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SY NOPSlS 

Physical annealing of a fully cured amine/epoxy system has been investigated using the 
freely oscillating TBA torsion pendulum technique. The material densifies spontaneously 
during annealing in an attempt to reach equilibrium, thereby changing material behavior. 
The dynamic mechanical behavior of a film specimen ( Tg = 174'C, 0.3 Hz)  and of a glass 
braid composite specimen ( T, = 182"C, 0.9 Hz)  was monitoredduring isothermal annealing 
at sub-T, temperatures (ranging to 230°C below T,); after annealing, the behavior was 
measured vs. temperature and compared with that of the unannealed state. Isothermally, 
the storage modulus (G') of the film specimen and the relative rigidity ( l /Pz)  of the 
composite specimen increased almost linearly with log time, whereas the logarithmic dec- 
rement ( A )  decreased with time. The isothermal rates of annealing were determined from 
the rates of changes in G' and in 1/P2 for the film and composite specimens, respectively. 
In a wide temperature range between T, and the secondary transition temperature, TBeC 
( x -30°C, 2.3 Hz by TBA) , the isothermal rates of annealing at  the same annealing time 
appeared to be the same. Thermomechanical spectra of the isothermally annealed material 
revealed a maximum deviation in thermomechanical behavior from the unannealed material 
in the vicinity of the annealing temperature. The effects of physical aging were the same 
for the film and composite specimens. Effects of sequential annealing at two isothermal 
temperatures on the thermomechanical behavior were also investigated when the second 
temperature was higher than the first, the effect of only the high-temperature annealing 
was evident, whereas the effect of annealing at both temperatures was revealed when the 
second temperature was lower than the first. Results suggest that physical annealing at  
different temperatures involves different length scales of chain segment relaxation and 
that the effects of isothermal aging can be eliminated by heating to below Tg. 

INTRODUCTION 

Recent studies in our laboratory on high T, amine- 
cured epoxy systems have investigated the decrease 
of the room temperature ( RT) modulus and of the 
RT density that eventually occurs with increasing 
extent of cure (i.e., Tg).1-3 For example, Figure 1 
shows the anomaly in terms of sequential dynamic 
mechanical torsional braid analysis ( TBA) temper- 
ature scans of a partially cured specimen and of the 
fully cured specimen. Note that the relative rigidity 
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( - shear modulus) at room temperature of the un- 
dercured specimen (i.e., with lower T,) is higher than 
that of the fully cured specimen (see caption to Fig. 
1 ) . An explanation has been proposed that attributes 
an increasing free volume in the glassy state at RT 
to the nonlinear increase of T, with con~ersion.~ An 
alternative explanation depends on the efficiency of 
spontaneous densification in the glass transition re- 
gion being higher for lower T, material.3 It is there- 
fore pertinent to investigate the effect of T, on an- 
nealing (physical aging). The present study deals 
with the annealing behavior of fully cured specimens 
as a background for studies on undercured materials. 

It is well documented that amorphous polymers 
can lock in excess free volume during temperature 
cooling through Tg due to the rapid rise in viscosity, 
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which prevents the polymer chain segments from 
attaining equilibrium  conformation^.^.^ The long- 
term properties of these materials in the glassy state 
have been amply demonstrated to change when the 
materials are annealed below T,.6-12 This behavior 
reflects the tendency of the polymer chain segments 
to slowly approach equilibrium conformations in the 
glassy state. The approach toward equilibrium has 
been viewed as a recovery process and has been ex- 
plained in terms of volume relaxationY6 enthalpy re- 
laxation, 7-11 and reduction of molecular mobility.12 
The rate of annealing depends on the time and tem- 
perature of annealing. Thermoplastics become more 
rigid and more brittle with annealing.4p'2 Similarly, 
graphitelepoxy composites show a trend toward de- 
creasing strain-to-break and decreasing tough- 
ness.13J4 

Our recent preliminary annealing studies 15*16 on 
epoxy systems using the TBA technique have shown 
that sub-T, annealing of high Tg epoxies affects 
thermomechanical properties mostly in the vicinity 
of the annealing temperature, and, in particular, an- 
nealing at temperatures well above room tempera- 
ture does not significantly change the dynamic me- 
chanical properties of the material a t  room temper- 
ature.15 The studies have also demonstrated that the 
TBA technique can be a useful and sensitive way 
for monitoring the physical annealing process over 
a wide temperature range through the changes in 
mechanical properties (namely, relative rigidity and 
logarithmic decrement) that are presumably closely 
related to the specific volume of the material. The 
effect of isothermal annealing on material behavior 
is made apparent by comparing temperature scans 
of isothermally annealed specimens with those of 
unaged material. A glass braid supporting the ma- 
terial (in the TBA specimen), as well as crosslinking 
in a homogeneous film specimen, makes it possible 
to erase the prior annealing effects by taking the 
material to above its glass transition temperature 
so that many experiments can be performed using 
the same specimen. 

This paper presents results of further annealing 
studies on a fully reacted amine-cured epoxy system 
using the TBA torsion pendulum technique. The 
dynamic mechanical properties of the material both 
in the form of a thin rectangular film and a glass 
braid composite specimen are monitored during iso- 
thermal annealing at different temperatures. The 
behavior vs. temperature after annealing is com- 
pared with that of the unannealed state. Effects of 
sequential annealing at  two different isothermal 
temperatures are also examined. 

CHEMICAL SYSTEM 

The chemical system used in this study was a mix- 
ture of a difunctional epoxy and a tetrafunctional 
aromatic diamine in a stoichiometric ratio (i.e., one 
epoxy group per one amine hydrogen). The epoxy 
monomer was a diglycidyl ether of bisphenol A 
(DER 332 from Dow Chemical Co.) with an epoxide 
equivalent weight of 174 g/eq (determined by bro- 
mine titration by Dow Chemical Co.). The amine 
curing agent was crystalline (melting range 125- 
128°C ) trimethylene diaminobenzoate, TMAB 
(Polarcure 740M from Polaroid Corp.), with an 
amine equivalent weight of 157 gleq. The chemical 
structures of both reactants and the basic chemical 
reactions involved in the cure are shown in Fig- 
ure 2. 

The amine was dissolved in the liquid epoxy at 
100°C ( 15 min) . Immediately after thorough mixing, 
the warm liquid was degassed for 10 min in a vac- 
uum oven held at  RT. The clear viscous liquid was 
poured into small aluminum weighing pans, indi- 
vidually sealed in plastic bags, kept in a desiccator, 
and stored in a refrigerator. 

EXPERIMENTAL 

TBA Torsion Pendulum Technique 

All experiments were performed using a single glass 
braid composite (TBA) specimen and a single thin 
rectangular homogeneous film torsion pendulum 
(TP ) specimen in separate TBA instruments. The 
specimen is situated inside a temperature-controlled 
cylindrical chamber through which passes a contin- 
uously flowing atmosphere of inert He gas. Figure 
3 shows a schematic diagram of the automated TBA 
torsion pendulum s y ~ t e m . l ~ - ' ~  The essential com- 
ponent of the instrument is the inner pendulum as- 
sembly that consists of a vertical specimen clamped 
between two straight rods: the upper activation rod 
and the lower freely suspended pendulum rod. The 
upper activation rod is connected to a computer- 
controlled gear mechanism that activates the pen- 
dulum into small angle, free oscillation by mechan- 
ically slowly stretching and subsequently rapidly re- 
leasing a spring. The free end of the lower pendulum 
rod is magnetically coupled to a polarizer disk, which 
is a part of the inertial mass of the entire inner pen- 
dulum and is suspended over another stationary po- 
larizer. The light intensity from a light source pass- 
ing through the two polarizers varies linearly with 
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CHEMICAL REACTANTS 

Diglycidyl Ether of Bis-phenol A (DER332, Dow Chemical Co.) 

Trimethylene glycol di-p-aminobenzoate (TMAB, Polaroid Corp.) 

REACTIONS 

OH 
I 

/CH2-CH- 
H OH 0 I I 

( 2 )  R-N-CH2-CH- + C H ~ C H -  - R-N \ 
CH2- CH- 

I 
OH 

Figure 2 Chemical reactants and reactions. 

their relative angular displacement (when in the 
center of the linear region of the polarizer pair). A 
linearly responding photo detector converts the light 
intensity into an analog electrical signal. The analog 
electrical signal of the freely damped oscillations is 
digitized and analyzed to give the dynamic mechan- 
ical behavior of the specimen with respect to changes 
in temperature and/or time. The continuously gen- 
erated analog electrical signal is also used to auto- 
mate repetitive initiation of the oscillations. 

Quantitative values of the elastic modulus and 
loss modulus can be obtained when specimens of 
known simple geometry, for example, a rectangular 
film or a cylindrical filament, are used in the torsion 
pendulum (TP) mode. The elastic shear modulus, 
G', is calculated from the frequency ( f ,  Hz ) whereas 
the logarithmic decrement, A, which is related to 
the loss modulus, is calculated from the decay of a 
damped oscillating wave 17918:  

where P (seconds) is the natural period of the 
damped oscillations, I is the moment of inertia of 
the moving part of the pendulum, and K is a geo- 
metric constant; and 

where Bi is the amplitude of the ith oscillation of the 
freely damped wave, G" is the loss shear modulus, 
and 6 is the phase angle between stress and strain. 
Calibration (for determining G') must first be per- 
formed to determine the moment of inertia of the 
inner pendulum using a calibrated wire of known 
moment of inertia. 

Impregnated braid specimens are used in the tor- 
sional braid analysis (TBA) mode to obtain tran- 
sitions and relative mechanical assessments of 
 polymer^.'^-'^ Although the geometric constants are 
not known in a TBA experiment, the frequency of 
a damped wave can be used to calculate the relative 
modulus, since G' - f = 1/P2. Two parameters 
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TBA TORSION PENDULUM 

Figure 3 Schematic diagram of the TBA torsion pen- 
dulum system. Source: Plastics Analysis Instruments, Inc., 
Princeton, NJ. 

are generally calculated for a TBA experiment, 
namely, the relative rigidity, R = 1/P2, and the log- 
arithmic decrement, A ("log decrement"). 

Preparation, Cure, and Annealing of Specimens 

Composite TBA Specimen 

Prior to an experiment, the reactive mixture inside 
its plastic bag was removed from the refrigerator 
and left at room temperature for at least 20 min. 
The viscous reactive liquid was then coated on a 
heat-cleaned glass braid (ca. 50 mm in length) to 
prepare the composite specimen for the TBA ex- 
periment. Excess material on the braid was removed 
by squeezing the impregnated glass braid between 
aluminum foil. The final amount on the braid was 
approximately 15 mg. The specimen was mounted 
in the TBA inner pendulum assembly, which was 
then lowered into the preheated chamber of a TBA 
instrument. 

The specimen was cured in the TBA unit at 200°C 
for 10 h. After the isothermal cure, the specimen 
was taken through the following temperature scan: 
200 --f -180 + 250 + 30°C at l"C/min, to obtain 

the thermomechanical spectra after cure. This pro- 
cedure was adopted because ( a )  the material could 
be fully reacted in the absence of vitrification during 
isothermal cure a t  200°C (since Tg of the fully cured 
system = 182"C), ( b )  the specimen wouldbe heated 
to 200°C after subsequent annealing experiments to 
eliminate the effects of prehistories, and (c )  no deg- 
radation was observed at 200°C (e.g., the Tg of the 
material remains constant after more than 100 h at 
200°C-results of a separate experiment using a dif- 
ferent specimen, not shown here). The cured ma- 
terial was therefore deemed to be chemically stable 
at 200°C (with respect to chemical conversion and 
thermal degradation) for the anticipated time scale 
of the experiment ( - 1 year). Furthermore, the re- 
peated cooling from and heating to 200°C at l°C/ 
min of the experiment did not affect the thermo- 
mechanical spectra and the Tg of the material. All 
curing and subsequent annealing experiments were 
performed under a flowing dry helium atmosphere 
to minimize effects of moisture and oxidation. 

Film Specimen 

In making the thin film specimen, a thin sheet of 
partially cured material was prepared as follows: The 
initial liquid mixture was degassed in a vacuum oven 
at 100°C and poured between two smooth pads of 
silicone rubber that were squeezed together with a 
uniform weight on the top pad; the whole setup was 
then placed in an air oven at 120°C for 24 h. After 
the setup had been freely cooled to room tempera- 
ture, a thin sheet of the partially cured material 
could be peeled from the silicone rubber pads. The 
sheet was then cut with scissors into several rectan- 
gular strips. A strip with approximately uniform 
thickness was selected as the film specimen for the 
present TP annealing study. The specimen was 
mounted in the usual manner, inserted into the TBA 
instrument, and fully cured by heating to 2OOOC at 
0.2"C/min and holding isothermally at 200°C for 
10 h in helium. Then, it was subjected to the tem- 
perature scan 200 --* -180 + 200 + 30°C at lot/ 
min to obtain the thermomechanical spectra after 
cure. The average dimensions of the cured specimen 
(measured at RT after completion of all annealing 
experiments) were 6.7 X 0.69 X 0.013 cm3. 

Annealing Procedure 

A fully reacted specimen (composite or film) was 
taken to 200°C and then cooled at  a rate of 5"C/ 
min to a prespecified annealing temperature (T,) 
below Tg. The material was allowed to anneal iso- 
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thermally at T,, while its dynamic mechanical be- 
havior was repetitively monitored for exactly 10,000 
min. The temperature was maintained at T, to 
within +O.l"C after an initial transient period of 
approximately 20 min. At the end of 10,000 min, the 
specimen was cooled from T, to -180°C and then 
heated to 200"C, both at l"C/min, to obtain the 
dynamic mechanical behavior of the annealed ma- 
terial vs. temperature. Subsequent cooling from 
2OOOC (which is above the specimen's T,) to -180°C 
and then heating to 200"C, both at 1"C/min, pro- 
vided thermomechanical spectra that were compared 
with those of the annealed, and also the unannealed 
material obtained immediately after curing. The 
latter provided an internal means of checking for 
any irreversible change accompanying the annealing 
and further temperature cycling. Annealing was 
performed at  different temperatures ( ranging from 
-50 to 180°C). Prior to each new annealing exper- 
iment, the specimen was heated to 200°C to erase 
the previous annealing history and cooled to the new 
annealing temperature at 5"C/min. Adopting this 
procedure, one specimen of each type (composite 
and film) was used for all of the experiments. 

Effects of sequential isothermal annealing at two 
different temperatures were also examined. Each 
specimen (TBA composite or film) was annealed at 
the first temperature ( T,,) for 10,000 min after 
cooling at  5"C/min; then the temperature was 
changed to a new annealing temperature (Ta2)  at  
5"C/min. The specimen was allowed to anneal at 
Ta2 for 10,000 min. After the combined annealing 
sequence, the specimen was subjected to the follow- 
ing temperature cycle: Ta2 + -180 + 200 + -18OOC 
at l"C/min, so as to obtain the dynamic mechanical 
behavior of the specimen vs. temperature. In one 
set of experiments, T,,, > Ta2; in another set, T,, 
< T a 2 *  

RESULTS AND DISCUSSION 

The dynamic mechanical behavior of the TBA spec- 
imen is reported as the relative rigidity ( 1/P2) and 
logarithmic decrement ( A ) .  The results of the thin 
film specimen are reported as the storage shear 
modulus ( G ' )  and the logarithmic decrement ( A ) .  

Thermornechanical Spectra 
of the Fully Cured Specimen 

Figure 4 ( A )  shows the dynamic mechanical behavior 
vs. temperature of the TBA specimen for both di- 
rections of temperature change after curing at 200°C 

for 10 h before isothermal annealing. The Tg of the 
material (identified as the maximum of the highest 
temperature peak in the logarithmic decrement 
spectrum on temperature scanning down from 
200°C) is 182°C (0.9 Hz) .  The secondary ( p )  tran- 
sition is centered around -30°C (2.3 Hz) . It is noted 
that the spectra measured during the temperature 
scan down do not coincide with those obtained dur- 
ing the temperature scan up. Specifically, the rigidity 
of the latter is slightly higher and the logarithmic 
decrement is slightly lower than those of the former 
in the lower temperature region of the glass tran- 
sition. These differences could be the consequence 
of ( a )  the temperature scan rate at l"C/min being 
slow enough to allow the material to anneal to a 
small extent during cooling and subsequent heating 
and/or ( b )  a systematic temperature difference be- 
tween heating and cooling of about 1°C (see below). 

Figure 4 ( B  ) shows the similar behavior vs. tem- 
perature of the fully cured TP film specimen. The 
T, of the specimen is determined (during a temper- 
ature scan down from 200°C) to be 174°C (0.3 Hz) ,  
which is significantly lower than that of the com- 
posite specimen. The difference may arise from deg- 
radation during cure in the air oven at 120°C for 24 
h or be due to the composite nature of the TBA 
specimen. The specimen was expected to be chem- 
ically stable for all subsequent heating, cooling and 
annealing experiments that were conducted inside 
a TBA apparatus under a continuous slowly flowing 
He atmosphere. 

Reversibility of the Physical 
Annealing Phenomenon 

Figure 5 ( A )  shows the thermomechanical spectra 
of the composite specimen, after having been an- 
nealed at 140°C for 10,000 min and heated to 200°C, 
measured during a temperature scan down at 1"C/ 
min from 200°C (which is above its T,) , compared 
with the spectra of the same specimen prior to all 
annealing experiments (also measured from 200 to 
-180°C at l"C/min). The spectra of the annealed 
specimen after heating to 200°C coincide completely 
with those of the unannealed specimen. Similar be- 
havior is observed for the film specimen, after an- 
nealing at  145°C for 10,000 min, cooling to -180"C, 
and heating to 200"C, as shown in Figure 5 ( B )  . 
These observations indicate that thermal annealing 
histories below the glass transition temperature can 
be erased by heating the material to above its T, 
and that no irreversible changes (e.g., additional 
chemical conversion, thermal degradation, and 
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Figure 4 Dynamic mechanical properties vs. temperature of the fully cured material 
during sequential temperature scans 200 + -180 - 200°C at l"C/min: ( A )  composite 
specimen, (B)  film specimen. See text. 

physical effects such as crazing or cracking) occur 
during isothermal annealing and subsequent tem- 
perature scans. Therefore, the initial state of the 
specimen prior to physical annealing can be repro- 
duced by simply heating the material 20°C above 
its Tg . Consequently, annealing behavior at different 
temperatures could be examined on single specimens 
(composite and film). 

Isothermal Annealing Behavior 

The levels of the initial relative rigidity and shear 
modulus of unannealed specimens decrease mono- 

tonically with increasing temperature. During iso- 
thermal annealing, the rigidity and shear modulus 
increase with annealing time. Figures 6 and 7 show 
the relative rigidity and G' during isothermal an- 
nealing at  different annealing temperatures for the 
composite and the film specimen, respectively. Note 
that the vertical scale in Figure 6 has been expanded 
more than 24 times over that for Figure 5 ( A ) ,  and 
the scale in Figure 7 is 30 times that of Figure 5 (B)  . 
The results clearly demonstrate the nonequilibrium 
nature of the material even at  temperatures far be- 
low Tg (up to 230°C below T,). In principle, the 
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Figure 5 Dynamic mechanical spectra (from 200°C to -180°C at l"C/min) showing 
the reversibility of physical annealing effects. The spectra of a specimen prior to the an- 
nealing experiment are superimposed over the spectra of the same specimen after annealing 
at 140°C for 10,000 min and heating to 200°C prior to scanning: ( A )  composite specimen, 
(B)  film specimen. Note that the spectra for each specimen overlap completely. 

material will eventually reach its equilibrium state 
and the changes would level off after prolonged an- 
nealing times. This is actually observed at annealing 
temperatures close to Tg, for example, at 175°C for 
the composite specimen (Fig. 6) and at 165°C for 
the film specimen (Fig. 7) .  For temperatures near 
TB, the equilibrium state can be achieved rapidly 
since the relaxation times are short and the material 
is close to eq~ilibrium.~.' For all of the annealing 
temperatures greater than 20°C below Tg in this 

study, the properties of the material (for both the 
composite and film specimens) are still changing at 
the end of the 10,000 min. Figures 8 ( A )  and 8 ( B )  
show the behavior of the composite and the film 
specimens during annealing at 160 and 145"C, re- 
spectively, for a longer time period of 45,000 min 
( - 1 month). It is apparent that neither specimen 
has reached its equilibrium state. 

It is noticed from Figure 6 that the relative rigidity 
data a t  175°C (i.e., Tg - 7°C) and 180°C (i.e., Tg 
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I 
1 2 3 4 

LOG TIME (MIN) 
Figure 6 The relative rigidity of the composite specimen 
vs. log time during isothermal annealing a t  different an- 
nealing temperatures (from -50 to 180°C). The sets of 
data are displaced vertically from each other by arbitrary 
amounts. The vertical scale is expanded more than 24X 
that of Figure 5 ( A ) .  

- 2 ° C )  display more scatter than those at lower an- 
nealing temperatures. The reason for this scatter is 
that at these temperatures close to Tg the material 
properties are highly sensitive to small temperature 
fluctuations (even though the temperature is con- 
trolled to within +O.l"C). Moreover, the dynamic 
behavior of the specimen becomes viscous with a 
highly damped response of a few oscillations for a 
freely damped wave. Therefore, calculations of the 
material properties from these responses can be less 
accurate than from the less damped waves at  lower 
temperatures. 

Many studies including small strain creep, l2 dy- 
namic mechanical, stress relaxation, 5,9 enthalpy 

relaxation, 7*8 volume relaxation, 22 and dielectric 
relaxation 23 experiments have shown that physical 
aging at  long time is linear with respect to logarith- 
mic aging time. These results also showed that 
physical aging is not highly temperature dependent, 
a t  least in the temperature range between Tg 
and T,,,. 

Studies by Petrie7s8 on polystyrene demonstrated 
that changes in dynamic mechanical properties (i.e., 
shear storage modulus [ G']  and logarithmic decre- 
ment) can be correlated with the enthalpy relaxation 
for samples with the same annealing histories. If 
enthalpy relaxation is equivalent to volume relax- 
ation, the shear storage modulus and the relative 

1 2 3 4 

LOG TIME (MIN) 

Figure 7 The dynamic elastic shear modulus (G') of 
the film specimen vs. log time during isothermal annealing 
at different annealing temperatures (from 21 to 165OC). 
The sets of data are displaced vertically from each other 
by arbitrary amounts. The vertical scale is expanded 30X 
that  of Figure 5 ( B  ) . 
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Figure 8 Long-term ( = 1 month) isothermal annealing behavior near Tg: ( A )  composite 
specimen, T,, = 160°C (i.e., 22°C below T g ) ,  (B)  film specimen, T, = 145°C (i.e., 29°C 
below T g ) .  

rigidity would be then closely related to the specific 
volume of a material. The rate of physical annealing 
(i.e., volume relaxation) could then be inferred from 
the rates of change of these properties. 

It can be clearly seen from Figures 6 and 7 that 
the long-time rigidity, R, of the composite specimen 
and the long-time G' of the film specimen, away from 
equilibrium, increase almost linearly with logarith- 
mic annealing time, t .  The data at each annealing 
temperature, excluding the initial 20 min which are 
affected by temperature transients, are fitted with 
a second-order polynomial in log( time) that is used 

in the evaluation of the rate of annealing. The rate 
of annealing is calculated as d R / d t  for the composite 
specimen and as d G ' / d t  for the film specimen. The 
results of the annealing rates for the composite and 
the film specimen are shown in Figures 9 ( A )  and 
9 (B ) , respectively. It can be observed that the rate 
of annealing changes inversely with the annealing 
time. As expected, the initial rate of annealing is 
higher at temperatures closer to Tg and is lower at 
temperatures below the secondary transition tem- 
perature, T,. However, in a wide temperature range 
between Tg and T,,,, the rates of annealing appear 
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x 
( A )  COMPOSITE SPECIMEN 

to be the same. These observations are in accordance 
with other investigations in the l i t e r a t ~ r e . ~ ~ ' ~  

The similar behavior of the annealing rates versus 
time in the temperature range between Tg and T,,, 
of the composite and the film specimen suggests that 
annealing is due primarily to the polymer matrix; 
the glass braid in the composite specimen contrib- 
utes little effect to the annealing behavior. In fact, 
the rate of annealing versus time, in this temperature 
range where the rate of annealing is independent of 

4 7  

3 -  

2 -  

1' 

0 -  
1 

temperature, for the film specimen, dG' /d t ,  is ap- 
proximately linearly proportional to that of the 
composite specimen, d R / d t ,  as shown in Figure 10. 

Dynamic Mechanical Behavior vs. Temperature 
after Annealing 

The spectra of the relative rigidity and logarithmic 
decrement vs. temperature obtained during the 
temperature scan T, + -180 + 200 + -180 + 

RATES OF ANNEALING AT DIFFERENT TEMPERATURES 
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Isothermal rates of annealing vs. log time at different annealing temperatures 
determined as ( A )  d R / d t  for the composite specimen and ( B )  d G / d t  for the film specimen. 
Note that the rates of annealing in a wide temperature range between Tg and T., appear 
to be the same. 



2476 WISANRAKKIT AND GILLHAM 

200°C at 1"C/min of a specimen after annealing at 
various temperatures are summarized in Figures 11 
and 12, respectively. The corresponding spectra of 
the shear modulus and logarithmic decrement of the 
film specimen obtained during the temperature scan 
T, + -180 + 200 --* -180°C at l"C/min are sum- 
marized in Figures 13 and 14, respectively. The re- 
sults of the initial temperature sequence T, + 

-180 + 200°C represent the thermomechanical be- 
havior of the annealed specimen; the spectra of the 
same specimen during cooling from 200 to -180°C 
are taken as the behavior in the unannealed state, 
which are shown as solid curves for comparison. 

The differences between thermomechanical 
spectra of annealed and unannealed specimens are 
found to be most pronounced in the vicinity of the 
annealing temperatures, in which the mechanical 
properties of the former (higher rigidity and lower 
logarithmic decrement) deviate most from the latter. 
The results at annealing temperatures 2 30°C show 
that the physical annealing does not seem to sig- 
nificantly affect the mechanical spectra of the ma- 
terial below or above the vicinities of the annealing 
temperatures. The localization of the effect suggests 
that (1) the submolecular motions which are re- 
sponsible for the aging effect at T, and which are 
gradually immobilized over long times at T, are not 

CORRELATION BETWEEN THE RATES OF ANNEALING 
OF THE COMPOSITE AND FILM SPECIMENS 
IN THE TEMPERATURE RANGE BETWEEN Tg AND Tsec 

0 , 0 0 0  0 , 0 0 2  0 . 0 0 4  0 . 0 0 6  0 . 0 0 8  0 . 0 1 0  

dwdt for the composite specimen 

Figure 10 Rates of annealing in the temperature range 
between TB and T, of the film specimen (dG ' /d t )  plotted 
vs. that of the composite specimen ( d R / d t )  to examine 
the contribution of the glass braid to the annealing be- 
havior. See text. 

> - ii 
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w a 

-200 -150 -100 -50 0 50 100 150 : 
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K) 

Figure 11 Relative rigidity vs. temperature of the an- 
nealed composite specimen at  different annealing tem- 
peratures (Ta) compared with that of the same specimen 
in the unannealed state. Annealing was for 10,000 min a t  
each temperature. The dotted curves show the spectra of 
the specimen, after annealing a t  T,, from T, + -180 + 
200"C, whereas the corresponding solid curves give the 
spectra of the unannealed state of the same specimen from 
200 to -180°C (the subsequent scan from -180 to 200°C 
is shown also as dotted curves). Note the regions of max- 
imum perturbation are in the vicinities of the isothermal 
annealing temperatures (for T,, 2 0°C). 

involved in determining G' in the time scale of -1 
s for T < T, - 30°C and (2) the submolecular mo- 
tions that had been immobilized by the annealing 
process a t  T, are freed by volume expansion on rais- 
ing the temperature so that G' in the time scale of 
-1 s at T > T, + 30°C is not affected by the an- 
nealing at T,. This argument suggests that the 
length scale of the motions which are effective in 
the annealing process at different annealing tem- 
eratures, T,, vary with T, and that only intermediate 



PHYSICAL ANNEALING ON AMINE-CURED EPOXY 2477 

I 

-200 -150 -100 -50 0 50 100 150 200 

TEMPERATURE ('C) 

Figure 12 Logarithmic decrement vs. temperature of 
the annealed composite specimen at different annealing 
temperatures compared with that of the same specimen 
in the unannealed state. (See caption of Fig. 11.) 

regions of the relaxation spectrum are involved at 
a given temperature. 

However, the annealing effect is quite different 
a t  annealing temperatures a t  and below 0°C; the 
thermomechanical spectra of an annealed specimen 
appear to differ substantially from the unannealed 
spectra throughout the entire temperature range of 
the glassy state below the annealing temperatures. 
A related issue on sub-T, annealing studies concerns 
the effect of ohvsical annealing on the secondnrv 
transition, T,,, (TBA) - -3OOC (2.3 Hz). There 
have been reports that physical annealing does not 
sigaificantly affect the secondary transition, 24-26 al- 
though other reports suggest o t h e r w i ~ e . * ~ , ~ ~  The 
present resuIts show that annealing at high tem- 
peratures does not significantly affect the secondary 
transition. However, the annealing results at low 

temperatures close to the secondary transition peak 
(e.g., -50 to 0°C in Figs. 11 and 12) show that the 
secondary relaxation can be substantially influenced 
by physical aging in the vicinity of T,,,. For example, 
the annealing at -30°C (where the logarithmic dec- 
rement peak of the secondary transition is at its 
maximum) also results in higher rigidity (Fig. 11) 
and lower logarithmic decrement (Fig. 12 )  in the 
vicinity of T,,, . 

Effect of Physical Annealing on  Tg 

Table I shows values of the T, of the composite 
specimen, obtained during temperature scans after 
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3 

Figure 13 Sheer modulus vs. temperature of the an- 
nealed film specimen compared with that of the same 
specimen in the unannealed state. The dotted curves show 
the spectra of the specimen after annealing at  T,,, from 
Ta+ -180 --t 200°C, whereas the corresponding solid 
curves give the spectra of the unannealed state of the same 
specimen during subsequent scanning from 200 to -laooc. 
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Table I 
Annealing Experiments 

TB of the Composite Specimen after 

-180+ 200- -180+ 200- 
T,,("c) 200°C -180°C 200°C 30°C 

-50 
-30 

0 
20 
30 
40 
60 
80 

100 
120 
140 
160 
175 
180 

60/120 

40/140 

120/60 

140/40 

182.9 
183.0 
182.5 
182.6 
182.6 
182.6 
182.6 
182.5 
182.5 
182.3 
182.4 
183.1 
183.0 
182.9 
183.0 
182.8 
182.8 
182.9 

182.1 
182.1 
181.7 
181.7 
181.6 
181.9 
181.8 
181.6 
181.6 
181.5 
181.7 
182.0 
182.1 
181.8 
182.0 
181.9 
182.0 
182.0 

182.9 182.0 
183.1 182.1 
182.5 181.7 

182.4 181.7 
182.7 181.7 
182.6 181.7 
182.5 181.6 
182.6 181.7 

182.5 181.7 
182.9 181.9 
183.0 182.1 
182.8 181.8 
182.9 182.1 
182.7 182.0 
182.9 182.0 
183.0 182.0 

each annealing experiment a t  T,. Each value is de- 
termined by curve fitting of the Tg peak in the log- 
arithmic decrement spectrum to a second-order 
polynomial that is used to calculate the maximum 
(= T,) . The values in the second column represent 
the Tg of the annealed specimen, which has been 
cooled to -180°C at l"C/min, measured during the 
subsequent temperature scan from -180 to 200°C 
at l"C/min. The values in the third, fourth, and 
fifth columns represent the Tg of the same specimen 
in the unannealed state measured during the con- 
secutive temperature scans 200 --* -180, -180 + 

200, and 200 --* 30°C at 1"C/min, respectively. The 
value of Tg measured during a temperature scan 
down is approximately 0.9"C lower than that mea- 
sured during a temperature scan up (comparing the 
Tg values in column 3 with those in column 4). The 
differences in Tg values between cooling and heating 
scans presumably arise from thermal lag between 
the specimen and the measuring temperature (on 
cooling the specimen is at a higher temperature than 
the thermocouple; on heating, the specimen is at a 
lower temperature than the thermocouple). Com- 
parison between scans must therefore be made in 
the same direction of temperature change. Further- 
more, since physical annealing at sub-T, tempera- 
tures does not affect the value of the assigned Tg 
(comparing the Tg values in column 2 with those in 
column 4), this implies that the annealing histories 
have virtually been erased when the temperature 

Table I1 
Step-annealing Experiments 

Sequence of Temperatures in the 

Toi/Ta, To, /To2 
Experiment (composite specimen) (film specimen) 

1 120/60"C 125/64"C 
2 60/120"C 64/125" C 
3 140/40 "c 145/35 " C 
4 40/140"C 35/145"C 

reaches the assigned value of Tg. Thus, by this par- 
ticular way of defining Tg (i.e., from the peak of the 
logarithmic decrement ), physical annealing does not 
change the temperature assigned to Tg. 

) -150 -100 -50 0 .SO 100 150 : 

TEMPERATURE ("C) 

Figure 14 Logarithmic decrement vs. temperature of 
the annealed film specimen at  different annealing tem- 
peratures compared with that of the same specimen in the 
unannealed state. (See caption of Fig. 13.) 
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Figure 15 Effects of the sequential annealing a t  two 
sub-T, annealing temperatures on the relative rigidity of 
the composite specimen during the temperature sequence: 
To2 + -180 + 200°C (dotted lines) and 200 + -180°C 
(solid lines). The two numbers (Tal/Ta2) next to each 
spectrum are the two annealing temperatures in the order 
of the annealing experiment (10,000 min at each temper- 
ature). The initial cooling rate to To, was 5"C/min. The 
temperature scan rate from T,, to Ta2 was 5"C/min. 

Effect of Sequential Isothermal Annealing 

The results of sub-T, isothermal annealing at tem- 
peratures above 20°C show that there is a range of 
maximum perturbation in the vicinity of the an- 
nealing temperature in the thermomechanical spec- 
tra of the annealed material as compared to the un- 
annealed state. Therefore, it is of interest to examine 
the effects of sequential isothermal annealing at two 
different temperatures on the perturbation behavior. 

Four sets of experiments were performed on each 
of the two types of specimen. The annealing tem- 
peratures for each set of the experiments are given 
in Table 11. Specimens were annealed for 10,000 min 
at each specified temperature. 

In experiments 1 and 3, the first annealing tem- 
peratures were higher than the second temperatures, 
whereas in experiments 2 and 4, the reverse tem- 
perature sequences were carried out. The initial 
cooling rates from 200°C to Tal were 5"C/min. The 
heating and cooling rates from T,, to T,, were 
5"C/min. 

After each experiment, the relative rigidity (or 
G ' )  and the logarithmic decrement of the specimen 
were obtained during a temperature scan To, + 

-180 + 200 + -180°C at l"C/min. The results 
are presented in Figures 15 and 16 for the relative 
rigidity and logarithmic decrement spectra of the 
composite specimen and in Figures 17 and 18 for 
the G' and logarithmic decrement spectra of the film 
specimen, respectively. 

For experiments 1 and 3, in which Tal > Taz, the 
resulting thermomechanical spectra appear to be a 
combination of separate annealing at Tal and Ta2. 
The regions of maximum perturbation from the un- 
annealed state appear in the vicinities of both Tal 
and T,,. In experiments 2 and 4, the specimen was 
heated to a higher second annealing temperature: 
the mechanical spectra after the sequential anneal- 
ing only reflect the characteristics of the second an- 
nealing temperature with the region of maximum 
perturbation occurring only in the vicinity of Taz. 

These results again suggest that physical an- 
nealing at  different temperatures involves different 
scales of relaxations. An annealed state attained at  
a higher temperature is unaffected by subsequent 
annealing at  a lower temperature that may only in- 
volve relaxations of chain segments and free volume 

Ta1lTa2 ("C) A 

1 
120/60 

/I I 

f \ I  . ._ - / 60/120 

/ 40/140 

1 
0 * 1 5 0  - 1 0 0  - 5 0  0 s o  1 0 0  ( 5 0  Z O O  

TEMPERATURE ('C) 

Figure 16 Logarithmic decrement vs. temperature of 
the composite specimen showing the effect of the sequen- 
tial annealing at two sub-T, annealing temperatures. (See 
caption of Fig. 15.) 
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Figure 17 Sheer modulus vs. temperature of the film 
specimen showing the effect of the sequential annealing 
at two sub-T, annealing temperatures. (See caption of 
Fig. 15.) 

of smaller dimensions. On the other hand, the an- 
nealing effects at low temperature can be erased (by 
increasing free volume and shortening relaxation 
times) when the temperature is raised to a higher 
temperature. Subsequent annealing at the higher 
temperature involves the relaxation of longer chain 
segments (and therefore larger scale volumes) that 
include those of smaller scale. Consequently, the net 
result of the combined annealing when T,, > To, is 
as though the material has only been annealed at 
the second (upper) temperature. 

CONCLUSIONS 

Technique 

The torsional braid analysis technique, both in the 
supported specimen (TBA) and in the suspended 
film (TP) modes, is a convenient and sensitive 
method for monitoring the physical annealing pro- 
cess for the following reasons: 

1. The changes in the dynamic mechanical 
properties are presumably related to the 
changes in the specific volume of the material. 
The changes of the former can be several or- 
ders of magnitude greater than those of the 
latter and, thus, can be detected more easily. 

2. The sensitivity of the freely vibrating, freely 
suspended specimen is revealed by comparing 
the isothermal annealing data (e.g., Figs. 6 
and 7)  with scale expansion > 30 times, with 
those of the conventional presentation [ e.g., 
Fig. 5 ( A )  and 5 ( B )  1. The technique can ef- 
fectively monitor small changes in the ma- 
terial's properties, e.g., changes less than 3% 
in relative rigidity during isothermal anneal- 
ing. 

3. Prior annealing prehistories can be erased by 
taking the specimen to above its Tg (i.e., 
physical annealing is a thermoreversible pro- 
cess). Therefore, comparisons of the effects 

1 
. Z O O  - 1 5 0  . 1 0 0  . s o  0 5 0  1 0 0  0 0  2 0 0  

TEMPERATURE ("C) 

Figure 18 Logarithmic decrement vs. temperature of 
the film specimen showing the effect of the sequential an- 
nealing at two sub-T, annealing temperatures. (See cap- 
tion of Fig. 15.) 
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of time and temperature of annealing can be 
made using a single specimen. 

Results 

1. 

2. 

3. 

4. 

5. 

During prolonged isothermal annealing ( T,,, 
< T, < T,), the relative rigidity and shear 
modulus increase almost linearly with log 
time. The rate of annealing decreases with 
time. 
The rate of annealing vs. temperature of an- 
nealing is determined from the change in the 
relative rigidity and G’ vs. time. In a wide 
temperature range between Tg and T,,,, the 
material appears to anneal a t  the same rate 
versus time. 
Temperature scans of material annealed at  
one temperature (T,,, < T, < T,) show that 
its thermomechanical spectra deviate pro- 
nouncedly from those of the unannealed state 
only in the vicinity of the annealing temper- 
ature. 
This suggests that different length scales of 
relaxation are associated with different an- 
nealing temperatures. At lower annealing 
temperatures closer to T,,, , the physical an- 
nealing shows substantial effect throughout 
the glassy state below the annealing temper- 
atures. 
A specimen that has been annealed at one 
temperature and subsequently annealed at a 
lower temperature displays the annealing ef- 
fects of both temperatures, i.e., the thermo- 
mechanical spectra show regions of maximum 
perturbation in the vicinities of both an- 
nealing temperatures. However, if the se- 
quence of the annealing temperatures is re- 
versed, (i.e., first annealing at a low temper- 
ature, then at a high temperature), the net 
result only reflects the annealing effects of 
the higher temperature. These results again 
suggest that different scales of relaxation are 
associated with different annealing temper- 
atures. 

This research was supported in part by the Chemistry 
Branch of the Office of Naval Research. 
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