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synopsis 
It is shown that the flow instability of polymer melts occurring above a certain critical 

shear stress is a direct result of the degree of non-Newtonian behavior of the flowing 
liquid. Melt fracture, elastic turbulence, and slip-stick effects are a consequence of this 
instability, which frequently lesds to periodic phenomena. The condition for the occur- 
rence of flow instability is derived. 

INTRODUCTION 

The striking phenomena occurring in the rapid extrusion of polymer melts 
through a capillary were first reported by Spencer and Dillon well over 
fifteen years ago.’ Since then, many investigators have occupied them- 
selves with these melt-fracture phenomena. 

Beyond a certain critical shear stress the extrudate begins to show 
deviating shapes. The extruded thread then is, for instance, undulated or 
helical, or shows peculiar distortions at regular intervals. 

In the literature it has frequently been mentioned that there may be 
a transition from one shape to another. Schott and Kaghan2 have demon- 
strated that in the extrusion of high-pressure polyethylene above the critical 
shear stress first the helix effect occurs, which in the supercritical region 
changes into the distortion phenomenon which Tordella3 has quite char- 
acteristically termed “bamboo effect.” 

According to Eckert4 the two effects occur in reverse order in the ex- 
trusion of neoprene. 

In the last few years three explanations have been offered for these flow 
instabilities and the resulting deformations of the extrudate. 

1. Elastic Turbulence at the Capillary Inlet 
Tordella3 and Bagley5 have shown that in the case of an unstable flow of 

branched polyethylene through a capillary, small amounts of polymer 
periodically flow from the dead space above the capillary inlet into the 
capillary. These amounts were found back in the extrudate as the junc- 
tures of the bamboo structure. 
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Schulken and Boys pointed out, that apart from the shear rate, the shear 
acceleration at  the capillary inlet may be responsible for the occurrence of 
melt fracture. 

Vinogradov7 introduced an elastic Reynolds number, which indicates the 
ratio between elastic and viscous forces. A sudden velocity change at  the 
capillary inlet will give rise to elastic oscillations which are no longer 
damped by the viscosity of the medium when the critical value of the elastic 
Reynolds number is reached. 

2. Elastic Response at the Capillary Outlet 
Spencerlo has explained the helix effect in the extiusion of polystyrene 

on the basis of the elastic response of the melt as it leaves the capillary. 
The extrudate may be regarded as consisting of a skin, in which, on account 
of the high velocity gradient at the capillary wall, a very large amount of 
elastic energy is stored, and a core with a relatively small amount of elastic 
energy. This system is unstable and on contraction of the skin a helical 
thread is formed. 

3. Slip-Stick at the Capillary Wall 
Benbow and Lamb8 and Tordellag have proved by experiment that above 

the critical shear stress there occurs a slip-stick effect at  the capillary wall. 
They regarded this effect as the initiator of the flow instability. 

In our opinion the flow instability of polymer melts above a certain 
critical shear stress is a direct result of the degree of non-Newtonian be- 
havior of the flowing liquid. The subject of this paper is to elucidate this 
view. 

THEORETICAL CONSIDERATIONS 

For liquid flow in a pipe, generally the resistance per unit length of the 
pipe encountered by the liquid will decrease with increasing pipe diameter. 

Hence 
(bF/bD),  < 0 

where F = resistance per unit pipe length, D = diameter of pipe, and Q = 
volume rate of flow. If this condition is not fulfilled, that is, in case 

(hF/bD), 3 0 (2) 
the liquid will meet the same, or a much lower resistance, if the stationary 
boundary layer at the wall is not infinitesimally thin, but has an appreciable 
thickness, so that the effective cross-sectional area of flow is considerably 
smaller (cf. Fig. 1). 

It is virtually impossible that such a velocity profile should be stable. 
Equation (2) may therefore be regarded as a condition for unstable flow. 

Now 
F = r,sD (3) 
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where r, = shear stress at pipe wall, so that 

(bF/dD)Q = rD(drW/BD)Q + * r w  

D ( d ~ w / b D ) ,  + 7 ,  3 0 

(4 )  

(5) 

and the criterion for unstable flow therefore is 

Rabinowitschll has derived the relation between shear stress and velocity 
gradient at the wall for liquids flowing through a pipe: 

?, = 1/4 [ ~ ? N w  + Tw(d?Nw/drw) 1 (6)  

where -j, = Idv/drlR = absolute value of the velocity gradient at the wall 
and ?;Nw = 32Q/rDa.  ( T ~ ,  numerically corresponds to the velocity 
gradient a t  the wall for a Newtonian liquid flowing through the same pipe 
with the same volume rate of flow Q.) 

With eq. (6) it is therefore possible to calculate for non-Newtonian liquids 
the velocity gradient a t  the wall from the measured values of shear stress 
and volume rate of flow. A condition is that the velocity a t  the wall 
should be zero. 

NOW 
d?No = (32/rD3)d& - (96Q/rD4)dD 

= ?Nw[(d&/&) - (3/D)dD1 (7) 
Combiliation of eqs. (6) and (7) gives 

= 1 / 4 ? ~ , P  + (Td&)(d&/dT,) - Xrw/D)(dD/dTw)I (8) 

Hence 

D(bTw/dD)Q = 3~w*?Nw/(3?Nw - 4?w) (9 )  

Combination of eqs. (5 )  and (9)  gives: 

3?Nw/(3?Nw - 4?w) b - 1  

For a pseudoplastic liquid 

?u' > ?Nu' 

always holds. 
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Figure 2. 

It follows that for these liquids the denominator in the left-hand side 

From eq. (10) the following condition for instability may be derived : 
of eq. (10) will always be negative. 

3?NW < 41;w - ~ ? N w  

or 

y w / ? N w  2 

DISCUSSION 

Using a capillary viscometer, Bagley12 has determined the relation be- 
tween rW and y N w  for a linear and a branched type of polyethylene at 190°C. 
(Fig. 2). 

Prom this relation Bagley has calculated +fW as a function of +Nw by 
means of the Rabinowitsch formula. 

In  Figure 3 we show the relation between y w / y N w  and rw/~wc, ,rwc,  being 
the critical shear stress at the capillary wall a t  which melt fracture occurs. 

From Figure 3 it will be seen that +JyNW increases more and more ac- 
cording as the shear str’ess a t  the capillary wall becomes greater. This 
means that the liquid will deviate increasingly from the Newtonian be- 
havior. 

With linear polyethylene melt fracture starts at = 1.5, which is 
entirely in agreement with theoretical expectations. For branched poly- 
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Figure 3. 

ethylene the course of the curve in Figure 3 is slightly different. Besides, 
there are no measuring points near the critical point, but above the critical 
point Y w / y N w  has the constant value of 1.5. 

From this constant value of 1.5 above the critical point in the case of 
branched polyethylene no special phenomena are to be expected apart from 
melt fracture. 

For linear polyethylene, however, a special phenomenon was found to 
occur, viz., a sudden increase of the volume rate of flow just above the criti- 
cal point. If in the supercritical region Ym/+Nw exceeds the value 1.5 (no 
measurements with linear polyethylene have been made in this region) , then 
according to theory (bF/dD) ,  > 0. In  that case, apart from unstable flow, 
a substantial decrease of the resistance also may be expected, which in turn 
may cause a strong increase of Q. This might explain the discontinuity in 
the rheological behavior of linear polyethylene. 

We believe that the foregoing shows all the phenomena connected with 
melt fracture to be a logical consequence of the degree of non-Newtonian 
behavior of polymer melts. 

Accordingly, no such phenomena have been found. 
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R6SIUIli5 
On montre qiie I’instabilit6 de 1’6coulement des polymkres fondus observke au dessus 

d’une certaine force de cisaillement critique r6sulte directement du degr6 de cpmporte- 
merit non-Newtonien du liquide s’kcoulant. La rupture h 1’6tat fondu, la turbulence 
6lastique et les eHeb de glissement sont une condquence de cette instabilit6, conduisant 
frkquemment B des phbnomknes pbriodiques. On dbduit la condition de l’existence de 
l’instabiliti: a 1’6coulement. 
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Zusammenfassung 

Es wird gezeigt, dass die oberhalb einer gewissen kritischen Schubspannung auftre- 
t.ende Fliessinstabilitat von Polymerschmelzen ein direktes Ergebnis dea Grades an 
nichbNewtonschem Verhalten der stromenden Flussigkeit ist. Schmelzbruch, elastische 
Turbulenz und Gleit-Hafteffekte sind eine Folge dieaer Instabilitat, welche hiiufig zu 
Periodizitatsphanornenen fuhrt. Die Bedingung fur das Auftreten einer Fliessinstabili- 
tat wird abgeleitet. 
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