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ABSTRACT: Conformational relaxation of poly(methyl methacrylate) in the glassy state has been investigated by 

measuring dynamic viscoelasticity and density. Physical aging at room temperature was investigated for the samples 

quenched from 190°C. The loss tangent (tan8) in the range of temperature below the glass transition temperature de

creased with aging time, and approached a certain equilibrium curve from lower temperature side. The rate of change 

was independent of the molecular weight. However, no effect of physical aging was observed for the samples slowly 

cooled from 190°C. The quenched sample and the aged sample after quenching were annealed at 80 or ll0°C to acceler

ate the relaxation, and then cooled slowly from each temperature. The temperature dispersion curves of the dynamic vis

coelastic functions of the samples agreed well with those of quenched samples in higher temperature range than the an

nealing temperature, and with those of slowly cooled ones in lower temperature range. Densities measured at 30°C were 

found to explain well the change in segmental conformation due to thermal histories. The effect of thermal history on the 

viscoelasticity was discussed in terms of the change of segmental conformation of polymeric glasses. 
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Physical properties of amorphous polymers in the 

glassy state are generally affected by the segmental con

formation that depends strongly on the thermal his

tory.1-3 A glassy polymer sample quenched from a tem

perature above the glass transition temperature (Tg) to a 

temperature below Tg is not in the equilibrium state. 

When the sample is annealed at a temperature, TA(< Tg), 

the physical properties change toward those in the equi

librium state at TA by changing the local chain confor

mation. The behavior is called 'structural relaxation' 

and/or 'physical aging', and has been investigated by 

measuring volume recovery,4-9 enthalpy recovery,2·6•10,11 

creep compliance,4'6'
11 and stress relaxation. 12-14 Time 

scales for relaxation of different properties have not 

been always the same. For example, the approach of vol

ume to the equilibrium is faster than those of enthalpy 

and creep.8 The reason for the different rates has not 

been well understood, because molecular motion in poly

meric glasses is not clear. 
Internal structure in glassy polymer is changed and 

relaxed by the chain conformation change due to the mo

lecular segmental motion. The structural relaxation 

might be called a conformational relaxation by segmen

tal motion of the polymer chain. Scale of the molecular 

motion varies with segmental length and the mobility 

depends on temperature. The motion is generally called 

a local motion, a segmental motion, a cooperatively rear

ranging motion (<Tg) and a reptation (>Tg) according to 

the scale of molecular motion. 
It has been reported for poly(methyl methacrylate) 

(PMMA) that the dynamic storage modulus (E' ) in

creases and the dynamic loss modulus (E ") decreases 

during aging, approaching the equilibrium values. 1,15-19 

The values of the viscoelastic functions change, in many 

cases, linearly with logarithm of the aging time at TA.18 

The studies on aging for PMMA, however, are mostly 

limited to the cases at constant temperatures. Little is 

known about how the dispersion curves of the viscoelas

tic functions change with aging time. In this study, we 

measured temperature dispersion curves of dynamic vis

coelastic functions of PMMA aged or annealed at TA ( < 

Tg) for various time periods to clarify the effect of aging 

on segmental motion and conformational relaxation of 

PMMA in a wide temperature range. 

EXPERIMENTAL 

Materials 
Two samples ofhomo-PMMA with different molecular 

weights were used in this study. Sample code according 

to average molecular weight in 103, molecular weight 

(Mw) measured by light scattering, molecular weight dis

tribution (MwfMn) by gel permeation chromatography 

(GPC), and the glass transition temperature (Tg) by dif

ferential scanning calorimetry (DSC) under a heating 

rate of l0°C min-1 are shown in Table I. The prepara

tion of the film samples was described elsewhere. 19 Film 

samples obtained were below 0.1 mm in thickness. Vari

ous thermal histories were applied to the samples. The 

samples used in this study are summarized in Table II 

focusing on the thermal histories. The films were heated 

in a compression molding machine at 190°C for 5 min, 

and then were cooled in two ways : slow cooling from 

190°C toward room temperature Tr (15-25°C) (SC) and 

rapid quenching from 190 to 0°C (QU), as described in 

Table I. Sample code, molecular characteristics and glass transition 

temperature (Tg) measured by DSC at a heating rate of l0°C min- 1 

Sample Mw Mw!Mn Tg /°C Suppplier 

PMMA575 575000 2. 7 123 Scientific Polymer Products 

PMMA72 72000 1.7 115 Mitsubishi Rayon Co. 

tTo whom correspondence should be addressed (Tel: +81-75-753-5606, Fax: +81-75-753-4911, e-mail: masuda@rheogate. polym. kyoto-u.ac.jp). 
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Table II. Various thermal historiesa,b applied to PMMA samples, a-transition temperature (Ta) 

and density (p) at 30°C of the samples' 

II ill N 
Code Time / day for TAl°C:and time/h p / gcm- 3 Tal°C 

physical aging at T, for annealing at30°C 

PMMA575-SC 134 
PMMA575-QU 132 

PMMA575-QP1 1 132 
PMMA575-QP2 34 132 
PMMA575-QP3 85 132 
PMMA575-QP4 365 132 

PMMA575-QA1 80/6 132 
PMMA575-QA2 80/76 132 
PMMA575-QA3 80/150 132 
PMMA575-QA4 110/2 132 
PMMA575-QA5 110/4 132 

PMMA575-QPA1 365 80/6 132 
PMMA575-QPA5 365 110/4 132 

PMMA72-SC 1.1985 127 
PMMA72-QU 1.1968 126 

PMMA72-QP1 21 126 
PMMA72-QP2 35 126 
PMMA72-QP3 92 126 
PMMA72-QP4 370 1.1988 126 

PMMA72-QA1 80/6 1.1993 126 
PMMA72-QA2 80/76 1.1994 126 
PMMA72-QA3 80/150 126 
PMMA72-QA4 110/2 1.1990 127 
PMMA72-QA5 110/4 1.1990 127 

PMMA 72-QPAl 370 80/6 1.1997 126 
PMMA72-QPA5 370 110/4 1.1989 

aThermal histories were applied to the samples by two steps. 1st step was slow-cooling or quench from 190°C: ; 2nd step was physically ag
ing at T, or annealing at TA. hThe sample codes include the summary of thermal histories. SC stands for slow-cooling; QU quench; QP 
quench and physical aging; QA quench and annealing; QPA quench, physical aging and annealing. 'Ta was obtained from the peak tem
perature of the temperature dispersion curve oftano. Values of p were not measured for PMMA575 series. 

detail in our previous paper.19 Physical aging was made 
for SC and QU samples at various temperatures below 
Tg, which is regarded as a stage of the thermal history in 
this study. QU samples were kept at T, for various days 
as shown in Column I in Table II . The physically aged 
samples are called QP. Another physical aging was per
formed at higher temperatures than Tr. QU samples 
were annealed at TA (TA= 80 or 110°C) for several hours 
in order to accelerate conformational relaxation and 
then cooled slowly from TA to T, . The annealed samples 
thus obtained are called QA. The annealing tempera
ture/time for each sample is shown in Column II of Ta
ble II. Moreover, PMMA-QP4 samples were also an
nealed in the same condition as for QA series. PMMA 
575-QP4 samples were annealed at 80°C for 6 hand at 
ll0°C for 4 hand PMMA72-QP4 sample was annealed at 
80°C for 6 h. The samples are called QPA, samples codes 
are PMMA575-QPA1, -QPA5, PMMA72-QPA1, and 
-QP A5 corresponding to annealing condition for QA se
ries. 

Measurements 
The temperature dispersion of dynamic viscoelastic 

functions, E; E" and loss tangent (tan8) of the samples 
was measured at an angular frequency of 1 s - l and at a 
static strain of 0.05% using a Rheometrics RSA- II . For 
SC, QU, and QA2 samples, the measurements were also 
made at an angular frequency of 100 s - 1. All measure
ments were performed on heating at a heating rate of 2 

98 

°C min -l. Densities of PMMA 72 specimens were meas
ured by a density gradient tube of aqueous sucrose solu
tion at 30°C The average density gradient was 2.0 X 10-4 

g cm - 3/cm-distance. Accuracy of the value of density was 
estimated within ±0.0001. The results are tabulated in 
Column ill of Table II. 

RESULUTS AND DISCUSSION 

Dynamic Viscoelasticity of PMMA Samples 
The temperature dispersion curves of E', E" and tan8 

of PMMA575-SC, -QU, and -QP4 with three typical ther
mal histories are shown in Figure 1. The figure clearly 
demonstrates an effect of physical aging on viscoelastic 
properties of the samples, as can be seen by comparing 
SC and QU samples. The E' value of PMMA 575-SC is 
higher than that of PMMA575-QU at low temperatures 
(see Zoom). The temperature at onset of the steep decre
ment of E' curve for PMMA575-SC is higher than that 
of PMMA575-QU. The E" and tan8 curves of PMMA575-
SC clearly exhibit a minimum, while those of PMMA 
575-QU do not. At low temperatures, the E" and tan8 
curves of PMMA575-QP4 are located below those of 
PMMA575-SC, and the E' curve of PMMA575-QP4 in 
slightly higher side than that of PMMA575-SC (see 
Zoom). The difference in value is small but is not the ex
perimental error, as will be discussed later. At high tem
peratures, E; E" and tan8 curves of PMMA575-QP4 co
incide fairly well with those of PMMA575-QU. The tem-
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Figure 1. The temperature dispersion curves of E ', E '; and tano 

of PMMA575 with three typical thermal histories ; PMMA575-SC, 

-QU, and -QP4 which was physically aged for one year after QU. 

perature dispersion curves of PMMA575-SC physically 

aged at room temperature for 365 days were also meas

ured, although the curves are not shown here. The data 

coincided with those of the SC sample over the whole 

range of temperature measured, indicating clearly that 

the viscoelasticity is not affected by aging for the SC 

samples. PMMA 72 also showed the similar behavior to 

PMMA575 as described above. 
Figure 2 is a magnification of the data which are 

measured in temperature range 0-140°C as shown in 

Figure 1, to be able to see the details. The curves for 

other samples (QPl-3) were added. For PMMA575 (Fig

ure 2a), the dispersion curves of QP samples form an en

velope at high temperatures, which coincides with the 

dispersion curve of the QU. At low temperatures, how

ever, an envelope is formed by the QP samples. The 

curves at low temperatures gradually decrease in value 

with aging time, and all curves are located in the lower 

side than the curve of the SC. PMMA72 (Figure 2b) 

shows the similar behavior, and the difference at low 

temperatures becomes clearer. As the aging time in

creases, the crossover curve appearing in the middle 

temperature range moves to the high temperatures. 

Figure 3 shows the tan8 curves of QA annealed at 80 

and 110°C for PMMA575 and PMMA72. The figure also 

contains the curves of SC and QU. The results show a 

similar tendency to that shown in Figure 2. For both 

types of PMMA, the curves of QA samples can be divided 

into two groups. One is the group composed of QAl-QA 
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Figure 2. The temperature dispersion curves of tano of PMMA

QP series with PMMA-SC and -QU. (a) PMMA575 and (b) PMMA 

72 series. TL and TH are pointed out by white and black arrows, re

spectively. 

3 annealed at 80°C, and the other group composed of QA 

4 and QA5 annealed at 110°C. The two groups are differ

ent in temperature range of the crossover. The range is 

lower for the samples annealed at 80°C than for those at 

ll0°C. Focusing on the curves for the samples at TA= 80 

°C, the crossover temperature moves to the higher side 

as annealing time increases. This is true for the both 

types of the polymers. For the samples at TA= 110°C, the 

crossover curve moves in the similar way depending on 

the annealing time for PMMA575, while the curves are 

almost unchanged for PMMA 72 even if the annealing 

time is varied. QA samples form an envelope at low tem

peratures, and the envelope agrees with the SC curve. 

The other envelope formed by QA samples at high tem

peratures agrees with the QU curve. 
Figure 4 shows the temperature dispersion curves of 

the viscoelastic functions of QP A samples annealed after 

physical aging at Tr, together with those of QA samples 

with the same annealing conditions. The tan8 curves of 

PMMA575-QPA1 (closed circles) and PMMA72-QPA1 

are slightly different from those of PMMA575-QA1 (open 

circles) and PMMA72-QA1 at crossover temperatures 

(Figures 4a and 4c). The curve of PMMA575-QPA5 coin

cides well with that of PMMA575-QA5 (Figure 4b). 

The low temperature portion of the tan8 curves of QP 

samples were located below SC (see Figure 2) curve be

fore annealing at TA, and moved to a similar level of SC 

curve by annealing at TA (compare Figures 3 and 4). The 

behavior suggests that memory of physical aging at Tr in 

the QP samples disappeared by annealing. The memory, 

however, would remain and appear at crossover tem-
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Figure 3. The temperature dispersion curves of tano of PMMA
QA series with PMMA-SC and -QU. The arrows are marked on the 
curves of samples annealed at S0"C. (a) PMMA575 and (b) PMMA 
72 series. TL and T 8 are pointed out by white and black arrows, re
spectively. 

perature portion of the tan6 curves ofQPAl samples. On 
the other hand, the memory of quenching from 190°C re
mains both in QPA and QA samples, because the enve
lope in the high temperature region coincides with the 
curve ofQU (see Figure 3). 

We can define two characteristic temperatures in Fig
ures 2 and 3. One is a temperature (TL) at which the 
tan6 curves start to be upturned, and the other is a tem
perature (TH) at which the tan6 curves merge into the 
envelope at high temperatures. TL and TH increase with 
aging time. Assuming that the size of segmental mobil
ity corresponds to the temperature, we can say that the 
segmental conformation below TL has already relaxed 
and those above TH has not. 

The values of TL and TH for PMMA575 and PMMA72 
are plotted against aging time in Figure 5. Data points 
for TL and TH can be well represented by a single line, as 
can be seen from the figure. The effects of molecular 
weight on the characteristic times are not observed at TA 
= Tr and TA= 80°C. Annealing at high temperature ac
celerates the effect of aging on TL and TH. It is well 
known that the rate of change of viscoelastic properties 
depends on the annealing temperature, and the eleva
tion of annealing temperature enhances the rate monoto
nously.18 

TL of QA samples is not directly used when we discuss 
the results of aging at different temperatures, because 
TL depends on the details of the process, and the shape 
of temperature dispersion curves of viscoelastic func
tions of PMMA varies by cooling process.17·21 On the 
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Figure 4. The temperature dispersion curves of E ', E '; and tano 
of QPA and QA series. (a) PMMA575-QPA1 and -QAl, (b) PMMA 
575-QPA5 and-QA5, and (c) PMMA72-QPA1 and-QAl. (el QPA 
and (Ol QA. 

other hand, TH might be characterized as the tempera
ture corresponding to the segmental conformational size, 
above which has not been relaxed. When samples come 
to the equilibrium state, TH would show no more 
changes. TH would be slightly higher than the peak tem
perature of tan6 curve of SC, because the SC process did 
not attain the real equilibrium as discussed later. From 
Figure 5 we estimate the time when QU sample comes to 
the equilibrium state by aging at Tr and 80°C respec
tively by assuming TH at the equilibrium. For TH = 130 
°C, the time estimated is 1.8 X 109 hat Tr and 3.6 X 106 

h at 80°C for PMMA72. The rate of change at 80°C is 
much faster than that of at Tr. 

As stated previously, the difference in shape of the dis
persion curves of viscoelastic functions ofQU samples by 
aging and annealing appeared clearly at lower tempera
tures, and the effect of aging and annealing extends to 
higher temperatures with increasing aging and anneal
ing time, but the change did not appear at high tempera
tures. The rate of change was faster when annealing 
temperature was high. The difference is caused by the 
rate of segmental motion in sample. Mobility of seg
ments in main chain is dominated by temperature, and 
increases with temperature. The movable segment 
length also increases with temperature. We regard the 
movable largest segment as a characteristic length at a 
temperature. The characteristic length is smaller than 
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Figure 5. Semi-logarithmic plot of aging time us. TL and TH. 

These were obtained from the results of physical aging at (al T, 

and (b) 80°C for PMMA 575 and PMMA 72. 

the full length of main chain below Tg. The change in 

shape on the curves proceeding to higher temperatures 

must correspond to development of conformational re

laxation from smaller to larger characteristic length 

scale undergone at the aging and annealing tempera

tures. 
Figure 6 shows the tano curves of PMMA-SC, -QU, 

and -QA2 measured at frequency of 100 s- 1 for PMMA 

575 and PMMA72. The behavior is consistent with that 

in Figure 3 which were measured at 1 s- 1. Thus the 

change of temperature dispersion of viscoelasticity of 

PMMA by aging and annealing is not a specific phe

nomenon at co= 1 s- 1 but a general one at any frequency. 

The very broad transition appears at around 60°C in 

Figure 6, that was not observed at co = 1 s - l (Figure 3). 

The transition of QA2 is seen clearly and that of QU is 

not clear as shown in the figure. According to literatures 

the temperature range in which the aging affects the 

thermal properties of polymeric glasses from T! to 

Tg ,17
•
24 or from temperatures well below Tp to Tg. 18

•
2 

Density of PMMA Samples 
Densities of PMMA72 samples are shown in Table II. 

Densification occurred during physical aging at room 

temperature. Density of PMMA72-QP4 (1.1988) is 

higher than that of PMMA72-QU (1.1968), and is also 

higher than that of PMMA72-SC (1.1985). This suggests 

that PMMA 72-SC is not in the equilibrium state. Since 

the temperature dispersion curve for PMMA 72-QP4 in 

Figure 2 indicates that the sample is not yet equili

brated, density of QP sample would still increase as the 

aging time increases further. Since the density of QP4 is 
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Figure 6. The temperature dispersion curves of tan8 of PMMA
SC, -QU, and -QA 2 measured under 100 s -i in angular frequency. 

(a) PMMA 575 and (b) PMMA 72 series. 

higher than that of SC, it may be possible to prepare a 

QP sample with the same density as SC by adjusting the 

aging time. Even in this case, the QP sample must show 

the viscoelasticity characteristic of the quenched and 

then physical aged sample, QPl-4; namely, the cross

over exists on the dispersion curve of tano. This suggests 

that the viscoelastic properties cannot be determined 

only by the density of sample. 
The densities of PMMA72-QA1 (1.1993) and -QA2 

(1.1994) annealed at 80°C are very close to each other, 

and the situation is the same in density of PMMA72-QA 

4 (1.1990) and -QA5 (1.1990) annealed at ll0°C. The val

ues for the QA samples are higher than that of PMMA 

72-SC. Although the temperature dispersion curves of 

tano of PMMA 72-QA4 and -QA5 are almost identical to 

that of PMMA 72-SC (Figure 3), the values of density of 

the QA samples are higher than that of SC. This sug

gests that PMMA72-QA4 and -QA5 are closer to the 

equilibrium than PMMA72-SC. 
Polymeric glass becomes dense with relaxation. QAl-2 

samples have higher density than QA4-5 samples. The 

former seems to be more relaxed than the latter, but this 

is not true as shown in Figure 3. We must consider the 

thermal expansion of sample. Density of polymeric glass 

is low with rising temperature. The experimental results 

of density are reasonable when QAl-2 and QA4-5 sam

ples were fixed near the equilibrium values of densities 

at 80 and 110°C. It should be noted that degree ofrelaxa

tion of sample is not judged by the only density value at 

30°C. 
Density of PMMA72-QPA1 (1.1997) is higher than 

that of PMMA72-QA1 (1.1993), density of PMMA72-
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QPA5 (1.1989) is very close to that of PMMA72-QA5 
(1.1990). QPAl has maximum value in this work. The 
sample experienced two thermal histories ; physical ag
ing at Tr and annealing at 80°C. The thermal histories 
made samples dense as stated before. The agreement of 
QPA5 and QA5 suggests that annealing at 110°C is effec
tive and eliminates the memory of thermal history at Tr 

in QPA5. The eliminating memory would be also sug
gested by the coincidence of tano curves between QP A5 
and QA5 of PMMA575 (Figure 4b). On the other hand, 
the result of QPAl is complicated. The result suggests 
that densification occurs by two thermal histories. The 
memory of thermal history at Tr lessened but remains in 
QPAl samples. This would be corresponding to the re
sult of viscoelasticity at crossover temperature region of 
tano curves of PMMA575-QPA1 and PMMA72-QPA1 
(Figures 4a and 4c). 

The changes in viscoelasticity and density of QU sam
ple are due to the conformational relaxation, and both 
must be related to each other. We can assume that QU 
sample consists of low-density and high-density regions 
at the initial stage of aging and annealing. The region 
grows gradually during aging, and the change is accord
ing to the conformational relaxation from smaller to 
larger length scale of segment at a temperature. Low
density region in the sample keeps the memory of 
quenching. 

A well known 'memory effect' has been investigated by 
volumetric recovery of polymeric glass.4

•
5 The effect ap

pears when a sample has been treated at three near 
temperatures (T1 > T2 > T3). The sample was quenched 
from T1 to T3 and kept at T3 for a while, and then the 
sample heated up to T2• Volumetric change of the sam
ple shows a maximum during aging at T2, because the 
sample has structures formed at T1 and T3• We consider 
the memory effect on the viscoelastic properties of QP A 
samples. QPA samples kept the memory at T1 (= 190°C) 
that were shown by the coincidence in tano curves of 
QPA and QU samples at high temperatures. On the 
other hand, the memory at T3 (= room temperature) dis
appeared or lessened from QPA sample. This would oc
cur by large temperature jump from room temperature 
to 80 or 110°C. Thus the idea of memory effect would be 
valid for the change of temperature dispersion of viscoe
lastic properties by aging. 

CONCLUSIONS 

The conformational and volumetric relaxation of 
PMMA in the glassy state was investigated by dynamic 
viscoelasticity and density measurements. Change of 
dispersion curves of viscoelastic functions ofQU samples 
by aging and annealing appears clearly at lower tem
peratures, proceeding to higher temperatures with aging 
and annealing time, but does not appear at higher tern-
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peratures. The rate of change becomes fast as annealing 
temperature becomes high, but is independent of the 
molecular weight. Densification occurs for QU samples 
by the physical aging at room temperature, and anneal
ing at 80 and 110°C. 

The changes of viscoelasticity and density of QU sam
ple by aging and annealing are due to conformational re
laxation. The relaxation is expected to extend from 
smaller to larger length scale of segment with time. Den
sification is also related to the relaxation. 
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