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INTRODUCTION 

There has been a rapidly accelerating degree of 
attention paid to the behavior of molten polymer 
during shear. Considerable attention has been 
given to the behavior at  very low shear rates, during 
which little chain rupture takes place. Careful 
rheological studies a t  low shear rates have been 
made by Flory’ on polyesters, by Pollett2 and by 
Marker, Early, and Aggarwa13 on polyethylene, 
by Cox, Nielsen, and Keeney4 on polystyrene, and 
by Allen, Gee, Lancely, and Mangoraj5 on poly- 
isobutylene. A considerable theoretical advance 
was made by F. Bueche and Harding6 in applying 
viscosity behavior directly in the determination of 
“absolute” polymer molecular weights. In the 
higher shear ranges, studies by Tordella’ have 
shown pictorial evidence of melt fracture. The 
operation of high shear to produce chain rupture in 
rubbers has been the subject of attention of 
Watson8r9 and other British workers. There has 
been considerable Russian interest in the mechani- 
cal rupture of polymer chains since the early work 
of Frenkel.lo Baramborm has reported both ex- 
perimental and theoretical studiesl1-l3 on mechan- 
ical degradation produced by milling numerous 
solid polymers. Berlin14 gave an extensive review 
of mechanochemical transformations and synthesis 
of polymers. The preparation of block and graft 
copolymers by intensive mechanical working was 
described by Kargin15 et al. Photographic studies 
of mechanical rupture of polymer samples were 
reported by Gul’ and Chernin.16 The generation 
of heat in sheared polymer has been studied by 
Toor. 17, l* 

Work in this country on the mechanical rupture 
of polymer chains has been done by Pricelg and 
co-workers to investigate the potential of the proc- 
ess for block and graft copolymerization. They 
found that almost every chain scission resulted in 
the inclusion of iodine on the chain when radio- 
iodine is present during shear of a polymer solution. 
Rodriguez and Windingz0 have recently studied 

shear degradation of polyisobutylene dissolved in a 
variety of solvents. 

Pohl and Lund,21 using a capillary shear viscom- 
eter, studied the dependence of shear breakdown 
of polyisobutylene melts. The specific rate of 
bond rupture was found to be essentially independ- 
ent of the molecular weight, whereas the rate of 
molecular size reduction was found to be dependent 
upon the original molecular weight. It seemed 
apparent from a study of the available literature 
that a need existed for some quantitative under- 
standing of the melt viscosity and molecular 
weight changes which occur during melt shear. 
The present study is an effort to contribute to this 
area through the use of a biconical rheometer in 
which there is known mechanical shear exerted, 
and by which the apparent melt viscosity can be 
measured continuously during the shearing. 

EXPERIMENTAL 

In the following experiments, samples of molten 
polyisobutylene (PIB) were subjected to known 
shear rates for selected times, temperatures, ’ and 
shear cessation intervals. From the torque meas- 
urements, the apparent melt viscosities were de- 
termined. The changes in degree of polymerization 
resulting from shear application were also followed 
by dilute solution measurements of viscosity. 

I. Solution Viscosity Measurements 

The intrinsic viscosity of the various samples of 
sheared polymer were determined in solutions in 
purified cyclohexane of boiling point range less 
than 1OC. Determinations were made at  30 f 
0.02OC. in an Ostwald-Fenske viscometer cali- 
brated with suitable liquids of known viscosity 
to enable elimination of the kinetic correction. 
The viscosity of the polymer solutions in poises 
was calculated from the flow times and the ex- 
pression : 

q = at, - b/t ,  
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where a = 18.63 X and b = 1.59. In  the 
series of polyisobutylene sample examined, the 
solution viscosities were determined a t  various 
concentrations, and the results were correlated 
with the aid of the Huggins22 equation: 

q s p  = [TIC + K'[rl12C2 
for which a value of K' = 0.51 was found to give 
reasonable agreement with the data obtained here 
for a wide range of molecular weights. From this, 
plots of qSp/C vs. C were constructed to facilitate 
extrapolation of [q] values. In  this procedure the 
values of Table I were obtained for the several 
PIB samples examined. Molecular weights were 
calculated from the values of Fox and F 1 0 r y ~ ~  and 
Krigbaum and Flory23 for the constants in the 
equation : 

[q] = KM" 
where a = 0.6897 and K = 2.7 X 

TABLE I 
Viscosity-Average Molecular Weights of Polyisobutylene 

Samples 

h l o  Viscosity-average 
a t  3O.O0C., molecular 

Materiala dl./g. weight 

LM-MS 0.406 40,100 
LM-MH 0.487 52,300 

L-80 3.26 823,000 
MD-331 10.03 4,200,000 

a Vistanex, manufactured by Enjay Co., Inc. 

11. The Biconical Rheometer 

To minimize the uncertainty of shear rate as 
experienced in the capillary shear rheometer,21 

and to permit long continued application of shear 
to a given sample, a biconical rheometer was con- 
structed (Fig. 1). In  it, because of its construc- 
tion, the sample was exposed mechanically to es- 
sentially only one applied rate of shear througAout. 
Gaskins and Philippoff 25 have recently reviewed 
the merits of various types of rheometers. Approx- 
imately 5 g. of material was required for the sam- 
ple. The biconical rotor was driven by a belt 
drive a t  selected speeds to provide various shear 
rates. The free-floating cup and cap, which ride 
on a plate supported by a bearing, enclosed the 
sample about the rotor. Four strain gages 
coupled to form a compression-extension-sensitive 
Wheatstone bridge, were mounted on a flexure bar 
attached to the free floating base and to the fixed 
base. The cup rotated, limited by the flexure 
bars. 

The signal from the strain gage bridge was ampli- 
fied and recorded during the run. Calibration of 
the torque strain was done with couples made with 
known weights prior to and following each of the 
runs. An electric heating jacket and enclosed 
thermocouples permitted runs a t  various known 
temperatures of the rheometer. 

Loading of the sample into the apparatus was 
accomplished by injecting a plug of bubble-free 
polymer into the center of the cup, then firmly 
pressing the rotor into place, followed by the similar 
placing of the cap. The rotor was then chucked 
in the vertical drive. It was found necessary to 
use a lightly spring-loaded Teflon sleeve gasket on 
the rotor where it passed through the cap. This 
prevents bubble intake into the shearing polymer. 

The torque on the rotating biconical rheometer 

5 r R q i v  G 9 0 f 5  

MPLITJER( RECORDER 

DIMENSIONS L ARGF, 7 * 7 
SMALL 4.4" 

Fig. 1. Biconical rheometer. 
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t- :.:-I 
Fig. 2. Geometrical factors in the biconical rheometer. 

was interpreted in terms of the polymer melt vis- 
cosity by using the following equations. The 
increment drag force 6F (see Fig. 2 )  is 

6F = qy6A (1) 

where r]  is viscosity and the shear rate y is given by 

?; = 2 w / d  ( 2 )  

where v is the frequency of rotation in cycles per 
second, d is the distance between rotor face and 
base, the area increment 6A, is given by 6A = 

2 d r ,  and r is the.radia1 distance from axis of ro- 
tation. 

r / d  = cot ( a )  (3) 

(4) 

u = S A  r6F ( 5 )  

Therefore 

6F = 47r2r]v cot ( a )  r26r 

The torque moment u is then 

where the integration is over both top and bottom 
surfaces. 

t c  = S: Sn2qv  cot ( a )  r2dr 

u = (8/3)7r2r]r13v cot ( a )  

u = 4/3aqr13.il = F,L 

(6) 

(7) 

(8) 

or 

where 

.il = 27rrlv/dl 

and dl is the spacing between rotor and cup a t  
some radial distance r1, and F ,  is the force exerted 
a t  the end of a lever arm of length L to balance 
the torque u created by the shearing of the polymer 
melt. 

Also, 

vrn = 3p/4m3Y1 (9) 

EXPERIMENTAL RESULTS 

A. Melt Viscosity Behavior During Shear 

The molten PIB, after being loaded into the 
biconical rheometer, was subjected to shea& a t  
several temperatures, shear rates, and for selected 
intervals. The peculiar advantage of the present 
biconical rheometer is that it may be operated 
continuously or with desired interruption of shear. 
In  this respect, shear studies on polymer melts are 
more fully made than in a capillary rheometer 
where a steady state is not easily realized experi- 
r n e n t a l l ~ . ~ ~ , ~ ~  It is in just this aspect, the appli- 
cation, cessation, and reapplication of shear and 
the ability to operate a t  steady-state or a t  transi- 
tion-sfate periods that the present results seem to 
demonstrate the somewhat remarkable properties 
of sheared polymer melts, The results of this 
study, shown partially in Figures 3, 4, and 5, are 
for a single polymer specimen, polyisobutylene 
sample LMMS obtained from Enjay Co., Inc. 

- - A t  I 5 MfN 

2 4 6 8 /O /2 / I  16 18 
T / M E  / N  M / N U T € S  

Fig. 3. Apparent melt viscosity vs. time of shearing a t  shear 
rate of 143 sec.-l and 26°C. 

-- A L  , / 5  MIN 
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2 1 6 8 (0 ,2 / 9  /6 I8 20 

i / M €  /N M I N V T 4 5  

Fig. 4. Apparent melt viscosity vs. time of shearing a t  shear 
rate of 143 sec.-l and 46°C. 
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Fig. 5. Apparent melt viscosity vs. time of shearing a t  shear 
rate of 143 sec.-l and 80°C. 

The initial high torque or apparent melt 
viscosity drops rapidly to a steady-state value in 
1-2 min. of continued shear. An interval of shear 
cessation permits the polymer to make a consider- 
able return to the original high torque or melt vis- 
cosity, especially if the interval is long or the tem- 
perature is high. During the steady-state period 
there is a small and continuous drop in the already 
reduced apparent melt viscosity. There are, then, 
two observable viscosity drops during the shear of 
such polymer melts: (1) a generally large, rapid, 
and quasi-permanent one a t  the outset of intense 
shearing action; (2) steady, monotonic, viscosity 
drop, generally a t  a rather smaller rate, as shear is 
continued. Further details of the behavior are 
described in Table 11. 

The measured apparent melt viscosities qVp of 
the various samples are shown in Figure G for the 
several shear rates as a function of temperature. 
The thermal activation energies calculated from 
the slopes of these curves were 3.0 kcal./mofk at 
the 143 set.-' shear rate, and 1.28 kcal./mole at  the 
366 set.-' shear rate. The decrease in thermal 
activation energy for viscous flow with increase in 
rate of shear is to be expected if one regards the 
flow processes for polymer chains under high shear 
to involve the progressive chain disentanglement 
and the selective grouping of holes in the fluid. 
In  this picture, if it is assumed that increase of 
shear rate causes a decrease in average hole den- 
sity near the center of the tumbling flow units and 
a corresponding increase in hole density near the 
periphery, the thermal activation energy required 
for flow would be expected to be less where the 
holes required for flow unit movement are already 
numerous, i.e.. a t  the higher shear rates. 

An alternate explanation, based upon the as- 
sumption that no hole grouping occurs and that 
just the existence of chain rupture brings about 
the lowering of viscosity, is more difficult to ex- 
press. It is possible, for example, that the in- 
creased chain rupture brought about by low tem- 
perature (and hence high viscosity) sufficiently 
reduces the viscosity to bring about the observed 
effect. Increasing the shear rate a t  the low tem- 
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/" ' '' 

Fig. 7. The fractional change in apparent melt viscosity 
A?,,,/?,,, vs. time of shearing at various temperatures. 

I 
-10 0 I0  20 30 40 50 60 70 /OD 

Fig. 8. The temperature dependence of the rate of 
change of the apparent melt viscosity during the pseudc- 
steady-state period. 

perature conditions would then bring about a dis- 
proportionately larger chain rupture and lower 
apparent melt viscosity than a t  high temperature 
conditions. 

Let us now turn to a discussion of the long-krm 
melt viscosity drop. As discussed earlier, the 
more or less steady drop in apparent melt vis- 
cosity which follows the initial large and rapid drop 
is referred to as the long-term melt viscosity drop 
due to continued shear. In  Figure 7 are plotted 
the slopes of the apparent melt viscosity versus 
time curves for the various runs. The rate of 
viscosity fall with time is observed to be constant 
with duration of shear to within the limit of error of 
the measurements. A plot, as in Figure 8, of the 
rate versus reciprocal absolute temperature shows 
the rates to fit to a straight line from which the 
energy of activation of this process can be calcu- 
lated to be -11.3 kcal./niole. Just how this 
varies with shear rate could not be ascertained 
from the data a t  hand, but it might be expected to 
be less a t  higher shear rates in the light of the previ- 
ous discussion on viscosity behavior. 

B. Molecular Chain Rupture During Shear 

From the intrinsic viscosity data obtained on 
polymer samples before and after shear, informa- 
tion was obtained as to the degree of permanent 
molecular size damage due to  shear. The basic 
data obtained with the biconical rheometer are 
summarized in Table 11. The relative changes in 
the intrinsic viscosity of this polymer when subject 
to shear of 143 see.-' for various times and tem- 

T / M E  IN MINL'T€S 

Fig. 9. The fractional change of the intrinsic viscos- 
ity of sheared PIB as a function of time of shear a t  various 
temperatures. 
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I 
Fig. 10. Single-cone rheometer. 

peratures are shown in Figure 9. The greatest 
changes per unit time occur a t  the lowest tempera- 
tures. Furthermore, there is seen to be a de- 
creasing rate of change with time of shear ex- 
posure. Analogous statements may be made about 
the viscosity-average molecular weight of the 
polymer. 

In a preliminary attempt to investigate the effect 
of changes in shear rate upon the rate of degrada- 
tion of this polymer, the following data were ob- 
tained with a single-cone rheometer used here in 
the early studies of shear behavior of polymer melts. 
The data are to be considered as rough approxi- 

jjji 
I I 1 

500 1000 I500 1 ses+ 

Fig. 11. Approximate data for the shear rate dependence of 
Data the molecular breakdown of molten PIB a t  37°C. 

obtained with single-cone rheometer. 
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Fig. 12. Time dependence of the fraction of main chain 
bonds ruptured during shear at a shear rate of 143 sec.-l in 
molten PIB at: (A) 28.5"C.; (0) 49.1"C.; (0)  60.0%; 

t ki*) - 

(0) 80.O"C. 

mations and are included only to serve as a prelim- 
inary guide to polymer melt behavior during various 
shear conditions. The form o€ the rheometer is 
sketched in Figure 10. The data observed are 
shown in Figure 11 and indicate that the rate of 
intrinsic viscosity change is proportional to the 
shear rate except a t  very low shear rates. These 
data would indicate that there may be a critical 
shear rate below which little detectable chain deg- 
radation t,akes place. 

Turning again to the work done with the double- 
cone rheometer, it is observed that the changes in 
intrinsic viscosity permit one to calculate the 
changes in viscosity-average molecular weight of 
the variously sheared material. In the absence of 
specific data on the molecular weight distributions 
in each sample, it is recognized to be a considerable 
approximation to reinterpret the viscosity-average 
molecular weights obtained by intrinsic viscosity 
measurements as more than rough values of the 
number-average molecular weight by the use of the 
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Fig. 13. The fractional rate of bond rupture (number of 
main chain bonds broken per main chain bond per second) as 
a function of time of shear at a shear rate of 143 sec.-l in 
molten PIB at: (A) 28.5OC.; (0) 49.1OC.; (0) 60.0”C.; 
( 0 )  80.0°c. 

Flory-Fox and Flory-Krigbaum relations for in- 
trinsic viscosity versus number-average molecular 
weight.’?,? With this appreciation of the necessary 
approximation in mind , the values of the intrinsic 
viscosity were converted to bond rupture fractions 
f ,  where 

f = ’/Z[(l/DP) - (1/DPo)l 

The fractional rate of bond rupture, df/dt = b, was 
also calculated. The results are shown in Figures 
12 and 13. The data show the rate and amount of 
bond rupture to decrease with increasing time of 
shear and with increasing temperature of shear. 

DISCUSSION 

The rapid drop of the apparent melt viscosity 
of the molten polymer, followed by the appearance 
of a pseudo-steady state during which there is a 
relatively very low rate of change of apparent melt 

viscosity can be explained in terms of two types of 
hypothesis, a chemical one or a mechanical one. 
In  the chemical type of hypothesis, it is said that 
the initial rapid drop in viscosity is due mainly to 
the rupture of main chain bonds and that a “stasis” 
results when the rupture rate of chain bonds 
equals the recombination rate of the active chain 
ends. There are three principal ways in which an 
organic polymer chain can rupture in the main 
chain: ( I )  to form free radicals in pairs; (2) to form 
free ion pairs (ie., carboiiium plus carbanion 
pairs); (3) to disproportionate. In  the case of 
polyisobutylene, there might be a disproportiona- 
tion such as 

-CH2- _. . . . . . . . . CH2- r -- 
I 

CH3 

r 
AH3 f 

breaking bond- 

CH3 CHI 

-CH=& + CH3-C- 

AH2 AH3 

Of the three chemical modes of rupture, only the 
first two can bring about appreciable rapid recom- 
bination of the active chain ends. The last, dis- 
proportionation, presumably operates only to bring 
about permanent chain rupture and may be ex- 
cluded from consideration as a mechanism for the 
reversibility of viscous behavior following the 
short shear cessation periods. We have recently 
obtained rather convincing proof that neither of 
the remaining chemical mechanisms, free radical 
formation or ion pair formation, contribute in a 
major manner to the observed reversibility of 
apparent viscosity during continued shear. This 
was done by observing the effects of added free 
radical or ion pair inhibitors, but the experiments 
will not be described further a t  this time. 

In  the mechanical action hypothesis, i t  is said 
that the observed drop in apparent viscosity during 
continued shear followed by a recovery upon 
cessation of shear is due to more or less reversible 
disentanglements of the segments2‘? of neighboring 
polymer molecules or to orientation mecha- 
n i s m ~ . ~ ~ . ~ ~  There is still another mechanism by 
which the melt viscosity can be affected during the 
shearing process, one which does not seem to have 
been given much attention in the past. For 
brevity we may term it “fault flow.” Fault flow is 
considered to arise when the holes within the liquid 
polymer are forced to take a nonrandom distribu- 

I 
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tion by being made to gather a t  the periphery of the 
rotating molecular flow units. The nonrandom 
distribution of holes in the assembly of polymer 
chains is considered to come about because of the 
combined action of shear forces which buffet the 
various monomeric units into randomized motion 
to accomodate flow (much as in shear action in 
monomeric liquids) and the continued reminder 
exerted along the chain that the units are attached 
to each other. The net result of the combined 
actions, one randomized, the other having a cen- 
tralized force effect, will, it is reasoned, result in 
the balling up of the chains. An analogy may be 
seen in the behavior of two mechanically observable 
macroscopic systems, a set of small separate balls 
and a set of balls linked together in long chains. As 
the separate balls are subjected to shear and agita- 
tion they merely roll and form randomly shifting 
holes in the mass. As the chains are subjected to 
lightly loaded shearing action, and agitation, the 
chains are seen to ball up and form tightly packed, 
larger, flattened spheroids which tend to dis- 
entangle and to become somewhat separated (but 
still interacting) entities as shearing action and 
agitation is continued. This migration of holes 
away from the centers of the chains and out to the 
peripheries would lead to the formation of denser, 
more viscous regions rotating within less dense, 
less viscous regions in which the concentration of 
holes would be rather higher. It is expected in 
this model of fault flow that the sizes of the ro- 
tating units would be dependent upon the shear 
rate, increasing as the shear rate increases. This 
expectation is based upon the fact that the polymer 
molecules are originally much entangled, and the 
view that as faster and faster response to  shear is 
required, less respect would be paid to molecular 
niceties and more to  existing weak points such as 
exist a t  normally random gatherings of holes, 
where high stress concentrations would be avail- 
able to produce gross ruptures of the structure. 

We may summarize the two views of mechanical 
response mechanisms to  shear as ( I )  disentangle- 
ment action without fault flow and (%’) disentangle- 
ment action including fault flow. There appears 
to be no ready means to distinguish the two solely 
on the basis of flow studies a t  varying temperature, 
pressure, or shear rate. However, the first mech- 
anism neither requires nor predicts any essentially 
prominent changes in local density, whereas the 
one including fault flow does. For this reason, a 
definitive experiment such as one showing up the 
existence or nonexistence of local density fluctu- 

ations (i.e., those due to  shear-induced hole aggre- 
gation about the peripheries of the rotating flow 
units) would be highly desirable. 

It is rather easy to show on the basis of simple 
assumptions that the preferential clusterin2 of 
holes, as by shearing action, should not in itself be 
expected to  lead to large reduction in resistance to  
flow in nonpolymeric liquids. The argument is 
based upon two assumptions, both reasonable : 
first, that the fluidity of any portion of the liquid 
is proportional to the density (or concentration) of 
holes in it (this has been often shown, e.g., by 
Eyring et a1.26) and second, that the fluidity of a 
mixture is reasonably represented by the sum of 
the partial fluidities, i.e., by a simple mixture law. 

Following the first assumption, we have for 
4i, the fluidity of the ith portion of liquid containing 
a density pi of holes, 

4% = ( P d P O M O  

The fluidity of the original unsheared liquid is 
4o and the original hole density is pa. 

The total overall concentration of holes remains 
fixed (no expansion), i.e., 

PO = VOPO + VIP1 + 1 ’ 2 ~ ~  + . . . + v n p n  

where the vf are the volume fractions of the various 
portions. 

By the second assumption, additivity of the 
partial fluidities, we have, for a mixture of fluidity 
41 

4 = t’O40 + [ ( : ‘ l P l l P o )  + (VSP2/PO) 

+ . . . + ( I l n P n / P O ) l 4 0  

d = (40 /PO)bOPO + V l P l  + V2P2 + . . . + U,P,l 

:. 4 = 4 0  

hence the fluidity of the mixture is unchanged by 
hole migration. It is felt that the two assump- 
tions upon which this argument is based are a t  
least fair approximations to the true state of affairs, 
a t  least in nonpolymeric liquids and hence one 
should see no major changes in fluidity due to hole 
density fluctuations as shear is applied. However, 
the disentanglement mechanisms in polymeric liq- 
uids are dependent upon shear rate, and the per- 
sistence of chain disentanglement between the 
rotating flow units is in reality a localization of 
holes in the region of high local flow. It seems 
clear that such localization of holes would affect 
the overall fluidity in such a direction as to in- 
crease the fluidity with increase of shear rate. ,~ , 
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By way of emphasizing in a less qualitative way 
the expected behavior of a polymer melt which is 
exhibiting both disentanglement-reentanglement 
and fault flow one may represent the various fac- 
tors in the following rather oversimplified manner. 
The molten polymer chains form a mass of en- 
tangled, rather spherical entities which, upon being 
sheared, develop regions containing a harder core 
surrounded by a more fluid portion as the holes 
are forced to gather at the periphery of the rotating 
flow units. The fluidity of the mass may be con- 
sidered to arise from two portions: that due to  the 
motion of (hard) spheres through a thin liquid, a 
case treated by Einstein24 and ~ t h e r s ~ O - ~ ~  and 
that due to the fluidity of the spheres themselves. 

The Einstein relation for hard spheres in a thin 
liquid is 

or the fluidity c $ ~  due to the thin liquid containing 
hard spheres is 

40 = 1/90 = 1/71(1 + ( ; )Vz)  

where qo and w1 are, respectively, the viscosity of 
liquid plus hard sphere mixture and the viscosity 
of the thin liquid and the volume fraction of the 
mixture occupied by the spheres V2 is given by 
V2 = 1 - V,, where V1 is the volume fraction of the 
mixture occupied by the thin liquid. In  addition, 
we have fluidity due to the fact that the hard 
spheres are not hard. At low shear rates they will 
occupy the whole volume of the melt. To express 
these ideas we define as more or less appropriate 
representations, the fluidity due to the softness 
of the spheres 4 2  as 4z = uze-b‘Y and 211 = f(1 - 
eCgY) ,  where the factor f is about 0.1 because 
the volume fraction of the thin liquid is not 
expected to exceed 10% of t,he whole, and where 
u2, b2, .f, and g are appropriate constants and y 
is the shear rate. 

The overall fluidity $I of the polymer melt is then 
that due to both types of fluidity. Using the mix- 
ture law, we have 

4 = VldO + b;d2 

In  the last equations, the reduced fluidity of the 
thin liquid, do, is used rather than the fluidity of 
the thin liquid containing no sphere obstructions 
to its flow, 41. Furthermore, one would expect 
the fluidity, d1, of the thin liquid to be increasingly 

iarge as the shear rate increases and more holes are 
forced into it. In  consequence, we may set 

41 = 1/71 = aleblY 

Therefore, on combining these expressions, wesfind 

4 = [28+1 + (7 - 1281 + 5V2)421/7 - 581 

As V1 - 0.1 as a maximum, we may drop the 
term, V12, giving 

9 [28141 + (7 - 1281)42]/7 - 581 

=: (28141/7) + 42 
= 2/?f(l - e-”)uleb” + u2e-bZY 

At very high shear rates ( y  + a), 

4- = 2/7fdl zz 2/70d1 

or 

At very low shear rates, 

4+=o = 4 2  
where 42 is the fluidity due to softness of polymer 
itself. Using such a picture, then, one would 
expect to see a polymer melt viscosity decreasing 
with increasing shear rate: 

71 5 7 5 3571 

and where 71 is a low viscosity, representative of 
that of polymer of a very low degree of polymerixa- 
tion. It may be seen that the above equations 
and interpretation would serve to describe the 
observed behavior in general outline, and have, 
perhaps, a heuristic value, if not other. 
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Synopsis 

Studies were made of the apparent melt viscosity and 
chain rupture of polyisobutylene melts during high me- 
chanical shear at various temperatures, and for varied times 
of shearing action. A biconical rheometer was constructed 
and used for this study. It was observed that the torque de- 
veloped in such a rheometer by the action of shear on molten 
polymer shows peculiarities. The initial high torque, or the 
apparent melt viscosity which may be derived from it, drops 
rapidly to a pseudo steady state value in about one or two 
minutes. An interval of shear cessation permits considera- 
ble return of the system t o  the original high value of the ap- 
parent melt viscosity, especially if the cessation interval is 
long (e.g., 10 min. a t  45OC.). During the pseudosteady- 
state period there is a small and continuous drop in the al- 
ready reduced torque or the apparent melt viscosity. Study 
of the chain rupture rate, made by examination of dilute 
solution viscosities, and the viscosity-average molecular 
weights determined from them, showed the rate of chain 

degradation to decrease as the temperature during the shear- 
ing operation is raised. The chain rupture rate decreases 
steadily as shearing is continued, and increases with increase 
of shear rate at a given temperature and time of shear ap- 
plication. The behavior of the apparent melt viscosity, de- 
creasing sharply to a pseudosteady-state value sRortly 
after intense shear begins, is presently pictured as due to 
two mechanisms, one chemical, the other mechanical, act- 
ing simultaneously. One process is considered to be the 
rapid breakdown of the chainlike molecules to smaller frag- 
ments fqrming mainly free radicals or ion pairs at their 
ends. These reactive ends begin immediately to recombine 
at a rate which increases with the rise in their concentration 
until the pseudoequilibrium state is reached. The second 
process is considered to arise from both chain disentangle- 
ment and the preferential migration of holes in the liquid 
away from the center of gravity of the chains to form re- 
gions of low viscosity which may be termed fault lines or 
regions. 

Resume 

On a 6tudi6 la viscosite apparente b I’btat fondu et la 
rupture de chaine de polyisobutylhnes fondus au cours de 
fortes tractions mecaniques b differentes temperatures et 
pour des temps variables de traction. On a construit un 
rheometre biconique en vue de cette etude. On a observe 
que la torsion developp6e dans un tel rheomktre par l’action 
de la traction sur des polymkres fondus offrait des particu- 
laritks. La forte torsion initiale ou la viscosite apparente 
qui peut en btre der ide tombe rapidement jusqu’h une 
valeur d’6tat pseudo-stationnaire en une ou deux minutes. 
Un temps d’arr6t de traction permet un retour considerable 
du systkme en arrihre jusqu’b la valeur initiale Qlevee de la 
viscosit6 apparente a l’btat fondu specialement si le temps 
d’arrbt est long, par exemple de dix minutes 45°C. Durant 
la periode d’btat pseudo-stationnaire il y a une diminution 
petite et continue de la torsion dejh r6duite ou de la viscosite 
apparente B 1’Btat fondu. L’Btude de la vitesse de rupture 
de chaine effectuee au depens des viscositBs de solbtions 
diluees e t  les poids mol6culaires moyens viscosim6triques 
determines par leur intermediaire ont montr6 que la vitess: 
de dbgradation de chaine diminue quand la temperature 
s’6lkve au cows de l’op6ration de traction. La vitesse de 
rupture de chaine diminue uniformement quand on continue 
la traction, et elle augmente pour une augmentation de la 
vitesse de traction b une temperature donnee et le temps d’ap- 
plication de la traction. Le comportement de la viscosite 
apparente A 1’6tat fondu dCcroissant fortement jusqu’b une 
valeur d’un dtat pseudo-stationnaire peu aprhs l’application 
d’une force de traction BlevBe, est actuellement representee 
comme resultant de deux m6canismes, l’un chimique, l’autre 
mecanique agissant simultanement. L’un des processus 
consiste dans la rapide desagregaticn des chaines mol6culaires 
en petits fragments formant principalement des radicaux 
libres ou des paires d’ions b leurs extrbmit6s; les extremites 
reactionnelles commencent immediatement A se recombiner 
h une vitesse augmentant avec l’Cl6vation de leur concentra- 
tion, jusqu’b ce que 1’Btat de pseudo-6quilibre soit atteint. 
Le deuxieme processus resulte b la fois du dkroulement des 
chahes et de la migration pref6rentielle des lacunes dane le 
liquide loin des centres de gravit6 des chaines. 

r l  
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Zusammenfassung 
Eine Untersuchung der scheinbaren Schmelzviskositat 

und Kettenspaltung von Polyisobutylenschmelzen wahrend 
einer hohen Scherbeanspruchung wurde bei verscheidenen 
Temperaturen und bei variierter Dauer der Schereinwirkung 
durchgefuhrt. Ein bikonisches Rheometer wurde konstru- 
iert und in dieser Arbeit verwendet. Es wurde beobachtet, 
dass der in einem solchen Rheometer durch die Einwirkung 
der Scherung aufgeschmolzenes Polymeres entwickelte 
Drehungswiderstand Besonderheiten zeigt. Der hohe An- 
fangswiderstand oder die daraus abgeleitete scheinbare 
Schmelsviskwitat fallt rasch in etwa ein oder zwei Minuten, 
auf einen pseudo-stationaren Wert ab. Ein scherungsluses, 
Interval1 fuhrt in dem System zu einer betrachtlichen Ruck- 
bildung des urspriinglichen hohen Wertes der scheinbaren 
Schmelzviskositat, besonders wenn das Unterbrechungs- 
interval1 lang (z.B. 10 Min. bei 45'C) ist. Wahrend der 
pseudo-stationaren Periode findet eine kleine und kon- 
tinuierliche Abnahme des schin schon herabgestzten Wider- 
stands oder der scheinbaren Schmelzviskositat statt. Eine 
Untersuchung der Kettenspaltungsgeschwindigkeit durch 
Messung der Viskositat in verdunnter Losung und des 
daraus bestimmten Viskositatsmittelswerts des Moleku- 
largewichts zeigte, dass die Geschwindigkeit des Kettenab- 

baus mit einer Temperaturerhiihung wahrend der Scher- 
beanspruchung abnimmt. Die Kettenspaltungsgeschwin- 
digkeit nimmt bei fortgesetzter Scherung stetig ab und bei 
Zunahme der Scherungsgeschwindigkeit bei einer bestimm- 
ten Temperatur und Dauer der Scherbeanspmchung zu. 
Das Verhalten der scheinbaren Schmelzviskositat, namIich 
die scharfe Abnahme zu einem pseudo-stationaren Wert kurz 
nach Beginn einer intensiven Scherung, wird hier auf zwei 
Mechanismen zuruckgefuhrt, einen chemischen und einen 
mechanischen, die gleichzeitig wirksam sind. Als der e k e  
Prozess wird die rasche Bildung von kleineren Bruchstucken 
aus den Kettenmolekeln angenommen, bei welcher haupt- 
sachlich freie Radikale oder Ionenpaare an den Enden der 
Bruchstucke entstehen. Diese reaktionsfahigen Enden 
beginnen untmittelbar mit einer Geschwindigkeit, die mit 
ihrem Konaentrationsanstieg zunimmt, zu rekombinieren, 
bis der Pseudo-Gleichgewichtsznstand erreicht wird. Ein 
zweiter Prozess wird offenbar sowohl durch eine Entschlin- 
gung der Ketten als auch durch die bevorzugte Wanderung 
von Lochern in der Fliissigkeit weg vom Kettenschwerpunkt 
verursacht, wodurch Bereiche mit niedriger Viskositiit 
entstehen, die als Fehllinien oder-bereiche beziechnet 
werden konnen. 
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