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Time dependent-measurements of the dynamic shear modulus in the splitting region a,--,~ + fl of poly(n-butyl 
methacrylate) (PnBMA) and poly(ethyl methacrylate) (PEMA) are reported. Non-equilibrium effects 
in the frequency-temperature region around the onset of the ct transition are discussed. Physical ageing 
effects on the intensity, shape and position of the ~ and fl peaks of the shear loss modulus are reported. For the 

relaxation a shift of the mean relaxation frequency to lower values, a peak sharpening, and an increase 
in intensity during ageing are observed, whereas the fl intensity decreases significantly. Long times 
are necessary to reach the equilibrium state a few kelvins below the onset temperature (~ glass transition 
temperature for PnBMA). A small amplitude fine structure was found in the frequency sweeps at 
temperatures below the onset temperature, which is discussed in terms of McCrum's sequential ageing. 
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INTRODUCTION 

Experiments in the splitting region a,--,ct + fl, where the 
high-temperature relaxation (a) splits off into the main (~) 
and the ordinary secondary (fl) relaxation, are assumed to 
offer interesting information about the onset of the glass 
transition 1-3. This region can be investigated by standard 
dynamic mechanical measurements in the hertz range in 
several poly(alkyl methacrylate)s (see Figure 1) 4. Interesting 
topics for consideration are the behaviour of a character- 
istic length ~a for the dynamic glass transition s'6 and the 
thermokinetic heterogeneity ~-9. 

The idea of molecular co-operativity is generally 
accepted for glass transition phenomena below the ct 
onset ~°'11. The co-operative motions forming the 
relaxation onset in the splitting region should involve 
only a minimal number of particles corresponding to a 
small correlation length. Below a minimal number of 
particles, co-operative motion does not seem to be a 
realistic picture. The co-operative motions are assumed to 
stop and the intensity of the ~ glass transition is assumed 
to disappear (concept of minimal co-operativity) 12'13. 
The aim of our dynamic mechanical investigations is to 
look for the location (in a log frequency-inverse tempera- 
ture diagram) and the details of the assumed intensity 
disappearance of the ct relaxation. 

In an earlier paper 6, measurements of the shear loss 
modulus G" in the splitting region of poly(n-butyl 
methacrylate) (PnBMA) were reported. We observed a 
separated onset of the dynamic glass transition ~ in this 
polymer near T= 20°C and o~ = 1 rad s- 1, well below the 
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fl frequency at this temperature (co~70rads-1). This 
result was taken from isothermal measurements after 
pre-ageing for 20 min at the measuring temperature. At 
temperatures below 10°C we found strong deviations 
from the equilibrium behaviour, e.g. the mean relaxation 
frequencies of the at relaxation were shifted to higher 
values than expected from equilibrium extrapolation. 

Ageing is well known from dynamic mechanical 
measurements near and below the glass transition 
temperature (T~) of polymers 14"-x6. The time dependence 
of G" between the ~ and fl relaxation for poly(methyl 
methacrylate) (PMMA; an example of a polymer with 
the splitting region above 100 kHz) is shown in Figure 2. 
A shift of the ~ relaxation to lower frequencies and a 
decrease of G" between the ~ and fl relaxation is observed 
during the ageing process. 

There are also considerable ageing effects for other 
physical properties at temperatures below the Tg. The 
accepted understanding of these phenomena is that, 
during sample cooling at a constant rate, in the glass 
transition zone the time is too short for the relaxation 
processes to occur. They become 'frozen-in' which is the 
reason for the non-equilibrium of the glass state. At lower 
temperatures, such frozen-in relaxations are present over 
long times. Their 'thawing' is called structural relaxation 
and is accompanied by a densification of the system e.g. 
a loss of free volume. After logarithmic time-scales 
physical ageing leads to the equilibrium state. The details 
of ageing, such as the shape and intensity variation of 
the • and fl relaxation, can be described by different 
models 17-23. A generally accepted treatment for the 
quantitative description does not exist as yet. 
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Figure 1 Frequency windows of the dynamic shear measurements in 
an Arrhenius diagram for ( - - )  PnBMA and ( ...... ) PEMA: (=) dynamic 
glass transition (~t relaxation); (fl) local mode; (a) high temperature 
process. The traces in the regions outside the shaded area are extrapo- 
lated or assumed. The onset of the ~t relaxation in PnBMA was 
detected at log[co(rad s -  1)] ~ 0 and T ~ 20°C 6. The estimated PEMA 
onset region is obtained by an extrapolation based on a comparison 
with PnBMA. Dielectric loss measurements (connected with the pp- 
correlation function) show another behaviour (splitting instead of an 

onset). Both are compared in reference 6 

The aim of this paper is to investigate in detail the 
influence of physical ageing on the dynamic shear 
modulus near the onset of the dynamic a glass transition 
in the splitting region of PnBMA and poly(ethyl 
methacrylate) (PEMA). 

EXPERIMENTAL 

Materials 
PnBMA and PEMA were purchased from Polyscience 

Inc. Average molecular weights (AI,) and polydispersity 
(Mw/Mn) were determined by g.p.c. Tgs were calculated 
by an equal area construction from heat capacity (Cp) 
measurements. The Cp data were taken from d.s.c, using 
a Perkin-Elmer DSC-2 (~r= + 10 K min-1). The values 
obtained for PnBMA are A~r w = 330 + 8 kg mol-1, AI,/AI, 
=2.35_+0.1 and Tg=22°C, and for PEMA are A3w=72 
+3kgmol  -t ,  A~rw/A~t,=l.9___0.1 and T8=74°C. N.m.r. 
experiments showed that both samples are atactic 
(PnBMA contains 78 _+ 4% syn sequences, corresponding 
to ~60% syn triads, and PEMA contains 78_+3% syn 
sequences, corresponding to ~ 60% syn triads). 

Mechanical experiments 
The dynamic shear modulus G*(oJ)=G'+iG" was 

measured in the frequency range from 500 to 0.001 rad s- 1 
using Rheometrics RDA II analysers. To investigate the 
influence of non-equilibrium effects a special time- 
temperature program was used. All isothermal measure- 
ments were carried out identically. The sample was 
equilibrated at a temperature T~ above T 8 for 10min 
(PnBMA: Ti=50°C; PEMA: Ti= 105°C). The sample 
reached equilibrium after a few minutes, and the 
'memory' of the glass transition was deleted. Then, the 
sample was cooled down (~r~_0.9_0 .2Ks-1)  to the 
measuring temperature T~ and isothermally aged for 
t==5min prior to the shear measurements. Two iso- 
thermal frequency sweeps in the range from 500 to 
0.001 tad s- 1 were continuously performed, beginning at 
high co values. The first was carried out immediately 
(t==Smin), and the second was carried out after an 
additional (t, = 600 min) isothermal ageing at T~. 

RESULTS 

The G" values of PnBMA in the range from - 10 to 
30°C are presented in Figure 3. The first set of frequency 
sweeps, started after isothermal ageing for 5 min (re = 5 min), 
are shown in Figure 3a. The development of the ~t process 
is only detectable as a change in the slope in the low 
frequency wing of the fl relaxation, or a broadening of 
this process below 20°C. There is no indication of two 
separated processes, i.e. ~ and fl processes. The situation 
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Figure 2 Shear loss modulus G" of P M M A  as a function of frequency 
co for different ageing times ([3, t , = S m i n ;  O, t==600min ;  A,  
t= = 1195 min) at a temperature T, = TB-8K =93°C. For details of the 
t ime-temperature program, see text 
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Figure 3 Isothermal measurements of the shear loss modulus G" in 
the onset region of PnBMA (a) before (t, = 5 min) and (b) after isothermal 
ageing (t==600min). The details of the t ime-temperature program 
are described in the text. The curves are vertically shifted by 9.85 MPa  
per isothermal data set; the modulus scale is for T~=30°C. The 
development of the ~ relaxation during the ageing process on the low 
frequency wing of the local fl mode is clearly visible 
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after t~ = 600 min is presented in Figure 3b. The frequency 
sweeps at higher temperatures (T~> 12°C) are virtually 
unchanged by physical ageing while the other sweeps are 
dramatically modified. At T~ < 12°C the development of 
the • process is now clearly visible as a shoulder or, at 
lower temperatures, as an independent relaxation peak. 
From additional measurements at longer times (not shown 
here) we conclude that below T ~ = - 3 ° C  equilibrium 
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Figure 4 Arrhenius diagram for the maxima of the shear loss modulus 
of PnBMA. The large symbols are the values taken from a fit with two 
logarithmic Gauss functions [O ,  B (t~ = 5 min); l ,  fl (re = 600 min); O, 
ct ( t~=5min);  [7, ct (t==600min)]: ( - - )  fl fit from dielectric, photon 
correlation spectroscopy and shear measurements over a wide frequency- 
temperature range6; (....) interpolated equilibrium curve for the ct 
relaxation. The small symbols represent the rippling maxima (Figure 
6) for different ageing times (Q, t e=5min ;  Fq, t~=600min).  Above 
T~ = 13°C no rippling was detected 
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is not reached after te = 600 min. This is also evident from 
an upward bending of the ~ trace in the Arrhenius 
representation of our data at T~ ~21°C (1000K/T= 3.4) 
for te--5min and at T ~ 4 ° C  (1000K/T=3.6) for 
t~ = 600 min (Figure 4). 

The values for the mean relaxation frequencies shown 
in the Arrhenius diagram (Figure 4) were taken from a 
fit of the G " - l o g  co sweeps by a superposition of two 
logarithmic Gauss functions. These fits of the shear loss 

and fl maxima in the onset region agree well with the 
experimental data (Figure 5). 

Two ageing effects seem to be significant for the G" 
curves in PnBMA. First, there is a shift of the developing 

relaxation to lower frequencies with increasing ageing 
time. This shift is, of course, connected with an increasing 
separation of the ~ and fl processes (the formation of two 
maxima in G"). Second, there is a decrease of the 
maximum value of the/3 relaxation, G"~ . . . .  which seems 
to be accompanied by a decrease of the /3 intensity 
(especially in the low frequency part). This effect is related 
to an increase of the ~ intensity and a sharpening of the 

relaxation. 
Analysing the measurements at Te<15°C (e.g. at 

T~ = 5°C in Figure 6) we see some 'rippling' (small maxima 
of G") in all frequency sweeps below 13°C. To our 
knowledge, this effect has not been previously reported. 
(Small peaks in the network plateau zone of different 
polymers and a multiplicity of the local mode of PMMA 
were described by Bartenev and Sanditov24.) Under 
identical conditions, rippling is reproducible within 0.3 
decades in PnBMA. The rippling structure of the 
frequency sweeps is somewhat smoothed by the ageing 
process, but the rippling effect survives even after very 
long ageing times. The ripples seem to shift to lower co 
values (small symbols in Figure 4), in accordance with 

-6 

6O 

13. 
40 

20 

-4 -2 0 2 4 
• , - , • , , , • 

i • , - , - , • = 

-6 

80 

6O 

g 
~ 4o 

20 

-4 -2 0 2 4 
• , • , . , . , • 

• , , i , i , i , i 

80 

6O 

Q. 

40 

20 

• , . , . , . , . , 

i i • , • , • i . t 

-4 -2 0 2 4 

Iogoo (rad/s) 

6 

150 

1 2 0  

90 

60 

-6 

• , . , . , . , • , 

i i i i i 

-4 -2 0 2 4 

Iogo~ (rad/s) 

Figure 5 Examples for the fitting of the G" data near the ct and fl loss maxima by two logarithmic 
Gauss functions. The maxima frequencies are: (a) PnBMA, t e=600min ,  T~= 10°C, 
(log co)= = - 2.27 +- 0.17, (log to)/~ = 1.16 _+ 0.05; (b) PnBMA, t e = 5 min, T, = 10°C, (log co)= = 
- 1.14_+0.25, ( log~)#= 1.42+_0.11; (c) PnBMA, t==600min,  T= = 25°C, (logm)== -0 .01  _+0.05, 
(1ogco)~=2.08+_0.02, A~=7.97, A/~=335; (d) PEMA, te=600min,  T,=63°C, (logo0)== 
-2.20_+0.01, (logto)#=2.85 _+0.20 
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Figure 6 Rippling in the frequency sweeps of PnBMA at T~ = 5°C 
(solid symbols, G"; open symbols, G'; squares, te=5min;  circles, 
te = 600 min). The arrows label the positions of the rippling maxima 
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Figure 7 Shear loss modulus as a function of frequency in the frequency 
window below the assumed ct onset region of PEMA. Frequency sweeps 
after (a) t== 5 min and (b) t== 600min isothermal ageing. For details 
of the time-temperature program, see text. The curves are not vertically 
shifted 

the general trend during the ageing process. Possible 
explanations of rippling are discussed below. 

Ageing in PEMA at different temperatures T~ between 
57°C and 80°C is presented in Figure 7. The experiments 
were performed in the same manner as for PnBMA. The 
general situation in PEMA is somewhat changed in 
comparison to PnBMA because the onset of the 
transition is at higher frequencies than in PnBMA (Figure 
1). Hence, the measurements can only detect the c( 
relaxation after splitting, on the low frequency wing of 
ft. Considerable non-equilibrium effects also exist in this 

region (Ts= 74°C). In the first frequency sweeps (corre- 
sponding to te=5min) the ct relaxation is merely a 
significant shoulder (Figure 7a); clearly visible c( maxima 
far away from the local fl mode are observed again after 
t e = 600 min (Figure 7b). 

Some significant rippling near the loss maximum of 
the ~ relaxation is also observed in PEMA (Figure 8). 
This fine structure is, similar to the PnBMA ripples, 
reproducible and is also detectable in slight modification 
for the long ageing times. 

An overview of the dynamic shear measurements in 
PEMA is given in the Arrhenius representation in Figure 
9 (similar to Figure 4 for PnBMA). The large symbols 
represent the mean relaxation frequencies taken from a 
fit of the G" data with the two logarithmic Gauss 
functions. Influenced by non-equilibrium, both ~ traces 
(re = 5 and 600min) deviate from the assumed (dotted) 
equilibrium trace at low temperatures. The bending tem- 
peratures are T~ = 73°C (1000 K/T = 2.88) at t~ = 5 min, 
and Te = 66°C (1000 K/T= 2.95) at t~ = 600min. 
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Figure 8 Rippling in the frequency sweeps for PEMA at a temperature 
T= = 63°C (solid symbols, G"; open symbols, G'; squares te = 5 min; circles, 
t= = 600 rain). The arrows localize the position of the rippling maxima 
in G" 
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Figure 9 Arrhenius diagram for the G" maxima of PEMA. The large 
symbols are the values taken from a fit of the experimental data by a 
superposition of two logarithmic Gauss functions (O, fl (t= = 5 rain); l ,  
fl (t= = 600 min); all the fl maxima are extrapolated; ©, at (te = 5 min); 
[~, ct (t= = 600 min); ( - - )  fl fit from dielectric measurements over a wide 
frequency-temperature range; (...-) interpolated equilibrium curve for 
the ct relaxation. Small symbols represent the rippling maxima for 
different ageing times (G, t= = 5 min; [3, t= = 600 min). No rippling was 
detected above T~ = 70°C 
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DISCUSSION 

Two problems complicate the evaluation of equilibrium 
moduli in the splitting region of the two poly(alkyl 
methacrylate)s: the large time-dependent non-equilibrium 
effects and the fine structure in the frequency sweeps. 
Both render it more difficult to determine a single ct 
relaxation maximum in the usual manner. 

Ageing process 
Below Tg, an increase of the mean ~ relaxation time up 

to two decades and a per cent range increase of the shear 
modulus G' around the ~ maximum were observed during 
physical ageing (Figures 6 and 8). These tendencies are 
also known from measurements in other polymers 25'z6 
below the Tg. As concluded from the frequency- 
temperature shift, equilibrium dynamic shear measure- 
ments for o9>0.1 rads -1 can be made above T~- 10K. 
In this temperature region the time to reach practical 
equilibrium, te(Te), is manageable and is usually < 10 h. 

In the splitting region the frequency-temperature 
equivalence is, of course, invalid because the two 
relaxation processes (~ and fl) are overlapping and 
diverging at lower temperatures. It is necessary to go well 
below Tg (T~< Tg-10K) in the two poly(alkyl meth- 
acrylate)s to gather information about the developing 
relaxation (Figure 1). At such temperatures the equilibrating 
time rapidly increases. In both investigated systems 
(PnBMA and PEMA), at temperatures T~ = T~- 20 K, i.e. 
20 K below the d.s.c. Tg, the equilibrium was not reached 
in practicable times (re= 1200min). The ageing effect is 
logarithmic in time: Tg-T~ is roughly proportional to 
the logarithm of the time necessary to reach practical 
equilibrium, log[tcq (Te) ] or, in other words, the logarithm 
of all equilibrating times, log[t~q(T~)], is in good agree- 
ment with the beginning of the deviation from the 
equilibrium frequency trace of the ~ relaxation at the 
corresponding temperature T~ (Figure 4). Therefore, it is 
nearly impossible to realize equilibrium measurements 
below the temperature T~ = Tg-20 K in our samples. 

Thus, ageing restricts the low frequency region around 
the onset of the ct transition that can be investigated in 
equilibrium in our experiments. Other methods to 
extrapolate the non-equilibrium measurements at lower 
temperatures to equilibrium would be very helpful. In 
the splitting region of our methacrylates, this seems to be 
possible only by means of a complex analysis including a 
numerical multiparameter fitting procedure. The following 
things should be kept in mind: 

1. The relatively narrow frequency window of the 
mechanical measurements, although nearly five dec- 
ades, does not allow the simultaneous determination 
of both outer wings for the ~ and fl processes. 

2. It is an open question as to whether the usual formulae 
for the shape of ~ and fl relaxation are applicable in 
the splitting region and whether the change in shape 
during ageing can be modelled by a simultaneous 
change in several parameters. 

3. There are a lot of uncertainties in the understanding 
of the physical ageing process in the splitting region. 
We found indications of a superposition of shift and 
sharpening of the ct relaxation during the ageing 
process, probably accompanied by an intensity change 
of (or exchange between) ct and fl relaxation (the ct 
intensity increases while the fl intensity decreases). 

Ageing effects on dynamic shear moduli." M Beiner et al. 

The different properties are related (e.g. the intensity, 
shape and position of ~ and fl relaxation) especially with 
respect to the intensity changes. In future we intend to 
make a systematic comparison in a series of different 
poly(alkyl methacrylate)s, in the hope of fixing some of 
the free parameters in this multiparameter fitting problem. 
Our main aim will be to confirm the separate ~ onset 
well below (about one or two decades) the fl relaxation. 

Rippling 
The rippling structure appears in the frequency sweeps 

at lower temperatures (Te~<aboutTg-10K) around the 
maximum of the ~ relaxation and between • and fl 
(Figures 4 and 9). We see two possibilities for an 
explanation. Rippling could be: (1) a property of the 
developing ~ relaxation in equilibrium; or (2) the result 
of non-equilibrium processes. 

With regards to the first possibility, there are concepts 
assuming that the ~ process is co-operative with a 
characteristic length ~a of the order of a few nano- 
metres 5'1°. According to this, it could be understood that, 
on going from fl to ~, the rippling is due to the successive 
incorporation of more and more 'co-ordination shells' 
into the co-operative movement. Consequently, fine 
structure is especially pronounced near the ~ onset where 
the co-operative motions are assumed to start. 

There are some arguments against the equilibrium 
hypothesis. The temperature region mentioned above is 
related to the Tg. Furthermore, the rippling structure is 
partially smoothed by ageing. This could mean that 
rippling is due to, or at least amplified by, non- 
equilibrium. 

During the dynamic measurements time flows so that 
the frequency dependence of G" is superposed by a time 
dependence from ageing effects. The measured modulus 
values become a function of frequency and time. The 
frequency sweeps at lower temperatures are inevitably 
modified by physical ageing. 

During a continuous ageing process without simul- 
taneous changes of shape, intensity and position of the 

relaxation we would see no reason for multiple maxima 
in a frequency sweep. However, the situation is much 
more complex because there are simultaneous changes 
in intensity, shape and position of the relaxations due to 
physical ageing. 

The concept of sequential ageing in time 27, extended 
later to length 28, tries to describe the ageing by means 
of a structural relaxation including successively longer 
time and length scales. This concept assumes a con- 
tinuous spectrum of modes between ~ and fl relaxation, 
similar to that in equilibrium between ~ and/3. The slower 
part of these modes freezes-in during the cooling from 
the melt to the glassy state at Tg, e.g. with a finite cooling 
rate T. The frozen modes and length ranges (coupled by 
a general scaling assumption ~) relax afterwards step by 
step during the isothermal ageing process at To (sequential 
structural relaxation). This leads to time-dependent 
rearrangements of the relaxation spectrum and could be, 
in combination with the time-frequency program of our 
linear measurements, a reason for the rippling structure 
(or its amplification) in the isothermal frequency sweeps. 
This effect could be especially pronounced near the onset 
of the ~ relaxation, because here the underlying motions 
have only a small co-operativity and will be especially 
affected by the discreteness of the molecular elements 
involved. 
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In addit ion to the ' f irst-order effect' of  non-equi l ibr ium 
just  described, we also expect a second-order  ageing effect 
during a single point  measurement .  In  part icular ,  at 
very low frequencies (a single point  measurement  at 
0.001 rad s -  ~ requires ~ 300 min) a systematic modifi- 
cat ion of the measured  values by ageing also seems to 
be possible. 

The rippling in poly(alkyl methacrylate)s  and possible 
explanat ions  of  this p h e n o m e n o n  will be the subjects of  
further investigations. Exper iments  of the t ime depen-  
dence at different fixed tempera tures  and frequencies are 
planned. Such measurements  guarantee  the best stability 
of  the measur ing  devices. 

C O N C L U S I O N S  

The tempera ture  region a round  the onset  of the dynamic  
shear relaxat ion in P n B M A  and P E M A  was found to be 
sensitive to freezing-in processes. This was expected 
because the ~ onset frequencies are low, i.e. in the hertz 
(PnBMA) and ki lohertz (PEMA) regions. I so thermal  
ageing in bo th  samples  leads to a shift of  the ~ relaxat ion 
towards  equil ibrium which means  longer relaxat ion times 
with increasing ageing t ime to. This shift is accompanied  
by an intensity increase of  the • relaxat ion and an 
intensity decrease of the local/3 mode.  At tempera tures  
T~ below T g - 2 0 K  equil ibrium cannot  be reached in 
pract icable equil ibrating times (te < 1200 min). 

The rippling observed seems to be an inherent  par t  of  
the ~ onset. Two  possible explanat ions  for this phenom-  
enon are discussed: (1) the fine structure is a manifes- 
ta t ion of an equil ibrium dispersion near  the onset of  the 
relaxation; or  (2) rippling is due to a superposi t ion of the 
four different time-scales during the dynamic  measure-  
ments  (internal relaxat ion spect rum for ~ and/3, p rob ing  
t ime and ageing time). We assume that  rippling is 
connected with the discreteness of  particle a r rangements  
(e.g. co-ord ina t ion  shells) in the range of small co- 
operativity.  

A C K N O W L E D G E M E N T S  

The au thors  are grateful for financial suppor t  f rom the 
Deutsche Forschungsgemeinschaf t  (DFG).  Rheometr ics  

Europe  is acknowledged for allowing some dynamic  
mechanical  measurements  to be per formed in their 
laborator ies  in Frankfur t  (Main). Thanks  are due to D r  
S. H r r i n g  and Professor  K. Schlothauer  for character-  
ization of the polymers.  

R E F E R E N C E S  

1 Grtze, W. and Sjrgren, L. Rep. Prog. Phys. 1992, 55, 241 
2 Cummins, H. Z., Du, W. M., Fuchs, M., Grtze, W., Hildebrand, 

S., Latz, A., Li, G. and Tao, N. J. Phys. Rev. 1993, E47, 4223 
3 Bartsch, E., Fujara, F., Kiebel, M., Sillescu, H. and Petry, W. 

Z. Bunsenges. Phys. Chem. 1989, 93, 1252 
4 Heijboer, J. in 'Physics of Non-Crystalline-Solids' (Ed. J. A. 

Prins), North Holland, Amsterdam, 1965, p. 231 
5 Donth, E. J. Non-Cryst. Solids 1982, 53, 325 
6 Beiner, M., Garwe, F., Hempel, E., Schawe, J., Schrrter, K., 

Schrnhals, A. and Donth, E. Physica A 1993, 201, 72 
7 Donth, E. 'Glas/.ibergang', Akademie Verlag, Berlin, 1981 
8 Donth, E. 'Relaxation and Thermodynamics in Polymers. Glass 

Transition', Akademie Verlag, Berlin, 1992 
9 Schmidt-Rohr, K. and Spiess, H.W. Phys. Rev. Lett. 1991, 66, 

3020 
10 Adam, G. and Gibbs, H.J.J. Chem. Phys. 1965, 43, 139 
11 Goldstein, M. J. Chem. Phys. 1969, 51, 3728 
12 Donth, E. J. Non-Cryst. Solids 1991, 131-133, 204 
13 Schulz, M. and Donth, E. J. Non-Cryst. Solids 1994, 168, 186 
14 Struik, L. C. E. 'Physical Aging in Amorphous Polymers and 

Other Materials', Elsevier, Amsterdam, 1978 
15 Kovacs, A. J., Stratton, R. A. and Ferry, J. D. J. Phys. Chem. 

1963, 67, 152 
16 Read, B. E., Tomlins, P. E. and Dean, G. D. Polymer 1990, 31, 

1204 
17 Kovacs, A. J., Aklonis, J. J., Hutchinson, J.M. and Ramos, 

A. R. J. Polym. Sci., Polym. Phys. Edn 1979, 17, 1097 
18 Kovacs, A. J. Ann. NY  Acad. Sci. 1981, 371, 38 
19 Narayanaswamy, 0. S. J. Am. Ceram. Soc. 1971, 54, 491 
20 Gardon, R. and Narayanaswamy, O. S. J. Am. Ceram. Soc. 

1970, 53, 380 
21 Hodge, I. M. Macromolecules 1987, 20, 2897 
22 Hodge, I. M. and Berens, A. B. Macromolecules 1981,14, 1598 
23 DeBolt, M. A., Easteal, A. J., Macedo, P. B. and Moynihan, 

C. T. J. Am. Ceram. Soc. 1976, 59, 16 
24 Bartenev, G. M. and Sanditov, D. S. 'Relaksacionnye Processy 

v Stekloobraznych Sistemach', Nauka, Novosibirsk, 1986 (in 
Russian) 

25 Lee, A. and McKenna, G. B. Polymer 1990, 31, 423 
26 Cavaille, J. Y., Etienne, S., Perez, J., Monnerie, L. and Johari, 

G.P. Polymer 1986, 27, 686 
27 McCrum, N. G. Polym. Commun. 1984, 25, 2 
28 Schrnhals, A. and Donth, E. Acta Polym. 1986, 3% 475 

4132 POLYMER Volume 35 Number 19 1994 


