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CONFIDENTIAL ABSTRACT !

‘C) The objective of this program was to demonstrate & practical high
energy propellant coutaining a difluoramine binder, AlH3, and the advanced
oxidizer, hydroxylammonium perchlorate (HAP).

(C) While considerable technology had been demonstrated with these
energetic ingredients, there were several problems which had to be solved
before the attractive gpecific impulse and density of an advenced system
could be realized in a practical proupellant. This program was designcd to
explore the problems of in-proccss hazards, svetem compatibility and
stability, and reproducible cures. Incluoud in this program were (1) a
comparison of TVOPA plasticized P-BEY binder with low energy polymers
highly plasticized with TVOPA, (2) scale up of propellants based on
TVOPA/AP/AIH3, and (3) a study of the feasibility of incorporating HAP
into a difluorsmino binder.

(C) Results obtained early in the program indicated that HAP {s not
usable in the difluoramine pinders. Compatibility testing indicated con-
siderable interacticn, and coating the HAP did not resolve the problem.

A 2-in. cube of P-BEP/HAP propellant ignited after 10 hr act 75° C placing
this propellant in the ICC forbidden category. Effort on developing HAP
propellants was, therefore, discontinued in favor of increased efforts in
binder development.

(C) Two DOMINO binders were developed and scaled up with AlH3 tuel and mMX
and/or AP oxidizer., The primary effort was placed on developing a TVOPA
plasticized P-BEP binder. An alternate binder based on a low energy polymer
highly plasticized with TVOPA (TVOPA/polymer ratio of 7/1) was developed
and propellant using this binder was scaled up when agirg problems developed
with the P-BEP binder.

<

(C) The development of the TVOPA plasticized P-BEP binder required ex-
tensive ingredient characterization and catalyst studies to achieve satis-
factory mechanical propercics and cure rate/pot life trade off. Impurities
in the P-BEP and in the TVOPA interfered with the cure reaction by reacting
with the isocyanate and by poisoning the catalyst. Careful adjustment of
the cure atoichiometrv and protection of the catalyst by placing it on
molecular sieves produced AlH3-AP propellant having satisiactory mechanical
properties and 4 teprcducible cure. Five pound motor firings of the P-BEP/ ‘
TVOPA/AP propellant containing l8-percent AlHy produc~=d 3 delivered impulse

i
(Iigoo) of 266 sec with an efficiency of 94 percent, Accelerated aging q

studies of the P-BEP propellants, both with Al and AlH, fuels, indicate '
very short shelf life for these propellants. Tha primary cause of fatlure {
i3 CO2 gassing from the binder. Because of the short shelf life of the \
P-BEP binder propellants, effort was concentrated on developing and scaling Y
up propellants based on an altermate binder.




(C) Three low enerpy polymers were evaluated for use with TVOPA in the
alternate binder duvelopment. an cethyl acrylate-acrylic acid (EAAA)
copolymer cured with an epoxide shows considerable promise. However, an
adequate low temperature cure which is required to prevent gassing from
Alll3 was not achiovod; therefore, enphasis was placed on urechane cured
polymers which du cure at low vemperatures. An ethyl acrylate-hydroxy
ethyl acrvlace (FA-KHEA) copolymer failed to give satisfactory mechanical
properties, but a copolywer of diethylene glycoul-adipic acid (Multron R-18)
did give satisfactorv mechanical properties, especially when the TVOPA

was purified to rerove an {socyanate reactive impurity.

(C) The TVOPA/R-18 binder was scaled up to l0-quart Hobart and S-gallon
Day mixes. Two propcllants were fired in 5-1bo motors: VKU contained 22
percent AlH3 and all AP oxidizer, and VKW containing 18 percent AlH3 and
10 percent cf the AP replaced with HMX. Both gave the same delivered
impulse £{265.3 sec); so the more dense VKW propellanc was selected for
scaleup to a 15-1b motor. The delivered impulse 11300 of 267.0 sec and
efficiency of 94.5 perceat indicate that high efficlency and impulse i3

achievable from the DOMINO AlHj propellant system.

(C) Accclevated aging testing of the VKW propellant was performed on
2-in. cracking cubes and by off-gas analysis. Results indicate that when
a rapid low temperature cure i8 achieved, 2-i1n. cubes have a reesonable
shelf life with a predicted liie of S5 years at 25° ¢. However, if the
cure rate i3 slow, general microporosity will occur. CQ; generation
during cure is sufficient to cause porosity if the propellant remaing in
a low modulus state for more than a day or two. Shelf life prediction of
a 70-1b BATES motor resulted {n similar conclusions. With a rapid cure
the propellant will survive cure and will not fail until the hydrog:n
generation from AlH3 accelerites markedly from 1ts normal generation rate.

(U) A time extension of this contract permitted the preparation of a
40-pound motor of related propellant which was developed on the follow-on
contract, FO4611-70-0067, The propellant (VML) was similar to VKW,
except the ratio cf TVCPA tc polymer was lowered and the HMX was replaced
by AP to reduce the sensitivity and iamprove the shelf life of the VML
propellant, Extensive in-prccess and in-use hazards, shelf life, and
ballistic testing was performed on VML in the follow-on contracc,

e e s et DO YRR crter
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NCO {sncyanate
NFz ’ di. luoramino '~
OH hy .7 1 |
PAPI polymethylene poly-phenylisocyanace
P-BEP poly [1,2-bis(difluoramino) -
2, 3-epoxy-propane
P-Kor B ;auro-S/At-rate
PPG-2025 polyoxypropylene glycol of 2,000
molecular weight
( R-18 polydiétﬁ;ieﬁe glycol adipic acid
xiv
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LIST OF ABBREVIATIONS (Cont)

Abbreviation Meaning

STP standard temperature, pressure

TCP tricresyl phusphate

D1 toluene diisocyanate

TPMIT triphenylmethane triisocyanate
TVOPA 1,2,3-tris (o, 3-bla (difluoramino)

ethoxy] propane

UNOX 221 o.d trade name for ERL 4221 (3, 4-
Epoxy-cyclohexylmethyl-3, &4-epoxy-
cyclohexane carboxylate)

UTC United Technology Center
VKN non-A1H3 DOMINO propellant
VKO 23-percent AIH3 DOMINO propellant

VKP 18-percent AlHy DOMINO propellant
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SECTION I
INTRODUCTION
A.  BACKGROUND

(C) Difluoramino binder materials have demonstrated three advantages over
conventional materials: Specific impulge, density, and specific impulse
efficiency. P-BEP, poly [1,2 bis(difluoramino) 2, 3 epoxy propang)}, offers
these advantages with the potential of good amblent temperature propercies,
TVOPA, 1,2,3, tris{ a,8+bis (difluoramino) ethoxy] propane, is an available
energetic plasticizer for P-BEP. Propellants based on P-BEP and TVOPA in
conjunction with aluminum hydride (AlH3) offer important improvements in
delivered gpecific impulse over other "non-toxic" propellants. By employ-
ing an advanced oxidizer such as HAP, the density penalty incurred with
AlH3 can be avoided and additional specific impulse can be gained.

(C) An alternacive to the P-BEP bindec i3 a low energy polymer such as the
epuxy-cured EAAA prepolymer plagsticized with TVOPA. This system offers
essentially the sawe delivered impulse potential and density as the P-BEP
binder,

(C) While considerable technology has been demonstrated with these energetic
ingredients under previous programs, there are several problems which must
be solved before the atcractive specific impulse and dansity of 2n advanced
system are realized in a practical propellant. These problems include:

(1) greater in-process hazards, (2) poorer system compatibility and
stability, (3) ingredient hygroscpoicity, and (4) obtaining optimum and
reproducible cures from P-BEP, In addition, final ucilization of the
propellant will also be limited unless techniques are developed to signi-
ficantly decrease the intrinsically high burning rate associated with
difluoramino binders and to improve the comparatively poor shelf life
resulting from the incorporation of present quality AlH,.

B. OBJECTIVE

(C) The objective of this program was to demonstrate a practical high

energy propellant based on a difluoramino binder containing AlH3 and an
advanced oxidizer. The ultimate p-.foruwance objective was a delivered

{mpulse of 272 lbf-sec/lbm (15 degree half-angle, 1000/14.7 psia) at a

propellant density of 0.063 lb/in.3.

C. PROGRAM DEFINITION AND 5SCOPE

(U) The techuical program was accomplished in three phases., Phases 1

and I1 were carried out concurrently with the early part of Phase III.

In Phase 1, a comparison of P-BEP and TVOPA plasticized acrylate binders
in combination with AP and HAP were made. In this phase the ingredient
control and process studies were conducted to support a successful scaleup

1
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(U) effort. 1In Phase 1I, the F-BEP/TVOPA/ALH3/AP system was more fully
explored and selected propellants scaled up through the 70-1b level. The
Phase I11 effort was designed to demonstrate the feasibility of a diflucramino
binder with HAP.

(C) Early in the program, {nsuraountable compatibility probleuns were
encountered with HAP, which led to the abandonment of this oxidizer {n
favor of additional effort with AP and a combinaticvn of AP and HMX. A
serious problem of shelf life with P-BEP led tc the replacement of thisj
polymer {n the program by the low energy polymers ZAAA and a hydroxyl
terminated copolymer of diethylene glycol and adipic acid (R-18).

2
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SECTION TI1
INGREDIENT CHARACTERIZATION AND COMPATIBILITY STUDIES

(U) Previous work by Hercules under contrect AF33(615)-SA20l had shown

that a potential compatibility problem exists between the advanced oxidizer,
HAP, and the P-BEP binder. Tiese results indicated the need for additional
analysis and testing to determine whether a safe system could be found for
procesaing a HAP/DOMINO propellant.

(U) The stability of P-BEP and AlHj, both neat and in propellant, were
also of mejor concern. As & consequence, additional effort was required
to provide gas generaticn rate dats from these materials in propellants and
to refine shelf life prediction models.

(C) 1In addition to the compatibility problem between the P-BEP binder and
HAP, problems cuncerning the cure of P-BEP have also seriously limited the
development of F-BEP propellants. These problems have been characterized
by poor reproducibility in mechanical properties and propellauts that have
failed to cure upon scaleup which had previously cured well in the labora-
tory. A gerious problem with catalyst demand increasing as mix size
increages has been reported by United Technulogy Center< in conjunction
with the scaleu, problem. As a consequence, it was desi{rable to compare
the properties of a difluoramino binder utilizing an epoxy cure tc che P-BEP
urethane cured system. The epoxy-cured EAAA prepolymer, plasticized with
TVOPA, offers promise of aprroaching the performance levels of the P-LEP
system. A comparison of the two binder systems containing AlHj and both
AP and HAP was desirable. -

(U) The efforct discussed in this section is divided into:
(1) 1Ingredient characterizatjon
(2) Stability and compatibility testing
A. INGREDIENT CHARACTERIZATION
(U) Preliminary charecterization of the three besic ingredients, P-BEP,
TVOPA, and AlH3 waa conducted early in the Phase 1 effort. This character-

ization provided support for the compatibility and stability testing in
Phase 1.

l'zRefer to List of References
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1. P-BEP and TVOFA

a. General Testing

) Analytical testing of the major fluorine containing pro-
peilant ingredients, P-BEP and TVOPA, was in essence performed as outlined
by previous investigators with the exception of a few necessary and
appropriate modifications. Unlike wost previous work on these types of
materials, the analytical methods used for the characterization were
designed to accommodate macro-sized samples. Thus, small changes in
samples might more easily be weasured. For instance, percent carbon,
hydrogen, and nitrogen (C, H, and N) were determined by weighing zram
quantities of the sample, diluting of and taking an aliquot for analysis,
Measurczents of flucriae in P-BEP and TVOPA were scaled up to & macro
technique by performing appropriate base hydrolyses on macro-sized samples.
The fluoride was chen measured by a direct titratioa with lanthanum (III),
using a fluoride fon gspecific electrode. The micro technique, used pre-
viously for this purpose, utilized a Schoniger combustion with a colori-
metric determination for fluoride.3

(C) Hydroxyl determinations on P-BEP were made directly by
infrared (IR) and indirectly by an isocyanate demand technique. This

latter method, developed by Hudson, et.al., at Esso,A depended on reaction
of the sample hydroxyl functionality with toluenesuifonyl {socyanate

(TSNCO) and measurement of the isocyanate (NCO) take-up by IR. This
isocyanate demand method was also applied to TVOPA as this compound was
found to consume a significant amount of isocyanate. This determination

on TVOPA replaced IR hydroxy and vinoxy determinations Since adequate
gtandards for the measurement of these functional groups were not available.

) Solids in "as received'" P-BEP and TVOPA were determined
gravimetrically after vacuum stripping of solvent. Moisture and residual
solvent determinations were performed by gas chromatographic techniques.

(C) A3 previously stated, the determination of elemental
fluorine in P-BEP incorporated a base-bydrolysis step. Though P-BEP was
very difficult to hydrolyze, a thorough hydrolysis was obtaired through
the use nf a combination of piperidine (suggested in a report by Fokin
et.al.)> and tetrabutyl-ammonium hydroxide in ethanol. The hydrolyzed
fluoride was then determined by a potentiometric titration with lanthanur
(111), using a fluoride icn specific electrode as recommended by Lingane.6

3 through 6Refer to List of References
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{C) This fluorine determination initially constituted a problem
as the fluorine content of the semples vavried with the degree to whrich the
gsamples were stripped of residual solvent. Invariably, longer evacuations
of gamples produced lower elemental fluorine analyses. For instance, an
incoming P-BEP gample, still in methylene chloride, was found to be com-
posed of 42,3 percent fluorine. After a 22 hr nitrogen purge, this value
remained unchanged, However, after a 48-hr evacuation the fluorine content
dropped to 41.5 percent. The fluorine content of this sample was further
diminished to 39.8 percent by extended exposure of the sample to water-
saturated methylene chloride, followed by a strippiug or this solvent.

(C) This volatile fluorine compound, lost by P-BEP, was
{dentified as hydrogen fluoride (HF). Identification was accomplished by
titrating both the hydrogen and fluoride ions {n water washes of incoming
methylene chloride solutions of P-BEP., A typical wash was titrated with
0.05N tetrabutyl-ammonium hydroxide to weasure the equivalents of strong
acid present. Then, the sample solution was adjusted to a pH of 4.0 and
titrated with 0.2N lanthanum (III) nitrate in a manner already described
to determine the equivalants of fluoride. The equivalents of hydrogen and
fluoride ions were invariably identical in every wash.

) The effect of stripping P-BEP was also followed by elemental
nitrogen analysis and isocyanate demand deterwinations. No measurable
changes were observed in the nitiogen content of P-BEP. The {socyanate
demand of P-BEP, however, did change with evacuation. This change is
discussed in paragraph b.

) The characterization of TVOPA was performed in a manner
similar to that used for P-BEP. Again, the elemental fluorine content of
TVOPA was determined after a base hydrolysis step. However, a complete
hydrolysis was obtained with sodium hydroxide in methanol with this com-
pound. Once hydrolyzed, the fluoride was determined in the same manner
described for P-BEP, 1In contrast to P-BEP, however, TVOPA stripping was
readily accomplished without loss in fluorine. Moreover, HF was never
detected in Freon solutions of this compound. The determination of solids,
trace water, and Freon {n TVOPA was performe 2s described earlier for
P-BEP, Although TVOPA was used in this program as a plasticizer, it was
found that neat TVOPA contained substantial amounts (up to half che
reactivity of P-BEP in some cases) of an isocyanate-reactive functional
group. Consequently, isocyunate demand determinations were performed on
TVOPA also. A continued discussion of this determination is presented in
paragraph b,

b. Isocyanate Demand Test

w) The use of TSNCO for the determination of the hydroxyi
equivalent of polvmeric binder materials is based on a one-to-one equivalent
reaction of the isocyanate with the hydroxyl groups of the polymer. The
high reactivity of this isocyanate allows the reaction with secondary
hydroxyl groups to be complete in approximately 24 hr in the absence of

5
AAMFPFINRFATIAL

WENOUREY e




CONFIDENTIAL

(U) a catalyst. Possible side reactions which may alter the one-to-one
isocyanate-to-hydroxyl reaction ratio will affect the method.

(c) The isocyanate demand test was run by allowing either P-GEP,
TVOPA, or a mixture of the two materials to react with a known amount of
TSNCO for 24 hr. The TSNCO vas standardirod by reaction with a known amount
of n-Butanol. The 1isocyanate content of the solution was measured by an

IR method before and 24 hr after addition of the material to be aralyzed.
The amount of isocyanate, consumed during the 2% hr period, was used to
calculate the hydroxyl equivalent cf the material.

<) The P-BEP polymer was received from the manufacturer as a
27 percent solution in methylene chloride. The equivalent weight of the
P-BEP polymer (Lot Wo. 10316-134), as deterwmined by the above isocyznate
demand wmethod, was found to be 1670 gm after correction for the solids
level of the solution. The water cnntent of the P-BEP solution was found
to be 0.08 percent by a gas chromatographic method.

) The equivalent weight of ""neat" P-BEP (Lot No. 10316-134)
was found to average 2240 gm using the TSNCO methnd. This agreed with an
average value of 2210 gm as determined by a direct IR wethod using poly-
propylene glycol as a standard. The ''neat" P-BEP had been stripped of
methylene chloride by sparging with dry nitrogen and storing in a vacuum
dessicator for 24 hr. The water content of the '"neat"” P-BEP was found to
be 0.05 percent Ly a gas chromatographic method. (The prescnce of hoth
water and HF in the ''as received" P-BEP solution was thought possible to
caugse side reactions and thus cause the differences in the equivalent weight
of the P-BEP before and after stripping. Therefore, additional studies
were undectaksn to explore these possible side reactions.)

1)) In order to study the effects of water on the isocyanate
demand test, known amounts of water were added to a solution of TSNCO.

Thus, the reaction of the added water could be followed by the rate of
disappearance of the isocysnate band at 2235 cm-l, The reaction curves of
several water concentrations are plotted in Figure 1. The curves show that
the reaction of TSNCO with water is essencially complete in 3 to 4 hr. The
amounts of isocyanate which were consumed in a 23-hr period corres; »nded
approxlmately to a one-to-one equivalent reaction. This reaction wus
confirmed by the IR identification of pure P-toluenesulfonamide in the dried
residue from a methylene chloride solution containing TSNCO and water.

) Water was thus found to react very rapidly with toluene-
sulfonyl isocyanate, The reaction rate of water was comparable to the
reaction of sample hydroxyl groups. Thus, the presence of 0.1 percent
water in a stivipped P-BEP ssmple would.ddd to the isocyanate demand and
cause a decrease in the reported equivalent weight of approximately 10
percent. On the other hand, a typical moisture of 0.l percent in "as
received'", 30-percent P~BEP in methylene chloride solution would cause an
ervor of greater magnitude, decreasing the equivalent weight by about 30

percent, Thus, most of the difference existing in measured equivalent weights

between stripped and unstripped P-BEP can be attributed to residual H,0.

6
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«© The reaction rates of TDI and water with respect to P-3EP
systems have been studied at Shell. Watcr was found to react very slowly
with 'D1 when uncatalyzed; however, with a catalyst the rate was comparable
to that of P-BEP., Thus, in actual prorellant mixes, most water will reacc.
Therefore, the moisture centent i3 imporcant to the overall reaction of
P-BEP and isocyanate. The equivalent welgits obtained by the TSNCO method
on P-BEP should not be corrected for moisture present if the P-BEP is to
be used in propellant mixes, For bascline data on P-BEP, the moisture
correction should be appliied.

) The isocyanate demand test was applied to TVOPA in place
of the direct TR determinacion of the hydroxyl functionality because
stancard matarials were not available for the IR method. 71he measurement
i3 expressed in grams per CH e¢quivalent for convenience. The stripped
TVOPA was allowed to react with TSNCO {o the same manner as for P-BEP,

©) Vacuum stripping ot TVOPA was accomplished more easily than
for P-BEP due to {ts lower viscosity. The water content of scripped TVOPA
was found to be lowver than that of F-BEP, The equivalent weight of a
sample of clear, freshly-scripped TVOPA (Lut No. 20339) containing less
than 0.01 percent water was determined. The equivalent weight was found to
be 6880 gm. This equivalent weight was probably due to the hydroxyl con-
taining impurities in the TVOPA.

(C) A sample of TVOPA which had been standing at room temperature
for several weeks was found fro develop a straweyellow color. The aged TVOPA
was evacuated in a dessicator tor 4 hr and the isocyanate demand d4id not
¢hange significantly. This indicated that the isocyanate reactive material
was nonvolatile. The yellow color did not decrease. The yellow material
was believed to be a polymeric material and is not necessarily a factor

in the NCO demand.

<) Stripping of all residual solvent and water from the viscous
P-BEP has been found to be very difficult, However, for propellant pro-
duction purposes this atripping 18 accompiishud by preparing a l:1 mixcure
of P-BEP and TVOPA. This mixture does not tend to form gurface films and
thus may be vacuum stripped to water and methylene chloride levels of less
than 0.01 percent.

(C) The use of 1:1 P-BEP-TVOPA mix tures {in propellent fovmulations
suggeated that the isocyanste demand be run on this mixture. A 1:1 F-BEP-
TVOV: premix was reacted with TSNCO for 24 hr. The equivalenr weight was
determined in the same manner as for P-BEP, A 1:1 F-REP-TVOPA premix con-
tairing less thay 0.01 percent water had an equivalent weight of 3135 gm.
This value was lower than would be expected {f the P-BEP were diluted

with an inert waterial, The relatively high isocyanste demand of the water-
free 1: 1 P-BEP-TVOPA mixture probably waz csused by the {socysnate rveactive
material in the IVOPA.

7Refer to List of Referencen
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) Tables X and 11 show typical analyses of P-BEP and TVOPA

used throughout the program.

TABLE I

EVALUATION OF P-BEP, LOT 10316-134

Polymer Characterization

Shell Analystis

Hercules Analysis

Percent N, weight 7 16,2 15.3, 15.6
Percent F, weight 2.3 41.4 (neat)
V4 42,3 (McCl solution)
4
Hydroxyl functionality '
IR-PPC, gm/equivalent 2180 2210
Toluene sulionyl fsocyanate 2240
(ES50)
Fercent HZO MM <0.01%
LTA (59 C/min) -- Initial infl.-154° ¢
Maximum exo.-213° C
CONFIDENTIAL
TABLE 11

EVALUATION OF TVOPA, BATCH 4A-768

Percenc alcohol

Percent vinoxy

Determination Hercules Analysis
Percent N 17.3
Percent F 47 4%
Percent H,0 0.02

-Replaced by NCO demand
test

‘Replaced by NCO demand
test

CONFIDENTIAL
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2. TVOPA Characterization

«©) Previous work had shown that the TVOPA (Aerojet) being used on
this program has an isocyanate demand approximately one-third that of P-BEP
on a weight basis. The implications of this were not known but it was felt
that a reactive species in _he TVOPA could interfere in primary cure
reactions. A8 a result, preliminary studies were initiated tu determine
means of eliminating the TVOPA 1isocyanate demand.

() Previous work at Hercules' ABL facility indicated that silica

gel might be effective for removal of the isocyanate-reactive species.

Using this concept, as-received TVOPA was passed through a column of
chromatographic grade silica gel (0.2 to 0.5 mm). The eluate was scripped
and desiccated overnight. The neat recovercd TVOPA was then analyzed by

the previously reported isocyanute demand technique (meaning toluene sulfonyl
isocyanate uptike measured by IR)., 1t was found that the i{socyanate demand
was completely removed iu the above technique.

(C) After clution, a yellow bund wus found at the top of the column -
obviously separated material. An ether elution was successful in removing
only one component. An IR spectrum of thia material closely resembled
TVOPA, but had a significant absorbunce {n the bonded OH portion of the
spectr'm which was not moisture. A difference was also noticed {n the IR
gpectra of TVOPA before and after treatment. A measurable decrease was
obvserved {n the O-il absurbduce aud in Lhe previously reported carbonyi
absorbance after the column treatment.

(9] Apparently, several compounds were removed with thig cleanup
procedure, cne possibly being a hydroxy containing TVOPA-like compound and
the other an aliphatic carbonyl compournd.

3. AlHjy

(<) Prior to starting this program, Dow Chemical had reported improved
thermal stability for neat AlH3 through the use of an n-butylamine (NBA)/
water hydrolysis treatment. Previous work at Hercules had used Al¥3

treated by an acrylonitrile (AN) hydrolysis. As a result, a prelininary
comparigon of the stability of neat AlHj, obtained from both the N3A and

AN treatments, was made.

(<) To aid in this analysis a technique was developed to determine

AlH3 from an sctive hydrogen analysis. Previous methods have not dif-
ferentiated between active hydrogen and that from various hydrates. Purity
analysis from -~xygen determination i{s also contingent upon knowing the
particular hyd ‘ate forms, Several approaches were investigated for the

purity determination {ncluding volumetric, X-ray diffraction, pyrolysis,

and hydrolysis techniques. A combination of X-ray diffraction and hydrolysis/
oxidatinn proved to be the most successful. In this technique, several

10
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(C) tenths of a gram of the . .H3 sample was hydrolyzed in an aqueous sodium
hydroxide solution. The hydrogen liberated by the hydrolysis was dried

and then oxidized to water. The water was collected on mag :sium perchlorate
and determined gravimetrically. Both AlH3 and any aluminum metal present
ylelded hydrogern. Thus, X-ray diffraction was used to determine any aluminum
metal present at levels greater than } percent.

©) The two passivation treatments consisted of adding three parts
liquid to two parts AlHj and agitating slowly at 60° C. A water add was
made to doth liquids to adjust the total water content to 1.8 percent by
weight. A composite blend of 26 lots of AlH3 was used. Incremental with-
dravals were made at periods of 3, 7, 14, and 21 days. The treated AlH3

was then vacuum baked 1 hr at 100° C :o remove residuel solvents. The
stability of the resulting materiasl was then determined both neat and in
propellant by Taliani testing at 60° C. Purity, mix viscosity, and particle
shape by photomicrographs were monitored as a function of treatment time.
Selected propellant samples were also cured and the resulting grains studied
for signs of porosity.

(C) Figure 2 shows the effcct of treatment time on percent decomposi-
tion of the neat AlHj at 4 days at 60° C for both the acrylonitrile and
NBA treatments. As shown, loth treatments improved the stability of neat
AlHy by an order of magnitude after approximately 7-days treatment.

) Figure 3 shows AlHj aagay as a function of treatment time.
Assuming the Ciphenylacetylene 13 removed during the treatment cycle, both
treatments showed alwost a linear decrease in purity with time, Afcer 7
days the purity lces exceeds 1l percent and some decrease in ballistic per-
formance could be expected.

©) Figure 4 shows photomicrographs as a function of time for the
NBA treatment. After 14 days crystal structural damage, i.e., particle
shape and size changes are apparent and extensive damage is evident after
21 days. The acrylonitrile treatment showed extensive damapge after even
only 3 days of treatment. 1lncrcusing mix viscosities with increasing
treatment times followed the trend that would be expected from the photo-
micrographs. As a result of the purity decrease and structural damage
evidenced in both treatments, Dow personnel were contacted and have indi-
cated that {n similar treatment cycles only approximately l-percent purity
loss (as calculated from oxygen analysis) was obtained with no evidence

of structural damage. A comparison of treatment cycles gave apparent
differences only in the amount of agitation during treatment and the
possibility of a slightly higher water content in the Hercules cycle.
Baged on these results, it appears the AlH3j water hydrolysiy treatments
are fairly sensitive to process variables and that purity analysis during
the treatment cycle is important. Based on these preliminary results, a
7-day NBA treatment cycle was selected for the initial formulation efforc.
Further evaluation of the NBA treatment for AlH3 in propellant is discussed
in Section VI,
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Figure 2 Effect of Treatment on Stability of Neat AlH,
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B. SYSTEM COMPATIBILITY AND STABILITY

1. Compatibility of HAP with P-BEP

(9] The key to successaful development of a8 difluoramino binder con-
taining an advanced oxidizer lies in developrent of a compatible aaud stable
cure system. Previous work by Herculcus under Wright-Patterson Contract
AF33(615)-56201 had shown that a potential compatibility problem exists
between the advanced oxidizer, HAP, and the P-BEP binder. Results of
stab.lity testing of final propellant mixes including a trifsocyanate
curative and the DBTDA catalyst are listed {n Table III, and results o
multicomponent testing by differenciasl thermal analyais (DTA) are pre-
sented in Table IV.

TABLE III '

STABILITY TESTING OF TVOPA/I' REP PROPELLANTS

T Formulation*
_ Test AP/AE_AL dA;7;1 HAP/AlH3
Fischer-Johna Autoignition (°C) 227 178 176
. DTa Onset {°C) i70 123 130
. Peek Exo (°C) 196 161 152

*Matrix contained P-BEP/TVOPA/triphenylmethane triisocyanate/DBTDA
CONFIDENTIAL
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©) Results in Table IV show that the HAP system is significancly
less thermally stable than the AP system, and indicates that & fundamental
incompatibility exists between HAP and the binder at elevated temperatures.
Although the ignition temperatures for the HAP systems are above the normal
operating temperatures, these results show that the safety margins for

thermal initiation during processing were markedly reduced, 1

(C) To determine the effect of ccating HAP and of adding potential
HF scavengers on the stability of HAP, an additional compatibility study
was performed., The following systemg were studied:

(a) P-PAPI coated HAP: TVOPA

(b) Al;03 over P-PAPI coated HAP:TVOPA
(¢) 3A moleculsar sieves over P-PAPI coated HAP: TVOPA

(d) P-PAPI coated HAP:P-BEP:TVOPA

15°
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TABLE IV-

SYSTEM COMPATIBILITY BY DTA

Inicial Major Ocher
Exctherm | Exotherm Praks
System (°C) (°c) (°c) Results
P-REY 151 203 193 exo Autoignicion
TVOPA 260 endo | 253 endo .- Evaporation
HAP 173 139 90 endo | Autoignition
AlH,y 180 endo | 20V 180 endo | Autoignition
P-BEP/TVOPA 1:1 187 222 -- Explosion
P-BEP/AlH4-1 1:1 124 215 174 exo Autoignition
TVOPA/AlH, 170 182 -- Autoignicion
TVOPA /HAP 159 166 -- Explasion
HAP/ALlH3 139 164 96 endo | Autoignition
203 exo
P-BEP/TVOPA/HAP 128 164 -- Explosion
TVOPA/HAP/AlH3 134 156 -- Explosion
P-BEP/TVOPA/HAP/A1H3 120 142 -- Explosicn
Note: DIA test programmed at 59C/win
CONFIDENTIAL
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(C) As shown, P-PAPI coated HAP was used in all tests. Previous results
have shown that the PAPI coating significantly reduced the HAP: TVOPA
interaction.

©) The samples were heated to 50° C for approximately 140 hr in
the off-gas analyzer. The gases were then determined sud the sample
residues were analyzed for TVOFA via residual fluorine and HAP via the
hvdroxylemmonium ion,

©) Table V presents a grid of the experiment tcgether with fluorine
and HAP recoveries on the sample residues. Table VI presenzs the off-gas
data. Both the residue analyses and the off-gas determinations demonstrated
that P-PAPI-caoted HAP alone was the best coating treatment. The other
treatments with Al203 and molecular sieve either czused additional compati-
bility problems of themselves or demonstrated that the additional treat-
ments possibly removed some of the P-PAPI coating by abrasiou or fracturing
of the crystals. Similar creatment of a mixture of only TVOPA wicth molecular
sieve or Alj03 may be worthwhile., Perhaps the most outstanding finding

was the degree to which P-BEP was incompatible with HAP, This incompati-
bility was much more pronounced than any demonstrated before with TVOPA-HAP
systems .

(©) It {3 concluded from these results :that the use of HAP wicth P-BEP
binder i3 not feasible due to a basic {ncompatibility of HAP with P-BEP.
A study of the comparibility cf HAP with anorther notential hinder (FAAA)
was undertaken to determine whether HAP could be used with this binder.

2. Compatibility Screening with EAAA Binder

(C) Compatibility screening of the EAAA prepolymer with the proposed
ingredients wag accomplished. These results for che variocus ingredient
combinations are presented in Table VII. The EAAA was found to be compatible
with both the HAP and AllH3., However, the diepoxide (ERL 4221, the curative)
when in combination with the HAP, efither in the binder (TVOPA/EAAA/ERL

4221) or by ictself, lowered the ignition temperatures. The HAP/ERL 4221
combination gave a major exocherm at 151° ¢ and that for the HAP/binder

was 1329 C. It should be noted that the concentration of the ERL 4221

was in considerable excess (about 30 to 40 times) of that which would
orindarily be in actual propellant fcrmulations. The remaining possible
ingredient combinations were considerably more thermally stable. The

major exotherm by DTA for HAP was found to be 165° C. This value is lower
than that (180° C) reported in the literature; however, for purcoses of this
compatibility study, test results are relative.
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TABLE VI
OFF CASES FROM COMPATIBILITY TESTS OF TREATED HAP
(cc/gm)
Sample ¥, co_ N,0 HCN HF | Other | Total
1 0.11 | 0.09 | 0.12 | 0.0045 | ND™* | ND 0.32
2 0.13 0.38 1.01 0.042 0.05 0,004 1.6
3 0.17 C.al 0.96 0.033 0.09 0.0l 1.7
4% >2.1
“Cell leaked
**None detected CONFIDENTIAL
(d) The effect of the polymethyl polyphenyl isocyanate (PAPI) coating

(used to improve handling characteristics) on the thermal stability of HAP
wag also checked. Apparently, this coating has no effect on the stability
of the HAP by itself, butan earlier autoignition (173° C on the Fischer-
Jchne toes) 442 cozur when the coated HAP war placed in combination with
the ERL 4221. However, essentially the sam: exothermic condition (1579 ()
waas found as that for the uncoated HAP for this combination on DTA.

©) For the AlHj/ingredient combinations, good thermal stability
wag found. Under 60° C/23 hr Taliani test conditions, very minimal pressure
increases were indicated.

(C) Using the binder/AP/Al combination as a control, relative thermal
stabilities of the AP/AlH3 and HAP/AlH3 propellant systems were established.
As expected, the AP/AlHy system was slightly less thermally staole than

the control. The HAP/AlH3 system showed a3 significantly lower thermal
stability of the same order as the P-BEP/HAP/AlH3 prupellants.

3. Propellant Stability Testing

©) Compatibility testing of the oxidizer, fuel combination under
congsideration with TVOPA plasticized EAAA binder was continued in propel-
lant cure studies. (Refer to Table VIIL,)
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«©) When AP was replaced with HAP, profuse gussing occurred. Because
the magnitude of gassing indicated significant decomposition of one or more
major ingredients, sccempts were made to anslyze the resulting propellants
for the major ingredients. Two propellants which had been cured for several
days at 140° F were analyzed.

©) The propellants were first extracted with methylene chloride t>
remove TVOPA and other soluble fluorine compounds. This extract was
analyzed for fluorine by base-hydrolysis and titration with lanthanum (III),
using an fon specific electrode. The residue was then extracted with water
and the HAP concentration was determined by titrating the hydroxyl ammonf{um
and perchlorate ions separately. The residue from the water wash -sas
analyzed by X-ray diffraction for percent alHy. Both IR and TLC were used
for confirming tlie constituents Lin che various extracts. Off-gas analyses
were also performed on these samples.

(<) Data frow the propellant analyses are presented in Table 1X. As
can be seen, TVOPA underwent a major decomposition, losing one out of three
fluorine atoms. In addicion, catirc difluoramine groups were lost as
evidenccd by _he presence of HCN in uvff-gas analyses and in the HAP
ticracions as well. IR studies indicated that the basic skeletal structure
of TVOPA had not changed but that the intensity of seversl characteristics
N-F bands did, {n fdact, decrease. The TVOPA-like material in the pro-
pellant was compared to pure TVOPA by TIL. No TVOFA cwuld bLe found in

the TLC analysis.

(<) The HAP concentration did not change as severely as did TVOPA,
The perchlorate ion, generally regarded as one of the poorest oxidizers
under these conditionsa, was present in slightly higher concertrations

than the hydroxylammonium ion, which indicated that a decomposition in the
cationic poriiun of the molecule had occurred. The fact that most of the
HAP was st1ll present was confirmed by IR, The hydroxylamwonium 1on
titrations also served to measure the presence of a strong acid entity

and probably HCN in the water washes. The fact that a relacively large
amcunt of strong acid was present together with an 2xcess of Cl0;, suggests
that a least some perchloric acid could be present in the sample together
with HF and perhaps HNO3. This strong aci{d entity could be a result cf
both TVOPA and hydroxylaommonium ion decompositions.

(C) The preceding analysis indicuated that a serious TVOPA gtabilfty
problem existed in the pregsence of HAP and that a move thorough under-
standing of the binary HAP-TVOPA system was necessary. As a resulit, a

study was designed for thie purpose as discussed i{n the following paragraphs.
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4. Reaction of HAP and TVOPA - Off-Gas Analysi{< and Recovery Study
) Several one-to-one mixtures of HAP and TVOPA were placed in Lhe
stainless steel off-gas analysis system. No gas was evolved after scveral
days at room temperature. The temperaturc was then raised to 50° C and
the decomposition products evolved as sliown in Table X.
TABLE X
OFF-GAS ANALYSIS OF HAP-TVOPA MIXTURES AT 50° ¢
Cas Evolved (cc/gm) Gas Evolved (cc/gm)
Sample 26 hr 120 hr
Control, TVOPA None None
only
TVOPA + dried HAP C02-0.019 C0,-0.025
:‘20’0.1“ N20'0.26
Ny-0.29
HF - present
. NF compounds - present
”
. . TVOPA + PAPI- C0,-0.084 C0,-0.06
coated HAP N,0-0.15 N,0-0.15
N,-0.18
: HF - not present
' NF compounds - not present
TVOPA + ultra dry C0,-0.024 €0,-0.07
HAP N50-0.12 N,0-0.11
Ny ¢ present, not measured
HF - present
"4 NF compounds - present
CONFIDENTIAL
|
! ©) The off-gas enalgsis shows that there was a definite reaction

of the TVOPA and HAP at 50° C. The reaction was controlled to some extent
by the PAPI coating of the HAP surface. All gases, except CO2, were reduced
in the sample containing the PAPI-coated material.

©) The samples were washed from the stainless steel tubes and the
amounts of fluorine as TVOPA and fluoride as HF and TVOPA decomposition
were measured. the HAP was determined as hydroxylammonium ion. The
results are presented in Teble XI.
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TABLE XI

RECOVERY STUDY OF TVOPA-HAP REACTION AT 50° C
(STAINLESS STEEL TUBES)

Percent F as Percent F as HF Percent HAP
Sample TVOPA Recovered Recovered* Recovered
TVOPA only 101.5 None None
TVOPA + dried 90.4 9.1 72.1
HAP
TVOPA + PAPI- 97.1 2.1 97.7
coated HAP
TVOPA + ultra- 89.9 6.9 78.3
dry HAP
*Represents HF remaining in tube after off-gas analysis
CONFIDENTIAL
©) The reaction of HAP and TVOPA was evident in all cases, but was
reduced i{n the system containing PAPI-coated HAP.
«©) Several HAP-TVOPA binary mixtures were tested after a 7-day

German test at 50° C. The HAP crystals had changed to a brown color while
the TVOPA had lost its initial atraw-yellow color. The TVOPA layer (clear
l1iquid) was found to contain a strong carbonyl band at 1735 cm~l. The
significance of the band has not been determined. Some etching was noted
on all glass tubes containing mixtures of TVOFA and HAP. No etching was
seen on the tube containg TVOPA only.

(C) The contents of the German tubes were removed and the contents
analyzed for organic fluorine in TVOPA, fluoride as HF from IVOPA decom-
position, and HAP as hydroxylammonium ion. The results are presented in
Table XII.

) Compared to reactiona in the stainless steel tubes, German tube
reactions were somewhat reduced. This may have been due to the presence
of glass which would absorb HF and prevent its further reaction. However,
the binary reaction did occur in all mixtures althougn the reaction was
reduced by the FAPI coating on the HAP surface.

26
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TABLE XII

RECOVERY STUDY OF TVOPA-HAP REACTION AT 50° ¢
(GERMAN TUBES)

Percent F as Percent F as HF Percent HAP
Sample TVOL A Recovered Recovered Recovered

TVOPA only 100 None .-
TVOPA + dried 88 0.8 98

HAP
TVOPA + PAPI- 95 2.5 97

coated HAP
TVOPA + ultra- 93 2.5 97

dry HAP

CONFIDENTIAL
) S
) Results of the bfnary testing of HAP and TVOPA mixtures coupled

with the propellant cure studies indicate there is a strong interaction

of HAP and TVOPA at elevated temperatures., Although this interaction is
reduced by the PA?I coating and & stabilizing environment such as molecular
sieves or glass, it appeared doubtful that s stable system could be
achieved.

5. ICC Thermil Stability and Cracking Cube Tests

(o One critical test to establish the practicality of a propellant
is the ICC thermal stability test. In this test a 2-in. cube of propellant
13 placed in an oven. The temperature is raised to 75° C and maintained
for 48 hr. If rhe test results jsn either explosion, burning, or marked
decomposition of the sample, the material will be classified as ICC
"Forbidden."

(%) Samples of five propellants were subjected to this test as
shown below:

Propellant 1 2 3 4 5
Basic System DB/AlH3 P-BEP/AP P-BEP/AP/A1H3 P-BEP/HAP/A1l EAAA/AP/AlH3

The P-BEP/HAP propellant samples were obtained from a one-pint Baker-
Perkins mix. Al was substituted for AlHj to reduce sensitivity problems
and some AP was used to obtain better solids loading3s.

CONFIDENTIAL
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© The mix was cast into a 2-in. cube for ICC testing. The cube
was well cured after 24 hr at 80° 7, and 1t was nonporous. Table XIII shows
the composition of the propellants tested and the test r~sults. The

P-BEP binder with AP (VIN) survived the test with very little change.
Alunminum hydride incorporation caused nc aoticeable changes in the double-
base (FHA) or ethyl acrylate binder (BL-'58-28), but did show evidence

of some gassing (swelling), and softening of the propellant in the P-BEP/
TVOPA binder (VKO). The sample containing HAP in the P-BEP/TVOPA binder
(BC-165-2) burned after 10 hr and 15 min. The oven door was blown opea
and the tray that the sample was eitting on was ejected, but Cthere was
only superficial damage to the {interior of the oven. Thesa results
indicate that cf the syatems tested, only the P-BEP/HAP gystem fell {in

the ICC "Forbidden" csa~egory.

(C) From the results of the ICC tests it was recommended that no
further work be performed with the P-BEP/HAP system. Based on the com-
patibilicy tests, developwent of a practical HAP propellant in a difluorawmine
environment with AlHj appears extremely unlikely and no addicional HAP
formulation work was conducted.

CONFIDENTIA
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TABLE XIII
: RESULTS OF ICC THERMAL STABILITY TESTS '
L g
Propellant Destignstion
or Reference FHA VKN VKO BC-158-28 BC-165-2 ;
1 2 3 . $ :
NC 8.0
NG 27.4
TEGDN 2.6
BONPA 2.0
NDPA 2.1
Hg0 0.5 }
PCA-TDI 0.7
HMX 15.0
AP 20.5 62.7 36.9 | @5 19.9
AlH 23.0 23.0 A ]
P-REP 17.6 19.0 19.0
TVCPA 17.6 19.0 25 19.0
TCP 0.5 0.5 0.5
Mondur TM 1.68 1.82 1.7
EAAA S re
Cpoxy 1
CWX-105 0.2 0.2 1.0
HAP . 26.0
Al 15.0
|
Tast Results ‘ | \
Weight change (%) 40,05 -0.05 | -0.12 -0.05%
Volume change (%) 0 +l | *6 0
Appearance No stg- Color Coler « No stgntfi- | Semple burned
n{ficant dark- l derkened. | cent change | after 10-174
r change ened Bulged out R ] 4
- in center,
Cracked on
one face
Durometer Hardness (A Scale)
Before S1 [ 56 32
After n 49 ¥ 56
§
]
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SECTION III
BINDER STUDIES

(U) The major goal of this effort was to make the P-BEP binder work.
However, since there were a number of known problems associated with
P-BEP, considerable effort was also expencded on alternate binder systems.

“

A, P-BEP BINDER

(C) Although the theoretical hydroxyl functionality of P-BEP is 3, the
actual functionality is less than 2. Thus, P-BEP cannot be cured directly
with diisocyanates. Either a diisocyanate/triol combination or a tri-
isocayante must be employed to obtain adequate cures. Problems resulting
from the low functionalityv coupled with a rather poor stability characterized
by the probable elimins-ion of HF have precluded the systematic development
of P-BEP propellants. An additional problem which places severe constraint
upon P-BEP/AlHj propellants {s the need for rapid development of propellant
modulus at low cure temperatures to prevent formation of porosity. Probably
as a result of a combination of the above problems, United Technology
Center? has reported problems with P  BEP/AlH3 propellants characterized by
non-reproducible cures und non-cures during scaleup.

(U) To eliminate the problems of nonreproducible cures, initial cure
studies witli P-BEP were directed towards the use of curatives with a
functionality greater than 2 and the search for catalysts less susceptible
to HF poisoning than the standard orgsnotin catalysts.

(C) 1Initial curing studies were conducted with propellants containing a
50:50 mixture of P-BEP/TVOPA binder crosaslinked with triphenylmethane
triisocyanate (TPMTI). The NCO:OH ratio was varied from 0.6 to 1.6.

(The equivalent weight used for the P-BEP was based on the IR functionality.)
The catalyst level was maintained at 0.l percent dibutyltin diacetate

(DBTDA) to ensure sufficient catalyst for adequate cures in all cases. The
binder was filled with AlHj aud AP at a solids loading of approximately 60
percent, Table XIV summarizes the results of this scudy.

(C) No firm cures were obtainer at NCO:OH ratios of 0.6, 0.8, or 1.0,
Reasonably good cures were ohiained at an NCO:0H ratio of 1.2 and excellent
cures at NCO:OH ratios of 1.4 and 1.6, The pot life was extremely short
for the 1.6 NCO:OH ractio mix. Based on these results, the optimum NCO:OH \
ratio appeared to be in the range of 1.2 to 1.4 for formulatfon purposes.
The NCO:OH ratio of 1.2 (based on the IR equivalent weight for P-BEP) (s
basically the same ratio as was found in previous work to give good cures \
at the 1l-1b 'avel, This NCO:OH ratio corresponds to (.88 based on the
equivalent weight of P-BEP determined by the TDI method.
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(C) The functionality test samples were split and cured at both 50° and
115° F, Complete cure was bagsically achieved within 24 hr. Very little
postcuring was achieved after the first day. No real difference in cure
rate was seen between the two temperatures, possibly because of the high
catalyst levels.

(C) To determine the effect of catalyst type cnd level on cure properties,
a series of 25-2gm mixes were made. The propellant formulation used in all
mixes is presented in Table XV. The NCO:OH ratio was constant it 1.4:1.0.
The following catalyst systems were evaluated:

(1) DBTDA
(2) DBTDL

(3) CW-X105 (Linde Company), mwolecular sieves loaded with
10-percent DBTDL

(4) CW-X156A, molecular sieves loaded with 20-percent methyl-
diethanolamine

(5) CW-X116, moiecular sieves loaded with 15~percent
triethylamine

(C) The two straight organo-tin salts were evaluated over a catalys-
level from 0.01 to 0.1 percent. All mixes were cured at SO to 60V 7.
Table XV also summarizes the results of mixes made with both catalysts.
In general, the DBTDA showed slightly greater catalytic activity as
evidenced by faster cures and a lower minimum catalyst level necessar-
for curing. The greater activity of DBTDA i3 to be expected based on a
higher total tin content. A minimum DBTDA catalyst for cure was approxi-
mately 0.02 percent while 0.04 percent was required for the DBIDL sysrem.

(C) The three molecular sieves containing catalysts were also evaluated

in the formulation presented in Table XV at an active catalyst level of
0.05 percent. The mixes containing CW-X-156A (loaded with 20 weight
percent methyl-dicthanolamine) and CW-X116 (loaded with 15 weight percent
dibutyltin dilaurate) cured well. Apparently, the teriary amines are

not strong enough urethane catalystas for the P-BEP-OH/TPMIL reaction. This
18 1in line with other work which has shown teriary emines to have much

less catalytic effect than the organo-tin compounds. No further wotk is
planned with the teriary amine catalysts.
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TABLE XV

P-BEP CURE - CATALYST STUDY

FCRMULATION
Ingredient Percent
P-BEP 19.0
TVOPA 19.0
TCP 0.50
TPMTI 1.50
AP 41.8C
AIH3 18.0
Catalyst Variable
NCO/OH 1.4

MIX RESULTS

Catalyst Type

Catalyst Level

Cure Results

DBTDL

DBTDA

0.1

0.05
0.04
0.02
0.01
0.1

0.05
0.02
0.01

Cured

Cured

Cured
Uncured
Uncured

Cured

Cured
Marginal cure

Uncured
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(C) The CW-X105-loaded molecular sieves were also evalusted at a DBTDL
catalyst level of 0.02 percent. A good cure was obtained in 4 days at

a cure temperature of 50° to 60° F. In contrast, a mix containing 0.02
percent DBTDL added directly to the formulation would not cowmpletely cure.
This suggests the possibility that some catalyst deactivation is prevented
by the molecular sieves. In the use of chemically loaded molecular sieves,
the catalyst i3 theoretically only released by displacement with HF, H20,
or other species with similar molecular diameters. Thus, the use of the
molecular gieves may provide a means for reducing the total catalyst level
and improving pot life while still maintaining good cures. A detziled
study of the effect of HF on the cure catalysts was made. This work is
described in Appendix A. This 2ffort proved that HF poisons the catalyst,
and molecular sieves provide some protection of the catalyst. Based on
the above catalyat study, the CW-X105 catalyst was chasen for further
evaluation and for comparison with the unprotected catalyst DBTDA.

(C) 1Initial pot-life studies were conducted using mixes contzaining 0.l
percent DBTDA catalyst (based on total propellant formulation)., This was
the same catalyst level used in the functionality tests. For these mixes,
the initial viscosity increased from 200,000 to 750,000 cps within 30 min,
showing an undesirably short pot life existed at this catalyst level.

(C) Ag 4 result, additional pot-life studies were made at lower catalyst
levels, Figure 5 shows viscosity as a function of time for the forwulation
presented in Table I made with near minimal catalyst levels of 0.02 percent
for both the NDBIDA and CW-X105 catalyst systems. Also shown is the un-
catalyzed ayatem for comparisan nurposen. Bnath catalyzed systems show a
rapid increase in viscosity for the first 2 hr followed by an apparent
decrease in the cure rate particularly for the DBTDA system. The apparent
change in cure rate may be due to partial catalyst deactivation by HF.

(C) Even at 0.02 percent catalyst level the rapid increase in initial
viscosity shown in Figure 5 could limit obtaining the desired nigh solids
loadings. As a resulc, the catalyst level was further reduced and an
elevated temperature curc cycle employed. Propellants formulated witn

no catalyst and 0.004 percent DBTDA and DBIDL were evaluated {n cure studies
with a 115° F cure. At the 0.004 percent catalyst level, a good cure was
obtained with the use of both catalysts in 4 to 6 days. The propellant
formulation containing no catalyst cured in 8 to 10 days; however, it was
somewhat softer than catalyzed formulations. In the several samples cured
without a cacalyst, porosity was detected in esch. This may be due to
slow development of physical properties coupled with gaseing from eithar
the fsocyanat¢-water reaction or AlH, decamposition.
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(C) Based upon the results of the above cure studies, pot life studies
were made at 75° and 120° F for propellant formulations containing DBTDA
and DBTDL catalyst levels ranging from O to 0.02 percent. For the 120° F
studies, the mixes were made at 75° F, the viscosity measured, and the
mix then heated to 120° F. The results are plotted in Figure 6. A
catalyst level of 0.004 percent gave a good pot life at both 75° and 120° F.
The 120° F temperature mix cycle reduced the propellant viscosity by
approximately one-haif, oud a pot life in excess of &4 hr vas indicated.
It {8 concluded that & good balance between pot life and cure time i3
obtained with an active catalyst level of 0.004 percent, whether the
catalyst was supported or not.

(U) Since changes in cure have been noted during scaleup, which could be
blamed on iuncrerded poisoning by HF, the catalyst supported on molecular
sieves (CWX 105) was chosen for use in this program.

(C) The efficiency of the DBTDL catalyst introduced through molecular
sieves was also investigated to determine if the molecular sieves would
influence the optimum NCO: OH. A propellant formulation containing the
DBTDL catalyst, added directly, was used 3s a reference. The composizion
was formulated at NCO:0H ratios of 1.0 and 1.2 and at a catalyst level

of 0.02 percent. No difference in state of cure was detected for the
catalyst addition method in the propellant at corresponding NCO:OH ratios.
The lower the NCL:OH ratio, the poorer was the cure.

(C) 1In conjunction with temperature considerations to reduce propellant
mix viscosity, a study was conducted to determine the feasibility of in-
creasing the TVOPA: P-BEP ratio to achieve this cbjective. Propellant
compositions were formulated at TVOPA/P-BEP levels of 1.5 to 1.0 and 2.0
to 1.0. The propellants were cured with triphenylmethane triisucysnate

at NCO:OH ratios ranging from 1.4 to 1.8. Cure results are reported in
Table XVI. As the TVOPA level i3 increased, the NCO:0OH ratio must be
increased to achieve a good cure. This is probably explained by the
isocyanate demand of TVOPA which has been found to exist. The 2.0-TVOPA/
1.0-P-BEP binder system in the propellant, cured at an NCO:OH ratio of 1.8,
looked very good. The viscosity of this propellant was so low that all

the solids gettled; whereas, in the same formulation containing a 1-TVOPA/
1-P~BEP binder there was no solids settling. Thus, there is room to
significantly increase solids ioading by considering e¢leveated mix tempera-
ture and in increasing the TVOPA percentage in relation to P-BEP in the
binder,

(C) A preliminary evaluation was also made of four alternate isocyanate
curatives shown below as a replacement for TPMII:

(1) HMomdur MRS (Upjohn}
(2) 1Isonate I-500 (Upjohn)
(3) PAPIL (Upjohn)

(4) Mondur CB-75 (Mobay)
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TABLE XVI

CURE RESULTS OF P-BEP/TVOPA PROPELLANTS WITH
INCREASED LEVELS OF TVOPA

P-BEP/TVOPA Ratio

1.0/1.5 1.0/2.0
NCO:0H ratio l.4 1.6 1.6 1.8
Cure results Poor cure Good cure Poor cure Good cure
Days @ 1159 F 14 5 9 5

CONF IDENTTAL

(C) The results of this evaluation are presented in Table XVII. The first
three curatives are derivatives of 4,4'diphenylmethane diisocyanate and the
Mondur CB-75 {s the TDI adduct of 1,2,6 hexane tricl. The CB-75 13 tri-
functional and the other three curatives are polyfunctional. 1Inicial cure
studies were performed with the MRS, I-500, and C3-75 in the basic formula-
tion at an NCO:OH ratio of 1.4 to 1.0 and a8 DBTDA catalyst level of 0.2
percent. All mixes were cured at room temperature., None of these mixes
gave a good cure. Additional cure studies were performed with the PAPIL
and che 1-500 curatives at a cactalyst level of 0.02 percent over an NCG:Cll
range of 1.4 to 2.2. All mixes werc cured at 8 temperature of 115° F.

Table XVII shows that in order to obtain a good cure from these isocyanates,
a much higher NCO:OH ratio was required compared to the TPMTI curative.

In addition, all cured propellant showed evidence of some porosity. These
results {ndicate steric hinderance may have inhibited the cure rate and
allowed the water-isocyanate reaction to occur. As indicated, none of

.he alternate curatives evaluated showed any significant improvement over

TIMTI.

B.  ALTERNATE BINDER STUDIES

l. Objective

(L) The objective of this effort was to evaluate an alteinate binder
as a back up for P-BEP, Major emphasis has been placed in obtalning a
good, reliable cure and eliminating compatibility problems. The prime
objective is to develop a binder system that retains high TVOPA levels and
possesses adequate pot life, processibility, and mechanical properties
when cured in the 75° to 100° F range.
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2. Backziround

L- ©) Two types of prepclymer, acrylates, and polyesters, were evaluated :
as binders for thc TVOPA-AlH3 propellant in this program. Acrylate pre-
pclymers were first evaluated in TVOPA plasticized propellants by the Rohm
& Haas Co. Copolymers of ethyl acrylate und acrylic acid (having curboxylic
acid functionality) were crosslinked with cpoxides by Rohm & Haas giving
TVOPA-Al propellants with acceptable mechanical properties. These pro-
pellants were cured at 140° F and there was no evidence in the literature
that higuly filled carboxyl-epoxy systems could be cured at 100° F or
below., Therefore, a cure study was needed to determine whether a low
temperature cure could be obtained through the use of cure catalysts.
Simultaneously, a study of the acrylate prepolymers containing hydroxyl
functionality secemed warranted since hydroxyl functional prepolymers can
be cured at low temperatures with isocyanates.

v Copolymars of HEA/EA that were supplied by Dow Chemical were used
for this evaluation.

w The polyester prepolymer (Multron R-18) used in this investigation
is a diethylene glycol adipate polymer terminated with hydroxyl groups.
Cure was obtained with a diisocyanate and crosslinking with a triol.

3. EAAA Prepolymer

(C) Since Rohun & Haas had character{zed the EAAA/TVOPA binder in
- alu {zed propellants, Hercules first step in the EAAA evaluation was to
(. Tepre . one of the Rohm & Haas formulations and compare the results to

ensure that Rohm & Haas properties could be achieved with the particular
lots of ingredients available for this program.*

(9] Attempts were made to dupiicate the mechanical properties of

both the Rohm & Hasas U-105 (40 percent binder, 5:1 TVOPA:EAAA) and U-110
(40 percent binder, 7:1 TVOPA:EAAA) formulations. Table XVIII is a sumary
of 1-1b mixes mwade with a 95:5 EAAA prepolymer with both the 5:1 and 7:1
TVOPA: EAAA formulations. It was readily apparent that neither the Rohwm

& Haas reported 60-hr cure rate at 140° F nor their mechanical properties
were being obtained in the initial propellant mixes, (Refer to mix No,
15829 {n Table XVIII,) These mixes were made without the Al1203-C coated
AP, with 10K Al in place of Jn Al, and with Aerojet TVOPA in place of

Rohm & Haas TVOPA. Propellant cures were charascteristically much longer |
and tensile strengths much lower than reported by Rohm & Heas. Although
changes {n tha epoxy/carboxy ratio significantly aftected the propellant
elongation, little improvement was obtained in tensile strengths. As a
result, attempts were made to determine which of the three variables
(A1203-C coated AP, Al particle size or TVOPA source) was affecting the

*Rohm & Hass supplied the prepolymers used for this progran.
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(C) mechanical propertics and cure rate. Mixes made (No. 158-88 through
158-92) to study these variables are summarized in Table XIX. Since no
Roha & Haas TVOPA was available, the Aerojet material was purified with

8 9i1lica gel treatment which had been shown previously to remove residual
hydroxyl functional material. Ag shown in Table XIX, all three of these
variables affected the propellant mechanical properties but not the cure
rate. To provide further confirmation of the {mportance of these variables,
Rohm & Hsas was contacted and requested to duplicate their control pro-
pellant using the same prepolymer furnished to Hercules.

TABLE XIX
RH-U-105 PROPELLANT PROPERTIES AND CURE RATE
Cure Time Tensile | Elongation
Mix No. Variables (at 140° F) (psi) o)
158-44 10K Al, non-coated AP, 68 hr 18 163
Aerojet TVOPA 10 days 28 I
158-92 Al704-C coated AR, 10w Al 7 days 44 38
Aerojet TVOPA 10 days 39 42
158-91 Al,03-C coated AP, 5n Al 5 days 55 63
Aerojet TVOPA 9 days 61 45
158-88 Al1503-C coated AP, 5K Al 5 days 36 125
purified Aerojet TVOPA 9 days 62 ’ 32
21 days 66 28
Rohm & Control 60 hr 68 ob
Haas
CONFIDENTIAL
©) The resul:s (Table XIX) show that by using the finer Al and

Al707 coated AP, mechanical properties comparable to those obtained by

Rohm & Haas were (btajned. However, the cure rates were substantially
longer for the Herciles propellants. Removal of the hydroxyl functionality
in the Aerojet TVOPA in conjunction with the fine Al and coated AP decreased
the propellant elongation with little change in tensile strength and did

not significantly affect the cure rate.

)] Although the Rohm & Haas mechanical properti{es were duplicated
for the EAAA propellants, the slower cure rate is a serious problem with
AlH3 propellants.

CONFIDENTIAL
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©) Initial mixes of AlHj propellants with the EAAA binder are
sumarized in Table XX. As shown, several mixes have been processed at
the 30-percent binder level with a 5:1 TVOPA: EAAA ratio. Mechanical pro-
perties for these propellants ranged from 40 to S5 psi tenmsile strength
and 15 to 25 percent elongation at an epuxy-to-carboxyl ratio of 2.0,

All mixes were cured at 120° F for 1 to 2 weeks. In comparing the cure
rates of Al and AlH3 propellants in Tables XIX and XX, and from small
propellant wixes, there 18 a strong indicaction that AlHj is actually
catalyzing the cure. (Mechanical properties of AlH3 propellants stabilized
at 120° F is approximately 8 days while it took the same time for Al pro-
pellants to stabilize at 140° F), However, the AlHj cure rates were still
too slow and resulted in varving degrees of propellant porosity with all
but the most stable AlHj lots.

a. Cure Studies

v As a tesult of the porosity during cure, the laboratory
effort was divected towards developing a suitabie low temperature cure for
the EAAA binder. Set:ral approaches were tried with the goal of a 100° F
cure in 2 days:

(1) A comparison of cure rates with TVOPA purity
(2) Evaluation of catalysis systeums
(3) Evaluation of other epoxy curatives

(4) Evaluation of a higher acid content prepolymer
(93/7 EA:AA)

1) I PA Purity

(<) As mentioned above, purification of TVOPA with silica
gel did not increase the cure rate, so the Rohm & Haas cure rate was not
matched. Rohm & Haas treats theic TVOPA with Amberlyst-15 which is a
sulfonic acid type ion exchange resin. Since sulfonic acids are catalysts.
for many reactions, the possibility existed that traces of the acid were
released into the TVOPA during trestment which then catalyzed the epoxy-
carboxyl reaction, Tc check this theory, some Aerojet TVOPA was tr-ated
wicth Amberlyst-15 following the method used by Rohm & Haas and identical
propellants were made with untreated and treated TVOPA. No difference
could be detected in the cure rate. Therefore, the Amberlyst treatment
{3 not responsible for the difference in cure rates.

CONFIDENTIAL
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2) Evaluation of Catalysts and Other Epoxides

) Investigation of catalysis with the EAAA using

chrooium octoate (CrOct) and ferric acetyl ecetonate (FeAA) has shown both
catalysts react with EAAA prepolymer to give stable gel. However, catalyst
levels tnac significantly increase cure rates have resulted in unacceptable
pot life,

) Binder studies with a dual catalyst consisting of
chromium octoate and tetrsethyl ammonjum bromide (TEAB) indicated fast
low temperature curcs with TVOPA/EAAA /Unox 221 were achievable. (Refer
to Table XXI.) However, the additicn of solids slowed the cure rate
matkedly so that slower cures occurred in 10-gm propellant mixes. All
solids tested appeared to slow the reaction to the same extent, and the
effect 13 much larger than would be expected from simple dilution of the
system. Even &4 percent Alon-C slowed the rate tc the same extent as much
larger quantities of either AL or AP. A possible explanation for this
behavior 13 that oue of the functional groups could be adsorbing onto the
solids, cthus making them inaccessible to the other reactant. For example,
the acid group of the EAAA could absorb on the solids in such a way that
the epoxide could not rcach it, thus preventing reiction. This theory
Temaing to be tested. '

TABLE XXI
BIND%R STUDIES WITH DUAL CATALYST
Cat. |Conc.* | Cure Tewmp Cure Time Condition of: .
co_ _I§§§_, . (°F) (days) Gumstock Propellant
16 4 80 13 -- Partially cured {
16 4 100 13 .- Almost cured
4 1 80 12 .= Uncured
4 1 100 12 .- Partially cured
4 1 80 S Cured Uncured
4 1 100 5 Cured Uncured
0 0 80 5 Parcially cured | Uncured
0 0 100 S Almost cured Uncured \
-:;n the epoxy (%) |
UNCLASSIFIED )
‘
45 '
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) While teeting the effect of solids on the epoxide-
carboxyl reaction, it was discovered that AP catalyzes the polymerization
of Unox 221 - a solid polymer being achieved in one day at 120° F, This
could explain why the optimum stoichiometry for RH-U-105 propellant is

an E/C ratio of 2 rather than the expected ratio of 1 or less. To deter-
mine whether AP polymerized all epoxies, a different type of diepoxide,
DER 332, was tested with AP, No noticeable polymerization was found with
DER 332 at 120° F.

40))] Sirce DER 332 13 not affected by AP, it was chosen

for additional study as curative for the EAAA binder. Binder studies
indiceted tha* it did not cure any faster than Unox 221, but that it could
be catalyzed by either chromium octoate or the dual catalyst. Solids were
found to affcct this reaction in the same wmanner as the Unox 221, but low
temperature cures were achieved on 1l0-gm propellant mixes when high
chromium octcite levels were used. (Refer to Table XXII.) Overnjight
cures at 120° F were achieved with 0.05 or 0.1 percent chromium octoate
with partial cure in &4 days at 100° F. Three-hundred-gm mixes were then
made with both 0.05 and 0.1 percent chromium octoate and cured at both
100° and 120° F, Cures were much slower than in the 10-gm mixes as seen
in Table XXI1. The mix with G.l percent catalyst finally cured in 10

days at 120Y F but extensive porosity had developed in this time. Therefore,

chromium octoate by itself 18 not an acceptable catalyst for this reaction,.

TABLE XX1I
CHRQOMII™ OCTOATE CATALYST PROPELIANTS
Mix No. BC-138-19 BC-138-23 BC-172-36 BC-172-37 !
TVOPA/EAAA 29.5 29.0 29.0 29.0
DER 332 0.5 1 1.0 1.0
Cr Oct 0.05 0.1 0.05 0.1
AlH, 22 22 22 22
AP 48 48 48 43
Mix Size (gm) 10 10 300 300
Cure
At 100° F .- Soft cure, | Slight cure | No cure in
5 days in 8 days, 7 days
porous
At 120° F Soft cure, Cured 1in Soft cure Cured in 7
1 day 1 day in 8 days, days, porous
porous
CONFIDENTIAL
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v) A number of additives were tested in che chromium
octoate catalyzed gystem to increase the cure rate, TEAB was added to
detect the dual cacalyst effect. Calcium tetraborate (CTB), an efficienc

HF scavenger, was added to test whether HF was interfering and ERL 0510

wos added to determine whether a tertiary amine would catolyze the reaction.,
ERL 0510 was chogen since it is compatible with TVOPA (Fisher-Johns hot
plate test and Talieni at 60° C) and it 1s also a triepoxide, thus providing
additional crosslinking (which may or may not be helpful). These mixes

were made with binder plus some AF since the addition of other solids in
addition to AP s not expected to alter the reacti{on rate and AP can alter
the stoichiometry by polymerizing epoxy whercus Al or AlHj3 do not influence
the stoichiometry, only the rate. The results (Table XXIII) indicate chay
CTB increcuses the cuvre tate alightly, adding a quaternary ammonfum salt

has no effect, but adding ERL 0510 greacly increases tlie rate,

TABLE XXIII
EFFECT OF ADDITIVES ON CHROMIUM OCTOATE CATALYZED B]INDERS

Formulation, Parts 1 2 3 4 5 6
TVOPA / EAAA 39 39 39 39 39 39
DER 332 1.0 1.0 1.0 1.0 L.0 1.0
Cr Oct 0.05 0.1 0.008 | 0.008 0.008 | 0.008
AP 10 10 10 10 10 10 |
Calcium Tacvaborate | -- e- .o 1 .- -
TEAS -- .- .- .- 0.0 ve
ERL 0510 .- -- -- -~ .- 0.5
Cure_at 120 F

1 day Slighet | Soft No No No Cured

2 days Cured Cured | No Slight | No -

6 days .- -- No Slight | No --

UNCLASSTIFI1ED




w Additional studies of this effect with binder plus AP
have demonstrated that ERL 0510 reacts with the acid but it also catalyzes
the reaction of DiR 332 and that chromium octoate and ERL 0510 are both
needed to get rapid low temperature cures. These mixes are presented in
Table XXIV. As lictle as 0.05 parts of ERL 0510 per 30 parts of binder

18 sufficient to achieve complete cure overnight st 120° F (mix III-1)
with 0.05 parts of chromium octoate, but without chromium octoate rapid
cure 18 not achieved even with 0.5 parts of ERL 0510, Thus, the two
catalysts are aynergistic and both are needed to achieve rapid low
temperature cures. To ensure that no other ingredients interfere with the
cure, a 10-gm mix was mude. This mix cured at 120° F {n 16 hr.

TABLE XXIV
. CURE_STUDY WITH ERL 0510
_ Composition, Paxts 1 2 k) A
TVOPA/EAAA (10/1) 2.95 2.95 2.95 2.95
DER 332 0.05 0.05 0.05 --
Cr Oct 0.005 0.005 0.005 --
AP 1 1 1 1
.
‘ ERL 0510 0.005 0.01 0.05 0.05 '
Poy Life 1 hr 1 hr <30 . OK
16 hr Cured Cured Cured No* 1
*Cured i{n 5 doys
INCLASSIFIED L
(v A 30C-gm mix was then made t. . snine whether scalecup
will interfere with cur.. Ueing the same binder - .1 2 in Table XXIV and

f11ling with solids to a 70 weight percent solids iosuing, a short pot
11fe was obtained resulting in a mix whizh only partially cast into the
mold, (Refer to Table XXV.) A second mix, with the chromium ocroate
level reduced by one half, mixed and cast well. Both of these mixes cured
{n 16 hr at 100° F. These results indicated that the use of ERL 0510 in
combinstion with chromium octoate and DER 332 would give & low temperature 1
cure of the TVUOPA/EAAA gystem. ‘ﬂ
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TABLE XXV

300-GM MIXES WITH £RL 0510

Pormulation BC-172-38

TVOPA/EAAA (10/1) 29.5
DER 332 0.5
ERL 0510

Cr Oct

AlH;

AP

Pot Life (min)

Cure Time at 100° F

16 hr Soft Rubter

40 hr Complete

*Additive

**Partially setup during casting
CONFIDENTIAL

—

3) Higher Acid Content Prepolymers

W) Rohm & Haas has reported higher cure rates with pre-
polymers containing higher acrylic acid levels; therefoie, the 95/5 EAAA
prepolymer used in the above studies was compared with a 93/7 EAAA pre-
polymer also obtained from Rohm & Haas. There was no noticeecble difference
in the cure rate of the two prepolymers in the catalyzed systew.

b. Mechanical Property Studies with EAAA

) The effect of a number of variables on the mechanical pro-
perties of EAAA/TVOPA/A1H3/AP propellants was examined. Thes2 variables
include carboxyl/epoxy ratio, tri/di epoxy ratio, AP particle size dis-
tribution, TVOPA/EAAA ratio, EAAA ratio in prepolymer, and the binder level,
Couparison was made using JANNAF Type 1I dogbones from 300-gm mixes made

in a Baker-Perkins mixer.

CONFIDENTIAL
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©) A wide variation in E/C ratio at two different tri/di epoxy
ratios resulted in remarkably little change in rather poor mechanical pro-
perties. (Refer to Table XXVI and Figure 7.) At an E/C ratio near 1,

the modulus increased but without a corresponding change in tensile strength.

©) Changing the TVOTA/EAAA ratio did not markedly improve the
properties as presented in Table XXVII. With the 5/1 ratio, the binder
level was raised to 35 percent (to reduce the viscosityy and even this
change failel to significantly improve the mechanical properties.

©) Changing the AP particle size dictribuction has a significant
effect on the mechanical properties with a L/l ratio of 50 and 5+ AP giving
the best results (Table XYVIII), but the best properties are far from
acceptable.

(D] According to Rohm & Haas, the composition of the prepolymer
significantly affects the mechanical properties of EAAA/TVOPA propellants,
but with this AlH3 propellant, little benefit was notcd in changing from

a 95/5 EAAA ratio to 93/7. (Refer to Table XXIX.)

W Increasing the binder level to 35 percent also gave little
improvement in mechanical properties with hormal cure times. (Refer to
Table XXX.) However, after extended cure 2t 100° F a composition contain-
ing a large excess of UNOX 221 cured to give good mechanical properties.

A gimilar composition containing an excess of DER 332 did not post cure
and, tnerefore, had much inferior properti.s.Since the ability of UNOX 221
to homopolymerize under these conditions has been established, it is
believed that the improved properties are due to homopolymerization of the
cpoxide., Therefore, contrary to expecta:ions, the clean reaction of epoxide
i3 desirable.

) Using the above findings, the binder lcvel was then lowered
back to 30 percent and formulation was made using a large excess of UNOX
221 with the 93/7 EAAA prepolymer. After 23 days cure, this propellant
also gave high modulus and tensile strength. (Refer to Table XXXI. )

) The above results would indicate that the search for {mprove-
ment in EAAA properties ashould concentrate on the use of epoxides that
homopolymearize readily. Catalysts which promote thia homopolymerization
will be required to achieve low temperature cure in reasonable times.

4. EA-HEA

© An alternate method of achieving a low cure temperature for
the TVOPA plasticized acylate binders is the use of an EA-HEA copolymer and
a urethane cure. Dow Chemical supplied copolym( ‘s for this effort. (Table
XXXII summarizes these copolymers evaluated.) These prepolymers were cured
with 3=nitraza 1,5-pentane diisocyanate (XII1 diisocyanate), HDI, DMDI,

and Mondur TM at NCO:OH ratios of 1.0, 1.5, 2.0, and 2.5. The NCO:GH ratio
is based on the combined equivalent weight of the TVOPA and EA-HEA. Because
of the relatively large quentities of TVOPA used (87.5 percent in the 7:1
TVOPA:EA-HEA prebinder) 1its isocyauste demand becomes quite significant.

CONFIDENTIAL
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Figure 7. Effect of Stoichfometry on Mechanical Properties
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TABLE XXV1I

EFFECT OF TVOPA/EAAA RATIO ON MECHANICAL PROPERTIES

Mix Number 41 50 79
TVOPA/CAAA Ratio 8/1 7/1 5/1%
Mechanical Properties

Tensile, psi 23 26 3%

Elongation (max), &2 38 38

percent

Modulus 70 90 100
¥e

Thirty-five pcrcent binder

INNCLASSIFIED
TABLE XXVIIIL

cFFECT OF AP PARTICLE SIZE ON MECHANICAL PROPERTIES
FOR EAAA FROPELLANTS

BC 172-50 BC 172-51 pC 172-58 BC 172-64
AP Size
4004, % -- -- -- 50
2004, % 50 -- 50 --
SOK, % -- 50 .- --
15K, % 50 .o 50 25
SK, % .- 50 -- 5
Mechanical Properties
Tensile, psi 26 36 30 29
Elongation (max), 7% 38 36 21 31
Modulus 90 120 160 120

LNCLASSIFIED

it~




TASLE XXIX

EFFECT OF PREPOLYMER COMPOSITION ON MECHANICAL PROPERTIES

EA'/A.A Ratio 95/5 93/7

E/C 1.5 1.0

Di/Tri 4/1 4/1
Mechanical Properties

Tensile (psi) 26 3

Elongation (%) 26 33

Modulus (psi) 120 120

UNCLASSIFIED )

TABLE XXX

MECHANICAL PROPERTIES OF HIGCHER BINDER LEVEL PROPELLANTS

Mix No. 75 76
TVOPA/EAAA 5/1 7/1
Binde: Level (%) 35 35
EA/AA ratio 95/5 95/5
DER 332 0.9 --
UNOX 221 .- 1.0
ERL 0510 0.1 0.1
Cure time (days) 19 19, 26
Mechanical Proper=-'.s

Tensile (psi) 3% 76
Elongation (%) 38 26
Modulus (psi) 100 320

UNCLASSIFIED
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TABLE XXXI ’,y
HIGH E/C RATIO EAsA FOue®TATION
TVOPA/EAAA - 7/ T
{ »” 7/l , !
Binder Level l 304, : i
i .
EAAA Ratio | 93/7 f
INOX 221 Level i 0 9/ ' :
ERL 0510 Level : 0.1
E/C Ratio ! 2.4 :
Cure Timc 9 ; 16 23
Mechanical Propertics |
Tensile (psi) 39 ! 57 77 '
Elongation (%) 21 13 . 12
: i Hodulus (psi) 21¢ 470 ul 70
| _ SRS SR 2 it
TABLE <XX11
PROPCRTIES OF FTHYL ACRYLATE-HYDEOXYI'IIwL ACRYLATE COPOLYMERS
NO. Ave ;o LLquivalent
CACHEN MOLECULAR W i b (o) : Weicht (00
90/10 97,000 o 1280
90/10 22,000 2000
90/10 7,800 ! 1790
90/10 18,50 1120 \
95/5 3, 20t _ 1030 :
85/1% 13,000 '[ 720
( . UNCLASSIFIED
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©) It was found from init{al gumstock work that cures were obtained
at 80° F after 5 days with EA-HEA copolymers of molecular/equivalent weight
of 97,000/1280, 22,006/2000, and 13,000/720 (the molecuiar/equivalent

weight for the EAAA copolymer is approximately 25,000 to 30,000/1409).

No significant change in the properties of these gumstocks was observed

when further cured at 100° F for 2 weeks. Generally, the propertics of

the resulting cured gumstocks were of poor quality having low tear

strengths (goft, gel-like and brictle). These poor properties are possibly
a result of a nonoptimum crosslinked density, excess {socyanate, TVOPA
chemical interaction or concentration, or combined effects of these factors.

()] The DMDI seemed to vield more promising properties, buf was

somewhat i{mmiscible in the TVOPA:EA-HEA prebinder. However, because of

these more promising prc-oerties, this grid was repeated ac NCO:OH ratios

of 1.0, 1.5, and 2,0 (based on the zotal TVOPA:EA-HEA prebinder). The

prebinder (5:1 TVOPA:EA-HEA) and DMDI werc heated to 160° F (MP of DMDI'~90o

to 100° F); however, a small portior of the DMDI rcmained insoluble. These
gumstocks were well cured in 4 days atc 100° F. However, the properties

were poor. The samples were quite firm but very brittle and broke apart easily,
As concluded earlier, these poor properties may be the result of the TVQPA
chemical interaction or concentration and/or too high an isocyanate concentration.

(C) Control TVOPA/EA-HEA/AP/Al propellants were prepared with cthese
prepolymers. As expected from gumstock results, marginal mechanical
properties were obtained. However, these results were viewed as being
quite premising, since this was the first attempt with this new polymeric
system. The resulting properties are summarized in Table XXXIII.

(u) Based on these results, additional studies with the 29,000 and
40,000 molecular weight EA-HEA copolymers were completed. Each copolymer
was crosslinked with various stoichiometric levels of 4,4-methylene bis
(cyclohexyl diisocyanate) (Nacconate H-12), HDI, XilI diisocyanate, and

2/1 mol ratios of HDI and methane triisocyanate (TMII). The samc propellant
composition and ingredients were usec for each piupetlant. All wcre cured
at 100° F until stable mechanical properties were obtained. Suitable
catalyst (DBTDA) levels (0.000 to 0.007 percent) were used and essencially
stable mechanical properties were obtained after 7-days cure. These

Tegults are summarized in Table XXX1IV, In general, increased stoichiometry
increased tensile strengths only slightly with an appreciable loss in
percent elongation. The 40,000 ww copolymer gave slightly lower tensile
strengths and appreciably higher percent elongations tuan the 29,000 mw
copolymer. As a consequence, by increasing the crusslink density of the
40,000 ow copolymer with the addition of a TMTI 1in a more ratio of 2/1
(di/tri), tensile was improved. The mechanical properties of 48 psi tensile
strength and 35 percent elongstion obtained with the dissocyanate/triisocyanate
blend and the higher molecular weight copolymer reprcsent the best com-
promice of stress and strain capabiliticg obtained with the EA-HEA 3ystem,
However, these properties must be compared waith 61 psi tensile strongth

aud 45 percent elongation obtained from the aluminized EAAA systems with

th: same basic propellant. It is felt that chrough cuntinued binder

CONFIDENTIAL ,
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TABLE XXXII1
MECHANICAL PROPERTIES OF CONTROL PROPELLANT USING EA-HEA COPOLYMERS !
(Cure Temp = 100° F)
EA-HEA ) Cuts Time Tensile Elongation Modulus
Lot TVOPA/BA-HEA Curative NCO/OH Catalyst _{(Daye) (pet) ) (psi)
97,000 5.4 xlIl-Di.uocyu\u:j 4,0 0.000 “ 22 29 89
7 3] 17 199
14 $0 17 Joé
21 19 15 S8
28 83 13 535
97,000 4.9 X111-Dilsocysnatse 4.0 0.100 6 22 2l 110
12 26 20 134
19 » 18 216
1 27 7 16 466
97,000 4.4 X111-Diisocyanate 2.4 0.000 3 a8 16 284
10 9 le 29
13,000 .0 o1’ s 0.000 2 43 12 360
? $9 10 w86
14 6l 10 626
29,000 5.0 Nacconste u-nz’ L5 0.000 HY 22 39 61
22 26 3s 17
28 26 32 83
29,000 5.0 Nacconate H-12 1.0 0.002 s 3 32 116
] 3 28 123
lé 36 28 132
19,000 5.0 Nacconete H-12 0.73 ©,002 1 32 bt 83
) 34, I8 37, 36 84, 112
14 35 37 96
29,000 5.0 Nacconste H-11 0.5%0 0,002 2 26 65 o7
7 29 53 59
1 28 “b 59 ‘
27,000 5,0 nnx° 1.00 0.002 6 2 &2 7
111 B2 Ll a1
29,000 $ 9 HD1 0.75 0.002 b 23 89 28 Y
? 2?7 69 h7A
1 25 66 35
19,000 5.0 HDI 0.%0 0.002 “ :0 130 19
? 18 tio 19
18 21 118 20
\
s
Notes: Ly, eed on equivalant weight of copolywsr 4,6-methylece Bie(cyclohexyl ditsocyanste) \]
zmbutylttn diacetate bexamethylene diilsocyanate *
7
)J-nunu 1,5-pentane dilsocyanate Toluane ditsocysnate |
‘Dlphonyl msthana ditsocyenate a‘l,‘tlphmyl wethane tr{isocyanate
CONFIDENTIAL
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TABLE XXXIV

MIICHANICAL PROPEFTIES OF EA-HEA PRCPELLANTS

el iy

n
(_uculvﬂh ¢ I9,'0 !
. _—
Naccunate H-12 !
NCO/UH Tenstle, pal tlungataun, % Meluiuy, fy3 l
V.50 25-19 Gb-54 59 |
0.75 - 35 S4-30 1u2~ivh [
1.00 36 pL 132 I
Hl')lz |
|
2,50 2 Ly N .
t .
Q.75 23 b8 AL} !
]
i.00 30 o nl |
|
X11:-Oitsocvanate
3.75 3l S 5]
TD1”
3.75 pIS 37 9i
\ 5 .
l HDT/TMTT” (1iY)
9,75 38 Ju 123 |
Nacconate H-12
0,75 8 54 59 |
HDI I
J, 50 29 2.3 i |
0.7% 22 98 2y :
TD1
0,75% 30 [} 55
HOI/TMTL (1/1)
0,7% 8 3% 1A
EAAA/ERL-4221 6l ) lwl
1 . Conscants tor cech progeliane: ]
2&,6 methylene bie(cyclohexyl difsocyanate) A.  Composition TVOI’A\i . 52.% \
. xamthylene difsocysnats LA-N.EAJ ! e.s i
3 i DilwuCyanate As irndacatid (a0,
".J nitrazs l,5-pentane dilnocysnate AP Suu 13 ALy e b |
[ Tuluene dilsocyanate Al Su - l
’ b
> Tripheny! methane triisocysnace B. Cure cyciv i00° P until stable mectanical Fropett vy weps
obLained,
CONFIDENTTI M.
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(U) cptimization the EA-HEA properties r~ould be further improved. However,
promising results with the R-18 prepolymer (Refer to Paragraph 5) iepates
much of the advantage of the EA-KEA binder; therefore, additional work on
this system did not appedar warranted.

5. R-18 Prep. iymer

Q)] Multron R-18 [s a hydroxyl termminated copolymer of diethylene
glycol and adipic acid. This structure gives R-18 two advantages and one
potentinl disadvantage compared to EAAA. The advantapges are (a) the
hydroxyl functionality allows low temperature cure with isocyanates, and
(b) E-18 has a much lower bulk viscosity than EAAA giving lower propellant
mix viscosity. The potential disadvantage of R-18 (s its history of poor
hydrclytic stability,

a. Cur2 Studies

<) The R-18/isocyanate cure reaction occurs very readily at

iow temperature with the use cf small amounts of catalyst, the limiting
factor being the pot life. Using 0.005 percent DBTDA, 2-days cure at

100" F is obtained with a pot life at 100° F in exccess of 4 hr. This system
cures at 80° F¢a 3 to 4 days. Increasing the catalyst level cto 0.01
percent reduced che pot life to an unacceptable level. DBTUDL placed on
molecular sieves so that the catalyst is not immediately available for

cure has produced good cure with adequate pot lite. This approach aids
catalyst dispersion also.

) As with P-BEP propellants, Hercules found that the impurities
in TVOPA interfere with the cure of the R-18 system, mainly by reacting
with the isocyanate. Even when accounting for the isocyanate demand of
TVQOPA, a considerable excess of isocyanate is required in urder to obrain

3 cure with the R-18 system as seen in Table XXXV. (Hexane trioi was used
to crosslink the system.) No complete cures occurred at an NCO:OH ratio

of 1.15 or below, but most systems cured when the NCO:OH ratio was 1.3

or greater. The data also indicate that the triol-to~-diol ratio is
important in obtaining cure. Two low a triol-to-diol ratio will prevent
cure even at an NCO:O0H ratio of 1.30.

b. Propellant Mechanical Prcperties

(C) A number of AlH3/AP compositions containing a 6.5/1 TVOPA/
R-18 ratio and 30 percent binder were tested with good results. At this
low btinder level, the particle size distribution of the solids is very
important in the R-18 system. Even though the mix viscosity of R-18
compositions {s fairly low, casting difficulties were encountered due to
the thixotropic nature of the mix, Results of 10-gm mixes with a number
of AP size distributions (Table XXXVI) indicate that 3 mixture of very
large and very small AP casts best with AlH3 propellants. A viscosity
index of greater than 8 is not considered to be castable by ordinary
meth Js.

CONFIDENTIAL




[} TABLE XXXV

CURE STUDY WITH R-18 BINDER™®

NCO /013 Triol/Diol Ratio Cure Atcr S Days = 1007 F

1.00 1.7 Uncuraed
1.00 1.4 LUucured
1.00 1.1 Uncurcd
1.00 0.8 Uncurcd
1.15 1.7 Partial Curc
1.15 1.4 Partial Curc
1.15 1.1 Partial Curc
1.15 0.8 Uncured
1.30 1.7 Soit Curc
1.30 1.4 Soft Curc
1.30 1.1 Soft Cure
1.30 0.8 toncurced
1.45 1.7 Cured

‘ 1.45 1.4 Curcd
1,48 1.5 Curcd
1.45 0.8 Curced

catalyzed with DETDA

17,000 for TVOPA

”10 gram propcllant mixes using TDI curative ard hexanc triol

e _
NCO/OH ratio is calculated bascd on an isocyanate demand valuc of

UNCLASSIFILD
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TABLE XXXVI

EFFECT OF AP SIZE DISTRIBUTION ON THE
CASTABILITY OF R-18 PROPELLANT

Mix No. 1 2 3 4 5 ) 7

Binder 30 30 30 30 30 30 30

1600 20 24 34 14 24 264 .s
200 1 14 -- -- -- -- -- .- |
15 1 1% - -- - D 24 24 (50)|

i i

5k - 2 14 % |12 -- 24
AlH, 22 22 22 22 22 22 22 |
Viscosity index | 8.2 8.6 8.4 8.8 8.0 8.3 8.5 |
l UNCLASSIFTED ]'
«©) Formulation 5, when made in a 300-gm mix, cast easily with

vibration. Replacing the 600k AP with 400+ AP did noz reduce the casc-
ability, and replacing the 5+ AP with de HMK or with 15+ AP also resulted
in castable mixes.

> The effect of particle size of AP on the mechanical pro-
perties of the R-18 TVOFA/A1H3/AP propellant is presented in Table XXXVII.
Use of AP sizes which pack poorly (mix No. 40) gives high modulus and low
elongation. Use of a 50:50 course-to-fine blend gave lower modulus and
higher elongation. Small changes in size and replacement of fine AP wicth
fine HMX did not markedly change rne properties.

) As mentioned above in the cure studies, a considerable
excess of isocyanate {3 needed to achieve good cures with the R-18. The
effect of isocyanate/OH ratio on nmec-hanical properties of R-18 propellants
is presented in Table XXXVIII at several ratios of triol to diol. The
bast properties were achieved with an isocyanate/OH ratio of 1.3 and a
triol/diol ratio of 1.7.

wm The above stoichiometry studies were made with '"as received"
TVOPA lots. As received TVOPA contains a number of impurities, at least
one of which contains an isocyanate raactive functional group (probably

OH) . Therefm.e, all TVOPA lots have an appreciable isocyanate demand
which interteres directly with the cure. To obtain cure, excess isocyanate
must be added to the mix to account for the isocyanate demand of TVOPA .
When calculating the cure stoichiometry (iso/OH) in the above mixes the
TVOPA {socyanate demand was included as part of the OH level of the
formulation.
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TABLE XXXVIII

EFFECT O LTOLCHIOMETRY ON THE MECHANICAL PROPERTITS
OF R-18 PROPLLLANCTES

Mix Number BC 138-83 ) LC 133-86 | iC 138-65 | 6C 138-73 ) &C 13¥-27
NCO: OH Ratio 1.15 1.30 1.45 1.45 L.l
Mol:Triol Ratio 1.7 1.7 1.7 0.8 2.0

“echanical Propertics
Tensile (psi) 50 67 67 33 58
Elongation (%) 28 24 21 32 23
Modulus 220 370 340 150 270

ULCLASSIELEED
) Thi1 approach worked well for most lots of TVOPA giving

fajrly good mcchanical propertics as scen above. However, with some lots
of TVOFA good cures ware not achicved,

V) This effcect was firset encounte ed 1n o 70-1b mix {n which

a blend of a number of lots of TVOPA was used. Fven though the {socyanate
demand was messured and accounted for, the cure was very slow and the
mechonical propertics inferior. Extensive studics with a blend of TVOPA
lots, similar to those usud {n the above 70-1b mi:, revealed that no ratio
of 180/0H or triol/digl would give good cure (Tu.ble XXXIX), ' cas TVCPA
(Lot 2B0019) used in earlier studics gave faicly good prope, '+ ., A
poasible explanation for this behavior is that the nature of .0 fsucyanuate
reactive impuricy varies from lot to lot. Purhaps the {mpurity i{g maf{nly
ditunctional in some lots, thus providing c¢hain extensfon ot the R-18 birder,
whereas {n other lots the impurity {s monofurctional, thus chain terminating
thu binder preventing crosdlinking.

(v) Based on this theory, an extensfve {ncestigation way unders
token tu purify the TVOFA to remove the reactive species. A description
of the procedure developed tn included in Ajpendix B, Use of purificd
TVUI'A yreatly improved the mechanicas propestiva. (Foter to Table XXX/4))

b, Rinder Aginp Comparf{son

(C) K-18 biader appears tu have several advan'ayes over EAAA,  The
major question mark for K-18 4w the agt * draracteristice., The thernal
aglong ol EAAA binder hag been dmmonstrat o by hkohm & Haous to he excellent,
whete Vo consfdarre ' data ta vallable for F<l8 tn othet wystems to fndicate
that a potenti.. 1y g problem nxinces., Thu K-18 polyner 18 subjoct to

CONEIDENTIAL
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t. Y P)ffn\:!iQ ot heth the estee cad the vt e Yoo s, cather o f
vhich weuld cause celeavaer ot the polyiwer chatia, Il coald Create serftens
prohlems {n tactical weapons which are subloct to oxt e Lemperature an !
aamudity condittons. In a stratesfe apprlioation fa vl toee ratare and
Fumidity ¢an be coatrolled, the probler will b lies «oori uz, Some 1 ocoat
Jata ko support this concept 19 given in Tarje XL, >0 0 under dro
conditions at 100 F dies nat degrade the mechinical proerties in 11N
dave . However, expasure to relatively loaw homfdite e cls (-39 peroent)
causes rapid degradatiom ot the #¥-18 binder and RO (0 toetioye ot very low
humidity caused complete bredbup of dogbones {n 40 davs.

1. B{nder Sel.ction

() A comparison of the TAA and R-1R binders {8 gicen 30 Table LT,
As A result of thig comparicon, the 1R bindir was clowen for s 2 fear
The EAM binder loows promicaae bat sttl]l cequirea a hetter ot rat ar o
cur> vhereas the H-R poves pood mochanioal propertfer wotiv v v e ta-
ture cure, The R-IM biinder stfll has a serjoce o ot ioe mark 0o raen,
fts aping ability, but ading ctudics proved 15t 0 roc b w Y vt
complete this preogram,  Thor fore, 0 an Attt ot to cerplete th v alonp
porti{n within the time and funde of the (ontract, ctlart to fred oo
sys'om for FAA waa avandoncd on thie propram ad ohe V<18 binder was
sclocted 3 the backeyp binvr for Ve8P,

CONFIDENTIAL




P30 d> %y Luyny
L

el
124
e .

o
NS

CONFIDENTIAL

~

o oead 3w Y
pay1dol gy o) Ti12nd 3doaN»

fu. 20 TR SRS IR C A tYIusg g

ol
Ls
R |

r~

g rary

[> o

[ VRSP
o ~-

P
PY (g T

ITPOR
hEVToR B TOREVIND
1<d ‘.-prvsuag

shep t 5 001 ©
Q=11 21n)

ST Inpoy
BISTIE D TURR TR B |
Ted Copisudl

sATp "1 001
JZ1] 34n)

SNINPMN
T ‘uvctniclaoyyl

-

153 ‘ai1sway

sitp ‘3 001 ©
s2S11 2207

$3138}3123>C3T90
1512394

w

CONFIDENTIAL

oy




re

CONFIDENTIAL

TABLE XLI

COMPARATIVE BINDER CRITERIA

Conparative
(riterian

K-13

FAAN

PFolyrmer
Availabiliey

Solids
loading
Potential

Mechanical
Propertics

Structural
Stab{lity

Shelf Life
Potentinl

Stabtlity tn
Scavenged
Propecllante

Readdily avatllabile.

Allows higher solids loadirng.
Limit nct presently defined.

Yielde better mechanleal
properties,

Hae hiatory ol structura!
teatabiltty. Nowever, this
{nstabilicty bax been shown tv
be reg.sded through th use
of atabhilizers undecr 11 "tod
aglng studien,

Not awdoguately dobined, needs
stabillzacton and will by
dependent on temperature and
hamidity.,

Hydrogenation could break
polymer chaine,

Would have- to be manulbactured,
but svntheeis {s simple and
straightforward as demonstrutel
by Rohm & laas.

Present higher molccular weight
polymers will allow processible
rrapellant at the solids load-
1ny requlrod to mect porformance
taryete, however, o orore casaly
processthle systoa wonid he
Gdestres and ron he abtatas
throoaeh tatlotineg of the LAAA
polyner melocular worght,

Altooeh mechoanical properticos
arce Inver, adequate of cven
comparabl. propcertics are
indlcated through polymer

Aatloring,

Haw Leen Wdemonsuratesd to Have
extremely yood and rellable
stroctural stability.

fa-ablent untor contestled
bopmfd f ey ot Mdyh (ramorataroy,
necds etabilfzation, and
Better dilinttion of humidity
Liedtatiana,

Uedragenation breaks vory few
y tivmer chalne singe et
veter jroups are on malde
thilng

CONFIDENT IAL

" o = » wmw—e

CONFIDENTIAL




CONFIDENTIAL

SECTION 1V
SCALEUP

(C) Two binder systems were scaled up on this program. The P-BEP/TVOPA
propellant was scaled up to 5PC motors, but was abandoned when a serious
shelf life problem with the P-BEP/TVOPA/AlHa propellants were encountered.
AlHj propellants with an R-18/TVOPA binder were then scaled up to 15- and

40-1b wmotors.
A, P-BEP PROPEZLLANT SCALEUP

1. Performance Optimization

(C) Theoretical performance calculations were made using the thermo-
chemical cats shown in Table XLII for the P-BEP/AP/AlH3 system., Specific
impulse and density as a function of P-BEP binder level and AlH3 loadings
is shown {n Figure 8. Theorerical specific impulge peaks at low binder
and high AlHy laodings, thus, processibility determines the upper limit to
formulating from a theoretical standpoint,

TABLE XLI1
THERMOCHEMICAL DATA USED IN PERFORMANCE CALCULATIONS
Ingredient AHf K-cal/mole Formula p(gm/cc)
P-BEP binder ~42.) C2.16“3,090p.75N1.17F2.2A 1.570
AlHJ - 2.17 AlH, 1.474
TVOPA ~-197.7 C9F12H14N603 1.54
CLNFIDENTIAL
«© To better define the formulation region of {nterect, predictions

of delivered impulee ware made on the basis of two-phase flow considera-~
tions., Figure 9 shows the canlculated effect of weight percent Al204 {n an
exhaust on specific impulse etficlency. Figure 10 shows specific impulse
efficiency as & funcction of mase flow rate for both fluorine and oxygenated
binders. Ae shown, the fluorine binders give significantly higher {mpulse
efticiencies than oxygensted binders aeven at relatively high mase flow

rates. The high {mpulse efficiencies obteined with the fluorine containing
propellante cen be axplained in terms of fmproved combustion eff{{clency
(particularly in small motors and at high fuel loadinge), and & reduction

{n two-phase flow losses. The reduction {n two-phase fluw losses at constant
mawvs {low rate can be related tu & reduction {n wefzht percent condensables Q
and & poeseible reduction in the oxide particle sire, In order to (ully
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yigure 9. Calculated Particle Lag Lossce
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(C) account for the differences in efficiency between fluortine and oxygen
systems, the agsgsumption of either a l-micron oxide particle must be made,
or i{f a 4-micron oxide particle 13 present, a reduction of approximacely
1.0 percent {n miscellaneous losses. For example, the impulse losses of

a double-base propellant containing approximately 18 percent aluminum

(34 percent condensables) at a mass flow of 8 lb/sec can be broken down

as foilows:

Basis (percent) 100
Particle lag loss -2.5
(4 micron Al507)

Heat loss -1

Miscellaneous losses

Specific impulse
efficiency 94.5

-2

(<) For comparable aluminum loadings, the weight percent condensables
of the fluorine systems 13 approximately one-half that of tha dnuble-base
systems with an indicated impulse efficiency ol approximately 97 percent.

Ag shown in Figure 10, this reduction i{n percent condensables can only
account for spproximately 1.6 percent of the 2.5 percent difference in
efficiency between binders (f a &4-micron oxide particie is assumed. Thus,
undev this assumption miscellane us losses must be reduced by approximately
1 percent to account for the difference between binders. On the other hand,
the assumption at a l-micron parcicle couid almost eutirely account for

the 2.5 percent efficiency cdiiference. These factors are further {llustrated
in Figure 11,

(C) It 18 obvious fruo the above analysis that the efficiency data

on fluorine systems {s too limited to allow vrigorous prediction of the
effect of propellant and motor parsmeters on delivered impulse efficiency.
Thua, further refinement of the efficiency correlations was cxpected to be
en important part of the Phase Il effort. Delivered impulses assuming both
a 1= and 4-micron oxide particle are shown in Figure 11 as a function of
AlH3y loading for a constant system density of 0.0¢13 15/in.3. As expected
from lag-loes consideratione, the sssumption of a l-micron oxide particle
size gives the highest predicted impulse values snd cptimizes at near opti-
mum theoreticsal AlHy loadings (greater than 25 percent). Peak predicted
delivered impulses in the processible range fotT tne l-micron oxide assump-
tion are appronimately 274 sec, in excess of the program requircmencs of

272 sec.

) The assumption of a 4-micron oxide particle and 1.2 percent
miscellaneous losees givas o much flatter optimization curve with a peak
del{vered impulse of 270 sec predicted in the 20 to 25 percent AlH3 range.
Because the Alll3 londing will control tie upper limit or processibility and
the final propellant density, it becomes neccssary to determine which one
uf tha correlation assumptiong is most velid. For example, {f the l-micron
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S S

~ (C) assumption is valid, formulations should be designed with the highest AlH,
loadings possible; however, i{f the 4-micron size assimption is valid, it
may be more favorable to formulate at a lower AlHj loading and maximize AP
loadings to achieve higher densities. Figures 12 and 13 show triangular
plots of predicted impulse for the P-BEP/A1lH3/AP system assuming 4- and 1-
wicron oxide particles, respectively. Initial ballistic screening will be i
carried cut with formulations designed to determine which of the oxide
size assumptions is most valid. Formulations within the inner triangle
shown in Figures 12 and 13 will be explored. Formulations in the range
of 18 percent AlH3 to the maximum ohtainable (expected to be appraximately
25 percent for an 0.0615 1b/in.J density) will be tested. Oxide particles
should be collected from micro and 5-1b motor firings in further refining
the efficiency and delivered impulse predictions. Once the formulation
region has been explored, an optimum formulation can be designed for maximum
impulse and density within the processible region.

2. Laboratory Formulation Effort

©) In support of the formulation effort, packing fraction measure-

ments were determined for multimodal blends of AP and AlH3., Blends of

600, 400p, SOp, and 15 AP with AlH3 were studied. Optimization of the

size distribution was conducted using the Simplex method introduced by

Alley and Dykes.8 A typical response surface is shown i7 Figure 14.

Results indic .ted most favorable AP distribution was a blend of approximately
z. 30 percent -600u, 30 percent =400y, and 40 percent -15u. However, based

on mechanical property considerations, a blend of 65 percent 400w and 35

percent 15p AP was used throughout the bulk ot the rormuiation efiort. b

(%) Using the above AP blend, studies were conducted to determine .
the effect of increasing solids loadings fram 60 to approximately 70 p
percent, The effect of increasing solids loadings in several formulations 1
are presented in Table XLIII., Within this grid the TVOPA content in the

binder was imcreased from 50 to 67 percent, The NCD:OH ratio was {ncreased

to compensate for the higher TVOPA formulations. The data show that a i
formulation containing approximately J2-weight percent binder ie processible. !
However, tou process at this level requires the use of the higher TVOPA "
containing binder. Unfortunarely, as shown in Table XLIII, these pro-

pellants characteristically cured more slowly and exhibited poorer mechani- \
cal properties than those made with a 1:1 P-BEP: TVOPA level. '

\n To further optimize the cure of P-BEP propellants, the following )
variables were explored in a series of 300-gm mixes:

aRefer to List of References
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v (a) NCO:0H rattio
(b) DBTDL catalyst level
(¢) The non-HF reactive catalyst, DMITC
(d)} Al vs AlH3
(e) Cure temperature
(f) Binder level
(g) P-BEP:TVOPA ratio
(h) TVOPA purification
(1) HF scavengers
(k) Polymer modification (triisocyanate/diisocyanatce blends)

The large number of variables made & complete anslysis impractical and

{n several cases only an {nitial fudication of the effect of a particular
variable was obtained. During the last part of the evaluation the effort
was directed not only at mechanical property determinations but at reducing
the CO, generation during cure and this effort will be discussed separately.
Table XLIV shows composition of the two basic formulations explored at
40-percent binder.

(c) Two initial 1-1b mixes were made of formulation No. | at a
catalyst level of 0.005 percent; one had an NCO:OH ratic of 1.4 and the
other had an NCO:OH ratio of 1.6. Both mixes were cured at 120° F. The
cule was not as complete as indicated by previous 25-gm mixes. This was
shown by slisht tackiness and softer than expected propellant. Physical
properties of 42 psi, 36.5-percent elongation, and 170-psi modulus were
obtained for the propellant cured at an NCO:OH ratio of 1.6. These data
show that the propellant was not fully cured. The propellant forwmulation
cured at 1.4 NCO:0OH was not tested because of softness and solids settling
during cure. As a result of the less satisfactory properties in the 1l-ib
mixes, the catalyst level was increased to 0.02 percent for the bulk of
the remaining effort.

©) Table XLV shows the results of a series of the Al control made

at a 40 percent binder level. These results indicated that best mechanical
properties were cbtained at high catalyst levels and high cure temperatures.
Previcus 25-gm mixes had indicated the optimum NCO:OH ratioc was in the
range of 1.4 to 1.6. Studies over an NCO:0d ratio range of 1.4 to 2.0
{ndicated as expected, that the higher NCO:OH ratios gave higiest tensile
strgngths while the lower ratios favored higher strain levels at the
sacrifice of tensile strength. Decreasing the P-BEP:TVOPA ratio appeared
to significantly degrade mechanical properties even when co-rections were
made for the TVOPA {socyanate demand. The use of the non-HF reactive
catalyst dimethyltin dichloride appeared to give compucable properties to
the CWX-105 catalyst system with 1C times higher ~atalyst levels requiring
slightly longer cure times.
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TABLE XL1V

FORMULATIONS FOR PHYSICAL PROPERTY
EVALUATION OF P-BEP/TPMII BINDER AT 40 PERCENT BINDER LEVEL -

1 2

P-BEP 19.00 19.00
TVOPA 19.00 19.00

TCP €.50 0.30
Mondur T™ (TPMI1) 1.50 - 1.71 1.71
CW-X105 (10-percent 0.05 - 0.40 0.20

DBTDL)

AP 45.00 42.00

Al 15.00 )
AlH, .- 18.00

CONF IDENTIAL
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(C) Table XLVI shows results of extensfon of the binder optimizattion
studies to AlH,. As shown between mixes 165-20 (Table XLV) and 165-20
(Table XLVI) tgere did not appear to be any significant difference between
the ultimate properties of Al and AlH, propellants. However, the cure rates
were noticeably slower for the Al propellants. The use of a purified TVOPA
(no isocysnate demand) appeared comparabl> to increasing the NCO:OH ratio
(oix 165-25, Table XLV vs mix 165-53, Tuble XLVI). (See also mixcs 165-60
and 165-87, Table XLVI.) Decreasing the binder decreased elongation but
did not significantly effect the tensile strength. The uvse of a blend of
TPMTI and TDI (mix 165-86) appeared to give better properties than TPMTI
alone (at a lower NCO:0H ratio, mix 165-75). One interesting anomaly
occurred recently in duplicating the pilot plant mix cycle in the labora-
tory (mix 165-60). This particular sample was mixed much longer than usual
prior to catalyct addition and gave a significantly higher tenstle strength
than normal. However, strain capability was not improved.

(C) Another interesting phenomenon occurred with the use of calcium
tetraborate (CTB). In one experiment the CTB was added to the P-BEP/TVOPA
soluction orior to solvent stripping. After solvent sctripping for 24 hr
the free HF in the solution was reduced from 9COLg/sm to 140 ug/gm. This
premix was used to make a 500-gm VKQ propellant mix. However, immediacely
after addition or the normal 0.02 percent DBTDL catalyst the oix st up in
the mix bowl. These results confirmed that CTB is effective in removing
large quantities of free HF, improving the catalyst efficiency. Thia same
phenomenon has been observed in pilot plant mixes where an extra day of
stripping has significantly reduced pot life. An additional mix was made
wit® the CTB treated premix {(mix 165-84) with no catalyst. This mix

cured reasonably well a: 90° F indicating CTB may alsc be an effect’ve
P-BEP cure catalyst.

) In summary, results of the binder optimii - {on effort indicated
mechanical properties of 70 ps{ tensile strength a-’ 15 percent elongation
could reasonablv be expected at binder levels cf 3¢ :o 40 percent, &
P-BEP:TVOPA ritfc of 1l:1, a DBTDL :actalyst level cf 0.02, with a room
temperature cu. .. At lower binder levels, where i{acreacsed TVOPA levels are
necessary, properties are significantly poorer,

) It i{s recognized that improved properties could be obtained from
P-BEP propel.ants through the addition of polyols. However, this approach
significantly lovers energy and density levels and makes the use of P-BEP
as a binder less attractive.

(v) Based on the above studies, a NCO:0H ratio of 1.6:1 and a CWX-105
catalyst level of 0.¢ (0.02 percent DBTDL) was selected for additional
scaleup mixes.

3. P-BEP Scaleup Mixes

\m A total of 13 large P-BEP mixes were made using the TPMTI/
CWX-105 cure and catalyst system. Table XLVII shows details of the five
formulations which were scaled up. Table XLVIII summarizes details of the
mixes made. All mixes were made by the inert diluent process in a3 10-quart
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TABLE XLVII
. 1
P-BEP SCALEUP FORMULATIONS
T -
Formulation VN VX0 Y __\'&_“_ VKQ VXR
P-BEP 17.6 19.0 i 19.0 16 .5 16.5
TVOFrA 17.6 19.0 19.C 16.5 16.5
TPMI1 1.7 1.82 1.82 -- 1.58
AP 62.7 3o.9 42.0 47.0 44.0
AlH; -- 23.0 18.0 I 18.0 21.0
TCP 0.5 0.5 0.5 G.5 0.5 !
CwWX-105 0.2 0.2 0.2 0.2 0.2
Theoreticel Performance
Isp (1000/14.7) 263.8 281.5% E 282 283 ! ‘
C P (1b/1n.3) 0.0647 | 0.0602 : 0.0609 | 0.0615 i !
Te (%K) 3259 | 3202 | 3260 13415 : i
Oxidation Ratio | 3.54 0.997 ! 1.22 | 1.3% , l
Weight % Conds. -- 23.0 l 17.8 ] 20.4
i
|
|
\
\
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(U) Hobart mixer. The first eight mixes st.own wer. made under Contract
FOl611-68-C-0039 to supply AFRPL aging samples. 7Th se nmixes were cast into
either 3-in. cubes, 2-in. cubes, or Saylock tensi.e molds. The VKN pro-
pellant has a very slow cure rate at 80° F, but cu:ed well within 3 to &
days at 120° F. The VKO propellant also cured slower than in the smaller
mixer but was well cured in 9 days at 80  F. The comparative cure charac-
teristics wete the same as observed for l-pint Baker Perkins mixes made

in the laboratory, i{.e., addition of ALE , or more specifically, nBA-treated
A1H3 catalyzed the isocyanate cure. 3

(<) The remaining 5 mixes were cast into 5PC grains, as described in
the following paragraphs. Mix No. 9 was an 1l-1b mix of VKP propellant,
and was cast into two 5PC molds. The propellant contalned (.02 percent
DBTDL catalyst and also cured slower than laboratory oixes. The grains
were cured 13 days before mold disassembly. Both grains were slightly
damaged during disassembly by propellant fractures caused by nropeilant
adhering to the po'yethylene mold plates. The propellant fractures were
removed by machining, and both grains fired.

<) Mix No. 10 was a 5.5-1b mix of VKQ propellant ard was cast into
one SPC mold. To study the eftect of stripping etficiency on propellant
cure rate, the P-BEP:TVOPA solvent was stripped for an extra day prior to
conpleting this mix. This grain cured approximately twice as fast as
previous wnixes made using a l-day stripping cycle The pot lite was also
noticeably shorter for this wix. The grain cbtained from this mix was of
good quality and fired.

W) Mix No. 11 was an 11.5-1b mix of VKQ propellant and was cast {(n
a dual grain SPC mold. Tnis mix was made with the normal one day stripping
cycle. Apxain, this grain exhibited the slower cure rate. X-ray inspection
ghowed that top gratin contained some porositly whiie Lhe boticm graln con-
tained numerous voids to a 1/4 (n., diameter. The top grain was subsequentliy
fired successfully. The cause of the porosity {n this grain was not readily

apparent.

(L) To confirm the faster cure rate with the longer stripping cycle,
an additional 5.5-1b mix (mix No., 12) of VKP propellant was made with a
2-day stripping cycle. Again, the pot life was much siorter and the cure
rate [aster than with the shorter stripping cycle., Radiographic inspec-
tion showed several large voids thruughout this grain which were felt to
be due to poor consolidation resulting from the short pot life.

(C) One final mix (mix No. 13) waes made of the VKR formulation tn
which modifications were made to redure gac generation and Leprove pot life.
Ammonium perchlorate was vacuum dried several days at 140° F to lower
residual moiscure to a min{mum. In add{tion, the TPMT1 was reduced 8o as

to provide a 1.3 NCO:OH ratio. Previous mixes were made with a 1.6 NCO:OH
ratio, These steps were designed to reduce the potential for the produc-
tion of COp. The P-BEP/TVOPA mixture was vacuum stripped for 2 days. The
CWwX-105 catalyst level was reduced from 0.2 to 0.1 percent, The mix ctemp-
erature was kept below 100° F. This grain was cured at 90° F and vas

disassembled after S-days cure. X-ray examination of each grain shcwed ten
voids, two were about 3/8 {n. in d{ameter, and four had cracks asmsociated
with them.
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) The results of this casting indicated tlie porosity problem is
agsociated with a rheology problem during casting and consolidation. 1t is
knowr, that the reduction in the free HF level during the stripping cycle
significantly reduces pot life. This factor, coupled with the higher solids
loaded formulatinns may have led to poor grain consolidation on the latter
mixes. A solution to this preblem appeared to require % good deal of addi-
tional effort, including refcormulation at higher TVCPA levels to get a more
fluid mix, and prior elimination of HF to get a more reproducitle pot life.
This effort did not appear warranted in light of ithe shecrt P-BEF/AIHJ shelf
lives and no additional P-BEP mixes were made. (Refer to Secticn V,
paragraph 5.) Further scaluup was accumplished with the R-18 binder.

4, Ballistic Evaluation
a. Micro-Motor Firings
(C) A limited number of micro-motor firings wece made of P-BEP

propellants tc determine irnitial burnirg rate characteristics to size
nozzles for the larger motors. The basic micro-motor design is the same

as the Rohm & Haas /5C.50-1.5 motor design and containca approximately
10-gm of propellant. Inizial firings were made with an igniter composed of
an M-105 Atlas match with 200 mg of NNP-50}) powder with VKP propellant.
However, 8 rather severe ignition saddle was expertenced with this system,
Additional firings were made with a wide variety of igniter marerials in

an z2tempt to obtain more neutral traces. Magnesfum-teflon was found to
provide the most desirable ignition charactueristics and a series of firings
were conducted using various weights and combinations of magnesium-reflen
powder and quartered 3M magnesium-tefion pellets. All firings were con-
ducted at 1C00 psia design pressure. A bag igniter composed of an M-105
Atlas match and <00 mg of magnesium-teflon powder gawve the most acceptable
pressure-time trace. A typical trace is shown {n Figure 15. Diszharge
coefficients of 0.0063 sec ~} were obtained for all firings using 300 to
400 mg of magnesium-teflon macerial,

TIME EQUALS 20 MS PER DIVISION

PRESSURE EQUALS 250 LB PER DIVISION

Figure 15. Pressure-Time Trace for M{icro Motor Grain No.
165-12-4, Propellant Composition BC-165-12
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) Using -bove ignition systen, P-K-r data was Sbtained c¢n
VKP propellant over a p essure range of 5CO to 1500 psia. . here were nc
{ndication3 of any beallistic anomalies over this pressure v. Le. lhe P-i-r
data from these firings is shown in Figure 16. Also shown ip Figure 16

are the results of strand burnirz tests of this propellan:. Good agree-
ment with the micro-motor daca {8 evidert. The burnirg rate of the VKP
propellant was 1.4 in./scc at 1000 psia with a rressure exyponent of 0.67,

b, Five Pcuna Motsr Firings

) Four 5-1b xmotor firings cf the P-BEP/AlH. propellant, pro-
duced from the scaleup mixes, were made. Two firings o} each of VKP and
VKQ propellants were made. Details of these firings are presented in
Table XLIX and typical pressure and thrust-time curves are shown in
Figure 17.

) The first firing was of VKP grain $-814. Apparently, the
beaker split during initial pressurrzation due to a mure rapid thar. usual
pressure rise for this propellant. The increased surface caused a peak
pressure of about 2400 lb, overloading both pressurce and thrust daca
acquisition systemy. Reltable ballistic data was thus not obtained from
this firitng. Succecding firings were made with a modif{cation {n motor
loading 2o permit faster pressurizatiog behind the grain inhibitor. The
secona VKP firing gave a delivered Isp g of 258.9 scc for an effirfency
of 91.9 percent. The two VKQ firings gave an average delivered 1spinco of
265.3 sec for an efficlency of 94.1 percent. The average mass flow tate
for the VKQ firings was 8.4 1b/sec. The high effictency and high delivered
impulse of the VKQ propellant at this mass flow rate confirmed the expected
high performance of DOMINO/IlH} propellants. Additiondl anaiyeris of this

b_a s = ~diam
Jdata ls Baven ey, ?.’.‘.:"‘;"""‘ 2.4

S. Shelf Life Studies of P-BEP Propellart

a. Posttreatment Studies

«©) Previously reported efforts showed signi{icant impreovements
in stability of neat Alllj could be obtalned with the NBA passivation, This
initial effort i{ndicated &8 7 day/60 °C cycle was near optimum from the
standpoint of early gas formation and oxygen uptake (purlty decrease).
Further-optimization studies were conducted to optimize the treatment

cycle bascd on long-term stability i{n P-BEP propellant. 1In this study, a
determination was made of the off-gases evolved grom P-BEP/‘IVOPA/A‘_H3 rro-
pellants as a function of passivation time at 60 C. The samples wele con-
tained in stainless stell tubes coupled to a modified GC column for separa-
tion and quanti{zation cf the gases. Figure 18 shows a summary of total
gases determined from complete P-BEP/AlH. propellants containing 'are
received,”" 7-day, and l4-day nBA crested”AlH;, respectively. Figure 19
shows the same plot for hydrogen only. These samples were prepcte:l in tie
laboratory (25-gm mixes) and placed in the off-gas analyzer ime_dia ely
after mixing, L. e., prioc to cure. The off-gas results on 25-gm  “aes
after 21-day testing at 60 C is shown ir the following tabulation

9n
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Figure 16, P-k-r Data for VKP Propellant
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TABLE XLIX

MOTOR FIRING SUMMARY

Formulation VKP VKI VKQ_ VKQ
Motor Design SUC 5pC 5pC SPC
Firing Date 4/30/69  4/18/69  4/30/69  5/1/69
crain No, $-813AH _ S-Bl4AN_ S-B1BAW _ S-B819aH
Firing No, DOM-1 _  DOM-2 DOM-3 DOM-&
Propellant Wtg, 4,90 4,74 4,78 5.38
K-S/At 61,68 * 70.40 £1.99
t,-sec 1006 __ % 0,582 __  0.611 —
t, -sec 0,945 * 0.555 0,50
T’a-psia 606 * 1208 1060
Fy-psia 628 *_ 1240 RORHY
Pmax-psia 01 * . 13s0 1178
Famb-psia 12,22 A YY) 12,29
T-in,/sec 1.007 . 1,700 1,607
m-1b/sec 4,87 * 8.21 845
cgroec”! 000588 % __ 0,005/6 0.00383
cA /N, 6.250 __ 6,285 _ 1.257 _ 6.3
T,-lb, 26w 22
1sp dul.-lbfqec 249,9 » 271.0 e 7
1bm

Theoretic 1 lsp at

Firing Conditicns | 271.9 % 287.0 _  2u'.6
Ffficiency, Eff 91,00 w0 94,42 iR
191 gug 29 v 267.0  263.9
Notes:
'Not considered valid because of beaker split at fni{ti.! prcssurization,
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(c) AlH, Treatment
cc's Gas/Gram "As Received" 7-Dav_NBA 14-Dav NBA
Hy 5.54 2.80 0.78
C02 0.28 0.49 0.54
HON 0.04 0.3 0.30
Total 5.86 3.66 1.62

Tnese data show that significant improvements were obtained in the stability
of AIH, by the n-butylamine treatment. Also of impurrance {3 the increase
in the amcunt of CO, and HCN with the NBA-treated material, indicating a
possibility of an interaction between the P-BEP binder and the NBA-treated
AlH4. Off-gas data for a repeat run with l4-day NBA AlHj taken from a large
pilot plant mix after 20 days at 60° ¢ is tabuylated as follows:

AlH, Treatment

cc'g Gas/Gram 14-Day NBA
Hz 1.17
C02 0.25
HCN 0.12
Total 1.54

These data show less CO, and HCN, possibly due to better stripping in the
pilot plant over the 25-gm mixer. However, che HCN level {s still higher
than the ''laboratory" '"as received" AlH, sample.

b. Stability Studies

() To obtain gas generation rete results that would be directly
relatable tc cracking cube results, geveral 2-1in. cubes of both P-KEP/Al
and P-BEP/AIH3 propellants were made. (Refer to Table XLVII for details

of the formulations used in this study.) These cubes were cured at 80 F
and samples of the cubes placed in the off-gas analyzer just prior to plac-
ing the cubeuoin surveillance. Results of off-gas tescing with these
samples at 60 C are presented {n Table L, Of ma‘or significance is the
fa.: that the induction period to the onset of AlH, decomposition observed
i{n the tests conducted with curing propellant has apparently been used up
80 that hydrogen wes detected immediately. 1In addition, a much higher
inftial C02 peak was cbserved with the P-BEP/Al propellant., This high

peak may be the result of a poorer cure of the Al propellant, leaving
residual {socyanate to react with moirture contamination. Again, as with the
previous tests, the NBA-treated AlH3 sample gave larger quantities of HCN.
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) o Thy 2-1in, cuges of both Al and AlH, propellauts were stored J
at gc°. 1097, 120, and 140" F. The AlHj propellunt was alsy stored at

167 7 (757 C). At 167" and 140" F, the A'lly propellants cracked wichin

2 daysostotageb At 120° F, the AlH, propellant cracked betw.en 2 and 5 days.
At 100 and 80" F, there was an iniéxdl indication of some p.rosity forma-
tion after 9 and 14 days, tespectively. However, no additional c¢'ianges

were agparent after 5?7 days in these samples. This tnitial tailure indica-
tion is probably due to a high initial gassiny rate which decreases after
several days allowing the gas to diffusc out from the sample as rapidly as

{t ts formed,.

(©) The P-BEP/Al samples failed vetween S and 9 d4-ys at 140° F
and between 21 and 34 deys at 120° ¥, No signs of failure were apparent
in the saoples stored at 100° and 80° F after 57 days. It was felt that
the 2-1in. cubes werc beluw the critical cube thickness fet these temperas
tures and the tests were terminated, Figure 20 sumnarizes the cracking
results graphically.

©) The short time to fissuring of the P-BEP/Al propellants at
140 and 120° F was disappointing and i{ndicative of a putentially scerious
long term aging problem fur the binder. For example, it has beea shown
that 2-in. cybes of the EAAA/TVOPA/AL propellants will survive for scveral
months at 80 C.

©) Based on the off-gas analysis testing at 1140o F (60o C), tue
feilure of P-BEP/Al cubes at 140 F can be attributed to CO, generatton
during cure and elevated temperature storage. This can be deduced from

the CO, solubllity data and the prepellant mechanical properties using
Henry's law and the Lawson failure criteria (Refer to Section V, paragraph B
¢or a discussion of the melLhod of predicting failure.) For the P-BEP/AL pro-
pellant, the critical CO, concentration was calculated as approximately

0.22 cc's/gm propellant. As presented in Table L, this concentration is
achieved in approximately 7 days when y-ailn rupture would be expected. As
discussed, actual grain failure occurred between 5 and 5 days. For the
P-BEP/AIH; propellant, bcth hydrogen and CO; pressure would contribute to

an earlier failure as was observed.

v To further define the shelf life for both P-BEP/Al and
P-BEP/AlHy propellants, additicral gas generation rate studies were con-
ducted at 100° F.

©) Propellant taken from the surveillance cubes was stored it
100° F and used in these tests. The following tabulation presents data
obtained to date:

Sample Days @ 100° F cc's/g H, cc's/g CO,
No AlHy 3 ND 0.050
AlH] 3 0.05 0.26
No AlH, 4 ND 0.020
AlH3 4 0.007 0.030
No AlH3 S ND 0.00«
AlHy 5 0.001 0.011
No Alhy 6 ND 0.004
AlHy 6 0.001 0.010
No AlH}3 11 ND 0.013
AlH) 11 0.011 0.03%
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( (<) Of major significance was the rapid initial CO, and H, gas
generation for the P-BEP/AIH3 propeliant sc that early failure might be
expected. However, once past this inftial high generation period, diffusion
processes could control the shelf life. As discussed previously, this
appeared to be the case with the 2-in. cubes stored at 100" F. For the
T-BEP/Al sample, early failures Sould not be anticipated from the lower
COy generation rate shown at 100 F.

(C) Further analysis of the CO, generation in both P-BEP/AL

and P-BEP/AIH3 propellants is shown at 1;80 and 100° F in Figures 21 and
22, respectively. Thege data show that beth propellant systems are in the
same population at 140" F. 1In «ddition, {t appears that the {nitial gas
generation {8 roughly twice the final generation rate, and may be due to

& residual isocyanate-water reaction or an incompatibility with these im-
purities. 1In contrast, Figure 22 indicates the P-BEP/Al and P-BEP/AlH
propellants are of differcent populations at 166° F and AlH3 is catalyzzng
C0, generation.

©) Several attempts were made to reduce the CO. generation from
P-BEP/AIH3 propellauts and included the use of HF scavengefs, varying the
cure stoichiometry, and strictor moisture coucrols.

(C) Non of these techniques substantially reduced the gassing
problems. Based on these efforts, the following conclusions were made
regarding the use of AlHy in a P-BEP binder.

(a) The usc of the catalyst loaded molecular sieves
assured that firm cures could be consistently
obtained, however, cure rates and conscquently
pot life varied with stripping efficiency as
a result with mix size. This problem could possibly
be resolved by pretreating the P-BEP to rcmove HF.

(b) Mechanical properties in a ballistically optimized
propellant are marginal with the use of the
triisocyanate cure system, Improvements could
probably be made with the use of reinforcing
polyols, but this approach dilutes the energy
and density advantages of the P-BEP binder.

(c) Shelf lives of boi. P-BEP/Al and P-BEP/AlH_ pro-
pellants are very short at 120° F in small’webs
and probably short in large webs at temperatures as
low as 100° F. There is also indication of a
compatibi{lity problem between AlH, and the P-BEP |
binder. This problem may be due go residual NBA
left cn the AIH, catalyzing decomposition of the
P-BEP binder, catalysis of the competitive water-
isocyanate teaction or catalysis of urethane
hydrolysis all o which could give CO2 during
( storage. The presence of more HCN gas during
stocrage for P-BEP/AlH, propellants is indicative
that at least some adaitional P-BEP degradation
is occurring.

100
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! ©) The above problems led to the belief that the scaleup of |
P-BEP/ALlE, propellanty was uot attractive without a goo¢ deal of additional
effor: ditected towards purificacion of P-3EP and development of a cleaner
P-BEP cure. Further compatibility studies with AlH in the P-BEP binder
were also considered a necessity. As a result, it’was recommended that
further P-BEP scaleup effcrts be elimirated in favor of the alternate
binder approach.

B. ALTERNATE BINDER SCALELP

1. Selection of Candidate Progellants

(C) A series of theoretical specific f{mpulse calculations were made
with the R-18 binder to aid in the selection of propellants to be firea

in 5-1b motors. These caiculations (Table LI and Figure 23) indicate that
the theoretical impulse begins to level off above 27 percent aluminum
hydride, so there is little advantige to attempt to usc larger quantities,
Addittion of HMX has littie cffect cn the theoretical tmpulse, lusering it
slightly on the AlH, system, and ratsing the {mpulse cn systems ceontaining
less hydride. The two cempusitions that were selected for testing (VKU
and VKw) are presented {n Table LII.

2. Scaleup Experience

©) Process hazards studies {ndi{catcd the AlH_/TVOPA propelliants
could be safely handled {n the Bacchus 1 pint and 16 quart Hobart mixers
vithout subsctantial equipment or procedural modificatiuns. However, in
scaling up to 70-1b mixes {n the S-gal J, H, Day mixcr, hazards analysis
indicated that several steps were required which had {nadequate satcty mar-

~iemm
Bt

N

{C) Based 0., extensive hazerds tests on the ALlH,/DOMINO propellants,

Hercules feela that an tnert diluent process 18 hi{ghly desir.ble foc

scale up above the l-gal liobart Mixcr, Both impact and friction scensitivity

of thcse propellants are well below the sensitivity of non-AlH_propellants

normally processed in larger mixers. Recent teosts of combinations of i1ndi-

vidual ingredients that could occur during mixing indicate that even more

sensitive coubinations are possible than the complete green slurry. The

most probable source of {nitifacion durirg mixing is duc to friction,

and the results of friction tests with these combinations are shown 1in

Figure 24. The shaded area 18 the torce levcl that {s achievable {n manual !
operations., The AlH, propellant (in the green slurry) falls well within

this force regilon, ngtcal high energy douule-base propellants do not \
perietrate this reglion. Two combinarions of AlH_., with AP and with TVOPA,

are much more sensitive even than the umcured s}urry propellant. The

TVOPA/AIH, combination can even be initiacted wit'out any force being

applied to the wheel in the friction apparatus. (See Figure 25.) A sample {
of TVOP../A1H, placed on the anvil will inftate with a clearance of 1/16 in.

between the wheel and the anvil at speeds of 6 ft/sec or above, Thus, j
the only friction forces developed in this te.c are from the propellant

{ngredients themselves aince there was no metal-to-metal contact. There-

fore, the mix procedure should be such that there i{s no chance of forming

these sensitive binary combinations at any time during the mix cycle. }
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Figure 24, Priction Sensitivity of Ingredient Combinations
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TABLE LII
COMPOSITIONS FOR SCALEUP
Propellant Designation VKU VKW
Composition
R-18 Binder 3.9 3.9
TVOPA 26.1 26.1
A® 48 42
X - 10
A1H3 22 18
CONFIDENTIAL

(C) An analysis of the heat genera 'ion during mixing 13 presented in
Appendix C. Insignificant heat generation is obtained durirg normal
operation of the 5-gal J. H. Day mixer.

u) The addition of fnert di{luent to the mix procedure can reduce
he hazards in 2 number of wayas:

(a) The possibility of forming binary mixtures of the mast
sensitive combinations will be reduced.

(b) The chances of initiation of the mix through accidental
application of abnormal forces will be reduced.

(c) The possibility of an initiation propagating to the
whole mix will be reduced.

3. Inert Diluent Process

) Considerable difficulty was encountered in designing an inert
diluent process that would cure, A summary of the R-18 {nert diluent
mixes made under this program is given {n Table LIII., The following three
basic procedures were tested:

(a) The dry solids were added to a TVOPA/diluent mixture
from the remote addition hoppers. This procedure required
that the solid be added at ambient pressure to preve
premature diluent stripping whereas they are normally
added under vacuum. It wae found, however, that ambient
addition of the solids caused the generation ol large
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(Cc) quantities of dust which 1{s a serious safety hazard.
A slow cure was also eviden: with this procedure (see
mix No. BC-172-95 and -99). Therefore, this approach
wzs abandoned,

(b) 1In the second process, the mix was performed without inert
diluent untll after the solids were added., Dilu.nr was
then added to aid {n solids dispersion and to remove any
agglomerates on the mix blades. After removal of the
diluent, the catalyat was added and the mix completed
under vacuum. This procedure was tested in the l-pint
Baker-Ferkins mixer and resulted in a high quality
propellant which cured in 5 days at 100° F (BC-138-57).
However, when tried in the Hobart mixer (12 1b) the
propellant cured very slowly resulting in a soft porous
propellant. Analysls of this mix revecaled that sufficient
isocyanate and hydroxyl groups were dvailable to react, so
the blame must fall on rthe catalyst, The catalytic
activity s reduccd by the procedure, probably due to
incomplete dispersion of the catalyst. The fact that
the Baker-Perkins mix {which has better mixing action)
cured, wherees the Hobart mix did not cure, supportu
this explanation,

(c) The order of solids addition was rcversed in the third
procedure to remove all possivility of dusting and solids
caking on the blades. Dry AlHj was added to the mixer
bowl follnwed by the TVOPA/d{luent/R-18 mixture. Then,
a slurry of oxidizer in freon was added by hand to the
bowl and the freon was ~arefully removed to avoid splash-
irg. After complete removal, the crosslinkecr (HT) ard
TDI were addnd and dispersed in the mix, followed by the
cetalyst. The mix was then vacuum mixed and cast, Foor
cires were also obtained with this procedure even with a
final mix c¢cycle of 90 min.

) Each inert diluent process has one thing in common, catalyst 1is
eddad after the solids are i{ncorporated in the mix and the inert diluent
18 removed. It appears that the small amount of liquid DBTDA catalust
(0.005 percent) does not gef dispersed when added after all of the solids
are in the mix. To overcome rhis problem the catalyst was placed on
moleculir sieves, The sieves not only aid in the dispersal of the
catalyst but also allow the use of larger quantities of catalyst while
maintainlng an adequate pot life. For example, 0.2 percent of sicves
containing 20 percent DBTDL (CWX 105B from Linde Division of Uniun Carbide)
gave adequate pot life and good cure whereas 0.0l percent of DBTDA
(14quid) remulted in insufficient pot life, The sieves are designed to
protect the catalyst so that 1t is not available for catalytic activity
until (t 1s diaplaced from the sieves by either h:at or by ancther
molecule (in thi:. case probsbly by water and/or UF).
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(' Q)] Using the third inert diluenc procedure with the catalyst on
sieves, two l-1b Baker-Perkins mixes were made successfully (mix No.
BC-138-77 and -80), Also, a 70-1b mix was made in the Day mixer, using a
1-hr mix cycle after addition of che catd]y<t, resulting in a soft rubbery
propellant after a 2-day cure at 100° F. The propellant was nenporous,
except that several casting volds were present in one of the 15-1b motors,

) To improve casrabilitv in the second 70-1b mix the procedure was
modified by cutting the mix cyclc to 30 min after catalyst addition. This
mix did not cure properly, A very solt porous propellant resulced after

2 days at 100° F. The soft propellant and slow cure was caused by impur-
ities in the TVOPA as was discussed in Section I1I, paragraph 5. Purifica-
tion of TVOPA resolved the problem, (Refer to Appendix B.)

Q)] One characteristic that is common to all inert diluent pro-
pellants is a marked decrease in mix viscosity over propellants made without
inert diluent, The explanation for this reduced viscosity is believed to be
an improved wetting of the solids by the Sinder ingredients, plasticizer,
and binder. Residual diluent {s not responsible for the improved viscosity,
since analysis has shown the amount of diluent to be iless than 0.Cl percent
in the propellant at the ¢nd of the mix cycle,

he Ballistic Results

«©) The burn rate of VKU and VKW propellants was tested by strund

and micromotors. The effect of varying the AP particle size and the adding
of HMX to VKU were also tested, The results (Figur:» 26) indicate that
teplacing Zu AP with 15p AP lowers the burn rate approximately 3 pervent,
wherecas wdding 10 percent ML lowers the race an additional 20 percent.
Microemotor P-K-r firing results of VKW propellant are shown ir Figure 27,
A burn rate of 1.3 in./sec at 1000 psi at a slope of 0.60 was achieved.

The results agree closely with strand data. In addition. the burn rates of
the S-1b motor firings are ploctted on the same graph showing that close
agreement was achieved.

<) Boch VKU and VKW propellants rere fired for impulse measurements
i{n micro motors and 5-1b motors, VKV was also fired in a 15-1b motor., The
results of thesc firings are summarized in Table LIV. Details of the large
motor firings and firing traces ave presented in Table LV and Figurces 28
through 32, The results of the micro motor and 5-1b motor firings clearly
indicated that the impulse efficiency of the 18 purcent AlHy VIO 1is higher
than the 22 percent AlHy VKU, thus giving equivalent delivered impulse from
the two propellants. Since VKW has a higher density éc was chosen for
scaleup to the 15-1b motcr. The delivered impulse 1100 of 267 with aa
¢fflclency of 94.69 {3 impreasive for a 15-1b mitor fir?

<) The rcsults demonstrate that very hiyh e{ficiencies are
achievable from AlH3 propellants through the as¢ of a DOMINO binder; thus,
the NF ingredicents increase the efficlency ot AlHy-fueled propellants as
well as Al-fueled propellants, A compariscon of the impulse efficiency of
( aluminum versus AlHy propellants is shown in Figure 33 {n which the eftect
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Figure 27. Micro Motor P-k-r Data for VKY Propellant
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(. (C) of mass flow rate on impulse efficiency is given for both fuels, The
data for aluminized propellant is taken from Rohm & Haas reports for thelir
well characterized RH-U-105 propellant. At higher flow rates the two fueis
glve the same efficiency, whercas at lower flcw rates the AlH3 propellants
may be lesg efficient which could be caused by combuscion lozses at the
shorter residence times.

TABLE LIV
SUMMARY OF MOTOR FIRINGS

Propellant Type VKU VKW

Theoretical Performance

Isp (1000/14.7 285 283

L (1b/in.°) 0.0607 0.0612
Te (°x) 3410 3392
Oxidation Ratio 1.24 1.32
Weight 7 Condensibi- 27.2 23,1

Delivered Performance

Teps*/Eéficiency |

20-gm motor 238/83.5 : 2412/85.5
S5-1b rotor 265,3/93.3 265.3/94.0
15-1b motor -- 267.0/94.¢

*
15 degree half angle
CONFIDLNTIAL
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TABLE LV

MOTOR FIRING DETAILS

Fcrmulation VKU VKU VKW VIGY VKW
Motor Design SpC SpPC SPC sSeC 15pC
Firing Date 11/14/69 | 11/14/69 | 11/14/69 | 11/14/69 | 12/8/69
Grain No, S-828AH-1| €-828A1.-2| S-829AH-1| S-829AH-2| S-237AH
Firing No. DOM-5 DOM-6 DCOM-7 DOM-8 DOM-10
Propellanc Wt 5,260 5.42 5.28 5.51 15.05
K-S/A, 57.38 58.94 72.58 75.91 75.55
t -sec 0.719 0.697 0.751 0.723 0.874
b, -sec 0.679 0.651 0.732 0.697 0.804
Fa-psia 780 826 948 1042 921
Fb-psia 804 856 968 1063 958
Pmax-psia 864 910 1034 1137 1011
Pamb-psia 12.44 12.41 12.44 12.57 12,23
T-{n./s:c 1.385 1.461 1.287 1.261 1.249
m-1b/sec 7.32 7.78 6.9 7.62 17.23
C -sec” 0.00581 | 0.00582 | 0.00533 | 0.00578 0.00579
C-AIA, 5.303 5.293 6.771 6.733 8.774
Fa-xbf 1883 2010 1839 2019 4621
Isp del.-lbf-sec 257.6 258.8 265.4 265.2 268.7
1bm

Theoretical Isp at

Firing Conditions | 276,32 277.25 281.61 282.90 284,12
Efficlency, Eff 93.23 93,35 94,24 93.74 .57
Ispigoo 265, 1 265.5 266.0 264.6 267.0

CONF IDENTIAL
121

CONFIDENTIAL




CONFIDENTIAL

/..

SECTION V

SHELF LIFE STUDIES

A, STABILITY TESTING

(C) Testing of the stability of n-BA-treatcd AlH; was performed in both
EAAA and R-18 TVOPA plasticized binders, Results of this .esting is
summarized in Figure 34 and compared to the stability of %1H3 in the P-BEP
binder. As shown, the stability of AlHj in all three binder systems appears
Lo be approximately the same with times required to reach 0.1 percent AlHj
decomposition varying from 8 to 11 days,

(C) Additional scudies were also conducted to compare the 1l4- day/60 C

n-BA treatment cycle with a 5- day/80 C treatment cycle recently recommeuded
by Dow Chemical, The new procedure consisted of refluxiag the n-BA (78° ¢)
for 5 days followed by the normal uaahing procedure and then drying for 3 hr
at 60° C rather than the 1 hr at 100° C which was used in the old procedure.
A comparison of the resultant AlHj from the new procedur2 by off-gas analysis
indicated that no improvemenu of the stability in VKW propellant was
achieved over the passivation procedure used previously. (See Figure 35.)
However , this treatment has a definite advantage in the shorter <cycle
required,

(_ (C) It should be noted that during the course of the n-BA treatment of
one 7.5-1b batch of AlH3 an incident occurred which resulted in the loss
of the complete batch. This was the standard lé-duy/50° C cycls which had
been repeated without incident several times. Passivation appeared nornmal
for the first 13 days. However, when inspected on the l4th day it was
obvious that an _abnormal reaction had occurred, The temperature had
increased to 75° C, the level -f the hydride had risen approximately 1-1/2
in, in the flask, and the top portion of the hydride was dry and caked,

In fact. the top part of the hydride had a polymeric texcure, being hard
and tubbery. The odor of n-BA was evident in the room.

(U) 1In searching for & solvent to quenrch the hydride it was found that
the resulting mixture was extremely reactive. Smali samples reacted
violently when added to acetone, n-BA, or Freon MF. It was also noted
that the teflon stirring blades were distorted, as if parcly melted. The
mixture was finally covered with heptane and safel, disposed of in the
burning grounds,

(C) Onc possible explanation for this i{nciden: {s that the water in the
n-BA could have been used up during treatment thus causing a reaction
between the AlH, and n-BA to begin, This could have produced sufficient
heat to drive tge remaining n~BA through the condenser thus causing the
odor in the room. Analysis of the top (polymeric) portion of the AlHj
revealed that it concained 12.7 percent carbon and 2,7 percent nitrogen,
Extraction with methylene chloride revealed that part of the organic
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(C) portion is diphenyl acetylene thus accounting for the disp.rity between
the nitrogen and carbon analysis from chuyt expected for n-bA., The remalnder
is beiieved to be a reaction product of AlH3 with n-BA in which the amine
hydrogen teacts with AlHy or with nascent Al forming an H compound,
AL:M(CyHg)

() Two additional 7.5-1b batches of the AlHy blend were treated using the
1¢ day/60° C n-BA trvatment in which the n-BA level was doubled. The warer
level was monitored throughout the passivaticns using two analytical tech-
niques, Both the Karl Fischer muthod and a gas chromatographic method for
water analysis (Table LVI) were used to analyze the water. The twu methods
agreed closely, showing that the water level gradually lovered unt{l a water
content of approximately C.79 was reached at the end of trestment.

(U) The above incident points out that the A1H3 watvr hydrolysis treatments
are not only scnsitive to process variatfons bhut to lot-to-lot (probably
initia) stability) variations as well,

B. SHELF LIFE TESTING

(C) To obtain a preliminary assessment of the shelf 1ife of the R-18/
TVOPA/Al, propellant, cracking cubes of various sizes werc nade from the
firse 70 {b Day mix of VKW propellant, These cubes were tested at 40°

500, 60° , and 75° C. Cubes of VKU propellant were aleo made in the L- plnt
Baker-Perkins mixer and tested ac 60o and 40° C. To support this analysis,
off-gas data were obtalned from proupellant obtained in che 70-1b mix,
Results of the cube fissuring tests are pruesented in Table LVII and the
off-gas data are shown in Figura 36 The cracking cubes from VKU, which
were made prior tc the cure difficultics that were encountered Juring the
scaleup purtion of this prugram (Section 1V) lasted much longer (35 to 42
days at 60° C) than could be predicted from hydrogen otf-gas measurements.
Cubes with purf{fied TVOPA lasted longer than as received, probably due to
the higher modulus of purified TVOPA gropellants. Based on these results,
most cubes from VKW were tested at A0 to glve data within a reasonable
t ine &erlod Unfortunately, VKWOLUbLS had a auch shorter life (. 5 days
at 607 C and 76 te¢ 90U days at 40° C) than VKU cubes. limiting the usc¢ful-
ness of the results. The off-gue data obratvﬂd from the VKW samples
indicate that these cubes failed at 60° and 40° ¢ due to £0, evolurien
rather than hydrojer. As previously discussed, propellant from this mix
cured somewhat slcwer thia previous mixes. These ‘esults, coiupled with the
soft cu v obtalner on the scecond large mix, indicated the necessity !lor
purifying the TVOPA to obtaln a clear and consistent cure, Further shelf
life stdies shou.d be bosed on the use ot the purified TVOP\ to obtiin as
clean and reprodus ible cure as possible prior to placing samples inte

surveillance.

(U) A >-gal mix tas made to obtain larger surveillance samples using.
purified TWOPA, luc to an crror during custing, no usable samples were
obtaine:l, By the time this wix could be repeated, interest in surveillance
of this propellant wan reduced; thervefore, a 40-1b grain was made of a
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TABLE LVI

MOISTURE ANALYSIS DURING PASSIVATION

First Batch Water Content, %
«~BA Lots 101 and 102 Karl Fischer Gas Chromatograp’
0 1.70 1.50
J days 1.19 0.78
] .- 1.13
10 1.1C 0.82
14 0.64 --

Second Batch

( n-BA Lois 103 and 124
o -- 2.00
A 1.10 0.91
7 1.02 0.68
11 0.84 0.73
13 0.72 0.68

[
|
UNCLASSIFIED [
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(U) propellant (VL) developed on the folliow-on Contract FO4611-700-0067.
This graip will be fired on the follow-on contract.

C. SHELF LIFE PREDICTIONS

(C) Althougnh a reg-oducible scaleup cure was later demonstrated with the
use of purified TVOra, suificient time wis not available to evaluate the
shelf 1ife of prcpellant made by this process. Untii this can ta dove,
rigorous shelf life predicrions should not be made, However, an egtimate
of the contributicn of AlHj decomposition to shelf life can be made. To
make this estimare, a linited study of the kinetics of the decumposition
of AlHy was performed,

(C) Based on the success that Dow Chemical reported in applying the
Avrami equation,- kt = lIn (1-0)1/2, wherea = fraction decormposed -

to the decomposition of reat AlMy. the decomposition of AlH3y in propellunt
was analyzed using the same apprcach,

(C) The results shown in Figure 37 were taken from the decompositicn of
ALlH} at 60° and 40° C in the X-13/TVOPA propellart and indicate tair agree-
ment with this equation. Calculatioan of the activation energy from this
data using the Arrhenuis ejuation gave the following resules:

Neat AlH3 (n-BA treated) 19K ¢:1/mol
VKU 17K cal/mol
vy 22¥ cal/mol

(U) Mow Chemical reported an average activation energy of 23K cal/mel.
Using the rate constants caicuiated frow ilie above d3ta, a ratis of roacrivi-
ties of the propellants at various temperatures can be calculated. The

ratios are as follows:
00° ¢ - 40° Cc = 8
60° C - 257 C = 48
40°c - 25° Cc = 6

(C) These ratios can be used to predict fissuring times of cracking cubea
at low temperatures from higher temperature results, giving a conservative
estimate since diffusicrnal l~sses are neglected. Applying these ratios to
the reselts from the VKU cubes (which failgd feom by generatlon) a f ssur-
ing 1if» of betwecn 280 and 336 gays at 40  C and between 1680 and 2000
days or approximai~ly 5 yr at 25 C 1s predicted for 2-in. cubes. The fact
that the 407 C cubes of VKU have not failed {n 140 days lends scpport to
this pradiccion scheme. Since initial diffusion from the 2-in. VKU cubes
was ignored, this estimate cannot be applied directly to larger samp .es,
In addition, the contribution of other gases has not been rigorously con-
sidered. However, these redqults do indicate that long shelf life can Le
project2d for AlH; propellants in thin webs. For larger samples, sone
additional {mprovements in stability or the use of a scavenger technigue

appear necesaary.
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n D, SHELF LIFE PRELICT .ON OF BATES “'0TCR

(C) An analysis of the properties >f the VKW precpellant was made and »
prediction of its shelf life in a 70-1b Bate: motor has been made. Two
najor sources of gas exisc in VKW propellant. AlH, slowly decompuses to
telease hydrcgen, and carbon dioxide i{s rel-used from the isocyanace during
cure. Small amcunts of COp also may evolve from the reaction of TVOFA
Inpurities with traces of water. The rate of relezse of these gases has
been measured in the off-gas analyzer. The solubility anrd diffusion rate
of these gases has also been measured in the propellan: binder., This

data permitted the calc :iation of the gas cancentratior fa the propellant
at any time by comparing the gas generation rate ver-us the diffusion rate.

(U) The 70-!b Bares rocket motor grain .onfiguration is shownm in Figure 38.
The Bates grain has a free surface at both the inner bore and cylinder unds.
The grain also has a slight taper. Gas diffusion out of the Bates grain fis,
theretore, two-dimensional,

(U) Hydrogen and carbon dioxide gas cu- zeatrations {n the Bates grain for

a constant gas generation rate were calculated wi-h the Hercules HETRAN
computer program. Th', program numerically soives the diffusion equation.
The location in the B.tes grain (Figure 38), having the maximum gas concen-
trarion, was then determined. .1he cas roncentrations as a function of tirme
at this location (for & constant gas generation rate), along with the actual
time-dependent gas generation rate, were used in the Hercules Linear
Response computer program. Numcrically evaluating the convolutional

v integral, this progr.. calculated the gas concentratiens {n tne Bates grain
{az th. locatinr shown in Figure 38) for the time-duvpendent gas generation
rates,

(U) The diffusion calculationrs were all made with the assumptions that the
gas concentraticn at the grain-free surface is cffectively zcro and that
the motor case is impermcable to hydrogen, These ure ressonably good
assumptions.

o I

(U) The grain internal pressure (pressure exerted bv the dissolved gas)
was calculated frum Henry's Law:

gas concentration

Pressure =

gas solubdiliey at 1l atm ‘
This pressure was then compared with the allowable pressure calculaced from
the folluwing equation: \
2E¢
P allowable = T+ o€
where J
E {3 the propellant modulus h

- ¢ {3 .he propellant elongation
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(U) Thc amounts of hydrogen and carbon dioxide gas evolved at storage
temperatures of 40 and 60° C are given in Figure 36. These curves of total
evolved gas vercus storage time were 1umeri ally differentiated to give rthe
instantaneous gas evolution rates at 50° and 60" C. These were then extra-
polated tc obtain the gas generation rates at 259 C.  The extrapoliation was
performed by plotting the logarithm ¢f the gas generation rate against the
absolute temperature., The resulting ygas generation rates at 25° ¢ for hydro-
gen and carboa dioxide are given in Figures 39 and 40, respectively,

(U) The diffusivity and solublility data for hydrogen and carcon dioxide
in VKW propellant at 259 ¢ are presented in Tasle LVIII, The mechanical
property data for VKW propellant are summarized in Table LIX.

(C) The hydrogen gas concentration in the 70-1b Bates motor as a function
of time at 25° C is glven in Figure 41. The maximum gas concentration
cccurs av l8-days storage time. This is approximately 5 days after the
evolution of hydrogen was assumed to begin. The maximum hydrogen concen-
tration reaches 2.7 x 10'6 cc (STP) per gram propellant.

(C) The carbon dioxide concentration in the 7C-lb Bates motor at 257 ¢ as
a functioa of time i{s given in Figure 42. The maximum carbon dioxide
concentration of 0.127 cc (STP) per gram propellant occurs at & days
storage time,

(C) The internal pressure in :the Bates motor resulting from each evolved
p18 was calculated using Henry s Law. The total internal pressure as a
function of storage t (me at 257 ¢ is presented in Tigure 43. The maximum
internal pressure of 6.6 atm at &4 days is caused entirely by the evolved
carbon dioxide, The pressure dcveloped by the evolved hyvdrogen i{s uegligi-
ble in comparison to the carbon dioxide pressure. The maximum hydrogen
pressure 18 0.2 atm ac 18 days storage time,

(C) The maximum allowable pressure based on the 6 day mechanical property
measurcments is 7.55 atm, Since the maximum internul pressure, 6.6 atn,
i3 less than the allowable pressure, the Bates mo:or grain will not crach.

(C) The maximum i{nternal pressure in the Bates grain occurs at 4 days
storage time anc¢ is due primarily to evolved carbon dioxide. This marimum
internal pressure i{s slightly less thau the maximur allcwabie inturnal
pressure, but uncevtainties in the data used make the structural integrity
of the grain marjinal. Softening of the propellant or slow cure resulting
in a low modulus after 4 cays would be expeccted to result in porosity.

(C) The pressur. -esulting from the evolved hydrogen is negligible in
comparison to the carbon diovide pressure. The evolved hydrogen does not
alfect the grain srructural integrity, Unfortunately, the gas generution
rate measurements could not be carried out long enough to see the acceler-
ating rate that {- normally seen in Alil, decompositicns. Therefore, the
conclusion cin be made that if the propellant survives the first week it
will not fail unt:l the hydrogen generation becomes accelerating or :zhe
propellant softens significantly due to binder degradation.
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TABLE LVIII

DIFFUSTVITY AND SOLUBILITY DATA
AND CO. IN VKW PROPELLANT AT 25° C

2

Gas Diffusivity Solubilicy
(cmz/sec) (cc/g-binder)
-5 -3
Hydrogen 2.2 x 10 4.4 x 10
Carbon Dioxide i.5x 107° 64.0 x 107

CONF LUENTIAL )

Vi<W PROPELLANT MECHANICAL PROPELTIZS

(Batch BC-138-57)

Maximum Elongatioa
Cure Time at ] Crosshead Tensile at Max Tensile
100° F Speed Tem Strength Stress Mcdulus
(days) (in./~in) (OF) (psi) ) (ps1)
6 2 77 67 31 720
20 2 77 83 23 30
120 0.02 77 S4 23 260
NOTE: JANNAF tcensile specimens were used, |
CONFIDENTIAL
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Carbon Dioxide Generation Rate in VKW Propellant at 25° c

FPigure 40,
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(2)
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(6)
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SECTION VI
CONCLUSICNS AlD RECOMMENDATIONS

following conclusions have been reached from the results of this

Hydroxyl ammonium perchlorate (HAP) is not usable with the
DOMINO binder due to poor stability,

The P-BEP-TVOPA binder has a very short shelf life and it does
not give any performance advantages over the highly plasticized
low energy polymers which are more easily developed,

Two alternate binders gave promising results:

(#) EAAA needs a lower temperature cure to be usable with
AlH,.

(b) Multron R-18 gives a good low temperature cure and mechan-
ical propcrties, especially when the TVOPA is purified to
remove the i{socyanate reactive {mpurity.

DOMINO/AlH3 propellants give the same high i{mpulse efficiency as
the DOMINO/Al propellants. In a 15-pound motor the TVOPA/R-18/

AlH,/AP/MMX propellant gave an impulse (Iigoo) of 267 sec and

an {mpulse efficiency of 94.5 percent.

Small web zotors {1 inch) would be expected to survive 5 years
at 25° C if they survive ~ure, However, increased stadility of
the AlH, or the use of stabilizers or scavengers will be needed
for larger web motors.

A repid low temperature cure {s required to prevent porosity
forration from CO) gassing during cuvre.

Removal of the HMX and lowering the TVOPA/polymer ratio (VML vs
VKV) did not markedly reduce the sensitivity of the uncured
propellant. Thus the TVOPA/AlHj3 propellants remain much more
sensitive to initiation by fmpact and friction than conventional
non-AlHy propellants.

following areas for further investigations are recommended:

An extengive binder comparison should be made to compare the
EAAA binder with R-18 in a TVOPA/AlH, propellant. The EAAA
binder requires a low temperature cure catalyst. The R-18 binder
requires cptimization of the cure stoichiometry and mechanical
properties,
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e (C} (2) In-process and in-use studies should be made to determine the
safety margins involved with scaling this propellant to large
motcrs, Efforts to reduce these hazards should be studied both
by raducing the sensitivity of the propellant and also by modi-
fying the processing procedures to ensure larger safety marzins.

(3) Means should be sought to incrcasa cthe shelf life of the A1H3
propellant by increasing the stability of the neat AlHj and
through the use of stabilizers and/or scavengers in the propel-
lant,

(4) Extensive accelerated aging studlies should be made to determine
the effect of processing conditions on shelf life.

(5) The effect of compositional changes on hallistic and mechanical
properties should be determined and the TVOPA/AlHy propellant
should be <caled up to 40-pound motor firings to determine the
impulse efficiency.

(U) Each of these recommendations have be-:n carried out in other Air Force
spongored programs.

(C) Based on this trogram and related Air Force szonsored programs by

Hercules,? DOW,10 LPC, 11,12 Rocketdyne,ld and ARCI® it is concluded that

the A1H3 based propellants are inherently gensitive ard subject to poor
(\ shelf life due to the bayic nature of the AlH, itself.

(C) Extensive studies to determine the fundamental reasons for the extreme
sensitivity of AlHq containing compositlions were not encouraging. Attempts
to reduse the soncirtviry of AlH, propellants by lowering the energy or by
{ncorporating additives were equally discouraging, It is believed that the
extreme sensitivity of AlHy propellants is an inherent property which must
be accepted when working with these propellants. Process procedures, such
as the inert diluert deveioped in this program, reduce the in-process
hazards. However, thte system must stili be considered a high risk propel-
lant during processing. After cure the propellan: is less sensitive than in
the uncured state, but c¢ven when cuved, the propellant is {nitiated by impact
and frictional forces more easily thaa non-AlHy containing propellants,

(C) The shelf life of AlHjy propellants also coniinues to be a proolem area.
Efforts to passivate the surface of A'Hy have improved the stability
markedly, but the improvement was not sufficient to predict long shelf life
for large web motors. Scavengeri have veen demonstrated that will effec-
tively remnove the hydrogen as it {s produced from the decomposition of AlH,,
but the scavengers degrade the binder thus negating their potential advan-

tage.

9 through 1“'Refer to List of References
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k~ (C) The TVOPA-alH, propellants have a relatively high burn rate which
limits their potential use in ballistic misstiles., The burn rate can be
lowered by adding HMX aand/or by lowering the TVOPA level, but burn rates
noreallv desired in hallistic missiles have yet to be demonstrated. If
the TVOPA-AlHy propellants are to be considered for future Air Force
missi~ns, which aay req ire their high impulse pe-formance, the burr rate
must be reduced, along with improvemenr {n the process hazards and the
shelf life,
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APPENDIX A

EF: cCT OI HF AND MOISTURE IN CURE CATALYSTS




A, HI' REACTIONS

(J) Wouvk under this effort had shown that "us received" P-BEP contained
a volatile flivorine compourd, mos- probably HF. A strong acid such cs RF
could be detrimrntal to a urethane cure in several ways; it could react
directly with {socyanate to either deplete it o- Lo form more or less
reastive intermediates, and HF covld reaect with the catalvst. Since
previous P-BEP formulation efforts have heen humpered by i1ncomplete pro-
pellant cures, a study was perforred to derermin2 the effects of HF on
propellant curatives and catalysts,

—— e, S




1. Reaction of MIF with Tsocvanatces (BC-153-63)

Qi Hydrcgen flunride couvld react in a varlety of ways
with isocyanates. Some workers! thoughi the iollowing scries of reactions

was possihle;
K O

£
(1) RN »C =9 + Hf ————==RNC - F

0
L4
NG - + ————e RN :
2y ’mxc®F o+ W RhH2+LOF2’
H H
(3 RNHZ + RN @« ® 0 ¥ - C - NR
il
0
) Thus, {socyanat¢ would react with HF {n rmuch the same

mannet as water, undergoing a leoss of a carbonyl group wiil the evertual
formation of & substituicd urca. This above postulation conflicted with

an earlier report of Juckley, et.ql.2 who tracted a variety of isocyanates,
including aromatic diisocyarates with excess Hr to cbtuin in every case

the carbanmyl fluorid~ der{varives of the respective {sccyanates. To check
this, 2,4-toluena diisocyanate was rescted with an excess of HF, The
reaction was carried out at room temperature by bubbling anhvdr.aus HF

intc a stirring methylene chioriue solutinn of TDI. Midway through the
reaction (with respect to bubtling time) a white precipitatc began to
appear. Once formed, the precipitate was filtered and washed. The spectrunm
of this compouna was obtaired and 15 presented in Figare A-i. In this scuan
the {socyanate functionality at 22€5 c¢m~! virtually dieappearcd with the
formation of a new band near 1810 cm~}, This compound vas base-hydrolyzed
and analyzed for percenc fluorine >y the lanthanum (III) titration., The
analysis Indicated that this compound was composed of 17 percent fluorine
which comparee tavorably with the following compound:

CH3

V) This cogpound, ¢,%-toluene <’cardbamyl fluoride, had a
me lLing potnt of 155 to 1577 C. The compound was sparingly soluble in
tenzer.e and soluble in Jioxaue a8 reported for similar coempounds by Buckley,

ct.al.s

L and 2. fer to References at End of Appendix
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CONFIDENTIAL

w) The mono-carbamyl {luoride was also prepared feor fur-
tinet reaction studies. This compound was somewhat less pure, haviug a
melting point range of 109” to 118° C. The IR spectrum of this compound
(Figure A-2) displayed major absorbances at 2258 and 1810 cm~l, indicating
the presence of bLoth isocyanste and carbamyl fluoride with probably both
ortho and para isomers being present.

(u) From these prepsratiocns, {t L3 felt that only reaction
1 above, occurs {n an anhydrous HF system.

«C) The carbemyl fluoride abscrbance at 1610 o::ru-1 was used
disgnos:sically in further HF -urethane :zure studies to determine the presence
or absence of that fun %“ional g-oup. Reasonable quantities of HF (such as
would be expected unde normal P-BLP-urethane cures) were added to uncata-
lvzed TDL-polvpropvleneglycol (fPG-2025) maystems directly and in methylene
chloride. The carbamyl fluoride absorbance weas not observed {n measurable
amounts in any of these systems even after extended exposures,

(n Although the carbamyl fluoride functionality was rot
observed in the above reactions, a possibility existed in which the carbamyl
fluoride could be an unstable intermediate. Thus, 8t any one time during
a reaction, the carbamyl fluoride functional group could form and react
rapidly enough to produce virtually nc characteristic IR absorbance. To
check this, an sttempt was made to reac: the prepared derivatives with
PPG-2025 and glycerol systems. The carbamyl fluoride functional groups
did not react at all with the hydroxyl groups of these alcohols., Only in
one case where dimethyl sulfoxide (DMSO) was used as a solvent did we find
the carbamyl fluoride group to react. The DMSO wa3s later found to decom-
pose the carbamyl fluoride to the parent functionul groups, expelling HF
and producing NCO.

) Thus, these studies {ndicated that although excess
quantities of HF did react with isocyanates tn produce carbamyl fluorides,
smdller concentrations of HF would not react at all, This was especially
true for the acounts of hydrogen fluoride detected to date in P-BEP systems.
In one Jiagnostic experiment, small quantities of HF were added to several
uncatalyzed curing urethe ¢ reactions., Although the presence of HF was
detccted in IR spectra, no noticeable effccts of HF w re okserved in either
the spectra or in the reaction rates cf the systems, _imilar reacticns,
carried out in methylene chloride, produced the same results,

() To check the effect of catalysis on the possible
isocyanate-HF veaction, four reactious were carried out over 3 5-hr periovd
at 80° C in the following manner:

©) A TPMTI-methylene chloride soluticn was prepared such
that | mm contained 8 meq/ml of MCO. This concentratisn was amenable to

an IR measurement of the NCO absorbance of 226& c¢m™! without dilution. An
HF-methylene chloride solution was prepared containing 0.010 meq HF/ml and,

A-S
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COHFIDENTIAL

(C) where indicated, DMTDC catalyst was added in equivalent concentratvions
to previously-described gumstock systems. The following mixtures were pre-
pared:

TPMTT Solution CHAC HF-CH,Cl, (CH3) 2 °nCl, Catalyst
Run - Added Ad Added Added
1 1 pert 1 part -- --
2 1 part l part .- Yes
3 1 part .- 1 pare .-
4 1 part -- 1 part Yes

Infrared {socyanate measurements over a 5-hr period at 80° C fudtcated
that all four mixtures contained identical NCO concentraticns which were
equal %o the starting concentration. Thus, it appears that HF {n dilute
solutions does not react with NCO even under catalysis.

2. Effect of HF on Reacrfon Rates of Uncatalvzed and Catalvzed
Urethane Cures

V) To determine the potential of WF to poison urethane catalysts,
a series of model compound studies ware performed.

) The first system to be studied contained 0.1 percent dibutyltin
dilaurgte catalyst in 1l:1 equivalent mixture of PPG-2025 and TDI. This
was compared to & similar system to which a small amount of gaseous HF
had been added. 4 white precipitate was formed in the system containiug
HF, The mixture containing added 4F cured about 75 percent slower than
the corn.rol sample in the first hour. This mixture remained liquid after
18 hr while the control sample was cured to a tacky solid.

) The above experiment along with propellant cure studies indicated
that the organo-tin catalysts were being deactivated by HF in the P-BEP,
To verify the possibility of this reaction, a dilute solution of HF in
methylene chloride was prepared. This was added to a small amount of the
diburtylt+n dilaurate catalyst. A whitc preciplitate was immediately formed.
This mate ‘al wes purified by ether washing and an IR scan obtained., (Sce
Figure A- ) The melting point of this solid was 149° ¢. The fluorine

content ot ~mpound was 13.3 percent. The solid wes ideatified as
dibutyltin a_ '~ monohydrate. A similar reaction product was obtained
from dibutyltirn di-- te. The catalytic strength of the material was

cxpected to be lower . °v» the original catalyst due to 1its low soli»ility.

(v) To verify the catalytic effect of the white precipitate formed
by the addition of HF to the dibucyltin dilaurate catalyst, the cure rate
with this material was determined by adding an amount equivalent to 0.1
percent d‘' ~»vltin dialaurate to the system. This was heated to 50° C
and the i{socyanate reaction rate was compared to a PPG-2025-TDI system
containing no catalyst. The HF reacted catalyst had only a very slight
catalytic effect on the curing of the PPG-2025-TD1 system.

CONFIDENTIAL
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- . s1re ~~nfivm the suspected catalyst deactivation

by HF. These resulcs cowp led with the negecive el T o-sactivicy
with isocyanates and vesults of the stripping study, showing the difficulty
in removing HF f{rom P-BEP {ndicated a primary cause for P-BEP cure problems
was catalyst deactivation by HF, Scaleup cure problems could be aggravated
by poorer etripping efficiency a3 the mix size increases. Possible solu-
tions to alleviate this problem included better stripping eificiency, HF
scavengers, and aiternate tatalyst gystems not susceptible to HF attack.
These apprcaches wcre expl red as the formulation effoct preogressed.

«©) The first approach used in the formulation efforts to remedy

the HF-poisoning problem consisted of using chemically-loaded molecular
sieves for natelysis. The sleve used was obtained from Linde, a subsidiary
of Union Carbide, uncer the designation CW-X105. This material was their
13X (10A pore size) sieve, loaded 10 percent with dibutyltin dilaurate.
Linde3 reported that the sfeve would "store” the loaded compound until the
system was heated or until the loaded compound was veplaced by a wore ;
strongly-adsorbed material like water (and HF). Thus, conceivahly, the

use of this type of catalys'. could achieve at least a temporary scrubbing
effect during cure, and a gradual release of the DBIDL as water and HF were
adsorbed would mean delaved catalysis and a longer pot-life.

©) To study the catalyst poisoning reactions in more detail, an IR
technique was usec to wonitor the NCO concencrazyi.during the cure of the
model systems. One-to-one mixtures of NCO and alcohol, together with the
appropriate catalyst, called gumstock preparations, were cured at 120° F,
Intermittently, samples were remove.', diluted with 1,2-dichloroethane and
placed in 0.2mm CaF, cells. The NCO absorbances were then measured at

2268 cm~l. The resultant data were treated by kinetics as second order
reactions. Figure A-4 presants two second order plots of 2,4-toluenn
diisocyanate (TDI)/polypropylene giycol-2025 (PPG) reactions cctalyzed by 0.2
percer.t DBTDL and 0.2 percent CW-X105 (107 in DBTDL, thus adding 0.027% OBTDL) .
Several interesting facts can be noted from these curves. The 0.2% DB1DL
reaction clearly demonstrated the reaction of both ortho and para isocyanate
functional groups - the {nitial slope resulting from the reaction of both -

and the final slope, called the rate-determining reaction, that of the ortho
NCO. The slopes of these 1eactions are actually the reection rate constants -
the inicial glope being the summation of Ky + K, and the final slope K;. In
comparing the rates of both catalysts, one can gee that the 0.2 percent CJ-X105
sieve catslyzed the reaction much more than the 0.2 percent DBTDL alone, despite
the fact that the CW-X105 sieve reactinn contained only one-tenth the amount of
DBTDL (the sieve by itself is a noncatalyst). This type of synergism has been
noted before in urechane catalysis by Wolfe .* Also, the CW-X)0S5 cure sbhowed a
significant change in reaction race aftec the first hour. This change in rate
was observed in all catalyzed systems studied and was verified by another
reliable a-salytical technique. Tentatively we attributed this increase in rate
to oroduct catalysis, i.e , the urethane formed catalyzed the reaction which
zh.nged the rate as the product increased in concentration. This topic was

recently reviewed by Smith.

/,
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CORFIDERT!AL

(9] The ugse of the CW-X105 catalyst throughout mcst of the 1969 DOMINO
program provided fair p-opellant curas. The exact mechianism of the catalysis
wés open to conjecture. Several limited data points, however, indicated that
catalysis might actually occur on the loaded sieve., This we believe because
we have found that dibutyltin compounds will actually pull fiuoride away trom
molecular sieve to form the irnsoluble diburyitia diflucride salt. Also, we
have found that HF reacted with loaded sieves to coat the sieve particles with
a white precipitate. Infrared spectra of the product indicated that dibutylcin
difluoride was present, and from all indicacticus still on the molecular sieve.
finally, since the loaded sieve presenced a syrergistic increase in re&ction
rate & release mechanism would tena to show an {nitial, very slow reaction
rate which would increase throughout the cure. This was not the case even
with the currently used P-BEP/TPMII system. Initial cures always displayed
initial synergistic catalyric activities and the race vould remain constant
through most of the cure until product catalysis occurred.

() The effect HF had on DBTDL and CW-X105 si1eve was studied by following
the cure of inert gumstocks, with and withount HF. Again, TDI/PPC was used as
described previously; however, for reactions containing HF, that gas was
bubbled through a portion of the PP in an amount equal to six percent of

the hyd:-oxyl group equivalency. Thus, a substantial amount was pres:nt and
in largz excess w:th respect to the catalyst concentratica. The effz:ct HF
had on these reactions is demonstrated in Figure A-5, The poisoning of DBTDL
by HF s evident as the NCO concentration hardly changed at all. The e€fect
of two different concentrations of HF on the CW-X105-catalyzed reaction is
evidenced by a decrease in the reaction rate with increased HF. The fact
that catalysis occurred at all with the TW-X105 catalyst in the pr2sence of
the large quantity of HF is perhaps the basis for the reasonable success
experienced with P-BEP propellant cures.

(C) An acditional 2ffort wzs made to study in alterncte catalyst which
would te a non-poisonirg/mon-sieve compound. Previously, our work with tin-
catalyzed P-BEP/NCO systems indicated that catalynt poisoning might well be a
function of how soluble the resultant alkyltin fluoride was in the curiny
matrix. Thus, a precipitate would indicate polsoning, which was the criterion
used by other workers.® Pursuing this further, the solubility of these
alkyltin fluorides appeared to be a direct function of the :rize of the alkvltin
cation (assuming some degree of hydrolysis). Thus, one would expect dibutylcin
dilaurate and diacetate to behave identically, which was in fact, the case. On
the other hand, n-butyltin or dimethyltin compounds should form generaliy more
soluble fluoride salts. Available data on physical constants of these compounds
wes in agreement with these observations. Consequently, dimethyltin dichloride
(DMIDC: and n-butyltin ctrichloride were chcsen for further work. From a
compatibility standpoint DMTDC was the most favorable, indicating no problem
existed by warchglass, Fisher inhns Autcignition, and Modified Taliani testing.
(The latter compound showed 8 >200mm pressure rise on the Taliani and was
thereby the less favorable of the two.)
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CONFIDENTIAL

(€) Kinetic studies, stmular to those previously described were begun
using DMIDC. To determine the effect of HF on DMIDC catalysis, kinetic studies
were also performed witrh the inert TDI/PPG system in the presence and absen<e

of HF, as described before. Again the resctions were followed in the I°

kinetic plots were made., This data i{s presented in Figure A-6 «an be seen,

the same quantity cf HP thet completely poisoned U.2% DBTDL ~ o1ightly decreas~-

the reaction rete of the same quantity of DMIDC. Accordi~ > Saunder&7,stron'
acids do tend to functicn i{n this manner, 'neutralizir . portion of the
catalyst.” Since the concentration uof HF exceeded the equivalent concentration
of catalyst by a factor of six we can agsume that cures with move realistic

concenirations of HF from P-BEP would be practically unaffected and should
thereby cure.

©) A concentration of 0.2% CW-X105 sieves was found to provide an
sdequate potlife in the cure of P-BEP/TPMTI propellants. To determine what
concenrration of DMIDC would provide an analogous cure, several cures were
made with varied DMIDC concentrations. For all prsctical purposes 0.1 percent
DMIDC would cure at a similar rate to the current system. A compariscn of the
two P-BEP/TPMIT cures with these catalysts s presented in Figure A-7.

(C) From these studies we felt thet &t least a b/ “wup catalyst was
available which proliably would function in & more pred. able fashion than
the chemically-loadued molecular sieve. An effort was mige to studv DMIDC,
loaded on Linde 13X sieve according to their "Waring Blender' method.3 The
catalyst was louded 10 percent by weight and cure studies were performed
with both the inert and P-BEP gumstock systems. The resultent kinetic plots
of the datas indicated the DMIDC-losded sieve to be catalytically identical
to the CW-X105 even in response to HF. Only the rate was slightly slower
which could have been due to a number of variables, including woisture.

B, CATALYSIS AND INGREDIENT rOI1STURE

(C) All DOMINO propellants fornulated with the CW-X1C5 catslyst showeo

a vigorous resction between the TPMTI and residual moisture. This was evidenced
by the fact that very high NCO/OH racios were necessary to maximize propellant
mechanical properties and also by off-gas analyses where large quantities of

C0, were measured during and after the cure cycle., Since {ngredient mcisturcs
were as low as was practically possible (as all precautions were taklen to
operate with a dry .ystem) we decided that, rather than actempt to cure with

an ultra-dry system, perhaps it -sould be more reslistic to selectively control
the alcohol/NCO and water/NCO reactions by proper choice of catalysc,

©) According to Saunder8.7 tin catalysts were especially good for
promoting the reaction between NCUO and moisture, preferring alcohols over
moisture in a ratio of only 1.5 to 1. On the other hand, zinc compounds were
listed as good promouters of the NCO/alcohol reaction and were rot listed as
promotecs of the NCO/water-foam reaction. 2inc naphthenate was readily avail-
able and was studied from both the aspects of susceptibility tc HF poisoniag
and also NCO/moisture catalysis. This catalyset was subjected to the same
TDI/PFG/HF studies as mentioned before. A kinetic treatmont of this dats 1is
presented in Figure A-8. As can be seen, this catalyst was not coompietely
deactivated by HF but the rate wa: decreased. It probab'y is worth noting
that the decrease was more severe than in the csse of DMIDC, howeer.
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(- (1) A compirisoa of both CW-X105 and zinc naphthenate with respect to
water :atalysi:s .as then made using the TD1/PPG system with and witnut cdded
wat~r.  The mois ure coatent was equivalent to the added HF in previouvs studi:s
and appcroxinited a gumstocwk ingredient moicture of 0.17. Ficure A-9 p-osents
second v.< - kinetic plats of this data. As can be seen the CW-X105 rca~tion
demonstrate! o -cporous reaction with water while rhe zine naphthenate reaction
showed ecsertially no difference.

<) To det:vmine whether or not zinc naphthenate could actually eliminate
the NCD reaction witls water in the P-BEF/TPMII system, s similar study was
performed using .0 prrcent zinc naphthenate with and without acded water.
Figure A-10 presants kinetic plots of this data. As can be seen water did not
reac. w<ith TPMTI wi'a ~inc naphthenare catalys.s.
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&~ (C) Thre> methods for purifying TVOPA have been tested, all based on the
use of silica gel. They are as follows:

(1} Slurry process in with the TVOPA solution was slurried with
silica gel for a short period of time and filtered. This
' procedure required a 4/! ratio of TVOPA-to-silica gel to
achieve purification, and the reccvery of TVOPA was only
85 percent.

(2) Storage of the TVOPA solution over a small amount of silica
gel appeared to be 3 promisiug procedure. Ona pound of
811ica gel removed the lsocyanate demand from 1 gal of
TVOPA-Freon solution 1: 1 month. However, after storage c¢f
the TVOPA solution over silica gel for 3 months, the solu-
tion turned black indicating extensive decomposition.
Therefore, it is evident that storage of TVOPA over silica
gel 1is unacceptable and precautions must be taken ro cnsure
that all silica gel is removed from tne TVOPA after puri-
fication.

(3) Column purificativn of TVOPA has proven to be the most
satisfactory method of purification. Extensive studies
with swall columns showed that with the TVOPA in thz original
shipping solvent (Freon 113) a ratio of four parts silica
] gel wo gne/part TVOPA is needed for removal of the isocyanate
\ demand. However, replacement of the Freon with methylene
chioride gave purified TVOPA at a 2/1 silica gel/TVOP.
rario. This reduction is important to keep the size of the
column at a reasonable level during scale up as well as
to reduce the amount of silica gel needed. The silica gel
used is chromatographic grade which costs approximately
§5/1b. Other cheaper grades of silica gel were tried with
limited success. Scale up to 20-1lb batches of TVOPA have
becn made successfully. Table B-I shows the analysis before
and after prurification.

(€C) Mciel binder reaction studies indicate that the purified TVOPA does
not intocfere with the reaction between R-18 and TDI. The use of a 1/1
{gsocyanate/hydroxyl ratio resulted in nearly complete disappearance of che
tgsocyanate In 24 hr at 100° F, and binder gel to gummy solid, (See Figure
B-1.) In contrast, the nonpurified TVOPA {ncreased the rate of isocyaunatc
disappearance, indicating that the TVOPA impurities react with TDI more
readily than the R-18. Also, the binder failed to gel in the nonpurified
TVOPA even though excess i{socyanate was added to account for the isocyanate
demand of the TVOPA. Gel did not occur in 7 davs at 100° F. Thus, the
purificition technique appears to have eliminated interfevence in the cure
reaction by the T/OPA,
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TABLE B-I

TVOPA PURIFICATION

Analysis Nonpurified Purified
Isocyanate demard, mg/mo SRTY] 190,C09
IR Analvsis

od U.11% NIl

Cartonyl 0.257 0.071

16604 Unchanged Unchanged

162C ¢ Unchanged Unclianged

1518 Unchanged Unchanged
Thin Layer Chromatography 3 bands 1 band
DTA

o -

Initial, C £ IU 256G

<)

Peak, C 250 26C
ITCLASSIFZQU__~

(U) The column purification ot TVOPA was scaled to the l-1b ~-vel using

the column shown in Figure B-2

(U) The TVOPA in the original shipping solvent was stripped b
and made up to a 50-percent solution with methylene chloride.

. rarging
This solu~

ticn was placed on a methylene chloride wet silica gel column and eluted

from the cclumn with additional methylene chloride.
mad2 and tested by the thin layer chromatographic technique.

Twenty-~

one Cuts were

(U) Alil cuts of pure TVOPA were combined resulting in a 95-percent

recovery.

This product had an isocyanate demand of over 100,000 gm/

equivalent and behaved in cthe cure 3tudy aes did the TVOPA purified un

small columns.

TVOPA {s shown in Figure B-3 and Table B-II,

The effect of

A comparlson of the infrared of purified with "< riceived"

purifying

TVOPA on the mechanical pronerties of R-18 propellants is shown in Table

B-11I,

Markedly higher tensile strength and modulu3 is obtained when

using purified TVOPA at the same NCO/OH ratio, with a -orresponding drop

in elongation.

Proper adjustment of the binder stoichiometry snosuld per-

mit thes formulation of more elastic propellants should this be desirable.

Thus, the use of purified TVOPA increascs the range of mechanical properties

that are attainable.
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L NOTES:
> APPLY KTV TC TOP D SIDES OF
BRACKFTS AND 3OLT HEALS TO .
PREVENT CONTAMINAY LON N
2 MOUNT AS SEOWN C¥ SAST s e v < e
WAL oF BLEa Bleg TVOPA,FREON CONTALNER N
i I\
VALVE, P.c. ; SAFETY CONTAINER - N
/2 E, H ' /xxcmu ATIACRED T LIFT N
CLAPS, WwORM GEAR ¢ \
PLATE, FLLTER l N
SILICA GEL _ | FLOOR LiF{
BRACKET, HAX.L _L——-——J \
SKR260-187 - N
? Y SOLiH wWALL
| i BLDG 5lad N
! | A
COLLMN, 1 LB SCALE ' | N
16 SKR200' -185 I
IN. i
. l 1
I i
COLUMN 258 SCALE
( SKR200-189 ~ |
i J
| I -
Q 1 ['ﬁ*ﬂ io t
Q Hed ' o
BEl
s
N,
i | 1 1§, PLUG
! hm__n&/
120-150 MESK FILTER PLATE | c,;] oy
e - b .
SKR200-185-00° \L\q 1 LINPE, TUBE
5S4 /
IN. NOZZLE COLIMN
DRWG SKR200-185 -005
1/2 P.E. HOSE
RECEIVER PURIFIED J
TVOPA SOLN
SAFETY CONTAINER
FLOOR
* /
|4
> UNCLASSIF1ED
Fizure B-2., Schematic TVOVA Purification Process, SKR20C-186
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L TABLE B-1I

INFRARED COMPARISON OF “AS RECEIVED' AND
PURIFIED TVOPA}

Frequency Absorbance Unitsz
cm-l Interpretation "As Received" TVCPA [L Purified 1‘\'097?;
3610 Hydroxyl 0.116 | nil
1731 Carbonyl 0.257 0.071
1680 Fluorimino Carbonate nil nil !
1660 b 0.194 0.206 i
1619 Vinoxy 0.032 0.038 !
1505 Fluorimino Nitrile nii ril ‘
15138 N-Fluoro Azoxy 0.106 | 0.C9: '
|
'9A-968, 10A-968 blend 7|

a
“After correction for absorbance of Rashm & Haas good quality TVCPA

R T
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TABLE B-III

MECHANICAL PROPERTIES OF R-18 BINDER PROPELLANTS

_— T T I 1
l |
Ag Recelved ! As Recelved i Pure
Composition TVOTA ! TVOPA | TvOPA
AP 48 ' 42 48
_ : i '
HMX B | 10 i .
AlRy 22 ! 18 ‘ 22 ,
Mechanical Pronerties ! : :
: i :
Tensile, psi 67 : 68 ; 95 |
! |
Elengation, % 24 | 26 ! 20 !
i ’ |
Modulus, psi | 370 i 269 ! 560 |
| |
[ ! ! CONFIDEN’I‘L‘\L!

(C) Additional advantages from purifying the TVOPA are as follows:
(1) The cure reacrions will be much clearer and, therefore,
mure reproducible since there will not be cuempetitiorn for
the isccyanate beiween the TVOPA impurities and th. tiunder

hydroxyls.

(2) The isocyanate level witl not have to be adjusted for
each different lot of TVOPA.

(3) The chances of poisoning the curc catalyst (as cbservad
in P-BEP studies) will be rcduced.

(4) The stability of the resulting propcllant should be
ircreased.

Based on these resulty, Hercules recommends that all TVOPa should be
purified especially when used in a urethane binder.
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APPENDIX C

VISCOUS SHEAR FEATING
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VUNFIUENTIAL

A, CE..<“2AL APPROACH

C) 3S:gnificant heat gencration (vis.ous cthear heatiny) occurs when a

viscous liquid is subjected to high shear strerses, fhis cond:zior oxists !
in tne tesion of close clearance berween the tip of the mixer tlace av ' rhe !
mixer wall., The high shear stress resclts from the large velocits gridient
between the tip of the blade and the stationary mixer wall, Tihis .-
particularly a serios problem wirh propellont svetems such as b- IP/1AD

whcre thermal tnitiaticn levels are significantly lower thar witr ~-.oationol
propeilants.

(Uy The propellant mixture is a power law (noneNewconian) ligquid wizh
temperature depencden: visccsity, The finterrvclated effccts of sheur raze,
temperature, and viscosity make viscaus heating a compiex, nanlinear phonomen:

()  Bcesides the comrlex nature of the liquld, the peometry and motion of
the mixer add furthe: complexitics to ethe problem. The miver is 2 vertical
kettle with three intemmeshing helical blades that opurate 1n o planctary
motjon. This geomeiry and nmutiun create flow patterns wizhin the liguid
which are exatremely drf{icuit to trea: analytically. Turirg one cvele ot '
the mizing blades the liguid in the clearance bLetween the wixer blad. tip
and rhc kertle wall may Le subjected to ¢ 3ing heat generation; luminar
cnd turbulert flow; velocities from zero o several ft/sce; ard heat transter |
by conduction and convection, 1In order to determine upper limits of the i
temperature and obtain & reasonahle approximazion to the actual condi- !
tions, various agproiches to the problem have beea concidered, Threo

apprcaches which were pursued ate outlirad below.

1, One-Dimensional Solution fur “teadv-State, laminar Flow, S.molificd J
Geometry with Temperature and Stear Rate-"orendent V1scosioy

v) Viscometry, lubrication, and extrusicn .re important Jppiications

whevre viscous heating {8 a problem. A brief review of the literature 1ndi-

cated that several investigators have worked to sclve cquations of motion

anc energy for viscous flow to obtain velocity and te: perature profiles.

Kordig at Hercules ! presented a closed form soulucion to the subjuct problem.
However, Kordig's solution assumed a Newtonian liquid, a lincar velocity ]
profile, and a constant ratio of blade veloczity to clcarance betwern “he {
blade tip and the kettle wall. Cavis and Laurence {n rccear articles <, 3 i
prescnted sclutions to equations of motion and energy four plane aand circular h
tiow of both Ncwtonian and non-Newtonian liquids with exponential Zependence I
of viscosity on tempurature. Thede soluilons will be usad to determine upper

limits of the temperature ir mixing opevations of Comino propellants. Thesc !
solutions will yield an upper limit because they assume a continuous mixcr }
blade and dc not wulluw for convective heat vemoval frcm the clearance

tegion, N

1

5
"'JRefer to References at End oi Appendix

c-2
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v) The solution of Gavis and laurencce for planc flow botween fcothermal
valls i{s prcsented below. This solution provides temperature and veloc:t:
rrofiles of a non-Newtonian (power law) liquld betwcen irfinite, parallcol,
plane walls, one of which is moving with & constant velocity. The nomencla-
ture used i{s defincd below.

Nomenclature

pUm oy I
Brl(n) = Brinkman aumber for power-law liquid, —___Ifg 2
0
h = Distance betwecn blade tip and kettle wall, cm
k = Thermul conductivity of liquid, g gm/scc3 °x
m = Liquid consistency, g/cm sec”
n s Power-law index, dimrcnslonsess
p * Integration constant, dimensfonless
v » Local velocity, em/sce
Vo = Velouizy of moving blade, cm/scc
T = Tormperature, %K
Tm :bkmimum temperature, atg = 1/2, %
y = Coordinate in dircction of flow, cm
z = Position coordinate, cm
a = Temperature coeffictent for n, dimensionless
J¢] = Temperature coefficient for m, dimensionless
£ = Reduced position coordinate, z/h, dimensionless
8 = Reduced t -« -acure (B/n)(T - To)/To, dimensionless
em = Maximum reduced temperature, at€ = 1/2, dimensionless
Xl w Constant, dimengionless, detined by Equation L3

peff = Effective viscosity, g/cm sec

P = Density, g/cm3

c-3



(_ (V)

rzy = Shear stress, dyncs/sq cm
o = (subscript) value of a quantity at blade ti1p or kettle wall
v The liquid {s onc for which the shear stress-rate of sheor relation-
ship 13 of the form
T ® - m gl ol .(1\-/.
zy dz dz 1N

The consistency, m, and the pover law index, n, are functions of t =peratar.,
Previous investigation® has showvn that m {s much more sensitive Lo tompar. -
ture than 1s n nd can be represented by

Aomouxp T - T/ (2
o (o} 9

The variation of n is of the {om

" nu to Q- To)/TJ L3
but a@ has bcen found to be small and temperature varfations ot o oo
( neglected in this problem,
(v The problem ir considered for plane shoir flo. unly Roaus. o “
narrow clearance gap between the mixer blades und the nortl ~all. Tl
in harrov gaps may be approximated as planc tlow,
The cquation of motion,
d
iz ¢ :y) =0 (9
becomes, with Equation 1, for a power-law liquid
n-1
dv dv
= .m | — — = - {cunstant)
7Y dz daz o] (3
Then Fquation S may be {ntegrated subject to boundary conditions
v(0) = 0; v(ih) =V (6)
)

( “Refer to References at End of Apperndix




(_ )

to give, since n is considered constant,

wlth

HERE
+ = =ly
° o 775] (8)

The energy equation

2 n-l 4
47 dv /dv ©
k —— 4 — av - 9
d:2 " |4z \ a2 0 9
becomes, with Equations 2 and 5,
atl
2 - n T -
% cxp{; -1
B w n \ )
d2” k" T (10)
Boundary conditions are
T(0) = T(h) =T, (1)

for isothermal walls.

Introduction of the dimensionless variables

and

C-5




(V)
gives the following boundary value problems for temperature and velocity
fields ’

-—7* lle - 0
dr (12)
finat ] a
oy 2 n < pe, (M
Ehe v n 1
Al » o -
1/n ol n+1 (rn
knTomo [ e’ d‘]
Yo
1-
(n) h ) Vol+n mo
Br, - T Brinkman numbetr far powver-law liguid S
o
9(0) s ¢(l) =0 (1
Qr
s = 0; 8(1) = 0
and
 efue
T "o )
La -"I I (17\‘
v i e dr
o , .
0
() Multiplication of Equation 12 by 2(d8/d{) and integration yiclds
Byt 8"
Tor@ap 6. (18)

The 8 ({) curve has a maximum at 1ln p,

is positive; the plus sign must then be
To the right of the

18 negative end the negative sign i3 to be used between Iln p

where p is an integration constant.
To the left of the maximum d&ldc
usecd for integration of Equati{on 18 between 0 and ln p.

maximum d48/d{
and 1.
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()] Equation 18 may be integvated subject to boundary conditions oi
Equation 15 to give

' Inp da -F 4
(0% . —E . — 15
! Yo (p - e”) “lnp (p-e)° (19)

or when {ntegrations are performed and resulting expressions are rearranged
and simplified

5 = n{p scchz[;\T,->% 2¢-nl} (20)

with p given as the solution of

p = cosh2 / ! P:S
8 D
w Direct computation shows that there are two values of p for each

l when XL <3.5128, one value at xl = 3.5138, and no real values of p when
Xl >3.5138., Thig ig illustrared {n Figure C-1, when p is plotted against Ay.

(v) There are thus two diffcrent temperaturc profiles for cach value
of )l for )1 <3.,5138, The profilec is unique only when *1 = 13138 . There
are no solutions to the prablem for Ay > 3,5138. Tempcrature protiles are
illustrated in Figure C-2 for several values of A1. Note that the maximum
temperature, 8, occurs at p = 1/I.

() Velocity profiles may be determined when the temperature protils
Equation 20, is inserted into Equation 17. After integration, roarranud-
ment, and simplification, there results

v op oY 1
1 + tanh AP e -D
1 8 ' J
© P oY
tanh T

There are, of course, two differenc velocity profiles for cach X when \1
<3,5138, and one when Xl = 3.5138. These are plotted in Fxgure C-3 for
several values of Xl.

|
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Figure C-2.
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Temperature Profiles - Reduced Temperatures, 8 as 12
Function of Reduced Position Coordinate,¥
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(. (L) There is a4 maximum shear stress which can be applied. This 13,
from Equation 13,

1 n+l L

(To)max = L5 (ke Tgmg ™ yzh ) (237

Furthermore, for vach shear stress below this wvalue there are two possible
temperature and velocity proftles. Physically, however, this presents oo
protlem, since the ambiguity is rcsolved when the Brinwman number 1s {ixoo
through the magnitude of V,. By Eg:ation 13 every valuc of Brinaman n.-
determines a value of Xl in the range of allowadle vaiues and fix¢s on
the allowable solutions for that Ay. Thus, the temperature and veloct
profiles are unique ir the Brinkman number. Figure C-4 shows a plot o

r

(S
:

N

-t

n , .
‘?Brl( ) against Xl for three values of n:  for a shear-thunning ligusd

(n = 1/2), a Newtonian liquid (n = 1), and a shear thickenirg liguid (o = %,

W) The parametric curves shown i1n Figures C-2 and €C-3 illustrate typical

resulte from this closed form salution. The temperature and velocity rro-

file for a particular mixing problem can be estimated by determining values

of \1 and Brl(“)from Tquations (13) and (1) and reading values from F.our.

7 and 8 or by evaluating Cquations (I0) and (223 . Additionol parame
(_ curves will be computed after the vanges ot B, k., n, my. kK, Yo Lind TO are
establ:shed for various mixing conditions of Domino propellunts.

2. Detormination of Local (Between the Blade Tip and Kerzle Waild

Heating Effects from Pulsing Heat Gere1atinp zans Sroadu=stare
Bulk Temperature as Initial Condition
) In this approach to the problem, a steady-state Bualk fomperaturc

must be detcrmined. This is the equilibrium temperature of the liguid mass
which will be predicted analytically by an cnergy balance rerenod ang 3130
experimentally by monitoring the temperature during mixine. The simpli{ncd
model is expresscd as follows:

lieat generated = heat stored + neat vut ‘

or Q = Q N

+
gen stored Yout

When the temperature of the system reaches equilibrium, ther the heat
stored tewm goes to zero and

—

vhen Q<t0red *

Q =Q

C gen out
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The heat generation term will be determined by evaluating the temperature

ime-histary of tne mixcr syscem and the propcllant mass. Alternatc methods
of determining the quantity of heat generated are: (1) Assuming all power
used in driving the mixer is converted to heat and (2) monitoring the
temperature and flow rates oI the water {n the water cooling jacket of the
mixer .,

4D The next step will be to create a finite-elemert model _f the

region between the mixer blade tip anu the kettle wall. The finite-cienent
model wi'l be used to determire temperature profilcs using the bulk equili-
brium temperature as an initial condition and allowing the heat generation
term to be active for a tim2 interval equal ito one pass of the mixer blade.

v This model would probably also yield conservative results ¢ all
heat generation (power consumption) 1is assumed to occur in the blade tip
region.

3. Detemmination of Transicnt Thermal Profiles by Madeline . lscu

Heat Gencration, Two-Dimensional Heat Transfer, with Temperature
and Shea~ "a-:z-~Dependent Viscosity

) This model is the most complex and will provide transient
temperature profiles from the start of mixing to thermal equilibrium. The
model will be developrd around a two-dimensional hcat transter computer
program with special provisions to account for the pulsing heat gencrazion
(due to the cyclic movements of the mixer blades) and convective hcat
transfer to simulate the mass i{low of liquid within the mixer,

—— . o

v) The consistency of the liquid will te exponentially temperature
dependent

m T m exp -3 (T - To)/To

and also will follow a power-law model where

n-1
dv dv dv
T = -m —_— = - =~
zy dz dz eff 3 q
) These considerations will be used in the solution ¢f the transicnt,

differential energy equation

Heat stored ™ Heat Conduction + Heat Convection + Heat Generation

’ a Y p— “

2V

2
pesy = kT otk 4+ Qo+ ueff(;—z)




(U) to determine how temperature, T, will increase with time, t. This
model rcquires extensive computer program development which is not jusii-
fiable if satisfactory results are obtained from the previously described
models.

B. VISCOUS SHEAR HEATING

{U) During the previous discussion the subject of viscous shear heating
was treated generally, and three approaches o determining temperature
bounds were discussed in detail. A more specific solution was considered
to estimate the upper temperature limits in the actual scale-up process
equipment, 8 J. H. Day Company 5-gal regal mixer. (See Figures C-5> and
C-6.)

L. General Approach

) A fintte ¢lement heat transfer model of the loaded mixer was
prepared and thermal profiles within the propellant mixer were obtained,
The model was especially constructed to predict the upper bound of tempera
tures in the clearance gap between the mixer agitators and the inside wall
of the mixing bowl.

The analysis used consists of the following elemcnts and

«3) The geometry of the mixer was established.

(b) Power input to the propeilant mix was determined
from calculations based on pressure drop across
the hydraulic motor under loaded and nonloaded
conditions,

(c¢) All power input to the mixer was ut lized in
heating the propellant between the r..xer blade
tips and the mixer wall. An overall heat tcransfer
coefficient of 100 BTU/hr-ft2-9F was assumed for
the mix bowl wall and basc.

(d) It was assumed no heat was transferred "o the
main mass of propellant that was not be-zween the
biade tips and bowl wall,

(¢} The temperature rise in the propellant {s compared
to DTA Jdata to see {f the temperature vise wcula
initiate exothermic reactions {n the propellant,

i"

T -~ b
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0,125 IN, BLADE
TO BOWL CLEARANCE

UNCLASSIFIED

( Figure C-6. Motion of Three Agitators in the Day 5-Callon Regal
Mixer (Top View)
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) It should be noted that the heat generated by viscous
cshearing of the propellant mixture is a function of several parameters
including the viscosity of the mixture., The viscosity {s generally both
temperature and shear-rate dependent., These aspects make the heat genera-
tion problem difficult and considerable experimental work must be accom-
plished to determine the temperaturc and shear-rate dependent viscosities.
In the simplified analysis used, the heat generation was not related to
viscosity, but was cquated to power consumed during mixing. While this
approach did not provide exact values of temperature increases resulting
from viscous shearing, upper bounds of the temperature increases were
obtained.

2. Power Consumption

) The mixer is driven by a hydraulic motor. The hydraulic
motor is powered by a hydraulic pump which {s driven by a 7.5 hp ¢lectric
motor.> The electrical motor, however, .cuid be overloaded to as much
as 11.25 hp.® The power output by the hydraulic motor is related to

the pressure differential (AP) across the motor and the flow rate (Q)

of the hydraulic fluid by Equations (24) and (25):

hp = K&PQ (24)

) when AP {s expressed in Ib/sq in, (>si) and Q in gal/min,
K = 5.83 x 10°%. The flow rate, Q, iIs related to the net tpm (combined
planetary and rotary) of the outside blades as shown in Figure c-7_5 The
horsepower delivered to the mixer blades {s limited bv shcar pins which
are designed to fail when AP = 1500 psi.5s & Thercfore, the maximum
horsepower delivered to the mixer blades, assuming 100-percent efficicency
(efficiercies of hydraulic motors are generally less than 90 percent)7
of the hydraulic motor {is:

BB o blades = (5+83 x 107°)(1500 pst) Q (29)
W Maximum hotrsepower to the blades as a functlion of rpm is
prcsented in Figure C-8. Pressure differential {AP) mcasurements (Table C-1)
have becen made with the mixer running empty at differcnt speeds, These
mcasurements have been converted to horsepeower using Equation (24) and
Figure C-7 and are also plotted in Figure C-8. The differencc between the
maximum horsepower and the horsepower to tun the mixer empty would be the
maximum horsepower available for heat gencration, which {s also shown {n
Figure C-8. This amount of power would be available only {f the pressure
differential across the motor is at maximum (1500 psi). In the mixing of
propellants to date, the pressure differential rarely exceeded 300 psi.B
Thus, assuming maximum power (differential pressure of 1500 psi) will be
used at each rpm levei should be another factor to make this analysis quire
conservative,

5 thru 8

Kefer to References at End of Appendix
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‘: TABLE C-1I

DIFFERENTIAL PRESSURE (AP) MEASUREMENTS AT DiFFERENT RPM
OF THE OQUTSIDE AGITATOR OF THE DAY 5-GALLON REGAL MIXER WHEN EMPTY

Test 1 Test 2
RPM aP (psi) aP (psi) 6P (pst) AP (psi) AP AVE (psi)
10 240 250 245.0
20 270 260 260 270 265.0
30 310 270 280 280 285.0
40 360 300 310 300 317.5
50 350 340 350 330 ! 352.5
60 410 370 380 360 380.0
70 430 400 410 400 410.0
80 460 430 440 430 440.0
90 470 470 Y 450 462.5
92 470 -0 4¢5.0
e
Notes: Tests were performed starting with the mixer at rest and
going up to 92 rpm and back to zero rpm. Rpm is combined
rotation and orbit motion,
The arrows indicate the direction of rpm change, ‘ 1nd1catetj
rpm increasing and ’ indicates rpm decreasing,
UNCLASSLIFIED
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3. Heat Transfer Model

(u) The grid ne:work, boundary conditions, and material prop-
erties of the heat transfer model are {llustrated in Figure C-9. Hercules
computer program No, 61004 (Hetran 11) vas used in this analysis, The
hear transfer model {s a heat balance where the heat gencerated by viscous
shearirg {s equated to heat transferred out cf the propellant plus heat
stored in the propellant. Convective hecat transfer within the propellant
mass was not modeled; thus, all the heat generated either remains in the
propellant or is transferred to thc bowl wall by conduction. A uniform
initial temperature equivalent to the temperature of the water flowing
through the water jacket was assumed for the entire body,

v) The mixer blades werv not modeled and the blades were assumcd
to be replaced with propellant. Also, the horl wall und the water tacket
were not modeled in the grid netwerk, but an overall heat transfer ceceffi-
cient was used at the boundary of the prop.llant and howl wall to simulate
the heat transfer characteristics., This heat transfer coefficiont

(h ) was determined from the followine relationship:
overall
1 - = (26)
h h
overall Sy scale
) The terms on the right sidv of Eguation (26) reorescent the
resistance to heat conduction by the stainless stuel *zll ard the water

scale deposits on the water jacket side of the wall, The heat transter
coefficient of the stainless cteel wall (hgg) was calculated from the
thermal conduccivity of the stainless stell (ks>) and the wall thickness (t).

2

o
ss _ 8.5 Brtu/hr-ft®-"F/ft . , 20
hss - T 0.03125 Te = 272 Btu/hr-ft F
u) The heat_transfer coefficient for the water scale deposits
(heeqp. = 500 Beu/hr-fe -°F) was taken from Reference 9. ysing the above
values for hgy and hgeape, a value of hoverall = 176 Btu/hr=fe?-"F was

obtained. A ccnuservative value of hgy.ra)) = 100 B:u/hr-ftz-oF was used
in the analysis.

[(SH] It was assumed that all of the power available for heat
zenera fon {Figuv C-8) :s consumed in the 0.125-1a. cleararce betwe:n the
blade tip and thu bowl wall, Heat generated by viscous shearing is a

v
funcrion of shear rate (%;) and viscosity, Hvat generated is higher for

higher shear rates and higher viscositics; howver, the relationshin {is
complicated by the fact that viscosity {s shkear rate and temperaturc
dependunt, Propcilant mixtures are shear thinning, f.e., the effective
viscosity decreases with increasiny shear rate., The viscosity also decreases
with fncreasing temperature, These phenomena make {t difficult to make

— S————

9Refer to References at End of Appendix
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a valid distribution of the power consumption across the clearance. Fig-
ure C-10 shows cypical velocity profiles acrosc a clearance between

one stationary surface (the bowl wall) and one moving surface (the

mixer blades). The velocity profiles depend on the clecarnace, blade
velocity, temperature, and viscosity. This analysis ls directed towards
an upper bound of tempervatures and a distribution of the heat generation
which allows maximum heat gencration at the blade tip side of the clear-
ance gap will produce the most severe temperatures. Trerefore, in this
model the heat generation (from Figure C-8) was distributed according to

1
shear rate (%%) as calculated from the lower curve cf Figure C-10.10
4, Results

) Analyses were performed for 20, 40, 80, 80, and 100 rpm of
the outside bladis. These spceds correspond te the power or heating
rates presented in Table C-II,

V) The results are summarized in Figurcs C-1l and C-12., Figurc C-11
shows the maximuin temperature {ncrease Q\Tmax) adjacent to the mixer blade

tip as a function of time for the different rpm levels. The numerical

solutions show ATmesv values approaching a limit as»mploticaliy. Thermal
equilibrium {uu chang2 in AT,,y) will be attained when the heat beine

rermoved at th~ boundaries {s equal to the heat generated. The solutions

were continued until the change in &Im“x was ivss then ©.1% F/mia. Figure

C-12 illustrates the final temperature profiles between the blade tip and

the bowl wall for the different rpm levels.

TABLE C-11

POWER AVAILABLE FOR HEAT CENERATION FOR VARIOUS RPM OF
THE OUTSIDE AGITATQRS OF THE DAY S~GCALLON REGAL MIXER®

RPM* of Horsepower For Heat Rate

Outside Agitator Heat Generation {Btu/hr)

20 1,44 3660

40 2.30 5850

60 3.12 7930

80 3.82 9700

100 4.50 11420
*Thia rpm is combined rotation and orbit motion. UNCLASSIFIED

2
10 thru 1 Refer to References at End of Appendix
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Typical Velocity Profiles Across Clearance Between
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as a Function of Distance from the Bowl Wall
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©) In ordaer to use Figures C-11 and C-12 to determine if
viscous shear heating i{s a hazard in mixing a propellant, experimental

data on temperature levels and tec:perature rise rates must be available.,
The lowest exotherm temperature fov various DOMINO systems 1s 120° C

(248° F)). The calculated maximum temperature rise (Figure C-10) is 182° F
at 100 rpm. If the mix starting temperature was 70° F, the maximum tempera-
ture predicted by this conservative analysis would be 252° F. Thercfore,

at anv rpm less than 120 and with the initial temperature of the system
and the temperature of the water jackat at 70° F, the exotherm temperature
at a 5° C/min rise rate would not be attained. Experimental data on the
exotherms at other temperature rige rates and also at temperatures main-
tained for lorger time periods are not currently available. These data
will be obtained a9 necessary later in the experimental work of this
program,

) However, based on the conservative approach used in this
analysis, it is concluded that the 5-gal mixer will not gecnerate a viscous
shear heating problem if the DTA exotherm temperaturc {s 120° C or greater.
Care should be exetcised in designing wix cycles, however, sincc clevacced
temperature mixing will further reduce safety margins,

C-27
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(C) This program was desdigned to demonstrate a practical high cnernyy propellant con-
taining a difluorocamino oincger, AIHJ, and the advanced ox{dizer hydroxylaimmonfum

perchlorate (HAP).

() There were several problems which had to be solved befoure the actructive specific
{mpulse and denaicy of this udvanced svstem could be realfzed {n a practical
propcllant. The program was designed to further explore problem: of fn-procuess
hazard-, system compatib{lity and scability, arnd obtainine ortimum and repro-
dvcible cures, The proxram included: (1) A comparison of the TVOFA plusticized
F-BEP and lower energy polyester binders, (2) scale-up of TVOrA/Ally propel-
lants, and (3) an evaluation of difiuvrcamine binders with WP,

(C) A high impulse TVOPA-AlNy propellant (VKW) was Jevelouped and succuessfully
scaled to 70-1b mix:s and 15PC motor firings. The propcllant had a delfvered
impulue (Ilaoo) of 267 suc and a density of 0.0612 1b/in.3  The binder counsisced
of TVOPA plasticized polyester R<13. The mechanical propertics were good, but
the {n-prucess hazarda are hiyh and the predicted shelf Life {s low, The
propcllants based on P-BEP were found to be unstable and, thercfore, were not
rccomwnded for scale-up past 5PC motera., HAP was determined to be {ncompatible
vith the other propellant ingredfents and was , theretore, dropped from the
program,
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