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ABSTRACT

This report presents the results of an intercomparison of extrudate swell measurements of
a polyethylene melt using I:apillary extrusion rheometers. The measurements have been
made using a variety of ma1~s of capillary extrusion rheometer and methods for measuring
the dimensions of the extnldate. The measurements were carried out as part of a larger
round robin on the measure:nent of shear viscosity and entrance pressure drop values based
on ISO J.1443 Plastics -DetE~rmination of the fluidity of plastics using capillary and slit die
rheometers. The various te ::hniques that were used are described and the extrudate swell
results obtained are compar~d. Recommendations are made for the improved specification
of the measurement of extnldate swell presented in ISO 11443.
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INTRODUCTION

1.

This report presents the re~,ults of an intercomparison of extrudate swell measurements of
a polyethylene melt using capillary extrusion rheometers, based on the international standard
ISO 11443 Plastics -Deterrnination of the fluidity of plastics using capillary and slit die
rheometers (1). This WOI k has been undertaken as part of the MTS programme on
processability, 'Project PMP5, Polymer Moulding Models: The Determination of the elasticity
of polymer melts',

An earlier report by Rides ~:2), prepared as part of this research programme, indicated that
industrialists were keen to employ the method of extrudate swell measurement using a
capillar)r rheometer. The extrudate swell technique is particularly appropriate for
characterising materials as it closely mimics the process of extrusion. In rheological testing
it is desirable to use a test Inethod that mimics as closely as possible the process for which
the data are required. Ho\o\ever, the repeatability and reproducibility of this technique has
been questioned. This mten:omparison has been carried out to improve the understanding
of this measurement techJ1ique and to improve the specification for extrudate swell
measurement that is currently in ISO 11443.

The measurements were made using a variety of makes of capillary extrusion rheometer and
various techniques and prc,cedures for measuring the dimensions of the extrudate. The
measurements were carried out as part of a larger round robin on the measurement of shear
viscosity' and entrance preSS"lre drop values based on ISO 11443. The various techniques that
were used in this intercomp,irison are described and the extrudate swell results obtained are
compared. RecommendatiO]lS are made for the improved specification of the measurement
of extrudate swell for ISO 11443.

E:XTRUDATE SWEI.L MEASUREMENTS

2.

All tesru1g was based on thl~ ISO standard 11443 Plastics -Determination of the fluidity of
plastics using capillary and slit-die rheometers. Results are presented for measurements
made on a high density polyethylene (NPL reference HFUOOO, round robin reference material
A) at two temperatures, 19C °C and 210 °C. Five laboratories took part using four different
capillary rheometer makes, ]\amely: C.B.E. RACER, Gottfert 2002, Rosand RH7-2C and Toyo
Seiki Seisaku-sho Caprio GIaph lC. Details of the instruments and the conditions used are
presented in Table 1. The stmdard ISO 11443 defines two principle methods for performing
extrudate swell measuremeIrts. The broad principles of the two methods are summarised as
follows:

Method 1

The extflJdate sample is reff.oved from the rheometer after extrusion and allowed to cool in
a suspended state in air tCt room temperature. Its diameter is then measured using a
micrometer.

Method 2

The extrudate diameter is Dleasured below the die exit during extrusion by use of a non-
contacting photographic o~ optical measuring instrument. Measurements are made
preferably at a distance of 10 mm below the die exit, although other distances may be used.

Full spe<:ification of the methods is given in ISO 11443(1). In this study two laboratories
employed method 1. The r~maining three laboratories employed method 2, each taking
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measurements of the extrudate diameter at a different distance from the die exit. Extrudate
swell measurement method 2 is considered to be more suitable for automation.

3.

RESULTS AND DISCUSSION

Extrudate swell results obtctined using method 1 with dies of different length but of the same
diametE!r of 1 rom and at 190 °C are compared in Figure 1. The extrudate swell increased
with in(:reasing apparent shear rate where the apparent shear rate is defined as 4Q/1tR3 and
were Q is the volume flow rate and R is the radius of the capillary die. The effect of die
length on extrudate swell is clearly demonstrated despite the relatively high scatter in results.
The use of a longer die resulted in less extrudate swell. The same trends were also exhibited
using method 1 at 210 °C, figure 2. Equivalent results obtained using method 2 at 190 °C
and 210 °C are shown in Figures 3 and 4 respectively and include results obtained using
2 rom diameter dies. The behaviour as measured using method 2 was qualitatively broadly
similar to that using method 1. However, significant differences are apparent between the
two setf; of results, particululy in their magnitudes, and these are discussed further below.

It was noted that for the extrudate swell measurements at 210 DC made by laboratory 18 the
values of extrudate swell decreased above an apparent shear rate of 100 S-1 whereas values
obtained by other laboratories exhibited an increasing trend, Figure 4. However, the results
obtained by all the laboratories at 190 DC all exhibited the same trend of increasing extrudate
swell w:ith increasing apparent shear rate, Figure 3. The main difference in the measurement
techniques between laboratories 7, 8 and 18 is that laboratories 7 and 8 made measurements
70 mm and 60 mm be1Jw the die exit respectively, whereas laboratory 18 made
measurements at 10 mm below the die exit. A possible explanation of this difference in
behaviour is that the melt eKtrudate undergoes a delayed swell effect on exiting the die, this
effect bE!ing associated wi&: flows in which the inertia is significant -that is in cases where
the viscosity is low and extrusion rate is high. As a consequence of the delayed extrudate
swell the diameter of the extrudate may reach a maximum at more than 10 mm from the exit
of the die, the distance frOItl the die at which the extrudate reaches its maximum diameter
being, ill part, a function oj: the extrusion rate.

The effect on results obtainE!d using method 2 of the distance below the die exit at which the
measurements are made has not been systematically evaluated in this work. However,
comparison of the results obtained by laboratory 18 with those of laboratories 7 and 8
indicate that the extrudate :;well was smaller for laboratory 18, for which the measurement
distance was 10 mm, than j:or laboratories 7 and 8 for which the distances were 60 and 70
mm respectively, figures 5 and 6. For laboratory number 8 is was not possible, using existing
equipment, to carry out me.lsurements at 10 mm below the exit of the die due to the design
of the rheometer. More importantly, it may be undesirable to measure at 10 mm below the
die exit as this may have a detrimental effect on the ability to control the temperature along
the length of the die and up to the die exit. The contraction ratio from the barrel to the die
was also smallest for laboratory 18 (Table 1) and this might also contribute to the lower die
swell.

To aid comparison of the re:;ults obtained by the various laboratories the values of extrudate
swell at an apparent shear rate of 300 S.l have been determined by interpolation of the data
presented in Figures 1 -4. These values are presented in Table 2. A value of 300 S-l was
chosen because all laboratories had results that either were at or spanned this apparent shear
rate value. Extrudate sweUl results at an apparent shear rate of 300 S-l and at 190 °C and
210 °C have been plotted as functions of die length and diameter, Figures 5 -8. There is a
consistent difference in extrudate swell values between the two method with method 1 giving
higher values than method 2, Figure 5 and 6. This difference appears to be greater when
using short length dies. The trend of decreasing extrudate swell value with increasing die
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length u; clearly exhibited at both test temperatures and using both methods, Figure 5 and
6. However, the results inclicate that the effect of die diameter, for a given apparent shear
rate, is not so significant on ,~xtrudate swell values, Figures 7 and 8. For method 2, the values
obtainecl using 2 mm diame1:er dies were similar to those obtained using 1 mm diameter dies.
This m2lY be because the area contraction ratios from the barrel to the die were not
significantly different as the 2 mm diameter die was used in conjunction with a 25 mm
diameteJr barrel.

The resl,;tlts presented in Figures 5 and 6 at an apparent shear rate of 300 S.l have been used
to compile Table 3 that eummarises the effects of method, die length/diameter and
temperature on extrudate svfell values. Due to the variations in measurements observed and
as reported above, only gen~ral trends can be derived from the data. Allowing for this then
the following trends were deduced on the basis of all the results presented.

.

1he percentage extn.date swell values measured in method 1 tests were in the range
65 -135% at 190 DC cmd 55 -135% at 210 DC where the values varied as functions of
apparent shear rate imd die dimensions. For method 2 the values were in the range
30 -90% at 190 DC aJ\d 45 -95% at 210 DC.

.

For both methods 1 and 2, extrudate swell values were approximately 5 -15% greater
at 210 °C than at 190 °C.

.

P.t 190 °C extrudate s';.yell values increased with shear rate by approximately 10% over
t11e apparent shear rclte range 10 -100 s-\ and by approximately 10% over the range
1130 -1000 S-1. At 210 °C extrudate swell values increased with shear rate by
a:pproximately 5 -10"(0 over the range 10 -100 S-1, and by approximately 5 -10% over
tl1e range 100 -1000 s-1.

.

The die length to diclffieter ratio had a significant effect on extrudate swell values.
There was an increa~ie in extrudate swell of approximately 50% in changing from a
die of length to diarrleter ratio of 20/1 to 5/1.

.

A.t an apparent shE~ar rate of 300 S-1 method 1 extrudate swell results were
approximately 25 -30% greater than method 2 results.

The differences in results be1:ween methods 1 and 2 are considered to be consistent with the
additioniu time for relaxation and thus increased swelling that occurs when testing in
accordance with method 1.

In earlier work by Rides and Allen (3) using method 2 it was concluded that the use of entry
cones reduced the scatter in :,well results, enabled measurements to be made at higher shear
rates as it delayed the onset of melt instabilities, and had no significant effect on the
magnitude of the swell. Al:;o, scatter was reduced by using longer dies and higher shear
rates. However, these last t\'(O factors also affect the magnitude of the swelling as indicated
above.

CONCLUSIONS4.

The following conclusions are made based on the above reported work and indicate how
improved and hence more valuable measurements of extrudate swell can be made:

.

Using the specification given in ISO 11443 for the measurement of extrudate swell a
wide range in values for extrudate swell can be obtained depending on the technique
aI\d testing conditions used.

3
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.

'The most significant test variables in determining extrudate swell for a typical range
I)f testing condition:; are extrusion rate and die length.

.

'The results presentE!d above indicate that data generated using method 2 may have
]less scatter than those using method 1. Scatter can be reduced by using longer dies,
1;maller diameter dil~s (for a given extrusion rate) and entry cones although the first
l:wo have a signific~tnt effect on the magnitude of the swelling.

.

'rhe distance from tile die exit at which measurements are made using method 2 and
the contraction ratio from the barrel to die may have significant affects on results.
'rheir effects needs 1:0 be investigated further.

.

]~or valid compariscln of results obtained on different materials it is necessary that
tests are carried out using the same procedure, geometries and testing conditions.

5. RECOMMENDATIONS FOR REVISION OF ISO 11443 FOR EXTRUDATE SWELL
l\o1EASUREMENTS

It is recommended that the standard ISO 11443 should be revised to take into account these
,. Y -.

a) E,pecification of the !:lie geometry, ie single values of length and diameter that shall
be used,

b) s,pecification of the (ipparent shear rate(s) at which measurements shall be made;

c) improved specificatilon of the distance between the die exit and the measurement
position.
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Table 1 Specification of the instrument and method used by each of the laboratories

LabIRheometer
No;

I 

DieI 

length,

mm

ID~ntry i

geometry I

degree

Measurement
technique

7 ~RosandRH7-2C 15 1 16

180

method 2,
IR optical gauge, 70
rom below die

BICBE Racer special 25 2 10
30
40
5
10
20

5

180 method 2,
laser micrometer,
60 mm below die

9 I Gottfert 2002 12 1 180 method 1,
vernier calliper

11 IGottfert 2002 12 1 180 method I,
micrometer

-18 'TS~; CapiiO Graph lC- 9.55 1 5
10
20

180 method 2,
laser micrometer,
10 mm below die

Table 2 Extrudate swell results at an apparent wall shear rate of 300 S-l.

Barrel I
I

diameter, mm
Die length, mml Die

diameter,
mm

Extrudate swell
% at 190°C

Extrudate swell
% at 210°C!

Lab l'.Jo

(and
test me1:hod
Ml or :\-12)

~

; 7 (M:2)

1-8~~
1-8(M~
!!8(M~ -

18 (M2)-
18 (M2)-
18 (M2)-
9 (M:L)-
9 (M:L)-
9 (M:L)I--U(M~ 

!

15
25
25
25

9.55
9.55
9.55
12
12
12
12

16
10
30

40
5

10

20

5

10

20

5

62

74

56

75
85
57

61
89
65
57
115

77

58

52

105
85

70

115

1

2

2

2

1

1

1
1
1

1

1
75

5
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Table 3 Approximat~ extrudate swell values taken from curves drawn for data
obtained at :~OO S-l.

Method 1

Die ratio,
length / capillary

(liameter
Temperature Extrudate swell, %

20/1-
5/1-

difference-
20/1-
5/1-

difference

70

105

35

75

115
40

1 SID DC

210 °C

Method 2

Die ratio,
length / capillary

(liameter
Temperature Extrudate swell! %

20/1-
5/1-

difference-
20/1-
5/1-

difference

52

77

25

57

89

32

190 DC

210 °C

Difference between Methods 1 and 2

Die ratio,
length / capillary

diameter

Difference in extrudate swell,
method 1 -method 2Temperature

20/1

5/120/1

5/1

18
28

18
26

190 °C

210 °C

6
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