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Unstable Flow of Molten Polymers: A Second Site of 
Melt Fracture 

J. P. TORDELLA, Plastics Department,* E .  I .  du Pont de Nemours & 
Company, Inc., Experimental Station, Wilmington, Delaware 

INTRODUCTION 

One type of instability in flow of molten polymers has already been de- 
scribed.'-? This instability was found to initiate at  the inlet to a capillary 
and is thought to be the result of elastic failure.of the viscoelastic melts. 
The phenomenon results in emerging polymer streams of grossly irregular 
shape. It is convenient to refer to this particular phenomenon as inlet melt 
fracture or inlet fracture, rather than by the previously used, more general 
term, meltfracture. 

Instabilities in flow appear to occur at  a site other than the capillary 
inlet for some samples of two types of polymers, linear polyethylene4 and 
copolymers of tetrafluoroethylene and hexafluoropropylene (TFE-HFP) .18 

The associated phenomena, their causes, and the relation to the earlier 
type of melt fracture are the subject of this paper. 

DISCUSSION 

Flow 
The basic device used was a metal capillary viscometer or rheometer.' 

Pressure was applied by a piston, operating within the rheometer cylinder, 
activated by an external pneumatic cylinder. Flow rates were determined 
from the time for a given displacement of the piston. 

Shear rate-shear stress data for linear polyethylene and the TFE-HFP 
copolymers are illustrated schematically in Figure 1 and given in Figures 2 
and 3. The data in Figures 2 and 3 are uncorrected for entrance pressure 
losses and piston friction. Had such corrections been made, the lower parts 
of the curves corresponding to that on which A and B are indicated in 
Figure 1 would have been coincident. It is assumed in the following dis- 
cussion that the lower sections of the curves are coincident as represented 
in Figure 1. 

At shear stresses less than that a t  A in Figure 1, ordinary viscoelastic 
flow was observed: viscosity decreased with increasing stress or rate, and 
the emerging stream was smooth and regular. At  and above the critical 

* Now in the Eleetrochemieals Department. 
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stress A but a t  stresses less than B, the emerging streams had a fine surface 
roughnesssimilartoaclose pitch screw thread (this been has described for lin- 
ear polyethylene 4, 8). The fine-scale irregularity, along with the gross ir- 
regularity associated with inlet melt fracture, is illustrated in Figure 4 by 
specimens of linear and branched polyethylene, respectively. (It should be 
remarked that fine-scale surface irregularities have been noted with 
branched polyethylene* in addition to the gross inlet fracture type of sur- 
face irregularity. The fine-scale roughness of branched polyethylene may 
or may not be due to that which causes the fine-scale roughness described in 
this paper, which initiates at a critical stress.) 

100- 106 10 100 
10' 

SHEAR STRESS ( P R / P C ,  DYNESKY') 

Fig. 1. Schematic flow data for linear polyethylene and TFE-HFP copolymers. 

In the region A to B, Figure 1, the very first part of the emerging polymer 
streams had the fine-scale roughness. This contrasts with inlet fracture 
in which the gross irregularity of the emerging stream did not occur until 
emergence of polymer which had been in the inlet region at the time the 
stress was applied. (Application of the stress was nearly instantaneous. 
It was accomplished by quick release of a gate from the outlet of the capil- 
lary with the polymer at the desired pressure in the rheometer cylinder.) 

The stress represented by B in Figure 1 was a second critical stress. At 
this stress the rate tended to be double-valued; that is, the rate at constant 
pressure in the rheometer oscillated between the rates corresponding to B 
and C in Figure 1. The magnitude of the higher rate was a function of 
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capillary length. For capillaries having a sixteen-fold length-to-diameter 
ratio (16 LID) the higher rate was roughly tenfold larger than the lower 
rate. The rate difference, B to C,  decreased with decreasing LID ratio. 

There were several unusual features of flow a t  rates corresponding to C 
in Figure 1. The most obvious ww that of shape of the emerging streams. 
For the linear polyethylenes and the TFE-HFP copolymers used, the 
emerging streams were smooth and regular. As the flow rate oscillated 
between B and C, the specimens’ surfaces changed accordingly, from rough 
to smooth (Fig. 5). The recurrence of smooth surfaces at  rate C differs 

Fig. 2. Flow data for linear polyethylene, melt index 0.5, 0.958 density at 23”C., at 
150°C.: (- - -) “hystereak loop” observed when streaa is lowered from stresses above 
those at vertical section of curve.* 

from the inlet type of fracture, for which increashg stress results in ever in- 
creasing irregularity.’ 

In addition to the B-to-C type of rate variation noted above, there was a 
second type of nonuniform rate. The rate a t  C varied rapidly mth tune 
a t  a frequency of about %/see. A specimen and flow rate versus time 
record of a TFE-HFP copolymer is illustrated in Figure 5. Flow rate, 
as the velocity of piston motion, was recorded on a velocity meter and 
1/100-sec. response time recorder. Figure 5 illustrates the low, relatively 
steady rate corresponding to B in Figure 1 and the 20-cycle/second oscil- 
lation of the high average rate, C.  The lower of the rates during the 20- 
cycle/sec. oscillation was roughly that of B. 
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Fig. 3. Flow data for TFE-HFP copolymer at 380°C.: (---) “hysteresis loop” observed 
when stress is lowered from stresses above those at vertical section of curve. 

Fig. 4. Specimens illustrating large irregularity sssociated with inlet fracture 
(branched polyethylene) and the h c a l e  surface irregularity (linear polyethylene). 
The specimens were obtained with capillaries of different radii. 
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The velocity meter was a Sanborn LV Syn device which consisted of a solenoid within 
which a permanent magnet was drawn by the rheometer piston. The resolution time 
of the device, about 1/1OOO sec., was considerably faster than the full-scale deflection 
time of the recorder. 

Over 
a stress range of about 5%, the average flow rate increased from that sub- 
stantially a t  B to that at  C. Within this 5% stress range the flow rates, 
averaged for a long time relat,ive to the period of the B-to-C variation period, 
were between B and C. The fraction of the time of flow at rate B decreased 
from 1 to 0 over the 5% stress range. Conversely, the fractional time at 
rate C varied inversely from 0 to 1. Flow versus time curves from the 
high-speed velocity meter for sustained flow at the average rate C were con- 
tinuous 20-cycle/sec. peaks. 

A description of the dependence of critical phenomena on capillary 
geometry follows. The critical stresses corresponding to A and B in 
Figure 1 and the type of surface roughness of linear polyethylene and the 

The flow curves at  the critical stress B were not actually vertical. 

I 
TIME I=- 1 SEC-4 

Fig. 5. Velocity aa a function of time for flow oscillating between points B and C, 
Figure 1, for TFE-HFP copolymer at 38OOC.: sections of the specimen are identified 
with corresponding velocity-time curve segments. 

TFE-HFP copolymers were independent of (a) capillary diameter from 
0.020 to 0.100 in. at  a constant L/D ratio, (b) inlet geometries varying from 
flat or 18O0-included angle entries to 20'-included angle cones, and (c) the 
materials from which capillaries were made, i.e., stainless steel (both pol- 
ished and very rough) , glass, graphite, and polytetrafluoroethylene which 
was used with linear polyethylene only. 

One feature of flow in the graphite capillary was noteworthy. At rates 
corresponding to C in Figure 1, small flecks of graphite appeared on the 
surface of the emerging polymer stream. 

The height and pitch length of the surface irregularity, but not the type 
of roughness, increased with increasing capillary diameter but were in- 
dependent of L/D ratio. The critical rates a t  which oscillating flow began 
increased somewhat with decreasing LID ratio. This is apparent in 
Figures 2 and 3, but is not indicated in Figure 1. 

The magnitude of surface irregularity accompanying the earlierde- 
scribed'-7 inlet fracture increased with capillary diameter, decreasing L/D 
ratio, and increasing cone angle of the inlet. 

The flow phenomena of linear polyethylene and TFE-HFP copolymers 



220 J. P. TORDELLA 

suggest a different type of flow instability or a different site of incidence 
from that associated with inlet fracture. Specifically, the lack of depend- 
ence of the surface irregularity on the inlet taper or the LID ratio of the 
capillaries and the immediate appearance of the roughness on application of 
stress suggest that the phenomena initiate in the straight section or land 
of a capillary or die. Initiation at the capillary outlet by some other mech- 
anism is another possibility. The sudden yielding at the second critical 
stress and the 2O-cycle/sec. oscillating rate suggest stick-slip flow along the 
upper branch of the flow curves. Slip at  the capillary surface was strongly 
indicated by the graphite flecks on specimen surfaces. 

Flow Birefringence 
Some insight into the site and cause of the above flow instabilities was 

provided by observation of flow birefringence. Flow was observed through 
glass capillary assemblies attached to the bottom of the metal rheometer. 

STEEL 

‘TEFLON 

Fig. 6. Schematic drawing of attachment of glaaa tube and capillary to bottom of 
rheometer cylinder. 

Capillaries were sealed to short sections of l/&. I.D. hard-glass pipe. 
The standard tapered pipe ends were supported by a cushion of Teflon 
TFE fluorocarbon resin, &s shown in Figure 6. Hot air flowing in the 
outer glass tube heated the capillary. The capillaries were backlighted by 
an intense incandescent light and observed or photographed between 
crossed polaroids. Photography on black and white film was done through 
a red ((color separation” filter. Light and dark bands or isochromes 
similar to those obtained with monochromatic illumination resulted, 
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while the convenience of incandescent lighting was retained. (In full color, 
the appearance of the birefringence colors** was striking.) 

The 
contours of the isochromes are characteristic of occurrence of inlet fracture. 
The isochmmes tend to form closed loops, with the top of the loop in the 
inlet and the bottom in the capillary. A maximum in birefringence 
occurs a t  the inlet. The number of isochromes at  the inlet was found to be 
approximately h e a r  with strew with an intercept on the streas axis at  
about 0.6 X 1W dynes/cm.z. Inlet fracture, which was first apparent at 
about 3.0 X lo' dynes/cm.Z, is quite obvious at  the highest stress in 

The flow of branched polyethylene is illustrated in Figures 7 and 8. 

Fig. 7. Photograph through d polaroidb of &w of branelmi polyethylene, melt 
index 2.0,0.918 deneity at 23'C., in l.O-in.-long 0.10-in.diameter cepillary having tr R8t 
inlet. That which appears as a horiaontal disc at the inlet is an optical effect reaultinq 
from sealing the capillary to the glass pipe: stresses from left to right are, respectively, 
0.9, 1.2, 1.8,3.0,and3.6, X l(rdynes/cm.*. 

Figure 7. In  Figure 8 at the highest stress, fracture resulted only in slight 
dissymmetry of the lowest isochrome in the capillary. Inlet fracture 
effects decrease substantially in magnitude with decreasing inlet angle.7 

I t  appears reasonable to equate birefringence with elastic strain.'O If 
this is assumed, the following conclusions may be drawn for polymers 
which undergo inlet fracture. Elaatic strain'first i n c r e w  and then de- 
creases with increasing amounts of shear: the birefringence increases to a 
maximum in the inlet and decreases in the capillary. Inlet fracture occurs 
at the site of maximum elastic strain, i.e., a t  the inlet. 

Flow birefringence of linear polyethylene, illustrated in Figures 9 and 10, 
was similar to that of branched polyethylene in that the birefringence in- 
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Fig. 8. Same aa Figure 7 except that the inlet to the cspinary €a XL 20°-included angle cone. 

creased linearly with stress, but it increases at a lower rate. In other 
respects the birefringence patterns were quite unlike that of the blanched 
polyethylene. At the lower stresses and isochromea are quite uniform down 
the length of the capillary. The uniformity with capillaty length indicates 
that elastic strain is independent of the amount of shear and is a function of 

Fig. 9. Photographa through crossed polaroids of flow of linear polyethylene, melt 
index 0.5, 0.958 demity (at 23"C.), at 150°C. in same capillary aa used for Figure 7:  
stresses from lefttorightare,respectively,0.9,1.2,3.0,3.6,and4.2, X l@dynes/cm.*. 
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the shear stress or shear rate only. Linear polyethylene and the TI;& 
HFP copolymers are less complex in this respect than polymers in which 
inlet fracture occurs. 

Successive isochromes appear a t  a distance from the center of the capil- 
lary of about seven-tenths of the capillary radius. This distance corre- 
sponds to the distance from the center, where the birefringence or retar- 
dat.ion in a polymer flowing through a circular capillary observed perpen- 
dicular to the capillary axis is a maximum. 

The distance from the axis at which the maximum retardation should 
occur may be estimated by assuming a linear dependence of birefringence 
on stress. Then, the retardation (4) at any distance from the origin (z) is 

Fig. 10. Same aa Figure 9 except that the inlet to the Capillary is a 20°-included 
The streeses are, respectively, 0.9, 1.2, 1.8, 3.0, 3.6, and 4.8, X lod dynes/ angle cone. 

cm.e. 

proportional to the sum of the products of differential thickness dt, timcs 
the strcss a t  the radius r(a) ,  corresponding to the location of element dt; 
see Figure 11. 

r$ = Kf-+,’ 0, dl 

0, = a,/R 

where u is the maximum stress at r = R, the radius o f  the capillary, and 
the radius T is 

The stress at T is 

. .^ 
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Substituting, 

The value of the above expression has a maximum for a value of the 
This value corresponds closely to the fractional radius of six-tenths. 

PLANE OF VIEW / 

Fig. 11. Horizontal cross section of circular capillary viewed perpendicular to its axis, 
illustrating element of thickness dt at distance t from mid-plane at a radius r from the 
center, which appears at a distance z from the center from the plane of view. 

fractional radius 0.7 at which maximum birefringence occurs in Figures 9 
and 10. The variation between the observed and calculated fractional 
radii may be due to the lens effect of the glass walls of the capillary, or the 
lack of linear variation of birefringence with shear stress, or both. 

With increasing stress, some concentration of birefringence occurred at  
the inlet. However, the first departure from laminar flow occurred within 
the capillary. Breaks in the isochromes near the capillary wall and a 
grainy structure of the isochromes were observed. These are illustrated in 
the fourth and fifth photographs in Figures 9 and 10, both. 

The last photographs in Figures 9 and 10 show the birefringence at  rates 
greater than those corresponding to C in Figure 1. At the critical stress 
where the rate was observed to vary between the upper and lower branches 
of the flow curve, the birefringence pattern varied simultaneously. At low 
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rstee the appearsz~ce was like the second-last photograph in Figures 9 and 
10; at high rafee, like the last photographs. 

At ratea & x q  the upper branch of the flow curves, the birefringence 
pattern 8re ihiler to those of materials exhibiting inlet fracture; i.e., the 
birefringence reaches B maximum at the inlet and decreases with increasing 
distance down tbe capillary, Extrudate irregularity similar to that as- 
sociated with inlet fracture may occur along the upper branch of the flow 
curves. Motion pictures a t  about 600 frames/sec. of linear polyethylene 
flowing through a capillary with a flat inlet showed birefringence effects 
similar to those for inlet fracture. Birefringence within the capillary was 
not axially symmetrical. Rather than continuous isochromes, the bire- 
fringence o c c d  als random patches. This type of irregular flow ap- 
peared to occur just a t  the inlet, in the region of the seal made by the 
juncture of the glsss pipe and the capillary, where observation was pre- 
vented. The ieochromes above the seal were symmetrical aboyt the axis; 
the effects of irregular flow did not propagate upstream from the seal at  the 
capillary inlet. 

The results of the flow birefringence studies may be summarized as 
iollows. Elastic strain for linear polyethylene and TFE-HFP copolymer 
decreases but little with increasing amounts of shear. The first departure 
from laminar flow occurs within the capillary. Presumably, this first 
failure, which might be called “land fracture,” results in the ripple type of 
surface roughness (the term land is used to mean the part of the flow 
channel of uniform cross section, in this case the capillary). Fhally, at the 
stress at which shear rate tends to be double valued, the large increase in 
birefringence occurring at the inlet and the decrease with distance down the 
capillary are both indicative of slip or sharp yielding occurring within the 
capillary. This type of slip in flow of thermoplastic polymers may be 
similar to that observed in rubber.12 Irregular flow, appaiently of the 
inlet fracture type, may occur after onset of slip. 

Instantaneous Modulus 
Support for the hypothesis that the phenomena occurring within the 

capillary are fracture phenomena similar to those occurring at the inlet 
in the c88e of other polymers was found in instantaneous modulus data. 
Instantanedus modulus was measured in a cone-and-plate rotational 
Viscometer after sudden small shear. The cone was rotated suddenly by 
driving a radium a m  on the cone shaft against a stop. As the rate of 
shear w a ~  increased, the stress at the beginning of the relaxation ap- 
proached a msximum. The ratio of the maximum stress to the strain was 
taken an the instantaneous modulus. The maximum instantaneous 
modulus 80 measured is compared with the stress at which fracture occurs 
in the capillary experiment in Figure 12.’’ A linear relation is observed 
for which the slope is about 5 .  If the slope, stress/instantaneous modulus 
or strees/(stress/strain), is considered to be related to the elastic strain at  
onset of fracture, then fracture occurs at an elastic strain of 5 in polymers 
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that exhibit either inlet or land fracture. These results, dong with those of 
Bagley,14 support the suggestion made by Tordellaa that fracture occurs at 
a critical amount of elastic strain. The results differ from those of Bagley14 
in that he found the amounts of strain at  fracture €or linear polyethylene to 
differ from those for branched polyethylene and polystyrene. 

CONCLUSION 
Irregularity of the shape of molten polymer streams emerging from 

capillaries is associated with flow instabilities initiating at the capillary 
inlet, in some cases, and within the capillary itself, in others. Both 
effects appear to occur at  the site of maximum elastic strain at  a critical 
amount of strain of about 5 units. No positive evidence was found for the 

a 
B 

INSTANTANEOUS MODULUS, 
(DYNES/CM* x 10-5) 

. Fig. 12. Comparison of fracture stress using 3.65 length-todiameter ratio capillary 
with instmtsneous modultm for various polymers: ( I )  polyethylene at 15OoC., melt 
index 2.1, density 0.917; (2 )  polyethylene at 15OoC., melt index 2.0, density 0.923; 
(3) polyethylene at 150°C., melt index 2.0, density 0.914; ( 4 )  polyethylene, melt index 
0.50, density 0.958; (6) polymethyl methacrylate 200°C.; (6) high polymer of formalde- 
hyde, 200OC. 

suggested4 initiation of roughness by differential elastic recovery between 
the less strained inner portions and more highly strained outer portions of 
emerging polymer streams. 

The term melt fracture was coined to denote elastic rather than other 
types of fracture. Fracture at  the respective sites of incidence may be 
denoted by the terms inlet fracture and land fracture. Polymers in which 
land fracture occurs slip intermittently at higher stresses, and may then 
undergo inlet fracture. Slip appears to be the ultimate result of land 
fracture. The lack of dependence of land fracture and slip on material of 
construction of the capillary indicates that the phenomena are predomi- 
nantly dependent on polymer properties rather than on polymer-solid 
interfacial forces. 

The decrease in birefringence in capillaries for inlet fracture types of 
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polymers suggests mme kind of yielding within the capillary. However, 
slip does not seem to occur: the criteria for slip given by Mooney" am not 
followed, and an approximately pa-bolic velocity dependence on radius is 
observed, even after onset of inlet fracture. Further, the success of inlet 
pressure drop corrections9 indicates uniform viscosity within the capillary. 
The energy dissipation associated with the decreasing birefringence appears 
small. 

The dependence of the flow rate d t e r  slip on the L/D ratio of the capil- 
lary follows reasonably from the observation that slip occurs. The pro- 
portional increase in pressure drop across the inlet at onset of slip de- 
creases with decreasing L/D ratio. In addition, the total pressure drop at  
a given shear stress decreases with decreasing L/D.  The combined effect 
is that of decreasing stress at  the inlet at  onset of slip with decreasing 
LID ratio. 

Use of the term 4Q/uRa (where Q is volumetric rate of flow and R is the 
capillary radius) to indicate maximum rate of shear of molten polymers in 
capillaries is well recognized as an approximation. Its use for describing 
shear rate after slip occurs has very little meaning, but has considerable 
convenience in the presentation of data. 

Land fracture and slip were well defined in' some samples of linear poly- 
ethylene and copolymers of tetrafluoroethylene and hexafluoropropylene. 
Slip with inlet fracture has been observed for another polymer, polytetra- 
fluoroethylene. 
low rates of shear, -lowb sec.-l at ,380°C., prior to slip make observation 
of land fracture difficult. Slip behavior has been observed occasionallylb 
in nylon 66 and in high polymers of formaldehyde.16 These two latter 
materials exhibit birefringence of the type shown for linear polyethylene 
and TFE-HFP copolymers. 

The cause of the different types of fracture behavior is not known. 
However, the response to shear of the two types of polymers are obviously 
different. The inlet fracture type of polymer reaches a maximum in 
elastic strain after relatively small amounts of shear. The land fracture 
type maintains constant strain within the capillary, independent of the 
amount of shear. This variation in response to shear may be the result of 
different degrees of molecular extension and/or intra- and intermolecular 
entanglement. 

There is insufficient evidence to substantiate any proposed fracture 
mechanism. However, the following appears a reasonable initial hy- 
pothesis. The fracture-type flow instabilities result from local intermolec- 
ular disentanglement of molecules or clusters of molecules. Viscosity data 
indicate that molecules of branched polyethylene are more compact than 
those of linear polyethylene. At a given Newtonian viscosity the branched 
polymers have considerably higher weight-average molecular weights than 
linear p01ymers.l~ Consequently, the molecules of the branched polymers 
must be more tightly coiled than those of linear polymers with less inter- 
molecular entanglement. The compact branched molecules or clusters of 

Land fracture may occur for this material, but the very . 
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molecules apparently disentangle from their neighbors at relatively small 
amounts of shear with the observed results of decressing birefringence in 
the capillary and inlet fracture. With the linear polyethylenes, disen- 
tanglement tends to occur at larger amounts of shear, so that fracture 
occurs within capillaries rather than at  the inlets. 
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Synopsis 
Instability in melt flow initiates within capillaries for some samples of the two types 

of polymera linear polyethylene and copolymers of tetrafluoroethylene and hexafluoro- 
propylene. This behavior contrasta with a previously described instability which ini- 
tiated at capillary inlets. The instability initiating within qapillaries results, initially, 
in fine-scale surface roughness and, ultimately, in slip or plug flow. Instabilities initi- 
ating at both sites appear to result from elastic failure or melt fracture a t  critical elastic 
strains of about 5 units. Data supporting these conclusions were obtained from cap- 
illary flow and flow birefringence, and rotational viecometry. 

RBsIUIl6 
L’instabilitk constatk dans l’bcoulement B 1’6tat fondu, commence B l’intkrieur des 

capillaires, pour certain8 Bchantillons ‘de deux types de polymbres, le poly6thylbne 
lin6aire’ et des copolymhes de tRtrafluoro6thylbne et d’hexafluoropropylbne. Ce com- 
portement diffbre de I’instabilitR d6crite prBrAdemment et qui dBbutait B 1’entrBe du 
capillaite. L’instabilitk qui commence B l’intbrieur dee capillsires est due initialement 
B la rugositk de la surface et finalement B 1’6coulement laminaire ou houleux. Les 
instabilitks qui dBbutent aux deux endroits semblent &re dues au manque d’6lasticitk 
ou B la c w r e  lorn de la fusion pour des tensions critiques d’6lasticitR d’environ 5 
unitks. Les r6sultata qui confirment ces conclusions ont 6tk obtenus 8. partir d’6coule- 
rnent capillaire, de bir6ffingence d’bcoulemcnt et de viscosim6trie de rotation. 
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Bei einigen Proben von swei Polymertypen, niimlich linearem Polyiithylen und Co- 
polymeren von Tetrsfluorathylen und Hexafluorpropylen, entsteht eine Inatabilitiit 
bei SchmelzBuss innerhalb von Kapillaren. D i e s  Verhalten steht im Gegensatz zu 
einer friiher beschriebenen Instabfitit, die an Kapillaroffnungen entateht. Die inner- 
halb der Ka@aren einsetzende Inatabilitiit ftihrt anfiinglich zu einer feingradigen 
Oberfliichenrauhigkeit und schlieaslich zu einern Flieaeen unter Gleitung oder mit 
Pfropfenbiidung. Instabilitaten, die an beiden Stellen entetehen, scheinen durch 
elastischea Veraageh ader durch Schmelzbruch bei kritischer elastischer Verformung von 
etwa 5 Einheiten bedingt zu sein. Diese Schlussfolgerungen werden durch Versuchs- 
daten beii kapillaren Flieasen, bei der Stromungsdoppelbrechung und der Rotations- 
viskosimetrie gestutst. 
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