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SYNOPSIS

The physical aging behavior of a high-T, amine/epoxy thermosetting system has been
investigated vs. change of chemical structure induced by cure and vs. aging temperature
(T,) using the Torsional Braid Analysis (TBA) technique. The chemical structure was
changed systematically from monomer to highly crosslinked polymer by curing in the equi-
librilium state (7 > T). The aging temperatures ranged from just below the glass transition
temperature to deep in the glassy state (T, < T},). In the absence of chemical reaction, the
physical aging rate at a given temperature, T,, passes through a minimum with increasing
chemical conversion (i.e., change of chemical structure). Analysis of this behavior is sim-
plified by using 7}, as an index of measurement of extent of cure. There is a superposition
principle for normalizing the physical aging behavior of the thermosetting glasses, which
involves a shift of T,-T, and a shift of C (T,) (a function of aging temperature), regardless
of chemical structure. Analysis reveals that: (1) this behavior is the consequence of the T,
and T} transitions, (2) the segmental mobility (1/7) is a function of the deviation from
equilibrium (as measured by T,~T, and the aging time), (3) the segmental mobility, which
is involved in the physical aging process in the glassy state, is insensitive to the extreme
changes of chemical structure (from monomer, to sol/ gel polymer, and to highly crosslinked
polymer), and (4) physical aging deep in the glassy state affects both segmental mobility
and cohesive energy density. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

An amorphous glassy material can be regarded as a
supercooled liquid with volume, enthalpy, and en-
tropy greater than in the equilibrium state, which
is a consequence of prior cooling through the glass
transition region at a finite rate. The gradual ap-
proach to equilibrium of the material in the glassy
state continuously affects material properties, and
is termed physical aging. Early theoretical analysis
of this phenomenon was in terms of free volume
relaxation by using a modified Doolittle equation.’™
The Doolittle equation predicts that the relaxation
time is totally determined by the structure param-
eter, that is, the free volume fraction. However,
analysis of experimental results revealed that: (1)
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submolecular mobility can be larger in densified
glassy samples than in normal specimens,**® (2)
submolecular mobility changes with temperature for
iso-free volume specimens. In order to solve this
paradox, some researchers considered that the
physical aging process depends independently on
both the structural variable and the temperature on
the basis of a modified Dimarzio—Gibbs model " or
Tool equation.’® 2 However, there was insufficient
experimental evidence for directly substantiating the
proposition.

Experimental measuring probes used to monitor
the physical aging process in polymeric materials,
have included dilatometry, torsional creep, and ten-
sile calorimetric, and dielectric properties.’*'® Re-
cently, aging studies, using the dynamic mechanical
freely oscillating torsional braid analysis (TBA)
technique, have shown that it is a significant and
sensitive method for monitoring the physical aging
process over a wide temperature range.®'"° It is
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CHEMICAL REACTANTS
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Figure 1l Chemical structures of diglycidyl ether of bis-phenol A (DGEBA) and trimeth-
ylene glycol di-p-aminobenzoate (TMAB).
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Figure 2 The modulus of the specimen increases with time during physical aging at a
given aging temperature (i.e., T, = 14°C) for different of extents of cure (after cooling
from above T, at 5°C/ min to 14°C).
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noteworthy that similar results have been obtained
for both a composite TBA specimen and for a ho-
mogeneous film specimen.!’

Experimental evidence has shown that the effect
of isothermal physical aging deep in the glassy state
is different from that near the glass transition re-
gion.>¥"? Recent results in this laboratory show that
isothermal physical aging changes the dynamic me-
chanical moduli vs. temperature of a given material
only at temperatures localized about the aging tem-
perature.'” ' The degree of localization deep in the
glassy state is a function of the aging time and the
subsequent heating rate.® Results also show that
the isothermal physical aging rate usually
decreases'®!® as the aging temperature (T,) de-
creases (T, < T}). In other reports, the isothermal
aging process rate deep in the glassy state has been
found to pass through a minimum with decreasing
T,.517 An interesting result is that the volume re-
laxation rate deep in the glassy state shows a local

maximum in the vicinity of the 3-transition.? How-
ever, some polymer materials that display §-tran-
sitions in their glassy states do not show this phe-
nomenon 171

During a curing reaction a thermosetting material
is in the physical aging regime when the glass tran-
sition temperature, T}, of the material increases be-
yond the curing temperature (i.e., after vitrifica-
tion).2""® The densification rate during reaction in
the glass transition region is more efficient than that
after full cure.?? A material may develop its highest
density by cure in the glass transition region below
its glass transition temperature.?! Since the physical
properties of the material gradually change after
vitrification, due to both chemical reaction and
physical aging, it is important to analyze the physical
aging process (or segmental mobility) in the absence
of chemical reactions. Earlier research work in this
laboratory investigated the physical aging phenom-
ena in fully cured epoxy and polyimide materials,'”°
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and in an unreactive thermoplastic material, poly-
methylmethacrylate.?

For the present communication, physical aging
phenomena deep in the glassy state vs. change of
chemical structure at different aging temperatures
(T,) were studied using a tetrafunctional aromatic
diamine-cured difunctional epoxy system. The TBA
technique was used to monitor the physical aging
process. Effects of extreme changes in the chemical
structure (from monomer, to sol/ gel polymer, and
to highly crosslinked polymer) on the physical aging
process deep in the glassy state in the absence of
chemical reaction are discussed. A further report will
seek to combine physical aging with chemical re-
action for understanding the diffusion controlled
reaction in the glass transition region after vitrifi-
cation. Another report will deal with the localization
effect about the aging temperature vs. change of
chemical structure (i.e., cure).

MATERIALS AND EXPERIMENTAL

Reactants

The chemical system used was a liquid difunctional
epoxy (diglycidyl ether of bisphenol A, DER 332,
Dow Chemical Corp., “DGEBA”) with a tetrafunc-
tional aromatic diamine (trimethylene glycol di-p-
aminobenzoate, “TMAB”, Polaroid Corp.) (Fig. 1).
The epoxy monomer is a viscous liquid (at 25°C)
with an epoxide equivalent weight (EEW ) of 174 g/
eq. The amine curing agent is a highly crystalline
solid (melting point = 125°C) with an amine hy-
drogen equivalent weight of 78.5 g/ eq. The chem-
icals were stoichiometrically mixed at 100°C for 15
min with vigorous stirring in order to dissolve the
amine in the epoxy resin. Immediately after mixing,
the warm liquid was degassed for 10 min in a vacuum
oven held at room temperature. The resulting clear
viscous liquid mixture was stored at —15°C. The

Physical Aging at 14°C vs. Log Time
for Different Extents of Cure
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Figure 4 Physical aging at long times is linear with respect to log aging time for different

extents of cure at T, = 14°C.
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glass transition temperature of the initial mixture,
T = 0°C; the glass transition temperature of the
fully cured material, T}, = 180°C; the glass tran-
sition temperature of the undercured material at its
theoretical gelation point, ;7T, = 50°C.*

Specimen Preparation

A typical TBA specimen was prepared by first dip-
ping a heat-cleaned glass braid into the viscous re-
active liquid at room temperature for 30 min; the
impregnated glass braid was squeezed between alu-
minum foil to remove excess material and to insure
good wetting of the glass filaments. The final amount
of material on the substrate was approximately 15
mg. The specimen was mounted to form the TBA
inner pendulum, which was inserted into the pre-
heated chamber of the TBA instrument. All sub-
sequent experiments were in an atmosphere of
slowly flowing helium. Each of the four specimens
was aged at one temperature for different extents of
cure. Reviews of the TBA technique have been pub-

lished.?® The frequency of the freely damped oscil-
lations is from 1 to 2 Hz for glassy-state specimens,
which corresponded to the temperature range in-
vestigated. The sensitivity of the technique is 0.01%
of the property (i.e., modulus and mechanical
damping) being measured (e.g., see Fig. 2). The
automated TBA torsion pendulum system is avail-
able from Plastics Analysis Instruments, Inc.,
Princeton, NJ.

Experimental Procedure

A specimen was first heated to a temperature about
100°C higher than the initial glass transition tem-
perature, Ty, and was then quenched through the
glass transition to the aging temperature (T, < Ty,
suchas T, = T, — 30°C, T, - 50°C, T, — 70°C - - -)
at 5°C/ min cooling rate. Isothermal temperature
(ie., T = T, = 0.1°C) was obtained 30 min after
reaching T,. The specimen was then held at T, for
more than 1000 min to monitor the physical aging.
After the isothermal aging, the specimen was heated

Physical Aging Rate at -15°C vs.
Change of Chemical Structure
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Figure 5 Physical aging rate at —15°C vs. change of chemical structure as measured by
chemical conversion. The gelation line marks the change from sol glass to sol/ gel glass.
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at 1°C/min through the glass transition to about
50°C above T, to eliminate the effects of physical
aging prehistory, and also to allow further cure (i.e.,
higher conversion) in the equilibrium state. Dy-
namic mechanical measurements were taken
throughout the time-temperature sequences (i.e.,
the repeated cooling, holding, and heating of the
specimen). In particular, the preaged T, values were
obtained during cooling the specimen from the equi-
librium state (i.e., > T,) to the aging temperature
(since physical aging below T, can affect the value
of T,) . This report analyzes the relationship between
the physical aging rate at temperature T, vs. T,.
The influence of isothermal aging on the subsequent
modulus vs. temperature, and vs. conversion, will
form the basis of a future report.

The preaged glass transition temperature, T}, has
been found to be a good index for monitoring the
chemical conversion for this system.? The fact that
T, increases nonlinearly with conversion in the

crosslinking system makes it more sensitive for
monitoring the extent of cure at higher extents of
reaction than chemical conversion (Fig. 3). It is
noted, however, that a unique 7, does not necessarily
imply a unique molecular structure, since 7, is an
average property. The reported data of Figure 3 were
obtained using the differential scanning calorimetry
(DSC) technique.” Both experimental and theo-
retical analyses? of this thermosetting system imply
that the T, vs. conversion relationship is unique,
regardless of the time—temperature cure path. Con-
sequently, in the experiments reported here, the
preaged T, has been chosen to monitor chemical
conversion (it is designated T, rather than “preaged
T,” hereafter). The experimental data of Figure 3
can be modeled by the DiBenedetto equation?’:

(Tg - TgO)/TgO = [(Ex/Em - Fx/Fm)a]/

(1-(1—-F/Fn)a] (1)
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where T, is the glass transition temperature in K
and « is the fractional chemical conversion. The
best-fit value for the two ratios, E./E,, (the ratio of
lattice energies for crosslinked and hypothetical un-
crosslinked polymers) and F,/F,, (the correspond-
ing ratio of segmental mobilities), are determined
to be 0.52 and 0.31, respectively.?! This equation
provides a reasonable semiempirical relationship for
relating 7, and conversion in the following text.

RESULTS AND DISCUSSION

The cure kinetics indicates that the rate of reaction
is insignificant in the liquid material at 25°C and
in the glassy state.?’ Therefore, the material can be
cured at a high temperature (i.e., > 130°C > T)
and be quenched to the aging temperature (T, < T})
to monitor the physical aging process in the virtual
absence of chemical reaction. The modulus (&) of
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the partially cured specimen, after cooling from
above T, at 5°C/ min to a specific isothermal aging
temperature (7T,), increases with aging time (¢,) at
T,, as presented in Figure 2. The increase of ¢ is
related to the reduction in the volume of the epoxy
material after the prior cooling has trapped excess
volume in the glassy state. Many studies, including
small strain creep, stress relaxation, enthalpy re-
laxation, volume relaxation, and dielectric relaxation
experiments, !¢ have shown that physical aging at
long times is linear with respect to log aging time.
Figure 4 shows that the increase of the modulus of
the undercured specimen deep in the glassy state is
linear with the logarithm of ¢, (after the initial period
of about 60 min). The aging rate is defined as

R, = [d(G'/ Go)/d(logt,) ] (2)

where G} is the modulus of the specimen at the be-
ginning of the isothermal aging.

Physical Aging Rate vs. Tg for Different

Aging Temperatures
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The physical aging rate vs. fractional chemical
conversion for a given aging temperature (T,) is
surprising; for example, at the temperature T,
= —~15°C (Fig. 5), which is always in the glassy state,
the physical aging rate decreases, reaching a mini-
mum at the fractional conversion of epoxy = 0.72,
then increases until the epoxy is fully cured. Similar
results are obtained for different aging temperatures
(Fig. 6). The aging temperature significantly affects
the chemical conversion at the minimum and the
radius of curvature of the concave-up curves. The
higher the isothermal aging temperature, the higher
the conversion and the lower the radius of curvature
of the minimum for the aging rate vs. chemical con-
version relationships.

The preaged glass transition temperature, T, has
been found to be a good index for monitoring chem-
ical conversion,?? since it is related to chemical
conversion in a one-to-one manner (Fig. 3). Inter-
estingly, when using T, as the X-axis to replot the
experimental data of Figure 6, the physical aging

Physical Aging

rate, R,, vs. T, at different temperatures, T,, show
that the different curves have the same radius of
curvature (Fig. 7). This characteristic indicates that
T,, rather than chemical conversion, is the principal
parameter for understanding physical aging. The
change of the curvature in presenting aging rate vs.
T, rather than vs. conversion arises from the non-
linear one-to-one relationship of T, and chemical
conversion, for which the rate of change of T}, in-
creases with increase of chemical conversion, es-
pecially at high chemical conversions. Note that the
chemical structures at the minima are different (due
to the different chemical conversions).

When using T,-T, (a measurement of the depar-
ture from equilibrium) as the X-axis to replot the
experimental data of Figure 7, the aging rate vs. T,-
T, data at different temperatures show (Fig. 8) the
concave-up curves with the same radius of curvature
and the same minimum at T,-T, = ca. 100°C. As
the distance from the equilibrium state increases,
as measured by T,-T,, the physical aging rate ini-
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Figure 8 Physical aging rate vs. T,-T, at different aging temperatures. Experimental
data of Figure 7 replotted using T,-T, as the X-axis. The glass transition temperature of
the initial mixture = 0°C. The glass transition temperature of fully cured material = 180°C.
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tially decreases, but then increases for 7T,-T,
> 100°C. Interestingly, all curves may then be sim-
ply shifted vertically together, as shown in Fig. 9.
This double shift shows that physical aging is not
affected by the change of chemical structure with
increase of extent of cure (as measured by chemical
conversion), i.e., from monomer to highly cross-
linked polymer. The physical aging process of this
material at a given temperature is governed mainly
by the departure of the material from its equilibrium
state (as measured by T,-T,) regardless of chemical
structure. Furthermore, T, is a better parameter
than chemical conversion for understanding the
physical aging properties of the material since the
pattern of behavior is simplified by using T,. There-
fore, the physical aging rate of this material can be
expressed using two terms:

R, = F(T;-T,) + C(T.) (3)

F(T,-T,) is a unique function of departure of the

material from the equilibrium state, as measured by
T,-T,. C(T,) is only influenced by the aging tem-
perature (T,). The unique function F(T,-T,) im-
plies, for example, that the aging rate at a specific
temperature 7', of a sample for different extents of
cure (as measured by T;) will be similar in form to
the results for a sample with a given T}, but at dif-
ferent aging temperatures (7).

The dynamic mechanical properties (i.e., modulus
and mechanical damping) have been found to be
sensitive parameters for monitoring the physical
aging process through a wide range of temperature
using the TBA technique.!”'® Considering that
physical properties are related to one another, and
using the linear viscoelastic theory, the physical ag-
ing rate as monitored by dynamic mechanical tech-
niques, R, = d(G'/ Gy)/ dlog(t,), should be:

R, = 2.303 [ w(2/7)tand + £] (4)

where p is the sensitivity of the segmental mobility
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to the physical aging time* and £ is the sensitivity
of the cohesive energy density to the aging time (see
Appendix). £ is usually smaller than u, and 0 < u
< 1. Tané = G"/ G, where G” = loss modulus.

Experimental results show that the initial value
of tané of the material at a given temperature T,
changes with change of T, (Fig. 10), and that the
tané data for different values of T, may be horizon-
tally shifted together using T~ T, as the X-axis (Fig.
11), which indicates that tané is also a function of
T,-T, for the present system in the range of tem-
peratures investigated. Therefore, the concave-up
curve (Fig. 9) determined by the first term F(T,-
T,) of eq. (3) is considered to be related to the tané
term of eq. (4). Comparison of eq. (3) with eq. (4)
yields:

F(T,-T,) = 2.303u(2/ ) tans (5)
and

C(T,) =2.303 ¢ (6)

Since both F(T,-T,) and tané are functions of
T,-T,, regardless of the extreme changes of chemical
structure, and since the sensitivity of the segmental
mobility to the aging time is

—dlog(1/7)/dlog(t,)
~ F(T,-T,)/[2.303(2/ w)tand) (7)

7

the segmental mobility, 1/ 7, which is involved in
the physical aging process in the glassy state, is not
a function of chemical structure, but is a function
of the deviation from equilibrium ( T,-7,) and aging
time.

Interestingly, the change of the cohesive energy
density during aging is also insensitive to the change
of chemical structure, since the concave-up curves
can be simply vertically shifted together. The shift
for each set of data was made to a level where the
minimum aging rate equals zero. The limited data
show that the shift, as defined, could be expressed
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Log Decrement vs. Tg-Ta
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in a restricted Arrhenius form with “activation en-
ergy”’ = 3 kcal/ mole (Fig. 12).

Equation (3), describing the physical aging be-
havior, has two limiting cases. If the physical aging
rate is primarily influenced by the term F(7T,-T,)
(when the term C (T,) is relatively small), the re-
lationship between R(7T,) and T, will follow the
changes of tand; that is, the physical aging process
rate at different temperatures (7T,) will be related
to the different transition loss peaks deep in the
glassy state (such as the 8 and v transitions).>'"!®
However, if the material has a relatively larger
C(T,) term, the behavior of the physical aging
process will be dominated by the aging tempera-
ture, T',.

Researchers in this field have considered that the
rate of physical aging approaches zero when T, is
below T's (which does not imply that segmental mo-
tion ceases). This conclusion originates from the
experimental evidence that the sensitivity of seg-
mental mobility to the physical aging time, u
= —[dlog(1/7)/dlog(t,) ], approaches zero when

T, is below T;.* Recent experimental results in this
laboratory (not shown here ) show that the effect of
physical aging for T, < T} is still measurable me-
chanically by the TBA technique for three typical
polymer materials, i.e., linear polymer,?* semi-ladder
polymer,'® and crosslinked polymer.'”!® Generally,
the lower the temperature, the lower the specific
volume of a material, and the shorter the distance
between adjacent segments, the larger the interseg-
mental forces and the greater the sensitivity of the
cohesive energy density to the change of specific
volume. Therefore, the effect of physical aging on
the cohesive energy density becomes important be-
low T, despite the insignificant changes of the
specimen’s dimensions (because the aging rate is
low when the specimen is aged below T}). A reason
that use of dynamic mechanical techniques to mon-
itor physical aging processes shows higher sensitivity
than many other techniques is that the physical ag-
ing process, measured by dynamic mechanical prop-
erties, primarily involves two important factors [ egs.
(4) and (A12) ], i.e., changes of segmental mobility
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Ln [C(Ta)] vs. 1/Ta
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Figure 12 Plot of InC(T,) vs. 1/ T(K). The “activation energy” for the best fit is 3
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and changes of the cohesive energy density, both
due to physical aging.

CONCLUSIONS

1. In the absence of chemical reaction, the
physical aging rate at a given temperature,
T., below the glass transition passes through
a minimum with increasing chemical con-
version. This behavior is the consequence of
the T, and T} transitions.

2. There is a superposition principle for nor-
malizing the physical aging behavior, which
involves a shift of T,-T, and a shift of C(T,),
regardless of the change of chemical struc-
ture.

3. Physical aging deep in the glassy state affects
the segmental mobility and the cohesive en-
ergy density. The effect of the cohesive energy
density on the physical aging rate becomes
more important at low values of T,.

APPENDIX

Relationship between Physical Aging Rate,
Segmental Mobility, and Cohesive Energy Density

A semi-quantitative theoretical analysis follows.

Experimental studies of the dielectric, mechani-
cal, and NMR properties of glass-forming materials
show that relaxations appear to obey an empirical
function, known as the Kohlrausch-Williams—
Watts (KWW) equation.®® 3! For isothermal creep
compliance, it yields

J(t) = Joexp[(t/7)™] (A1)

where J(t) is the creep compliance, J; is for ¢t = 0,
7 is the equivalent relaxation time, and 0 < m < 1.
This equation gives a good fit for a wide variety of
polymer systems under isothermal conditions.
Theoretical studies have attempted to provide a
mechanistic and molecular basis for the KWW
function.®! The creep compliance of a glassy material
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for a given time is influenced by prior physical aging
since glassy materials are inherently not in equilib-
rium and are far from it. Struik found that isother-
mal creep curves after different aging times may be
shifted together along the logarithmic time scale*
using a horizontal shift factor ¢ = 1/ 7, and a vertical
shift factor J, when the time scale for creep is much
less than the time scale of physical aging (i.e.,t < t,).
Therefore, the parameters v and J, are considered
to be functions of prior physical aging time:

r=1(t,)=1/a (A2)

Jo = Jo(ta) (A3)

From linear viscoelastic theory and to a first
approximation®?:

G =1/J(t) = (1/Jo)exp[— (¢/7)™] (A4)
and
tand = (w/2)[d1nJ(¢)/d1n (¢)]
=(n/2)m(¢t/7)™ when =1/t (A5)
Taking the derivative of eq. (A4):
dG'/dlog(t,) = 2.303G'{ — [ dlog(y/ dlog(t,) ]
—m(t/7)"[dlog(1/7)/dlog(t)]} (A8)
where the factor 2.303 originates from the change

of log( ) to In( ). Let the double-logarithmic
horizontal shift rate

p=—[dlog(1/7)/dlog(t,) ] (A7)

which is the sensitivity of the segmental mobility to
the physical aging time.* Let the double-logarithmic
vertical shift rate

o
i

—[dlog(Jy)/dlog(t,) ]
dlog(1/Jy)/dlog(t,) (A8)

which is the sensitivity of the cohesive energy den-
sity to the physical aging time, since the modulus
at infinite frequency [ = 1/J,(¢t = 0%) ] is princi-
pally related to the cohesive energy density. Rear-
ranging eq. (A5) yields:

m(t/7)™ = (2/w)tand (A9)

Substituting the expressions for [dlog(1l/7)/
dlog(t,) ], [dlog(1/d,)/dlog(t.) ] and m(t/ 7)™ of
egs. (A7), (A8), and (A9) into eq. (A6):

dG'/dlog(t,) =~ 2.303G'[ £ + u(2/7)tand] (A10)
Combining egs. (A10) and (2) yields:
R, = d(G/Gy)/dlog(t,)
~2303(G/Gy)[£+ u(2/7)tand] (All)

Considering that physical aging deep in the glassy
state is slow and that the experimental results show
G’/ Gy = 1, the physical aging rate:

R,=2303[ &+ u(2/7)tans]  (Al2) = (4)
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