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o] EAo] ZAIE ). Prepolymere] E4olA free TDI2| gako] 7radld wel H=e F713t
AL, gel timee A ALUCh Free TDIC #afo] wt& PU ©@AdAle] E4A3sle hard segment
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ABSTRACT: Free toluene diisocyanate (TDI) contents of the prepolymers based on
polytetramethylene ether glycol (PTMEG) and TDI were reduced employing thin film evapo-
rator. Characteristics of the prepolymers and polyurethane (PU) elastomers depending on free
TDI contents were investigated. It was found that decreasing free TDI content of the prepoly-
mers, viscosities of the prepolymers increased and gel time was delayed. Property changes of
polyurethane elastomers depending on free TDI content were attributed to change of hard
segment contents of polyurethane elastomers. Molecular weight distribution of PTMEG was
also varied systematically using mixture of various PTMEG. We found that viscosities of the
prepolymers increase with increasing polydispersity index of PTMEG for the same M,. Hard-
ness and hysteresis of polyurethane elastomers increased with increasing polydispersity index
of polyols for polyurethane prepolymers, and abrasion resistance was improved.

Keywords: polyurethane, TDI, PTMEG, free TDI, polydispersity index.
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Table 1. Properties of PTMEG for Polyurethane
Prepolymers

sample blend number average polydispersity
code manufactures components  molecular weight  index
P-650 DuPont 650(680)* 1.80
P-800 - 650/1000 800(850) 171
P-1000  Hodogaya - 1000(1060) 156
P-1200 - 1000/2000 1200(1240) 1.69
P-1500 - 100072000 1500(1460) 173
P-1000(A) - 65072000 1000(1020) 2.28
P-1000(B) - 650/2000 1000(1030) 2.63

*Values in { ) were obtained by GPC.
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Table 2. Test Method and Instruments

properties method instruments test condition remark
hardness ASTM D 2240 h(a éi?slis?t; ;Sr - specimen thickness . 6mm -shore A& D
universal testing . . - 100, 300% modulus
tensile test ASTM D 412 machine(UTM) ) cros§head ‘speed : 200 mm/min tensile strength
(Instron 4206) - specimen : C type - elongation at break
universal testing . .
tear strength  ASTM D 624 machine(UTM) ) crosshead spged ) 20_0 mum/min
(Instron 4206) - specimen thickness . 3 mm
universal testing .
hysteresis machine (UTM) ) crosshe?ad speed:40 mm/min - 40, 80, 120%
(Instron 4206) - extension mode
resiliometer
resilience ASTM D 2632 (The Shore & MFG - specimen thickness:12 mm
SRI-7400)
abrasion - 1000 cycles
. ASTM D 4060 taber abrader - Wheels:H-18 - weight loss (mg)
resistance .
- Weight:100 ¢
-1Hz
dynamic DMTA - 4 °C/min CE tané
mechanical test (polymer lab.) -100c~100C ’

- tensile mode

5 A zen, sampled 25 C, dtlg= 50%
A 7TUT HEF F A FIE T

Azd Zgus By EHEE B 2 A
3 7]1715& Table 2] gokste] epi AT

Al#H2] dynamic mechanical property:= Poly-
mer Lab.2] DMTAZ A}&sle 1Hz 4 C/ming
Z2oie 2 -100 C~100 C7HA tensile modeof 4]
Z3 s ch

B AFd PTMEG ¥ ol& o|&sld Ax3
prepolymer$} ©AH el ¥7]2, PE-650914 =4
e 2P £y Ex8o] 65090 A& vehiy
ote] PEE free TDIE AAT %45 ekl
£33 P-1000, P-1000(A), P-1000(B)& Z&&
B £XE 223 2424 3A39Y

ot ¥ 0F
HPLCE o8& prepolymer?] free TDI &

& =43 AES Table 39 fo3tgow, Fig. 1
d= thEA<) chromatogram& YERN]TH
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Table 3. Free TDI Content of the Prepolymers be-
fore and after Evaporation

polyol P-650 P-800 P-1000 P-1200 P-1500
diisocyanate TDI-80
“free TDI before evaporation 045 034 033 021 018
content(%) after evaporation 006 005 006 006 0.06

prepolymers

2,6-TDI
100 e
/2.4—TDI
0 2 4 6 8 10 12 14
Time {min)

Figure 1. HPLC data of the PU prepolymer based on
P-1000 : (—) before evaporation;(-—--) after evapo-
ration.

Fig. 1o Jepbd vie} o] 2,6-TDI isomer+ 5.5
B 24-TDI isomer+ 7.5% FTolA #F=HATH
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Figure 2. Viscosities of the prepolymers vs. tempera-
ture : (O,00) before evaporation ; (@,M) after evapora-
tion.
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Figure 3. Viscosity changes of the prepolymers dur-
ing cure at 80 C : (@,M,A) before evaporation; (O, 1,
V) after evaporation.
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Table 4. Gel Time of the Prepolymers

"~ prepolymers P-650 P-800 P-1000 P-1200 P-1500
gel time before evaporation 2.2 2.7 40 6.0 88
(min)* after evaporation 30 42 5.8 72 152

?The time to reach 1000 poise at 80 °C.
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Figure 4. Shore hardness of PU elastomers based on
the prepolymers before and after evaporation : ((3,0)
before evaporation; (l,@) after evaporation.
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Table 5. Mechanical Properties of PU Elastomers Based on the Prepolymers before and after Evaporation

of Free TDI

polyol P-650 P-800 P-1000 P-1200 P-1500
before evaporation/after evaporation
100% modulus (MPa) 26.44/22.86 16.63/13.80 11.86/9.22 9.02/6.83 7.09/5.89
300% modulus (MPa) -/51.99 35.05/24.90 22.60/17.91 15.56/12.28 11.88/10.19
tensile strength (%) 53.18/59.58 44.35/36.57 44.03/35.40 42.17/24.77 43.40/37.59
elongation at break (%) 286/342 370/432 506/536 625/668 850/872
tear strength (N/mm) 112.5/93.19 95.51/119.4 84.62/77.21 83.86/73.84 82.61/71.15
resilience, rebound (%) 46/44 43/44 44/41 46/45 51/49
toughness (MPa) 90.19/111.80 90.39/87.61 111.80/98.81 126.03/121.86 181.63/147.40
abrasion (wt. loss, mg) -/- 132/- 91/- 62/- 43/-

Table 6. Hysteresis Test Results of PU Elastomers Based on the Prepolymers before and after Evaporation

polyol P-650 P-800 P-1000  P-1200 P-1500
before evaporation/after evaporation
hysteresis (%), 40% 6554/61.01  55.86/55.67  48.07/42.13  4453/4033  44.49/41.02
80% 7187/65.14  5865/5769  48.81/41.15  4389/37.83  41.14/37.14
120% 71.04/63.67  57.10/55.72  46.90/3856  4150/34.05  3877/34.15

A BAL Table 59 VeIt
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Figure 5. Comparison of storage modulus of PU elas-
tomers based on the different prepolymers at 1 Hz :
(—) before evaporation; (- ) after evaporation.
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Figure 6. Comparison of damping factors of PU elas-
tomers based on the different prepolymers at 1 Hz :
(—) before evaporation; (- ) after evaporation.
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Figure 7. Viscosities vs. temperature for prepolymers
of different polydispersity index.
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Figure 8. Viscosity changes of the prepolymers based
on polyols having the different polydispersity index
during cure at 80 C.
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Residual Stresses in Plasiic I iper and Fittings I. Methods for Experimental Analysis

bration to a known stresses-distribution. Thus,
with known values of E, v and the calibration
stress g, the constants A, and A, for any corre-
sponding depths 6/ can be evaluated by using re-
lations given in Equations 10 and 11, respectively.

A = ~E_83 (10)
Oy
A, = ‘EC?E}“ (11)
Vo,

The hole-drilling method was applied directly
on pipes and fittings by using Micro-Measure-
ment 125RE pattern strain gage rosette, whose
design Incorporated a centering mark for aligning
a drilling tool precisely at the center of the gage
circle. Rosettes were bonded to the pipe and fit-
ting surfaces by following the procedure given by
the Micro-Measurement Inc. Hole-drilling was
performed by using RS-200 milling kit which pro-
duced consistently straight, true and clean holes.
The surface strain data acquisition was achieved
by the Micro-Measurement System 4000. The
data acquisition began immediately after the hole
was drilled and the strain data was collected at
every 30 minutes interval up to 50 hours, at
which time the strain change has leveled off. The
residual stresses were calculated using the strains
at 50 hours from Equations 8 and 9.

RESULTS AND DISCUSSION

Slitting Methods. The results obtained from
the slitting methods are summarized in Table 2. It
is interesting to note that the inside surface of the
pipe is in a state of maximum biaxial residual ten-
sion while the outside surface i1s in maximum com-
pression. Further, not only the residual stresses
can vary within one size, but also differences in

size and the extruder can affect their magnitude.

Faiol A21d A1 1997'd 1€

Table 2. Residual Stresses in Polyethylene Pipes
as Determined by the Slitting Methods

maximum residual stress (MPa)

Pipe resin pipe size circumferential® longitudinal; h
2SDR11 2.82 273
4SDR115 261 2.51
PE2306 1A 6SDR11.5 0.71 0
8SDR11 1.01 1.08
8SDR21 2.02 2.35
3SDRI115 2.85 2.66
4SDR115 2.99 3.08
PEZSOSTIE ochRi1s5 2.90 3.72
6SDR13.5 2.73 3.19
4SDR11 2.66 259
PE3408 IIE 6SDR11 2.81 330
6SDR17 2.56 371

* Maximum value of residual tension at inside surface (at the
outside surface same magnitude compression exist:see Equa-
tions 1 and 2).

It should be also mentioned that if one desires, it
should be possible to produce pipes with low val-
ues of residual stress like the ones shown by the
PE23061A 6 & 8SDR11 pipes. The maximum val-
ues of residual stress found for most cases were
significant percent of the yield stress and does In-
fluence some of the mechanical properties of the
pipes, as presented in Part V. If it is assumed
that the residual stresses resulted from rapid cool-
ing, then the longitudinal and circumferential val-
ues of residual stress should be similar unless the
properties of the pipe were anisotropic with
respect to these directions. Table 2 shows good
agreements between longitudinal and circumfer-
ential stresses in many of the pipes tested, thus,
indicating a reasonable isotropy on these pipes ex-
isted. It is important to note here that the ring slit-
ting methods are only valid when the residual
stress distribution is non-symmetric, as shown in
Fig. 1a. The stress state shown will cause a bend-
ing moment to occur when a ring is slit or a longi-
tudinal tongue is created. However, if a symmet-
ric residual stress distribution exist (Fig. 1b), as

in the case of injection molded fittings described
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Table 7. Mechanical Properties of PU Elastomers
Prepared from Polyols Having Different
Polydispersity Index

PTMEG-1000 (M,)

polyol P-1000 P-1000(A) P-1000 (B)
polydispersity index 1.56 2.28 2.63
free TDI content (%) 0.33 0.36 0.34
hardness, shore A 94 96 97

shore D 42 44 46
100% modutus (MPa) 11.86 10.65 12.05
300% modulus (MPa) 22.60 19.10 22.84
tensile strength (MPa) 4403 4361 4483
elongation at break (%) 506 583 527
tear strength (N/mm) 84.62 80.66 81.31
resilience, rebound (%) 44 45 46
toughness (MPa) 111.80 123.60 118.70
abrasion (wt. loss, mg) 104 60 81

Table 8. Hysteresis Test Results of PU Elasto-
mers Based on the Prepolymers of Different
Polydispersity Index

PTMEG-1000 (M,)
P-1000 P-1000 (A) P-1000 (B)
1.56 2.28 2.63
48,07 52.74 58.37
4881 54.43 60.34
46.60 5141 57.61

polyol

polydispersity index
hysteresis (%) 40%
80%

120%

wETh

PTMEGS] ®x}e 2¥E Da|g A9
71AA B4¢ Table 79 YehARITH
PTMEG®] EA=k By 7t Z71ehe 2%
ness® &7} ZAgo] vEelyttt, Table 89 2|
A2k B2 wtE hysteresis zhg WERNA T
Za) g9 #23F Bxrl Yoz 4E hysteresise
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Figure 9. Comparison of storage modulus of PU elas-

tomers based on the prepolymers having different
polydispersity index : (—) 1.56; () 2.28;( ) 2.63.
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Figure 10. Comparison of damping factors of PU elas-
tomers based on the prepolymers having different
polydispersity index : (—) 1.56;(—) 2.28;( ---) 2.63.
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