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Physical ageing in polystyrene (PS) has been studied by means of modulated differential scanning 
calorimetry (m.d.s.c.). The results show that there exists a characteristic annealing temperature at which 
relaxation enthalpy has a maximum value. When annealing below 65”C, another relaxation peak has been 
found. The position of this relaxation peak, which changes with annealing temperature, lies approximately 
between 54 and 64°C. It has been postulated previously in the literature that the relaxation behaviour 
involves phenyl ring relaxation. As measured from heat capacity curves, this transition is evident as a 
shoulder on the glass transition. With increasing annealing temperature, the glass transition of PS increased 
slightly. 
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INTRODUCTION 

In all non-equilibrium systems, relaxation phenomena 
can be observed involving a time-dependent return to 
equilibrium after a disturbance. Relaxation behaviour, 
for example mechanical or dielectric relaxation, is 
universal. In fact, the process of physical ageing is also 
a typical relaxation phenomenon. During controlled 
cooling of a polymer in the equilibrium melt state from a 
high temperature, a moment is reached when the rate of 
structure rearrangement in the melt state, which depends 
on the thermal mobility of chain segments, starts to lag 
behind the cooling rate. The molecules in the sample will 
then show a progressive deviation in conformation from 
the equilibrium one. At low temperature, the sample will 
possess a frozen-in structure. With time, the frozen-in 
structure will relax towards the equilibrium state. 

A growing body of data has been published’-l3 about 
the physical ageing of polymer materials. The results 
show (a) a decrease in the relaxation enthalpy, AH, 
during annealing; and (b) that AH is a linear function of 
In t (where t is the ageing time). 

Recently, a new thermal analysis technique14>15, 
modulated differential scanning calorimetry (m.d.s.c.), 
has become available. It enables the reversible response 
of the sample at a given frequency to be deconvoluted 
from the total enthalpy change; the difference between 

* To whom correspondence should be addressed 

these two quantities, the so-called non-reversing heat 
flow, is then a measure of the relaxation enthalpy. This 
non-reversing signal contains contributions from pro- 
cesses that are reversible at frequencies lower than that 
chosen for the modulation, but, to a first approximation, 
this simply represents a small constant correction term 
that does not fundamentally change any of the argu- 
ments and observations presented here. This makes the 
method very suitable for the study of physical ageing in 
polymer materials. In this paper, the physical ageing of a 
polystyrene (PS) sample with a controlled thermal 
history was investigated by m.d.s.c. 

EXPERIMENTAL 
Sample 

The PS sample was obtained from BP Chemicals. The 
M, value was 9.3 x lo4 and the M,,, value was 2.1 x 105, 
as determined by g.p.c. (Waters Instrument, model 510) 
calibrated using PS standards. 

Sample preparation 
The sample was heated to 180°C and held at this 

temperature for 5min. It was then cooled slowly to 
150°C and held there for 5 min to ensure that it was in the 
equilibrium state and to eliminate the effect of any 
previous thermal history. The sample was then rapidly 
immersed into liquid nitrogen, and held at liquid 
nitrogen temperature for 10min before being removed 
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Figure 1 Schematic diagram of the calculation of relaxation enthalpy 
from a non-reversing heat flow signal 

and allowed to warm to room temperature. It was stored 
at room temperature prior to use. 

Instrumentation 
A m.d.s.c. instrument manufactured by TA Instru- 

ments was used. Only a brief review of the m.d.s.c. 
technique is given here. The temperature programme 
consists of the conventional linear temperature rise with 
time ramp, which in the case of m.d.s.c. is modulated by 
a small sinusoidal perturbation. The modulated heat 
flow signal is averaged to obtain the total heat flow signal 
which is equivalent to a normal d.s.c. experiment. The 
amplitude of the cyclic response is measured by a Fourier 
transform technique and from this a value for the heat 
capacity, called the cyclic heat capacity, is obtained. By 
multiplying this by the underlying heating rate the 
reversing signal is obtained. By subtracting this reversing 
signal from the total heat flow the non-reversing signal is 
calculated. It has been observed16 that the cyclic heat 
capacity contains contributions from irreversible kinetic 
processes that can be removed by use of the phase lag 
between the perturbation and the heat flow response. 
This correction has not been applied here as it is very 
minor for the types of transition discussed in this paper. 

Calorimetry conditions 
The sample was heated at YCmin-’ to the ageing 

temperature, T,, kept at that temperature for the 
required time, and then cooled at lO”Cmin-i to 30°C 
the temperature selected for the start of the measuring 
scan, which involved heating at 4°C min-’ to 150°C. An 
oscillation amplitude of 0.8”C and an oscillation period 
of 60 s were used throughout this investigation. 

In addition, to obtain the necessary accuracy, a 
calibration of heat capacity was carried out by running 
a standard sapphire sample. The melting peak temperature 
and cell constant were calibrated using indium, and the 
baseline was established by running an empty pan. The 
relaxation enthalpy was calculated using the non-reversing 
heat flow signal (see Figure I). In all the thermograms 
presented, endothermic signals are downward pointing. 

RESULTS AND DISCUSSION 

Figures 2 and 3 show the relaxation data from both the 
total heat flow and non-reversing heat flow signals, 

244 POLYMER Volume 37 Number 2 1996 

0 60 80 100 120 1 
Temperature(°C) 

Figure 2 M.d.s.c. curves obtained at a heating rate of 4”Cmin-’ for 
aged PS. The ageing time was 1 h. (Curve 1: 80.5”C; curve 2: 79.o”C; 
curve 3: 74.O”C; curve 4: 72.O”C; curve 5: unaged sample). The data are 
shifted vertically for clarity 
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Figure 3 Non-reversing heat flow curves from the samples listed in 
Figure I. The data are shifted vertically for clarity 
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Figure 4 The variation of the experimentally determined relaxation 
enthalpy with ageing time. The ageing temperature was 72°C 

respectively, for samples annealed at different tempera- 
tures. The ageing time was 1 h. The results show clearly 
that the relaxation behaviour is different for different 
annealing temperatures at the same fixed annealing time. 
Figure 4 shows that the relaxation enthalpy increases as a 
linear function of In t. Figure 5 shows the changes of total 
relaxation enthalpy with Ta. The results indicate that 
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Figure 5 The variation of relaxation enthalpy with ageing tempera- 
ture, T,. The ageing time was 1 h 

Figure 8 Variation of the glass transition with ageing temperature, T, 
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Fipre 9 Non-reversing heat flow curves of aged PS at different ageing 
temperatures. The ageing time was 1 h (curve 1: 6O.O”C; curve 2: 58.O”C; 
curve 3: 56.O”C; curve 4: 52.O”C) 

Figure 6 Variation of the differential of heat capacity of polystyrene 
with temperature for samples aged at different temperatures 

-0.05 

-0.07 

Gl 
&0.09 

5 
G-o.11 
2 
; 

-0.13 

-0.15 

87.5:C from dCJdT curve 
07.4 C from C, curve ye 

ki 41 
O(days) 

3:lOO 
4:180 1 

MDSC 
I I I I I 

I 60 80 100 120 I 
Temperature(‘C) 

‘2( 1 40 60 3.0 160 lb0 1 
Temperature(%) 

4i 3 :0 .41 

Figure 7 The relationship between the peak position of the differential Figure 10 Variation of heat flow with temperature for samples aged at 
of heat capacity and heat capacity with temperature room temperature for different times 

discuss the process of physical ageing. Figure 6 shows the 
changes of the differential of heat capacity with 
temperature at different T, values. The peak position 
of the differential of heat capacity with respect to 
temperature corresponds to the point of inflection of 
the heat capacity curve for the glass and the liquid states 
(see Figure 7). 

At this point, the rate of change of heat capacity is at 
its maximum. This point can be taken as the glass 

there exists a characteristic annealing temperature at 
which the physical ageing rateI reaches a maximum. 

In fact, the glass transition is not a true phase 
transition. The different segmental motions result in a 
glass transition spectrum. For polymers, the heat 
capacity does not change suddenly at the glass transition 
temperature: its differential may be a continuous 
function of temperature. 

The differential of heat capacity signal can be used to 
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Figure 11 Variation of non-reversing heat flow with temperature for 
samples aged at room temperature for different times 

Figure 12 Variation of relaxation enthalpies with ageing time for 
samples aged at room temperature 

changes of heat flow and non-reversing heat flow with 
temperature for samples that have been aged at room 
temperature for different times. The sample at zero time 
was used immediately it reached room temperature after 
being removed from the liquid nitrogen (see Experi- 
mental section). Figure 12 shows the changes of 
relaxation enthalpy with ageing time for both the lower 
and higher temperature relaxation peaks. The variation 
of relaxation enthalpy of the lower relaxation peak is 
larger than for the higher relaxation peak, where the 
relaxation enthal y changes very little. 

Lindenmeyer Mp analysed thermodynamically the 
relaxation process of glassy polymers and suggested 

transition temperature of average-length segments. 
Thus, the differential signal of heat capacity is clearly 
sensitive to the glass transition process. With increasing 
T,, the peak position of the differential of heat capacity 
shifts slightly to higher temperatures. These small 
changes are shown in Figure 8. The glassy state will be 
different for different T, values. At higher values of T,, 
the rate at which the equilibrium state is reached will be 
faster. 

When the annealing temperature was below 65°C the 
non-reversing heat flow signal showed two relaxation 
peaks (see Figure 9). This two-peak behaviour has been 
found in other systemslg119. Figures 10 and 11 show the 
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Figure 13 Differential of heat capacity with temperature at different ageing times for samples aged at room temperature 

246 POLYMER Volume 37 Number 2 1996 



Modulated differential scanning calorimetry. 2: D.J. Hourston et al. 

that glass formation may occur by a dissipative process 
that results from an inhomogeneous structure. For the 
PS used in this study, if the glassy state is inhomoge- 
neous, it will change with annealing time. As the 
annealing time is increased, the glassy state will approach 
its equilibrium state. The increment of relaxation 
enthalpy of inhomogeneous structures may be similar. 
However, the difference is large. 

Figures Z3a-d show the changes of the differential of 
heat capacity with temperature at different ageing times 
for samples aged at room temperature. With increasing 
ageing time, a second relaxation peak appears in the 
signal. It is believed that the lower tern erature relaxa- 
tion peak may be the P-relaxation 28 found in the 
dynamic mechanical spectrum, rather than resulting 
from an inhomogeneous structure. If the temperature of 
the lower relaxation peak is defined as the p-relaxation 
temperature, Tp, its onset occurs approximately between 
54 and 64°C (see Figures 9 and II). The P-relaxation is 
experimentally much more difficult to locate accurately 
than the glass transition, as it appears as a shoulder on 
the relaxation curve rather than as a resolved peak. 
Wetton*’ concluded that it occurred in the dynamic 
mechanical spectrum between Ts-1OO’C and Tg, but 
using m.d.s.c. and our experimental method, it can be 
located more accurately. Illers*‘, in an early paper, 
assigned it to motions in parts of the polymer chains in 
which phenyl groups experience less steric hindrance. 
The amount of heat capacity arising from the p- 
relaxation is very small. The value is approximately 
0.02 J go’ “C-‘. 

For PS, the energy difference between the higher 
energy gauche and lower energy tram states is 
7.1 kJmoll’ (ref. 22). This can lead to a change in heat 
capacity at constant volume2’. During physical ageing, 
the conformation changes are related to localized 
molecular rearrangements. Robertson23 predicted that 
the volume available for segment relaxation for all glassy 
polymers is 4.32 nm3. The value is small, but is believed 
to be the basis of the localized molecular rearrangments 
that occur during physical ageing. 

CONCLUSIONS 

The non-reversing heat flow signal from m.d.s.c. 
contains important information on irreversible pro- 
cesses. These results show that there exists a character- 
istic annealing temperature at which the physical ageing 
rate is at a maximum. At annealing temperatures below 
65°C it is believed that a secondary relaxation occurs 
between 54 and 64°C. 
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