
1

Stretching Polymer Chains

by

Malcolm Mackley 
With acknowledgement to 

The Late Sir Charles Frank, Sir Michael Berry, The late 
Andrew Keller.

Dr Kris Coventry, Dr Tim Lord, Lino Selsci

Department of Chemical Engineering and Biotechnology

University of Cambridge

Chamonix France Feb 2009  

2021 additions in red



2

Time line for presentation

• Pre  1970                  Background

Tom Mcleish  “a bit of History”

• 1970s Stagnation point flows (In solution)

Ole Hassager “Extensional flows are different to

simple shear flows”                                  

A slight digression

Catastrophe

Armand Ajdari  “Our financial friends” 

• 1980s               The big stretch

Ralph Colby  “ We don’t understand entanglements”

• 2005 onwards      Stagnation point flows again (in the melt)

The Cross Slot

Armand Ajdari “use the inventions of others” 

The “quotes” were from comments made earlier in the meeting
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The stretching of liquid droplets G.I.Taylor 1934

Four roll mill Parallel Band

Summarised by “The Grace diagram”

Capillary number criteria for drop deformation

Viscosity ratio of drop to matrix

ν
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number
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1  Ca 
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1

pure shear

Simple shear

1  Ca 

G.I.Taylor

Classic work
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The stretching of Polymer; Chains Peterlin and Ziabicki 1960s

Polymer

Chain extension

chainpolymer  of time relaxation chain    τrate, strain  γ        γ  β   

B number criteria for polymer chain extension 1      

Kinetic Theory 

of 

Kuhn and Kuhn

1940s

Peterlin and Ziabicki

used Kuhn kinetic 

theory
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Charles Frank Andrew Keller Pierre de Gennes

Science Science Science

Geometry Crystallisation           Scaling

Pioneers in Science 1970s
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Albert Pennings; Groningen 1970

I recall Keller showing Frank a preprint of this paper in 1969



7

Polyethylene

Diamond

In the 1970s Frank  laid the scientific foundation for the quest

for high modulus PE
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B number criteria for chain extension

Sir Charles Frank Opposed jets
1969

1      

Stretching polymer chains in  solution requires high extensional 

strain rates
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Chain extension with opposed jets

B number criteria for chain extension 1      

Frank proposed ‘blowing’ opposed jets. I found ‘sucking’ opposed 

jets best.

Localised polymer flow birefringence observed for first time.
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Localized Flow Birefringence of Polyethylene Oxide  Solutions in a 

Four Roll Mill 1974

Crowley et al. Journal of Polymer Science: Vol 14 1111-1119  (1976)

Student project showed pure shear G.I.Taylor four roll 

Produced localised birefringence too.
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1      

0 t   

B number criteria for chain extension

Strain criteria for chain extension

In hindsight obvious point;

high strains as well as strain rates required 

For high chain extension.
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The Two Roll Mill 1974

Confirms localisation in extensional  flows
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A short digression.

Christopher Zeeman; University of Warwick  1970s

A brilliant mathematician and communicator
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Rene Thom;    Catastrophe Theory!
(Something our financiers and politicians should have studied !)

I still believe ‘catastrophe theory’ was and still is a worthy area 

to study for many of todays problems.



15

Catastrophe Theory

The teaching of Christopher Zeeman!

Friendly

Aggressive Control Parameter;

1 / distance apart

“dogs (or birds) ”  meeting

The birds on the wall are happy sitting at a distance. If another landed 

between one pair, the bird topology would suddenly change!  
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Catastrophe Theory

Greed

Control Parameter;

Time

The economy

Margaret Thatcher       Tony Blair      Gordan Brown

Contentment

Poverty

This ‘political’ slide was vetoed by a rheology journal at publication
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Catastrophe Theory; The Six Roll Mill 1976

M.V.Berry and M.R. Mackley.  Phil. Trans. Roy. Soc. Lond. 287, 1337, 1-16 (1977).

A magnificent piece of engineering constructed by the Bristol 

Physics Department workshops. 



18The germ of the elliptic umbilic catastrophe! Magnificent!
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Berry and Mackley

Bristol 1976

The elliptic umbilic
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Berry and Mackley 1976

Singularities that can emerge from the elliptic umbilic
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Berry and Mackley

Bristol 1976

The elliptic umbilic
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Shish Kebab

Core;

Extended chain

Expect

E=100 GPa

Not usual

E=1 GPa

1980s Back to stretching chains! 
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Paul Smith.

Now ETH

Piet Lemstra

Now TU Eindhoven

Whilst I was using extensional flow with polymer 

solutions. Smith and Lemstra went to gels
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UHMWPE gel processing

P. Smith, and P.J.Lemstra, J. Material. Sci. 1980, 15, 505

Schematic diagram of High Modulus Polyethylene (HMP) process

1.  Low entanglement UHMWPE polymer gel

2. Unoriented Gel fibre

Quench bath

3. Unoriented Low entanglement semi crystalline fibre

4. Hot draw

5. Oriented High Modulus Polyethylene 

Solvent recovery

Piston
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Screw extruder

UHMWPE Polymer powder

Solvent

Low entanglement polymer gel

Spinneret

Gel fibres

Quench bath

Low entanglement semi crystalline fibre

Hot draw

Solvent recovery

 Schematic diagram of continuous High Modulus Polyethylene (HMP) process

Continuous processing of UHMWPE Dyneema
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2000

Whitstable

UK

Here I am in 2000 sailing 

a National Twelve racing

Dinghy at Whitstable and

already using Dyneema

HMP ropes.

Dyneema is now used

globally for many 

applications including

bullet proof vests and 

ropes 



28

2005

Back to stagnation point flows

The Cross-Slot

• Generate a hyperbolic 

pure shear flow pattern 

as shown.

• Near the walls the flow
deviates from ideal.

• Along the symmetry axes
rotation free pure extensional flow.
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MPR for Cross-Slot Flow 2005

• The MPR action modified 
for cross-slot flow

• Pistons force polymer melt 
through a cross-slot 
geometry

The MultiPass Rheometer,  (MPR)  1995

Kris Coventry and Collaborative project with Leeds University; Tom Mcleish et al
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Apparatus
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Centre Section

3 cm
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Typical Result

-Dow PS680E

-Piston velocity of 0.5 

mm/s (maximum 

extension rate =4.3/s).  

-Inlet slit 

width=1.5mm 

-Section depth=10mm

- T=180°C. 
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Newtonian Simulation

Polyflow

Newtonian 

Constitutive 

Equation:

Viscosity = 

7000 Pa.s
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Power Law Simulation

Polyflow

Power Law 

Constitutive 

Equation:

Effective 

Viscosity = 

7000*(0.3*γ)

^ 0.75 Pa.s
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Integral Wagner Simulation

Polyflow

- Integral Wagner 

Constitutive 

Equation

- 8 mode 

relaxation 

spectrum.

- Single damping 

coefficient
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Reptation based  Pom-Pom Simulation

Flowsolve (Leeds)

8 mode 

Pom-Pom 

Constitutive 

Equation.
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Pom-Pom Simulation

from Software by Rudy Valette

-8 mode   

Pom-Pom 

model.

-Acknowledge 

R. Valette 

(CEMEF)
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EPSRC Microscale Polymer Processing project

Tim Lord, David Hassell and Dietmar Auhl 2008
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Stagnation Point flows as rheometers

Dr Dietmar Auhl et al, 

Leeds University 2008



40

 
ststyyxxstE   /)(, 

pistonst VxA


   22
4 xyyyxxSOCn   X

-4 -2 0 2 4

distance from stagnation point

p
ri

n
c
ip

le

-4 -2 0 2 4

0

0.05

0.1

0.15

t=0

t=0.2

t=0.4

t=0.6

t=0.8

t=1

t=1.2

t=1.4

t=2

t=2.8

steady-state elongational viscosity 

at the stagnation point




=



41

10
-3

10
-2

10
-1

10
0

10
1

10
2

5x10
3

10
4

10
5

10
6

full lines from 12-mode Pom-Pom spectrum

 dotted lines from 3
S

T = 155°C



 

 


E
,s

td
. 
[P

a
 s

]


std.

 [s
-1
]

            SER    X-Slot

HDB-1     

HDB-2     

HDB-4     

HDB-6     

Dr Dietmar Auhl et al , Leeds University
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So;

Is the Frank, Keller, de Gennes era 

over  ?
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Yes.

but,

I hope others will follow

their inspirational example.


