 
A% 

(6) ln(Tg) = Acpo 

X 

where x is the fractional conversion, and 0 and 03 

denote uncured and fully cured material. In the der- 
ivation of eq. (6) it was assumed that the system 
behaves as a random mixture of reacted and un- 
reacted ends. 

To test the applicability of this equation, the Tg 
vs. conversion set of data for the DGEBA/TMAB 
system with r = 1.0 (Fig. 17) was fit using Tgo and 
Tgm values of -5 and 178°C measured independently 
by DSC and the value of Acpm/Ac, was left as a 
fitting parameter to compare with the independently 
measured DSC value. It is shown in Figure 17 that 
the equation displays the nonlinear behavior effec- 
tively. Further, the best-fit value of Acpm/Ac, was 
determined to be 0.37 which is equal (within the 
uncertainty of the data) to the independently DSC 
measured value of 0.35.26*41 The quantitative agree- 
ment between the data and eq. (6) demonstrates the 
insensitivity of the T, vs. conversion relationship to 
the various competitive reactions that take place in 
the DGEBA/TMAB system (for r = 1.0) and also 
provides support for the basis of the derivation of 
eq. (6). 

In comparison with other equations that pre- 
dict Tg vs. conversion data in thermosetting sys- 
tems,20-23,36,37,42 th  is equation has the advantages 
that: there are no adjustable parameters; for many 
thermosetting systems, verification can be conve- 
niently performed by independently measuring the 
constants in the equation with only two DSC runs; 
the equation is relatively simple; and the single as- 
sumption that the system behaves as a random mix- 
ture of reacted and unreacted ends is reasonable and 
not restrictive. 

CONCLUSIONS 

1. Four diepoxy-tetrafunctional diamine for- 
mulations with different ratios of amino hy- 

2. 

3. 

4. 

5. 

drogen atoms to epoxide groups exhibit max- 
ima and minima in isothermal modulus vs. 
conversion (T,) data. The maxima, which oc- 
cur at a value of Tg denoted as ,T,, can be 
correlated to the effects of gelation and vit- 
rification. 
A normalized conversion-isothermal tem- 
perature-property ( TgTP) diagram with 
modulus as the property was constructed for 
the four stoichiometric ratios. Normalization 
of the different systems was performed by 
shifting the data with respect to the conver- 
sion corresponding to the minimum value of 
eTg, denoted as ,Tg(min), for each system on 
the conversion axis and by using Tg as the 
conversion axis. 
The density at 24.95 k 0.05OC after cure 
passes through a maximum in the glassy state 
with increasing conversion (Tg). The density 
at higher isothermal temperatures after cure 
also passes through a maximum with in- 
creasing conversion. 
The modulus after cure vs. conversion data 
for conversions greater than gelation and 
temperatures greater than TBo reflect the 
density after cure vs. conversion behavior. 
The density vs. conversion behavior is pre- 
sented in a TgTP diagram ( P  = density). The 
measured percent changes in modulus vs. 
conversion are approximately 60 times 
greater than those in density. 
The Tg vs. conversion relationship for the 
diepoxy-tetrafunctional diamine formulation 
with a stoichiometric ratio of amino hydro- 
gens to epoxide groups is quantitatively pre- 
dicted by an adaptation of the Couchman 
equation. 
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