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A new extensional rheometer allowing the simultaneous measurement of elongational viscosity and flow 
birefringence is described. Polystyrene melts have been tested at different temperatures and strain rates. It 
appears that the time-temperature superposition principle holds for elongational tests in the temperature 
range investigated, with the same shift factors as for linear shear experiments. It has been verified that the 
stress optical behaviour of the melts is linear for small values of the stress whereas significant deviations 
appear at higher stresses. 
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I N T R O D U C T I O N  

The rheological properties of molten polymers in elong- 
ational have been extensively studied in the last few years. 
Although this type of deformation occurs side by side with 
shearing in many methods of polymer processing and may 
even be predominant,  most of the experimental studies in 
the field of elongational flows are relatively recent and few 
in number. This is due to the experimental difficulties 
encountered when a uniaxial stretching is performed on a 
liquid specimen (fastening of the specimen in clamps, 
flowing of the sample due to its own weight) and the 
special apparatus required. 

In Meissner's apparatus I the specimen floats horizon- 
tally on the surface of an oil bath and the stretching is 
performed with rotary clamps; with this device one can 
reach a significant overall strain. More recently, Miin- 
stedt 2 has developed an apparatus in which the specimen 
is glued on the clamps and stretched vertically in an oil 
bath, allowing measurements to be taken with small 
quantities of material. The driving system of the upper 
clamp consists of a d.c. motor  and a belt; the lower clamp 
is fixed and carries the transducer. In this case, the total 
strain is limited by the stroke of the upper clamp. 

A number  of studies 3'4 have shown that the measure- 
ment of flow birefringence could be an important contri- 
bution to polymer melt rheology. Matsumoto and Bogue 5 
have designed an extensional rheometer equipped with a 
device for the measurement of birefringence, the specimen 
being heated in an air-oven. Therefore only high-viscosity 
samples can be tested. Moreover, the stretching is perfor- 
med with one rotary clamp, one end of the specimen being 
attached to a fixed clamp. Thus, the light beam for the 
birefringence measurement shows a relative displacement 
with respect to the specimen during the deformation. 

In this paper, a new rheometer for the measurement of 
elongational viscosity is described, the originality of 
which consists of a flow birefringence measurement on a 
specific point of the specimen which is fixed in space. The 

use of an oil-bath environmental chamber and of specially 
designed clamps allows a wide range of polymers of highly 
different viscosity and chemical structure to be tested. 

The results obtained on model polymers (anionic 
polystyrenes with narrow molecular weight distribution 
and a commercial polystyrene with a broad molecular 
weight distribution) are presented. The influence of tem- 
perature and strain rate on a measurement ofelongational 
viscosity was carefully carried out and comparison made 
between the results and the predictions obtained from the 
linear viscoelastic behaviour. The values of birefringence 
and stress optical coefficient for these polymers were 
determined. 

D E S C R I P T I O N  OF APPARATUS 

The working of the apparatus is schematically described 
in Figure 1; two d.c. motors can be coupled to reducers 
with running screws; the nuts are connected to the clamps 
which are guided in translation. If the two screws are 
rotating at the same speed and in the opposite direction, 
the stretching will be symmetric with respect to the centre 
of the specimen which will not move with time. 

In order to be able to interpret the uniaxial stretching 
test, it is necessary to work either at constant strain-rate or 
at constant true stress 6,v. In this case, the control system 
of the device allows a constant strain-rate deformation 
and the results are all relevant to this type of test. The 
elongational viscosity of the material is then defined as the 
ratio of the true stress to the strain rate and is generally a 
function of time or strain. When the deformation expe- 
rienced by the specimen is not infinitely small, one can 
easily show that the velocity of the clamps must vary 
exponentially to reach a constant strain rate for the 
specimen s . The principle of the control system which 
leads to an exponential law for the position of the clamps 
is shown in Figure 2. 

A linear potentiometer delivers a voltage (u) pro- 

0032-3861/85/101477~6503.00 
,~ 1985 Butterworth & Co. (Publishers) Ltd. POLYMER, 1 985, Vol 26, Sep tember  1477 



Elongational viscosity of polystyrene melts." R. Muller and D. Froelich 

I1 
A 

N 

- u  2 

- V  = - K X  

(Lower clomp 
velocity) 

u 2 

I 1 
I v - k u  - K x l  
I - 2 -  I 
( Upper clemp I 
I velocity) I 
I x:l 

I I 
I I 
I I 
I J 

] 
Amplifier l 

ud~uz= A Ul l 

UI=QX I 

~ Lineor 
U PP eosri~lo°n mp ~____] potentiometer 
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F i g u r e  1 Schematic drawing of the apparatus: (A) d.c. motors, (B) 
screws, (C) transducer, (D) specimen, (E) laser, (F) silicone-oil bath, (G) 
lower position of the bath 

portional to the position (x) of the upper clamp; this 
voltage is amplified and used as input-voltage of the 
servo-motors. In this way, one realizes a servo-system in 
which the velocity (v) of the clamps is proportional at 
every moment to their position (x); this means that an 

exponential law is obtained for the length (L) of the 
specimen. 

Each of the clamps has a stroke of 22.5 cm which 
represents 45 cm for the specimen and a Hencky strain 
(e = ln(L/Lo)) of about 3.2 for an initial length of 2.5 cm. 
The strain-rate range accessible for the highest strain goes 
from 2 x 10 -4 s -1 to 2 x 10 -2 s -1 with the reducers and 
from 2 x 10 -2 s -~ to 2 s -1 when the motors are running 
the screws directly. 

Among the parameters which determine the validity of 
measurements in an elongational flow, the homogeneity 
of deformation is of particular importance. Two main 
factors can affect the deformation homogeneity, which are 
due to the liquid state of the specimens: 

(i) The weight of the specimen induces a stress which 
can bring about an important deformation of the speci- 
men especially for low-viscosity samples. 

(ii) The viscosity in the molten state of many polymers 
(particularly of amorphous polymers near Tg) is highly 
sensitive to temperature. A low temperature gradient in 
the oven will be a necessary condition for a homo- 
geneous deformation. 

A convenient method to overcome the first difficulty is 
to use a liquid of the same density as the polymer for the 
heating system 1'2'9'a o. The silicone oils satisfy fairly well 
the conditions which this liquid has to fulfil (density 
equivalent to that of the polymer, transparency for the 
measurement of birefringence, good stability at high 
temperatures, absence of interaction with the polymer 
and low viscosity at the test temperature to avoid 
perturbations of the force measurement due to viscous 
friction of the upper clamp). 

An oven schematically represented in Figure 1 with a 
double silicone oil bath has been designed in order to 
reduce, as far as possible, the gradient of temperature. The 
oil of the outer bath is heated up to the desired tempera- 
ture and mixed vigorously. The oil in the inner bath is at 
rest so it does not disturb the geometry of the specimen, 
and is heated by conduction from the outer bath. The 
homogeneity of temperature one can obtain with this 
method is better than -t- 0.2°C; it should be noted that the 
lower clamp guide had to be heated separately, as part of 
this guide enters the bath during stretching. Windows 
made of Pyrex with an accurately adjusted parallelism 
allow a laser beam to pass through the specimen. 

1478 POLYMER, 1985, Vol 26, September 



Elongational viscosity of polystyrene melts: R. Muller and D. Froelich 

Furthermore, the design of the apparatus permits a 
vertical displacement of the oven, which has the following 
advantages: the specimens are quick to heat up (about 
10 min), an easy handling of the specimens, the possibility 
of quenching a stretched and partially relaxed sample just 
by moving down the oven. Thus the orientation of the 
polymer chains can be fixed at a given moment and 
further characterized at room temperature. 

The fastening of the ends of the specimen becomes a 
difficult problem in cases where the stretching of the 
specimen is not performed with rotary clamps. Gluing 
onto a metallic clamp has shown to be a satisfactory 
solution in several cases 7'11'12 especially for polystyrene. 
The use of conventional clamps has been possible in other 
studies, where the geometry of the specimens was a 
parallelepiped 5'x3 and the viscosity high enough. 

In this laboratory, a correct measurement of bi- 
refringence implies a known thickness of material passed 
through by the light beam, which means a parallelepi- 
ped geometry of the specimens. However, gluing tests on 
polyethylene samples have not been conclusive. For  this 
reason, self-blocking clamps were designed, specially 
adapted to the molten state which allow a satisfactory 
fastening of the specimens, whatever the chemical nature 
of the polymer and in a wide range of viscosities. 

The parameters with physical meaning (true stress a 
and birefringence An) are related to the experimentally 
measured parameters (force F and transmitted intensity 
I) by the relations14: 

a = F/S (1) 

2 n.An.e 
I = I o sin = (2) 

/ .  

where : S is the cross-section of the specimen, 
e is the thickness crossed by the light beam, 
). is the wavelength of the light (2 = 632.8 nm). 

A data-acquisition system connected to a micro- 
computer allows a rapid calculation of a and An. To 
evaluate a, it is supposed that the deformation occurs at 
constant volume, which leads to: 

FL 
a = - -  (3) 

v0 

For  the calculation of An, it will have to be further 
assumed that the deformation is isotropic in a plane 
perpendicular to the stretching in order to calculate the 
instantaneous thickness, given by the relation: 

L o 
e = e 0 L -  (4) 

This assumption has been verified by measuring the final 
width and thickness on the stretched specimens. 

The calculation of An from I according to relation (2) 
needs a programme which is able to identify and count the 
maxima and minima of the I(t) curve. 

EXPERIMENTAL RESULTS 

Two anionic polystyrenes with a narrow molecular 
weight distribution were used for the measurements of 
elongational viscosity. They were synthesized at E.A.H.P. 

with the following designations: 

$611 (Mw= 115000 Mw/M,= 1.04) 
S620 (Mw= 170000 Mw/Mn= 1.05) 

A commercial polystyrene with a broad molecular weight 
distribution whose designation is: 

GEDEX 1801 GA 100 (Mw=250000 Mw/M,=2.44) 

was also used. 
The specimens were obtained by freeze-drying and 

vacuum moulding at 150°C for 30 min. Removal of all the 
solvent is obtained by heating the polymer before mould- 
ing at 70°C under vacuum for I h. The specimens have the 
form of parallelepipeds with a total length of between 4 
and 7 cm (which corresponds to a useful length of 2 to 
5 cm), a width between 1 and 2.5 cm and thickness 
between 0.1 and 0.5 cm. 

It must be noted that the initial shape of the specimen 
and especially the ratio of length to width (L/l) may 
influence the validity of the measurements. The deform- 
ation is not homogeneous near the clamps and this 
effect is amplified when the ratio L/! decreases. By 
repeating the same measurement on the same polymer it 
could be shown that no significant changes take place in 
the elongational viscosity measurements when the ratio 
L/1 was higher than 1.5. For  all the results shown in this 
paper, a typical value of L/l equal to 2.5 was chosen. 

When the elongational viscosity of a polymer above Tg 
is measured, two different behaviours may be observed 
depending on the value of the strain rate: 

(1) For  low enough strain rates, the flow reaches a 
steady-state regime after a stress growth period; the 
equilibrium stress a o obeys Trouton's relation ~ 5.6 

Cro/~ = 3~/0 (5) 

where qo is the Newtonian viscosity in shear. 
Moreover, if the ratio of stress to strain rate (elong- 

ational viscosity) is plotted against time during the 
stress growth period, the curve obtained is independent 
of strain rate. 

(2) For  higher strain rates, a more complex behaviour is 
observed; the elongational viscosity increases more 
rapidly than for the first case and exceeds Trouton's limiting 
value (in some cases, a maximum followed by a decrease of 
a/~ has been observed, but for much higher values of the 
total strain than those accessible with the apparatus 
described in this article (E~7)16). Moreover the curve 
representing the elongational viscosity as a function of 
time now depends on the strain rate. 

Both types of behaviour have been observed for the 
monodisperse polystyrenes. The steady state regime has 
been observed at 142°C for a strain rate of 0.02 s-  1. A 
valuable test for the apparatus was to compare the value 
of the elongational viscosity in the steady state regime to 
the Newtonian viscosity in shear measured at the same 
temperature with a cone and plate rheometer (Rheomet- 
tics RMS 605). It can be noticed in Figure 3 that Trouton's 
relation is fairly well verified for the two monodisperse 
polymers ($611 and 620). 

Curves characteristic of the second type of behaviour 
have been obtained on the polydisperse polystyrene 
(GEDEX 1801)for different temperatures and strain rates. 

Figures 4 and 5 show the elongational viscosity as a 
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Figure  4 Elongational viscosity as a function of time for the GEDEX 
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I0 ~ 

~. 8,1o 7 
v 

:>, 

~4x lO 7 

'~ 2xlO 7 

5 I0 15 20 25 
Time (seconds) 

30 

F i g u r e  5 Elongational viscosity as a function of time for the GEDEX 
1801 melt at a strain rate of 0.1 s -1 and at different temperatures. (0 )  
146°C, (0)  136°C, (A) 126°C 

function of time for this polymer. In the first case (Figure 4) 
the strain rate was varied at constant temperature; in the 
second case the temperature was varied at constant strain 
rate. It can be noticed that the effect of a temperature 

D. Froelich 

decrease is similar to that of a strain rate increase. The 
quantitative interpretation of this observation will be 
examined later in this paper. 

The flow birefringence has been calculated during 
stretching at different temperatures and strain rates for 
the commercial polystyrene (GEDEX 1801). The results 
are shown in Figure 6 where the birefringence has been 
plotted as a function of true stress during the experiment. 
Apart from small experimental errors, the birefringence 
depends only on stress (at equivalent stress it does not 
depend on temperature or on strain rate). 

For  values of stress lower than 2 x 106 Pa, a linear 
relation between ~tress and birefringence is seen. The 
value of the stress optical coefficient that can be derived 
(C =4.7 x 10 -9  m2/S) agrees rather well with the published 
values for polystyrene3'4; one can also remark that for 
higher stress values the birefringence increases more 
slowly than the stress, which corresponds to a decrease of 
the stress optical coefficient. A similar result has been 
obtained by Retting 3, who showed that the stress optical 
coefficient decreases with a decrease in temperature. This 
phenomenon can be qualitatively accounted for by noting 
that the orientation for a chain (and hence the observed 
birefringence) has a finite limiting value when the 
maximum extension of the chain is approached, whereas 
the associated stress tends theoretically towards infinity. 

DISCUSSION 

From the results obtained, two particular points were 
further examined. It has been seen that for a steady state 
regime, Trouton's relation was well verified, which means 
that the value of the steady-state elongational viscosity is 
equal to that which can be calculated from a linear 
equation (7). From this, it can be checked (in the case 
where a steady state flow is reached) whether the linear 
theory applies to the whole curve representing elonga- 
tional viscosity as a function of time, including the stress 
growth period. It is also interesting to compare the results 
to the prediction of Lodge's constitutive equation. 

The experiment has been realized on one of the 
monodisperse polystyrenes ($611, M , = l 1 5 0 0 0 )  at 
142°C and for a strain rate of 0.02 s -  1. After a stretching of 
80 s, when the steady state is reached, the stress relaxation 
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Figure  6 Birefringence of the GEDEX 1801 melt as a function of 
elongational stress at various temperatures and strain rates. (O) 
T=126 °C k =0 .1s - l ,  (0 )  T=126°C ~=0-01s-1, (A) T=136°C 
k=0.5s - l ,  (A) T=136°C ~=0.1 s - l ,  ([~) T=146°C k=0.Ss -1. The 
slope of the broken line corresponds to a stress optical coefficient of 
4.7 x 1 0  . 9  m21~4 
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0 --~ 

(6) 

t 

= 3efG(t- u)du 
o 

(8) 

(7) 

(9) 

whereas the stress relaxation after cessation of a steady- 
state flow obeys the relation: 

oc t 

a(t)=3~f G(u)du=3blo-3~f G(t-u)du 
t 0 

6xlO 4 

where % is the Newtonian shear viscosity. 
The relaxation curve is symmetric to the stress growth 

curve with respect to a horizontal line (a=  3%/2). 
In order to calculate the stress from equation (6), the 

relaxation spectrum H of the considered polystyrene had 
to be determined. Tschoegl's method was applied to 
values of the dynamic moduli G' and G" measured in shear 
in the linear field 19. A double integration using Simpson's 
rule yields values of stress during stretching and re- 
laxation. Figure 7 shows a good agreement between the 
experimental curve and the prediction from the linear 
theory, both for the flow at constant ~ and for the stress 
relaxation. 

Lodge's equation applied to uniaxial deformation at 
constant strain rate yields: 

I 

a(t) = f m(s)(e e -~gds + (e 2~'- e -~t)G(t) 
o 

5 I0 15 20 
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m 
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at constant strain at the same temperature can also be 
measured. The stress as a function of time has been plotted 
in Figure 7 for this test. 

The theory of linear viscoelasticity applied to an 
elongational flow at a constant strain rate yields the 
following expression for the true stress ~8: 

Figure 7 Elongational stress as a function of time for the $611 melt at 
142°C. For times less than 80s, a constant  strain rate of 0.02s - l  is 
applied. For times longer than 80s the total strain is kept constant  and 
the relaxation of stress is measured. (O) Experiment, ( ) linear 
viscoelastic behaviour, ( - - )  Lodge's equation 

dG(s) . 
where r e ( s ) = - - -  ]s the memory function of the 

ds 
material. 

It should be noted that if~ tends towards 0, one finds the 
linear expression (7). Figure 7 shows that Lodge's equa- 
tion gives much higher values of stress than the experi- 
ment 2°. In particular, it does not predict the steady state 
regime during the time of the experiment. 

One form of the time-temperature superposition 
principle states that it is equivalent to measure the 
relaxation modulus at a reference temperature T O after a 
time t o or at a temperature 7"1 after a time to/ar, where aT is 
a numerical factor depending only on temperatures To and 
T~ and not on time to. This principle has been well proven 
in the range of linear viscoelasticity for a great number of 
amorphous polymers above T v 

One can easily show that if the behaviour of a polymer 
in a uniaxial stretching test satisfies a Wagner-type single 
integral constitutive equation (from which Lodge's equa- 
tion is a particular case) and if the time-temperature 
superposition principle is verified in the linear domain, 
then this principle also applies in a somewhat different 
form to a measurement of elongational viscosity. 

Wagner's constitutive equation for an elongational 
flow can be expressed at temperature T o, time t o and for a 
strain rate ko: 

O(to, To, ~o) = ko f h(koS)( 2e2i:°2 + e-%)G(s, To) d s  (10) 

o 

6xlO ~ 

~4xlO ~ 

2xlO e 
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25 

Figure 8 Elongational stress of the GEDEX 1801 melt as a function of 
reduced time t/aT, 136c at temperature and strain rates listed in Table 1. 
(A)  T = 1 2 6 ° C  k=0 .011s  - t ,  ( ~ )  T = 1 3 6 ° C  k=0 .095s  -1, (V) 
T =146°C ~ = 0 . 5 s - 1 ,  ( 0 )  T = 1 2 6 ° C  ~=0 .021s  -1, (O) T =136°C 
k=0 .19s  - t ,  (V) T = 1 4 6 ' C  e = l s  -1, (D) T=126'~C ~:=0.056s l, 
C])  T =  136'C ~=0 .5s  -1 

Table 1 Values of the strain rates at different temperatures calculated 
from kt = ko/aT,~To and experimentally determined shift factors so that 
three series of comparable elongational tests are obtained. Reference 
temperature is To = 136°C 

poTo g(s -1) ~.(s 1) ~(s-l) 
T (°C) aT~To pT (lstseries) (2ndseries) (3rdseries) 

126 8.9 1.02 0.011 0.021 0.056 
136 1 1 0.095 0.19 0.5 
146 0.19 0.98 0.5 1 - 
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The non-linearity function h depends only on the strain 
~oS. One can retrieve Lodge's equation by putting h(e) = 1. 
As it has been assumed that the time-temperature 
superposition principle was valid for the linear relaxation 
modulus G, G(s,To) can be replaced in relation (10) by 
(poTo/pxT1)G(ar s, 7"1) where Po and Pl are the specific 
weights of the polymer at temperatures T O and T~ 
respectively. Expression (10) then becomes: 

Io~/T . 

a(to, To, ko)- p°T° 8o f h(kO.u](2e,2~o/,T, . 
Pl T"l ar d \aT / 

o 

+ e- t~°/"TI")G(u, T 1 )du (11) 

By putting k = ko/ar and t~ = toa r, it becomes: 

a(to ' • _poTo T1,~1) To,to)- P, T1 ~(tx, (12) 

It should be noted that, except for the factor (poTo/pl 7"1 ), 
which remains close to 1, the same value of elongational 
stress must be found at temperature To after a time to and 
at temperature T 1 after a time tl = toaT providing that the 
strain rate is also modified in the ratio 1/a~ (~1 =ko/aT). 

For the elongational' viscosities, the relation cor- 
responding to equation (12) becomes: 

poTo 1 
qe(to, To, ko)- qe(tl, Tl,kl) (13) 

pIT1 ar 

An experimental verification has been carried out by 
measuring the elongational viscosity of the GEDEX 1801 
polystyrene at three different temperatures. The shift 
factors ar with respect to the reference temperature have 
been determined with shear tests in the linear regime on a 
cone and plate geometry. 

Table I summarizes the different strain rates chosen to 
obtain comparable experiments. Figure 8 shows that the 
experimental curves of stress versus reduced time t/ar can 
be superposed (except for small experimental errors) for 

and D. Froelich 

the three experimental series. 

CONCLUSION 

It was possible to show on a molten polystyrene that the 
time-temperature superposition principle could be ap- 
plied to a uniaxial stretching test at constant strain rate, 
while the behaviour of the material for the considered 
strain rates is typically non-linear. 

The shift factors a r obey the WLF relation since they 
are identical to those determined in shear in the linear 
range. 

This result is implicitly contained in a Wagner type 
single integral constitutive equation where the integrand 
is the product of the memory function of the material 
which is characteristic of the linear viscoelastic behaviour 
and of an arbitrary function of deformation. 
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