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ABSTRACT

The results of an extensive round robin on the measurement of shear viscosity and entrance
pressure drop using capillary extrusion rheometers for a high density polyethylene (HDPE)
and a glass-fibre filled polypropylene (GFPP) melt are reported. The round robin was based
on the use of the standard ‘ISO 11443 Plastics - Determination of the fluidity of plastics using
capillary and slit-die rheometers’. A precision statement for inclusion in the standard has
been proposed.

In summary, the repeatability of measurements of shear viscosity of HDPE and GFPP was
in the range 20 - 24%, and the reproducibility 27 - 35% (95% confidence levels quoted). The
repeatability of measurements of extrusion pressure was in the range 20 - 38% and the
reproducibility of measurements of entrance pressure drop 42 - 56%. In all cases GFPP had
values that were at the upper end of these ranges whereas HDPE had values at the lower
end. Analysis of the uncertainties in the measurement method, using the specification of the
standard, indicated that the uncertainties were in the range 2.5 - 19% depending on the test
conditions used. The analysis indicated that a potentially large contribution to the
uncertainty level was due to the pressure transducer which, if used in the lower part of its
range, could contribute significantly to the overall level of uncertainty.

These findings have significant implications for testing using this method, whether to
compare data obtained on the same instrument for quality control applications, or to compare
data obtained on the same material but using different instruments, or using the data for
predictive modelling.
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1 INTRODUCTION

This work was undertaken as part of the Department of Trade and Industry Engineering,
Automotive and Metals Division’s (EAM) programme on processability, Projects PMP4 on
‘The determination of the viscosity of polymers as a function of cure, temperature and
pressure’, and PMP5 on ‘The determination of the elasticity of polymer melts’. These projects
are two of a wider range of projects on the processability of materials funded by the EAM.

The aim of this inter-laboratory comparison was to quantify the repeatability and
reproducibility of the measurement of shear viscosity and entrance pressure drop of molten
polymers using extrusion rheometers. This intercomparison would provide the necessary
information to develop a precision statement for inclusion into the standard ‘ISO 11443
Plastics - Determination of the fluidity of plastics using capillary and slit-die rheometers’ (1),
and also to provide recommendations for the further development of the testing procedure
of that standard. Currently, the standard contains a precision statement based on a limited
intercomparison that was not carried out on the basis of the standard: the standard was
drafted after that intercomparison. The repeatability and reproducibility of shear viscosity
values were quoted in the ranges 5 - 10% and 10 - 20% respectively although no traceable
reference is made to the intercomparison and insufficient details are presented to base
judgements reliably on these values (even to the extent that it is not stated that the presented
values are 95% confidence levels rather than one standard deviation values). Furthermore,
no values for entrance pressure measurements were presented. A recent intercomparison
based on the ASTM D3835 (2} yielded repeatability values for shear viscosity in the range 1.8
- 21% and reproducibility values in the range 11 - 49% (95% confidence limits) with the
values decreasing within the stated ranges as the shear rate increased. Bafna (3) also
presented repeatability results for two capillary rheometers and obtained maximum standard
deviations of 8% (35% confidence of 22.4% assuming a factor of 2.8) for a HDPE at low shear
rates.

Shear viscosity data are commonly used in quality control applications and also increasingly
in flow simulation for mould and process design. Although the use of entrance pressure
drop data has been ongoing for many years (4-7), for example for qualitative applications,
its use for providing data for flow simulation is in its infancy and there is a need to quantify
the repeatability and reproducibility of the measurement method.

2 ISO STANDARD

2.1 SPECIFICATION OF STANDARD

The intercomparison was based on the use of the standard ‘ISO 11443: 1995 Plastics -
Determination of the fluidity of plastics using capillary and slit-die rheometers’ (1). This

standard specifies the following tolerances for the measurement of the properties of shear
viscosity and entrance pressure drop of plastics.

Capillary rheometry standard 1ISO 11443 specification:

Capillary die length, L: + 0.025 mm
Capillary die diameter, D + 0.007 mm
Barrel diameter Dy % 0.007 mm
Pressure measurement, I +1% fs.d
Flow rate measurement, O +1%
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Temperature measurement 8: spatial +1°C for 8 £ 200 °C
% 1.5°C for 200°C < 6 < 300 °C
£ 2°C for 8 > 300 °C

Temperature measurement 8: temporal  + 0.5 °C for 6 < 200 °C
%1 °C for 200°C < 8 £ 300 °C
% 1.5 °C for 6 > 300 °C

Limit of variation in extrusion pressure with time due to degradation effects etc + 5%.

2.2 UNCERTAINTY LIMITS OF TESTING

The uncertainty in the determination of the shear viscosity 1 was calculated using the
equation

4

D
- © __ [P-AP_] [1]
32LV, D;

where AP, is the entrance pressure drop, V, is the piston velocity (proportional to volume
flow rate) and other terms are as defined above (also see Appendix 1). This expression is
used to calculate shear viscosity values that are corrected for entrance pressure effects but
not for the effect of a non-Newtonian velocity profile, the correction for which is commonly
known as the Rabinowitsch correction (9, 10). The effect of applying the Rabinowitsch
correction on the level of uncertainty is assumed to be small (see Appendix 1). The
uncertainty in the shear viscosity U, is thus given by the equation

) i 2 2, 2
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where the fractional uncertainty of each of the terms is given as the quotient of the
uncertainty in the value of the parameter (lower case) to the absolute value of the parameter
(upper case). The subscript ‘., indicates the entrance pressure drop and ‘fd” indicates the
fractional uncertainty due to degradation effects (see Appendix 1). Other terms are as
defined above and also in Appendix 1. For testing based on the specification of ISO 11443
and using a capillary die of 1 mrn diameter and 20 mm length, a rheometer with a 10 mm
diameter barrel and the further assumptions presented below, then the uncertainties in the
measurement of shear viscosity are given in Table 1. The uncertainties in the measurement
of extrusion pressure I’ and entrance pressure drop AP, were taken to be the same, that is
1% of the full scale range of the pressure transducer, but it was assumed that the magnitude
of the entrance pressure drop was one fifth of that of the extrusion pressure. The significant
effect of utilising the pressure transducer in only a part of its range is clearly shown in Table
1.

In determining the uncertainty values in the measurement of shear viscosity where
degradation may occur it was also assumed, in accordance with the standard, that testing is
carried out over a time period during which the extrusion pressure (and hence viscosity) may
change by no more than 5%. The uncertainty values calculated assuming a 5% effect of
degradation are also shown in brackets in Table 1.

2
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Table 1: Uncertainties in measurement of shear viscosity expressed as percentage values

Temperature || Temperature Uncertainty in viscosity measurement due to use of
dependence erTor, only part of range of pressure transducer and
of viscosity, *+°C excluding degradation effects
%/°C (values in brackets includes 5% factor, fd,
due to degradation), %
using using using using
100% f.s.d | 50% fsdof | 20% fs.d 10% f.s.d
of pressure pressure of pressure | of pressure
transducer | transducer | transducer | transducer
0 - 2.5 (5.6) 3.9 (6.4) 9.0 (10.3) 17.8 (18.5)
1 1 2.7 (5.7) 4.1 (6.4) 9.1 (10.3) 17.8 (18.5)
1 1.5 2.9 (5.8) 4.2 (6.5) 9.1 (10.9) 17.8 (18.5)
3 1.5 51(7.2) 6.0 (7.8) 10.1 (11.2) | 18.3 (19.0)

Obviously the uncertainties in measurement of shear viscosity are related to the temperature
dependence of the material being tested. For the HDPE and GFPP materials used in this
round robin it was estimated, based on measurements made at different temperatures, that
the temperature dependence of the viscosity was of the order of 1 %/°C.

These uncertainties do not take into account errors due to application of the Rabinowitsch
correction for the effect of the non-Newtonian velocity profile, viscous heating and pressure
dependence of viscosity. These factors will all increase the level of uncertainty of the
measurements and the reproducibility of results particularly when different testing conditions
are used to obtain viscosities at similar shear rates, for example by using different die
dimensions.

3 EXPERIMENTAL TECHNIQUES
3.1 PARTICIPANTS

The participant in the round robin were:

BICC Cables Ltd, UK

CamnauldMetalbox plc, UK

Cookson Technology Centre, Cookson Group, UK
Dynisco Europe GmbH, GERMANY

Ecole des Mines de Douai, FRANCE

Elf Atochem, FRANCE

EniChem Research Centre, ITALY
Gebriider Haake GmbH, GERMANY

ICI Materials, UK

Moldflow Pty. Ltd., AUSTRALIA

Montell Polyolefins, ITALY

National Physical Laboratory, UK

PCD Polymere Ges.m.b.H, AUSTRIA
Rapra Technology Ltd, UK

Renault S.A., FRANCE

Rhone-Poulenc Industrialisation, FRANCE
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Rosand Precision Ltd, UK

Solvay Polymers Technical Centre, USA
Solvay SA, BELGIUM

Toyo seiki Seisaku-Sho Ltd, JAPAN

3.2 TEST MATERIALS

Two materials were selected for testing in the round robin, an unfilled high density
polyethylene (HDPE: material A, NPL reference HFU000) and a glass fibre filled
polypropylene (GFPP: material B, NPL reference HFQ000). Both materials were commercially
available. All samples were supplied to the participants by the National Physical Laboratory
(NPL). The HDPE material was the same as that used in a round robin on parallel plate
oscillatory rheometry (8).

3.3 PROCEDURE

Twenty laboratories participated in the round robin using the instruments listed in Table 2.
Instructions detailing the testing procedure to be used and specifying the results and testing
information to be provided by the participating laboratory were sent to all participants along
with samples of the materials.

Table 2: Instruments used by each of the laboratories indicated by reference number.
Laboratory No. Rheometer manufacturer
and model
] CBE ACER 2000
2 Rosand RH7-2!
4 Rosand RH7'
5 Rosand RH7'
6 Rosand RH7-2!
7 Rosand RH7-2C!
8 CBE RACER
9 Gottfert Rheograph 2002
10 Gottfert Rheograph 2002
11 Gottfert Rheograph 2002
13 Gottfert Rheograph 2002
15 Kayness Galaxy V
16 Gottfert Rheograph 2001
18 Tovo seiki Capiro Graph 1C?
19 Gottfert Rheograph 2002
20 Scientific Vimeg®
21 Gottfert Rheograph 2001
23 Haake Torque Rheometer Rheocord 9000
with single screw extruder
24 Gottfert Rheograph 2001
26 Modified Boy injection moulding-machine’
Notes ': Single barrel, twin bore design.

Load cell above piston design.
Used with slit die and capillary die configurations.
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4 RESULTS AND DISCUSSION
4.1 GENERAL

Results are presented for the two materials: the polyethylene (HDPE) at 190 °C, Figures 1 -
8, and the glass fibre filled polypropylene (GFPP) at 230 °C, Figure 9 - 16. Results of shear
viscosity, extrusion pressure and entrance pressure drop measurements are presented. All
shear viscosity values were corrected for entrance pressure drop and non-Newtonian velocity
profile (Rabinowitsch correction (9, 10)) by the laboratory that performed the testing. Results
that were obtained whilst melt fracture occurred were discarded.

4.2 SHEAR VISCOSITY - REPEATABILITY AND REPRODUCIBILITY

Shear viscosity data for HDPE and GFPP are presented in Figures 1 and 9 respectively. The
results for GFPP exhibited greater scatter than for HDPE. For example, the results from
laboratories 20 and 24 were excluded from the analysis of GFPP data on the basis of their
being outliers. For GFPP the data presented in Figure 10 were used in subsequent analyses
presented below.

The shear viscosity data were fitted using a second order model of the form
logn = A+ Aplog ¥+ A'yllog ¥ P + A0 + A8 + A’ 8;log ¥ [3]

where 7 is shear viscosity, A', A’ A’y Ay, A’y and A’ are constants, 8 is temperature
and ¥ the shear rate. For fitting data obtained at a single temperature, as required herein,
equation [3] reduces to

log 1 = Ay + Alog 7+ Ayllog 7 IF [4]

A statistical software package, Fig.P (13), was used to determine the least squares fit of
equation [4] to the data. This empirical model is used in commercially available flow
simulation software (11, 12) and provided a reasonable fit to the data, Figures 1 and 10. The
use of logarithmic values reduced the dependence of the fit to the high shear viscosity end
of the data set. The fit of equation 4 to the data yielded the values of the parameters given
in Table 3 for the two materials, with 95% confidence levels of the values presented in
brackets.

Table 3: Fit of the second order viscosity model to shear viscosity data
Log (shear viscosity) versus Log(shear rate) fit using equation 4.
Material, temperature PE, 190 °C GFPP, 230 °C
Ag 3.9121 3.4768
(0.0386) (0.0544)
A10 '0.03]6 _0-3832
(0.0356) (0.0500)
Agg -0.0651 -0.0550
{0.0077) (0.0104)
r 0.9924 0.9923
Note :  ris the correlation coefficient and therefore r? the coefficient of determination.

95% confidence values for Ay, Ay and Ay presented in brackets.
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This fit was then used to scale all the viscosity data from the laboratories, Figures 2 and 11
for HDPE and GFPP respectively. The scaled viscosity data showed no clear trend of either
increasing or decreasing scatter in values with increasing shear rate, Figures 2 and 11. The
scaled data were then used to determine repeatability and reproducibility values. Detailed
analysis, carried out in accordance with reference 14 (also see Appendix 1) yielded mean,
standard deviation and 95% confidence values for each laboratory, Tables 4 and 5 for HDPE
and GFPP respectively. The analysis also yielded overall repeatability and reproducibility
values for the measurement of shear viscosity, Table 6. For the reproducibility of
measurements the values obtained independently using the curve fitting package Fig.P are
also presented in brackets in Table 6 for comparison.

Table 4: Analysis of shear viscosity data per laboratory for HDPE at 190 °C

Laboratory | | 4 | s | o | 7 | g | o |11 |13]|15]|18|19|20]|2|23]|326]|2
number cap | slit

Numberof | 43 | 14| o |36 |16 |5 |10| 7|7 |1n|21| 8 |27] 9|30 18]
measurements

Mean 0.978] 1.009|1.113|0.970| 1.055| 1.090|0.978( 1.032| 1.171 | 1.081 | 1.036| 1.003| 0.868| 1.029|0.993 | 1.040|0.924

Maximum value| 1.022| 1.226 | 1.364 | 1.049| 1.200 | 1.161 | 1.066( 1.101| 1.255| 1.185|1.161 | 1.073|0.940| 1.105|1.180( 1.697|0.993

Minimum

value 0.931|0.673|0.980|0.834|0.774| 1.057| 0.908 | 0.980| 1.088 | 1.032(0.942 | 0.954| 0.834 | 0.968(0.917| 0.97%|0.830

3:‘:::::; 0.032|0.173|0.108| 0.045|0.115| 0.037|0.053 | 0.044 | 0.057| 0.052 | 0.048 | 0.041| 0.026 | 0.042| 0.071 | 0.035| G.061

95% confidence | 0.073| 0388|0264 | 0.094(0.2534| 0.116(0.125|0.117| 0.152| 0.122|0.103 (0.103|0.054 | 0.104 | 0.147 | 0.076 | 0.148

Table 5: Analysis of shear viscosity data per laboratory for GFPP at 190 °C
Laboratory 2 3 & 7 8 9 10 11 13 15 18 19
number
Number of 7 11 9 49 6 10 6 16 1 12 30 9

measurements

Mean 0871 | 0983 | 0.797 | 1.007 | 0912 | 0877 | 1.209| 1.072 1.030 | 1.089 | 1.038 | 1.074

Maximum value | 1.050 | 1.100 | 0.850 | 1.187 | 1.001 | 0938 | 1.282( 1.153 1.601 | 1182 | 1171 | 1.174

Minimum value | 0.657 | 0932 | 0.651 | 0.733 | 0.818 | 0.800 | 1.119| 0994 | 0795 | 1.028 | 0.889 | 0918

Standard deviation| 0.134 | 0.048 | 0.060 | 0.082 | Q061 | 0047 | 0.061| 0.054 0.207 | 0047 | 0.061 | 0090

95% confidence | 0327 | 0.108 | 0.139 | G165 | 0156 | 0.106 |0129| 0120 | 0455 [ 0097 | 0.184 | 0207
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Table 6: Repeatability and reproducibility of shear v1scoszty values, expressed as
percentage values.

Material, test temperature PE, 190 °C GFPP, 230 °C
Repeatability standard deviation 7.2% 8.6%
r 20.3% 24.0%
95% confidence
Reproducibility standard deviation 9.9% 12.2%
(value obtained (10.4%) (12.8%)
using Fig.P (13))
R 27.7% 34.1%

95% confidence

It is emphasised that the repeatability values were obtained for the measurement of shear
viscosity over approximately three decades of shear rate and therefore include a factor due
to testing over a range of rates rather than at one specific rate. It is expected therefore that
the repeatability values would be higher than had they been determined at a single shear
rate. However as a larger number of repeat measurements were consequently made then a
more significant statistical analysis could be performed. Furthermore, in practice, testing is
normally carried out at several shear rates. This approach was adopted due, in part, to the
impossibility of obtaining true shear viscosity data at identical shear rates as the shear rate
value is not known until the experiment and analysis of the raw data are completed. The
approach was therefore considered reasonable, if not more appropriate to the normal use of
this method.

For each materials, the mean of the scaled viscosity values obtained by each laboratory was
plotted against the 95% confidence limit for that laboratory, Figures 3 and 12. For testing of
HDPE two laboratories (13 and 20) had mean values that differed from the overall mean
value of 1 by greater than the 95% confidence level for that laboratory, Figure 3 and Table
4. Similarly, for GFPP three laboratories (6, 9 and 10} were outside the 95% confidence limits.
A possible explanation for this is that there might have been systematic errors in the results
of these laboratories with the consequence that their results deviated from the
intercomparison mean by a value greater that the 95% confidence limit for that laboratory.
In Figure 3 the position of laboratory 20 (0.054, 0.868) - its low mean value combined with
a small 95% confidence value - was attributed to the fact that the experimental data had been
processed and that derived data was presented. It is expected that the derived data exhibited
less scatter and therefore a smaller confidence level than the raw data.

4.3 EXTRUSION PRESSURES - REPEATABILITY

Repeat extrusion pressure measurements were carried out to determine the repeatability of
measurements. For each set of repeat tests at a given flow rate the 95% confidence values
were calculated and plotted against the average shear rate for HDPE, Figure 4, and also
against the mean extrusion pressure for both materials, Figures 5 and 13. These results
showed that the level of repeatability of measurements varied dramatically. The magnitude
of the variation increased with decreasing shear rate and decreasing extrusion pressure. The
difficulty in utilising these data is in quantifying the repeatability as a single value, which it
clearly is not. To this end 95% confidence levels for repeatability of extrusion pressure
measurements were estimated, in accordance with Appendix 1, to be approximately 19.6%
for HDPE and 37.5% for GFPP. However these values may be considerably smaller, of the
order of 10% for HDPE and 15% for GFPP, for well controlled experimental work.
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The high repeatability values of the extrusion pressure data are not incompatible with the
lower repeatability values of the shear viscosity data that were derived from the extrusion
pressure data for the following argument. The high repeatability values were obtained for
the low extrusion pressure measurements that were predominantly obtained using short or
‘zero-length’ dies. Shear viscosity values corrected for entrance pressure drop effects are
calculated using both long and short die data. It can be shown that the repeatability of the
shear viscosity values can be less than the repeatability of the short or zero length die
extrusion pressure measurements by consideration of the equations used to calculate shear
viscosity values corrected for entrance pressure effects (Appendix 1).

4.4 ENTRANCE PRESSURE DRO?P - REPRODUCIBILITY

Entrance pressure drops were measured either directly using a ‘zero-length’ die or
determined by extrapolation of data to a die length of zero, Figures 6 and 14. For the unfilled
HDPE, results obtained using a range of contraction ratios (expressed as the quotient of the
barrel diameter to die diameter) from 9.55 to 15.5 exhibited little difference, Figure 6.
However, for the GFPP material the scatter in entrance pressure drop values was
considerably greater. Consequently only data obtained using a contraction ratio of 15 were
analyzed for GFPP. The log(entrance pressure drop) versus log(shear rate} data were fitted
using a straight line, Figures 6, 7 and 15, and the quality of the fit determined, Table 7.

Table 7: Fit of the second order viscosity model to entrance pressure drop data
Log(entrance pressure drop} versus log(shear rate) fit using the equation
log(AP,,) = mlog(y) + c.

Material, PE, 190 °C PE, 190 °C GFPP, 230 °C
test temperature contraction ratio contraction ratios contraction ratio
of 15 only 9.55-15.5 of 15 only
m 0.4954 0.5054 0.6457
{0.0209) (0.0168) (0.0217)
c -0.873% -0.8825 -1.6685
(0.0477) (0.0381) (0.0528)
r? 0.9749 0.9641 0.9778

Note : r is the correlation coefficient and therefore 2 the cocfficient of determination.
95% confidence values for m and ¢ presented in brackets.

These fits to the data were used to determine the reproducibility of the entrance pressure
drop data, Table 8. The variation in scaled entrance pressure {scaled by the value calculated
using the parameters given in Table 7) as a function of entrance pressure drop is presented
in Figures 8 and 16 for HDPE and GFPP respectively. There is a slight reduction in scatter
with increasing entrance pressure drop: the effect is greater for GFPP than for HDPE.
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Table 8: Reproducibility of entrance pressure drop values, expressed as a percentage
Material, test temperature PE, 190 °C PE, 190 °C GFPP, 230 °C
contraction contraction coniraction
ratio of ratios ratio of
15 only 9.55 -15.5 15 only
Reproducibility standard 15.1% 17.8% 19.8%
deviation
R 42.3% 49 8% 55.5%
95% confidence

4.5 SUMMARY DISCUSSION

In summary, this inter-laboratory comparison of capillary extrusion rheometry using an
unfilled HDPE and a glass-fibre filled PP’ has identified the levels of repeatability and
reproducibility of shear viscosity measurements using this technique. The reproducibility
of extrusion pressure drop measurements could not be assessed due to the wide range of
geometries used: there were variations in the barrel diameter, die diameter, die length and
also flow rate. However, for entrance pressure drop measurements, scaled as a function of
shear rate at the die wall, these factors were either conveniently removed by the scaling
process or were assumed to have negligible effect. Consequently the reproducibility values
could be determined. The repeatability of entrance pressures drop measurements can be
assumed, as a first approximation, to be equal to the repeatability of the extrusion pressure
measurements.

The repeatability and reproducibility values of GFPI” were higher than those of HDPE for
several reasons. The presence of the fibres is a cause of increased scatter in measurements
(16). More significantly, the viscosity of GFPP was lower than that of HDPE by a factor of
approximately three. Consequently the errors due to the measurement of extrusion pressure
were greater (the extrusion pressures would be a factor of approximately three lower for the
GFPP). The calculation of the uncertainties for shear viscosity measurement clearly indicated
that the errors arising from the use of pressure transducer are potentially the greatest source
of uncertainty in the measurement technique. Improvement to the specification of the
standard and increased awareness of the importance of the appropriate use of pressure
transcucers and their calibration over the range in which they are to be used is required to
limit the magnitude of this effect on the accuracy of measurements.

5 PROPOSED PRECISION STATEMENT FOR ADOPTION IN ISO 11443
The following precision data have been determined during a test program made in 1995 -
1996, comprising 20 laboratories in total on polyethylene and glass-fibre filled polypropylene

samples.

Extrusion pressure measurement

Material, test temperature PE, 190 °C GFPP, 230 °C
Repeatability standard deviation 7.0% 13.4%
r 19.6% 37.5%
95% confidence
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Shear viscosity measurement {corrected for entrance pressure drop and non-Newtonian
velocity profile (Rabinowitsch))

Material, test temperature PE, 190 °C GFPP, 230 °C
Repeatability standard deviation 7.2% 8.6%
r 20.3% 24.0%
95% confidence
Reproducibility standard deviation 9.9% 12.2%
R 27.7% 34.1%
95% confidence
Entrance pressure drop measurement
Material, test temperature PE, 190 °C PE, 190 °C GFPP, 230 °C
contraction contraction contraction
ratio ratios ratio
of 15 only 9.55 -15.5 of 15 only
Reproducibility standard 15.1% 17.8% 19.8%
deviation
R 42.3% 49.8% 55.5%
35% confidence

The difference between two individual results obtained on an identical material using this test
method with "repeatability conditions" will not exceed the repeatability limit r on average
more than 5 times out of 100 when the methed is applied normally and correctly.

Individual results obtained on an identical material submitted to a test by two laboratories
will not exceed the reproducibility limit R on average more than 5 times out of 100 when the
method is applied normally and correctly in reproducibility conditions.

6 CONCLUSIONS

On the basis of the work reported here the following conclusions are made (all repeatability
and reproducibility values quoted are for 95% confidence levels):

* Repeatability of shear viscosity measurements were approximately 20% for HDPE and
24% for GFPP.

* Reproducibility of shear viscosity measurements were approximately 28% for HDPE and
34% for GFPP.

¢ The repeatability and reproducibility of shear viscosity measurements of GFPP were
approximately 20% higher than HDPE.

»  Reproducibility of entrance pressure drop measurements were approximately 42% for
HDPE and 56% for GFP'P.

10
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* The single major sources of error was considered to be due te accuracy of pressure
measurement and utilisation of the pressure transducer in the appropriate range.

* A precision statement for the standard ISO 11443 detailing repeatability and
reproducibility limits for measurement of shear viscosity and entrance pressure drop has
been proposed, section 6.

¢ Intesting in accordance with the specification of the standard ISO 11443 the uncertainties
in the measurement of shear viscosity and entrance pressure drop were estimated to be
in the range 2.5 - 19% for the polyethylene and polypropylene materials, and depended
most significantly on the range over which the pressure transducer was being used.

In surmmary, the repeatability and reproducibility levels have been quantified. Potentially,
they have significant implications for testing using this method, whether to compare data
obtained on the same instrument for quality control applications, or to compare data obtained
on the same material but using different instruments, or using the data for predictive
modelling. The levels of repeatability and reproducibility must be taken into account in
assessing the value of test results.

7 ACKNOWLEDGEMENTS

The research detailed in this report was carried out as part of the "Materials Measurement
Programme", a programme of underpinning research financed by the United Kingdom
Department of Trade and Industry.

The authors would like to thank the materials’ suppliers and the participants in the round
robin:

BICC Cables Ltd, UK

BP Chemicals, UK

CarnauldMetalbox ple, UK

Cookson Technology Centre, Cookson Group, UK
Dynisco Europe GmbH, GERMANY
Ecole des Mines de Douai, FRANCE
Elf Atochem, FRANCE

EniChem Research Centre, ITALY
Gebriider Haake GmbH, GERMANY
ICI Materials, UK

Moldflow Pty. Ltd., AUSTRALIA
Montell Polyolefins, ITALY

Montell UK

PCD Polymere Ges.m.b.H, AUSTRIA
Rapra Technology Ltd, UK

Renault 5.A., FRANCE

Rhone-Poulenc Industrialisation, FRANCE
Rosand Precision Ltd, UK

Solvay SA, BELGIUM

Solvay Polymers Technical Centre, USA
Toyo seiki Seisaku-Sho Ltd, JAPAN

11




CMMT(A)25

8

[

10

11

13

14

15

16

17

18

REFERENCES

ISO 11443: 1995 Plastics - Determination of the fluidity of plastics using capillary and slit-
die rheometers.

ASTM D 3835-93a Determination of the properties of polymeric materials by means of
a capillary rheometer, Vol 08.02, 1995, pp. 433.

S.S. Bafna, Rheological measurements: some basic yet vital considerations, J. Applied
Polym. Sci. 58 (1995) pp.1385-1392.

FE.N. Cogswell, Polym. Eng. Sci., 12, (1972) pp.64-73.

T. Samurkas and M.G. Rogers, The melt rheology of poly-e-caprolactam / polypropylene
alloy: a VAMAS round robin study, Polym. Eng. Sci., 32 No. 22 (1993), pp.1727-1733.

A.G. Gibson, Converging Dies, in Rheological Measurement, edited by A.A. Collyer and
D.W. Clegg, Elsevier Applied Science, London, 1988.

D. Binding, Contraction flows and new theories for estimating extensional viscosity, in
Techniques in Rheological Measurement, edited by A.A. Collyer, Chapman and Hall,
Cambridge, 1993.

M. Rides and C.R.G. Allen, Round robin for parallel plate oscillatory rheometry using
polyethylene and polypropylene melts, NPL Report CMMT(A)11, January 1996.

B. Rabinowitsch, Z Physik. Chem., A145, 1 (1929) pp.1-26.

J.A. Brydson, Flow Properties of Polymer Melts, George Godwin Ltd, London, Second
Edition, 1981.

P. Kennedy, Flow Analysis Reference Manual, Moldflow Pty. Ltd., Kilsyth, Australia,
1993, p.11.

M.D.H. Thomas, Mathematical modelling of flow and cure, Prediction of flow and cure
in polymers seminar, 13 April 1998, Rapra Technology Ltd, Shawbury.

Fig.P, Fig.P Software Corporation, North Carolina, USA.

ISO document TC61 SC5 GT 21 N18E, Determination of the precision of a test method -
a practical guide.

ISO 5725: 1986 Precision of test methods - Determination of repeatability and
reproducibility for a standard test method by inter-laboratory tests.

M. Rides, Ph.D. Aspects of the rheology of unsaturated polyester dough moulding
compounds, Brunel, 1993.

NPL Technical procedure QPDMM/B/130, Issue no. 1.0, May 1995.

ISO 472: 1988 Plastics - Vocabulary.

NPL Internal references:

File no.: MR1/23, MR1/24, MR1/27, MR1/87 and MR1/88.

Laboratory book: CMMTVMRA\CRGANS-5-94.

Computer references: PC-5360/VL 228482-407-00, CAEXCELACAPROBIN\..., CAREPORTSACMMTAZ5\... .

12



STUVILWIND

‘(s191owered ayj jo sanea ay) pue [2pout ayj I0j € 3jqes pue y uonenba aas)
[oPOW 19pI0 PUODIS 11J-1S9q © YHm SaLIOjeIoqe] 91 £q paureiqo D), 061 18 Jd 10§ ejep AJisoosia 1eays | aindiy

S/) ‘ejel jesys

000001 00001 0001 001 01 L
—————————r—r——— e ——— ———— L
w
101
| v
.. jom 24
[1v]
] o
] =
] w
T 00k 8
D,
] 2
1 Y
| w
A wn
]
+ 0001

00001



STIVILIWD

‘(€ a1qe ui uaA1d s1ayoweled ayy Jo sanjea ayy pue y uonenba 3uisn pajendTed SANISOISIA IBAYS
3y} Buisn pajeds sanjea AJISO0SIA) D), 061 3 HJ 10§ 211 Jeays Yjm sanjea AJIsodsia pajeds ui ejeds -z ainSig

S/ ‘olel resys

00001 0001 00!t Ol
[ T 1 03 T 1] T " T T R m L w-o
+ :
+ T 40
+
Ty v+ " 1%
+e F ¥ 4T L +t T 60
mmw R D T o S SN
++ L +++W++#+++ + .t + w
# Et Sy o SRR IR M T8
D A X S Sal IR B . :
% LI " A . AR Q
LR TR R Live
+ .M+i.. ++ T ++ 4 + m
+ + + + ¥ TCl<
. + 7 4
e}
T €L &
<
+
!
TG}

gl



STUVILWIND

-A103R10GR] TR} 1O Sanjea ay) Jo Ajiqeieadal
a3 JO uondUNj B se £103RI0QR] YIRS 10 D), 061 1€ Hd 10§ San[eA AJISOS[A PI[eds Ueawl ui uonenies ¢ a3y

BNfeA BoUBPIU0Y 9466

0 Ge'o £0 ST ¢0 G110 (] G000 0
ﬂ — ; “ “ M H 90
+ £0
—
)
o
T80 2
)
o
+ <
T60 3
' :
+ o+ w
+ + + -l m,.
; tE 3
+ L=
+ * ! m
2
+ <
+ 2l w..a
.
®
T EL

<
-




STVILWIND

{(SUOHIPUO) JO 335 ey 10§ arnssaxd uowsnyxe sderaae ayj 3uisn pajeds
ainssaid uosnLxa) D), 061 1€ A 10] 91kl 1edYs JO UOHIUN] e sk sainssaxd uoisnyxa jo Ljiiqeieaday y 2an31g

s/1 ‘8ied Jeays jusieddy

00001 0001 001 0l s
R ENED A T T S R O 0
+ o+ + ,..._,+++ F b + B H ¥ +y
. + % % + o+ ++7¥F m + * + S
O +* 1 1o
+ (o)
4t + 4 &
+ + *
+ O
* T80 3
=
+ * b
3
L‘.. m.o m o
+ mm
& [72]
= O
+ Lyo 32
8
o+ L8
| a
Fso @
o
[43]
2
} 90
+

L0



SZVILWIWD

"(SUONIPUO JO 195 JeY) 10y ainssaid uorsnnxa aeraae sy} Sursn papeds amssaxd

UOISTLX3) D), 061 3€ HJ 105 a1nssaxd uoisniixa jo uoyouny e se samnssard uoisniyxa jo Ajiqeieaday °g aanSiyg

0G

BdIN ‘ainssaid uoisnixe abeiaay

oy 0g 0¢ ot 0
— . e ¥T ¥ ++#._+++ s | °
+ ++ Fig iw.m. ¥+
+ ﬁ + # +,._._.+ +ﬂ.:.+._.
T 110
+, +* +++
+ +
++
* 120
+
+
T €0
+
+1 +'0
+
T 90
+ 90
+

L0

ainssaud
UOISTUIX® Pa|eds JO SjaAd] 80USPIU0D %56




SUVILNIND

‘G'GL - Gl » ‘TL - GG'6 + SOURI UOHORIUOY) pusda ‘(Z 2[qel 295)
eIRP 21 03 AUl JYS31eLS 11J-1S3q JIM ‘G'GI - GG'6 d@3URI Y3 UI SOIEL UOTIDRIIUCD I9jaUIRIp 1P O} [9ileq
snotrea Zuisn ajer 1eays juaredde yim D, g6l 1e AJ 10 senjea doip ainssard souenjus ur 1en3edg 9 2anBry

s/L ‘ayel Jesys Jjualteddy
00001 0001 001 01 !

1 ] L1 .
CR N B S T g T T T T T I T T B B T T T T T

2
B4\ 'doip ainssaid souesug

00t



SHUVILNIND

(£ 91qes 295) ejep a1y 0} auy] 1ySrens 1J-13q YPIM ‘AJUO G JO OnRl UOHDRIUOD ISWRIP 1P
03 [a1req e Jursn ajel 1eays juatedde Yim D, 061 3¢ dd 10} senjea doip ainssaid souerjus ur 193305/ 2Induy

s/} ‘elel jeays juaieddy
000014 000} 00t 0L !

1 1 1 —100
LN B g B 3 T T | LAt et B D— T LI AR B B E— T T E ML S B S T T

<
BdIN ‘doip sinsse.ld aoueiuy

001




STUVILINWD

‘(£ 21qes ur pajuasald sigjowered
ayy Buisn pajepndped sonpea doip ainssaxd sduenus 3usn pepess saanssaxd souenud) D, 061
je 7 10§ do1p amnssaid souenue jo uoyouny e se sanjea doip amssaid dduenUd pafeds utl JeNwdg ‘g aInBiyg

Bdiy ‘doip ainssaud soueiug

01 8 9 1% ¢ 0
" “ H “ C 90
+ + ;
+ 1+ /20
4
+ +
+ .
. + ¥ * 180 @
+ + + + + o
+ + o4t + oy
+ + + ++ + + ++ ++ a
+ + + H + Lgo mm
o, r 3
+ T e + +++H i a
+ + + ﬁ—. L)
++ o
+ =
+ + + o
F o+ o @
+ m + 1w_. c
+ o}
+ + + + + + ©
+ + 2.
¥ & + ¥y £+ 4+ T 3
+ . ++ +21 O
+ o+ 4
+ + +
+ + ]
T €1
+ ﬁ
+ +

Pl



STUVILNIND

000001

¥C el o ‘0z qef - v

‘sauojeroqe] $1 Aq pauieIqo D, 0€T 18 JddD 10§ elep A11SOdSIA 1eayg g 9an8ig

s/| ‘elel jeaysg

0000} 0001 oot Ot :
“ : “ ; !
o+ T Ol
+ + .u.!.o |
.-..?#o ] M
% .0 | 8
#1440 ] <
*.+ o E o
+ T 001 §
Vv Wnﬁi 2,
L P <
v a_. ._t..# | %
v + ]
%#m++m+ T 0001
‘ -

0000t



STVILININD

‘(s1919urered sy JO sanjea 9yl pue [opow ayj 1oj ¢ 3jqe} pue $ uonenbs aass) ppow
19PI0 PUOdIS }1j-15aq © UM SILI0JeIOqe] 7] Aq paureiqo D, 0€Z 18 dddD) 10§ ejep Ajisodsia reays ‘gl amBig

$/1 ‘8lel Jesys
000001} 00001 0001 001 4] !

— ; __ ; b

T Ol
w
o 3
®
)
=.
[44]

T00L 8
0,
<
T
o
»

;ﬁooow

06001



STUVILAND

‘(€ a1qey ut uaa1d s1awered ayy Jo sangea ay; pue  uonrenba ursn paje[nd[Ed SALISOISIA 10AYS Y}
3uisn pafeds sanjea A11S00S1A) D, 0ET 18 4D 107 1.l Jeays YiIm sanjea £3ISODSIA PI[eds ul 19)3ed5 11 243

s/| ‘slel Jeays

00000} 00001 0001 00} 0l 3
: — } : 0
+ 90
+
+
;o ¥

+ + + + + 80
L N R ., + [ VY
+ H...._..T + ++ .y ﬁ. ++ .m,_.. + m
+.W..ﬁ #++%++H# ++ +++ Lﬁ_.ﬁua.

. ¥ E I S 41 ¥ A S S &
.ﬁ. + .—.-Y ..I.* + +.ﬂ- nﬂ..._.m. + M
+ + N ++ ...m... + 4] o . w
+ + AT
+ + =

+ <

T ¥l

-+
@
-



STUVILNIND

-K103BI0GR] 124} 10] sanjeA 3yl jo Ajiqeieadar ay
JO uoHPUNJ © se A107e10qe] YOR3 10} D), 0£Z 18 JddD 10] son[ea £}ISODSiA Pa[eds Ueauwl ul uonenep gl 9Indyg

[8AS] 8DUBPIU0D %56

G0 0 £0 ¢0 L0 00
T 90
1206
o
g
+ teog
<
+ + n 3
+ T 60 %
=3
+ w
+ - 0L 8
+ + m
+ + ] m,
THES
(%)
@
+ TSt ZF
<
o
1€l 5
T ¥

Gt



STIVILIWIWD

0'GlL

*(SUOTPUOD JO 3135 ey} 10 amssaid uosnixa s3esaae ay) Juisn pajeds ainssald UOISNIIXD)
Do 0€T 18 JddD 10j aanssaxd uorsnyxa jo uopounj e se sainssaid uolsnnxs jo Aypqereaday; ¢y 9anBiyg

edW ‘ainssaid uoisnilxe abelaay

00l 0§ 00
! i + nw.. =
+ i + L] +
3+ + " + A
* * * e AT
+

.M.+ + e+ 4

+* + 1,

* ot

R +4
+ +++,.....+-

+
+ vt

+

n*c

+

+
+ 1

+

+
A

+

+

000

Lo

0¢'o

o
@
o

o
<
o

0G0

090

040

08°0

amssaid
UOISTUIX® PB|EDS Ul [8AB| 82UBPIUOD %56




SZHVILINND

G6L-610OGTL-SSL v
‘61 + $OnEI UODRNUOCD) ‘GGl - §6'¢ d8url Iyl ul SOPEI UCHOBIIUOY IJWEIP Jlp O] [olieq
snortea duisn ajel tesys juaredde yum D, 07 18 dJ19) 103 sanjea doap ainssaid sduesjus up oy3edg §[ a1y

S/t ‘ojel Jesys juaseddy

000001 00001 0001 001} 1] 1
T T T T "_._.._. g “_.__H_J T u.__‘.. T T “.A.wd. g T __.,o.o
q -
H ) m
v v i ] =
v 1 .=
v E -ﬁwom
v+ F% | &
- E
+ O [0
V v U+ ] &
% v, , =
v + £ B 1 .
v v v #u i 3
v ++ v ] D
+4 +< v v -i. <
anth |
Vg *vywm V
v ¥ G 1
v Vv )
v ]

0l



STVILWIND

‘(¢ 2198} 93%) eiep ay) o) auyf Sens 1j-1saq YIm ‘AJUo G JO ORI UOHDRIIUOD I8]aWeIp AP 03
[9.11eq e 3uisn ajel teays juazedde ypm D, 0€Z 38 IO 10§ sanjea doip amssaid aduenua u 1931e05

s/| ‘sled Jesys jusieddy
000001 00001} 0001 00t ot

| b '

'
LI S S T | LANLENCIEE S S m— T | JELANL B B B B S S— | LI B it Mt S T

'G1 21n3]

U WO W N |

100

o
BdN ‘dolp ainssaid aouenug

o
p—

]




STUVILWID

‘(£ 918y ut pajuasald sigywesed
ayy 3ursn parenofes sanpea doip aunssaid asuenus Suisn paeds saanssaid sduenua) O, Oz 1T
dd4D 103 doip ainssaid aduenjus jo uonouny e se sanjea dop ainssaxd adueIUS Pajeds ui JoREdS ‘9] 2InBig

ed ‘doip ainssald sourliug

¥ gt € G'¢ 4 gl b g0 0
i — " " : ﬂ _ 0
1 ¢0
T+ 0
w
+ 1logo 8
+ + o
++
#+ x. 180 m,
e + + # )
Ll v P + H#J 3
+ .t..? + + +..ﬂ. + ...-—. + T D
+ & ©
%_. + + o+ 4+ =
o + + L8
+ + + + +T 2L m
+ 3 + * a
* v e
Q
O
T 91
Lgy
+




CMMT(A)25

APPENDIX1 DETERMINATION OF THE UNCERTAINTY BUDGET FOR
CAPILLARY EXTRUSION RHEOMETRY

The following uncertainty budget was determined in accordance with NPL procedure
DMM/B/130 (17) and covers the measurement of shear viscosity of polymers.

For the following equations for calculating shear viscosity see references 1, 8 and 16. The
subscript ‘app’ indicates terms that have not been corrected for non-Newtonian velocity
profile effects (Rabinowitsch correction (9, 10)) but have been corrected for entrance
pressure drop effects. Although the application of the Rabinowitsch correction may
introduce further variation in results between laboratories the effect on uncertainties is
considered to be small in comparison with other sources of error. Variability due to the
application of the Rabinowitsch correction may occur due to the method of determination
of the gradient of the log{apparent shear viscosity} versus log{apparent shear rate} curve
at given apparent shear rates. For the purpose of this exercise the uncertainties in
Rabinowitsch corrected shear viscosities are assumed to be equal to the uncertainties in
apparent shear viscosities.

Using the following definitions:

L = capillary die length

D, = capillary die diameter

D, = barrel diameter

v, = piston speed

Q = volume flow rate

P = extrusion pressure

AP, = Entrance pressure drop

Yapp = apparent shear rate.

Mape = apparent shear viscosity (entrance pressure drop corrected, not

Rabinowitsch corrected)

and from analysis of the forces acting in the capillary rheometer (1, 10, 16) then

P = e T + AP

or re-arranged

(P —M)cnt)
napp =
i, 4

D R?

c 4

(P-AP )
aL svpnogl

D nD?

[

where ¥,,, = 4Q/7D2 and Q = V zD,’/4.
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Thus

4

<

Napp = m {P_APGN]

The fractional uncertainty in the term P-AP,, is given by the equation

u? (P-AP,,) = (p* + dp., /(P2 - APY)

and thus the uncertainty in measurement of apparent shear viscosity U, by

U =1 4dc +£. +..Yf.. +2..‘..j.ﬂ +p2+8p5m [1]
7 app ﬁc L Vp Db (P —APcm)z

The fractional uncertainty in the measurement of 1, is estimated, using [1] and the
following values of the fractional uncertainties for each of the terms

d

< = 0.007
DC
L 000125
L

Vi,
=001
A

d
—° = 0.0007
Db
P -oot
P

OFen = 0.01
AP

ent

and also AP,,, = 0.2 x P. The effect of degradation (permitted to a level of 5% in
accordance with ISO 11443) can be incorporated into equation 1 as an additional term,

thus
d
U =n |la ] (2] [ Ye] Lo ® ],
n app Dc L VP Db

where ‘fd” in the fraction uncertainty due to degradation and has the maximum value of
0.05. Equations 1 and 2 were used to obtain values for the uncertainties in the
measurement of shear viscosity, Table 1, where values are presented with and without a
contribution due to degradation effects.

(P-AP )

ent

Pz + Bpfm] . (fd)2 [2]
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APPENDIX 2 Computation of mean, standard deviations, repeatability and
reproducibility limits.

Repeatability and reproducibility can be defined (18) as:

REPEATABILITY: The closeness of agreement between successive results obtained with
the same method on identical test material, under the same conditions
(same operator, same apparatus, same laboratories and/or same times).

REPRODUCIBILITY: The closeness of agreement between individual results obtained
with the same method on identical test material, but under
different conditions (different operator, different apparatus,
different laboratories and/or different times).

In accordance with ISO document TC61 SC5 GT 21 N18E (14) ‘Determination of the
precision of a test method - practical guide’ the mean, standard deviations and
repeatability and reproducibility limits (95% confidence values} are determined as follows
(see also (15)), where:

m = mean of all laboratories,

S, = standard deviation within a laboratory per level,

Sy = standard deviation for the total deviation between the laboratories per level,
r = repeatability limit (= 2.8 5), 95% confidence value,

R = reproducibility limit (= 2.8 S;), 95% confidence value,

p = number of laboratories.

Given that
T,=2 nii[i
T, = znY,
Ty =2
T, = Zn/
T;,:Z(n,‘] )Siz
then
,_ 5
T, -p

S'R2 = Sf + §?
and
szl/TB
r=285r






