Time-Dependent Morphological Evolution in Thermoplastic Polyurethanes
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Figure 1. A schematic representation of the basic components in TPU.
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Table 1. Absorption Bands Assignment for TPU.

Wave umber (cm']) Intensity Ester-based TPU Ether-base TPU
3420 W, sh Y (N-H) free v (N-H) free

3320 S ¥ (N-H) bonded v (N-H) bonded

3185 W ¥ (N-H) cis-trans isomeric bonded v (N-H) cis trans isomeric bonded
3115 W Overtone of 1530 band Overtone of 1530 band
3030 w ¥ (C-H) in benzene ring ¥ (C-H) in benzene ring
2960 N Y. (CHy)

2935 S V. (CH)

2890 M, sh ¥, (CHyp)

2860 M, sh Y. (CHy)

2856 S Vo (CHy)

2795 M v, (CHy)

1733 vS ¥, (C=O)free

1703 vS ¥, (C=0)bonded
1740-1690 vS ¥, (C=0)bonded, v, (C=O)free

1600 S ¥ (C=C) in benzene ring ¥ (C=C) in benzene ring
1530 vS 5 (N-H), ¥ (C-H) & (N-H), ¥ (C-H)
1500-1430 w 8 (CHy) 8 (CHyp)

1410 S ¥ (C-C) in benzene ring ¥ (C-C) in benzene ring
1360 M @ (CHy) @ (CHy)

1310 S & (N-H), v (C-H), B (CH) & (N-H), v (C-H), B (CH)
1250 S, sh @ (CHy), v (C-0-C) w (CHy), v (C-0-C)

1225 S § (N-H), ¥ (CN) & (N-H), ¥ (C-N)

1180 S Y (C-0-C)

1110 vS v (CH-0-CHy)

1080 S v (C-0-C) v (C-0-C)

W: weak; S: strong; M: medium; sh: shoulder; Vs: very strong; V: stretching;
Yo asymmetric stretching; Vs symmetric stretching; 8:bending; B: in-plane bending.
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Figure 2. Possible thermal transitions in TPU.
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Figure 3. Temperature protocol employed for DSC
annealing study. Two different experiments were
conducted separately. (a) An unannealed control
(solid line) of each material was prepared by heating
the sample to 250°C in the DSC cell, holding there
for 5 min to erase thermal history, The specimen was
quenched to -120°C and kept this temperature until
thermal equilibrium was reached. DSC was run at
a heating rate of 20C/min from -120 to 270°C. (b)
Annealed samples (dotted line) were first heated to
250°C and held at this temperature for 5 min to re-
move thermal history. After holding at 250°C for 5
min, the sample was quenched to predetermined an-
nealing temperatures (70, 90, and 110°C are for the
L series, and %0, 110, 130, 150, and 170°C are for the
H series) and kept there for 0.5, 1, 2, 3, 4, 8, 12, and
24 h, respectively. The specimen was quenched to -12
0°C and kept this temperature until thermal equili-
brium was reached. The samples were subsequently
run at a heating rate of 20C/min from -120 to 270°C.
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Figure 4. Effect of thermal history on thermal transitions of as polymerized TPU having high HS content:
(a) DSC traces of melt-quenched H3 that was annealed at various temperatures and periods, (b) DSC traces
of as-polymerized H3 after annealing at 150°C for various periods, and (c¢) DSC traces of as-polymerized H3
after annealing at 170°C for varjous periods as indicated on the DSC trace. A fresh specimen was used for
each DSC run at a heating rate of 20°C/minA fresh specimen was used for each DSC run at a heating rate

of 20°C/min.
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Figure 5. Effect of thermal history on thermal
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Figure 6. Cross-polarized optical micrographs
of as-polymerized TPU having lower HS con-
tent, upon heating at different temperatures:
(a) 25C; (b) 90°C: (c) 180C.
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Figure 7. Cross-polarized optical micrographs

of as-polymerized TPU having lower HS con-
tent, which was annealed at 90°C for different
periods: (a) 1 min; (b) 120 min.
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Figure 8. Cross-polarized optical micrographs
of as-polymerized TPU having high HS content
upon heating at different temperatures: (a) 2
5C: (b) 150°C; (¢) 250°C.
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Figure 9. Cross-polarized optical micrographs
of as-polymerized TPU having high HS con-
tent, which was annealed at 150°C for different
periods: (2) 1 min; (b) 10 min; (¢) 30 min;
(d) 60 min; (e) 120 min

2.5 Rheological Behavior of TPUs 53-62
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Figure 10. Temperature protocol employed for
the dynamic frequency experiments for TPU
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Figure 11. Plots of log In*| versus log o for
TPU having low HS content at various tem-
peratures following the predetermined tem-
perature protocol: (OO) 180°C (step 1); (@) 9
0C (step 2); (A\) 180C (step 3); (A) 90T
(step 4); (CJ) 180°C (step 5).
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Figure 12. (a) Plots of log G’ versus log w
and (b) log G” versus log & for TPU having
low HS content at various temperatures follo-
wing the predetermined temperature protocol:
(©) 180T (step 1); (@) 0T (step 2); (A)
180°C (step 3); (A) 90T (step 4); () 180°C
(step 5).
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Figure 13. Plots of log G’ versus log G” for L1
having the thermal histories as indicated in
the temperature protocol of Figure 10: (O)
180°C (step 1); (@) 90°C (step 2); (/) 180°C
(step 3); (A) 90T (step 4); ((]) 180°C (step
5).
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Figure 14. FTIR spectra in the N-H stretching region for as-polymerized TPU having low HS (a)
upon heating and (b) upon cooling at various temperatures indicated on the IR spectra. When the
temperature reached equilibrium, spectra were obtained. The resolution was maintained at 2 cm’.
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Figure 16. Plots of log In*| versus log w for
TPU having high HS content at various tem-
peratures following the predetermined tempe-
rature protocol: (O) 240C (step 1); (@) 15
0C (step 2); (A) 240C (step 3): (A) 150C
(step 4); (1) 240C (step 5).
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Figure 17. (a) Plots of log G’ versus log
and (b) log G" versus log @ for TPU having
high HS content at various temperatures follo-
wing the predetermined temperature protocol:
(©) 40T (step 1); (@) 150°C (step 2); (A)
240T (step 3); (A) 150C (step 4); (C]) 240C
(step 5).
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Figure 18. Plots of log G' versus log G” for
TPU having high HS content: (O) 240°C (step
1); (@) 150C (step 2); (A) 240T (step 3);
(A) 150C (step 4); (C]) 240C (step 5).
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Figure 19. FTIR spectra for as polymerized TPU having high HS content during
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annealing (a) in the C=0 stretching region and (b) in the N-H stretching region at various
periods indicated on the IR spectra. The resolution was maintained at 2 em™.
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Figure 20. Variations of G’ with temperature
during isochronal temperature sweep experi-
ments at @ =0.1rad/s for the TPU having high
HS content (open symbols) and for the TPU
having low HS content (filled symbols): (O,
®: 13, H3): (A.A: L2 H2); (M L1, HI).
As-polymerized specimen placed in the parallel
fixture at 180°C for 5 min (for the TPU
having low HS content, and in case of the
TPU having high HS content, at 240C for 5
min) to remove thermal history and then
cooled slowly down to 90 or 150C.
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