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Guide to the measurement of extensional 
flow properties of polymers 
 
 
Summary 
 
Many polymer processes, for example blow moulding, fibre spinning, 
film extrusion, thermoforming and wire coating, involve considerable 
extensional or stretching flow of the polymer. The extensional flow 
behaviour of the polymer will therefore have a significant affect on its 
processability. The more established rheological techniques 
predominantly characterise the behaviour of polymers in shear and it 
can prove difficult to relate the behaviour measured in shear with that 
observed in processing. Thus extensional flow methods should 
preferably be used for materials that are used in such extensional flow 
dominated processes.  
 
Various methods exist for characterising the extensional flow 
properties of polymer melts. The dominant methods of tensile 
stretching, converging flow and fibre spinning are discussed. 
 
This guide covers: 
 

• nomenclature, 
 

• details of techniques suitable for characterising the extensional 
flow properties of polymer melts,  

 
• results of an intercomparion of such measurements, and 
 
• guidance on the selection of appropriate techniques. 
 

 
 
M. Rides and C.R.G. Allen 
December 2002 
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Thus the Hencky strain rate &ε (s-1) is given 
by 

1 Introduction 
 

In selecting the appropriate rheological 
technique it is important to consider various 
issues, in particular; the intended use of the 
data, and the deformation modes and rates 
occurring during the processing of the material. 
For the purposes of generating data for flow 
simulation, the data requirements are normally 
clearly defined. Consequently, the options for 
selection of technique will normally be limited, 
if any. Once the method has been identified, 
the important aspect is to select the testing 
conditions of strain, strain rate and temperature 
so that extrapolation of data is avoided, or at 
least minimised.  

 &ε  = [1/ l ] × [∂ /∂t] l

 
The net tensile stress σE (Pa) in tensile 
extension is defined as 
 σE = σ11 - σ22 = σ11 - σ33 = σzz - σrr  
where σii is a stress tensor in rectangular or 
axisymmetric coordinates. 
 
The tensile stress growth coefficient ηE+ 
(Pa.s) is defined as 
 ηE+(t, &ε ) = σE/ &ε  
where t is time, and + indicates start-up of 
flow. 

  
In comparison, for the purposes of generating 
data for materials comparisons or quality 
control type applications there is often a wider 
choice of techniques that could be used. As a 
general rule, it is often desirable to select a 
technique that mimics the process for which the 
data are being sought. However, for extensional 
testing, following this general rule may not be 
most convenient as significantly simpler, yet 
acceptable alternatives may exist. Nevertheless, 
it is desirable to match the strain, strain rate and 
temperature conditions of testing with those 
occurring in processing. The techniques of 
tensile stretching, converging flow and fibre 
spinning are considered herein. 

The tensile viscosity ηE (Pa.s) is defined as 
 ηE(t, &ε ) = lim [ηE+(t, &ε )] 
           t→∞ 

The tensile viscosity is the limiting tensile 
stress growth coefficient value and can 
represent, where the material exhibits such 
behaviour, an equilibrium value. 
 
The term extensional viscosity is used to 
define herein the ratio of net tensile stress to 
Hencky strain rate.  The prefix “approximate” 
is used to indicate those values obtained using 
imprecise methods1 that do not yield true 
extensional viscosity values. 
  
Viscosity is normally given the units of Pa.s 
or Ns/m2 (these units being equivalent). 

2 Definitions 
 

 In accordance with the Nomenclature 
Committee of the Society of Rheology, 
rheological terminology and notation is 
presented by Dealy [1]. These terms 
correspond to those for tensile or uniaxial 
extensional deformation. Equivalent terms 
can be identified for biaxial and planar 
extensional flows [1]. 

3 Extensional rheometry techniques 
 
Extensional rheometry methods can be 
divided into two basic categories: ones in 
which quantitatively accurate transient tensile 
stress growth coefficient data are determined, 
and the other in which qualitative extensional 
viscosity data are determined. Stretching 
rheometers of the type defined by ISO/CD 
20965 [2] fit into the first category. 
Converging flow [3, 4, 5] and fibre spinning 
[4, 5, 6] measurements typically fit into the 

 
The Hencky strain, also referred to as the 
natural or true strain, is given by the natural 
logarithm of the elongation ratio where l o is 
the original length and l  the current length: 
 ε = ln( l / l o)                                                  
 1 For the purposes here, the imprecise methods are the 

converging flow and fibre spinning methods. 

2 



MATC(MN)43 

second category (converging flow 
measurements are also commonly referred to 
as entrance pressure drop or contraction flow 
measurements). 
 
In the first category the measurements are 
generally more complex to execute but the 
data are easier to interpret. They are suitable 
for generating transient tensile stress growth 
coefficient data for modelling or for more 
involved materials characterisation. The data 
generated are true rheological properties. In 
comparison, converging flow and fibre-
spinning methods are more appropriate for 
generating data for quality control type 
functions, as the data generated only 
approximates to true rheological properties. 
Both of these qualitative techniques can be 
carried out using an extrusion device, e.g. an 

extrusion rheometer. However, force 
measuring and haul-off devices are also 
required for the fibre spinning method. For 
converging flow measurements, approximate 
extensional viscosities are derived using 
analytical models, for example Cogswell [7]. 
 
Other methods for extensional testing of 
plastics melts are available but are not so 
widely used and are therefore not presented 
here. For details of such techniques see 
Mackosko [4] or Whorlow [5].  
 
The techniques discussed in sections 4 to 6 
are summarised in Table 1 and relate 
predominantly to uniaxial measurements. 
Multi-axial techniques are considered 
separately in section 8. 

 
Table 1: Comparison of established techniques 

 
 Stretching 

techniques 
Converging flow methods Fibre spinning methods 

Tensile stress 
growth coefficient 
vs. strain or strain 
rate 

Approximate extensional 
viscosity data 

Approximate extensional 
viscosity data, melt strength 

Quantitative Qualitative Qualitative 

Properties 
measured 

Transient Equilibrium assumed Transient 
Test conditions Isothermal, 

constant strain rate 
(or constant stress). 

Isothermal, non-constant strain 
rate. Very high strain rates 
easily obtained. 

Typically non-isothermal, 
non-constant strain rate 

Experimental 
ease 

Difficult Simple – using capillary 
extrusion rheometer 

Moderately difficult – using 
extrusion, force measuring 
and haul-off devices 

Ease of interpreting 
data* 

Simple Difficult – many assumptions 
made in order to interpret the 
experimental data in terms of 
approximate extensional 
viscosities. 

Difficult - many assumptions 
made in order to interpret the 
experimental data in terms of 
approximate extensional 
viscosities. 

Suitability for 
determining strain 
hardening 
behaviour 

Yes No Yes 

General comment Essential for 
obtaining 
quantitative data, 
but experimentally 
difficult 

Good for qualitative data for 
quality control type 
applications. Easy to perform. 

Good for qualitative data for 
quality control type 
applications. 

 
Note: * The actual process of calculating approximate extensional viscosity values from the raw data is itself not 
particularly difficult. 
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4 Tensile stretching flow method 
 
In this method a specimen, mounted between 
two clamping devices, is stretched to very 
large extensions, Figure 1 [8]. From the 
stresses (forces acting on the clamps) and 
strains (original specimen dimensions and the 
stretching undergone) tensile stress growth 
coefficient values can be determined. A 
critical review of such stretching flow 
methods was presented by Rides [9], which 
also identified sources of information on 
testing of a range of polymeric materials. 
Although this type of experiment is 

conceptually simple, as is the analysis of the 
raw data, in practice the execution of the 
experiment is not so simple and considerable 
care is required in many of its aspects. A 
guide to extensional measurements [8] and a 
draft Standard ISO/CD 20965 [2] describe the 
method in detail. Further developments of the 
NPL instrument have recently been carried 
out to address the measurement of polymer 
melts at very high strain rates (up to ≈ 50 s-1) 
[10] and very low strain rates (down to 
0.001 s-1) [11]. 
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Figure 1: NPL extensional rheometer, using a rotating clamp to carry out the stretching 

 
 

5 Converging flow methods 
 
The converging flow approach used for 
determining the extensional flow behaviour of 
polymer melts is based on the measurement of 
the resistance to flow in a contraction region, 
Figure 2 [3]. A converging flow is, by 
definition, a type of extensional flow. It is 
expected, therefore, that extensional viscosity 
might be obtained from the measurement of 
pressure drop and flow rate in a converging 
flow.  
 
The approach of using converging flow 
methods is appealing as the necessary 

experimental data are easily obtained from 
capillary extrusion rheometry testing [12, 13], 
normally carried out to determine the shear 
viscosity of materials. Thus approximate 
extensional viscosity values can be obtained 
from the same capillary rheometry tests as 
carried out to determine shear viscosity at 
little or no extra experimental cost. However, 
in using this approach it is assumed that the 
extensional viscosity is strain independent, 
and other significant assumptions are also 
necessarily made in the analyses [3]. 
Consequently, there is valid questioning of 
the ability of converging flow methods to 
generate quantitatively accurate data. 

4 
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However, such methods are considered to be 
suitable for qualitative characterisation of 
materials [3]. Recent work has also 
demonstrated that reliable entrance pressure 
drop data can also be obtained from a melt 
flow rate instrument, with only minor 
modifications [14], thus enabling much wider 
access to such measurements. 
 
For this method, the simplest option is to 
assume that the entrance pressure drop values 
are a measure of the extensional viscosity of 
the material and no further analysis of the 
data is required. Thus entrance pressure drop 
values can be used for materials comparison 
and quality control type applications.  
 
Various converging flow models have been 
formulated to interpret entrance pressure drop 
data in terms of approximate extensional 
viscosity data [3]. The most widely used 
models, as evident in the literature [15], are 
those due to Cogswell [7], Binding [16] and 
Gibson [17] with Cogswell’s being the most 
popular. These converging flow methods 
were critically reviewed [15], which also 

identified sources of information on testing of 
a range of polymer melts. The predictions of 
these models, plus a development of the 
Cogswell model, have been compared and 
their sensitivities to input data assessed [3]. 
 
The difficulties of reliably validating these 
converging flow models against other 
methods were discussed in detail [3]. In 
summary, the principal difficulty is that the 
extensional viscosity of polymer melts is 
normally a function of strain rate and strain, 
whereas in the converging flow approach it is 
assumed to be an equilibrium value that is a 
function of strain rate but not of strain. 
Nevertheless, validation of the converging 
flow models against a tensile stretching 
method is presented, Figure 3, and indicates 
that reasonable agreement can be obtained. 
This evidence supports the use of converging 
flow models for determining approximate 
extensional viscosity values. Furthermore, it 
was concluded that the Cogswell model 
yielded better agreement with the tensile 
stretching data than the other models 
assessed [3]. 
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Figure 2: Schematic of entrance pressure drop measurement 
 -  the entrance pressure drop value is determined either directly by measurement using a 

very short die or by using two dies of different length and calculating the pressure drop that 
would be obtained for a zero length die [12]. 
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Figure 3 Comparison of approximate extensional viscositi
model (open symbols) with maximum tensile stress growth
stretching method (closed symbols) at 150 °C [3] 
 
 
6 Fibre spinning 
 
The principle of the fibre spinning method is 
to measure the force required when stretching 
an extrudate under specified haul-off 
conditions. From the response of the material 
to the stretching deformation and the force 
measured, approximate extensional viscosities 
can be determined [4, 5]. As indicated in an 
intercomparison the results obtained are 
dependent on the precise operation of the 
instrument and subsequent analysis of the raw 
data [18]. Furthermore, the “melt strength” 
can be determined - a measure of the 
extensional response of the material at high 
strains - and is suitable for quality control 
type applications. The standard ISO/CD16790 
describes the technique and addresses the 
measurement of melt strength [6]. 
 
Data derived from the draw-down of the 
extrudate in a melt flow rate test has recently 
been correlated successfully with tensile 
stress growth coefficient data obtained from 
stretching measurements [12]. The benefits of 
this simple technique have been demonstrated 
in an industrial case study [19] indicating that 

it has c
control ty
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methods with approximate extensional 
viscosity values obtained by the converging 
flow methods, the level of agreement was 
considered to be good with significant overlap 
of data from the different methods being 
obtained. This finding supports the use of 
converging flow methods for determining 
approximate extensional viscosity values, 
albeit “equilibrium” ones. 
 
Due to the nature of the tensile stretching test, 
measurement errors can grow dramatically as 
the applied strain increases. Thus it is 
important to consider the effect of the 
uncertainty in the measurement on results, an 
analysis of which has been presented by Rides 
[20]. 
 
8 Multi-axial extensional techniques 
 
The techniques described above have been 
limited to those that are predominantly 
uniaxial in nature and thus generate uniaxial 
data. Obviously other types of extensional 
deformation can occur in processing, for 
example biaxial deformation in blow 
moulding. A review of the methods for 
measuring multi-axial extensional flow 
properties of polymer melts has been presented 
by Rides [21]. The unique rotating clamp 
multi-axial extensional rheometer developed 
by Meissner and used by Wagner [22] 
represents the current state of the art in 
measurement technology, with capability for 
measurement in various modes of deformation 
and more recently at elevated temperature for 
polymer melts. Techniques that approximate to 
controlled measurements (measurements in 
which the applied strain rate or stress is 
constant) include the bubble inflation and the 
lubricated squeeze flow methods. However, 
use of these approximate methods is still very 
limited and is, perhaps, a reflection of their 
difficulty. 
 
Several factors may influence the need for 
methods to determine multi-axial data. Firstly, 
there have been recent significant advances in 
constitutive modelling that enable the 
prediction of multi-axial properties with 

greater confidence. Secondly, there is evidence 
that indicates that upper and lower bounds to 
multi-axial extensional viscosity data are given 
by uniaxial extensional viscosity and simple 
shear data respectively. Finally, the greatest 
additional strain hardening is exhibited by 
uniaxial extensional data. This is thus a more 
suitable property for discriminating differences 
in materials as necessary, for example, for 
materials selection or for quality control 
applications. When combining these factors, 
the need for experimental methods for 
determining multi-axial data is considerably 
reduced, especially considering the difficulty 
of multi-axial measurements. 
 
9 Summary 
 
Stretching rheometers of the type specified by 
ISO/CD 20965 are necessary for generating 
true extensional flow properties data for 
polymer melts as may be required, for 
example, for flow simulation. However, for 
quality control type applications converging 
flow and fibre spinning methods are also 
appropriate. The converging flow method is 
perhaps the easiest to implement and, despite 
its limitations and the assumptions made in 
the analysis of the data, has considerable 
benefits as a materials characterisation 
method, for example: 
 
• it can provide valuable information on the 

extensional flow behaviour of melts,  
 
• it is relatively simple to use, and  
 
• if capillary extrusion rheometry is to be 

used to determine shear flow behaviour 
then entrance pressure drop data, and thus 
approximate extensional viscosity data, 
can be obtained at minimal additional cost. 
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