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ABSTRACT: Polyurethanes were synthesized by the reaction of hydroxy-terminated poly-
butadiene (HTPB) and diisocyanates such as toluene diisocyanate (TDI), diphenyl-
methane diisocyanate (MDI ), hexamethylene diisocyanate (HMDI), and isophorone diiso-
cyanate (IPDI). Carbon black and antimonytrioxide (Sb,O3) were incorporated into these
formulations as fillers. Dioctyladipate (DOA) and trimethyllolpropane (TMP) were also
added as a plasticizer and crosslinker, respectively. These polyurethanes were investigated
as inhibitors for composite-modified double-base (CMDB) propellants. Due to superior
mechanical properties, thermal properties, and low nitroglycerine absorption, HTPB—
MDI-TMP-derived filled polyurethane was selected and evaluated as an inhibitor for a
CMDB propellant. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 355—363, 1997

INTRODUCTION

The major ingredients of composite-modified dou-
ble-base (CMDB) propellants are ammonium
perchlorate (AP), metal powder, Research and
Development Explosive (RDX-cyclotrimethylene
trinitramine), in addition to nitro-cellulose (NC)
and nitroglycerine (NG), which are also present,
in double-base (DB) propellants. The migration
of NG from the double base as well as CMDB
propellants to the inhibitor is a serious problem
and requires special attention at the time of devel-
opment of the inhibition system. Initially, cellu-
lose acetate and ethyl cellulose were tried as in-
hibitors for double-base (DB) propellants.?* How-
ever, cellulose acetate absorbs a higher amount
of NG (>20-80%) and was stripped off from the
propellant. Ethyl cellulose has a poor softening
point. To overcome the problem of inhibition, at-
tempts have been made to use rigid thermosetting
polymers. Filled polyester resin®® has been
claimed to be a good inhibitor for DB propellants.
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This resin has a very good bond strength with DB
propellants but NG migration was still observed.
A barrier coat of fast-setting polyester resin fol-
lowed by inhibition with polyester resin (EP-4)
was developed and reported at HEMRL.® Inhibi-
tion of CMDB propellants was carried out by giv-
ing a coat of Desmodur R (triphenylmethane tri-
isocyanate solution in methylene chloride) fol-
lowed by final inhibition by a HEMRL-EP-4
polyester resin containing 30% alumina as a filler.
However, polyester resin as an inhibitor has a
limited shelf life and becomes delaminated after
a period of 6 months to 1 year.® This led to the
search for newer types of polymeric materials for
their use as inhibitors. A number of polymers
have been reported as inhibitors for CMDB pro-
pellants such as the epoxy resin—butadiene—
acrylic copolymer,” polyester resin,® and sili-
cones.? Recently, we reported on epoxy resin'® as
an inhibitor for CMDB propellants. However,
bond failure occurs during storage—aging trials of
epoxy resin-inhibited CMDB propellants at 60°C.
A literature survey revealed that filled polyure-
thanes '3 have better low-temperature proper-
ties and very good aging characteristics as com-
pared to polyester resins and epoxy resins. Filled
polyurethanes were thus thought to be ideal in-
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hibitors for CMDB propellants. We have already
reported on HTPB-based polyurethanes'® for the
inhibition of composite propellants. We are now
reporting the synthesis, formulation, and charac-
terization of various polyurethanes and their ap-
plication as inhibitors for CMDB propellants.

EXPERIMENTAL

The following chemicals, fillers, and additives
were used in the synthesis of polyurethanes?:

(i) HTPB, H—+OCH,CH=CHCH,—),0H,
hydroxyl value = 37, M,, = 2600, NOCIL,
Bombay, India.

(ii) TDI,
OCN@ CH;,

NCO

80% 2,4 + 20% 2,6 isomeric mixture,
M/s Fluka AG, Switzerland.
(iii) MDI,

OCN@ CHZ@NCO

mixture of di- and triisocyanates, dark
brown viscous liquid, E. Merck, Ger-
many.

(iv) HMDI, OCN—CH;—sNCO > 99.0%
pure, E. Merck, Germany.

(v) IPDI,

H,C NCO
H,C
CH,NCO
CH,

> 99.0% pure, Chemisch, Germany.
(vi) TMP, CH;CH,—C—(CH;0OH)3;, mp = 61
*ic, > 99.0% pure, E. Merck, Germany.
(Vll) DBTL, [CHg(CHz)locOO]Sn[(CHz)g-
CH,lz,sp gr = 1.047, > 97% pure E.
Merck, Germany.
(viii) DOA, [—CH,CH,;COOCH,CH (C,Hj5)-

(CH;)sCHs]l,, viscosity = 10.5 CS at
38°C, sp gr = 0.927, ref. index = 1.447
at 20°C, Indo Nippon, Bombay, India.

(ix) Carbon black (C-black), rubber grade,
particle size retained on 200 BSS, Philips
Carbon, Calcutta, India.

(x) Sb,0; (antimony trioxide), sp gr 5.67,
particle size retained on 200 BSS, purity
99.0%, UNI Campine, Pune, India.

All chemicals, fillers, and additives were used as
received from the trade.

Synthesis of Polyurethanes

A number of formulations were made of a mixture
of HTPB and DOA in an RB flask under an inert
atmosphere.'* To this mixture, the catalyst DBTL
and crosslinker TMP were added. This was fol-
lowed by the addition of fillers, i.e., C-black and
Sb,05. The formulation was stirred well for better
mixing of the ingredients. This formulation was
allowed to react with diisocyanate in an NCO :
OH ratio of 1 : 1 at ambient, calculated according
to the formula®

Equiv wt of diisocyanate
X OH value of HTPB X wt of HTPB
56.1 X 1000

This mixture was degassed by application of a
vacuum and cast into a dumbbell shape by pour-
ing it into a dumbbell-shaped mold. These sam-
ples were postcured at 60°C for 10 days for further
characterization. A number of formulations were
prepared as given in Table I and then evaluated
as inhibitors for CMDB propellants.

Characterization

Polyurethane samples were characterized for ten-
sile strength, % elongation, bond strength with
CMDB propellants, Shore hardness, gel time, ni-
troglycerine absorption, flame retardance, and
thermal analysis as reported'®'” earlier.

Inhibition of CMDB Propellants

Polyurethane with superior mechanical, thermal,
and low NG migration was evaluated as an inhibi-
tor for CMDB propellants. The CMDB propellant
(id = 129.0 mm, L = 160 mm, and weight = 3.250
kg) surface was roughened by rubbing with an
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Table I Formulations of Polyurethane Composition

Formulation (g)

Composition 1 2 3 4
HTPB 100 100 100 100
C-black — 10 10 10
DOA — — 10 10
Sby03 — — 45 45
TMP — — — 1
DI As per calculations (—NCO :OH =1:1)

emery paper and the propellant dust was removed
by a brush. The propellant was coated with Des-
modur-R and kept for 3 h. This was followed by
a thin brush coat of the formulation given to the
CMDB propellant surface and the propellant was
assembled on the base plate of the inhibition
mold.'® A thin brush coat of DBTL was given to
the inside wall of the mold and the mold was as-
sembled along with the propellant (Fig. 1). Fi-
nally, the polyurethane formulation was poured
into the mold at room temperature. The mold was
evacuated for 5 min. The propellant was extracted
from the inhibition mold after 24 h. The inhibited
propellant was machined to an od = 135 mm and
L = 170 mm, X-rayed, and statically evaluated
after conditioning for 24 h at low (—30°C), ambi-
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Figure 1 Assembly for inhibition of CMDB propel-
lants.

ent, and hot (+50°C) temperatures for a burning
duration of 3—-12 s.

Storage aging trials were also carried out at
ambient and hot temperatures (+50°C) by put-
ting an inhibited charge at ambient and at 60°C in
a constant temperature water-jacketed oven and
observed for bond failure between the propellant
and inhibitor.

RESULTS AND DISCUSSION

A number of polyurethane formulations (Table I)
were planned and executed to develop a polyure-
thane-based inhibitor for nitramine-containing
CMDB propellants. Moreover, the geometry of the
CMDB propellants demands a casting technique
of inhibition. Therefore, the formulation devel-
oped for this purpose should be a free-flowing
polyurethane resin and pourable.

Mechanical Properties

Polyurethanes synthesized using different formu-
lations were characterized for their mechanical
properties, i.e., tensile strength (TS), % elonga-
tion (E), and Shore hardness. Polyurethanes pre-
pared by the reaction of HTPB and DI's (TDI,
MDI, etc.), keeping the NCO : OH ratio at 1 : 1
and using DBTL as a catalyst at ambient temper-
ature, are highly flexible and sticky and have poor
mechanical properties (Table II, Formulation No.
1, TS = 2—6 kg/cm?). To improve the mechanical
properties of these polyurethanes, C-black, a well-
known reinforcing filler, was incorporated into
these formulations (Formulation No. 2, Table I).
Due to the addition of C-black, the viscosity of the
polyurethanes increased tremendously'* and it
was difficult to process or pour them after the
addition of 10 phr of the filler to the resin. The
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Table I Mechanical Properties of Formulation No. 1

Tensile Strength

Sample No. DI (kg/cm?) E (%) Shore A
1 TDI 4.15 74.8 20.0
2 MDI 5.92 124.4 21.0
3 HMDI 2.79 216.5 18.0
4 IPDI 2.23 168.2 18.0

filler level was further increased in the system by
the addition of dioctyladipate (DOA) plasticizer
(Formulation No. 3) and the filler amount was
increased to the level of 55 phr in the polyure-
thane system to achieve the desired level of me-
chanical properties. Thus, Sb,O; was incor-
porated into the formulation (Formulation No. 4,
Table I) to the level of 45 phr to improve the me-
chanical properties, which increased to the level
of 5-10.4 kg/cm? (Table IV). The mechanical
properties were further improved by the addition
of the crosslinker TMP in the formulation (For-
mulation No. 4, Tables I and V). The mechanical
properties, particularly tensile strength, were in-
creased to the level of 8.8—15.6 kg/cm? (Table V).
The higher tensile strength achieved in this for-
mulation may be due to the increased level of
crosslinking in this formulation as explained by
the reaction mechanism of curing of polyure-
thanes.

The tensile strength of filled HTPB—-TDI poly-
urethane is 13.6 kg/cm”® and the elongation is
74.4% (Table V). The higher tensile strength is
due to the higher rigidity imparted by the direct
association of the isocyanate group with the phe-
nyl ring. The higher reactivity of TDI, which re-
sults from the delocalization of a negative charge
on NCO by the aromatic structure, leads to the
higher tensile strength of polyurethane.'® Filled
HTPB-MDI-based polyurethanes show the high-
est tensile strength, 15.6 kg/cm?, and reduced
elongation, 56.8% (Table V). An increase in ten-
sile strength of HTPB—MDI polyurethane in com-

parison to filled HTPB—TDI polyurethane may be
due to the higher functionality of MDI. MDI is a
mixture of di- and triisocyanates'® (55% MDI,
25% MTI, and 20% polymeric isocyanates). Due
to this higher functionality, a high degree of cross-
linking takes place, leading to the highest tensile
strength and hardness. Consequently, elongation
of these polyurethanes decreases due to the
higher amount of crosslinking. Filled HTPB-
HMDI polyurethanes have low tensile strength
due to the lack of rigidity in the backbone chain.
However, the presence of the methylene sequence
of HMDI forms a tight crystalline structure, lead-
ing to higher hardness and poor elongation. IPDI,
which has a cyclic structure, showed inferior prop-
erties compared with TDI- or MDI-based polyure-
thanes because of a lack of delocalization of the
negative charge on —NCO, thereby reducing the
reactivity of IPDI.*® Due to this poor relative reac-
tivity of IPDI, HTPB-IPDI polyurethanes have
poor crosslinking and, hence, the highest E,
93.0%. The substitutes on the cyclohexane ring
reduced the symmetry and caused a general de-
crease in tensile and hardness properties. How-
ever, due to the cyclic structure of IPDI, HTPB—
IPDI polyurethanes have slightly higher tensile
properties compared to HTPB-HMDI polyure-
thanes. The same trend as that of the tensile prop-
erties is shown by the bond strength studies (Ta-
ble V). The HTPB-IPDI polyurethane gave the
lowest (6.2 kg/cm?) and the HTPB—-MDI polyure-
thane gave the highest (13.3 kg/cm?) values of
the bond strength.

Table III Mechanical Properties of Formulation No. 2

Tensile Strength

Sample No. DI (kg/cm?) E (%) Shore A
1 TDI 5.3 83.4 25.0
2 MDI 6.6 71.9 30.0
3 HMDI 3.2 147.7 27.0
4 IPDI 3.6 62.0 26.0
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Table IV Mechanical Properties of Formulation No. 3

Tensile Strength

Sample No. DI (kg/cm?) E (%) Shore A
1 TDI 8.1 70.7 24.0
2 MDI 10.4 80.5 35.0
3 HMDI 4.8 156.6 26.0
4 IPDI 4.9 202.1 20.0

Thermal Degradation Studies

DTA and TGA studies were carried out with a
Netzseh simultaneous thermobalance (STA-409)
in static air from room temperature to 1100°C at
a heating rate of 10°C/min. The results of the ther-
mal analysis of polyurethanes (Formulation No.
4) are given in Table VI. DTA thermograms gave
two exothermic peaks which correspond to the
thermooxidative degradation or decomposition
temperature of these polyurethanes!® (Fig. 2).
HTPB-TDI polyurethanes have decomposition
temperatures of 490 and 585°C, respectively. The
first exotherm may be ascribed to be due to ther-
mooxidative degradation at the rubbery HTPB
part of the polymer. The second exotherm simi-
larly may be due to the thermooxidative degrada-
tion at the aromatic hard part of the polyure-
thane. These decomposition temperatures shift to
higher temperatures of 500 and 600°C, respec-
tively, when TDI is replaced by MDI. Thus, filled
HTPB-MDI polyurethane is more stable ther-
mally. The higher decomposition temperature in
MDI-based polyurethanes may be due to a higher
degree of crosslinking, since it is a mixture of di-
and triisocyanates. Decomposition temperatures
of HTPB-HMDI polyurethane, however, de-
creased to 430 and 510°C, respectively, due to the
lack of rigidity and maximum flexibility in the
polyurethane structure.'” DTA thermograms for
filled HTPB-IPDI were observed at 475 and
550°C. These temperatures are higher than are

those observed for filled HTPB-HMDI polyure-
thanes, indicating the higher thermal stability of
these systems (HTPB-IPDI polyurethanes).

Thermal analyses of polyurethanes are given in
Figure 3 and Table VI. The DTA data are further
supported by the TGA thermograms. Tempera-
tures at various weight losses are given in Table
VI for HTPB-based polyurethanes (Formulation
No. 4, Table I). The initial decomposition temper-
atures (IDTs) of HTPB-TDI- and HTPB-MDI-
derived polyurethanes are 240 and 250°C, respec-
tively. However, thermal decomposition starts at
210 and 220°C in HTPB-HMDI and HTPB-IPDI
polyurethanes, indicating a faster rate of degrada-
tion in these systems (Table VI). MDI-based poly-
urethanes are the thermally most stable as given
by the amount of residue left at 800°C and the
IDT values. The highest thermal stability of
HTPB-MDI polyurethanes may be due to the
higher functionality'® of MDI and, hence, the
higher amount of crosslinking in these systems.
Similarly, HTPB-HMDI polyurethane is the
least thermally stable, as indicated by the IDT
and the amount of residue left at 800°C.

Nitroglycerine (NG) Absorption

NG absorption of HTPB-based polyurethane was
studied and recorded with respect to time (days)
as given in Table VII. It was observed that as
the time increases (1-7 days) NG absorption also

Table V Mechanical Properties of Formulation No. 4

Tensile Strength

Bond Strength

Sample No. DI (kg/cm?) E (%) Shore A (kg/cm?)
1 TDI 13.6 74.4 50.0 10.8
2 MDI 15.6 56.8 58.4 13.3
3 HMDI 8.8 51.9 55.2 7.6
4 IPDI 9.4 93.0 43.7 6.2
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Table VI Thermal Behavior of HTPB-based Polyurethanes

Exotherm
Temp on DTA Temp at Wt Loss
I IDT Residue at 800°C
Sample No. DI I 1I (°C) 10% 20% 40% (Wt %)

1 TDI 490 585 240 460 485 860 63
2 MDI 500 600 250 450 490 920 70
3 HMDI 430 510 210 425 450 730 50
4 IPDI 475 550 220 450 480 765 57

increases and, finally, it reaches 3—4% for HTPB—
TDI polyurethanes and 3.0% for HTPB polyure-
thanes after immersion in a casting liquid for 7
days. The reduced amount of NG absorption by
MDI-based polyurethanes may be due to the
higher functionality of MDI (MDI is a mixture
of di-, tri-, and polymeric isocyanates) which is
responsible for the higher amount of crosslinking
in the polyurethanes. Due to this higher crosslink-
ing in HTPB-MDI polyurethane, migration or ab-
sorption of NG is difficult in the three-dimen-

ENDOTHERM ~»— AT—= EXOTHERM

1 1 1 1

sional polyurethane network and a very much less
amount of NG is able to penetrate into the struc-
ture (Table VII). However, HTPB—-HMDI and
HTPB-IPDI polyurethanes absorb only 4.0 and
4.4%, respectively, after a period of 7 days. Thus,
HTPB-MDI polyurethane absorbs 3.0% NG, a
minimum among all the polyurethanes. Since its
NG absorption is low, it is expected that its migra-
tion during storage of the inhibited propellant will
not adversely affect the ballistics of propellants
as well as mechanical properties of the inhibitor.

200 300 400 500

TEMPERATURE, *C

Figure 2 DTA thermograms of filled polyurethanes: (a) HTPB-MDI; (b) HTPB-

HMDI.
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Figure 3 TGA thermograms of filled polyurethanes: (a) HTPB-MDI; (b) HTPB-
HMDI.

Inhibition of CMDB Propellants a casting technique of inhibition. These inhibited
propellants were assembled in a rocket motor
along with a venturi and igniter and statically
evaluated at ambient, hot (+50°), and cold
(—30°C) temperatures. The static evaluation in a
cigarette-burning mode gave a smooth and neu-

Among the polyurethanes synthesized, filled
HTPB-MDI polyurethanes have the best me-
chanical and thermal properties. These polyure-
thanes also have very low NG absorption (3% NG

in 7 days). The characteristic prope?rties of tral pressure—time curve with the desired perfor-
HTPB-MDI polyurethanes such as gel time and mance (Figs. 4—6). The pressure—time curve in-

burning rate (relative measure of flame re-  gjcates the suitability of filled HTPB—MDI poly-
tardancy) are given in Table VIIL The gel time of urethane as an inhibitor for nitramine-containing
these polyurethanes is < 10 min. Further, poly- CMDB propellants. Thus, polyurethane (HTPB—
urethanes have very good flame-retardance prop- MDI) was considered suitable for the inhibition
erties as indicated by the burning rate data of CMDB propellants. Further, a full sustainer
(HTPB-MDI polyurethanes, 0.625 mm/s, and charge (L = 160 mm, od = 129 mm) was inhibited

polyester resin, 0.971 mm/s). in a similar way by HTPB—MDI polyurethane

Considering these properties, HTPB—-MDI- and statically evaluated in a sustainer mode at
based filled polyurethane was evaluated as an in- ambient temperature for a burning duration of
hibitor. CMDB propellants containing RDX were 12 s. The pressure—time curve was neutral (Fig.

machined and inhibited with polyurethanes using 7), indicating the suitability of polyurethane

Table VII NG Absorption Data of Filled HTPB-based Polyurethane (Formulation No. 4)

NG Absorption % (Days)

Sample No. DI 1 2 3 4 5 6 7
1 TDI 1.7 2.2 2.4 3.2 3.3 3.4 34
2 MDI 14 1.8 2.6 2.8 2.9 3.0 3.0
3 HMDI 1.8 2.6 3.0 3.3 3.8 4.0 4.0
4 IPDI 2.3 3.2 3.6 3.9 4.2 4.4 44
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Table VIII Characteristics of Polyurethane
Inhibitor (Formulation No. 4)

Gel time 10.0 min

Burn rate 0.625 mm/s
NG absorption 3.0% in 7 days
TS 15.6 kg/cm?

E 56.8%

Shore A 58.4

Bond strength 13.3 kg/cm?

Wt loss 30% at 800°C

(HTPB-MDI) as an inhibitor for CMDB propel-
lants.

Storage—aging Trials

Having established the efficacy of polyurethane
as an inhibitor, storage—aging of this inhibitor
and inhibited CMDB propellants were also car-
ried out. HTPB—MDI polyurethane-inhibited pro-
pellant charges were kept at 60°C in a water-jack-
eted oven and bond failure between the propellant
and inhibitor was monitored.

The propellant—inhibitor bond remained intact
(Jan. 1994 to Jan. 1995) at 60°C after a period of
1 year. This is contrary to observations that EP-
4 polyester-based inhibitors debond after a period
of 45 days at 60°C. Epoxy resin-based inhibitor,
however, starts debonding and cracking'® after a
period of 5 days at 60°. This indicates that filled
HTPB-MDI-based polyurethane behaves satis-
factorily during storage—aging as an inhibitor for
nitramine-containing CMDB propellants in com-
parison to polyester- and epoxy resin-based inhib-
itors.

PRESSURE, kg/cm?

4

0 0.4 0s 12 16 20 24 28 32 36 40
TIME, SEC.

Figure 4 Pressure—time profile for CMDB propel-
lants inhibited with polyurethane at ambient tempera-
ture in cigarette-burning mode.

PRESSURE , kg/cm?
~ -~ o
» N o
v T

®

0 N ! A L i L 1 s N

0 03 06 09 12 15 18 21 2.4 27 30
TIME, SEC.

Figure 5 Pressure—time profile for CMDB propel-
lants inhibited with polyurethane at hot (+50°C) tem-
perature in cigarette-burning mode.

CONCLUSIONS

e Filled HTPB-MDI polyurethane has the
best mechanical and thermal properties com-
pared to polyurethanes synthesized by the
reaction of HTPB with various DIs.

e Filled HTPB-MDI polyurethanes have low
NG absorption.

® Due to better mechanical and thermal prop-
erties and low NG absorption, filled HTPB—
MDI polyurethane was selected and evalu-
ated as an inhibitor for CMDB propellants.
The static evaluation of the inhibited CMDB
propellant (by HTPB—MDI polyurethane) at
ambient, hot (+50°C), and cold (—30°C) tem-
peratures proves the suitability of this poly-
urethane system as an inhibitor for CMDB
propellants.

e Storage—aging trials at ambient and hot

(+60°C) temperatures suggested that the in-
hibitor—propellant bond remains intact for

~ ] ~
: N N o
T J

PRESSURE , kg/cm?

-
£~

0

i 1 1 1 1 1 rl 1 L 1
0 032 064 096 128 160 192 224 256 288 320
TIME, SEC.

Figure 6 Pressure—time profile for CMDB propel-
lants inhibited with polyurethane at cold (—30°C) tem-
perature in cigarette-burning mode.
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sr

60
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PRESSURE, kg/cm?

0 2 L L i 1 i 1 1 1 <

0 13 26 39 5.2 65 7.8 91 104 7 130
TIME. SEC.

Figure 7 Pressure—time profile for CMDB propel-
lants inhibited with polyurethane at ambient tempera-
ture in sustainer mode.

more than 1 year and thus is suitable as a
long-lasting inhibition system for CMDB pro-
pellants.
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