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Low shear rate viscosity measurements of alternating copolymers of ethylene and tetrafluoroethylene 
(PETFE) melts have been performed at different temperatures by using the centrifuge ball viscometer. The 
viscosity r/(Pa s) could be obtained with an empirical relation, a c = (4.29 _+ 0.08)x 102(q V:~)°856_+ o.oo+, with 
a c and V, being, respectively, the acceleration (9 = 9.8 m s-2) and the terminal velocity (m s- 1) of a stainless 
steel ball of 1.58 mm diameter moving in the polymer melt, which was flame sealed in a horizontal cylindrical 
glass tube of 4.26 mm diameter. For the temperature dependence of the viscosity, an activation energy E a of 
15.3 kcalmol-1 was determined. The activation energy for PETFE is between 5.7-14.6kcalmol-t for 
polyethylene (PE) and 18-36 kcal mol- t  for tetrafluoroethylene (PTFE). A relationship between the zero 
shear rate viscosity qo (Pa s) and the molecular weight Mw (g mol-t)  of PETFE copolymer melts at 280°C 
[q0=(1.23_+0.02) x 10-16(Mw)3'43_+°'°6 ] should permit us to determine the molecular weight of PETFE 
with the centrifuge ball viscometer. 

(Keywords: low shear rate viscosity; molecular weight; activation energy) 

I N T R O D U C T I O N  

Polymer melts often exhibit non-Newtonian fluid be- 
haviour even at fairly low shear rates, i.e. the viscosity 
decreases with increasing shear rate. At very low shear 
rates (';,~0), the polymer melt behaves like a Newtonian 
fluid in which the viscosity is independent of shear rate. 
The characteristics of alternating copolymers of ethylene 
and tetrafluoroethylene (PETFE; also known as TEFZEL,  
a registered t rademark of Du Pont) has been studied 
successfully by laser light scattering (LLS) ~-+, rotational 
oscillatory and constant stress rheometry (ROCSR) 5'6 
and high-temperature capillary viscosimetry (HTCV) ' .  

By using the centrifuge ball viscometer 8"9, the relation- 
ship between the molecular weight (M,)  and the zero 
shear rate viscosity (q0) can be described by the well 
known (usually, 3.4 power law for linear polymers) 
empirical formula: 

q0(Pa s)= K[Mw(g m o l -  1)]:t (1) 

where K is a proportionali ty constant and ~ is the power 
law exponent. In this paper, the detailed viscosity studies 
of three different molecular weights of PETFE melts over 
a temperature range of 272.3 349.5°C, as well as the 
experimental determination of constants K and :~ for the 
PETFE copolymer melts at 280°C, are presented. 

* To whom correspondence should be addressed 
+Also at Department of Materials Science and Engineering, State 
University of New York at Stony Brook, Long Island, NY 11794-2275, 
USA 

E X P E R I M E N T A L  

Copolymer characteristics 
Three PETFE copolymers (provided by W. Buck at 

Du Pont), with sample notation T E F Z E L  280, 200 and 
210, and their characteristics as studied t - '  by LLS, 
ROCSR and HTCV are listed in Table 1. 

Sample preparation 
The PETFE copolymer pellets were weighed and 

inserted into the precision glass tubing (4.26 4- 0.001 mm i.d.) 
which had been sealed at one end and put in the preheated 
thermostat  block at about  280°C. Solid pellets became 
soft and molten so that they could be pressed into one 
solid piece without any air bubble inside the solid melt. 
Then a stainless steel ball (1.58 mm_+ 0.001 mm diameter) 
was inserted into the tube touching the side wall of the 
horizontal cylindrical tube facing the ground and vacuum 
sealed. Densities of the melt at different temperatures 
could be estimated from the volume of the melt in the 
tube and its weight. 

Centrifuge ball viscometer 
A new high temperature centrifuge bali viscometer 

(CBV) has been developed to measure the highly viscous 
polymer melts as a function of shear rate. The details of 
the instrument have been given elsewhereS'9; the essen- 
tial features of the CBV are described briefly here. The 
rotor has a radius of 95 mm and can accommodate  six 
samples for each run. The sample chamber can be as 
long as 90mm with a maximum tube diameter of 12mm. 
The d.c. motor  (92A4-22T, Encoder Products Co.) can 
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Table I Molecular parameters  of T E F Z E L  copolymers 

M ~ x l O  5, M,,× IO 5f ~10(280, C)+ 
Samples (gmol  i1 M,,.M,,* (gmol  1) Mw/Mn+ (Pas)  

T E F Z E L  280 11.6 1.4 12.0 2.7 (9.2_+0.4) x l0 '~ 

T E F Z E L  200 9.0 1.3 9.1 2.6 (3.5_+0.3) x 104" 

T E F Z E L  210 5.4 1.3 5.3 2.9 (6.2_+0.3) × 103 

* Laser light scattering data ~ 4 
+ Rheological data s~' 
++ Values were computed from ~1 values determined at different shear rates, see Fi~lure 2 

vary the rotation speed from 1 to 5000revmin 
( _+ 0.01 rev rain- 1). The pulsed light is triggered synchron- 
ously by a timer/counter board (CTM-05, MetraByte 
Co.) which acquires the signal from the encoder built in 
the motor and then sends the signal to trigger the strobe 
light. The timer/counter board is computer-programmed 
to adjust the phase of the rotor by 1, 10 or 120' or in 
finer steps of either 0.64 or 0.18 per step in order to 
locate the specific sample in alignment with the viewing 
microscope. A translational stage (_+ 1/~m precision) in 
combination with the viewing microscope is used to 
measure the ball displacement in the horizontal centrifuge 
tube. 

The rotation speed of the rotor was controlled by a 
motion controller (EPC7252, Encoder Products Co.) 
which was connected to a 486/DX33 personal computer 
as shown schematically in kTgure 1. This centrifuge has 
two operation modes for different experimental purposes. 
One is for studying the phase separation of polymer 
solutions or blends, and the other is for measuring the 
viscosity of polymer solutions or melts. For the former 
purpose, constant high rotation speed provides a centri- 
fugal acceleration for faster observation of boundary 
formation of viscous polymer solutions or blends in phase 
separation experiments. For the latter aim, a constant 
acceleration is desired in order for the ball to reach a 
constant terminal velocity. In this article, the emphasis 
is on the viscosity measurements of polymer melts at high 
temperature. 

In order to maintain a constant acceleration for a 
moving ball in the chamber, the following relation must 
hold: 

R P M 2 = R P M x { P , / [ P I + ( t  2 tt)V]} a2 (2} 

where V is the ball velocity; R P M  1 and R P M  2 are, 
respectively, the rotation speed of the rotor for the ball 
at position P~ (measured from the centre of rotation) and 
time t= t~ ,  and at position P2 and time t= t2 .  The 
centrifugal acceleration a¢ of a ball at position P (distance 
in cm from the rotation axis) and rotor speed R P M  is: 

a~(in unit of gravity g)= pco2 = 1.118 x I O - S P ( R P M )  2 (3) 

where co is the angular velocity of the rotor. With the 
variable centrifugal acceleration, the measurement time 
to determine the ball velocity could be reduced dramati- 
cally for highly viscous polymer melts. The CBV was also 
capable of measuring the shear-dependent viscosity of 
non-Newtonian fluids by using different applied accelera- 
tions a~ which could be used to control the shear rate. 
Only a very small amount (0.5 ml) of the fluid was needed 
for the present set-up. The rotation speed of the motor 

Table 2 Accessible viscosity range of different viscometers 

Range of 
accessible ~1 

Viscometer type (Pa s) Reference 

Capillary 102 10 '~ 19 
Falling ball/needle 10 3 10~t 20 
Diamond-anvil cell falling/rolling ball 10 3 104 21 23 
Diamond-anvil cell centrifuge 10" 5 x 10 C' 24 
Swinging vane 10 "s 103 25 
Stress strain I(P 10 '* 20 
Centrifuge ball (CBV) 10 ° 1() t2 8,9 

Microscope 
\ 

I 
Heat Chamber x \, 
Rotor  \ 

Timer/Counter 
RS232 

486/33DX 

Encoder 

Pulsed -Light 
~ / E P C 7 2 5 2  
Motion Controller 

Figure I Schematic diagram of centrifuge ball viscometer 

could be programmed by computer for constant accelera- 
tion or constant revolutions per minute. 

The CBV, in principle, is capable of measuring fluid 
viscosity values ranging from 10 ° to --- 1012 Pas by using 
a range of different centrifugal accelerations from 10 3 
to 7 x 102g with various size and density of probe spheres 
at temperatures from ambient to 480°C. Table 2 shows 
the accessible viscosity range of different viscometers 1°. 
The CBV is superior to other viscometers by its wider 
attainable viscosity range, a sealable sample chamber and 
accessible high temperatures up to ~500~C for the 
present set-up. We tested the CBV by using seven different 
viscosity standards at different constant centrifugal 
accelerations. All the experimental data of different 
viscosity standards can be fitted to a master curve: 

ac = b(q V, )" (4) 

with b = (4.29 +_ 0.08) x 102[g/(Pa m)'] and c -  0.856 + 0.004 
for a,. > 1.1 x 10 2,q; b = (2.16 + 0.04) x 10-1 [g/(Pa m)"] and 
c=0.15 0.02 for a c < l . l x l 0  2g. In equation (4) the 
errors ofb  are 2.5% and 0.4% while those o f t  are 0.5% 
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and 13%, respectively. With equation (4), the unknown 
PETFE viscosity of a specimen can be determined by 
applying a suitable centrifugal acceleration and then 
measuring the terminal velocity. It should be noted that 
for a~<l.1 x l0-Zg, the shallower slope makes the 
viscosity determination by this method less precise. 

RESULTS AND DISCUSSION 

Low shear rate viscosiO' data 
A feature of the CBV was that different accelerations, 

especially low acceleration, could be applied conveni- 
ently to measure the terminal velocity of a moving ball 
in the fluid. At different given applied accelerations, the 
ball could move at various terminal velocities and thus 
the shear rate of the ball could be changed. Figure 2 
shows plots of viscosity versus shear rate at 280°C for 
the three PETFE copolymer melts at low shear rate in 
the Newtonian fluid region. The viscosities of PETFE 
melts were calculated according to equation (4) and the 
shear rate (9) was estimated by using the following 
relationshipl l: 

4dV~ 
~; = D 2  - d  2 ( 5 )  

where d and D are the diameter of the ball and the i.d. 
of the sample chamber tube, respectively. The viscosity 
in the low shear rate limit ~ 0 ,  qo (zero shear rate 
viscosity), became a constant, i.e. q is no longer a shear- 
rate-dependent parameter. Figure 3 shows a distance 
versus time plot for the TEFZEL 210 sample at 300°C 
for a time period of about 10000s at 1.078g. In such a 
long time period, the ball moved at a terminal velocity 
of 4.38 x 10- 7 m s- t and its shear rate was estimated to 
be 1.77 x 10 -6 ( + 3  x 10-8)s -1 

Temperature-dependent viscosity 
According to the empirical Arrhenius relationship 

between viscosity and temperature: 

~] = A e E"/RT (6) 

where A, E,, R and T are a proportionality constant, 
the activation energy (kcalmol 1), the gas constant 
( 1 .987ca lmo l - lK  l) and the temperature (K), respec- 
tively. Figure 4 shows the Arrhenius plot of melt 
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F i g u r e  4 A r r h e n i u s  p l o t  o f  m e l t  v i s c o s i t i e s  o f  d i f f e r e n t  m o l e c u l a r  

w e i g h t  P E T F E  c o p o l y m e r  m e l t s  

viscosities versus inverse temperature of the three PETFE 
copolymers. The solid lines represent the best least- 
squares fitting of experimental data. The activation 
energy of different molecular weight PETFE copolymers 
ranged from 15.0 to 15.5 kcalmo1-1 (see Table 3) with an 
average Ea, (Ea),  of 15.3 kcalmol-1,  which agreed with 
the values of 6-14.6kcalmo1-1 of high density poly- 
ethylene/low density polyethylene and 18-36 kcal mol-  1 
of polytetrafluoroethylene (PTFE) t2 is. The activation 
energy of PETFE alternating copolymers is essentially 
independent of molecular weight, as shown in Figure 5. 

Figure 6 shows a plot of viscosity versus molecular 
weight for PETFE at 280°C from our measurements and 
those of ref. 6. The relationship between the viscosity and 
the polymer molecular weight can be described by the 
well known empirical formula for the polymer with a 
molecular weight larger than a critical value M~, 
qo=K(Mw) T M ,  with K=(1.23+0.02)  x 10 -16 for our 
data, while qo = K(Mw) 3"57 with K =(2.004-0.02) x 10- 17 
for ref. 6. The results agreed quite well to within the 
experimental error limits, especially when long-chain 
branching in PETFE, if it exists, has not been taken into 
account. According to the empirical formula, our results 
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Table 3 Parameters of Arrhenius equation, q = A e E"/RT and r/= BMa~, ~ e e"/Rr 

E~ A B X 1022 (E~)* Alq" B 1 X 1022~ 

Samples (kcalmo1-1) (Pas) (Pas/(gmol-l) 3"4) (kcalmol 1) (Pas) (Pas/(gmoV1) 3-'*) 

TEFZEL 280 15.5 0.042 1.02 15.3 0.050 1.20 

TEFZEL 200 15.4 0.017 0.981 15.3 0.019 1.08 

TEFZEL 210 15,0 0.0042 1.36 15.3 0.0032 1.04 

* Average value of E, 
4cA~ and B 1 are the fitting values based on the average value (E~) from the Arrhenius equation q = A e  E"'Rr (equation (6)) and r/= BMw3'4 eEa'Rl" , 

respectively 
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Figure 5 Activation energy of PETFE copolymers with three different 
molecular weights 
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Figure 8 (a) Plot of q/(Mw) 34 v e r s u s  I/T. Data from all three 
PETFE copolymers can be plotted on a master curve based on the 
assumption of the constant activation energy E a. (b) Deviations 
(%) = [ ~ / / ( M w )  3 ' 4  - -  (rl/"(Mw)a'4)/frl/(Mw)3'4)] x 100, where angle brackets 
denote average values 

seem c loser  to  the  3.4 p o w e r  law t h a n  those  of  ref. 6. In 
ref. 6, the  shear  ra te  r e ached  d o w n  to 10 -2  s - 1  whi le  the 
C B V  c o u l d  reach  a 9 va lue  d o w n  to 1 0 - 6 s - i  F o r  mel t  
v iscos i ty  m e a s u r e m e n t s ,  the  C B V  cou ld  indeed  reach  very  
low shea r  rates,  e.g. ,;,~ 10 -8  s -~  is accessible.  W i t h  well  
c o n t r o l l e d  h igh  t e m p e r a t u r e s ,  precise  d i s t ance  m e a s u r e -  
men t s  for the  bal l  m o v e m e n t  and  e x t r e m e l y  low shear  
rates,  the  C B V  has the  capab i l i t y  to d e t e r m i n e  the  ze ro  
shear  ra te  v iscos i ty  of  very  h igh  m o l e c u l a r  we igh t  
p o l y m e r  melts ,  to o u r  k n o w l e d g e  m o r e  effect ively t h a n  
ex is t ing  v i scomete r s .  

In  genera l ,  the  v i scos i ty  of  a fluid is d e p e n d e n t  on  
severa l  p a r a m e t e r s ,  such  as t e m p e r a t u r e ,  pressure ,  mole -  
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cular  weight  and  shear  rate. The  re la t ionships  a m o n g  
these var iables  can be expressed by the fol lowing general  
formula16-18: 

r /=  B(Mw) 3"4 eE"/RTf(p, °~) (7) 

where B is a p r o p o r t i o n a l i t y  cons tan t  and  f (p , , , )  is a 
funct ion of  pressure  and shear  rate. At  cons tan t  pressure  
and  at  very low shear  rates, equa t ion  (7) becomes:  

/1 = B(Mw) 3"4 eE~'/RT (8) 

F r o m  equa t ions  (6) and  (8), we have the re la t ionship  
between A and  B as A = B(Mw) 34. If  we assume E a to be 
a cons tant ,  i.e. if we take  the average  value of  E,, ( E , ) ,  
with A~ and  B 1 values l isted in Table  3, then from 
equa t ions  (6) and  (8), A 1 =BI (Mw)  34. Figure  7 shows a 
plot  of  A 1 versus  the molecu la r  weight  of  the three P E T F E  
copolymers .  The  s lope B represents  the average  value of  
B1 (see Table  3). The B 1 values are all close to that  of  
B since the ac t iva t ion  energy E a is fairly constant .  

We  can rea r range  equa t ion  (8) as: 

r//(Mw) 3"4 -- B e E'/R 7" (9) 

Then all the viscosi ty da t a  for the three different P E T F E  
copo lymers  measu red  at different t empera tu re s  can be 
merged  into one mas te r  curve. Figure  8a  shows tha t  the 
d a t a  from all three P E T F E  copo lymers  can be p lo t t ed  
on a mas te r  equa t ion  with E a - - 1 5 . 3 k c a l m o l  -~ and 
B =  1.12 x 10 -22 Pa  s / ( g m o l -  1) 34. Figure  8b  shows that  
dev ia t ion  of all exper imenta l  d a t a  f rom equa t ion  (9) is 
accep tab ly  small .  F r o m  the above  discussions,  we have 
es tabl i shed  the CBV to be a new technique which can 
measure  the viscosi ty of  P E T F E  po lymer  melts  at  
different t empera tu res  and  thereby  the co r r e spond ing  
molecu la r  weight. 

C O N C L U S I O N S  

A newly deve loped  centrifuge ball  v i scometer  has been 
shown to be a very useful ins t rument  for investi-  
ga t ing  the zero shear  rate viscosi ty of  high molecu la r  
weight  po lymer  melts.  W e  measu red  the viscosi ty of  
three different molecu la r  weight copo lymers  of e thylene 
and  te t ra f luoroe thy lene  at  var ious  tempera tures .  The  
melt  viscosity fol lowed the 3.4 power  law in molecu la r  
weight and  ( E a ) = 1 5 . 3 k c a l m o 1 - 1 .  Final ly ,  a general  
re la t ionsh ip  a m o n g  viscosity,  molecu la r  weight and  

t empera tu re  for the P E T F E  copo lymers  was establ ished:  
t 1 ( P a s ) = B ( M w ) 3 " 4 e  E'/R'r, with B =  1.12 × 10 -22 P a s /  
(g t o o l -  1)3.4 and  E a = 15.3 kcal  m o l -  1. 
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