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Abstract This paper is based on a presentation given
at the de Gennes discussion meeting held at Chamonix
in February 2009. The paper gives a personal review of
the way developments relating to the stretching of polymer chains has taken place over the last 40 years. de
Gennes was very influential in relation to chain dynamics concepts at the University of Bristol, where many
pioneering concepts relating to chain stretching were
developed by the late Sir Charles Frank and Andrew
Keller. The paper reviews basic concepts on extensional
rheology, droplet deformation, chain extension from
extensional flow and the achievement of high chain extension for high-modulus polyethylene. The paper also
reviews recent developments concerning the influence
of chain stretching on polymer melt processing.
Keywords Polymer chains · Rheology · Stretching

Introduction
This paper gives a personal account of how thinking behind polymer chain extension developed with
the culmination of achieving ultra-high-modulus polyethylene and also an appreciation of the way polymer
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chains can be stretched by flow altering the rheology,
processing and in some cases, final product. In 1970, as
a PhD student at the H.H. Wills Physics Laboratory,
Bristol, I was privileged to have Sir Charles Frank
and Andrew Keller as supervisors in an exciting period of polymer science relating to chain stretching.
It was Frank’s paper of 1970 (Frank 1970) that set
the firm scientific foundation in the quest for ultimate
mechanical properties from low-cost polymers such as
polyethylene. His ideas coupled with the pioneering
work of Keller (see, for example, Keller 1968) were to
open up complete new fields of polymer science that
would also influence the world of rheology, morphology and polymer crystallisation. These were exciting
times and de Gennes would often visit the laboratory
freely exchanging ideas and showing great interest in
the work. de Gennes brought with him an appreciation
of polymer dynamics and relaxation times which at the
time was not a particular specialty of anyone at Bristol.
The paper starts in the 1900s with foundation work of
Trouton (1906) on extensional viscosity. It then follows
the 1930s pioneering experiments and modelling of
Taylor (1934) on droplet deformation in extensional
and simple shear flow. Kuhn and Kuhn (1943) laid
a theoretical foundation in the 1940s in relation to
polymer solution chain behaviour, and this was translated into general process understanding by Ziabicki
and Peterlin in the 1960s. In 1970, Albert Pennings
(Pennings et al. 1970) made an unexpected experimental observation on the way extensional flow influences
polyethylene solution growth, and from this point, Sir
Charles Frank directed the scientific community in the
direction of “extreme chain stretching”. Subsequently,
in the 1980s, Smith and Lemstra (1980) made the
commercial breakthrough in relation to high-modulus
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polyethylene (HMP) and also, the understanding by
others, resulted in a deeper understanding of the
way chain stretching influenced polymer rheology and
processing.
The paper has a main thread but includes a few
side stream indulgences of which Catastrophe Theory
is one.

Newtonian extensional viscosity
Extensional flow has played an important part in the
story of chain stretching from polymer solutions and
Trouton (1906) was one of the first to recognise that
“stretching” a fluid was different to “shearing a fluid”.
The so-called Trouton Newtonian viscosity ratio of 3
is the ratio of extensional viscosity to simple shear
viscosity for a Newtonian fluid, and as a PhD student,
I spent some time worrying about where the factor 3
came from, although there are of course several text
references to the Trouton viscosity ratio (see for example Bird et al. 1987). The late Sir Charles Frank was one
of my PhD supervisors, and I remember him saying,
“It’s only a matter of geometry and nothing special.”
It is in fact easy to derive the Trouton ratio from a
generalised description of a Newtonian fluid.
σ + I P = 2 η ε̇

(1)

Where σ is the symmetric stress tensor, I the deviatoric identity matrix, P hydrostatic pressure, η the
Newtonian simple shear viscosity and ε̇ the symmetric
component of the general strain rate tensor γ̇ . The
strain rate (velocity gradient) tensor γ̇ can be divided
into two components, a symmetric deformation component ε̇ij and an antisymmetric rotation component ωij
given by
ε̇ij =



1
1
γ̇ij + γ̇ ji , ωij =
γ̇ij − γ̇ ji
2
2

Fig. 1 Simple shearing flow,
illustrated as a combination
of pure shear and solid body
rotation

(2)

Simple shear
21

X2

Simple shearing flow, depicted by Fig. 1, is a combination of pure shear and rotation, and this rotation
in fact results in simple shear flow not being simple
at all! The appropriate values for simple shear tensor
components are given in Eq. 3.




 0 0 0
 0 γ̇ /2 0 




γ̇ij =  γ̇ 0 0  , ε̇ij =  γ̇ /2 0 0  ,
 0 0 0
 0 0 0




 0 −γ̇ /2 0 
0 τ 0




ωij =  γ̇ /2 0 0  σij =  τ 0 0 
 0
0 0 0
0 0

(3)

substituting (3) into (1) gives the linear Newtonian
shear viscosity equation familiar to all engineers,
τ = 2η

γ̇
= ηγ̇
2

(4)

Pure extensional deformations are rotation free, and
this, in many ways, makes them more straightforward
to understand; however, in terms of liquid flow, they
are in general more difficult to create in the laboratory
than simple shear.
Uniaxial extension depicted in Fig. 2 is a classic
extensional deformation which is easily and universally
applied to the mechanical testing of solids but is more
challenging to realise in relation to fluid flow.
The deformation tensor components of an incompressible fluid for uniaxial extension are,
Incompressibility γ̇11 + γ̇22 + γ̇33 = 0




 γ̇ 0
 ε̇ 0
0 
0 


γ̇ij =  0 −γ̇ /2 0  ε̇ij =  0 −ε̇/2 0 
 0 0 −γ̇ /2 
 0 0 −ε̇/2 




0 0 0
 σ11 0 0 




ωij =  0 0 0  σij =  0 σ22 0 
0 0 0
 0 0 σ33 

Pure shear
deformation with
no rotation

du
d x2

X

(5)

(6)

Solid body
rotation
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Fig. 2 Uniaxial extension

X

X

X

Substitution of the equations given in Eq. 6 into the
generalised equation for Newtonian fluids given in
Eq. 1 results in,
σii + P = 2η ε̇ii
σ11 + P = 2η ε̇

ε̇
2
= 3η ε̇ = ηe ε̇

σ22 + P = −2η
σ11 − σ22

(7)

So the extensional viscosity ηe for uniaxial extension
22
given by, ηe = σ11ε̇−σ
is thus, ηe = 3 η, the Trouton
11
ratio.

Droplet deformation in extensional and shear flow
As a precursor to polymer chain stretching, the deformation of droplets within a viscous suspension has
many similarities and is instructive. Much of the understanding of droplet deformation in flowing systems
originates from the work of Taylor (1934), and it was he
who invented a Four Roll mill apparatus for generating
a 2-dimensional pure shear velocity field. The Four
Roll mill is shown schematically in Fig. 3a together
with a parallel band apparatus in Fig. 3b; he used to
create simple shearing flow. Taylor demonstrated that
droplet deformation depended on the capillary number
Ca of the flow defined as Ca = ηc γ̇ D where ηc is the

Fig. 3 Droplet deformation;
G.I.Taylor, a Four Roll Mill
and b Parallel band
apparatus. c Grace diagram
for droplet deformation
regimes
Ca 1

a) Four roll mill
Drop
deformation
region

Capillary
Number

Ca

c

b) Parallel Band

Simple shear

D
pure shear

1
Stable undeformed drop region

1
Viscosity ratio of drop to continuous phase

c) Schematic of Grace diagram
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continuous phase viscosity, γ̇ the applied shear rate,
and D the initial diameter of the drop and  the surface
tension of the fluid.
The deformation response of a drop in relation to
the viscosity ratio of the drop to continuous phase is
demonstrated clearly by the so called “Grace diagram”
(Grace 1982) shown in Fig. 3c. This diagram indicates a
number of features, namely: in order to stretch drops, a
capillary number greater than 1 is generally required in
order for the viscous forces to overcome that of surface
tension. In addition, because of the rotary component
of flow within simple shear, it is more difficult to
elongate drops in simple shear than in an elongational
flow. In fact, if the viscosity ratio exceeds 3.4, it is
impossible to deform a drop significantly in a simple
shearing flow. The limitation on droplet deformation
in simple shearing flow is related to the additional
rotational component of the flow; this results in the
droplet rotating at the same time as being stretched in
the 45◦ direction with the result that the drop rotation
preventing persistent stretching.

Polymer chain deformation in extensional
and shear flow
The concept of polymer chains acting like random coils
was developed in the 1940s, and mathematicians soon
developed equations that are now called Fokker Planck
diffusion type equations (Kuhn and Kuhn 1943) where
chain end probability distributions were obtained for
dilute chains. The chain was modelled as random coil
with a characteristic Rouse relaxation time τ . Results
of the modelling are shown in Fig. 4 where the steadystate chain extension is plotted as function of β, where
β = γ̇ τ and γ̇ is the applied strain rate. If β (often
referred in Rheology as a Weissenburg number) is less
than 1, very little chain stretching occurs for either a
simple shear, (transverse) shear rate or an extensional
(longitudinal) shear rate. For the case of β < 1 in both
simple shear and elongational flow, the viscous forces
are too weak compete with entropic elasticity which is
driving the chain towards a random configuration and,
in both cases of shear and extension chain stretching, is
only a very weak function of β. The situation is, however, very different for β > 1. Here, chain extension in
simple shear is modest and again limited by the fact
that the presence of rotation in the flow prevents persistent chain stretching in any one orientation. However,
according to early models for longitudinal extensional
flow, at β = 1, chain extension became infinite because
at this point, the fluid viscous forces are greater than the
entropic elastic retraction forces and the chain is free
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Fig. 4 Graph of dilute solution steady state polymer chain extension as a function of β = ε̇ τ where ε̇ is the applied transverse
or longitudinal strain rate and τ the relaxation time of the chain.
(Mackley and Keller 1975)

to stretch. Here, the viscous forces exceed the entropic
relaxation process and fluid rotation does not impede
stretching. Further refinement of modelling introducing limiting chain extensibility (the FENE model, Bird
et al. 1980) later showed that the chain extension at
β > 1 reached a limiting high value. The absence of
rotation within extensional flows enabled full stretching
of the chain to be achieved.
Chain stretching in extensional flows was appreciated at an early stage by fibre spinning companies
who used uniaxial flow from spinneret dies followed by
mechanical drawing to induce orientation, and scientist
such as Ziabicki (1959) and Peterlin (1966) made the
link between extensional flow and processing behaviour in relation to achieving orientation and stretching
by liquid processing.
At a similar time to the work of Kuhn, statistical theories of polymer rubber elasticity were developing (see
for example Treloar 1975). The concept of a polymer
being an entropy spring became understood, and the
success of statistical mechanics in predicting the solidstate stress strain behaviour was a remarkable achievement and up to this time remains one of the great
triumphs of relating molecular structure to macroscopic
mechanical properties.
Albert Pennings and chain stretching of polyethylene
in solution
My own arrival at Bristol closely coincided with Sir
Charles Frank and Andrew Keller, receiving a pre-
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Fig. 5 Photographs of Sir
Charles Frank (left) and
Andrew Keller (right)

view of a paper written by Albert Pennings and his
researches from Groningen, Holland (Pennings et al.
1970). Photographs of both Sir Charles Frank and
Andrew Keller are shown in Fig. 5, and two figures
from the Pennings paper are shown in Fig. 6. Keller
had a thriving Polymer Physics group whose main interest centered on his brilliant discovery of chain folding
crystallisation (Keller 1968). He was also interested in
polymer orientation, and at the time, Frank Willmouth
(Willmouth et al. 1968) and Mary Machin (Hill) (Keller

Fig. 6 a Schematic of Taylor
Vortices. b Fibrous flow
induced crystallisation
induced by Taylor Vortices
(Pennings et al. 1970)

a

and Machin 1967) were working on aspects associated with oriented crystallisation. Willmouth had made
discoveries of so-called shish kebab crystallisation in
stirred vessels, but it was the Pennings paper that
highlighted the importance of extensional flow. The
Pennings team discovered that fibrous crystallisation
only occurred within their Couette type apparatus
when “Taylor vortices” (Taylor 1923) of the type
shown in Fig. 6a were present. Figure 6b shows the
final fibrous crystals that remained after crystallisation.

b
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Pennings conjectured that it was the extensional chain
stretching flow component of the Taylor vortices that
induced the onset of fibrous crystallisation and that the
normal simple shearing, Couette flow between the inner rotor and outer wall was unable to induce adequate
orientation to nucleate fibrous crystals. These key experimental observations marked the genesis of ideas
with Sir Charles Frank concerning chain extension and
ultimate polymer properties.

Polymer chain deformation in uniaxial extension and
the opposed jet
One of Sir Charles Franks’ many research interests
concerned diamonds, and he realised that in certain directions the unit cell of diamond, shown in Fig. 7a, was
similar to that of polyethylene shown in Fig. 7b. The
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dotted lines in the figures indicate the all trans-carbon
back for each unit cell. After carrying out a simple
calculation, Frank (1970) concluded that the Youngs
modulus for a fully extended polyethylene chain should
be of order 285 GPa. Semicrystalline unoriented polyethylene has a Youngs modulus of 1 GPa and mechanically drawing polyethylene might increase this to
10 Gpa, still well below the Frank calculated 285 GPa.
The Frank conjecture for high-modulus polyethylene
set a scientific objective that was to excite much research in the following decade. He had set down a goal
to produce fully extended oriented polyethylene chains
rather than the usual chain folded lamellae of the type
identified by Keller and others.
Following from the Pennings paper, Charles Frank
concluded that extensional flow was an effective way
of stretching chains within a polymer solution; however, because polymer relaxation times τ in solution

a

b

Fig. 7 Unit cell of a polyethylene and b diamond. Dashed arrow in each figure indicates direction of carbon backbone
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Fig. 8 a Streamline flow for
uniaxial extension created
by flow into opposed jets;
b localised flow birefringence
associated with polyethylene
solution flowing within region
of uniaxial extension.
(Mackley and Keller 1975)
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a

were typically of order 10−3 s, in order to satisfy the
β = γ̇ τ > 1 condition, a strain rate γ̇ of order 103 s−1
would be necessary to stretch chains. The Four Roll mill
apparatus is generally not able to reach these levels of
strain rates and so Frank (Frank et al. 1971; Mackley
and Keller 1975) proposed an opposed jet arrangement
shown in Fig. 8a, where with 1-mm diameter nozzles
and flow velocities of order m/s, extensional stretch
rates of order 103 s−1 could be achieved. Frank’s original suggestion was to create biaxial extension by firing
two jets into the faces of each other; however, it was
quickly experimentally established that the uniaxial extension “suction” mode was more stable and amenable
to closer examination. The symmetry and nature of the
flow pattern is shown in Fig. 8a, and the associated
localised flow birefringence for a polyethylene solution
is shown in Fig. 8b. Whilst at the time, it was difficult
to know exactly the relaxation time of the solution, the

Fig. 9 a Schematic of four
roll mill and localised
birefringence. b Photograph
of localised birefringence
(Crowley et al. 1976)

a

b

flow birefringence, seen as a localised strand along the
exit symmetry axis of the flow, appeared to develop
when the β > 1 condition was satisfied. The experiment demonstrated that localised birefringence could
be achieved, and this birefringence was associated with
high levels of chain stretching. Further, experiments
carried out at lower temperatures where crystallisation
could occur demonstrated that fibrous crystallisation
occurred within the regions of localised birefringence
(Mackley and Keller 1975).
The reason for the observed localisation was not
immediately apparent; however, a later series of experiments using a Four Roll Mill apparatus (Crowley et al.
1976) resulted in the discovery of a simple explanation
for localisation in both the double jet and Four Roll
mill. The geometry of the Four Roll mill apparatus is
given in Fig. 9a, and the associated localised birefringence for a polyethylene oxide solution is shown in

b
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Fig. 9b. In order to stretch chains, not only must the
β > 1 condition be satisfied but the chain must also be
in the flow field for a sufficient length of time in order to
become fully stretched. Only chains that approach the
exit symmetry axis in the case of the double jet and the
symmetry plane in the case of the Four Roll mill satisfy
this condition.
In order to achieve high chain extension within an
extension flow, two conditions must, therefore, be satisfied, namely:
1. β > 1 , where β = γ̇ τ . This ensures that the applied extensional strain rate γ̇ = ε̇ is sufficiently
strong to overcome the entropic elasticity of the
chain that normally keeps the chain in a random
coil configuration.
2. γ̇ t >> 1. This ensures that the applied extensional
strain rate acts for a sufficient length of time in
order for the chain to have sufficient time to
become fully stretched from its original random
configuration. This is equivalent to saying that an
adequate strain must be applied in order to stretch
the chain.
The requirement for high levels of chain stretch is
illustrated schematically in Figs. 10 and 11. Figure 10
illustrates a random coil chain where R0 , the route
mean square end to end distance of a random coil,
is given by R0 = an1/2 , where a is the length of each
random link and n the number of links. If the chain was
fully extended, its extended length Lm would be Lm =
an and so the extensional strain required to stretch the
n
chain is λm = a an1/2
= n1/2 .
For a typical polymer chain of, say, 3,000 repeat
units, an extensional strain order 55 of is required to
stretch the chain. In the case of the Four Roll mill and
the opposed jet geometries, this kind of large strain can
Fig. 10 Schematic of random
coil and fully extended chain

R0

a n1/2

x0 ,y0

x 1 , y1

Fig. 11 Schematic diagram illustrating chain stretching in
different regions of the Roll Mill

only be achieved for fluid lines that are close to the exit
symmetry plane or axis, and this is shown schematically
for the Four Roll mill in Fig. 11. The central flow field
of the Four Roll mill approximates to a pure shear
deformation where the stream function
is given by
= ε̇ x y. The velocity components are given by
vx =

d
d
= ε̇ x , v y = −
= −ε̇ y
dy
dy

resulting in the link between coordinates 1 and 2, given
by
x1 = x0 eε̇ t , y1 = y0 e−ε̇ t
In travelling from 1 to 2, a horizontal fluid element
would strained by an amount
γ = eε̇ t

R0

n links

a

Lm

an
m

an
a n1/2

n1/2
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Fig. 12 a Streamline
photograph of Two Roll mill
flow pattern. b Photograph of
localised flow birefringence
within a two roll mill. (Frank
and Mackley 1976)
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a

Thus, in order to achieve a strain of, say, 55, ε̇ t
needs to be off order 4. And this in turn means that
1
≈ 0.02 which is why the birey1 /y0 needs to be yy10 ≈ 55
fringence observed in Fig. 11 is so localised along the
exit symmetry plane. Streamlines that do not approach
the symmetry have low strains and consequently low
stretch.
The need for high strains to stretch chains was also
demonstrated in a Two Roll mill configuration (Frank
and Mackley 1976) shown as a flow pattern in Fig. 12a
and as flow birefringence in Fig. 12b. Again, high localisation of birefringence was seen along the exit streamline of the flow. The consistent conclusion that can be
drawn from these experiments is that adequate extensional strain rates and strain are required to stretch
chains.
In the 1970s, the scientific interest in chain stretching
prompted de Gennes to realise that the relaxation time
of the stretched chain could be substantially different to
that of the random coil, and he wrote a seminal paper
(de Gennes 1974) explaining how polymer relaxation
times can vary with chain stretch and how this can
in turn lead to hysteresis effects for flowing polymer
solutions. This concept has subsequently been applied
by others to explain a broad range of polymer flow
situations.

b

matched the stream function (x, y) for the Six Roll
mill given below.



1 
1 3
2
x −x y − ω x2 + y2 −V y x+Vx y
(x, y) = γ
3
2
where γ is a constant and ω, Vx , andV y are control
variables.
During the early 1970s, Christopher Zeeman was
pioneering what he called Catastrophe Theory (see,
for example, Zeeman 1997). Zeeman gave popular
lectures, and one example of a cusp catastrophe he
sometimes chose was of dogs meeting which is shown
schematically in Fig. 13. At a long distance apart, two
dogs are generally neutral to each other. As they approach, they may become friendly; however, if they
get too close, they may suddenly turn aggressive. The
point he was making was that although there may be a
smooth change in a so-called control parameter space,

Friendly

1/ distance apart

The Six Roll mill: a digression into catastrophe
theory
The exploration of stagnation point flow studies at
Bristol culminated in building a flow within a Six Roll
mill (Berry and Mackley 1977). This came about because Sir Michael Berry realised that the potential function of the so-called elliptic umbilic catastrophe surface

Aggresive

Dogs meeting
Fig. 13 A Zeeman “cusp” catastrophe illustrating how a smooth
variation can in some cases leads to a “catastrophic” change
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this may lead to a sudden change in “the topology” of
behaviour within the control space.
On a more pragmatic and scientific note, the Six Roll
mill provided a quantitative platform to test catastrophe theory predictions. The Six Roll mill apparatus
is shown in Fig. 14a, and the symmetric flow pattern,
generated by the flow when ω, Vx , and V y all are
zero, is shown in Fig. 14b. The “catastrophe surface”
for the elliptic umbilic catastrophe is shown schematically in Fig. 14c, and this represents regions in control
space where the Six Roll mill flow pattern will change
topology and when critical points will exist in the flow.
Figure 14d is an example where by adjusting various
roller speeds on the Six Roll mill, it was possible to
change ω, Vx , and V y and detect a location in control
space on the catastrophe surface where a critical point
existed. At the centre of the photograph, there is a
streamline that goes to an unusual cusp. This represents
a position on the catastrophe surface, and in either
side of this point in control space, the topology of
the flow changes. The Six Roll mill did not provide
Fig. 14 The Six Roll mill.
a Photograph of apparatus.
b Photograph of symmetrical
Six Roll mill flow pattern, the
germ of the elliptic umbilic
catastrophe surface.
c Schematic of the elliptic
umbilic catastrophe surface.
d Photograph of flow with
control settings set on the
catastrophe surface and
showing a flow singularity
within the flow. (Berry and
Mackley 1977)

much greater insight into chain stretching, but it was
instructive in relation to providing a quantitative rather
than qualitative example of catastrophe theory.

Stretching polyethylene chains to their limit
The 1970 Frank paper had a big effect on a number of
research groups in that there was now a high modulus
target to aim for if fully stretched polyethylene could
be captured within the solid state. Extensional flow solution processing of the type described in the previous
section was not successful in producing a continuous
commercial flow process to manufacture high modulus
polyethylene. Fibrous “shish kebab” of the type shown
in Fig. 15 were produced, but not in a continuous fibre
form where mechanical testing could be carried out.
Professor Ian Ward who was initially at Bristol in the
late 1960s and then subsequently went to Leeds University was very active in applying mechanical solid-state
deformation to semi-crystalline polyethylene, and by

a

b

c

d
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Fig. 15 Shish kebab polyethylene fibrous crystals

controlling draw temperature, drawing rate and molecular weight distribution, he had success in achieving
significantly enhanced Youngs modulus fibres (see, for
example, Andrews and Ward 1970; Capaccio and Ward
1975). It was the Pennings Group (Zwijnenburg and
Pennings 1975), however, who first achieved a 100 GPa
high-modulus fibre, and this was done by the processing
of Ultra High Molecular Weight (UHMWPE) solutions. They developed a “surface growth” technique
where a seed crystal was introduced into a weakly entangled polymer solution, and the seed crystal was then
positioned close to the inner rotor of a Couette concentric cylinder apparatus. Chain stretching appeared
to occur between the seed and moving surface, and
the continuous growth of a 100-GPa fibre could be
achieved. Unfortunately, the growth rate of the fibre
was of order mms/min which made the process not
viable at a commercial level.
It was Smith and Lemstra (1980) who made the
breakthrough in inventing a process that could be commercialised. Paul Smith had studied at Groningen, and
Piet Lemstra had spent time with Andrew Keller at
Bristol. Smith and Lemstra were given great freedom
at DSM Research to develop their own ideas, and they
came up with an ingenious way of stretching chains
involving weakly entangled UHMWPE solutions. Their
initial batch process is shown in Fig. 16a. A low entanglement gel solution of polyethylene was prepared at
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about 1% concentration of polymer. This gel solution
was then extruded as a weak fibre and quenched into
a low temperature solvent bath. The UHMWPE within
the fibre crystallised in an essentially unoriented state
but retained elements of the low level of entanglement
within the polymer and some mechanical integrity. This
fibre was then hot drawn to high draw ratios of the
order 50 or greater. Normally melt crystallised polyethylene cannot be drawn in the solid state to draw
ratios of more than 5–10; however, because of the low
entanglement solution processing of the UHMWPE,
Smith and Lemstra obtained sufficiently high draw
ratios to produce HMP with a modulus greater than
100 GPa. Figure 16b shows a continuous flow variation
on the process which now forms the basis for the production of the HMP Dyneema fibre which is now a major commercial success. (http://www.dsm.com/en_US/
html/hpf/home_dyneema.htm). The use of a screw extruder to produce a gel solution with the direct feeding
of solvent and polymer into the upstream end of the
extruder was at the time a new and inventive step. The
low polymer concentration means that a very high level
of solvent recovery was necessary; however, both the
process and product are now fully established.
The Smith and Lemstra process avoided issues of
chain relaxation in the solution state because all the
chain stretching was carried out in the semi-solid
state. Because of the initial low entanglement condition, higher draw ratios were achieved than is possible
from drawing melt crystallised highly entangled polyethylene. de Gennes acted as a consultant to DSM during the exciting period of the commercial development
of Dyneema, whilst I, the author, worked on competing
processes to the DSM technology (see, for example,
Mackley and Solbai 1987). Sadly for the author, DSMs
patenting was consistently more advanced and broad
enough for our own efforts to be thwarted by the DSM
patent claims. I was, however, a beneficiary of the
technology, as by the year 2000 I was using several
Dyneema HMP ropes in my racing dinghy.

Exploring polymer melts in extensional flow
The issue of whether chains can be significantly
stretched by polymer melt processing remains an essentially unanswered question. Over the last 50 years,
much energy has gone into describing the rheology
of polymers and significant molecular understanding
originated from the reptation concept of de Gennes
(1971) and its incorporation into a molecular theory by
Doi and Edwards (1986). The whole idea of polymer
entanglement captured the imagination of the poly-
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Fig. 16 Schematic diagrams
of the HMP gel drawing
process. a batch process;
b continuous process

Piston

1. Low entanglement UHMWPE polymer gel

Solvent recovery

2. Unoriented Gel fibre

4. Hot draw
Quench bath

5. Oriented High Modulus Polyethylene
3. Unoriented semi crystalline fibre

b

Low entanglement polymer gel

UHMWPE Polymer powder

Solvent

Screw extruder
Spinneret
Solvent recovery
Gel fibres

Hot draw
Quench bath
High Modulus
Polyethylene
Low entanglement semi crystalline fibre

mer community and when later, I was at Cambridge,
de Gennes would also be a frequent visitor to the
Cavendish Physics laboratory where there was very
fertile scientific exchanges on polymer dynamics.
The original Doi Edwards theory was a theory based
solely on reptation and orientation. The entropic elasticity generated by flow was associated with orientation
changes and not chain stretching. Ball and Mcleish
(1986) subsequently extended the theory to incorporate
chain stretching and contemporary molecular models of
the Pom Pom (McLeish and Larson 1998), Molecular
Stress Function, Marruci (Pearson et al. 1991), Wagner
et al. (2004) and Rolie Poly (Likhtman and Graham
2003) type now contain many additional chain orientation and relaxation mechanisms when compared to the
original Doi Edwards model.
Experimentally, the reality of polymer melt behaviour is clouded by a broad spectrum of relaxation times
due to polydispersity. Even monodisperse polymers
show a range of relaxation modes, and it is this polydispersity of relaxation modes that make definitive statements difficult in relation to chain orientation within a
melt.

Experiments of different kinds by many different
researchers have shown that the rheology of polymers
melts in simple shear and in extension can be different.
In general, polymer melts shear thin in simple shear
flow whilst in extension, they can shear thicken or thin
in a different way. Branched polymers in particular
show strong differences.
A way of exploring the extensional flow behaviour
of a polymer melt is to follow the flow birefringence behaviour of a melt in Cross Slot geometry. This geometry
was first used for polymer solutions (Scrivener et al.
1979; Odell and Carrington 2006) and then applied
to melts by the Eindhoven Group led by Han Meijer
(Verbeeten et al. 2002). Figure 17a is a schematic of a
Cross Slot apparatus with superimposed “pure shear”
flow streamlines. The presence of the outer walls of the
Cross Slot means that the flow does not perfectly match
pure shear; however, the flow near the central stagnation point is a good approximation to pure shear. Cross
slot flow can be realised using a Cambridge Multipass
rheometer (Mackley et al. 1995; Coventry and Mackley
2008) as indicated schematically in Fig. 17b, and a flow
birefringence photograph for a polymer melt is shown
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Fig. 17 The Cross Slot
geometry. a schematic of pure
shear streamlines
superimposed on Cross Slot
geometry. b Schematic of
Cross Slot MPR
configuration. c Flow
birefringence pattern for
Dow PS680 polystyrene.
Piston velocity of 0.5 mm/s
(maximum extension
rate = 4.3 s−1 ). Inlet slit
width = 1.5 mm. Section
depth = 10 mm. T = 180◦ C
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in Fig. 17c. In this case, the birefringence shows a
number of retardation bands corresponding to different
principal stress difference levels within the flow. High
stress levels are encountered in the central region of
the extensional flow and at the walls. If the flow was
Newtonian, the principal stress contours would be
circular emanating from the central stagnation point.
Viscoelasticity causes an elliptical asymmetry to the
fringes, and the development of cusping along the exit
symmetry plane means that there is higher stress and
higher chain stretching in this region.
Using modern computational models and numerical
schemes, it is now possible to numerically simulate the
type of birefringence (stress) field that is experimentally observed. Figure 18 shows a recent example of this
which demonstrates the validity of current constitutive
equations in successfully predicting stresses in simple

shear regions, near the wall, extensional flow area near
the stagnation point and mixed flows in between the
two.
It has recently emerged that it is possible to obtain
large strain “limiting” extensional viscosity measurements using the Cross Slot apparatus (Auhl D 2009,
Private communication). Figure 19 shows both timedependant simple shear and extensional viscosity measurements for a low-density polyethylene (LDPE). The
simple shear data were obtained using TA instruments
Ares rheometer in a conventional way. The SER extensional data were obtained by using a Sentmanat,
stretching attachment (Sentmanat et al. 2005) that uniaxially stretched the polymer. The extensional data are
difficult to obtain particularly at the circled end points
of the curves. Ideally, a time-independent steady-state
value of the extensional viscosity is required; however,
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The principal stress difference can be obtained from
the experimental birefringence data and the use of the
stress optical equation below


n = SOC σXX − σyy
where n is the measured birefringence; SOC is a
known stress optical coefficient.
The strain rate can be estimated using a simple
relation
ε̇ = AVp

Fig. 18 Comparison of experiment (LHS) and simulation (RHS)
for Cross Slot geometry. Eight mode 2D, Pom Pom simulation

sample thinning followed by breakage usually prevents
obtaining a definative large strain steady-state value.
From analysis carried out using the Double Jet and
Four Roll Mill, it is clear that at the stagnation point the
extensional strain will be by geometry infinite. Therefore, this point represents a steady-state extensional
flow, and provided that both strain rate and stress can
be measured at this point, a steady-state extensional
viscosity can be determined.
The steady-state extensional viscosity ηe,ss is given
by,
ηe,ss



σxx − σyy
=
ε̇

where A is a calibration constant, and V p is the piston
velocity of the Multipass Rheometer barrels. Alternatively, ε̇ can be determined from matching numerical
simulation or direct experimental laser velocimetry.
Figure 20 shows a pleasing comparison between the
Sentomet and Cross Slot rheometers. There are uncertainties in both measurements; however, both offer
potential to measure a limiting extensional viscosity for
a melt which is something that in the past has been very
difficult to do.
Based on these results and other findings, the author would like to make a final speculation concerning
melt processing and chain stretching within the melt.
Most polymer melts have broad relaxation spectra,
and this appears to be an essential ingredient towards
their processibility. The β = γ̇ t parameter introduced
for polymer solutions plays an important role. If β is
less than 1, the fluid behaves in a Newtonian manner.
At β ≈ 1, viscoelasticity is present but the material is
tractable. For β >> 1, then a highly entangled melt has
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Fig. 19 Experimental LDPE viscoelastic data indicating limiting
extensional circled viscosity value. (Courtesy of D. Auhl, University of Leeds)

Fig. 20 Comparison of SER rheological limiting Extensional
viscosities and limiting extensional viscosity obtained using Cross
Slot centre birefringence values (Courtesy of D. Auhl, University
of Leeds)
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difficulty to be processed, unless it coexists with β <<
1 polymer that acts a low molecular mass lubricant
for the higher molecular mass material. It, therefore,
appears to the author that polymer processing is about
a delicate balance in providing adequate low molecular
mass material to be able to process high molecular mass
material. Almost certainly, some of the high molecular
mass material will be stretched, particularly if it satisfies the β >> 1 and ε̇ t >> 1 conditions in extensional
flow.

Conclusions
This brief review has omitted important contributions
of chain stretching and rheology that have been made
by other people and research groups. It has, however, selectively covered a lifetime of personal research
where I was very fortunate to have had mentors such as
Sir Charles Frank, Andrew Keller and Sir Sam Edwards
and to have lived in a period when Pierre de Gennes
was at the height of his powers. Since then, the world
has changed; however, it is a personal hope that in the
future, others will match the shear brilliance, enthusiasm and energy of these men in the field of polymer
and related science.
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