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APPENDICES

APPENDIX A
A.l Apparent Flow Curve with Slip Correction
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Figure AL Apparent flow curve with slip correyéat"iag f(]))r H5604F HDEP at the
temperature of 180 °c.
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Figure A2 Apparent flow curve with slip correction for H5840B HDEP at the
temperature of 180 °c.
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Figure A3 Apparent flow curve with slip correction for H5818J HDPE at the
temperature of 180 °c.
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Figure A4 Apparent flow curve with slip correction for H5690S HDPE at the
temperature of 180 °c.
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Figure A5 Apparent flow curve with slipy'c’6’n(ect]?on for H5604F HDPE at the
temperature of 160 °c.
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Figure A6 Apparent flow curve with slip correction for H5604F HDPE at the
temperature of 200 °c.
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Figure A7 Apparent flow curve with sfi'ﬁ"c(or'rle)ction for H5840B HDPE at
the temperature of 160 °c.
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Figure A8 Apparent flow curve with slip correction for H5840B HDPE at
the temperature of 200 °c.
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APPENDIX B
B.I Rheological Characterization
1) The storage modulus of H5604F HDPE as a function of frequency

(transducer 2 and 25-mm cone diameter) at strain amplitude equal to 10
and at various temperatures (Figure 4.1)

Frequency G' (dyn/cm2)

(rad/s) 160 T 180 L 190 W 200 UL
1.00E-01  6.14E+04  B5A43E+04  535E+04  3.32E+04
158E-01  T7.71E+04 ~ 793E+04  T.A2E+04  4.98E+04
251E-01  1.21E+05 ~ 1.06E+05  9.67E+04  6.99E+04
3.98E-01  1.26E+05 ~ 141E+05  124E+05  9.83E+04
6.31E-01  1.92E+05  1.82E+05  1.60E+05  1.33E+05
1.00E+00  2.30E+05  2.34E+05  2.03E+05  1.77E+05
158E+00  2.95E+05  2.97E+05  257E+05  2.31E+05
251E+00  3.76E+05  3.J7E+05  3.21E+05  3.02E+05
3.98E+00  4.80E405  ATIE+05  3.99E+05  3.93E+05
6.31E+00  6.05E+05 5.86E+05 4.93E+05 5.03E+05
1.00E+01  7.53E+05  7.23E+05  6.04E+05  6.36E+05
158E+01  9.28E+05  B8.83E+05  7.33E405  7.95E+05
251E+01  1.I3E+05  1.07E+05  8.80E+05  9.81E+05
3.98E+01  1.36E+05  1.28E+05  1.05E+05  1.20E+05
6.31E+01  161E+05  152E+05  124E+05  1.45E+05
1.00E+02  191E+05  1.79E+05  146E+05  1.74E+05
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2) The loss modulus of H5604F HDPE as a function of frequency (transducer
2 and 25-mm cone diameter) at strain amplitude equal to 10 and at various
temperatures (Figure 4.2)

Frequency G" (dyn/cm?2)

(rad/s) 160 UL 180 L 190 (C 200 LC
1.00E-01 1.36E+04 6.67E+04 5.68E+04 5.24E+04
1.58E-01 9.95E+04 8.63E+04 7.40E+04 1.13E+04
2.51E-01 1.25E+05 1.12E+05 9.33E+04 9.44E+04
3.98E-01 1.05E+05 1.39E+05 E16E+05 1.22E+05
6.31E-01 1.59E+05 1.72E+05 1.44E+05 1.55E+05
1.00E+00  2.00E+05 2.12E405 1.77E+05 1.95E+05
1.58E+00  2.43E+05 2.58E+05 2.14E+05 2.41E+405
251E+00  2.91E+05 3.13E+05 2.56E+05 2.97E+05
3.98E+00  3.47E+05 3.72E+05 3.05E+05 3.60E+05
6.31E+00  4.11E+05 4 37E+05 3.58E+05 4.31E+05
1.00E+01  4.83E+05 5.06E+05 4.13E+05 5.07E+05
158E+01  5.57E+05 5.78E+05 4.73E+05 5.87E+05
2.51E+01  6.35E+05 6.55E+05 5.35E+05 6.71E+05
3.98E+01  7.15E+05 71.35E+05 6.00E+05 7.61E+05
6.31E+01  7.93E+05 8.16E+05 6.66E+05 8.54E+05
1.00E+02  8.75E+05 8.97E+05 71.33E+05 9.48E+05
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3) The storage modulus of H5690S HDPE as a function of frequency
(transducer 2 and 25-mm cone diameter) at strain amplitude equal to 10
and at various temperatures (Figure 4.3)

Frequency
(radfs)

1.00E-01
1.58E-01
2.51E-01
3.98E-01
6.31E-01
1.00E+00
1.58E+00
2.51E+00
3.98E+00
6.31E+00
1.00E+01
1.58E+01
2.51E+01
3.98E+01
6.31E+01
1.00E+02

140 w

6.19E+03
9.67E+03
1.61E+04
2.56E+04
4.11E+04
6.53E+04
1.03E+05
1.62E+05
2.49E+05
3.83E+405
5.71E+05
8.22E+05
1.15E+05
1.57E+05
2.10E+05
2.T6E+05

160 W

4.31E+03
6.94E+03
1.10E+04
1.75E+04
2.80E+04
4.46E+04
1.11E+04
1.12E+05
1.79E+05
2.T8E+05
4.15E+05
6.05E+05
8.59E+05
1.19E+05
1.62E+05
2.17E+05

G' (dyn/cm2)

180 L

1.15E+04
1.79E+04
2.65E+04
3.81E+04
5.42E+04
1.65E+04
1.08E+05
1.51E+05
2.12E+05
2.93E+05
4.01E+05
5.41E+05
1.22E405
9.56E+05
1.25E+05
1.64E+05

190 w

8.46E+03
1.35E+04
1.97E+04
2.19E+04
4.00E+04
5.64E+04
8.01E+04
1.14E+05
1.62E+05
2.31E+05
3.26E+05
4.48E+05
6.08E+05
8.13E+05
1.08E+05
1.41E+05

200 ve

6.89E+03
9.82E+03
1.41E+04
2.06E+04
2.98E+04
4.27E+04
6.19E+04
9.11E+04
1.34E+05
1.97E+05
2.85E+05
4.07E+05
5.73E+05
7.96E+05
1.09E+05
1.48E+05
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4) The loss modulus 0fH5690S HDPE as a function of frequency (transducer
2 and 25-mm cone diameter) at strain amplitude equal to 10 and at various

temperatures (Figure 4.4)

Frequency
(rad/s)

1.00E-01
1.58E-01
2.51E-01
3.98E-01
6.31E-01
1.00E+00
1.58E+00
2.51E+00
3.98E+00
6.31E+00
1.00E+01
1.58E+01
2.51E+01
3.98E+01
6.31E+01
1.00E+02

140 \C

2.56E+04
3.14E+04
5.51E+04
7.95E+04
1.14E+05
1.63E+05
2.30E+05
3.20E+05
4.41E+05
5.96E+05
71.88E+05
1.01E+06
1.27E+06
1.55E+06
1.84E+06
2.13E+06

160

1.80E+04
2.66E+04
3.90E+04
5.70E+04
8.30E+04
1.19E+05
1.70E+05
2.40E+05
3.38E+05
4.67E+05
6.26E+05
8.15E+05
1.04E+06
1.29E+06
1.56E+06
1.85E+06

G' (dyn/cm?2)

180 "C

2.46E+04
3.45E+04
4. TTE+04
6.46E+04
8.66E+04
1.16E+05
1.55E+405
2.07E+05
2.T4E+05
3.60E+05
4.67E+05
5.95E+05
1.54E+05
9.45E+05
1.16E+06
1.41E+06

190 we

1.90E+04
2.68E+04
3.64E+04
5.00E+04
6.79E+04
9.20E+04
1.24E+05
1.67E+05
2.24E+05
2.99E+05
3.95E+05
5.12E+05
6.52E+05
8.17E+05
1.01E+06
1.23E+06

200 W

1.56E+04
2.1TE+04
3.02E+04
4.31E+04
6.11E+04
8.52E+04
1.19E+05
1.66E+05
2.29E+05
3.15E+05
4.2TE+05
5.66E+05
1.37E+405
9.38E+05
1.17E+06
1.44E+06
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b) The storage modulus of H5840B HDPE as a function of frequency
(transducer 2 and 25-mm cone diameter) at strain amplitude equal to 10

and at various temperatures (Figure 4.5)

Frequency
(rad/s)

1.00E-01
1.58E-01
251E-01
3.98E-01
6.31E-01
1.00E+00
1.58E+00
2.51E+00
3.98E+00
6.31E+00
1.00E+01
1.58E+01
2.51E+01
3.98E+01
6.31E+01
1.00E+02

18T

6.94E+02
2.36E+03
4 53E+03
7.11E+03
1.28E+04
2.12E+04
3.82E+04
6.32E+04
1.03E+05
1.67E+05
2.65E+05
4. 16E+05
6.60E+05
9.84E+05
1.41E+06
1.97E+06

G

160 L

4 20E+02
6.21E+02
1.28E+03
2.27E+03
4.08E+03
1.21E+03
1.25E+04
2.15E+04
3.67E+04
6.26E+04
1.08E+05
1.73E+05
2.66E+05
4 00E+05
5.87E+05
8.46E+05

"(dyn/cnr)

180 W

6.43E+02
1.26E+03
1.55E+03
2.43E+03
4.09E+03
6.55E+03
1.04E+04
1.65E+04
2.63E+04
4.13E+04
6.43E+04
9.98E+04
1.53E+05
2.30E+05
3.52E+05
5.33E+05

190 L€

5.01E+02
1.38E+03
1.58E+03
2.15E+03
4 14E+03
6.60E+03
1.03E+04
1.60E+04
2.55E+04
3.97E+04
6.16E+04
9.52E+04
1.46E+05
2.21E+05
3.40E+05
5.25E+05

200 e

3.02E+02
6.14E+02
1.15E+03
1.96E+03
3.26E+03
h.37E+03
8.83E+03
1.43E+04
2.30E+04
3.69E+04
5.95E+04
9.45E+04
1.44E+05
2.14E+05
3.14E+05
4 54E+05
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s) The loss modulus of HDPE as a function of frequency (transducer 2 and
25-mm cone diameter) at strain amplitude equal to 10 and at various
temperatures (Figure 4.6)

Frequency
(rad/s)

1.00E-01
1.58E-01
2.51E-01
3.98E-01
6.31E-01
1.00E+00
1.58E+00
2.51E+00
3.98E+00
6.31E+00
1.00E+01
1.58E+01
2.51E+01
3.98E+01
6.31E+01
1.00E+02

128 L

1.21E+04
1.72E+04
2.66E+04
4.06E+04
6.00E+04
8.94E+04
1.31E+05
1.89E+05
2.69E+05
3.TTE+05
5.22E+05
7.12E+405
9.63E+405
1.26E+05
1.60E+05
1.99E+05

G" (dyn/cm?)

160 O

4.40E+03
6.70E+03
1.02E+04
1.56E+04
2.35E+04
3.53E+04
5.29E+04
1.83E+04
1.15E+05
1.68E+05
2.45E+405
3.45E+05
4.73E+05
6.30E+05
8.23E+05
1.05E+05

180 w

3.36E+03
4.66E+03
6.98E+03
1.11E+04

190 w

3.33E+03
491E+03
1.32E+03
1.08E+04

200 w

2.T1E+03
4.19E+03
6.30E+03
9.51E+403

1.65E+04 1.59E+04 1.42E+04

2.41E+04
3.54E+04
5.14E+04
1.36E+04
1.05E+405
1.4TE+05
2.04E+05
2.18E+05
3.76E+05
5.05E+05
6.69E+05

2.36E+04
3.45E+04
5.00E+04
1.16E+04
1.02E+05
1.44E+05
2.00E+05
2.16E+05
3.T4E+05
5.06E+05
6.78E+05

2.09E+04
3.07TE+04
4.46E+04
6.45E+04
9.28E+04
1.33E+05
1.90E+05
2.64E+05
3.60E+05
4.83E+05
6.37E+05
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7) The storage modulus of H5818] HDPE as a function of frequency
(transducer 2 and 25-mm cone diameter) at strain amplitude equal to 10
and at various temperatures (Figure 4.7)

Frequency
(rad/s)

1.00E-01
1.58E-01
2.51E-01
3.98E-01
6.31E-01
1.00E+00
1.58E+00
2.51E+00
3.98E+00
6.31E+00
1.00E+01
1.58E+01
2.51E+01
3.98E+01
6.31E+01
1.00E+02

140 w

150 w

G' (dyn/cm2)

160 W

151E+02 1.12E+02 8.74E+01

2.46E+02
3.67E+02
6.24E+02
1.04E+03
1.74E+403
2.97E+03
497E+03
8.24E+03
1.37E+04
2.3TE+04
4.38E+04
1.49E+04
1.16E+05
1.74E+405
2.59E+05

1.89E+02
3.28E+02
5.86E+02
9.21E+02
1.60E+03
2.69E+03
451E+03
1.52E+03
1.25E+04
2.09E+04
3.76E+04
6.84E+04
1.07E+05
1.63E+05
2.43E+05

2.36E+02
3.23E+02
5.03E+02
9.00E+02
1.58E+03
2.61E+03
4.40E+03
1.35E+03
1.24E+04
2.18E+04
3.99E+04
6.58E+04
1.03E+05
1.57TE+05
2.3TE+05

180 W

1.48E+02
1.03E+02
2.21E+02
3.84E+02
6.57E+02
1.09E+03
1.88E+03
3.15E+03
5.29E+03
8.86E+03
1.51E+04
2.76E+04
4.91E+04
1.82E+04
1.21E+05
1.85E+05

200 WC

1.87TE+01
8.37E+01
1.90E+02
3.08E+02
5.33E+02
8.90E+02
1.51E+03
2.50E+03
4.1TE+03
6.97E+03
1.19E+04
2.12E+04
3.75E+04
6.07E+04
9.42E+04
1.44E+05
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s) The loss modulus of H>818] HDPE as a function of frequency (transducer
2 and 25-mm cone diameter) at strain amplitude equal to 10 and at various
temperatures (Figure 4.8)

Frequency
(radfs)

1.00E-01
1.58E-01
2.51E-01
3.98E-01
6.31E-01
1.00E+00
1.58E+00
251E+00
3.98E+00
6.31E+00
1.00E+01
1.58E+01
2.51E+01
3.98E+01
6.31E+01
1.00E+02

140 w

1.09E+03
1.66E+03
2.56E+03
3.87E+03
5.89E+03
8.83E+03
1.32E+04
1.97E+04
2.92E+04
4.33E+04
6.49E+04
9.94E+04
1.48E+05
2.08E+05
2.86E+05
3.88E+05

G" (dyn/cm?)

150T

1.04E+03
1.57E+03
2.43E+03
3.69E+03
5.57E+03
8.41E+03
1.26E+04
1.88E+04
2.80E+04
4.15E+04
6.15E+04
9.33E+04
1.42E+05
2.02E+05
2.80E+05
3.81E+05

160

1.06E+03
1.60E+03
2.44E+03
3.80E+03
5.71E+03
8.67TE+03
1.30E+04
1.95E+04
2.90E+04
4.33E+04

180T

8.36E+02
1.25E+03
1.88E+03
2.92E+03
4.40E+03
6.66E+03
1.01E+04
1.51E+04
2.26E+04
3.37TE+04

200 w

6.30E+02
9.82E+02
1.50E+03
2.29E+03
3.51E+03
5.29E+03
8.03E+03
1.21E+04
1.80E+04
2.68E+04

6.504E+04 5.04E+04 4.03E+04
9.98E+04 7.68E+04 6.12E+04

1.47E+05
2.10E+05
2.92E+05
4.01E+05

1.16E+05
1.68E+05
2.38E+05
3.31E+05

9.24E+04
1.34E+05
1.90E+05
2.66E+05
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9) Horizontal shift factor, aT, and vertical shift factor, bT, as a function of
temperature of H5604F HDPE at the reference temperature of 160 °c

Temperature ( C) 3y by
160 100 1.00
180 0.57 0.87
190 0.53 0.68
200 031 0.66

10) Horizontal shift factor, aT, and vertical shift factor, bT, as a function of
temperature of H5604F HDPE at the reference temperature of 180 °c

Temperature (°C) ay by
160 176 115
180 1.00 1.00
190 0.94 0.78
200 0.55 0.75

11) Horizontal shift factor, aT, and vertical shift factor, bT, as a function of
temperature of H5604F HDPE at the reference temperature of 200 °c

AN

Temperature (C) 8y by
160 3.2 152
180 183 1.33
190 171 1.04

200 1.00 1.00
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12) Horizontal shift factor, aT, and vertical shift factor, bT, as a function of
temperature 0f H5690S HDPE at the reference temperature of 180 °c

Temperature (°C) al bT
140 4.34 193
160 3.88 2.20
180 100 1.00
190 0.29 0.17
200 0.19 0.19

13) Horizontal shift factor, aT, and vertical shift factor, bT, as a function of
temperature of H5840B HDPE at the reference temperature of 160 °c

Temperature (°C) af by
140 144 041
160 100 1.00
180 0.96 0.44
190 0.94 0.77
200 0.88 0.77

14) Horizontal shift factor, aT, and vertical shift factor, bT, as a function of
temperature of H5840B HDPE at the reference temperature of 180 °c

Temperature (°C) il bj
140 153 0.53
160 102 0.57
180 100 1.00
190 0.93 1.00

200 107 1.30
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15) Horizontal shift factor, aT, and vertical shift factor, by, as a function of
temperature of H5840B HDPE at the reference temperature of 200 °c

Temperature (°C) al bj
140 144 041
160 0.9 0.44
180 0.9 0.77
190 0.88 0.77
200 1.00 1.00

16) Horizontal shift factor, aT, and vertical shift factor, bT, as a function of
temperature of H5818) HDPE at the reference temperature of 180 °c

Temperature ( C) al bj
140 2.35 146
150 181 1.25
160 140 0.99
180 1.00 1.00

200 0.9 1.26
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17)Master curve of H5604F HDPE at the reference temperature of 160 °c
(Figure 4.9)

Frequency
(radfs)
1.00E-01
1.58E-01
1.82E-01
1.95E-01
2.51E-01
2.89E-01
3.09E-01
3.98E-01
4,58E-01
4.89E-01
6.31E-01
1.26E-01
1.76E-01
1.00E+00
1.15E+00
1.23E+00
1.58E+00
1.82E+00
1.95E+00
2.51E+00
2.89E+00
3.09E+00
3.98E+00

G G"
(dyn/cm?) (dyn/cm?)
3.32E+04 5.24E+04
4.98E+04 7.13E+04
6.34E+04 7.79E+04
1.82E+04 8.30E+04
0.99E+04 9.44E+04
9.27E+04 1.01E+05
1.04E+05 1.08E+05
9.83E+04 1.22E+05
1.24E+05 1.31E+05
142E+05 1.36E+05
1.33E+05 1.55E+05
1.64E+05 1.63E+05
1.81E+05 1.70E+05
L77TE+05 1.95E+05
2.13E405 2.01E+05
2.34E+05 2.11E+405
2.31E+05 2.41E+405
2.713E+05 2.48E+05
2.97E+05 2.58E+05
3.02E+05 2.97E+05
34TE+05 3.01E+05
3.716E+05 3.13E+05
3.93E+05 3.60E+05

Frequency
(radfs)
1.00E+01
1.15E+01
1.23E+01
1.58E+01
1.82E+01
1.95E+01
2.51E+01
2.89E+01
3.09E+01
3.98E+01
4 58E+01
4.89E+01
6.31E+01
1.26E+01
1.76E+01
1.00E+02
1.15E+02
1.23E+02
1.82E+02
1.95E+02

G’ G"
(dyn/cm2) (dyn/cm?)
6.36E+05 5.07E+05
6.85E+05 5.10E+05
1.21E+05 5.23E+05
1.95E+05 5.87E+05
8.44E+05 5.91E+05
8.83E+05 6.05E+05
9.81E+05 6.71E+05
1.03E+06 6.75E+05
1.07E+06 6.91E+05
1.20E+06 7.61E+05
1.25E+06 7.65E+05
1.29E+06 7.83E+05
1.45E+06 8.54E+05
1.49E+06 8.58E+05
1.53E+06 8.77E+05
1.74E+06 9.48E+05
1.77E+06 9.52E+05
1.82E+06 9.74E+05
2.09E+06 1.05E+06
2.14E+06 1.07E+06
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18) Master curve of H5604F HDPE at the reference temperature of 180 °c
(Figure 4.10)

Frequency
(radfs)
311E-02
4.93E-02
5.32E-02
5.68E-02
1.81E-02
8.43E-02
9.00E-02
1.00E-01
1.24E-01
1.34E-01
14301
1.59E-01
1.96E-01
2.12E-01
2.26E-01
2.51E-01
3.11E-01
3.36E-01
3.58E-01
3.98E-01
4.93E-01
5.32E-01
5.68E-01

G G"
(dyn/cm?) (dyn/cm?)
2.13E404 3.37E+04
3.20E+04 4.58E+04
3.78E+04 4.65E+04
4.67E+04 4.96E+04
4.49E+04 6.07E+04
D.53E+04 6.02E+04
0.22E+04 6.46E+04
0.14E+04 7.36E+04
6.32E+04 7.81E+04
1.41E+04 7.80E+04
8.45E+04 8.15E+04
1.71E+04 9.95E+04
8.52E+04 9.98E+04
0.81E+04 9.72E+04
1.08E+05 1.01E+05
1.21E+05 1.25E+05
1.14E+05 1.26E+05
1.27E+05 1.20E+05
1.40E+05 1.26E+05
1.26E405 1.05E+05
1.49E+05 1.55E+05
1.63E+05 148E+05
L7T7E+05 1.54E+05

Frequency G G”
(radfs)  (dyn/cm2) (dyn/cm2)
6.31E-01 1.92E+05 159E+05
781E-01 1.94E+05 1.91E+05
8.43E-01 2.07E+05 1.80E+05
0.00E-01 2.24E+05 187E+05
1.00E+00 2.30E+05 2.00E+05
1.24E+00 2.53E+05 2.32E+05
2.51E+00 3.76E+05 2.91E+05
3.11E+00 4.09E+05 3.26E+05
3.36E+00 4.09E+05 3.05E+05
358E+00 4.30E+05 3.12E+05
3.98E+00 4.80E+05 3.47E+05
4.93E+00 5.11E+05 3.78E+05
5.32E+00 5.04E+05 3.53E+05
5.68E+00 5.27E+05 3.61E+05
6.31E+00 6.05E+05 4.11E+05
1.81E+00 6.31E+05 4.32E+05
8.43E+00 6.15E+05 4.03E+05
9.00E+00 6.40E+05 4.13E+05
1.00E+01 7.53E+05 4.83E+05
1.24E401 7.69E+05 4.89E+05
1.34E+01 7.43E+05 457E+05
LA3E+01 7.69E+05 4.67E+05
158E+01 9.28E+05 5.57E+05
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19) Master curve of H5604F HDPE at the reference temperature of 200 °c
(Figure 4.11)

Frequency

(rad/s)

1.00E-01
1.59E-01
1.71E-01
1.83E-01
2.51E-01
2.71E-01
2.89E-01
3.22E-01
3.98E-01
4 30E-01
4 59E-01
5.10E-01
6.31E-01
6.81E-01
1.27E-01
8.08E-01
1.00E+00
1.08E+00
1.15E+00
1.28E+00
1.58E+00
1.71E+00
1.83E+00
2.03E+00

G G"
(dynfcm2) (dyn/cm?)
2.13E404 3.37E+04
3.20E+04 4.58E+04
3.78E+04 4.65E+04
4.67E+04 4.96E+04
4.49E+04 6.07E+04
0.53E+04 6.02E+04
6.22E+04 6.46E+04
6.14E+04 7.36E+04
0.32E+04 7.81E+04
1.41E+04 7.80E+04
8.45E+04 8.15E+04
1.71E+04 9.95E+04
8.52E+04 9.98E+04
9.81E+04 9.72E+04

1.08E+05
1.21E+05
1.14E+05
1.27E+05
1.40E+05
1.26E+05
1.49E+05
1.63E+05
1.77E+05
1.92E+05

1.01E+05
1.25E+05
1.26E+05
1.20E+05
1.26E+05
1.05E+05
1.55E+05
1.48E+05
1.54E+05
1.59E+05

Frequency G G"
(radfs)  (dyn/cm2) (dyn/cm2)

251E+00 1.94E+05 1.91E+05
2.11E+00 2.07E+05 1.80E+05
2.89E+00 2.24E+05 1.87E+05
3.22E+00 2.30E+05 2.00E+05
3.98E+00 2.53E+05 2.32E+05
1.27E+00 3.49E+05 2.66E+05
8.08E+00 3.76E+05 2.91E+05
1.00E+01 4.09E+05 3.26E+05
1.08E+01 4.09E+05 3.05E+05
1.15E+01 4.30E+05 3.12E+05
1.28E+01 4.80E+05 3.47E+05
1.58E+01 5.11E+05 3.78E+05
1.7AE+01 5.04E+05 3.53E+05
1.83E+01 5.27E+05 3.61E+05
2.03E+01 6.05E+05 4.11E+05
7.81E+00 6.31E+05 4.32E+05
8.43E+00 6.15E+05 4.03E+05
9.00E+00 6.40E+05 4.13E+05
1.00E+01 7.53E+05 4.83E+05
1.24E+01 7.69E+05 4.89E+05
1.34E+01 7.43E+05 4.57E+05
143E+01 7.69E+05 4.67E+05
1.58E+01 9.28E+05 5.57E+05
1.96E+01 9.31E+05 5.49E+05
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20) Master curve of H5690S HDPE at the reference temperature of 180 °c
(Figure 4.12)

Frequency
(radfs)

1.95E-02
2.86E-02
3.08E-02
4.53E-02
4.89E-02
1.18E-02
1.75E-02
1.00E-01
1.14E-01
1.23E-01
1.59E-01
1.80E-01
1.95E-01
2.51E-01
2.86E-01
3.08E-01
3.88E-01
3.98E-01
4.53E-01
4.84E-01
4.89E-01
6.15E-01
6.31E-01
1.18E-01

G G"
(dyn/cmd (dyn/cm?)
8.77E+02 3.37E+04
1.23E+03 4.58E+04
1.41E+03 4.65E+04
1.93E+03 4.96E+04
2.23E+03 6.07E+04
3.21E+03 6.02E+04
3.55E+03 6.46E+04
6.89E+03 7.36E+04
h11E+03 7.81E+04
5.69E+03 7.80E+04
9.82E+03 8.15E+04
8.21E+03 9.95E+04
9.07E+03 9.98E+04
1.41E+04 9.72E+04
1.30E+04 1.01E+05
1.45E+04 1.25E+05
191E+04 1.26E+05
2.06E+04 1.20E+05
2.06E+04 1.26E+05
2.32E+04 1.05E+05
2.29E+04 1.55E+05
3.04E+04 1.48E+05
2.98E+04 1.54E+05
3.23E+04 1.59E+05

Frequency G G”
(rad/s)  (dyn/cm2 (dyn/cm2
167601 3.60E+04 1.91E+05
1.715E-01 3.64E+04 1.80E+05
9.756-01 4.43E+04 1.87E+05
1.00E+00 4.27E+04 2.00E+05
1.14E+00 4.98E+04 2.32E+05
1.93E+00 7.67E+04 1.30E+05
1.95E+00 8.45E+04 1.27E+05
2.45E+00 9.01E+04 153E+05
2.51E+00 9.11E+04 1.66E+05
2.80E+00 1.14E+05 L1.57E+05
3.05E+00 1.09E+05 1.75E+05
3.08E+00 1.23E+05 1.66E+05
3.88E+00 1.27E+05 2.07E+05
3.98E+00 1.34E+05 2.29E+05
453E+00 1.64E+05 2.03E+05
4.84E+00 1.54E+05 2.34E+05
4.89E+00 1.75E+05 2.11E+05
6.15E+00 1.80E+05 2.80E+05
6.31E+00 1.97E+05 3.15E+05
71.18E+00 2.29E+05 2.53E+05
1.67E+00 2.17E+05 3.13E+05
1.75E+00 2.42E+05 2.62E+05
9.75E+00 2.56E+05 3.77E+05
1.00E+01 2.85E+05 4.27E+05
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21) Master curve of H5840B HDPE at the reference temperature of 160 °c
(Figure 4.13)

Frequency
(rad/s)

8.75E-02
9.39E-02
9.58E-02
1.00E-01
1.39E-01
1.49E-01
1.52E-01
1.55E-01
1.59E-01
2.20E-01
2.36E-01
2.41E-01
2.46E-01
2.51E-01
3.48E-01
3.714E-01
3.81E-01
3.89E-01
3.98E-01
5.92E-01
5.92E-01
6.05E-01
6.17E-01
6.31E-01

G G"
(dyn/cm?) (dyn/cm?)
3.93E+02 2.61E+03
5.17E+02 2.70E+03
2.01E+02 2.11E+03
3.02E+02 2.71E+03
1.08E+03 3.85E+03
1.01E+03 3.74E+03
2.97E+02 3.21E+03
1.98E+02 3.46E+03
6.14E+02 4.19E+03
1.24E+03 5.74E+03
1.25E+03 5.61E+03
6.13E+02 4.87E+03
6.72E+02 4.90E+03
1.15E+03 6.30E+03
2.16E+03 8.45E+03
1.96E+03 8.96E+03
1.09E+03 7.47E+03
1.29E+03 7.60E+03
1.96E+03 9.51E+03
3.25E+03 1.25E+04
3.28E+03 1.33E+04
1.95E+03 1.13E+04
2.03E+03 1.16E+04
3.26E+03 1.42E+04

Frequency G G"
(radfs)  (dyn/cm2 (dyn/cm2)
1.39E+00 8.04E+03 2.70E+04
1A9E+00 8.33E+03 2.84E+04
1.52E+00 5.99E+03 2.53E+04
1.55E+00 6.05E+03 2.55E+04
1.58E+00 8.83E+03 3.07E+04
2.20E+00 1.25E+04 3.92E+04
2.36E+00 1.33E+04 4.13E+04
241E+00 1.03E+04 3.75E+04
2.46E+00 1.09E+04 3.73E+04
251E+00 1.43E+04 4.46E+04
348E+00 2.00E+04 5.61E+04
374E+00 2.11E+04 5.91E+04
381E+00 1.76E+04 551E+04
3.89E+00 1.81E+04 5.40E+04
3.98E+00 2.30E+04 6.45E+04
5.52E+00 3.11E+04 7.99E+04
5.92E+00 3.32E+04 8.43E+04
6.04E+00 3.00E+04 8.05E+04
6.17E+00 2.95E+04 7.67E+04
6.31E+00 3.69E+04 9.28E+04
8.75E+00 4.82E+04 1.13E+05
9.39E+00 5.17E+04 1.18E+05
9.58E+00 5.16E+04 1.17E+05
9.78E+00 4.75E+04 1.08E+05
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22) Master curve of H5840B HDPE at the reference temperature of 180 °c
(Figure 4.14)

Frequency
(rad/s)

9.32E-02
1.00E-01
1.02E-01
1.07E-01
1.48E-01
1.59E-01
1.62E-01
1.65E-01
1.69E-01
2.34E-01
2.51E-01
2.56E-01
2.62E-01
2.68E-01
3.711E-01
3.98E-01
4.06E-01
4.15E-01
4.24E-01

G G"
(dyn/cm?) (dyn/cm?)
3.93E+02 2.61E+03
5.17E+02 2.70E+03
2.01E+02 2.11E+03
3.02E+02 2.71E+03
1.08E+03 3.85E+03
1.01E+03 3.74E+03
2.97E402 3.21E+03
1.98E+02 3.46E+03
6.14E+02 4.19E+03
1.24E403 5.74E+03
1.25E403 5.61E+03
6.13E+02 4.87E+03
6.72E+02 4.90E+03
1.15E+03 6.30E+03
2.16E+03 8.45E+03
1.96E+03 8.96E+03
1.09E+03 7.47E+03
1.29E403 7.60E+03
1.96E+03 9.51E+03

Frequency G’ G"
(radfs)  (dynfcm2) (dyn/cm2)
1.48E+00 8.04E+03 2.70E+04
1.58E+00 8.33E+03 2.84E+04
1.62E+00 5.99E+03 2.53E+04
1.65E+00 6.05E+03 2.55E+04
1.69E+00 8.83E+03 3.07E+04
2.34E+00 1.25E+04 3.92E+04
2.51E+00 1.33E+04 4.13E+04
2.56E+00 1.03E+04 3.75E+04
2.62E+00 1.09E+04 3.73E+04
2.68E+00 1.43E+04 4.46E+04
3.71E+00 2.00E+04 5.61E+04
3.98E+00 2.11E+04 5.91E+04
4.06E+00 1.76E+04 551E+04
4.15E+00 1.81E+04 5.40E+04
4.24E+00 2.30E+04 6.45E+04
5.88E+00 3.11E+04 7.99E+04
6.31E+00 3.32E+04 8.43E+04
6.44E+00 3.00E+04 8.05E+04
6.58E+00 2.95E+04 7.67E+04



23) Master curve of H5840B HDPE at the reference temperature of 200 °c
(Figure 4.15)

Frequency
(radfs)

8.75E-02
9.39E-02
9.58E-02
1.00E-01
1.39E-01
1.49E-01
1.52E-01
1.55E-01
1.59E-01
2.20E-01
2.36E-01
2.41E-01
2.46E-01
2.51E-01
3.48E-01
3.714E-01
3.81E-01
3.89E-01
3.98E-01
5.92E-01
5.92E-01
6.05E-01
6.17E-01
6.31E-01

Gl G”
(dyn/cm?) (dyn/cm?)
3.93E+02 2.61E+03
h.17E+02 2.70E+03
2.01E+02 2.11E+03
3.02E+02 2.71E+03
1.08E+03 3.85E+03
1.01E+03 3.74E+03
297E+02 3.21E+03
1.98E+02 3.46E+03
6.14E+02 4.19E+03
1.24E+03 5.74E+03
1.25E+03 5.61E+03
6.13E+02 4.87E+03
6.72E+02 4.90E+03
1.15E+03 6.30E+03
2.16E+03 8.45E+03
1.96E+03 8.96E+03
1.09E+03 7.47E+03
1.29E+03 7.60E+03
1.96E+03 9.51E+03
3.25E+03 1.25E+04
3.28E+03 1.33E+04
1.95E+03 1.13E+04
2.03E+03 1.16E+04
3.26E+03 1.42E+04

Frequency G G"
(radfs)  (dyn/emd) (dyn/cm2)
1.39E+00 8.04E+03 2.70E+04
149E+00 8.33E+03 2.84E+04
152E+00 5.99E+03 2.53E+04
1.55E+00 6.05E+03 2.55E+04
1.58E+00 8.83E+03 3.07E+04
2.20E+00 1.25E+04 3.92E+04
2.36E+00 1.33E+04 4.13E+04
241E+00 1.03E+04 3.75E+04
2.46E+00 1.09E+04 3.73E+04
2.51E+00 1.43E+04 4.46E+04
348E+00 2.00E+04 5.61E+04
3.74E+00 2.11E+04 5.91E+04
381E+00 1.76E+04 5.51E+04
3.89E+00 1.81E+04 5.40E+04
3.98E+00 2.30E+04 6.45E+04
5.52E+00 3.11E+04 7.99E+04
5.92E+00 3.32E+04 8.43E+04
6.04E+00 3.00E+04 8.05E+04
6.17E+00 2.95E+04 7.67E+04
6.31E+00 3.69E+04 9.28E+04
8.75E+00 4.82E+04 1.13E+05
9.39E+00 5.17E+04 1.18E+05
9.58E+00 5.16E+04 1.17E+05
9.78E+00 4.75E+04 1.08E+05
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24) Master curve of H5818] HDPE at the reference temperature of 180 °c
(Figure 4.16)

Frequency
(rad/s)

1.00E-01
1.05E-01
1.46E-01
1.59E-01
1.66E-01
1.90E-01
2.31E-01
2.46E-01
2.51E-01
2.63E-01
3.00E-01
3.67E-01
3.91E-01
3.98E-01
4.17€-01
4.76E-01
5.81E-01
6.19E-01
6.31E-01
6.60E-01
71.54E-01
9.21E-01
9.81E-01
1.00E+00

GI

G"

(dyn/cm?) (dyn/cm?)

71.87E+01
1.22E+02
1.53E+01
8.37E+01
8.55E+01
1.25E+02
2.03E+02
2.01E+02
1.90E+02
1.83E+02
2.11E+02

6.30E+02
6.93E+02
9.16E+02
9.82E+02
1.03E+03
1.16E+03
1.38E+03
1.45E+03
1.50E+03
1.56E+03
1.75E+03

Frequency G
(radfs)

1.66E+00 1.56E+03
1.89E+00 1.78E+03
2.31E+00 2.25E+03
2.46E+00 2.31E+03
251E+00 2.50E+03
2.63E+00 2.61E+03
3.00E+00 2.99E+03
3.67E+00 3.79E+03
3.90E+00 3.94E+03
3.98E+00 4.17E+03
4.17E+00 4.38E+03

GII

(dyn/em?) (dyn/cm?2)

8.35E+03
9.36E+03
1.12E+04
1.17E+04
1.21E+04
1.25E+04
1.40E+04
1.68E+04
1.76E+04
1.80E+04
1.87E+04

2.78E+02 2.10E+03
3.27E+02 2.21E+03
3.08E+02 2.29E+03
3.18E+02 2.42E+03
3.64E+02 2.70E+03
4.33E+02 3.27E+03
488E+02 3.40E+03
5.33E+02 3.51E+03
5.44E+02 3.64E+03
6.52E+02 4.11E+03
1.76E+02 4.91E+03
8.29E+02 5.14E+03
8.90E+02 5.29E+03

4,76E+00 5.02E+03 2.10E+04
5.81E+00 6.33E+03 2.50E+04
6.19+00 6.60E+03 2.62E+04
6.31E+00 6.97E+03 2.68E+04
6.60E+00 7.34E+03 2.79E+04
1.54E+00 8.37E+03 3.11E+04
9.21E+00 1.07E+04 3.73E+04
0.81E+00 1.10E+04 3.89E+04
1.00E+01 1.19E+04 4.03E+04
1.05E+01 1.25E+04 4.17E+04
1.20E+01 1.39E+04 4.61E+04
146E+01 187E+04 5.63E+04
1.55E+01 1.82E+04 5.76E+04



B.2 Apparent Flow Curve
Capillary die no.1860: diameter 1.25 mm, length 50.19 mm, lodc40.15
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25) The apparent flow curve of four different HDPE (H5604F, H5840B,
H5818] and H5690S) melts at the temperature of 180 °c (Figure 4.21)

H5604F HDPE
#T

Yo () (dynicm2
0.25 1.65E+05
0.5 2.36E +05
075  3.05E+05
1 3.51E+05
2.5 5.77E +05
5 7.71E+05
10 1.01E+06
12 1.06E+06
15 1.16E+06
20 1.34E+06
25 1.42E+06
30 1.49E+06
40 1.65E+06
50 1.80E+06
80 2.03E+06
100 2.17E+06
150  2.37E+06
200 2.65E+06
340 2.93E+06
560  2.75E+06
700 3.17E+06
800 3.37E+06
1000 4.02E+06

1500

3.63E+06

PO Ty

(dyn/cm?)

1.77E+05
2.41E+05
2.82E+05
3.28E+05
5.65E+05
T.40E+05
9.77E+05
1.08E+06
1.17E+06
1.37E+06
1.40E+06
1.48E+06
1.63E+06
1.77TE+06
2.03E+06
2.20E+06
2.39E+06
2.11E+06
2.89E+06
2.86E+06
3.30E+06
3.03E+06
3.43E+06
4.15E+06

Avg.

1.71E+05
2.38E+05
2.93E+05
3.39E+05
5.71E+05
7.56E+05
9.92E+05
1.07TE+06
1.17E+06
1.36E+06
1.41E+06
1.49E+06
1.64E+06
1.79E+06
2.03E+06
2.19E+06
2.38E+06
2.68E+06
2.91E+06
2.81E+06
3.24E+06
3.20E+06
3.73E+06
3.89E+06

Std.

8.78E+03
3.51E+03
1.63E+04
1.62E+04
8.78E+03
2.21E+04
2.19E+04
1.41E+04
7.07E+03
2.12E+04
1.53E+04
7T.07E+03
1.41E+04
2.12E+04
0.00E+00
2.12E+04
1.41E+04
4.24E+04
2.83E+04
7.18E+04
9.19E+04
2.40E+05
4.17E+05
3.68E+05



H5840B HDPE
T dyn/Cth
apf ) ggﬁE+0?
2.5 6.30E+04
) 1.13E+05
15 1.48E+05
10 1.82E+05
15 2.43E+05
22 3.19E+05
30 3.92E+05
50 5.97E+05
80 1.69E+05
100  9.06E+05
200 1.28E+06
300 1.55E+00
400 1.75E+06
500 1.93E+06
700  2.03E+06
800  2.18E+06
900  2.18E+06
1000  2.37E+06

1500

2.59E+06

>nd
(¢t

3.64E+04
6.27E+04
1.11E+05
1.51E+05
1.80E+05
2.40E+05
3.21E+05
3.93E+05
5.80E+05
8.25E+05
9.64E+05
1.26E+06
1.58E+06
1.76E+06
1.92E+06
2.18E+06
2.17E+06
2.28E+06
2.49E+06
2.68E+06

Avg.

3.59E+04
6.29E+04
1.12E+05
1.49E+05

B1E+05
2.42E+05
3.20E+05
3.93E+05
5.88E+05
1.97E+05
9.35E+05
1.27E+06
7.90E+05
1.75E+06
1.93E+06
2.10E+06
2.17E+06
2.23E+06
2.43E+06
2.64E+06

Std.

1.07E+02
2.12E+02
141E+03
2.12E+03
1.41E+03
2.12E+03
1.41E+03
7.07E+02
1.24E+04
4.01E+04
4.12E+04
1.24E+04
1.12E+06
5.49E+03
8.72E+03
1.11E+05
2.95E+03
6.85E+04
9.09E+04
h.78E+04
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H5818J HDPE

BT

Yp () (dynem2)

1
25
5
15
10
15
20
30
50
80
100
150
200
300
400
500
600
1000
1500

1.11E+04
2.20E+04
3.74E+04
4.92E+04
0.43E+04
8.20E+04
1.06E+05
1.43E+05
2.12E+05
3.01E+05
3.53E+05
4 81E+05
5.54E+05
1.34E+05
8.71E+05
1.00E+06
1.32E+06
1.48E+06
1.81E+06

(d%n/cma
1.07E+04

2.33E+04
3.71E+04
4 83E+04
5.95E+04
8.36E+04
1.03E+05
1.46E+05
2.13E+05
3.03E+05
3.53E+05
4.90E+05
5.91E+05
71.30E+05
8.73E+05
9.99E+05
1.31E+06
1.49E+06
1.82E+06

Avg.

1.09E+04
2.2TE+04
3.73E+04
4 88E+04
6.19E+04
8.28E+04
1.05E+05
1.44E+05
2.12E+05
3.02E+05
3.53E+05
4 86E+05
5.13E+05
1.32E+05
8.72E+05
1.00E+06
1.32E+06
1.48E+06
1.81E+06

Std.

3.03E+02
9.08E+02
2.42E+02
6.66E+02
3.39E+03
1.09E+03
1.82E+03
1.82E+03
4 85E+0?2
1.21E+03
0.00E+00
6.24E+03
2.62E+04
2.91E+03
1.57E+03
1.76E+03
9.87E+03
4. 72E+03
8.48E+03
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H56905 HDPE

075
2.5

15
10
15
20
30
50
80
100
150
200
1000
1500

IVCm
5E+0

676E+04
1.03E+05
2.12E+05
3.58E+05
4 84E+05
5.87E+05
1.71E+05
9.22E+05
1.19E+06
1.61E+06
2.06E+06
2.30E+06
2. TTE+06
3.10E+06
2.13E+06
2.94E+06

d?v&%?
4E+

7.98E+04
1.02E+05
2.12E+05
3.88E+05
4 88E+05
5.94E+05
1.79E+05
9.42E+05
1.21E+06
1.65E+06
2.15E+06
2.41E+06
2.T9E+06
3.12E+06
2.18E+06
2.95E+06

Avg.

4.20E+04
1.37E+04
1.03E+05
2.12E+05
3.73E+05
4 86E+05
5.91E+05
1.75E+05
9.32E+05
1.20E+06
1.63E+06
2.10E+06
2.36E+06
2.18E+06
3.11E+06
2.T5E+06
2.94E+06

Std.

1.75E+03
8.66E+03
1.87E+02
4 84E+02
2.16E+04
2.13E+03
4.91E+03
5,33E+03
1.37E+04
1.85E+04
2.88E+04
6.21E+04
8.39E+04
1.04E+04
1.13E+04
3.46E+04
6.30E+03
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26) The apparent flow curve of H5604F HDPE at the different temperatures

(Figure 4.22)
At 160 °c
Y dyn/cm? Jgdx
a8p75 g glECfg)S) g ¥4E+0?
1 433E+05 4.08E+05
25 648E+05  6.59E+05
5  8.65E+05 8.98E+05
75 L02E+06  1.03E+06
10 114e+06 1.13E+06
15 136E+06 1.27E+06
20 L146E+06  1.39E+06
30  167E+06  1.67E+06
50 194E+06  1.92E+06
80  215E+06 2.12E+06
100 2.36E+06 2.32E+06
300 190E+06 2.12E+06
400  243E+06  2.31E+06
500  2.64E+06 3.07E+06
800  3.49E+06 3.65E+06
1000  3.80E+06 3.97E+06
1500 4.81E+06 4.34E+06

Avg.

3.13E+05
4. 21E+05
6.54E+05
8.82E+05
1.03E+06
1.13E+06
1.31E+06
1.42E+06
1.67E+06
1.93E+06
2.14E+06
2.34E+06
2.01E+06
2.37E+06
2.86E+06
3.57E+06
3.88E+06
4 58E+06

Std.

1.68E+04
1.7AE+04
8.11E+03
2.33E+04
6.00E+03
71.63E+03
6.04E+04
4 86E+04
1.21E+03
1.42E+04
2.14E+04
2.34E+04
1.53E+05
8.46E+04
3.04E+05
1.15E+05
1.18E+05
3.33E+05



At 200 °c

s

0.75
1
2.5
5
15
10
15
20
30
50
60
100
150
200
300
400
500
800
1000
1500

(déﬁk&na
1.96E+05
2.22E+05
3.46E+05
5.23E+05
6.92E+05
8.07E+05
8.97E+05
9.92E+05
1.09E+06
1.26E+06
1.63E+06
1.86E+06
1.98E+06
2.22E+06
2.42E+06
2.68E+06
2.92E+06
2. TAE+06
2.89E+06
2.93E+06
3.28E+06

o x
(dyn/cm2)
2.19E+05
2.58E+05
2.99E+05
4 86E+05
6.66E+05
1.78E+05
8.63E+05
1.10E+06
1.22E+06
1.40E+06
1.63E+06
1.88E+06
2.00E+06
2.20E+06
2.35E+06
2.66E+06
2.96E+06
3.13E+06
3.21E+06
3.18E+06
3.57E+06

Avg.

2.07E+05
2.40E+05
3.23E+05
5,04E+05
6.79E+05
1.92E+05
8.80E+05
1.05E+06
1.16E+06
1.33E+06
1.63E+06
1.87E+06
1.99E+06
2.21E+06
2.39E+06
2.67E+06
2.94E+06
2.93E+06
3.05E+06
3.05E+06
3.42E+06

Std.

1.64E+04
2.51E+04
3.35E+04
2.61E+04
1.81E+04
2.07E+04
2.41E+04
1.61E+04
8.88E+04
1.00E+05
3.63E+02
1.44E+04
1.47E+04
1.55E+04
4.63E+04
1.06E+04
2.17E+04
2.13E+05
2.21E+05
1.73E+05
2.02E+05
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27) The apparent flow curve of H5840B HDPE at the different temperatures

(Figure 4.23)
At 160 °c
Ig

Yo (') (dyn/tnd
1 2 36E+04

2.5 4. 79E+04

5 1.07E+05
75 1.65E+05
10 2.15E+05

15 3.52E+05
20 4.32E+05
30 5.81E+05
50 8.26E +05
80 1.12E+06
100 1.29E+06
150 1.62E+06
200 1.87E+06
300 2.27E+06
400 2.61E+06
500 2.84E+06

800

3.33E+06

nd
(dyn/emd)
2.12E+04
4 5TE+04
9.88E+04
1.55E+05
2.07E+05
3.50E+05
4.32E+05
5.17TE+05
8.27E+05
1.12E+06
1.28E+06
1.64E+06
1.88E+06
2.28E+06
2.59E+06
2.86E+06
3.36E+06

Avg.

2.24E+04
4.68E+04
1.03E+05
1.60E+05
2.11E+05
3.51E+05
4.32E+05
5.7T9E+05
8.26E+05
1.12E+06
1.29E+06
1.63E+06
1.88E+06
2.28E+06
2.60E+06
2.85E+06
3.35E+06

Std.

1.64E+03
1.51E+03
5.57E+03
7.09E+03
6.24E+03
1.39E+03
4.84E+02
3.09E+03
1.27E+02
7.88E+02
8.24E+03
1.15E+04
3.94E+03
4.60E+03
1.39E+04
1.29E+04
2.55E+04



At 200 °c

Yap( 9
0.75
1
25
5
15
10
15
20
30
50
80
100
150
200
300
400
500
800
1000
1500

IS.P
nicm
(E§4{EC+0?
1.87E+04
3.61E+04
6.95E+04
1.04E+05
1.49E+05
2.12E+05
2.10E+05
3.65E+05
5.32E+05
7.38E+05
8.58E+05
1.14E+06
1.36E+06
1.70E+06
1.91E+06
2.17E+06
2. T4E+06
3.03E+06
3.28E+06

olid

( n/Eﬁﬂ%
H0E+0
1.98E+04
3.712E+04
8.48E+04
1.19E+05
1.53E+05
2.11E+05
2.60E+05
3.55E+05
5.10E+05
1.22E+05
8.37E+05
1.10E+06
1.32E+06
1.63E+06
1.96E+06
2.2TE+06
2.T9E+06
2.99E+06
3.14E+06

Avg.

1-42E+04
1.92E+04
3.06E+04
1.12E+04
1.12E+05
1.51E+05
2.11E+05
2.65E+05
3.00E+05
5.21E+05
7.30E+05
8.47E+05
1.12E+06
1.34E+06
1.66E+06
1.94E+06
2.22E+06
2. TTE+06
3.01E+06
3.21E+06

Std.

1.15E+03
1.87E+02
1.87E+02
1.08E+04
1.02E+04
2.48E+03
4 84E+02
6.84E+03
6.96E+03
1.55E+04
1.17E+04
1.49E+04
3.07E+04
2. TTE+04
5.51E+04
3.48E+04
71.09E+04
3.12E+04
3.20E+04
1.02E+05
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temperature of 180 °c (Figure 4.24)

Step up

Yapp

420
440
460
480

The shear strain rate at the onset

)

st N i
(dyn/cm3)
2.85E+06
2.83E+06
2.81E+06
2.82E+06

A

Yao () (dyniemd

400
410
405
400
Avg.
Std.

2.95E+06
2.91E+06
2.89E+06
2.89E+06
2.91E+06
2.13E+04

2nd p i
(dyn/cm?)
2.89E+06
2.87E+06
2.85E+06

2.87E+06

My, max

(dyn/cm?)
3.12E+06
3.07E+06
3.09E+06
3.10E+06
3.09E+06
1.68E+04

2nd
I1st T ,nﬂ( na

(dyn/em?)  (dyn/em2)
3.07E+06  3.08E+06
3.03E+06  3.08E+06
3.06E+06  3.03E+06
3.04E+06  3.09E+06

The shear strain rate at the terminal

A,nh

Ya (D yniema

490
510
500
495
Avg.
Std.

2.89E+06
2.94E+06
2.92E+06
2.88E+06
2.91E+06
2.65E+04

(dyn/cm2)
3.06E+06
3.12E+06
3.10E+06
3.05E+06
3.08E+06
3.12E+04
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28) Step up experiment and step down experiment of H5604F HDPE at the



Step down

Yor 0 (dynlem)

420
440
460
480

15t
min

2.90E+06
2.86E+06
2.86E+06
2.81E+06

I
A

(dyn/cm2)  (dyn/cm2)
2.84E+06  3.07E+06
2.81E+06 3.02E+06
2.80E+06 3.08E+06
2.85E+06  3.02E+06

The shear strain rate at the onset

Yap ( )

400
410
400
400
Avg.
Std.

The shear strain rate at the terminal

Vo ()

490
510
500
505
Avg.
Std.

(dyn/cm?)
2.93E+06
2.89E+06
2.85E+06
2.88E+06
2.89E+06
3.33E+04

dyncma
2.91E+06
2.85E+06
2.90E+06
2.89E+06
2.89E+06
2. TAE+04

A max

(dyn/cm?)
3.05E+06
3.11E+06
3.10E+06
3.02E+06
3.07E+06
4 22E+04

(dyn/cm?)
3.09E+06
3.04E+06
3.05E+06
3.14E+06
3.08E+06
4.32E+04

15t

2 (1
A max

(dyn/cm?)
3.11E+06
3.07E+06
3.03E+06
3.05E+06



29) The oscillating stress regime of H5604F HDPE at the temperature of

180 °c (Figure 4.25)
H5690S HDPE

Yapp (") (

300
400
500
600
100
800
900

The shear strain rate at the onset

Yapp (")

285
215
280
Avg.
Std.

iSt ,ﬁh
dyn/cm?)
2.38E+06
2.36E+06
2.39E+06
2.4TE+06
2.43E+06
2.44E+06

247E+06

A
(dyn/cm?)
2.37E+06
2.39E+06
2.39E+06
2.38E+06
1.26E+04

2nd .
A
,m

(dyn/cm?)
2.36E+06
2.42E+06
2.41E+06
2.42E+06
2.49E+06
2.50E+06
2.48E+06

JTEX
(dyn/cm2)
3.42E+06
341E+06
3.38E+06
341E+06
2.24E+04

15t A ’rm(
(dyn/cm?)
3.35E+06
3.40E+06
3.43E+06
3.50E+06
3.51E+06
3.53E+06
3.54E+06

The shear strain rate at the terminal

A i

/\,rra(

Yo 0 (dyn/cm?)  (dyn/cm?)

1005
1005
995
Avg.
Std.

2.58E+06
2.62E+06
2.64E+06
2.61E+06
3.03E+04

3.62E+06
3.60E+06
3.61E+06
3.61E+06
1.24E+04

94
e

(dyn/cm?)
343E+06
3.44E+06
3.46E+06
3.46E+06
3.46E+06
351E+06
3.55E+06
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30) The oscillating stress regime of H5604F HDPE at the different
temperatures (Figure 4.26)

At 160 °c
A %<, . e [ 2 1,
Vapp (S-l) | 2 | 2 | 2 | 2
(dyn/cm”) | (dyn/cm”) [(dyn/cm”)| (dyn/cm®)
160 1.81E+06 | 1.92E+06 |2.48E+06| 2.56E+06
170 1.86E+06 | 1.91E+06 |2.48E+06| 2.41E+06
180 1.85E+06 | 1.90E+06 |2.50E+06| 2.46E+06
190 1.83E+06 | 1.90E+06 |2.45E+06| 2.51E+06
200 1.86E+06 | 1.92E+06 |2.55E+06| 2.42E+06

The shear strain rate at the onset

2 -1 T . T

Yapp (S ) w,min Ww.Inax
(dyn/cm®) | (dyn/em?)
135 1.79E+06 | 2.46E+06
150 1.78E+06 | 2.65E+06
130 1.93E+06 | 2.52E+06
Avg. 1.83E+06 | 2.54E+06
Std. 831E+04 | 9.77E+04

The shear strain rate at the terminal

T

T

)',app (S") w.min w,max
(dyn/cmz) (dyn/cmz)
220 1.99E+06 | 2.63E+06
215 1.79E+06 | 2.40E+06
225 1.82E+06 | 2.43E+06
Avg. 1.87E+06 | 2.48E+06
Std. 1.11E+05 | 1.25E+05




At 200 °c

iSt

e 00 (dynicm)

800
810
620
830
840

3.00E+06
2.97E+06
2.96E+06
2.96E+06
2.98E+06

205

(dyn/cm?)
3.02E+06
3.00E+06
3.00E+06
3.00E+06
2.99E+06

The shear sitrain rate at the onset

Tapp (

795
185
190

Avg.

Std.

The shear sitrain rate at the terminal

Yapp (

840
845
855

Avg.

Std.

')

)

(dyn/cm?)
2.96E+06
3.03E+06
3.01E+06
3.00E+06
3.68E+04

(dyn/cm?)
3.02E+06
2.99E+06
3.00E+06
3.01E+06
1.37E+04

(dyn/cm?)
3.17E+06
3.14E+06
3.10E+06
3.13E+06
3.65E+04

(dyn/cm?)
3.18E+06
3.12E+06
3.10E+06
3.14E+06
4.16E+04

(dyn/cm?)
3.13E+06
3.11E+06
3.10E+06
3.10E+06
3.12E+06

2 A

,MaX
(dyn/em?)
3.12E+06
3.12E+06
3.13E+06
3.10E+06
3.11E+06



B.3 Wall Slip Determination
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31) Slip velocity as a function of shear stress of four different HDPE
(H5604F, H5840B, H5818) and H5690S) melts at the temperature of
180 °c (Figure 4.27a-d)

H5604F HDPE

;
dynlem
(1¥6E+062)

1.9E+06
2.4E+06
2.8E+06
2.9E+06
2.9E+06
3.0E+06
3.1E+06
3.5E+06
4.0E+06

£m\rﬁ/s}
=)
58E-01
17E+00
8.9E+00
L1EH1
14E+01
17E+01
2.5E+01
3.3E+01
4.0E+01

H5840B HDPE

ém\néls} (gyr%mb

;
dynlem
(6.)6E+052)

8.0E+05
1.0E+06
1.2E+06
1.5E+06
2.0E+06
3.0E+06
4.0E+06
5.0E+06

BE-01  9.8E+05
89E-01 LI1EH6
LAE+00 1.3E+06
2.2E+00  1.3E+06
5.0E+00 15EH6
L1AEH01  17E+06
34E+01  19E+06
T8E+01

1.3E+02

H5818] HDPE

\K
}mm/s
9E+00
LIEH01
136401
17E+01
2.6E+01
T0EH01
8.4E+01

H5690S HDPE

;
i
1.2E+06
14E+06
1.6E+06
1.8E+06
2.0E+06
2.2E+06
2.4E+06
2.6E+06
2.8E+06
3.0E+06

gm\rﬁ/sl
BE-0

2.2E01
2.9E-01
4.1E-01
12801
1.0E+00
1.5E+00
2.1E+00
2.5E+00
3.0E+00
3.5E+00
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32) Slip velocity as a function of shear stress of H5604F HDPE and H5840B
HDPE at the temperatures of 160 °c and 200 °c (Figure 4.31-4.32)

,
dynlem
1¥2E+Og)

1.4E+06
1.6E+06
1.8E+06
2.0E+06
2.2E+06
2.4E+06
2.8E+06
3.0E+06
3.2E+06
34E+06
3.6E+06
3.8E+06

H5604F HDPE
160 °C

§m\rﬁ/s}
0E-0
35E-01
6.3E-01
79601
L1EH)0
2.0E+00
4.1E+00
9.9E+00
3.2E+01
3.9E+01
4.9E+01
6.1E+01
6.6E+01

200 °CA

.
Orind
1.2E+06
14E+06
1.8E+06
1.9E+06
2.1E+06
2.2E+06
2.4E+06
2.6E+06
2.8E+06
3.1E+06
3.2E+06

\5
mm/s
Jteol
32801
6.1E-01
LIEH00
1.8E+00
34E+00
5.1E+00
9.1E+00
136401
2.3E+01
3.3E+01
4.3E+01

Tw
MR
14E+06
1.6E+06
1.8E+06
2.0E+06
2.2E+06
2.4E+06
2.6E+06
2.8E+06
3.0E+06

H5840B HDPE
160 °C

(m\rﬁ/s (dyr{)NcmZ)

1.6E+00
2.1E+00
3.1E+00
3.6E+00
6.2E+00
8.9E+00
15E+01
1.8E+01
2.3E+01
2.8E+01

200 °C

8.0E+05
9.0E+05
1.0E+06
1.2E+06
14E+06
1.6E+06
1.8E+06
2.0E+06
2.5E+06
3.0E+06
3.5E+06

{m\rﬁ/g
JE+00
2.2E+00
2.4E+00
4.8E+00
71.2E+00
9.1E+00
14E+(01
1.7E+01
4.2E+01
T9E+01
1.5E+02
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33) The extrapolation length as a function of slip velocity of four different
HDPE (H5604F, H5840B, H5818] and H5690S) melts at the
temperature of 180 °c (Figure 4.30-31)

H5604F HDPE:
VS ¥ b2 Avg. Std.

(mmfs) — (mm) (mm)

354E-01  146E-02 :

6.28E-01  1.58E-02 - : :
185601  140E-02  156E-02  148E-02  LO3E-03
LISE+00  1.54E-02 - : :
202E+00  1.93E-02

4.10E+00  3.06E-02 - : :
991E+00 502602 5.01E-02  502E-02  5.66E-05
316E+01  6.29E-02 : : :
J0E+01 6.17E-02  577E-02  5.97E-02  2.86E-03
491E+01  5.85E-02 - : :
6.13E+01  6.28E-02

6.55E+01  5.72E-02



H5840B HDPE

VS
(mmfs)

5.61E-01
8.88E-01
144E+00
2.18E+00
5,02E+00
1.44E+01
3.45E+01
7.80E+01
1.30E+02

H5818J:

VS
(mmfs)

5.88E+00
9.68E+00
1.27E+01
E71E+01
2.64E+01
6.96E+01
8.40E+01

bi
(mm)
2.39E-02
2.21E-02
2.44E-02
2.51E-02
2.87E-02
5.29E-02
1.10E-02
E19E-01
1.46E-01

b
(mm)
22502
250E-02
240E-02
2.60E-02
3.65E-02
1.97E-02
9.31E-02

2 Avg. Std.,
(mm)
284E-02  262E-02  3.21E-03

8.62E-02  7.86E-02  EOSE-02

b2 Std. Std.
(mm)

232802 241E-03  E25E-03

343E02  354E-03  E53E-03



H5690S HDPE

VS
(mmfs)

1.63E-01
2.21E-01
2.93E-01
4,06E-01
7.17E-01
1.00E+00
1.48E+00
2.11E+00
2.54E+00
2.99E+00
3.53E+00

i
(mm)
7.90E-03
7.90E-03
7.90E-03
9,03E-03
121E02
146E-02
17502
2.20E-02
2.20E-02
2.20E-02
2.23E-02

b2
(mm)

Avg.

Std.

6.20E-03  815E-03  2.12E-04

149E-02  L47E-02  9.26E-03
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34) The extrapolation length as a function of slip velocity for H5604F
HDPE at the different temperatures (Figure 4.39)
At 160 °c

VS
(mmfs)

2.65E-01
5.76E-01
1.66E+00
8.91E+00
1.25E+01
1.38E+01
1.70E+01
2.55E+01
3.34E+01
3.84E+01

b
(mm)
1.39E-02
140E-02
1.59E-02
4 40E-02
57202
5,79E-02
6.39E-02
6.80E-02
6.46E-02
6.56E-02

b2
(mm)
1.35E-02

442E-02  44IE-02  1.34E-04

0.34E-02  6.37E-02  297E-04

Avg.

1.37E-02

Std.

2.62E-04



At 200 °c

VS
(mmfs)

2.01E-01
3.17E-01
6.07E-01
1.11E+00
1L77E+00
3.41E+00
5.12E+00
9.12E+00
1.23E+01
2.41E+01
4 18E+01
h.67E+01

bi
(mm)
141E-02
1.31E-02
1.45E-02
1.59E-02
1.99E-02
3.21E-02
3.87E-02
4.60E-02
5.68E-02
5.36E-02
5.68E-02
5.99E-02

)
(mm)

1.37E-02

3.22E-02

5.60E-02
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Avg. Std.

134E-02  4.24E-04

321E-02  9.19E-05

5.64E-02  5.66E-04
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35) The extrapolation length as a function of slip velocity for H5840B
HDPE at the different temperatures (Figure 4.40)

At 160 °c
VS
(mmfs)

1.56E+00
2.05E+00
3.11E+00
3.59E+00
6.24E+00
8.90E+00
1.48E+01
1.80E+01
2.32E+01
2.80E+01

At 200 °c
Vs
(mmfs)

1.71E+00
2.16E+00
2.40E+00
4 80E+00
7.20E+00
9.05E+00
1.35E+01
1.71E+01
4. 22E+01
1.91E+01
1.48E+0?2

bi
(mm)
1.96E-02
2.02E-02
2.39E-02
2.14E-02
3.45E-02
4.10E-02
6.15E-02
6.47E-02
1.24E-02
1.76E-02

bi
(mm)
2.07E-02
2.29E-02
2.09E-02
3.20E-02
3.90E-02
3.92E-02
5.12E-02
5.12E-02
112801
1.89E-01
3.90E-01

)
(mm)

2.01E-01

1.24E-02
2

(mm)

2.08E-02

5.12E-02

Avg.

L11E01

1.24E-02
Avg.

2.08E-02

5.12E-02

Std.

1.26E-01

5.66E-05
Std.

1.78E-05

4.24E-05



133

B.4 Normalized Flow Curve

36) Master curve of four HDPE melts of different molecular weight and
polydispersity at the temperature of 180 °c (Figure 4.46-4.47)

H5604F HDPE H5840B HDPE

Wi twGc Wi twGce
4.09E+00 1.23E+00 291E-02  3.86E-02
8.18E+00 1.76E+00 1.28E-02  6.87E-02
123E+01  2.28E+00 146E-01  1.23E-01
1.64E+01  2.62E+00 219801  161E-01
409E+01 4.31E+00 291E-01  1.99E-01
8.18E+01 5.76E+00 437E-01  2.65E-01
2.13E+02  7.40E+00 0.41E-01  3.48E-01
2.56E+02 7.97E+00 8.74E-01  4.27E-01
3.20E+02 8.70E+00 143E+00  6.11E-01
4.26E+02 1.01E+01 240E+00  6.87E-01
533E+02  1.05E+01 3.28E+00  8.59E-01
6.39E+02 1.11E+01 538E+00  1.15E+00
8.52E+02  1.22E+01 8.85E+00  1.46E+00
107E+03  1.33E+01 147E+01  1.73E+00
2.13E+03  1.63E+01 3.03E+01  2.45E+00
3.20E+03  1.77E+01
4.26E+03  2.00E+01
1.24E+03  2.17E+01

1.03E+04  2.09E+01

147E+04  2.39E+01

166E+04 2.64E+01

1.84E+04 2.78E+01
2.16E+04  2.90E+01



H5818J HDPE

Wi
1.10E-02
2.T5E-02
5.50E-02
8.25E-02
1.10E-01
E65E-01
2.20E-01
3.30E-01
5.50E-01
8.80E-01
1106400
E65E+00
2.20E+00
3.63E+00
4 84E+00
6.06E+00
9.69E+00
E21E+01
E82E+01

twGc
1.02E-02
2.02E-02
3.43E-02
4 52E-0?2
5.90E-02
7.53E-02
9.71E-02
E31E-01
E95E-01
2.T6E-01
3.24E-01
441E-01
5.25E-01
6.71E-01
8.00E-01
9.17E-01
E21E+00
E36E+00
E66E+00

H5690S HDPE

Wi
2.69E-01
40301
h.38E-01
1-53E+00
3.06E+00
4 59E+00
6.12E+00
9.18E+00
E22E+01
E26E+01
E71E+01
2.52E+01
3.07E+01
4,03E+01
4.67E+01
h.TTE+01
6.52E+01
7.86E+01
9.26E+01
E08E+02

twGc
E13E-01
2.10E-01
3.20E-01
6.59E-01
E11E+00
ES0E+00
E82E+00
2.40E+00
2.86E+00
3.11E+00
3.713E+00
4 35E+00
497E+00
5.59E+00
6.21E+00
6.83E+00
7.45E+00
8.07E+00
8.70E+00
9.32E+00



4.54)
At 160 °¢
Wi

4.17E+01
5.57E+01
1.39E+02
4.12E+02
6.18E+02
8.24E+02
1.24E+03
1.58E+03
3.38E+03
1.04E+04
2.02E+04
2.18E+04
2.38E+04
2.18E+04
3.713E+04
5.16E+04
6.01E+04

twGc
2.03E+00
2.93E+00
4 38E+00
5.85E+00
6.91E+00
7.70E+00
9.16E+00
9.37E+00
1.26E+01
1.52E+01
1.71E+01
1.74E+01
1.76E+01
1.90E+01
2.03E+01
2.09E+01
2.37E+01

At 200 °c
Wi TWGe

1.58E+00 1.70E+00
1.14E+01 2.27E+00
1.52E+01 4.32E+00
552E+01 6.53E+00
1.10E+02 8.63E+00
1.66E+02 1.01E+01
2.21E+02 1.12E+01
3.14E+02 1.38E+01
h.35E+02 1.62E+01
9.27E+02 2.01E+01
1.32E+03 2.25E+01
2.38E+03 2.38E+01
257E+03 2.50E+01
3.64E+03 2.75E+01
H.90E+03 3.00E+01
9.43E+03 3.26E+01
1.63E+04 3.50E+01
249E+04 3.81E+01
3.21E+04 4.00E+01
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37) Master curve of H5604F HDPE at the different temperatures (Figure



4,55)
At 160 °c
Wi

3.13E-02
7.84E-02
1.57E-01
2.35E-01
3.13E-01
4.70E-01
6.27E-01
1.14E+00
1.90E+00
3.04E+00
3.86E+00
4.96E+00
6.36E+00
6.87E+00
8.26E+00
9.14E+00
1.06E+01
1.22E+01
1.37E+01

twGc
2.66E-02
5.T4E-02
1.27E-01
1.76E-01
2.51E-01
3.59E-01
4.40E-01
5.92E-01
8.41E-01
1.22E+00
1.43E+00
1.63E+00
1.83E+00
2.04E+00
2.24E+00
2.44E+00
2.65E+00
2.85E+00
3.05E+00

At 200 °c
Wi

2.03E-02
2.T0E-02
6.75E-02
1.35E-01
2.03E-01
2.70E-01
4,05E-01
5.40E-01
9.24E-01
1.54E+00
2.46E+00
2.55E+00
2.91E+00
3.54E+00
4.62E+00
5.69E+00
7.11E+00
8.14E+00
9.19E+00
1.16E+01
1.29E+01
1.32E+01

XWGce
1.51E-02
2.11E-02
4.07E-02
7.84E-02
1.18E-01
1.68E-01
2.38E-01
3.04E-01
4.1 [E-01
6.00E-01
8.32E-01
9.02E-01
1.01E+00
1.13E+00
1.35E+00
1.58E+00
1.80E+00
2.03E+00
2.25E+00
2.82E+00
2.93E+00
3.04E+00
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38) Master curve of H5818) HDPE at the different temperatures (Figure
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