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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
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INTERNATIONAL STANDARD

I1ISO 20965:2005(E)

Plastics — Determination of the transient extensional viscosity
of polymer melts

1 3

This
exter
stretd

The
rates
to ap

typically in the range from approximately 104 Pa-s to 107 Pa-s (see Note 3):

NOTH
NOTE
NOTH
meas

the re

A list

Bcope

International Standard specifies the general principles of a method for determining
sional viscosity of polymer melts. The procedure details the measurement of polymer me
hed uniaxially under conditions of constant strain rate and constant temperaturé;

method is capable of measuring the transient extensional viscosity of pelymer melts at h
typically in the range 0,01 s~1 to 1 s~1, at Hencky strains up to approximately 4 and at tem
broximately 250 °C (see Notes 1 and 2). It is suitable for measuring transient extensional vis

1 Hencky strains and strain rates are used (see Clause 3).

2 Values of strain, strain rate and temperature outside these\limiting values may be attained.

3  The operating limit of an instrument, in terms of the\lowest transient extensional viscosity valu
Lred, is due to a combination of factors, including the ability of the specimen to maintain its shape dur

solution of the instrument.

of documents related to this International Standard is given in the Bibliography.

2

The following referenced documents are indispensable for the application of this documen

refer
docu

ISO 4

3

For t

Terms and definitions

ormative references

nces, only the edition (cited applies. For undated references, the latest edition of th
ment (including any améndments) applies.

72, Plastics — Vecabulary

he transient
It specimens

encky strain
peratures up
cosity values

bs that can be
ng testing and

t. For dated
b referenced

he-purposes of this document, the terms and definitions given in 1ISO 472, together with 1he following,
apply.

Definitions 3.1 to 3.5 are given by Whorlow [l for strains and strain rates, and by the Nomenclature
Committee of the Society of Rheology for start-up flow in tensile uniaxial extension at constant Hencky strain
rate [2].

3.1

Hencky strain

&

strain given by the natural logarithm of the elongation ratio

&= 1In(llly)

where [ is the specimen length and [y is the original specimen length

© IS0

2005 — All rights reserved
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NOTE 1
NOTE 2

3.2
Hencky stra
é

It is also referred to as the natural or true strain.

It is dimensionless.

in rate

rate of change of Hencky strain with time, given by

e=1/1x

ollot

where ¢ is tim

NOTE 1 It

NOTE2 It

3.3

<

s independent of the original specimen length /.

s expressed in reciprocal seconds.

net tensile stress

O
for tensile un

OE = 011
where g;; is 3
NOTE 1 TH
NOTE 2  Ng

3.4

iaxial extension, stress given by
T 022= 0117 033= Ozz 7 Orr
stress tensor in either rectangular or axisymmetric co-ordinates
e tensile stress growth function is indicated by o* where.the’* indicates start-up of flow.

bt tensile stress is expressed in pascals.

tensile stregs growth coefficient

+

e
ratio of the n

ne’(6,é
for tensile un
NOTE 1 It
NOTE 2 It
NOTE 3 It

3.5

bt tensile stress to the Hencky strain rate

=oglé¢

iaxial extension, where-tis'time and * indicates start-up of flow

s also known for the-purposes of this International Standard as “transient extensional viscosity”.
s a transient term:

s expressed’in pascal seconds.

tensile viscosity

e

term given by

ne(t, €)= Jm[ﬂé(h é)l

NOTE 1

(4)

()

It is the limiting tensile stress growth coefficient value and represents an equilibrium extensional viscosity if a

steady value is achieved. However, for materials that do not exhibit a steady-state behaviour, the use of an “equilibrium
extensional viscosity” such as this is not appropriate.

NOTE 2

It is expressed in pascal seconds.

© ISO 2005 — All rights reserved
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4 General principles

In contrast to shear flow where reference is normally made only to steady shear flow behaviour, extensional
flow behaviour is best described as being transient. In describing the transient behaviour of materials in
extension at constant strain rate, they may exhibit either an unbounded stress growth behaviour in which the
stress continually increases with increasing strain until the material fails, or the stress reaches a steady value
with increasing strain thus yielding a tensile or equilibrium extensional viscosity. The latter occurs typically at
large strains. An equilibrium extensional viscosity is thus dependent on strain rate but not on strain or time.
Normally, the extensional viscosity will vary as a function of both strain and strain rate as well as temperature.

In describing and modelling plastics processing, the use of Hencky strain is preferred. The rate of Hencky

strain
veloo
taker

Stret
visco
meas
spee
rate i

The

defor
henc

5 |

5.1

The
defin

ity field of that element. It is thus a more suitable characteristic of the flow. Strain and's
by default herein to be Hencky values.

ching flow methods can be used to generate quantitatively accurate data-on the

4. This International Standard describes the first of these: constant straif rate. In this meth
5 uniform throughout the specimen and is held constant with time.

basic principle behind stretching flow measurements is to subject’a specimen to a tens

b strain rate can be determined.

Apparatus

General description

measuring apparatus shall consist of one“of the following types, shown in Figures 1 to 4.
e the various instrument configurations. The notation used in these figures is defined in 8.1.

Type| A: Two rotating clamps. Each.clamp shall consist of either a single rotating element or a p

elasticity of polymer melts. In carrying out extensional flow measurements;‘there are f
urement that are normally made: constant strain rate, constant stress, ‘constant force and constant

nly from the
rain rate are

extensional
our types of

pd, the strain

le stretching

mation. By measurement of the force and deformation of thé ‘specimen, the stresses andg strains and

These types

pir of rotating
bsured at the

cy, on a fixed
d the inertia of

elements — only the pair arrangefent is shown. The force exerted on the specimen can be me
fixed[or rotating end.
NOTH It is likely that the\force will be easier to measure, and will be measured with greater accurz
clamg rather than on a meving clamp as there will be fewer complications due, for example, to vibration an
the clamp which may introduce noise and errors into the force signal.

Wy oy

F - %\\ r%
6‘2 a):\

© IS0

Figure 1 — Schematic diagram of type A test instrument
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Type B: A single rotating clamp and a fixed clamp. The rotating clamp shall consist of either a single rotating
element or a pair of rotating elements. The force exerted on the specimen is normally measured at the fixed

end.

Type C: Twg

Type D: Sing

In each of th
requirementg
the specime|
isothermal d

Figure 2 — Schematic diagram of type B test instrument

translating (non-rotating) clamps.

V2 [—> V1
| ——

A
Y

Figure 3 — Schematic diagram of type C test instrument

le translating (non-rotating) clamp.

S

A
Y

Figure 4 — Schematic diagram of type D test instrument

bse configurations, the specimen is mounted between the clamps and is stretched uniaxially.

for the apparatus are that it shall permit the measurement or determination of the force acti

The
g on

n, and the strain and strain rate of the specimen subjected to a constant strain rate

inder

orditions. The strain and strain rate of the specimen shall either be derived from the

displacemen

5.2 Silico

s and/or speeds of the clamp or clamps, or be measured directly from the dimensions and/or
local velocities of the specimen.

n bath/temperature-controlled chamber

Heating may be provided by placing the specimen in a silicone oil bath or in a temperature-controlled chamber

with a forced

gas flow through it.

NOTE 1 When heating using forced gas, a gas may be used in the chamber surrounding the test specimen to provide
the required test environment, for example nitrogen to provide an inert atmosphere.

NOTE 2  The use of a silicone oil bath may permit more rapid heating of the specimen.

© ISO 2005 — All rights reserved
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For low-viscosity materials, it is essential to support the specimen during heat-up and testing (to avoid it
sagging under the influence of gravity).

NOTE 3  The use of a silicone oil bath results in the specimen being supported by the silicone oil due to its buoyancy,
particularly if the densities of the silicone oil and specimen are matched at the test temperature. If a forced-gas oven is
used, then support of the specimen can be obtained by the cushioning effect provided by the gas.

Silicone oil may be absorbed by some polymers. A check should preferably be made to see if the immersion
time affects the measured properties of the polymer by varying the length of the immersion time (see Annex A
and also Note 1 in 7.1). When quantitative results are required, then this check shall be made.

NOTE 4___Even if the silicone oil does not affect the shape of the tensile stress growth coefficient versus strain (or time)
plot, if may affect the point of failure of the specimen. Thus assessment of the effect of the silicone oil©n|the measured
propefties should consider both of these aspects.

NOTH 5  Alternative methods for checking the effect of immersion in silicone oil on the specimenh may|also be used.
Such methods include the measurement of the mass or dimensions of the specimen before apd@fter immerging in silicone
oil angl identifying whether a change has occurred due to that immersion — see Annex A.

5.3 | Temperature measurement and control

The {est temperature should preferably be measured using a device that'is mounted close to tle specimen.
Contact of the device with the specimen is not permitted. It is essential to mount temperature sensors in at
least [two positions to monitor temperature uniformity along the length/of the specimen.

NOTH The uniformity of the temperature along the specimentlength is critical to the measurement df the transient
extengional flow properties of polymer melts. Localized hot spots will result in excessive strain in those reglons. This may
lead tp premature failure, particularly for materials that do not exhibit a high degree of strain hardening.

The gpatial temperature variation shall be within + 075 °C.
The temporal temperature variation shall be within + 1,0 °C of the set temperature.

The {emperature-measuring device shall hiave a resolution of 0,1 °C and shall be calibrated uging a device
accurate to within + 0,1 °C.

5.4 | Strain and strain rate-measurement

The $train and strain rate‘of-the specimen shall be determined either from measurement of the d|splacements
and/qr speeds of the glamp or clamps, or measured directly from the dimensions and/or local velocities of the
specimen.

NOTH The.diameter of the specimen may be measured during the test by use of optical or cutting methods to derive
straing and strain’ rates and to assess the uniformity of deformation. The cutting method results in the test being
terminated once the cuts have been made and thus prevents data to failure from being obtained. Local velpcities may be
measpred using optical methods.

Corrections for slippage of the specimen at the clamp or clamps may be applied, obtained through
independent measurement of the strain of the specimen during testing through measurement of its diameter
or local velocities by other methods.

The apparatus shall have an accuracy of strain determination or measurement to within + 3 % of the absolute
value.

The apparatus shall have an accuracy of strain rate determination or measurement to within + 3 % of the
absolute value.

© 1SO 2005 - All rights reserved 5
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5.5 Force measurement

The force on the specimen shall be measured during the test by an appropriate means, for example a leaf
spring arrangement (see Note 1).

The resolution of the force-measuring device should preferably be no greater than 0,1 % of the full-scale value.

The apparatus shall have an accuracy of force measurement to within +2 % of the full-scale value (see

Note 2).

NOTE 1

Typical peak forces measured in testing of polyethylenes are estimated to be up to ~1 N for specimens

approximately[STmmmrimdiarmeter:

NOTE 2 It [is desirable, in particular for accurate measurements at low forces, that the accuracy 6f\the|force
measurement|device be within +2 % of absolute, but this may be difficult to achieve in the lower partief the|force
transducer’s rénge.

5.6 Calibration

The force, displacement, rate of displacement and temperature functions of the rhedmeter shall be califjrated
periodically.

It is preferable that calibration be carried out at the test temperature as measurement of these functiops, in
particular thgt of force, may be temperature sensitive.

NOTE N¢ traceable standard reference materials are known to exist for'checking the calibration of such instrurhents.
Where a referpnce material is used for checking the instrument, it is preféerable that the transient extensional viscopity of
the reference|material, and the dimensions of the specimen produced using it, have values that are similar to|those
encountered dr used during normal operation of the instrument.

6 Sampljng and specimen preparation

6.1 Sampling

The sampling method, including any-special methods of specimen preparation and introduction intp the
rheometer, shall be as specified in the\relevant materials standard or otherwise by agreement.

If samples orl specimens are hygroescopic or contain volatile ingredients, then they shall be stored to prevent or
minimize any effects on the\measurements. Drying of samples may be required prior to preparing test
specimens.

As the test gpecimens are typically small, being of the order of a few grams, it is essential that the¢y be
representatie of thexmaterial being sampled. Repeat testing may be used to identify batch-to-batch or within-
batch variatign.

6.2 Speci

The specime

men preparation

n shall be either cylindrical or rectangular in cross-section.

Test specimens in the form of a cylinder may be produced by extrusion or by injection, transfer or

compression

moulding.

Test specimens in the form of a strip may be produced by extrusion or by injection or compression moulding

or by cutting

from sheet.

The length-to-diameter ratio of cylindrical specimens should preferably be at least 10.

© ISO 2005 — All rights reserved
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NOTE A length-to-diameter ratio of at least 10 is required to minimize end-effects. However, a longer specimen will
result in a reduction in the maximum strain rate that can be achieved. The magnitude of the end-errors can be assessed
by using specimens of different length or diameter to produce different length-to-diameter aspect ratios. The effect on
measured values can then be determined.

The specimen shall not contain any visible impurities, voids or air bubbles. The specimen shall not show any
obvious discoloration prior to or after testing.

For cylindrical specimens, measure the diameter D of the specimen at at least three positions along its length.
Repeat these measurements after rotating the specimen by 90°. Calculate an average value for the diameter
from these measurements.

For rectangular specimens, measure the width and thickness at at least three positions along its length.
Calcylate average values for the width 5 and thickness / from these measurements.

Calcylate the cross-sectional area of the specimen from the measurements.

The Tiameter, or width and thickness, of the specimen, as appropriate, shall be determined to ar|d be uniform
to within + 2 % of their average value.

6.3 | Specimen mounting

Specimens may be either gripped by the clamps or attached using adhesive to studs that are then clamped
into the instrument.

Attachment by a suitable high-temperature epoxy adhesive has been found suitable. Treat thg ends of the
specimen by passing them through a butane flame and-then dipping them into concentrated suffuric acid for
30 s.|Prevent any other part of the specimen, except that to be bonded, from being exposed |to either the
flamg or the acid. Dip the ends of the specimen into the adhesive and then attach them to the stufds. Place the
specimen with its studs into an oven and cure the ,adhesive using a suitable time-temperature ¢ycle (100 °C
for 1 h has been found suitable). Allow the specimen to cool before handling.

7 Procedure

7.1 | Specimen loading

Mount a specimen in place.ir‘the rheometer.

Meadure the length of'the specimen between the clamps to within 1 % of its absolute value.
After|mountingthe specimen in the instrument, immerse it in the silicone oil bath or place it in the femperature-
contrplled chamber (see 5.2). Where possible, bring the bath or chamber to the test tempefature before
inserfing ,the-'specimen to reduce the time spent by the specimen reaching and equilibrating at the test
tempgrature. Allow the specimen and apparatus to reach thermal equilibrium at the test tempgrature. This
perio"l of time is referred to as the nqllilihrni‘inn time

NOTE 1 The adequacy of the time allowed for the specimen to reach thermal equilibrium and the effects of the silicone

oil, degradation, crosslinking and other time-dependent phenomena on the specimen can be checked by varying the time
for which the specimen is in the oil bath or environmental chamber before testing. The effect on the measured values can
then be assessed. For measurements in silicone oil of specimens approximately 3 mm in diameter, an equilibration time of
approximately 5 min has been found to be sufficient for testing at a temperature of 150 °C.

A correction for thermal expansion of the specimen during heating may be necessary. A correction for effects
arising from stress relaxation of the specimen, if unclamped during the temperature equilibration period, may
also be required. Both of these effects may result in a change in the critical dimensions of the specimen (i.e.
thickness and width, or diameter) that may need to be taken into account.

© 1SO 2005 - All rights reserved
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NOTE 2

As an example, measurements of a PE-HD indicate a 20 % decrease in density on heating from 25 °C to

150 °C which, if accommodated solely by a change in the diameter of a cylindrical specimen, would result in an ~ 10 %
increase in diameter of the specimen. Furthermore, stress relaxation of extruded specimens may result in a recovery
(shrinkage) in length with a corresponding increase in the specimen’s critical dimensions (e.g. diameter) if unclamped

during the tem

perature equilibration period.

7.2 Pre-conditioning of the specimen

The specimen may be pre-conditioned by applying a known strain prior to testing and allowing the induced
stresses to relax to zero before commencing the test.

7.3 Testir

Subject the s
value.

)

pecimen to a constant strain rate deformation either until the specimen fails or up to @'set

Record the force, clamp speeds, and strain and strain rate data as functions of time, as apprapriate.

Analyse the
machine cor
stress relaxd

It may be ne
the test dura
the clamps.

NOTE TH
for which the {
of the immersi

data using the appropriate equations presented in Clause 8. Corrections for effects su

hpliance, end-effects, errors in strain and strain rate determination. and thermal expansi
tion of the specimen may be applied, as necessary.

cessary to check for degradation or crosslinking, particularly when testing at low strain rates
ion is long (see Note). Also check for premature failure of thé’ specimen or breakage or pull-

e effects of degradation, crosslinking and silicone oil on thé’specimen can be checked by varying th
pecimen is immersed in the oil bath or temperature-controlled chamber before and during testing. The
pn on measured values can then be assessed.

8 Analysis of extensional flow measurements

Symbpls used

neous speed of separation of-the ends of the specimen, m-s—1
the ends of the specimenh-(types C and D only), m-s~!
speed of rotating clamps, rad-s—!

Clamp radius, m

Epecimen length, m

nength at time 7z, m

strain

th as

DN or

when
but at

b time
effect

original specimen cross-sectional area, m2

specimen cross-sectional area at time ¢, m?2

8.1

v instanta
V  speedo
@ angular
r  rotating
t time,s
lo original
| specimg
Ao

F  force, N
&

&

=

Hencky strain (dimensionless)
Hencky strain rate, s~1

net tensile stress, Pa

ne* tensile stress growth coefficient, Pa-s
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8.2 Analysis of extensional flow

8.2.1 General

Rearranging the Hencky strain equation, Equation (1), yields
I=lge® (6)

where [; is the original specimen length, / is the specimen length at time 7 and ¢ is the Hencky strain.

At copstant Hencky straim rate ¢
e = &t (7)
whereg ¢ is time.
Thus
= lge? (8)
Assuming conservation of volume of the specimen, then
0dg =14 (9)
wherg 4, is the original specimen cross-sectional area andA is the specimen cross-sectional area at time .

The et tensile stress o, expressed as the ratio of the force F applied to the specimen to the crpss-sectional
area pf the specimen 4, is given by

PE= (10)

which can be rewritten using Equations (8) and (9) as

Fe ét
OE = 11
BT 4 (11)
Thus|the tensile stress/growth coefficient, the ratio of net tensile stress to Hencky strain rate, is gijen by
. Fe &t
= 12
7E Y (12)

8.2.2 " Analysis for type A and B instruments (rotafing clamps)

For type A instruments, the effective length of the specimen is equal to the distance between the points at
which the specimen touches the rotating clamps at a tangent. For type B instruments, it is equal to the
distance between the fixed clamp and the point at which the specimen touches the rotating clamp at a tangent.
It is indicated by /, in Figures 1 and 2. The effective specimen length /; remains unchanged during the test as
the specimen is wound onto the rotating clamp or clamps. The instantaneous speed of separation of the
effective ends of the specimen, v, is given by

v=(m1+a))r (13)

where @, and @, are the angular speeds of the rotating clamps and r is the radius of the rotating clamps,
assuming no slippage of the specimen with the rotating clamps.

© 1SO 2005 - All rights reserved 9
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In the case o

NOTE

f type B instruments, @, = 0.

For type A instruments, the angular speeds w; and ®, need not be the same.

The speed of separation can also be written as

v=0llot

(14)

Thus, by using the definition of Hencky strain rate given in Equation (2), the strain rate in the specimen of
effective length [, is given by

8.:(0)1 2y (15)
/o

Thus, for an fnstrument with a clamp that is rotating at constant angular speed (or clamps rotating ‘at corjstant
angular spe€gds), the strain rate is constant.
NOTE The specimen length may change with force due to the compliance of the force transducer, thereby affecting
the uniformity pf the strain rate.
The strain ¢|is determined as the integral of the strain rate with respect to time and, as the strain rate is
constant, is given, using Equation (7), by

8:(0)1+—0)2)I‘t (16)

lo

The net tengile stress is given by Equation (11) and the tensile’ stress growth coefficient by Equation| (12),
substituting fpr strain rate as appropriate.
8.2.3 Analysis for type C and D instruments (translating clamps)
In the case [of translating clamps (type C and-Diinstruments), the speed of separation of the ends ¢f the
specimen, v({i.e. of the clamps) is given by

V= V1 + V2 (1 7)
where 7, andl 7, are the speeds of'the individual clamps.
Using Equatipns (8) and (14);

V1+V2 =106"eét (18)
where [, is the original specimen length.
Thus, for a specifiedconstantstrainrate; thesumof the vciuuity plufiica ofthe bidlllpb asafunctionoftime is

defined. For a specified constant strain rate, the strain is given by Equation (7), the net tensile stress by

Equation (11

In the case o

10

) and the tensile stress growth coefficient by Equation (12).

f a single translating clamp (type D instrument), then 7, = 0.

© ISO 2005 — All rights reserved
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Precision

The results of an intercomparison of stretching methods made in 1998 [3] comprising six laboratories indicated
that the variation in tensile stress growth coefficient values was up to approximately + 60 %. Measurements
were performed mainly over a strain rate range of 0,01 s=! to 1 s, and measured tensile stress growth
coefficient values were predominantly in the range 5 x 104 Pa-s to 3 x 106 Pa-s. The variation in peak tensile
stress growth coefficient values was up to approximately + 100 %. A high-density polyethylene that was stable
at 190 °C for in excess of 2h was used as the intercomparison material. Samples of the material were
provided to each of the participants, who produced their own specimens. Measurements were made at 150 °C

and

NOT

190 °C.

E

which| the variation is greater due to the resolution of the measuring equipment being insufficient for reliabl

of the
which

were

An analysis of the uncertainties of transient extensional viscosity measurements is(presented in A

10
The
a)

b)

0)
p)
q)

nvolved in the intercomparison.

[est report

st report shall include the following information, as applicable:
reference to this International Standard;
e reference number of the test;
e date of the test;
operator identification;
Il details necessary for identification of'the material tested,;
le test specimen dimensions;
details of any pretreatment ofthe material and of the method of preparation and loading of th
details of the instrumentused;
the set value for the test temperature, in degrees Celsius;

details of the €quilibration time and any pre-conditioning of the specimen;

e duration/of thermal stability, in seconds;

etest duration, in seconds;

ow strains for
measurement

low forces generated. Measurement errors will be strongly dependent on the magnitude of the force t¢ be measured
in turn, will be strongly dependent on the strain. The values quoted are indicative of the various in

Struments that

nnex B.

b specimen;

the clamp speeds;

any of the following, presented as functions of strain, strain rate, temperature and time, as required:

the net tensile stress, in pascals,

the tensile stress growth coefficient, in pascal seconds;

details of any corrections applied to the data;

any visual observations of premature failure or degradation of the specimen;

any test conditions agreed on that deviate from this International Standard.
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Annex A
(informative)

Checking for swelling of specimens due to immersion in silicone oil

or other fluids

Assessment of the effect of the i |mmerS|on time on the measured propert|es of a polymer can be carried out by

Methods for
mass and di

properties of

The mass, 0
the method

test tempers
specimen to
there any ne
the silicone ¢
the specime
remeasured.

However, thg mass of the specimen may increase saolely due to the residual silicone oil on its surface, 1

than to oil be
in cold silico
specimen inf
silicone oil o
used to corre

The mass, o
whether imm
temperature

ssessing the effect of the immersion fluid on the specimen also include the méasurement
ensions. However, these methods do not identify the effect of the immersion-on the extengi
properties off the specimen. A measured change in the dimensions or mass may bé\yan indication that the

the specimen may be affected.

dimensions, of a specimen at room temperature are measured, ‘as appropriate, dependi
o be used. The specimen is then subjected to immersion in silicone oil (or another fluid)
ture for a period equivalent to the full duration of the test,“including the time taken fg
equilibrate at the test temperature. The specimen is not subjected to extensional testing,
ed to clamp it in place. The specimen, after immersion<fer the set period, is then removed
il and dried. Solvents should not be used to remove-any traces of silicone oil from the surfa
h as these themselves might affect the specimen.“Fhe specimen mass, or dimensions, is

ing absorbed. To check and correct farthis, if necessary, a similar specimen is weighed, p

g on
t the
r the
nor is
from
ce of
then

ather
aced

ne oil and removed immediately afterwetting. It is then dried, using the same method as for the

mersed for the full test durationf and reweighed. Any difference in mass is due to trac
h the specimen that cannot be removed by the drying procedure used. This difference shou
ct any increase in mass of the:specimen immersed in oil at the test temperature.

I dimensions, prior to immeérsion and after immersion are compared and can be used to a
ersion affected the speecimen. An increase in specimen mass due to immersion in oil at th
s an indication of-absorption of oil by the specimen that may affect its measured performang

Changes in
specimen h
example du

12

es of
Id be

ESEss
b test
e.

he dimensions-of the specimen resulting in an increase in volume is also an indication that the
s absorbed\0il. However, changes are likely to occur in the dimensions of the specime
to relaxation of any stresses frozen into the specimen during production of the material.

h, for
Thus

The
imen
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Annex B
(informative)

Uncertainties in transient extensional viscosity testing

Introduction

Due {o the considerable stretching that a specimen normally undergoes during testing, particularly
high |strain values, there is a very significant decrease in the cross-sectional area (of-th

acco
incre

partid

An e
for a
equa
given
other

B.2

The
partic
sourg

wher
unce

The
confi
expa
equiv
the v

bse in the uncertainty of the measurements. To understand and quantify the level.of confide
can put in the accuracy of the results obtained, it is important that the uncertainty.in"the meas

n extensional rheometer having a single rotating clamp and a fixed‘clamp, i.e. a type B ins

panied by a similarly large decrease in the measured force. As a consequence, .there is

ular that due to the accuracy and resolution of the force measurement, are known.
ample of an analysis of the uncertainties in transient extensional vis¢esity measurements
ions can be used to calculate the uncertainties in the derived tensile stress growth coeff|

the uncertainties in each of the components of the measurement. Similar analyses can be g
instrument configurations by following the principles presented.’For further details, see Refg

Uncertainty analysis — General
ombined uncertainty u(y) of the measurand y, (the quantity to be measured) can be determ

es are uncorrelated, the combined uncertainty u.(y) can be computed using the root sum sq

o(y)= ,/Z[cium)]z
i=1

e ¢; is the sensitivity coefficient (partial derivative) associated with an input quantity x;, an
tainty in that quantity.

combined uncertainty uq(y) corresponds to one standard deviation and therefore has a
lence level of)approximately 68 %. Assuming a normal distribution, then it can be assu
nded uncertainty U for a 95 % confidence level can be determined using a coverage fac
alent to.2.standard deviations). The relative uncertainty is the ratio of the uncertainty in the
blue of the parameter.

on reaching
e specimen,
a significant
nce that one
urements, in

is presented
trument. The
cient values,
arried out for
rence [5].

ned from the

| derivatives of the function and the uncertainties in the parameters. Assuming that individual uncertainty

ares:

(B.1)

d u(x;) is the

h associated
med that an
tor of 2 (i.e.
parameter to
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B.3 Analysis of the uncertainties in the measurement of transient extensional
viscosity

Given the expression for transient extensional viscosity 7z [Equations (12) and (16) with @, = 0; the subscript
“1” of @y has been dropped for clarity]:

ort
lo

Flye
S (B.2)
Aoa)r
then the sen >itivity coefficients C;are givcll Iuy
%)
lo
one _ loe (B.3)
dF Aoa)}”
(%)
1 lo
Ore _ Frlo® (B4)
aAO AO wr
(%) eli)
_ello lo
one _ flo e , ore (B.5)
or Aoa) r2 10}"
) %)
o _allo Io
onEe _ lo e + rte (B.6)
ow Aor w2 loa)
wrt
() ool®)
ong _ | F ol lo ) _orte (B.7)
610 Aoa)r 10
wrt
0 re o
one _ 4 (B.8)
ot Zh

The combined relative uncertainty in the tensile stress growth coefficient values is evaluated as
2 2 2 2 2
Upe :(8775 u_FJ L[ 976 "4 +(6775 u_r] +[6UE u_wj
e oF  ng 04o e o ng do g

2 2
one Mo +(577E “_rJ
ol ne ot ne (B.9)

where the partial derivatives are given by Equations (B.3) to (B.8).
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In a similar fashion, the combined relative uncertainty in strain rate is given by

N2 2 2 (4 )2
(L«ej :(”_wj +(”_rj J{ij (B.10)
£ 1) r lo

and that for strain by

2 2 2 2 (4 )2
(”_ej :(”_wj +(“_rj +[”_t] J{AJ (B.11)
&£ 1) r t lg

The yalues of the terms in the above uncertainty equations, except for the force terms, are relatively easy to
determine. The difficulty with the force term is that the force decreases considerably at high-strain values and
thus the relative uncertainty in the force will increase significantly as the test progresses” To determine the
effect of its contribution to the combined uncertainty in the determination of the transient extensipnal viscosity
valugs, further analysis, presented below, is required.

The force F supported by the specimen during testing is given by
F=o0gA (B.12)

wherg 4 is the cross-sectional area of the specimen and o is the’net tensile stress. Using the dgfinition of the
tensile stress growth coefficient 7* (see 3.4), then Equation (B:12) becomes

= ngtéd (B.13)

or, uging Equations (6), (9) and (16),

—a)rtj
F:nEJ’g'AOe( lo (B.14)

Assuming that the transient extensional viscosity as a function of time can be fitted reasonably| well using a
powgr law model (see Figure B.1);.then the equation of a straight-line fit to the data is of the form

og(n7g ") = mlogt +log(nEo") (B.15)

wherg 7" =7ng o ~att=1sand g o and m are constants.

Equation (B.15).can be rewritten as

ES =g 1" (B.16)

The force over the test duration is thus approximated by

[wrt]
F=ng o t"édget (B.17)

Given the values of nE,OJ' and m, the force F can be determined as a function of time and, assuming that all
strain rate data fall on the same master curve (see Figure B.1), also as a function of strain if one ignores any
additional strain-hardening phenomenon. Thus the relative uncertainty in the force F, given the decreasing
magnitude of the force at high strains, can be reasonably accurately determined.
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