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Recent Developments i n So I id-P ro pel la nt B i nders 

H. E. MARSH, JR. 

Jet Propulsion Laboratow 
California Institute o f  Technology 
Pasadena, California 

SUMMARY 

The complex and important role of the propellant binder in solid- 
propellant rockets is described. The severe weight problems of space ex- 
ploratrion cause high propellant performance to be of major concern in a 
highly competitive field. Binders contribute to performance, not only in 
terms of fuel value, but by being compatible with energetic components 
and by providing good mechanical properties. Both sterilization required 
for planetary landings and compatibility problems of new energetic oxi- 
dizers generate new requirements too stringent for existing binders; only 
binders composed essentially of saturated aliphatic hydrocarbon are pre- 
dicted to be suitable. Several saturated-binder developments are in progress. 
The achievements of one of these programs, based on free-radical synthesis, 
are evaluated against the goals of the new binder. 

INTRODUCTION 

New approaches to polymer synthesis are maturing at just about the 
right time to fulfill the needs of space exploration for improved solid- 
propellant binders. 

?This paper presents the results of one phase of research carried out at  
the Jet Propulsion Laboratory, California Institute of Technology, under 
Contract No. NAS 7-100, sponsored by the National Aeronautics and Space 
Administration. 

I397 
Copyright @ 1969, Marcel Dekker, Inc. 
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1398 H.  E. MARSH. JR. 

A few years ago, the decision was made that the surest way to avoid 
carrying earth organisms to the surface of Mars would be to apply dry heat 
to hermetically sealed landing vehicles. This decision led to the require- 
ment that any proposed propulsion systems should survive six 53-hr cycles 
at 275°F for proof testing. 

especially for upper stages, retro motors, and so forth. One of the general 
avenues explored in recent years to increase available solid-propeliant spe- 
cific impulse has been an attempt to harness several oxidizers with greater 
energy than ammonium perchlorate. Of chief interest are nitronium per- 
chlorate hydrazinium diperchlorate and hydroxylammonium perchlorate. 

Established propellant binders based on polydienes and polyethers are 
not suitable for either application. Incompatibilities ranging from exten- 
sive postcuring to explosion were encountered with the new oxidizers. 
Although the binder materials are reasonably stable alone at  elevated tem- 
peratures encountered in sterilization, they are not stable in the presence 
of ammonium perchlorate. 

needs must be saturated in order to work at all, and it had to be deter- 
mined whether or not these goals could be reached, even with improved 
binders. I t  is reasonable at this time to say that most of the objectives 
will be met. Saturated binders have been developed and improved ones are 
being developed. Considerable progress has been shown in solving the steri- 
lization and oxidizer compatibility problems by using these new materials. 

A general discussion of the whole field of saturated binders is beyond 
the scope of this paper. This paper concentrates on the work of the Jet 
Propulsion Laboratory (JPL) and the Union Carbide Corporation* in this 
field, in connection with the overall requirements for a high-performance 
space propellant. 

Increased specific impulse continues to be a major goal for space rockets, 

I t  became readily apparent that the new binders required t o  satisfy these 

ROLE OF THE BINDER IN SOLID-PROPELLANT MOTORS 

The development of specific improved characteristics in a new product, 
such as a propellant binder, is of little use if it is achieved by sacrificing 
some other important quality. This is especially true with any component 

*Principal JPL investigators are the author and Dr. J. Hutchison (now at 
Heidelberg on a postdoctoral program). Union Carbide Corporation’s inves- 
tigators, working under JPL Contract 951210, are Dr. J. E. Potts and 
Dr. A. C. Ashcraft, Jr. 
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SOLID-PROPELLANT BINDERS 1399 

Table 1. Space Mission Requirements for Solid-Propellant Motors 

I. General 
A. Availability 
B. Safety 
C. Reliability 
D. Economy 

A. Performance 
B. Thrust-time program 
C. Controllability 
D. Accuracy 

A. Fit with spacecraft configuration 
B. 
C. 
D. 

11. Function 

111. Compatibility 

Capability of withstanding expected environments 
Minimum need for special treatment or handling 
Minimum deleterious effect or restriction on the 

mission 

of an integrated system for space exploration because of the many compet- 
ing requirements. Table 1 lists the requirements for a space rocket motor. 
This list will serve for binders as well, because a binder is not really devel- 
oped until it is used in a propellant that can be a part of a motor suitable 
for some mission. For economic reasons, a propellant with universal appli- 
cations would be more suitable (item I-D, Table 1). With the saturated 
binders, although an attempt is made to provide chemical ruggedness for 
higher performance (item 11-A, Table 1 )  and better environmental capability 
(item 111-B, Table l), availability (item I-A, Table 1) is the important factor. 

It is important t o  explain briefly the role of the binder in a high-perform- 
ance motor in order to identify the key requirements for binders. Mainly, 
these requirements revolve about performance and reliability over a fairly 
wide range of temperatures. 

Velocity and payload mass together define rocket motor performance 
output (high velocity and/or higher mass represent high performance). 
Specific impulse and propellant mass fraction (propellant mass as a frac- 
tion of total motor mass) are the properties of a motor that produces this 
performance. In Fig. 1 ,  which is applicable to many upper-stage and space- 
craft propulsion requirements, it is shown that the characteristics of a new 
propellant affecting mass fraction must be up to standards if the advantages 
of a higher specific impulse are to be realized. A loss of 1% in mass frac- 
tion is equivalent to a loss of between 1 and 2% in specific impulse. 
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Fig. 1. Motor performance trade-off. 

Binders contribute to motor performance in three ways: fuel value, 
compatibility with energetic oxidizers, and mechanical properties. The last- 
mentioned contribution is usually the most important. Propellant mass 
fraction, previously mentioned as a key factor in performance, depends 
more on propellant mechanical properties than on any other variable. This 
is easily visualized in Fig. 2 ,  which shows the design of a typical high- 
performance space motor. 

Figure 2 is a diagram of the Advanced Technology Satellite motor, a 
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SOLlD-PROPELLANT BINDERS 1401 

6 in. 

31.84 in. 6 in. 

ROTATING TABLE 

Fig. 2. ATS motor assembly. 

JPL product used as the kick stage for synchronous satellites. The mass 
distribution of this 840-lb motor is 2.8% for the chamber, 4.5% for the 
nozzle, 1.6% for the liner (an inert rubber compound for insulating the 
chamber), 0.7% for the igniter (including safe-and-arm device), and more 
than 90% for the solid propellant. Such a structural assembly is reliably 
capable of withstanding the various forces and strains of temperature 
cycling, rapid pressurization, acceleration, vibration, and storage in any 
orientation because of the good rubbery properties of the propellant. This 
propellant is composed of aluminum, ammonium perchlorate, and a poly- 
ether/urethane binder. The binder, which provides the elastomeric 
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1402 H. E. MARSH, JR. 

properties, is 20% of the propellant mass; some propellants have as little as 
1 2% binder . 

If the typical modern solid propellant were not made from a good rub- 
ber, it would not be possible to integrate it into the chamber in the manner 
represented in Fig. 2. It should be noted that the propellant is bonded, 
through the liner, to the chamber wall throughout the entire interface. 
Severe mechanical forces and strains are imposed on case-bonded propellants 
by environmental factors. Case-bonding was first developed at JPL in the 
mid-1940s [ 11, with polysulfide rubbers. Since solid propellants burn only 
on exposed surfaces, case-bonded grains are designed to bum from an inner 
surface outward, and the cylindrical portion of the chamber wall is protected 
from the flame until bum-out. The tapered insulation thickness is necessary 
to protect those chamber surfaces exposed earlier. Another important fea- 
ture of the polysulfides, and their descendants, is their castability in the 
uncured state as highly filled viscous slurries. 

In summary it can be said that, whatever else a new solid-propellant 
binder contributes, in order to be competitive in propulsive performance 
it must also form castable slurries of appropriate composition that will cure 
to a material with good rubbery properties over required ranges of tem- 
perature. 

GOALS FOR SATURATED BINDERS 

As a consequence of the critical role of the propellant binder, the general 
goals for the saturated-hydrocarbon binder program fall into two categories. 
Prepolymers must be developed that, besides being chemically rugged, will 
have microstructure yielding good processing and elastomer properties. A 
good curing system is necessary, both for processing and to form a good 
rubber network structure. These points are illustrated in Fig. 3. 

Fig. 4. First, the binder should be saturated. An obvious way to make a 
saturated-hydrocarbon, functionally terminated prepolymer is to hydrogenate 
one of the commercially available carboxyl-terminated polybutadienes 
(CTPB). This was tried by JPL scientists and several others. The problem 
was that the product was a wax demonstrating a high degree of crystallinity 
due to the preponderance of linearity in the aliphatic chains. Nevertheless, 
the materials were compatible with highenergy oxidizers. Both anionic and 
free-radical polymerization syntheses have since been developed to produce 
sufficient pendent side chains to eliminate this characteristic. The main 

The detailed goals of the JPL program for prepolymers are shown in 
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SOLID-PROPELLANT BINDERS I403 

I PREPOLYMER -PROCESSABILIW; BACKBONE STRUCTURE; FUEL 

R 

CH2 - C - (CH2)x - C - CH2 

R 

R=-(CHJ CH 
Y 3  

\ 
I1 CURING SYSTEM - NETWORK STRUCTURE / 

/ 

--- 

Fig. 3. Binder general goals. 

SATURATED HYDROCARBON % CH2-CH2 0 

HIGH FUEL CH2/0 OR OTHER 

LIQUID -+-- 
FUNCTIONALITY OYvvvvv*O 

1 VISCOSITY 

LOW TEMPERATURE PROPERTIES 

MICROSTRUCTURE 

Fig. 4. Prepolymer goals. 
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1404 H. E. MARSH, JR. 

PLUS HIGHER NNCTIONALITIES 

Fig. 5. Typical prepolymer, functionality distribution. 

value attained from the attempts at hydrogenating existing diene prepoly- 
mers was the demonstration of survival of the carboxyls in this step. 

figh molecular weight, not listed in Fig. 4, is implied in the goals for 
high fuel value and good low-temperature properties. As far as the new 
synthetic methods are concerned, molecular weight is limited by the diffi- 
culty in attaining high functionality and the need for viscosities low enough 
to permit processing. 

Good functionality is a goal for prepolymers only because it is a require- 
ment for curing to form good rubber networks. The attainment of a high 
fraction of linear chains terminated functionally on each end has been one 
of the big problems with the new syntheses. A mixture (Fig. 5 )  of mono-, 
di-, and trifunctional material plus, in some cases, a fraction of product 
with no functional groups at all, is obtained rather than the desired difunc- 
tional product.* The anionic and free-radical syntheses theoretically in- 
volve the sequential steps of initiation, propagation, and termination. With 
the free-radical process, functionality problems can occur from nonideal 
reactions during any one of these steps. Since some of the anionic poly- 
mers start in the middle and grow in both directions, initiation is less 
likely to be troublesome. Analysis for functionality is an important matter. 

*Molecular-weight distribution, also present, is not covered in this 
paper. 
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SOLID-PROPELLANT BINDERS 1405 

Table 2. Potential Saturated Prepolymers 

Company Saturated prepolymers 

Union Carbide 
Union Carbide 
Thiokol 
Thiokol 
Thiokol and Jet Propulsion Laboratory 
Jet Propulsion Laboratory 
Rocket dyne 
United Technology Center 
General Tire and Rubber 

Ethylene/neohexene 
Ethylene/CnH2 n 
Butadiene/diene; hydrogenated 
HC polymer; hydrogenated 
Low-oxygen polyester 
Polyisobutylene 
Polybutadiene star 
Polyisobutylene 
Polybutadiene 

It is even more desirable to determine functionality distribution. One ap- 
proach was covered in the symposium* by Muenker; another approach is 
being studied at JPL [ 2 ,  31. 

bon prepolymers. The Thiokol polydiene, the Rocketdyne star, and the 
General Tire and Rubber polydiene are anionic. The latter, known as 
Telagen, is available commercially in pilot plant quantities. At the sym- 
posium, Dr. DiMilo of Aerojet-General Corporation, a subsidiary of the 
General Tire and Rubber Co., discussed some studies with Telagen. Cur- 
rent JPL sterilizable propellant progress is based on the Telagen polymer 

Table 2 lists the known major efforts at synthesizing saturated-hydrocar- 

~41.  
The P L  approach to polyisobutylene (PIB) is cationic; UTC’s PIB is 

made by oxidative scission of high polymers. The Thiokol/JPL prepolymer 
is a low-oxygen polyester that has as its major ingredient dimer acid (Emery 
Industries, Inc.), yielding a product with up to 36 carbon atoms between 
ester links (not all in a single chain, however). 

*Symposium on Polymers in Space Research, Von Karman Auditorium, 
Jet Propulsion Laboratory, Pasadena, Calif., July 15-17, 1968, cosponsored 
by the Polymer Group of the Southern California Section of American 
Chemical Society and JPL. 
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I406 H.  E. MARSH, JR. 

UNION CARBIDE PREPOLYMER DEVELOPMENT- 
THE FUNCTIONALITY PROBLEM 

The remainder of the discussion about prepolymer synthesis is devoted 
to Union Carbide's work with copolymers of ethylene. Union Carbide's 
early work was based on two special features-copolymerization of ethylene 
and neohexene, and the use of a high concentration of initiator-in an 
otherwise conventional batchwise, high-pressure, free-radical polymerization 
in solution (Fig. 6). Neohexene will not homopolymerize but will copolym- 
erize with ethylene, and furthermore, company researchers reasoned that neo- 
hexene was the only alpha-olefim that could not hydrogen-transfer. The 
extra initiator was used to keep the molecular weight low, and these re- 
searchers counted on mutual recombination of growing free radicals to be 
the major mode of termination [ 5 ] .  

The results of early polymerizations, in which azo-bis-isobutyronitrile 
(AIBN) was used as initiator, supported these theories. It was found that 

CHARGE: 

+ N G C - C - N = N - C - C - N  
I I 

CH3 CH3 

ETHYLENE 

C H ~  - t - - t i 3  
I 

CH3 

NEOHEXENE AIBN (CATALYST) 

REACTION CONDITIONS: 

10,000 TO 30,000 psi, 50-2SO'C IN A STIRRED REACTOR 

HYDROLYSIS: 

Fig. 6. Union Carbide prepolymer synthesis. 
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SOLID-PR OPELLANT BINDERS 1407 

the proportions of the two olefins could be regulated SO as to produce pre- 
polymers ranging from wax, through paste, to viscous liquid [ 5 ] .  

First measurements of functionality based on vapor pressure osmometry 
OrpO) molecular weights and total nitrogen of the preliminary product in- 
dicated that the expected difunctionality had been attained. However, 
after hydrolysis, the functionalities dropped to about half-averaging one 
carboxyl per molecule. The cause of this undesirable result was not easy to  
find. Ultimately, it was discovered that the initiating radical resulting from 
the decomposition of AIBN underwent a rearrangement and that the initiat- 
ing free-radical species actually consisted of an equilibrium mixture of two 
isomeric forms: the desired isobutyronitrile and a ketene imine structure. 
There was no  way of converting the end group arising from the latter to 
the desired carboxyl group [ 5 ] .  

Following this discovery, many other initiators were tried. Peroxides 
were avoided because appropriate ones were not soluble to the required 
concentrations in the system, leading to possible hazard in the pumps. 

A type of initiator that initially showed promise (Fig. 7) was a group of 
ester counterparts of AIBN; the one illustrated is dimethyl-ap'-azobisiso- 
butyrate [6,  71. However, functionalities again were low, and, in addition, 

3 'i' 
CH3 CH3 

0 CH3 
I1 I 

CH - 0 - C - C - N = N -  C - C - O - C H 3 - C H  - 0 - C -  3 

Fig. 7 .  Free-radical polymerization. 
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1408 H. E. MARSH, JR. 

an insoluble polymer phase was observed. It was determined that the ester 
radicals disproportionated to form methyl isobutyrate (MIB) and methyl 
methacrylate [8]. A homopolymer of the latter product was the insoluble 
polymer previously mentioned, which by itself would not have been detri- 
mental. However, the former (MIB) was a strong hydrogen-transfer agent, 
because of a tertiary hydrogen, and chains terminated by this step would 
have no functional group. Chain transfer was one of the major problems 
anticipated in this synthesis, and every attempt was made to avoid it. Fail- 
ure to accomplish this led Potts and Ashcraft of Union Carbide to attempt 
to make use of chain transfer. These researchers reasoned that, perhaps, 
telomers could be converted to  the desired difunctional prepolymer chain 
molecules [9 J . 

\ I  I /  
R *  + C = C  - R - C - C *  

/ \  I \  

\ I  I /  
CCP3' + c = c  - C C P  - c - c*  

/ \  3 1  \ 

I /  
C C P -  c - c  -c -c  (; ;)n I 

* + C P - - C C P 3  - CCL - C - - C - C P + C C P ~  
3 ( I  :In + 1 3 

Fig. 8. Functionality attained through telomerization. 

Potts and Ashcraft decided to put this idea to the test. They used car- 
bon tetrachloride, a good chain-transfer agent, and achieved apparent func- 
tionalities close to 2, with the reaction following the scheme shown in 
Fig. 8 (in other words, analysis showed nearly four chlorine atoms per 
molecule, represented in the last line of Fig. 8). This showed that the 
technique would indeed be successful. In the main, reaction conditions 
were the same. The major difference was a drastic reduction in the 
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TELOGEN TELOMER 

Br - (POLYMER) - C C i 3  3 
Br - C C L  

Br - C - C O O H  c Br - (POLYMER) - C - C O O H  
I I 

CH3 CH3 

* Br - (POLYMER) - CH - C O O H  2 
Br - CH - C O O H  2 

CH3 

Fig. 9. Chain-transfer agents. 

concentration of azo initiator (just enough to initiate the reaction) and a 
dependence on the chain-transfer agent for the bulk of initiation and con- 
trol of molecular weight. 

Actually, carbon tetrachloride is not a good transfer agent for a practical 
system, because there is no good method to convert its trichloro end group 
to a carboxyl. Therefore, Potts and Ashcraft looked into the use of other 
agents, such as those illustrated in Fig. 9 [ 101 . 

found to be very effective. The bromo end group is converted by dehydro- 
bromination to an olefin followed by oxidation [ 111 . The functionality of 
the polymers thus produced is illustrated in Table 3, which shows data 
from early telomer runs [12]. These results demonstrate a great improve- 
ment in functionality, if it is recalled that the other methods had led to 
essentially monofunctional products. Moreover, quantitative conversion of 
the bromo groups has also been achieved. These results have all been ob- 
tained in a batch reaction process. More recently, a continuous stirred 
reactor was adapted for use in this synthesis. In this mode of operation, 
the beginning and ending transient products can be separated from the 
main product, with resulting improved functionality and higher molecular 
weights. 

The last agent in Fig. 9 ,  and also a corresponding methyl ester, were 
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1410 H. E. MARSH, JR. 

Table 3. Functionality of Telomer Samples (Union Carbide data) 

Molecular Total 
Run weight, Mn Br/molecule COOH/molecule functionality 

38 
39 
40 
41 
42 
43 
44 
45 
46 
47 

415 
417 
425 
420 
45 2 
457 
432 
45 6 
450 
456 

0.906 
0.897 
1.073 
0.909 
0.942 
0.907 
0.896 
0.9 17 
0.893 
0.897 

0.808 
0.861 
0.856 
0.844 
0.896 
0.892 
0.876 
0.878 
0.943 
0.882 

1.71 
1.76 
1.93 
1.75 
1.84 
1.80 
1.77 
1.80 
1.84 
1.78 

PREPOLYMER MICROSTRUCTURE AND FLOW PROPERTIES 

All saturated-hydrocarbon prepolymers that we have looked at so far, 
except polyesters of dimer acid, are more viscous than they should be for 
effective propellant processing. As expected, hydrogen-bonding of carboxyls 
aggravates the problem. Since two of the goals mentioned in Fig. 4 indicate 
the desirability of higher molecular weights, the strong positive relation be- 
tween molecular weight and bulk viscosity is a further obstacle to the em- 
ployment of saturated binders. 

The same effect is seen with regard to glass transition temperatures, Tg. 
None of the saturated-hydrocarbon prepolymers appears to have Tg lower 
than -55'C. The Tg measured on a prepolymer of 1000-5000 molecular 
weight is not a direct measure of that property in propellants made from it. 
However, if the prepolymer has poor low-temperature properties, the propel- 
lant is not likely to be better in t h s  respect. 

As an illustration of the criticality of microstructure, a small study was 
made to determine the effect of varying extents of hydrogenation of a poly- 
butadiene prepolymer on Tg [ 131 . The results shown in Fig. 10 make it clear 
that a saturated chain is considerably stiffer than its unsaturated counterpart. 
In the figure, it should be noted that the quantity plotted in the abscissa is a 
softening temperature measured in a penetrometer test. This is probably as 
good a measure of Tg as a tan 6 peak temperature in a torsion pendulum ex- 
periment. No crystallization effect is thought to be present here. The 
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Tpq 'C 

Fig. 10. Effect of unsaturation on glass transition temperature. 

CH3 

Fig. 11.  Viscosity and Tg, backbone microstructure. 
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1412 H. E. MARSH, JR. 

material was one of the telagens (GTR), which is a polybutadiene with 
enough 1,2 structure to make it amorphous. Several samples were hy- 
drogenated to varying extents and characterized. 

Considering the 1,4-polymerized butadiened shown in Fig. 11, the non- 
rotation about the double bonds in cis-polybutadiene is apparently more 
than compensated for by less than normal restricting environment for the 
adjacent single bonds. This advantage disappears as the material goes over 
more and more to 1,2-poIymerized dienes. However, for chemical rugged- 
ness, unsaturation cannot be tolerated. Another course must be chosen. 
As pointed out in the paper presented by Simha and Schell during the sym- 
posium, side chains with rotational freedom contribute to the overall de- 
grees of freedom of the molecule. If the side chains are linear and saturated, 
they must be long enough to offset the restrictive effect of their presence 
on the main chain. Certainly, the tertiary butyl pendent group from neo- 
hexene does not offer much of a contribution to the ability to  rotate. It 
would be ideal to study a whole family of prepolymer structures of the 
type illustrated in the lower half of Fig. 11. One might expect the opti- 
mum structure to be that in which y and z are as large as possible but 
small enough to avoid crystalline tendencies. 

UNION CARBIDE PREPOLYMER DEVELOPMENT-MICROSTRUCTURE 

The Union Carbide investigators developed another approach that will 
permit investigation, to a limited extent, of the question of improving vis- 
cosity and low-temperature properties by means of longer pendent side 
chains. Preliminary experiments gave promising results [ 141 . It was pre- 
viously pointed out that Potts and Ashcraft believed that olefins capable 
of hydrogen transfer could not be tolerated in this synthesis. However, 
while trying propylene recently in place of neohexene, these scientists dis- 
covered that functionality did not suffer as much as expected. Function- 
alities of approximately 1.5 in first experiments were encouraging. It is 
expected that higher pressures will favor chain propagation over hydrogen 
transfer, and better functionality will be obtained. As a last resort, some 
type of fractionation may be adopted to improve the functionality of the 
final product. Preliminary experiments with neohexene copolymers indi- 
cate that this may be possible. 

The expected improvements in Tg and viscosity are evident in Figs. 12 
and 13 [14]. In Fig. 12, the two curves are from neohexene copolymer 
data. The dashed curve is lower because hydrogen bonding has been 
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Fig. 13. Low-temperature properties as a function of microstructure (Union 

eliminated. Points labeled 103, 104, and 105 are propylene counterparts of 
the upper curve. The squares (106 and 136), also for propylene copolymers, 
relate t o  the lower curve. In general, it can be said that viscosity is lowered 
by an order of magnitude at the same Mn by substituting propylene for neo- 
hexene . 

Carbide data). 
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Table 4. Saturated Binder Propellant-Mechanical Properties 

Tensile strength, 
Binder propellant lb/in.' % Elongation 

Carboxyl-imine 80 75 
140 50 

Urethane 140 90 
170 70 

0 0 0 OH 
II / \  II I 
C - OH + C H 2  - CH - CH2 rn - W C  - 0 - CH2 - CH - C H 2 r V V \ ,  @ 

0 H 
II I 

0 CH2 
II / \  

@ rvv\, C - O H t C H 2  - N - C H 2  - m C  - 0 - CH2 -CH2 - N  -CH2- 

O H  
I I  I 

@ CH2 - OH t 0 = C  = N - C H 2 T A f b  - m C H 2  - 0 - C - N - CH2- 

Fig. 14. Propellant curing reactions. 

In Fig. 13, a similar improvement in glass transition is shown where the 
points are now for the ethylene-propylene. Currently, copolymers of ethyl- 
ene with 1-butylene and higher homologs are being made and will be sub- 
jected to similar tests. 

CURING SATURATED BINDERS 

Figure 14 illustrates the three reactions most widely used today for cur- 
ing propellants, the formation of ester linkages by the reaction of carboxyls 
with either epoxides or aziridines (or both), and the formation of urethanes 
from the reaction of isocyanates with alcohols. Each of these reactions has 
been used to cure tons of propellant. They are enormously practical, but 
have their drawbacks. Until something better comes along, these reactions 
will be applicable to the curing of saturated binders because both carboxyl 
and hydroxyl functionalities have been achieved in most of the new syn- 
theses and appear to be achievable with the others. 
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In recent years, urethane cures seemed to be discarded and replaced by the 
use of carboxyl cures. However, these cures are now regaining some of their 
popularity. At present, urethanes have two advantages over carboxyls. First, 
they stand up better under sterilization heating. Second, as presented in 
Table 4, better mechanical properties are obtained with the urethanes. These 
data are not representative of propellants in use; however, the higher combina- 
tion of tensile strength and elongation is typical in equivalent systems. Ths 
difference is attributed to side reactions. Both systems suffer from side re- 
actions. However, the type and degree characteristic of epoxides and imines 
lead t o  less desirable network structures. Some effort is going on currently 
to find better curing systems and also to study network relationships. 

CONCLUSION 

The need for improved solid-propellant binders has stimulated efforts to 
develop saturated aliphatic castable elastomers. At present, there are indica- 
tions that new binders beneficial to solid-propellant technology will result 
from these researches. Saturated-hydrocarbon binders are being used in de- 
veloping new propellants, and the benefits expected from these propellants 
are being demonstrated. There is promise also of eliminating, or at least re- 
ducing, the major drawbacks encountered with the new materials so that they 
may be expected to compete with existing binders for general as well as spe- 
cific uses. 
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Discussion of Paper by H. E. Marsh, Jr. 

Recent Developments in Solid-Propellant Binders 

M. A. Smook: What initiation system is being used to obtain high func- 
tionality with ethylene-propylene? 

R. F. Landel (paper presented by Dr. Landel in the absence of Dr. Marsh): 
This initiation is still AIBN. However, the functionality is 
now introduced through the chain-transfer process, not 
from the initiator. As a matter of fact, the problem with 
the disproportionation of the AIBN radical is still there 
and this accounts for some of the low functionality in the 
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J. Linsk: 

R. F. Landel: 

D. F. Elrick: 

R. F. Landel: 

A. H. Muenker: 

R. F. Landel: 

P. Throckmorton: 

R. F. Landel: 

materials obtained by this process. Hopefully, the con- 
tinuous reaction will eliminate that source of monofunc- 
tional chains. 

Has COOH functionality been attained which is signifi- 
cantly higher than l ?  

Yes, in Table 3 you see we have a functionality of rough- 
ly 0.85 for carboxyl content and 0.85 for the bromine. 
The bromine can be quantitatively converted to carboxyl, 
leading to a final functionality of about 1.7. 

What was temperature in Fig. 12 concerning viscosity 
versus Mn for ethylene-neohexene and ethylene-propylene 
polymers? 

No temperature was given but it was room temperature. 

The reported functionalities of 1.7-1.8 appear reasonably 
high. It should be pointed out though, that this func- 
tionality level may encompass monofunctional polymer 
components in the order of 20-30 wt%. 

Yes, this is true, and the problem of functionality has 
certainly not been solved in these materials. However, it  
would appear that it ought to at least approach 2 before 
one considers that he has a potentially valuable material. 

Have you studied or have you considered the possible use 
of saturated cyclic pendent groupings at the backbone for 
lowering Tg? For example, to achieve this one might co- 
polymerize vinyl cyclohexane into the ethylene-neohexane 
COOH prepolymer. 

We have not considered this particular side group, per se. 
Before going too far in this direction, we would first 
examine the problems of viscosity and glass temperature 
jointly. The reason for this is simply that there are too 
many possible combinations and permutations of side 
chains, side chain length, and side chain spacing to begin 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
1
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1418 H. E. MARSH, JR. 

to make a reasonable attack on the question without some 
prior guidance. Even in a factorial experiment, the num- 
ber of possible experiments is far too large. The effects 
of a side chain on Tg and viscosity are related but not 
identical problems; for example, in comparing the satu- 
rated and unsaturated Telagen materials, which differ in 
viscosity at room temperature by about a factor of 7, 
one can account for a factor of about 2 simply by the 
difference in Tg The remainder is associated with the 
change in the friction factor. Since these can be studied 
independently and have somewhat independent effects, 
we would first propose to examine choice of a side group 
and its spacing based upon both of these parameters 
together. 
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