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SYNOPSIS

Effects of isothermal physical aging on poly (methyl methacrylate) (PMMA) were inves-
tigated for isothermal aging temperatures (T,) from T, —13 to T, —128°C using a freely
oscillating torsion pendulum (TBA). A single PMMA-glass fiber specimen, the effects of
the thermal history of which could be erased by heating above T, (=116°C, 0.7 Hz), was
used for all experiments; this facilitated comparison of the unaged and aged specimen. The
modulus was observed to increase linearly with the logarithm of isothermal aging time.
Thermomechanical properties of the aged versus unaged specimen showed perturbations
(e.g., increased modulus) principally in the vicinity of T,. This suggests that different
intermediate portions of the relaxation spectrum are specifically involved in the process of

aging for different values of T,.

INTRODUCTION

Physical aging is the process by which an amorphous
glass spontaneously densifies in an aftempt to
achieve its equilibrium state.»? During isothermal
physical aging, at temperature T, the shear modulus
increases and the mechanical loss (e.g., tan delta)
decreases.>* Several researchers have reported the
effects of aging on the thermal properties of polymer
glasses®!* after physical aging. There are contra-
dictions in the literature about the effect of aging
at T, on the properties at temperatures above and
below T,.5%1%* Some reports contend that aging
affects properties only between T, and T,*5'
whereas others show changes in properties extending
well below Ty to the lowest measuring tempera-
ture.®** Recent work in this laboratory has shown
for two high-T, thermosetting systems (i.e., fully
cured epoxy !° and linear polyimide®) that the dy-
namic mechanical properties of isothermally aged
specimens differ from unaged specimens principally
in the vicinity of T,. It was then of interest to in-
vestigate if localized perturbations in thermome-
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chanical behavior due to isothermal physical aging
develop in simpler polymers, for example,
poly(methyl methacrylate).

Poly (methy! methacrylate) (PMMA) has been
studied by dynamic mechanical analysis'®*'” and
has been a subject of physical aging experi-
ments.>!141823 Iyy the present study, a freely oscil-
lating torsional pendulum (~1 Hz) has been used
to investigate the aging behavior of PMMA in the
glassy state. A single PMMA-glass fiber specimen,
whose thermal history could be erased by heating
above T, (=116°C, 0.7 Hz), was used for all exper-
iments; this facilitated comparison of the unaged
and aged specimen. This report focuses on differ-
ences in the thermomechanical behavior of PMMA
in the unaged and aged states for values of T, from
below the glassy state transition, T, to T,. A more
complete report will be published.'®

EXPERIMENTAL

Materials

PMMA (M, = 46400, M,/ M,, = 2.01) was purchased
from Aldrich Chemical (cat. no. 18,225-7, 1990-91).
The glass transition temperature, T, = 116°C (0.7
Hz), is indicative of approximately 60% syndiotactic
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PMMA.' The PMMA was dissolved in tetrahydro-
furan (THF, bp = 67°C) for impregnating a heat-
cleaned glass braid [0.5 g PMMA /2.5 mL THF] for
use in torsional braid analysis experiments.

Procedure

The torsional braid analysis (TBA) technique was
used to measure the relative rigidity (proportional
to the shear modulus) and logarithmic decrement
(proportional to tan delta) of a PMMA-multifila-
mented glass braid composite specimen both during
isothermal aging and temperature scans. All exper-
iments were performed under a slow, steady helium
purge. In the TBA technique the polymer-solvent—
braid composite (the specimen ) is mounted in a tor-
sional pendulum that is free to oscillate at the lower
end. The pendulum is intermittently set into motion
and each of the resulting damped sine waves gen-
erated is analyzed to determine the frequency of os-
cillation and the decay constant, which are used to
calculate the relative rigidity (defined as the square
of the natural frequency of oscillation of the pen-
dulum, f?) and logarithmic decrement (equal to
In(A;/A;;,), where A; and A;., are the amplitudes
of successive oscillations in a wave), respectively.
Reviews of the TBA technique have been pub-
lished.?*?® The TBA apparatus is manufactured by
Plastics Analysis Instruments, Inc.

The relative rigidity, f %, in a TBA experiment is
related to both the shear modulus, G’, and the di-
mensions of the specimen, 2*28

f2=(r'/8xIL)G’

where r and L are the radius and length of the spec-
imen, I is the moment of inertia of the oscillating
system, and G’ is the shear modulus of the specimen.
During physical aging the modulus increases while
the dimensions of the specimen decrease. The rel-
ative rigidity is always observed to increase presum-
ably because the former outweighs the latter.”

Use of a glass braid composite permitted a single
specimen to be used for all the experiments since
aging effects could be eliminated by heating to above
T, and reintroduced below T after subsequent cool-
ing. It is of interest to note that the composite nature
of the TBA specimen does not significantly affect
the aging process; the aging behavior was reported
to be the same for a homogeneous film and a glass
braid composite epoxy—diamine specimen.®

The time-temperature sequence of the experi-
ment was as follows:

1. A glass braid was impregnated with the

PMMA-THF solution and mounted in the
TBA unit at 50°C.

2. The specimen was heated to 150°C at 1°C/
m and held isothermally for 4 h to remove
solvent.

3. The specimen was cooled from 150°C at 5°C/
m to a predetermined temperature, T, and
held for 14 h isothermally. TBA data were
taken on a logarithmic time basis during iso-
thermal aging.

4. The specimen was cooled to —100°C at 5°C/
m and then heated at 1°C/m to 150°C. TBA
data taken upon heating provided the ther-
momechanical spectra of the aged specimen.

5. The specimen was then cooled from 150 to
—100°C at 5°C/m and then heated at 1°C/
m to 150°C. TBA data taken upon heating
provided the thermomechanical spectra of the
unaged specimen, which were compared to
the thermomechanical spectra of the aged
specimen (of step 4).

6. Steps 3-5 were repeated for various values of
T, (the aging cycle).

The changes in properties after aging are sensitive
to the cooling and heating rates. By using only one
rate of cooling and one rate of heating for all aging
experiments (the two rates not necessarily equal),
differences in the results of aging experiments could
then be attributed solely to differences in the value
of T,.1

RESULTS AND DISCUSSION

T, and T; Transitions of PMMA

Figure 1 shows the TBA thermomechanical spectra
of the PMMA-braid specimen measured upon heat-
ing at 1°C/m after cooling from 150 to —100°C at
5°C/m. The glass transition temperature, T,
= 116°C at 0.7 Hz, and secondary glassy state tran-
sition temperature (or B-relaxation), T = 29°C at
1.5 Hz, are defined by the temperature and frequency
of the respective maxima in the logarithmic decre-
ment spectrum.

Isothermal Aging

Figure 2 displays the results during isothermal aging
for several aging temperatures. The reduced shear
modulus of the specimen, G’/ G}, defined as the ratio
of the shear modulus at aging time ¢ to that at aging
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Figure 1 Poly(methyl methacrylate): TBA thermomechanical spectra. —100 to 150°C
at 1°C/m after cooling from 150 to —100°C at 5°C/m.

time ¢t = 15 m, is plotted versus log aging time for
several values of T,. Thermal equilibrium (7,
= Tserpoint T 0.15°C) was attained in less than 15 m
after cooling for all values of T, (data <15 m not
presented ). Changes in the reduced modulus of less
than 0.1% due to physical aging can be measured
(see Fig. 2). Linear regression analysis for each set
of data resulted in all correlation coefficients greater
than 0.95. G'/ G} is thus considered to increase lin-
early with log aging time.

Figure 3 is a plot of the aging rate of the specimen
versus T,. The aging rate, defined as the slope of
G’/ G, versus log aging time, was obtained from a

linear regression analysis of the data presented in
Figure 2. T, and T; are marked as reference tem-
peratures. The aging rate increases monotonically
with increasing 7,. Note that no abrupt change in
the aging rate occurs near the designated 7. One
isothermal aging experiment, data not shown, was
performed at T = 138°C (i.e., >T,) to determine if
the specimen could be monitored so as to reach an
equilibrium G'/Gy value. G’/ G, became constant
immediately after thermal equilibrium had been at-
tained.

The form of the temperature dependence of the
calculated aging rate in this study is in agreement
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Figure 2 Reduced modulus versus log aging time for different aging temperatures. Note

the linear relationship.
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Figure 3 Aging rate of specimen versus aging temperature.

with an aging study of PMMA in which creep re-
laxation at low strain was monitored.? However, the
same investigator reported the aging rate for a
PMMA, measured by volume relaxation, to have lo-
cal maxima versus T, around 0 and —50°C (T
= —81°C at 10 ° Hz).%®

The separation of the contributions of tempera-
ture and departure from equilibrium structure on
the aging behavior is a central theme in the study
of the relaxation behavior of all glasses.2”?® An Ar-
rhenius plot of the aging rate did not result in a
straight line; the plot was concave up.!® Also, the

Effect of Isothermal Aging at 48°C

isothermal aging rate does not correlate simply with
the mechanical loss (i.e., logarithmic decrement).'®

Perturbations in Thermomechanical Behavior Due
to Isothermal Aging

Figure 4 shows the TBA behavior versus tempera-
ture of a specimen aged at 48°C and also of an un-
aged specimen. The principal differences are an in-
crease in relative rigidity and a decrease in logarith-
mic decrement for the aged specimen in a narrow
range about T, = 48°C.
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Figure 4 Effect of isothermal aging at 48°C. TBA thermomechanical spectra of unaged
and aged specimen. The aged specimen was aged for 14 h.
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Perturbations in Modulus Due to Isothermal Aging
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Figure 5 Perturbations in modulus versus temperature due to aging at different aging

temperatures (T, = 48, 63, 78, and 103°C}.

Figures 5 and 6 are calculated from data such as
those presented in Figure 4. In Figures 5 and 6 the
percent change of the aged versus unaged specimen’s
shear modulus,

100[G'(a) — G'(u)]

G'(u)
where a and u designate the aged and unaged states,
respectively, is plotted versus temperature for dif-

ferent values of T,. The data in Figure 6 (T, < 40°C)
has been magnified by a factor of 10 versus those in

%G’ =

Figure 5 (T, > 40°C). The effects of aging shown
in Figures 5 and 6 are discussed below.

First, the perturbations due to aging are, to a large
extent, localized about T),. The localization indicates
that aging at different values of T, involves inter-
mediate portions of the relaxation spectrum. This
is in disagreement with the statement that physical
aging influences all the relaxation times, 7;,
equally.>® (Note: in the present work for T, < T},
small changes due to aging are measurable to
—100°C.)

Perturbations in Modulus Due to Isothermal Aging
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Figure 6 Perturbations in modulus versus temperature due to aging at different aging
temperatures (T, = —12, 2, 18, and 33°C). Note: the modulus scale has been magnified 10

times that in Figure 5.
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Second, the peak in %G’ is asymmetric. This re-
flects that during postaging heating the processes
involved in determining %G’ at T' < T, are different
from those at T' > T,. It has been shown that the
path of %G’ versus temperature below T, is largely
reversible.’®* However, the %G’ versus temperature
path is not reversible above T,. For example, if the
specimen is heated after isothermal aging at T, to
a temperature approximately 40°C above T, (1°C/
m), the effects of aging are essentially removed.’®
In this case the submolecular motions that had been
“frozen” upon aging at T}, are essentially “released”
on heating.

This has practical and theoretical significance.
For example, to remove the effects of physical aging
at T, < T, it is not necessary to heat above T,. This
may have implications for glasses exposed to tem-
perature cycling such as those used in encapsulating
electronic devices that are at a higher temperature
in the “on” than “off 7 state, T,, and T, respec-
tively. Glasses under these conditions may only ac-
cumulate changes due to aging at T, the effects of
aging at T being removed at T,,.

Third, the intensity of the peak in %G’ decreases
an order of magnitude with decreasing T, over the
range of temperatures studied. The changes due to
aging at T, < T} are small, yet well defined in Fig-
ure 6.

Fourth, the maxima of the peaks in %G’ are at
higher temperatures than their respective values
of T,.

CONCLUSIONS

Changes in the thermomechanical behavior of
PMMA due to isothermal physical aging were found
to be localized in a narrow temperature range about
the aging temperature, T,, for a wide range of T,
{values of T, from just below T, to below T%). The
localization suggests that isothermal aging involves
an intermediate range of the relaxation spectrum
that depends on 7T,. This has practical and theoret-
ical consequences when determining the tempera-
ture-dependent behavior of a glass after physical
aging at T,.
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