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Abstract." Applicability and limits of time-resolved rheometry have been anal- 
yzed for polymers which undergo change during a rheological measurement. 
Processes such as gelation, phase transition, polymerization or decomposition 
affect the molecular mobility in these polymers and therefore the rheological ex- 
periment. We propose to choose the well known effect of heating (or cooling) 
during the relaxation and analyze it as a paradigm for rheometry on samples 
with changing molecular mobility. The temperature change does not cause per- 
manent changes in sample structure, but it affects the molecular mobility and 
it significantly interferes with the measurement if the temperature changes occur 
too fast. In this study, time-resolved mechanical spectroscopy (TRMS) was used 
to experimentally investigate the effect of heating on the relaxation behavior of 
a typical polycarbonate sample. Each data point in a cyclic frequency sweep 
(CFS) was taken at a different state of the material; the data were interpolated 
using an interactive computer program. In this fashion, a single TRMS experi- 
ment yielded a master curve over eight decades. A model for relaxation under 
non-isothermal conditions showed the limitations of TRMS. It could be demon- 
strated that TRMS worked well for sufficiently small mutation numbers, i.e., for 
sufficiently small changes during the measurement. A critical mutation number 
of 0.9 was determined for the non-isothermal case beyond which the material 
response became non-linear. This corresponds to a calculated relative change of 
the shear stress amplitude of about 90%. 

Key words." Time-resolved mechanical spectroscopy - relaxation - non-isother- 
mal flow - mutation number 

Introduction 

A stable sample is usually considered as prere- 
quisite for a meaningful rheological measurement.  
This excludes materials with changing structure such 
as polymers during gelation, phase transition, decom- 
position, polymerization, etc., but since these materi- 
als have very distinct properties, their investigation 
and utilization has become more and more common 
in recent years. A time-resolved rheometry (TRR) 
technique is needed which enables characterization of 
the dynamic properties of  such transient polymers. 

in the following, we will use the term "muta t ion"  
as a general expression for changes of  either molecu- 
lar weight, molecular weight distribution, connectivi- 
ty between molecules, aggregation, ordering on super- 

*) Dedicated to Prof. Ken Waiters on the occasion of his 
60th birthday. 

molecular scale (by phase separation in a polymer 
blend or block-copolymer,  for instance), or other 
structural phenomena which affect molecular mobili- 
ty. Very different types of  structural changes can have 
similar influences on the theological behavior. For 
crosslinking materials, the structural evolution 
depends on the extent of  reaction p which is equal to 
the number  of  actual chemical bonds divided by the 
maximum possible number  of  bonds. We will borrow 
symbol p to identify the structural state of  a changing 
material without specifying the type of structural 
change. 

The linear viscoelastic behavior of  a transient mate- 
rial may be expressed as 

t t "  = t 

3= ~ G ( t , t ' , p ( t " ) ) 2 D ( t ' ) d t '  , (1) 
- o o  t " = t "  

where z is the stress tensor and D is the rate of  strain 
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l i t  ~ t' 

tensor. The relaxation functional G (t, t',p(t")) is 
t "  = t '  

positive valued. It has to account for mutation during 
t " =  t 

the relaxation processes. In most cases, G (t , t ' ,  
t "  = t '  

p (t")) decays monotonously with ( t - t ' ) ,  but it can- 
t" - t 

not be excluded that G (t,t ' ,p(t")) increases due 
t "  = t '  

to a change in structural state, p(t") denotes the 
changing structural state of the material at intermedi- 
ate times t ' < t " < t .  The equation is based on the 
linear superposition principle of  stress and strain. Its 
range of validity is restricted to sufficiently small 
strains. 

In the case of a stable sample, the above equation 
reduces to the classical Boltzmann equation (e.g., 
Ferry, 1980) 

t 

r= j G( t - t ' )2D( t ' )d t '  . (2) 
- o o  

The relaxation modulus G ( t -  t') often is represent- 
ed as Laplace Transform of the relaxation time spec- 
trum H(~.) 

G ( t -  t') = ~ ] H(X)e  -(t-r)/, d~ (3) 
0 2 

For time-resolved rheometry, one would like to 
describe each of the structural states p with its own 
relaxation modulus G ( t - t ' )  or its own spectrum 
H(2) .  

An ideal way of quantifying the rheology at evolv- 
ing structural states p would be to stop the ongoing 
sample mutation (crosslinking, phase transition, etc.) 
at intermediate states and measure G or H on the 
stable samples. For crosslinking polymers, this has 
been possible by catalyst poisoning (Chambon et al., 
1985) and has resulted in much insight in the 
rheological changes near liquid solid transition. How- 
ever, stopping of the mutation process is possible only 
in exceptional cases. 

The rate of mutation is small in some materials so 
that intermediate states p (t") can be treated as con- 
stant during the taking of individual data points. The 
relaxation functional reduces to G ( t -  t', Po) for these 
materials which we will call "quasi-stable". 

For materials with rapidly changing material struc- 
t "  = t 

ture, G (t,t ' ,p(t")) cannot be reduced in general. 
t "  = t '  
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Stress calculation requires a constitutive model which 
accommodates the structural changes during relaxa- 
tion. Very little is known about such structural con- 
stitutive models so that it is difficult to estimate the 
cross-over from a quasi-stable to an unstable sample. 

Characteristic time scales o f  rheometry 

Characterization techniques for determining dy- 
namic properties, such as time constants and relaxa- 
tion rates of viscoelastic materials, genuinely differ 
from the techniques for static properties. Static prop- 
erties are not constrained by any material inherent 
time constants and the experimental time (time re- 
quired by the measuring apparatus to obtain the value 
of the desired static property) depends on the con- 
figuration of the experiment only, i.e., it does not de- 
pend on the characteristics of the investigated materi- 
al. This can be exemplified with time-resolved small- 
angle x-ray measurements (SAXS) or transient tem- 
perature measurements: SAXS measurements can be 
accelerated by increasing the scattering contrast or the 
beam intensity; transient temperature measurements 
can be made nearly instantaneously due to the short 
response time of temperature probes. 

Contrary to these static property measurements, ex- 
perimental times for determining dynamic properties 
depend on the sample-inherent time behavior, e.g., 
the duration of a rheological experiment is dictated by 
the molecular mobility of the sample. Even if stress 
and strain can be measured instantaneously (within 
nanoseconds), the measurement has to last over a 
time period in which the material structure can re- 
spond to an imposed strain or stress. This inherently 
prevents shortening of the experimental time below 
the material-imposed time limit and, consequently, 
sample stability or quasi-stability is necessary for a 
meaningful theological measurement. Three time 
constants govern time-resolved rheometry: 

1) the material time ,~ is the time constant of  the relax- 
ation mode which dominates the rheometrical ex- 
periment; 

2) the duration of the rheological experiment defines 
the experimental time A t. A dynamic mechanical 
experiment, for instance, requires measurement 
times in order of the relaxation mode which one 
wants to probe, and measurement of  steady-state 
properties requires waiting until steady state is 
reached (in the order of  the longest mode); 

3) the mutation time )Lmu is the characteristic time 
constant for the change in the material 
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)~mu = 0g (4) 

The change is not measured directly, but rather in- 
directly through the property of interest, g, which 
has to be specified for each type of experiment. 
2mu is defined as the time which is required for a 
(l/e)-change of property g at the instantaneous 
rate of change Og/Ot. 

The three time constants combine naturally into two 
dimensionless groups: the first one is the Deborah 
number (Reiner, 1964) 

NDe = ,~/A t ,  (5) 

which compares the material time to the experimental 
time. Its value decides the importance of viscoelastici- 
ty in an experiment. The second dimensionless group 
is the mutation number (Winter et al., 1988) 

Nmu = A t/2mu (6) 

which estimates the change during an experiment. For 
small Nmu, the mutation is small enough to be 
negligible in the analysis of an experiment. With the 
above two dimensionless groups, one can form a third 
one, 

XDeNmu = ~/)~mu (7) 

which compares the material time to the time of mate- 
rial change. This group is equally instructive, since it 
immediately decides on the feasibility of an experi- 
ment. The characteristic time 2 can be measured 
directly and the sample can be treated as quasi-stable 
if 2/2mu ~ 1, while a detailed model (relaxation func- 
tional) of the changing sample is required if 
2/2mu-> 1 since the sample changes during the relaxa- 
tion process. This problem will be addressed through- 
out the paper. 

It should be stressed that the following arguments 
are not restricted to rheometry. The same time con- 
straints as described here for time-.resolved rheometry 
apply to well-known time-resolved dielectric measure- 
ments as well (g would be defined by dielectric proper- 
ties e' or e", for instance) and to the measurement of 
dynamic properties in general. 

Time-resolved mechanical spectroscopy 

We will investigate the transient samples specifical- 
ly in dynamic mechanical experiments. The samples 

will be probed by an imposed small amplitude 
oscillatory strain (amplitude Y0, frequency co). Prop- 
erties of interest are the dynamic moduli, G'  and G", 
which are related to the shear stress response (ampli- 
tude r0, frequency co, phase angle c~) by 

G' = ~ cos (d) (8) 
70 

G" = r-2° sin (c~) . (9) 
Y0 

The time constants of such "time-resolved me- 
chanical spectroscopy" (TRMS) are easily defined: 
The experimental time A t is the duration of a single 
measurement, i.e., the time required by the rheometer 
to take a data point. For TRMS it is approximately 
given by the period of the oscillatory shear 

At=2n/co  . (10) 

During this period the shear stress response is mea- 
sured continuously and then transformed into a single 
data point for each, G' and G", by use of Eqs. (8) and 
(9), respectively. A t can be preceded by another time 
period A tw during which the material reaches a quasi 
steady state. No measurement is taken during Atw. 

Mechanical spectroscopy predominantly probes the 
relaxation modes near 2 = 1/co (see Appendix) so that 
the Deborah number reduces to 

NDe~2co/2n = 1/2n . (11) 

The mutation time refers to the properties g = G' 
and g = G": 

2mu= G' 0tJ and 2mu= G" 0t J 

(12a, b) 

The mutation number has to be evaluated for both G' 
and G": 

2n 0G'  
t _ _  _ _  t t  - -  _ _  Nmu and Nmu 

coG' Ot 

2n 0G"  

coG" 0t 

(13a, b) 

and the larger value determines the limits of the ex- 
periment (usually, G'  responds more sensitively for 
transient materials). The two dimensionless groups 
may be combined into 
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2 0G' 2 0G" 
NDeNmu - and NDeNmu - 

G' 0t G" 0t 

(14a, b) 

Dynamic mechanical experiments become non- 
linear when Nmu or NDeNmu exceed certain values 
which have to be quantified for each mutation pro- 
cess. Winter et al. (1988) found, for instance, that in 
a gelation experiment non-linear effects were negligi- 
ble for Nmu smaller than 0.15. Below this critical 
value, the sample can be assumed to be quasi-stable 
during the experimental time. 

The characterization of a quasi-stable sample can 
be understood by looking at the schematic plot in 
Fig. 1. The material property g changes during the en- 
tire experiment. If the probing time or the rate of 
overall property change is small, the sample behaves 
quasi-stable during the experimental time At (e.g., 
sinusoidal stress response to an imposed sinusoidal 
strain). In this case, each measured value of property 
g (e.g., G', G") represents a distinct (quasi-stable) 
state of the material. 

TRMS in its most simple form would probe the ma- 
terial at a single frequency and record the changing 
G', G',  tan 6, etc. with time. This is a standard fea- 
ture of commercial rheometers and many researchers 
use it as a well established characterization method. 
Holly et al. (1988) extended this procedure by probing 
the material simultaneously with several frequencies. 
This so-called "multi wave method", "multi frequen- 
cy method", or "Fourier transform mechanical spec- 
troscopy" has been adopted by several manufacturers 
of commercial rheometers. It is especially effective 
when superposing all the lowest frequencies at once. 

Scanlan et al. (1991) developed a TRMS method in 
which they subjected mutating samples to a sequence 

overall material change 
(e.g. due to gelation, heating, etc.) 

material response due to : 
probing (property nearly i 

constant during exp. time) ! 

noise 

L 
i 

o 

total experiment time experimental time 
(single measurement) : 

Fig. 1. Material behavior on different time scales (overall 
experiment, probing time (experimental time A t), noise) 

of frequencies. They repeated this sequence cyclicly 
and recorded frequency and time-dependent G'(co, t) 
and G"(e),t). Each data point characterized a new 
state of the material. Data analysis required interpola- 
tion procedures, however, applicability and limits 
were never addressed and studied in depth. 

In this study, we will analyze the inherent features 
and limitations of TRMS by measuring and modeling 
the special case of thermally induced changes in poly- 
meric materials. Even if thermally induced changes in 
molecular mobility can not be considered as a muta- 
tion in its above definition, their effect on the 
rheometry is the same in many respects. We propose 
to use rheometry on samples with thermally induced 
changes of molecular mobility as a paradigm for 
rheometry on mutating samples. Instead of p, we use 
temperature T as state variable. 

Thermally induced changes are special in the sense 
t"=t 

that a physically meaningful model for G (t, t',p(t")) 
t"=t'  

has been proposed by Hopkins (1957) and Morland 
and Lee (1960), resulting in a relaxation modulus 
which can be written as 

G(t, t',ar, br) 

= ~o brH(2)exp ;' a r ( t " ) / - 2  (15) 

with the temperature shift factors ar(t" ) and b T. The 
material change in this case results only in a shift of 
relaxation times 2i, but does not affect the shape of 
the relaxation spectrum itself. Nevertheless, this 
model can be used to evaluate the effect of changing 
molecular mobility on dynamic mechanical measure- 
ments. Critical values of Nmu and NDeNmu (corre- 
sponding to critical heating rates) can be calculated 
for the crossover from quasi-stable to unstable mate- 
rial behavior. The predictions will be compared to ex- 
periments. 

Experimental 

Material 

A partially crosslinked polycarbonate, PC Lot 150 
as supplied by GE Plastics, was chosen because of its 
high temperature sensitivity. PC Lot 150 is an iso- 
tropic and amorphous polymer. Vitrification occurs 
at temperatures between 130 ° and 150°C, thermal 
degradation at about 500°C. The granular material 
was dried in a vacuum oven at 100 °C for about 24 h. 
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Afterwards, samples were formed using a high-pres- 
sure compression molding device. Storage under 
vacuum prevented rehumidification. 

Rheological measurements 

For measuring the storage and loss moduli, G'  and 
G",  respectively, as a function of time and frequency, 
we used a Rheometrics Mechanical Spectrometer, 
RMS 800, with parallel plate geometry and gap set- 
tings of about 1.3 ram. Cyclic frequency sweeps (CFS) 
gave the time-resolved data. The frequency window 
co = 0 . 1 -  100rad/s  was scanned repeatedly (3 data 
points per decade) while increasing the temperature 
linearly from 166 ° to 280°C with a heating rate of 
1 K/min  using an external temperature control. The 
experimental times At for each frequency are pre- 
scribed by the Rheometrics instrument. They are ap- 
proximately given by Eq. (10). 

Special attention was given to the heating rate 
dependence of the data. The material was additionally 
probed at each of  the constant frequencies (co = 0.03, 
0.05, 0.1, and 1 rad/s) with constant heating rates be- 
tween 0 K / m i n  and 15 K/min.  The limiting case of 
0 K/rain denotes conditions allowing the material to 
reach steady state at every probed temperature before 
performing the measurement. Thermal inertia at high 
heating rates might cause additional problems for our 
measurement. Such effects will be discussed later in 
this paper. 

Method of  data analysis 

Due to the rising temperature, the molecular 
mobility increases and shifts the relaxation time spec- 
trum during the measurement. Each TRMS data 
point represents a different state of  the material and 
interpolation is necessary to obtain data as a function 
of frequency at discrete states (i.e., at discrete T- 
values) of the material (Fig. 2). The interpolation re- 
quires a sequence of procedures which has been 
assigned to a personal computer: 

1. Sorting: The data points G'(coj, T(t)) and 
G"(coj, T(t)) (j = 1,2 . . . .  M, where M is the number 
of  discrete frequencies in the CFS-experiment), ini- 
tially sorted in terms of increasing time, must be rear- 
ranged in terms of  increasing frequency. 

2. Smoothing: Continuous curves f j (T)  and f) '(T) 
were calculated for each frequency coj, representing 
the evolving moduli G'(coj, T(t)) and G"(coj, T(t)) as 
a function of increasing temperature. Data smoothing 

(1) t=ti 
~ 3  ~ =const ~ - '~03  3 

~ ~ increasing m m i 

"1<-- I ~ / ~ single time t i 
~ r e q . ?  

time 

Fig. 2. Schematic plot of results from cyclic frequency 
sweeps. The symbols in the main plot denote actual data 
points. Although the measurement for one data point ex- 
tends over several seconds, a specific time is assigned to 
each data point by the rheometer control software (no 
details are given about the criteria for assigning this time). 
Data vs. frequency (small plot) cannot be determined from 
measured data points only. Interpolation at times t/ be- 
come necessary 

in conjunction with the curve fitting gave the most 
consistent results. The so-called "Cross-Validation- 
Method" allowed for a good smoothing without any 
parameter pre-selection (Reinsch, 1967; de Boor, 
1978; Craven et al., 1979; Wahba, 1990). This must 
be repeated for each discrete frequency of the G'- and 
G"-data set. 

3. Interpolation: Using these fitted curves, dynamic 
mechanical data G', G",  tan fi, 2fi /n,  etc. can be cal- 
culated at discrete temperatures (times) for each of  
the frequencies. For samples with mutating structure, 
this set of data G'  (co), G"(co) at discrete states would 
institute the desired result. However, here we will 
measure temperature effects and can further advance 
the analysis through time-temperature superposition. 

4. Master curve and spectrum calculation: Time-tem- 
perature shifting reduces these interpolated data into 
a single master curve. Transformation from the fre- 
quency to the time domain, using the algorithm of  
Baumg~trtel et al. (1989), resulted in a discrete relaxa- 
tion time spectrum, 

N 

H(,~) = E g i a 0 - ; ~ / X 0 ,  (16) 
i=1  

which is equivalent to a discrete relaxation modulus 
(Ferry, 1980): 
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Fig. 3. Storage moduli G'(t) of polycarbonate at different 
frequencies (co = 0 . 1 -  100 rad/s) and increasing tempera- 
ture (166 ° -280  °C, heating rate 1 K/min) during the CFS- 
experiment 

N 

G(t) = ~ gi e-t/zi ( 1 7 )  

i = 1  

It consists o f  a linear superposition of  N Maxwell 
modes of  strength gi and relaxation time 2 i. g (x)  in 
Eq. (16) denotes the Dirac delta function. 

Experimental results 

The data analysis is most  easily demonstrated with 
a specific data set. Figure 3 shows the measured 
G'-data (cyclic frequency sweeps at linearly increasing 
temperature). An equivalent G"-data set exists, but is 

7 
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Fig. 4. Storage moduli G'(t) and loss moduli G"(t) of 
polycarbonate after data rearranging and smoothing 
(co = 0.1 rad/s). The symbols represent the actual data 
points, and the lines represent the smooth curves 
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Fig. 5. Calculated storage moduli G'(co) and loss moduli 
G"(co) of polycarbonate at different times (i.e., different 
temperatures, material states) 

not shown here. This demonstrates the abundance of  
data and, therefore, the necessity o f  a computerized 
data analysis. A specific time is assigned to each data 
point by the rheometer control software although 
each data point measurement extends over several 
seconds (no details are known about how these times 
are assigned). After sorting the data points in terms of  
frequency and data fitting by smooth  curves, plots of  
single frequency data are possible (Fig. 4). Figure 5 
shows interpolated data vs. frequency at several 
discrete temperatures (175 °, 220 °, and 275 °C). 
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Fig. 6. Master curve of the storage and loss moduli, 
G' (are)) and G" (aro)), respectively. The TRMS-generated 
master curve (symbols) was obtained by time-temperature 
superposition of the calculated G'(co)- and G"(co)-data .  
The lines represent a "normal" (from isothermal frequency 
sweeps) master curve measured by Baumg~trtel (1990) 
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The frequency-dependent G'-, G"-data could be 7 
shifted onto a master  curve with Tref = 190°C 1° 4 - -  
(Fig. 6). The TRMS-generated master curve agrees ot 
well with the "normal"  (from isothermal frequency l o ~  
sweeps) master curve measured by Baumg~irtel (1990). ~ ~ 
From this master curve the relaxation time spectrum ~ lO 
(Fig. 7) was calculated which will be needed for the 
TRMS modeling calculations below. ~ 4 

The effect of  heating rate is most pronounced at b ]0 ~_ 
low frequencies (compare Fig. 8a and b). For our 103 
sample, G'-, G"-da ta  at co = 1 rad/s  (Fig. 8a) do not 
depend on the heating rate, even if the heating rate is 
high. Experiments at a lower frequency of co = 10 
0.l  rad/s  reach the acceptable limit at a heating rate t60 
of 5 K/min  (see Fig. 8 b). Below 5 K/min  the results 
are independent of  heating rate. However,  G'-, G"- 
values are underestimated when the sample changes 7 
too fast. These observations clearly show the limits of  10 
the TRMS experiment. 

Analysis and modeling of the TRMS experiment 

The proposed method of  data acquisition and 
analysis applies to experiments with sufficiently small 
mutat ion during the experimental time A t. Values of  
Nmu or NDeNmu are a measure of  the undergoing 
change. Critical mutat ion numbers for the studied 
system were obtained by using the rate of  change of 
G '  at the highest possible heating rate at which reli- 
able data could be measured (boundary of quasi-sta- 
ble region). 

7 

1061 , 

1 0 ~  

1 0 ~  

3~ 

I 0 |  _'5' ,,.. l -J4 ' r'''''l -3' ,Hu,,l_ 2,,Hm,[_l, J ~,,,,ll 0~ 'J'""l 1~ J u,,,L[ 2~ c,,ml[ 31'H'~ 4 
10 10 10 10 10 10 10 10 10 10 

x Is] IRIS 

Fig. 7. Relaxation time spectrum H(2i) of polycarbonate 
calculated by the standard program of Baumg•rtel and 
Winter (1989) 

G'IG" dT/dt 

• o K mln % ~ / , 

a • 5 K/ ra in  
" ~ ~ * i0 K/ra in  

~ * + 15 K/ra in  
~ a - . ~ ~  0 K / m i n  

I I I k I 

175 190 205 220 235 250 

T [°C] ,~i~ 

10 

5 

l o  5 _ 

G' G" dT/d  3 
e • 5 K/ ra in  
a , 10 K/ ra in  

6 ~ . ~  ~ * t5 K / m i n  

4 
10 

170 

1 

185 200 215 230 

T [°C] ~Ris 

Fig. 8a/b. Storage moduli G'(t) and loss moduli G"(t) of 
polycarbonate at several heating rates and two different fre- 
quencies (a (top) co = 0.1 rad/s and b (bottom) co = 1 rad/s). 
In the limiting case of 0 K/min the material was allowed to 
reach steady state at every probed temperature before the 
measurement was performed 

Critical mutat ion numbers were calculated for dif- 
ferent frequencies (i.e., different At) and different 
heating rates. The derivative dlgG' /dt  was graphical- 
ly obtained f rom plots of  G '  vs. time (Fig. 9). 

Experimental times at probed frequencies were 
measured using a stopwatch. Experimental times A t, 
critical heating rates, corresponding rates of  change 
2mul - 1 0 G '  0 1 n G '  

- -  - , and calculated critical muta- 
G '  0 t  8t  

tion numbers are listed in Table 1. Evidently, the data 
is still reasonable (i.e., in the quasi-stable region) up 
to Nmu-0 .9 .  Variations of  Nmu,cri t (0.84 to 0.94) are 
within 7% and in the order of  magnitude of  the errors 
involved in the measurements and evaluation method.  
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Fig. 9. Storage moduli G'(t) and loss moduli G"(t) of 
polycarbonate at different heating rates (co = 0.05 rad/s). 
The derivative dlgG'/dt  can be obtained from this data 

In order to determine the origins of TRMS limita- 
tion to mutation numbers smaller than 0.9 a computer 
simulation was performed to calculate the shear stress 
response as a function of time at increasing tempera- 
ture and imposed oscillatory strain. The deviation of 
the stress from the sinusoidal form, which is still al- 
lowed for reasonable determination of G'-, G"-data, 
can be calculated subsequently. 

The shear stress can be modeled by using Eqs. (2) 
and (15) and the discrete relaxation spectrum (gi,)~i) 
which was obtained from the experimental data (Eq. 
(16), Fig. 7): 

r(t) = i 7. i-!i 7 -co = br ( t )g iexp  (. 2 i t 'aT(t  )] 

• COS (co t') dt '  . (18) 

Table 1. Critical heating rates, experimental times At, 
derivatives 0 In G'/Ot and mutation numbers for different 
frequencies 

Frequency 0.03 0.05 0.1 1 
[rad/s] 

At 340 150 110 9 
Is] 
Critical heating rate ca. 1 2 5 > 15 
[K/min] 

0 In G'/Ot 2.76 6 7.67 > 16 
[10 -3 l/s] 

Nmu, cri t 0.94 0.9 0.84 > 0 . 1 4  

The integral can be split into two parts, one for the 
isothermal state for - o o  < t ' < 0  and the second for 
the heating experiment where the temperature T is 
given by the linear profile of this experiment (for 
t ' > 0  with T O = 175°C): 

T(t ')  = To +--dTt' . (19) 
dt 

Implementation of  this equation in Eq. (18) results in 
the following expression for the shear stress r: 

N bTogi~oaTo'~i ( ~ i )  N t 
r ( t ) =  ~ ~exp - + ~ g?)o~bT 

i = 1 1 + (OJaTo)~i) ~ i= 1 0 

( • exp ~/ -) cos (co t') dt '  . (20) 

The isothermal part has an analytical solution while 
the contribution of the temperature scan requires a 
numerical approximation (Simpson-type numerical 
integration, Press et al., 1989). 

The initial temperature of 175 °C corresponds to 
at0 = 20 when using a reference temperature of  
190°C. For times t '>O the same at-data (Table2) 
can be used to evaluate the temperature-dependent 
shift factors. For small temperature intervals, a linear 
interpolation 

aT(Tk- 1 < T< Tk) = A k + B k T (21) 

is sufficiently accurate. The constants A k and B k for 
individual intervals as evaluated from the at-data are 
given in Table 2. This interpolation results in the 
reduced time s (t, t') in Eq. (20) being equal to 

1 
s(t,  t') - dT/dt 

_ _ _ (  l__~ln(.ttki+B_____ ~iTk____Li. ~ 
\Bk~ \A~ + Bk~ r ( t ' ) /  

kf 
+ 2 

k = ki+ 
l ~ k l n ( . A k + B k T k ~  

\ A k  + Bk Tk-  f f  

1 ( A k f + l + B e f + l T ( t ) ~  (22) + -  In 
B~i+ l \ Aki+ l + Bki+ ~ Tki J / 

where k i denotes the index of the next T k higher than 
T(t ' )  and kf  denotes the index of the next Tk lower 
than T(t)  (see Table 2). 

The vertical shift factors, bT, of PC Lot 150 are 
close to unity (see Table 2) which means that the ver- 
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Fig. 10. Calculated shear stress and fitted 
sine curves for co=0.03rad/s  and a 
heating rate of 1 K/min. Sine curves (cons- 
tant amplitude) were fitted by least-square 
approximation to obtain values for r 0 and 
fi as needed in Eqs. (8) and (9) for calcula- 
tion of G'  and G". This must be repeated 
for every consecutive experimental time in- 
terval A t  to yield time-dependent G'-, 
G"-data. In this case (co = 0.03 tad/s) the 
experimental time A t  was 340s (see 
Table2). Three time intervals yielding 
three data points (for each G' and G") are 
shown here 

tical shift can be neglected in mos t  parts o f  the simula- 
tion. 

In order  to compare  the calculated shear stress 
response with experimental data  (G' ,  G")  it was 
necessary to extract G ' -  and G" -da t a  directly f rom the 
shear stress simulation. This was done as follows: 
Sine curves [ r =  r 0 s i n ( c o t + 0 ) ]  were fitted to the 
simulated r ( t )  for  each experimental time period A t  

(time required by the rheometer  for a single measure- 
ment  as given in Table 1) (Fig. 10). For  each data  
point  (G '  and G"),  the time at the beginning o f  the 
measurement  (experimental time period) was assigned 
as time at which this data  point  was taken,  since it 
seems that  the rheometer  control  software also assigns 
an early time. For  the example in Fig. 10, the devia- 
t ion between local sine-fit and the evolving r ( t )  is 
rather large since Nmu is relatively large here. 

These approximat ions  yielded mean values (for 
each time interval A t )  for  the shear stress ampli tude 

Table 2. Vertical and horizontal shift factors (b r and a T, 
respectively) for PC Lot 150 and parameters A k and B k 
(gq. (21)) 

T k [°C] b r a r A k B k [l/K] 

175 1.04 2.00.101 
180 1.07 8.71" 10 ° 4.13.102 - -  2.25" 10 ° 
190 1.00 1.00-10 ° 1.47-102 -7 .71 .10  -1 
200 1.02 2.04-10 -a 1.61"101 -7 .96.10 -2 
220 0.91 3.16" 1 0  - 2  1.93 ° 10 o -- 8.63" 10 -3 
240 0.83 7.41"10 -3 2.98° 10 -1 --1.21"10 3 
260 0.78 2.34"10 -3 6.82"10 2 _2.53.10-3 
275 0.72 1.15"10 -3 2.31'10 2 _7.97.10-4 

r 0 and the loss angle fi which are necessary to evalu- 
ate G '  and G"  for  each A t (see Eqs. (8) and (9)). 

Figure 11 shows such calculated G'- ,  G"-da ta  
(co = 0.1 rad /s ,  different heating rates) in compar i son  
to measured values (co = 0.1 rad /s ,  2 K/min) .  The 
calculated data  at heating rates o f  1 and 2 K / m i n  are 
almost  identical and show good  agreement with the 
measured moduli .  In these cases, the differences be- 
tween calculated and fitted r ( t )  (as in Fig. 10) and 
hence the proper ty  changes during one measurement  
are rather small. The material  behaves quasi-stable 
and the measurement  results in reliable data.  At  
higher heating rates, the values for  the modul i  de- 
crease significantly. 

106~10 
4 -- G' ' ~'~<:<::- 

1 0 ~  

2 ! ..... 5 K/mi~ 
10 - -10 K / r a i n  

- - 1 5  K / r a i n  
1 

l 0  ~ ~ } I 

175 190 205 220 235 250 

T [°C] m~s 

F i g .  11. M e a s u r e d  s t o r a g e  a n d  l o s s  m o d u l i ,  G ' ( t )  a n d  G " ( t )  

respectively, at co -- 0.1 rad/s and a heating rate of 2 K/min 
(symbols) plus calculated G' ( t )  and G " ( t )  for different 
heating rates 
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D i s c u s s i o n  

Time-resolved rheometry allows probing of  a whole 
class of transient materials such as polymers during 
gelation, phase transition, decomposition, polymeri- 
zation, etc., as long as the structural changes occur 
sufficiently slow. If  the changes during the ex- 
perimental time A t  are sufficiently small (i.e., small 
Nmu or NDeNmu), correct values of the moduli, Eqs. 
(8) and (9), can still be evaluated since the shear stress 
response is still nearly sinusoidal during At ,  i.e., the 
amplitude and the phase angle do not change substan- 
tially. However, if the total property change during 
the experimental time exceeds a critical value, the 
shear stress response is no longer nearly sinusoidal 
(Fig. 10) and measured values of G' and G" deviate 
from the data on stable samples. One goal of the pre- 
sent study was to estimate the boundary of the region 
of quasi-stable response. 

The experimental data at different heating rates 
(Fig. 8a, b) show deviations from the quasi-stable 
behavior at low frequencies and high heating rates. 
Thermal inertia might cause the temperature within 
the sample to be non-uniform and lower than the in- 
dicated temperature. Surprisingly, the data at a fre- 
quency of 1 rad/s coincide for all heating rates. This 
indicates that the sample temperature must be at least 
close to the measured temperature (=  temperature of 
the bottom plate in the rheometer). A certain compen- 
sation effect might occur (higher heating rates result 
in an apparent decrease of measured G' and G" while 
a lower sample temperature would give rise to higher 
values of the moduli). However, a detailed study of 
these phenomena was not intended here. If necessary, 
additional experiments with a thermocouple embed- 
ded in the sample might be advisable. 

Using the non-isothermal model it was possible to 
calculate shear stress, r, and dynamic moduli, G', G",  
at different frequencies and heating rates. Figure i 1 
compares measured and calculated G'-, G ' -da ta  for a 
given frequency and heating rates and calculated data 
for several heating rates. Reasonable agreement be- 
tween measured and calculated data is readily seen. 
The calculated curves reveal that at low heating rates 
(1 and 2 K/min) the data is essentially independent of 
heating rate. A significant decrease can be seen at 
higher heating rates ( _> 5 K/min) which is also in good 
agreement with the experiments (Fig. 8 b). This drop 
results from the averaging effect of the measurement 
over the entire experimental time period. The shear 
stress data of the entire period A t is used to calculate 
amplitude and phase angle. At the end of this period 
the material is already at a much higher temperature 

and the shear stress response is therefore much lower 
than for the lower temperature at the beginning. 
Hence, the average value is lower than the real value 
at the given temperature. No thermal inertia effects 
are included in these modeled data. The sensitivity of 
the experiment to the heating rate however depends 
on the time assigned to each data point. If an interme- 
diate time rather than an early time of the time inter- 
val A t  is chosen, the averaged G'-, G"-data  might 
coincide with the "real" value at this particular time 
(temperature). 

The maximum relative change of the shear stress 
amplitude r0 (Fig. 12) and the loss angle c~ during the 
experimental time A t (for every frequency and heating 
rate) was taken from the sinusoidal shear stress re- 
sponse. At the experimentally determined critical hea- 
ting rates (s. Table 1) relative changes of r0 of about 
90o70 can be found. 

Changes of the loss angle c~ during A t  increase 
almost linearly with heating rate, but are small com- 
pared to changes of r0 (only about 10°70 at the critical 
heating rates). Therefore, influences of the change of 

on the mutation number can approximately be 
neglected. In this case the mutation number can be ex- 
pressed as 

1 OG' 1 OZo Ar  o 
Nmu = A t  - -  - - A t  - (23) 

G'  Ot z o 8t  z o 

This results in a calculated value for Nmu,cri t of 0.9 
which is the same as the experimentally determined 
one. 

The differences between the experimental G'-, 
G"-data at low and high heating rates (quasi-stable 
and non-stable region, respectively) are fairly small 
(max. 10%) in spite of a very high mutation number. 

2.5 

I • 0.03 rad/s + 0 . 0 5  rad/s x 0.1 rad/s • 1 rad/s J 

y 
1,5 ]~- 

1 

0.5 

0 
2 4 6 8 10 12 14 

heating rate [K/min] 

Fig. 12. Maximum relative changes of the shear stress am- 
plitude r o during one measurement (experimental time A t) 
for all frequencies and heating rates 



Mours and Winter: Time-resolved rheometry 395 

Chambon et al. (1986) and Winter et al. (1988) con- 
cluded from their gelation data that non-linear 
behavior can be observed at mutation numbers higher 
than 0.15. Since the critical mutation numbers found 
in this study mainly reflect the change of the shear 
stress amplitude r0, influences of rapid changes of 
the loss angle ~ cannot be accounted for. Such rapid 
changes might occur during other types of mutation 
and could result in lower critical mutation numbers. 

One of the most rewarding aspects of the study is 
the agreement between the experiment and the model- 
ing. Time-temperature superposition of the potycar- 
bonate data makes the modeling possible and much 
insight was gained from it. The time shift in the 
rheological behavior was simply described by a tem- 
perature-dependent function while the shape of H(2) 
remained constant (Eq. (16)). This makes it clear that 
we could not yet provide a complete answer to the 
problem, especially with our interest in changing ma- 
terial structure which causes changes in both, H(2) 
and at. Mutation is a much more complicated situa- 
tion than time-temperature shifting during heating 
and we currently have no means of formulating a 
complete model of the TRMS experiment. For the 
time being, we characterize mutating materials with 
TRMS and assume that, in spite of the materials' 
complex structural changes, TRMS is still applicable. 
The most recent TRMS study on crosslinking poly- 
butadienes (DeRosa et al., 1994) gave self consistent 
results in support of this assumption. A constitutive 
equation for the crosslinking material would be re- 
quired to include mutation in the future modeling of 
the TRMS experiment. 

Conclusions 

Time-resolved mechanical spectroscopy (cyclic fre- 
quency sweeps in combination with a computerized 
data treatment) can be applied to determine frequen- 
cy-dependent data and relaxation time spectra at in- 
termediate states of transient materials. In previous 
studies, TRMS was successfully applied to charac- 
terize gelation processes (Scanlan et al., 1991). How- 
ever, a detailed analysis of its applicability and limits 
was never performed. In this study, non-isothermal 
changes were investigated as a paradigm for a 
mutating sample. It was shown that TRMS can be 
employed if the sample behaves quasi-stable during 
all experimental times At. This was quantified by 
means of a critical mutation number Nmu, crit[Nrn u = 
(experimental time)/(mutation time)= experimental 
time.rate of change]. A constant value of 0.9 for 

Nmu,crit was found experimentally. Therefore, the 
possible rate of change decreases with decreasing fre- 
quency (Eq. 13 a, b). 

Simulations of the shear stress response to an im- 
posed oscillatory strain were performed. Values for 
G' and G" were extracted and compared to experi- 
mental data. Reasonable agreement was found, prov- 
ing that the shear stress behavior in non-isothermal 
small amplitude oscillatory shear experiments is well 
described by the model of Hopkins, and Morland and 
Lee (Eq. (15)). A distinct decrease in the calculated 
moduli was found for heating rates larger than a cer- 
tain critical heating rate, resulting in a frequency-in- 
dependent critical mutation number. Below this criti- 
cal heating rate, the calculated moduli are nearly in- 
dependent of the heating rate. This critical mutation 
number was found to be closely related to the maxi- 
mum relative change of the shear stress amplitude 
(A r o~%) during the experimental time At. An in- 
fluence of the rate of change of the loss angle ~ on the 
mutation number could not be detected since the 
change of c~ during the individual experimental times 
A t was small. 

The critical mutation number of non-isothermal 
relaxation cannot necessarily be transferred to other 
transient phenomena such as gelation or phase sep- 
aration because the rate of mutation might have a 
stronger influence on ~ for these cases. Different 
limitations to TRMS might then exist (lower 
Nmu,crit). Reasons for such limitations could only be 
investigated if a satisfying model for the functional 
t " = t  

G (t , t ' ,p( t") )exis ted.  Therefore, future studies 
t "  = t '  

should concentrate on the determination of a con- 
t "  = t 

stitutive equation (resulting in G (t, t ' ,p(t")) for 
t "  = t ~ 

crosslinking polymers, polymers during phase separa- 
tion, etc. This would also lead to an interrelation be- 
tween stable and non-stable response which could be 
used to extend application of time-resolved mechani- 
cal spectroscopy to the non-stable region. 

Appendix 

It is a well accepted assumption that mechanical 
spectroscopy predominantly probes the relaxation 
modes with relaxation time values near )L = l/o3, 
where co is the frequency used in the dynamic 
mechanical measurement. To examine this assump- 
tion we use an arbitrary power law spectrum: 
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(24) 

The ends of the power law region are unimportant 
here since we are interested in the behavior near a 
reference point on the spectrum (Hl,;t~). The storage 
and loss moduli are then specified by (Ferry, 1980) 

+ m (CO ~, )2 

G'(co) = -=~ H(~.) 1 +(co2)2 d lg 2 

= H1 d lg 2 (25) 
_ ] q_ (CO ~.)2 

G" (co) = H 0 t )  1 + (co ~.)2 d lg ;. 
- - C o  

= H1 _~I ~ + (co ,~ )2 d lg ; . .  (26) 

+ o ~  X 

G"(CO=I/20=H1 ~ x -~ + x 2 d l n x  
- oo ] 

q - o e  

= H  1 ~ F " d l n x  . (28) 

Figure 13 shows plots of F '  and F "  as a function of 
)~/21 using a typical value for n (n = 0.7). The dynam- 
ic moduli are simply the areas under the curves 
multiplied by a constant factor H 1. It can be seen 
that the dominating contribution results from relaxa- 
tion times close to A = A 1 = i/oo. 
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The question which we would like to answer is the 
following: Which part of the spectrum determines G'  
and G" if we probe the above material (represented by 
Eq. (24)) at a frequency co = 1/217 Substituting co~. 
with 2/22 = x results in 

+oo X 2 

G'(co = t/,a.l) =H1 I x -n  +x 2 d l n x  
- c ~  1 

- r 0 o  

= H  1 ~ F ' d l n x  (27) 
- - o o  
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Fig. 13. Integral kernels of Eqs. (27) and (28), F'()~/) h) and 
F"(2/20, for the evaluation of G ' (co=l /2 j )  and 
G"(o) = 1/2 0, respectively 
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