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ABSTRACT: Polyurethane elastomers were prepared from structurally distinct hydroxytermi-
nated polybutadiene and polyether—ester based prepolymers with diisocyanates such as hexamethyl-
enediisocyanate, toluenediisocyanate, and diphenylmethanediisocyanate by the one short polym-
erization process. The effect of crosslinking by polyfunctional alcohols such as castor oil,
trimethylolpropane, and poly(vinyl alcohol) on mechanical properties is compared in case of
hydroxyterminated polybutadiene based polyurethane systems. The effect of crosslinking by
trimethylolpropane on the mechanical properties was quantitatively studied in all the prepolymers
based polyurethane systems. Crosslinking was also induced in the polyurethanes by taking higher
NCO/OH ratio (R value) and the observations on mechanical properties are compared with those
prepared with trimethylolpropane crosslinking. The thermal degradation of the polymers was

studied in an oxygen atmosphere and interpreted with respect to their structure.
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Polyurethanes are prepared by reacting
polyols with diisocyanates. The most com-
monly used polyols include low molecular
weight hydroxyterminated polymers of satu-
rated and unsaturated aliphatic hydrocarbon,
polyethers and polyesters. The functionality
of the hydroxyl containing compounds as
well as isocyanates can be increased to three
or more to form branched or crosslinked poly-
mers. Other structural changes can also be
made by changing the type and molecular
weight of the intervening groups. Polyure-
thanes are unique in their crosslinking, chain
flexibility and intermolecular forces which
can be varied widely. The abundance of
original substances used for preparing ure-
thane elastomers in conjunction with the

wide variety of reactions taking place during
their synthetic cause the highly complicated
chemical structure of the resulting polyure-
thanes.! > Crosslinking of polyurethanes is
of primary importance in controlling many
of their properties.® The degree of crosslink-
ing was controlled by the use of polyfunc-
tional ingredients or by taking excess diiso-
cyanate than that of the stoichiometric
requirement. Crosslinking at higher diisocya-
nate ratio is reported to proceed through
the formation of allophanate and isocyanu-
rate linkages.” A significant change in prop-
erties by crosslinking may also be expected
in the case of elastomers like polyether based
polyurethanes.® ~'° In the present study, poly-
urethane elastomers were prepared from four
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structurally different prepolymers and the ef-
fect of crosslinking on mechanical properties
by both methods, i.e., by the use of polyfunc-
tional alcohol and excess diisocyanate is
compared.

EXPERIMENTAL

Materials

Hydroxyterminated polybutadiene (HTPB),
ISRO Polyol, dimerized linoleic acid (dimer
acid) obtained from Vikram Sarabhai Space
Centre, Trivandrum, India, were dried under
vacuum before subjected to polymerization.
Poly(vinyl alcohol) [(PVA), Molecular weight
(MW) 40,000 from BDH, England], trimethyl-
olpropane [(TMP) from Fluka] and castor oil
(Indian Pharmacopia, hydroxyl number 130
and carboxyl number 1.3) were dried before
use. Hexamethylenediisocyanate [(HMDI)
from Fluka]l and diphenylmethane diiso-
cyanate [(MDI) from Fluka] were purified
by distillation under reduced pressure. Tol-
uenediisocyanate [(TDI) 809 2,4 and 209,
2,6 isomers from Fluka] was used as received.
Tetrahydrofuran [(THF) from SD’s, India,
AR] was dried over sodium and distilled be-
fore use. Propylene oxide (AG, Fluka) and
acetic anhydride (SD’s, India, AR) were used
as received.

Preparation of Prepolymers Based on Dimer Acid
( Dimerized Linoleic Acid)
Copolyether—esters having terminal hy-

droxyl functions based on dimer acid (di-

merized linoleic acid) were prepared by the

reaction of low molecular weight poly(oxytet-
ramethyleneglycol) (POTMG) and poly(oxy-
tetramethylene-co-oxypropyleneglycol) (POT-

MOPG) with the dimer acid. Low molecular

weight POTMG (MW: 540) was prepared by

cationic ring opening polymerization of tetra-
hydrofuran (THF) in presence of excess of
acetic anhydride and the subsequent hydroly-
sis of the acetate end.!!!? Poly(oxytetrameth-
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ylene-co-oxypropyleneglycol) (POTMOPG)
having MW 620 was prepared by cationic ring
opening polymerization of THF and propyl-
ene oxide with excess of 1,4-butanediol, the
chain transfer agent.'® Linear polyesters with
hydroxyl endcapping were best prepared by
the polycondensation of these two glycols and
the dimer acid taking excess glycol by the
procedure of Brown et al.'* The polyesterifica-
tion was carried out till the carboxyl number
fallen below 1.0, which was estimated by the
standard procedure.!® Thus poly(oxytetra-
methylene)dilinoleate (POTMDL) was prepar-
ed by the condensation of 0.9 mol of POTMG
(MW 540) and 0.5 mol of dimer acid and poly-
(oxytetramethylene-co-oxypropylene)dilino-
leate (POTMOPDL) was prepared by the con-
densation of 0.9 mol of POTMOPG (MW 620)
and 0.5ml of dimer acid.

Preparation of Polyurethane

A reaction kettle fitted with a vacuum sealed
stirrer and a nitrogen gas inlet was charged
with the required amount of prepolymer under
study. After degassing the prepolymer under
vacuum, equivalent amount (based on the
hydroxyl group) of HMDI, TDI, or MDI was
added and mixed thoroughly by stirring. Dry
nitrogen gas blanketing was maintained th-
roughout the mixing. After 10min of mix-
ing, the highly viscous syrup was degassed
under vacuum to produce clear, bubble free
resin, and transferred into a tray (coated with
silicone oil) to get a film of 2 to 4 mm thick-
ness. The resin was cured in an air oven at 60—
65°C for Sdays. The crosslinked polyurethane
elastomers were prepared using the desired
concentration of the castor oil, TMP, or PVA
with prepolymer. While using TMP or PVA
as the crosslinking agent, the prepolymer-
crosslinking agent mixture was first heated to
50°C with stirring before degassing to ensure
the homogeneous mixing of the crosslinking
agent. Then diisocyanate was added and the
polyurethane elastomer was cast as before.
Polyurethane elastomers with various R values
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(INCOJ/[OH] ratio) were prepared by mixing
the prepolymer with the calculated amount of
TDI for desired [NCO]/[OH] value. The result-
ing syrup was cured at 80°C for 5 days to give
the elastomer. The resulted elastomer was
analyzed for the isocyanate content if any
unreacted.'®

Characterization of Prepolymers

The hydroxyl number of the prepolymers
and castor oil were found out by acetylation
method.!” The viscosity of the prepolymer was
determined using the Brookfield-type viscom-
eter (Brookfield Engineering Laboratories,
Inc., U.S.A.) at 25°C. The molecular weights
of these prepolymers were calculated'® from
the hydroxyl and carboxyl number.

Characterization of Polyurethane

Tensile strength, elongation at break and
initial modulus of the cast polyurethane elas-
tomers were measured using INSTRON
Model 1122 (England) by the standard pro-
cedure!® at the cross head speed of 20
mmmin~! at 30°C. Average of four values
was taken. Thermal degradation (TGA) of the
polyurethanes was carried out in a Mettler TA
3000 system in an oxygen atmosphere at a
heating rate of 20 K min ~!. The temperature at
which the rate of decomposition was maxi-
mum (7T,,,) was obtained from the derivative
curve of the weight change with time (DTG).

RESULTS AND DISCUSSION

The structures of the dimer acid, crosslink-
ing agents (castor oil, TMP and PVA) and the
prepolymers are given in Figure 1. Here, caster
oil contains 70mol%, of triol fraction and
30 mol?% of diol fraction. All the prepolymers
are viscous liquids with the properties which is
ideal to prepare polyurethane by reaction in-
jection moulding (RIM) technique (Table I).
These polyurethanes are prepared from these
prepolymers by the one shot process with
stoichiometric equivalent of the diisocyanate
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(HMDI, TDI, and MDI) without chain extend-
er. The completion of the polyurethane for-
mation under curing at 80°C for 5 days was
evidenced from the absence of unreacted iso-
cyanate in the resulted elastomer. Mechanical
properties showed that HMDI based poly-
urethanes are weak compared to that of TDI
and MDI based ones (Table II). This may be
due to the comparatively less reactivity of
HMDI towards hydroxyl compounds®® and
the less effective intermolecular interaction in
the resulted polymer as the methylene group of
HMDI is having very low molar cohesive
energy’! compared to the aromatic group of
TDI and MDI. Among all the prepolymers
ISRO polyol will form crosslinked poly-
urethanes as it is having hydroxyl function-
ality greater than two whereas all other pre-
polymers based polyurethanes will be linear.
The crosslinking efficiency of castor oil,
TMP, and PVA was compared by preparing
polyurethanes from HTPB with HMDI and
TDI with these crosslinking agents keeping the
ratio of the hydroxyl group content of the
crosslinking agents to that HTPB as 0.5 (Table
I11). In all these cases, both hardness and
tensile strength increased on crosslinking while
elongation decreased as per the expectations.??
Even though same equivalent (as per the hy-
droxyl content) of the crosslinking agents was
used, the increase in tensile strength with cas-
tor oil is not high compared to TMP and PVA.
This may be explained®® as due to its low
hydroxyl functionality of 2.7 compared to
TMP having the value 3.0 and PVA with a
very high value. Despite the low crosslinking
efficiency of castor oil, it is preferred in cases
where room temperature mixing is required,
since as a liquid, it mixes well with almost all
the prepolymers at room temperature. An
added advantage of using castor oil as cross-
linking agent is the higher potlife of the prod-
uct formed. Crosslinking with TMP on the
mechanical properties of the TDI cured poly-
urethanes was studied quantitatively (Table
IV). The extent of crosslinking was varied by
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Figure 1. Structure of the dimer acid, crosslinking agents (Castor oil, TMP, and PVA), and Prepolymers.
Table 1. Properties of prepolymers
Property HTPB ISRO polyol POTMDL POTMOPDL
Viscosity (cPs, 25°C) 3258 2260 1990 1910
Specific gravity (25°C) 0.903 0.930 0.964 0.985
Hydroxyl number 40.1 55.0 75.1 77.4
Carboxyl number 0 0 1.2 0.9
Molecular weight 2800 2040 1470 1433
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Table III.

Effect of castor oil, TMP, and PVA as crosslinking agents on the mechanical properties

of HTPB based TDI and HMDI cured polyurethane elastomers

Tensile strength

Elongation at break ~ Modulus (initial)

Crosslinking . . Hardness
agent Curing agent (shore A) _
kgem ™2 % kgem 2

HMDI 22 2.7 298 6.8

— TDI 21 23 480 20.7
Castor oil HMDI 32 5.2 242 43.7
Castor oil TDI 32 5.6 311 41.0
TMP HMDI 34 89 243 39.8
TMP TDI 46 10.2 218 42.1
PVA HMDI 40 9.1 223 33.6
PVA TDI 38 9.8 192 50.7

[OH of HTPB]/[OH of crosslinking agent]=0.5; [Total OH]/[NCO]=1.

2 Cured at 80°C for 5 days.

Table IV. Effect of TMP concentration on mechanical properties of HTPB, ISRO polyol, POTMDL,
and POTMOPDL based TDI cured polyurethane elastomers®

ISRO polyol-TDI

HTPB-TDI POTMDL-TDI POTMOPDL-TDI
polymer polymer polymer polymer
TMP [OH]

_— Tensile Tensile Tensile Tensile
Prepolymer [OH] Hardness strength Hardness strength Hardness strength Hardness strength
(shore A) (shore A) (shore A) (shore A) —
kgem ™2 kgem ™2 kgem™2 kgem ™2

0 20 2.3 12 8.0 22 3.7 14 2.3

0.2 28 38 18 8.3 30 6.5 18 39

0.3 36 5.1 19 11.2 32 7.4 20 8.1

0.4 44 8.4 21 13.1 36 8.8 28 12.9

0.5 46 10.2 24 18.3 42 14.1 28 14.8

0.6 50 13.9 28 18.4 48 18.9 32 18.4

[Total OHJ/[NCO]=1.
* Cured at 80°C for 5 days.

varying the amount of TMP as the ratio of
hydroxyl content of TMP to that of the pre-
polymer ranging from 0 to 0.6. In all these
cases, the hardness and tensile strength in-
creased with an increase in TMP content as ex-
pected. Except POTMOPDL, in all other sys-
tems elongation increased first, reached a maxi-
mum at a particular TMP content, and then
decreased further (Figure 2). This suggests that
in these soft polyurethane systems (having low
tensile strength) sufficient strength of the ma-
terial to possess better elongation is attained
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with a certain percentage of crosslinking only.

The crosslinking in polyurethane can also be
induced by preparing it with higher [NCOJ]/
[OH] ratio (R value greater than 1) and at high
temperature curing. Crosslinking at higher R
value is reported to proceed through the for-
mation of allophanate and isocyanurate link-
ages.” Allophanate groups are formed from
isocyanate and urethane group (eq 1) and
isocyanurate group as the result of trimeri-
zation of the isocyanate (eq 2) which is also
called the isocyanurate trimer. Allophanate

Polymer J., Vol. 21, No. 10, 1989
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formation is the favorable reaction in the
uncatalysed reaction system, whereas trimeri-
zation of isocyanate is favoured under basic
catalyst.”* It is difficult to have a quantitative
data on the degree of crosslinking by allo-
phanate group in competition with the other
side reactions at higher R values. As the
present system did not involve any catalyst, the
crosslinking occurred at higher R value might
have been due to the allophanate linkage
which was confirmed by IR method at
1740cm™!. The tensile strength and hard-
ness increased considerably on increasing of
the R value (Table V). The observation of
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Figure 3. Effect of R value on elongation at break of
TDI cured polyurethane elastomers based on prepoly-
mers: (O) POTMDL; (@) POTMOPDL; ((07) HTPB;
(W) ISRO polyol.

maximum elongation at the R value 1.0 was
observed in case of HTPB based polyurethane,
whereas continuous decrease in elongation was
observed from the R value 0.9 in case of ISRO
Polyol-TDI system (Figure 3). HTPB can
form linear structure of maximum molecular
weight at the R value of unity which is also
confirmed by its viscosity values (;,,) (Table
V). Crosslinked product was formed at R value
greater than 1.0 and the polymer was in-
soluble. The continuous drop in elongation
from the R value 0.9, in case of ISRO Polyol-
TDI based polyurethane is due to the tri-
functionality of ISRO polyol which leads to
the crosslinked polyurethane even below the R
value of 1.0. Similar to that of HTPB-TDI
system, POTMOPDL-TDI based polyure-
thane showed maximum elongation at the R
value of 1.0, whereas POTMDL-TDI system
showed comparable elongation values in the
R values ranges from 0.9 to 1.1. In all these
polyurethanes the crosslinking induced by ex-
cess diisocyanate behaves in a different way on
elongation compared to that obtained through
TMP. The elongation maximum was observed
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Figure 4. TGA and its derivative (DTG) curves of polyurethanes: (a) HTPB-HMDI; (b) HTPB-TDI; (c)

HTPB-MDL

with certain percentage of crosslinking by
TMP where as the crosslinking induced in
polyurethane by excess diisocyanate in general
faces continuous drop in elongation (Figures 2
and 3). But both the methods of crosslinking
behaves in a similar way on improving the
hardness and tensile strength of the poly-
urethane.

Thermal degradation (TGA analysis) of the
representative polyurethanes was carried out
in an oxygen atmosphere. Thermal oxidative
degradation is more complex than simple ther-

Polymer J., Vol. 21, No. 10, 1989

mal degradation because of crosslinking?® and
oxygen absorption?® in the initial decompo-
sition stages. The degradation of all poly-
urethanes proceeds in two stages (Figures 4
and 5). The first stage of decomposition is the
major process and nearly 80—909%, of the
polyurethane starts decomposing at 475K
land continued upto 800K (Table VI). The
second step can only be the oxidation of the
residual material (combustion) since the deg-
radation was carried out in the atmosphere of
oxygen. The effect of the structure of the
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POTMOPDL-TDI.

Table VI.

TEMPERATURE K
(b)

of polyurethanes (a) ISRO polyol-TDI and (b)

Degradation stages of HTPB, ISRO polyol, and POTMOPDL based polyurethanes

and the characteristic temperature with weight loss

First stage decomposition

Second stage decomposition

Polymer Temperature range  7T,,,,  Weight loss Temperature range T,  Weight loss
K K % K K %
HTPB-HMDI 475—765 735.0 89.0 765—941 819 9.8
HTPB-MDI 478—778 738.0 86.6 788—973 848 10.6
HTPB-TDI 486—784 740.3 90.5 784—935 831 8.4
ISRO polyol-TDI 500—801 742.0 89.6 801—973 882 8.2
POTMOPDL-TDI 476—752 673.3 89.4 752—968 828 10.5

diisocyanate on thermal degradation of poly-
urethane has been brought out by various
groups.””*® In the present investigation, the
type of diisocyanate is not having much in-
fluencle on the degradation pattern. The struc-
tural contribution of the prepolymer segments
to the thermal degradation can be expected to
be more compared to the diisocyanate part due
to its higher content in the polyurethane.
Increase in the saturated aliphatic content has
been reported to increase the thermal stabil-
ity.2° ISRO polyol based polyurethane having
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more saturated aliphatic content is more re-
sistant towards oxidative degradation com-
pared to that of HTPB based system (Table
VI). The first stage degradation of HTPB-TDI
polyurethane started at 486 K while that of
ISRO polyol based one started only at S00 K.
POTMOPDL-TDI showed first stage decom-
position at a comparatively lower temperature
than that of HTPB and ISRO polyol based
systems due to the less thermally stable ether
groups present in excess.

Polymer J., Vol. 21, No. 10, 1989
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CONCLUSIONS

Polyurethanes produced from all the four
prepolymers in a one shot process without
chain extender are soft elastomers having low
tensile strength. Crosslinking either by the
introduction of a triol or by excess diiso-
cyanate plays a major role in improving the
hardness and tensile strength of these elas-
tomers. A unique observation on elongation
was observed with a crosslinking by a triol
(TMP), where the elongation (at break) in-
creased first with the increase in concentration
of TMP and after reaching a maximum started
decreasing, whereas crosslinking induced by
excess diisocyanate resulted in a continuous
decrease of elongation. Thermal stability of
the ISRO polyol based polyurethane is more
than that of HTPB based one and relatively
lower thermal stability was observed in case
of polyether—-dimer acid based polyurethane
systems.
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