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ABSTRACT

This program was directed toward the development of process controls
and propellant formulations which will assure sound propellant grains for very
large motors. Experiments included the casting of ten 42-in. (1.07 m) dia
subscale molds and two full-scale molds simulating a segment of a 260-in.

(6.6 m)~dia motor grain. Investigations included formulation, mixing, and
casting variables. Grain defects were related to propellant flow behavior.
Primary contributors to poor flow behavior were propellant ingredients and
iﬁadequate deaeration during mixing. Improved processes, an improved formu-
lation, and process guidelines were developed and demonstrated to provide

assurance of the capability for producing sound, high-quality grains.
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I. INTRODUCTION

This report presents the results of the 260-in.-Dia Motor Propellant
Improvement Program. The work was conducted by the Aerojet-General Corpora-
tion for the National Aeronautics and Space Administration, Lewis Research
Center, under Contract NAS3-12002. The 12-month program was initiated in
June 1968 to investigate the critical factors that must be controlled to cast

high~quality propellant grains for large solid rocket motors.

The need for this program was demonstrated by the abno;pal ballistic
performance of Motor 260-SL-3. Large chamber pressure increases during the
static test firing were attributed to unscheduled grain surface area exposure,
caused by defects within the grain and in the propellant-to-liner bond. These
defects indicated the casting process and uncured propellant flow characteris-
tics were inadequate. The work described in this report was directed toward
golution of this problem and development of processing criteria that would

assure the capability for processing sound propellant grains.
The primary technical emphasis in this work is on flow behavior of

propellant at low shear stresses, and on the processes and formulation ingred-

ients necessary to minimize viscosity at those conditions.
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II. SUMMARY

The 260-In.-Dia Motor Propellant Improvement Program was initiated in
June 1968 under Contract NAS3-12002 for the purpose of investigating factors
contributing to propellant grain defects in Motor 260-SL-3, and to establish
process and formulation improvements that would assure sound, high-quality
grains. The major technical emphasis was placed on the non-Newtonian pseudor~
plastic flow behavior of the uncured propellant during casting. The critical
parameter was the apparent viscosity at a low applied shear stress, 5,000 dynes/
cm2 (500 N/mz).

Program effort was organized into three tasks. Task I encompassed
casting studies that included the casting of ten subscale 42-in. (1.07 m)-dia
molds and one full-scale segment of a 260~in. (6.6 m)-dia grain. In Task II
process and formulation variables were studied and an improved formulation was
developed. The optimized processes and formulation were demonstrated in Task

III with the successful casting of a full-scale mold.

The first seven subscale molds were used to define critical process
variables in the casting of the 260—SL—3 propellant formulation ANB-3254, with
emphasis on simulating the types of defects observed in the grain of Motor
260~-SL-3. For this propellant, the most critical factor affecting flow
behavior was the wvacuum mix cycle. This factor was used in propellant prep~
aration for the first full-scale mold, which successfully simulated the 260~SL-3
processes and resultant defects. The defects consistently occurred at pro-
pellant batch interfaces and were clearly the result of flow behavior. The
most significant deficiencies in the full-scale mold were in the bonding-to-
liner samples. Anisotropy in ballistic and mechanical properties prevailed

in this and all other molds cast.
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II. Summary (cont)

In the propellant modification studies, mixing variables studies in-
cluded vacuum level, final mix time, mix temperature, and mixer speed. Com-
binations of low vacuum level and short mix time were found to increase pro-
pellant pseudoplasticity through inadequate deaeration. The most significant
ingredient contributing to highly pseudoplastic flow behavior was the BRA-101

burning~rate additive.

An improved formulation, designated ANB-3350, was developed con-
taining diron oxide and Iron Blue as burning rate additives, a cure
catalyst which was not subject to hydrolysis, a wetting agent, and an
antioxidant. The flow properties of this formulation were significantly
improved over the 260~SL-3 formulation and were slightly superior to
those of ANB-3105, the formulation successfully demonstrated in Motors
260-SL-1 and 260-SL-2. The mechanical and ballistic properties of
ANB-3350 are equivalent to those of ANB-3254. Additionally, a simplified
in-process test for measuring viscosity at low shear stress was demon-—
strated. Storage stability of the ANB-3350 premix for up to 11 days was

also demonstrated.

The last three subscale molds were used to verify the adequacy of flow
properties, evaluate formulation vériables, and demonstrate above-surface
casting using the improved formulation. The specific formulation to be used
in the Task III Processing Demonstration was selected. Above-surface bayonet

casting was shown to be promising as an improved casting technique.

A second full-scale mold was processed, demonstrating the improved
formulation using an extended vacuum mix cycle and new limitations on casting
bayonet submergence. The improvements were found to reduce significantly
surface defects, to promote adequate propellant—to-liner bonding, and to
assure the capability of processing sound high-quality propellant grains.

In culmination of Task III, motor processing guidelines were prepared and are

included as an appendix to this report.
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ITTI. TECHNICAL DISCUSSION

A, PROGRAM OBJECTIVES

The purpose of this program was to resolve the causes of defects

in the propellant grain of Motor 260-SL-3 by pursuing the following objectives:

1. Determine propellant casting parameters that insure high
quality grains.

2. Determine propellant characteristics compafible with the
selected casting parameters.

3. Modify the propellant formulation used in Motor 260-SL-3 to
achieve acceptable processing characteristics while maintaining the required
mechanical and ballistic properties.

4. Demonstrate the optimum processing procedures and propellant

formulation for producing sound grains with a simulated propellant grain casting.

B. TECHNICAL APPROACH

1. Definition of Problem

a. Processing of Motor 260-SL-3

Some of the ANB-3254 propellant batches prepared for
the casting of Motor 260-SL-3 exhibited abnormal flow behavior. Visual in-
spection of the propellant in the mix bowl revealed a highly irregular surface
and an impression of the mixer blades. The ANB-3105 propellant cast into
Motors 260-SL-1 and -2 in contrast exhibited a smooth glossy surface in the
mix bowls. Application of a 1ight force on the surface of the abnormal ANB-
3254 propellant batches resulted in propellant flow and a smooth surface in
the bowl. These batches were then bayonet cast without difficulty, and re-

quired about the same amount of cast time as other batches which did not
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III.B. Technical Approach (cont)

exhibit the irregular surface. As a result of cumulative visual evidence
it was determined that the length of the final vacuum mix cycle should be
increased from 20 to 30 minutes for the final two-thirds of the run. This
change resulted in a decrease in the incidence of the abnormal appearing

batches.

Visual observations of the propellant surface in
Motor 260-SL-3 during casting showed that the surface was smooth. Subsequent
examination of the inner bore after the gfain had been cured and the core
stripped revealed numerous defects, apparently caﬁsed by propellant folding
against the core in such a way as to entrap air and produce elongated surface
defects. There were significantly fewer defects in that portion of the grain
corresponding to propellant mixed with the longer (30 minute) final vacuum
mix cycle. During static test firing of the motor, ballistic abnormalities,
which could only be related to exposure of unplanned burning area, and local-
ized failure of liner-propellant bond occurred. In retrospect, it was evident
that the grain bore surface defects, while not seriocus in themselves, were

symptomatic of both within-grain and propellant-to-liner hond defects.

Because propellant flow behavior was the most likely
cause of the observed grain bore defects and the subsequent ballistie abnorm-—
alities, NASA-LeRC awarded Contract NAS3-12002 to Aerojet to investigate the
mechanism of defect formation, relate this mechanism to the propellant formu-
lation variables that were responsible for the observed flow behavior, and
develop and demonstrate an improved propellant formulation with the same

ballistic properties as ANB-3254.
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ITI.B. Technical Approach (cont)

b. Rheology of Uncured Solid Propellants

Accomplishment of the objectives of the program required
an understanding of the rheology of uncured solid propellants. The rheology
of highly filled liquid polymers such as uncured solid propellants is extremely
complex from a theoretical point of view, and determination of the flow behav-
ior of such a system from a knowledge of the properties of its component parts
is generally not possible. Even empirical treatments (sparsely available
in the literature) of the flow properties of systems with volume loadings
comparable with current solid propellant formulations are so complicated by
factors such as particle size distribution, particle shape, and other physical
and chemical interactions that they quickly lose their generality. Clearly
any attempt to advance the state—of-the—art in this difficult field was beyond
the scope of this program. Rather, the approach to development of an under-
standing of the problems encountered during the processing of Motor 260-SL-3
was to examine the individual components of the propellant system used in this
motor and to determine how these components affected the ultimate flow prop-—

erties of the propellant.

Most uncured solid propellants exhibit non-Newtonian
flow behavior, i.e., the viscosity of the material is a function of the applied
shear stress. On the current program it was found that the degree of depart-
ure from Newtonian behavior is a good measure of the incidence and size of
grain defects which could be expected in a large motor such as the 260-in.~-dia
(6.6-m—dia) motors. The filled systems represented by uncured solid propellants
depart from Newtonian behavior in that the viscosity increases as the applied
shear stress decreases as shown in Figure 1. A material such as an uncured

propellant whose viscosity increases steadily as the shear stress is reduced
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III.B. Technical Approach (cont)

to zero is termed a "'pseudoplastic' material. 1In an extreme instance, the
propellant viscosity may actually become infinite at some finite value
of shear stress. Materials that exhibit a "yield point" such as this are

termed "Bingham plastic".

The wviscosity characteristics of uncured solid propel-
lants can be measured in many ways with a variety of commercially available
instruments including rotational viscometers, extrusion rheometers, parallel
plate plastometers, or falling ball devices. Of the instruments available,

the Rotoviski viscometer is the most versatile and accurate.

The Rotovisko viscometer is basically a rotational type
of viscometer which measures the resistance (torque) to the rotation of a
small star—-shaped rotor submerged in the propellant sample (sample size is
about 50 gm). Measurements are made at many fixed rates of rotation to pro-
vide viscosity as a function of shear rate (or shear stress) over a wide range
of shear rates. The data may be plotted in various ways which show the
interrelationships between shear rate, shear stress and time after curing
agent addition. Viscosity as a function of shear stress was selected as the

form for the data portrayal on this program.

Most uncured solid propellants also exhibit a type of
flow behavior known as thixotropy. A thixotropic material subjected to a con-
stant rate of shear shows a decrease in viscosity as a function of time of
shearing. From the standpoint of propellant processing characteristics and
processability, this thixotropic effect has not been found to be of major

importance.
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III.B. Technical Approach (cont)

Another unique property of uncured solid propellants is
that their flow characteristics change with time as the cure reaction proceeds.
Thus an uncured propellant may exhibit nearly Newtonian flow behavior shortly
after curing agent addition, but then the flow characteristics will show
progressively increasing pseudoplastic behavior (with increasing values of
yield stress), and finally visco-elastic behavior when the cure is complete.
Consequently, a realistic assessment of the flow properties of a propellant
must include measurements of viscosity as a function of shear stress and

time after curing agent addition.

c. Considerations of Propellant Flow Behavior in the Motor

Casting Process

Since the viscosity or flow characteristics of uncured
solid propellants are dependant on shear stress (or shear rate) and time, the
establishment of meaningful processing criteria requires an examination of the
motor casting process in terms of these critical parameters. This examination
reveals three distinctly differing zones of applied stress and flow: (1) plug
flow through the casting bayonet under relatively high shear stress, (2) mix-
ing of the propellant stream emerging from the bayonet with stagnant propel-
lant in the motor, and (3) flow under low shear stress around the core and to

the motor wall.

Propellant flow characteristics through the casting
bayonet during the processing of Motor 260-SL-3 were acceptable and not a
gignificant contributor to grain defect formation. Casting rate is a direct
measure of the viscosity in this process step. In fact, the casting pot bay-
onet assembly is a form of an extrusion rheometer. As shown in Figure 2,
comparison of the casting rates of the ANB-3254 propellant with the ANB-3105
propellant (260-SL-1 and -2) indicated that the propellant viscosities under

these conditions (high applied shear stress) were similar and acceptable.
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ITI.B. Technical Approach (cont)

The result is not surprising because the viscosity of a
pseudoplastic material is lowest under high shear stress conditions. At the
start of this program knowledge of the flow processes or patterns occurring
in the "mixing" zone was very limited. Because propellant viscosity charac-
teristics are both stress and time dependent and material under a high applied
stress is emerging from the bayonet and "mixing" with stagnant propellant,
it is evident that this is a critical region. The characteristics of the
stagnant propellant are dependent on its age (time after curing agent additionm),

which in turn is dependent on production rate and bayonet submergence depth.

After the propellant leaves the mixing zone, the flow
toward the wall and around the core occurs under a low applied stress, viz,
hydrostatic head; under these stress conditions the apparent viscosity of a
pseudoplastic material will be very high. The characteristics of the propel-
lant in this zone are directly dependent on the flow processes occurring in
the mixing zomnes. If old propellant (long elapsed time after curing agent
addition) is being forced into the zone, a high probability of defect forma-
tion exists. It is clear from a defect formation standpoint that flow in this

zone is the most critical element in the motor casting process.

2. Technical Plan

Program effort was organized into three tasks. Task I,

Propellant Casting Studies, and Task II, Propellant Modification Studies, were
conducted concurrently, resulting in the development of optimized processes
and an optimized formulation which then were demonstrated in Task III. The

following is a description of the three work tasks:
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III1.B. Technical Approach (cont)
a. Task I ~ Propellant Casting Studies

Initial effort in this task consisted of the design and
fabrication of two types of casting forms to be used in subsequent evaluations.
A small subscale form of 42-in. (1.07 m) dia were designed to enable casting
of about 2000 1b (900 Kg) of propellant in a 240-degree (4.19 rad) segment.

A large full-scale form approximating a 120-degree (2.09 rad) segment of the
260-in. (6.6 m) dia motor was designed to contain more than 60,000 1b (27,000
Kg) of propellant. A plan for conduct of propellant mixing and casting experi-
ments was prepared. The experimental program included mixing, casting, and
curing of propellant in one full-scale and ten subscale forms. Data obtained
included viscosity, flow patterns, and mechanical, ballistic and bonding prop-
erties of the cast propellant. The task was concluded with the compilation

and analysis of all experimental data, and the selection of a formulation and
mixing and casting procedures to be used in the subsequent Task III casting

demonstration.
b. Task II - Propellant Modification Studies

In this task, the significant propellant formulation
and process variables were identified, and the effects evaluated in the sel-
ection of a reliable propellant and casting process. Effects of variables in
the propellant composition, the mixing process, and the casting process on
propellant flow and bonding characteristics were evaluated in laboratory-
scale batches. Optimum values selected were verified and used in the final
subscale mold castings of Task I. A significant element of this task was to
define process control limits for the critical factors influencing propellant

flow characteristices.
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III.B. Technical Approach (cont)
c. Task III - Processing Demonstration

The capability to produce sound propellant grains,
using the optimized prdpellant formulation and process procedures as deter-
mined in Tasks I and II, was demonstrated by casting a mold simulating a
section of a 260-in. (6.6 m) dia motor. The same full-scale mold employed
in Task I was used. The cured grain was sectioned and specimens were tested
to verify mechanical and ballistic properties of the propellant, and adequacy
of propellant bondinél This task effort was concluded with the preparation

of motor process guidelines dimplementing the optimum formulation characteris-
tics and process procedures.

C. DISCUSSION OF RESULTS

1. Subscale Molds 1 through 7

The propellant cast into the first seven 42-in.-dia by 48-in.-
high (1.07 by 1.22 m) subscale molds was ANB-3254, the propellant formulation
cast into Motor 260-SL-3. The plans used for casting these molds were designed
to evaluate the casting rate, bayonet submergence, propellant age, and pro-
pellant flow characteristics. Critical mixing variables affecting propellant
flow characteristics were defined during the processing of the propellant used

for casting these molds.
a. Subscale Mold 1
The basic ANB-3254 propellant formulation was modified
to produce five distinct propellant colors for each of the five 450 1b.

(200 Kg) batches to obtain data of the flow patterns and inter-~mixing of

individual propellant batches within the motor.
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IIT.C. Discussion of Results (cont)

On the basis of laboratory scale propellant batches, dyes and pigments were
selected that could be substituted for Iron Blue and provide different pro-
pellant colors without causing significant changes in the viscosity of the
propellant, These multi-colored batches were cast into a mold, designed to
provide a 240-degree (4.19 rad) cloverleaf-shaped grain segment shown schem-
atically in Figure 3. Formulation and casting parameters are summarized in
Figure 4 and the laboratory test data for the propellant and components are
presented in Figure 5.

While casting the first batch of propellant, which was
the nominal ANB-3254 formulation, defects of small irregular waves of built-
up propellant that flowed out around the core and into the lobes were observed.
Subsequent batches did not reveal the formation of any additional defects.
Viscosity measurements as a function .of applied shear stress and time from
curing agent addition were made on samples of propellant from each batch cast
using the Rotovisko viscometer. As described previously, data are presented
as a graph of viscosity-vs—~applied shear stress for different time intervals
after curing agent addition. A typical graph is shown in Figure 6 that shows
the viscosity characteristics of Batch 68-232, the first batch of propellant
cast into this mold. To simplify the presentation of viscosity data obtained
on the many>batches of propellant prepared on this program, measured viscosi-~
ties will generally be reported at two time intervals from curing agent addi-
tion (6 and 10 hr) and at a fixed value of shear stress. The shear stress
value selected for this purpose is 5,000 dynes/cm2 (500 Newtons/mz), which,
although arbitrary, is sufficiently low to ensure that any significant pseudo-
plasticity will be revealed. It is a convenient value of shear stress to
visualize as it corresponds to about 1 in. (2.54 cm) of propellant hydro-

static head.

The viscosity data (Figure 5), from the batches cast
into this first subscale mold, as well as visual observation, indicated that
all batches were significantly more fluid than corresponding 10-1b (4.5 Kg)

batches of the same formulations.
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IIT.C. Discussion of Results (cont)

When the mold was sectioned, the flow patterns were
readily apparent because of the different color of each batch cast, as shown
in Figure 7. Immediately it was obvious that early batches cast into the
mold were sequentially displaced by subsequent bétches.to the extent that the
last batch was completely encased within the previously cast batches. There
was a negligible amount of mixing of the batches within the mold; the lines
of demarcation between batches were clear. Significantly, the second batch
cast was displaced outward and upward to the top of the mold and over a con-

siderable part of the circumferential bonding area. Thus, the age of pro-

pellant contacting the liner became progressively more ag the mold was filled.

Mechanical properties from carton samples taken from

each batch (Figure 8) show that the state of cure had become constant within

30 days at 135°F (57°C). Properties of specimens taken from the cured grain
(Figure 9) indicate some anisotropic behavior with respect to both mechanical
properties and burning rate. This is considered normal and was observed also
with the ANB-3105 propellant cast into Motors 260-SL-1 and ~2. Bond data
(Figure 10) show no effect of circumferential or vertical location on the outer
periphery of the grain. Although the numerical values appear to be lower for
specimens taken from the A position (web of the grain), all samples randomly
failed within the propellant or at the propellant-to-plate bond line, so that

no conclusions can be drawn with respect to propellant-liner bond strength.

The apparent state of cure, as measured by initial modu-
Jus (Eo), is indicated to be greater in the cured grain than in the carton
samples. This relationship is frequently observed in solid propellants and
is attributed to the orientation resulting from flow during casting. In the
grain the propellant has passed through a long tube before flowing into the
mold. The sample cartons are drawn directly from the mix bowl. This pro-
gram presented an unusually extensive opportunity to document this relation-

ship.
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IIT.C. Discussion of Results (cont)

b. Subscale Mold 2

A summary of propellant variables and casting parameters
for the second subscale mold is given in Figure 11. With the exception of the
fourth batch, this mold was cast with the standard ANB-3254 propellant. The
fourth batch cast into this mold contained 0.17%7 benzidine yellow added to the
standard formulation to impart a green color to the propellant. The casting
rate used for the second mold was the same as for the first mold with the bay-
onet submergence limited to a maximum of 12 in. (30 cm). The propellant was
processed normally. Laboratory test data for the propellant components and

uncured propellant are shown in Figure 12.

No significant defects were formed in this mold,
apparently because the propellant did not exhibit extreme pseudoplasticity
Because definition of the 450-1b (200 Kg) batch mix cycle required for produc-
ing propellant with the desired flow characteristics was a program requisite,
mix cycle variations were evaluated during the processing of propellant for
this mold. The variations evaluated included reducing the efficiency of deaera-
tion during final vacuum mix. One batch was mixed with the vacuum pump off
during the final mix cycle and another batch was mixed with the final vacuum
mix cycle shortemed from 20 to 10 min, with the vacuum pump off. Visual
examination of these batches and subsequent viscosity measurements indicated
that these mixing variations did not have a major effect on propellant flow
characteristics. Observations during casting indicated the surface of the
propellant in the mold remained relatively level and smooth with no waves of
the type that could have caused defects in the first batch of the first sub-

scale mold.
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II1.C. Discussion of Results (cont)

Sectioning of the cured mold revealed no internal defects
or flaws. Since the color of the fourth batch cast into this mold was green,
the flow patterns of this batch were clearly defined and generally conformed
to what would be expected from examination of the sections of the first sub-

scale mold.

Mechanical properties from carton samples of each batch
cast into the second mold show the effect of the changed mix procedure used
for the third and fi%th batches as shown in Figure 13. With the vacuum pump
bff during the final mix cycle of the third batch and shortening the final
mix cycle of the fifth batch evidently removed less moisture from the batch,
which in turn caused more degradation of the FeAA cure catalyst by hydrolysis.
Consequently, the initial modulus for these two batches was 330 to 387 psi
(228 to 267 N/cmz) compared with 433 to 538 psi (299 to 371 N/cmz) for the

other batches after a 25-day cure.

The results of the mechanical properties and burning
rate tests on specimens from the second propellant grain are summarized in
Figures 14 through 16. These data indicate that the propellant initial modulus
is higher in the area of the grain where the propellant from the two bayonet
streams converge. As in thg~first mold, some anisotropy in both mechanical
properties and burning rate is apparent in all three specimen locations, and
the initial modulus is significantly greater than in the carton samples.

Bond specimens were taken from the grain in three cir-
cumferential and five vertical locations, shown schematically in Figure 2 and
tested at 77°F (25°C) in both tensile and shear. The data given in Figure 17,
do not show any effect of location on the grain periphery on liner—-propellant

bond strength.
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ITI.C. Discussion of Results (cont)
c. Subscale Mold 3

In processing propellant for the third mold, the evalu-
ation of mixing parameters affecting the flow properties of propellant mixed
in the 450-1b (200 Kg) mixer was continued. Parameters evaluated were a
lengthened final vacuum mix cycle, increased from 20 to 60 min, increased
FeAA level and elimination of a vacuum mix step after oxidizer addition. The
first factors were selected for evaluation on the basis of 10-1b (4.5 Kg) mix
data that indicated that the amount of active FeAA in the propellant influenced
flow properties. Increasing the efficiency of the final vacuum mix would
result in a higher concentration of active FeAA through more effective removal
of water that hydrolyzes FeAA. The active FeAA concentration was increased
with higher initial concentrations. = As shown in Figure 18, the first three

batches were standard ANB-3254, with 0.032 wt?% FeAA, processed with a 60 min

final vacuum mix cycle. The fourth batch also was mixed for 60 min but was
formulated with 0.045 wtZ FelA. All batches were cast into the mold at the

maximum rate.

Visual examination of these propellant batches in the
mixer gave no evidence of the extreme pseudoplastic flow behavior that had
been observed in the A-DD mixers during the casting of Motor 260-SL-3. The
viscosity data were found to be consistent with these observations. Typical
is the data for the first batch, shown in Figure 19. On the basis of these
observations, it was concluded that less efficient vacuum mixing would probably
yield the highly pseudoplastic flow characteristics. Therefore, the fifth batch,
which had the same formulation as the fourth batch, was prepared by a procedure
that eliminated all wvacuum mixing during the batch preparation, except for a
10-min final vacuum mix. This procedure was expected to more closely dupli-
cate the A-DD mix conditions. The flow characteristics of this batch were
very similar to those observed during the Motor 260-SL-3 casting. Subsequent

viscosity data, shown in Figure 20, confirmed that the propellant from this
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III.C. Discussion of Results (cont)

batch showed much higher viscosity at low shear stress than all previous
batches made in the 450-1b (200 Kg) vertical batch mixer. Viscosity build-up
at 10,000 dynes/cm2 (1,000 N/mz) shear stress for the fourth and fifth batches

is compared in Figure 21.

Laboratory analyses of the propellant components and

uncured propellant were normal and are presented in Figure 22.°

During casting of all batches the propellant surface
was smooth and no defect formations were observed. On the basis of its loca-
tion and the flow patterns found in the first mold, the fifth batch would not

be expected to cause defects.

Stripping and sectioning of the cured mold revealed no
visible defects. The location of the f£fifth batch could be seen in the section-
ed pieces, because the altered mix procedure apparently caused a difference in
ghading of the blue pigment in the propellant. Its location was as expected on

the basis of flow patterns observed in the first mold casting.

Mechanical properties data from carton samples of pro-
pellant taken from each batch caét into this mold are shown in Figure 23 and
show the changes in formulation and mix cycle in the fourth and fifth batches.
The fourth batch with the long final mix and increased FeAA content shows the
highest state of cure, while the fifth batch with the short final mix cycle,
and increased FeAA content, did not cure as rapidly as the preceding batch,

but more rapidly than the first three batches.

The mechanical properties specimens taken from the sec-—
tioned grain show the typical anisotropy observed previously, with the lowest
propellant initial modulus generally occurring in the vertical orientation,

as shown in Figure 24. The bond strength between the propellant and the
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IIT.C. Discussion of Results {(cont)

SD-850-2 1liner is not affected by the vertical location on the grain peri-
phery. All bond specimens failed at random within the propellant, indicating

bond strength in excess of the cohesive strength of the propellant.
d. Subscale Mold 4

All of the 450-1b (200 Kg) batches cast into this mold
were prepared using the mix procedure used in the last batch of the third
mold. The mixing variables and casting parameters are summarized in Figure
25. Laboratory test data of the propellant components and the uncured pro-
pellant are shown in Figure 26. All batches exhibited the type of flow behav-

ior which caused the defects observed in Motor 260-SL-3.

During the casting of the mold using the maximum casting
rate, the formation of many defects was observed. The mechanism of the defect
formation was apparent. Resistance of the propellant to flow at low shear
stress caused mounds or waves to form around the bayonet; the waves were as
high as 10 in. (25 cm). When the mound had reached a height where the hydro-
static head exceeded the yield strength of the propellant, each wave began to
flow, relati&ely rapidly because of shear thinning of the propellant, away
from the bayonet. As the "wave front" passed along the core and the outer
periphery of the mold, air was entrapped between the moving and static pro-
pellant with the resulting creation of a void or a fold. The first 5500-1b
(2500 Kg) scale-up batch of this propellant formulation was prepared during
the casting of the fourth mold and a portion of the batch used to cast the
mold along with four 450-1b (200 Kg) batches. The preparation of this batch

is described in Section III.C.1.1i.
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III.C. Discussion of Results {(cont)

The cured mold was stripped and the core removed to
reveal the observed defects. Several elongated defects up to 14 in. (36 cm)
long and up to 2 in. (5 cm) wide were found. Maps of the defects found on
the grain exterior and core surfaces are presented in Figures 27 and 28,
respectively. There were also many voids beneath the surface of the pro-
pellant. Cutting into these voids indicated that some were as deep as 2 in.
(5 cm). These defects were such that there was little doubt the defects were
formed by the same mechanism as observed on the bore of Motor 260-SL-3.
Partial sectioning4of the cured grain has also revealed many internal defects,

including both voids and what might be described as "fault lines."

Carton samples cast from the batches cast into the
fourth mold confirm the observations from the last batch cast into the third
mold that the abbreviated vacuum mix cycle reduced the propellant initial

modulus. Carton data are shown in Figure 29,

The mechanical properties and solid-strand burning rates
of propellant specimens compiled from the fourth mold are sqmmarized in Figure
30. As in the first three molds, there is anisotropy apparent in the mechan-
ical properties, with the lowest propellant initial modulus being observed in
vertically oriented specimens. There was some anisotropy evident in the solid-
strand burning rate, but with no apparent correlation with orientation or
mechanical properties. Similarly, the apparent state of cure, as indicated
by initial modulus data, is greater in the mold than in the sample cartons.

A trend in propellant bond strength is indicated from the samples tested
from this mold with a significant decrease in tensile and shear strength
occurring in the upper half of the mold. However, this trend is attributable

largely to batch differences, as seen in the modulus and tensile strength data.
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I11.C. Discussion of Results (cont)
e. Subscale Mold 5

The objective of this mold casting was to evaluate the
effect of propellant viscosity characteristics on grain quality. This was
accomplished by using the same casting plan as for the third mold, but using
a mix procedure that accentuated pseudoplastic flow behavior. All batches
prepared for this mold were processed by the same mix procedure used for the
fourth mold, i.e., mix after oxidizer addition shortened to 5 min without
vacuum, and final vacuum mix cycle shortened to 10 min. As with the pro-
pellant prepared for mold 4, all batches exhibited the pseudoplastic flow be-
havior similar to that observed with some of the propellant batches prepared
for Motor 260-SL-3. Viscosity build-up as a function of shear stress and time
from curing agent addition for the first propellant batch cast into mold 5 is
shown in Figure 31, and is typical of all batches. Laboratory test data for

these batches are shown in Figure 32.

The casting parameters for the fifth mold, shown in
Figure 33, were similar to those used to cast the third mold, which was essen-
tially defect-free. Significant differences between the sets of casting para-
meters for the fourth and fifth molds were the single bayonet and cylindrical
core configuration for the former, and two bayonets with cloverleaf core for
the latter. The average casting rate into the fifth mold also was slower than
into the fourth mold. The shorter flow path length with two bayonets and cast-
ing in smaller increments were observed to cause less of the "mounding" of
propellant in the fifth mold, with consequent formation of fewer defects.

Figures 34 and 35 show maps of the location of defects found in the cured grain.

Mechanical properties tests from carton samples from
propellant batches cast into the fifth mold, Figure 36, show the same low
initial moduli observed in the two previous molds that were processed with a

short vacuum mix cycle.
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ITI.C. Discussion of Results (cont)

No apparent trends are evident in the mechanical and
bonding properties or the solid-strand burning rates of samples removed from

the cured grain presented in Figure 37. This may be because of the proximity

of the sample location to the bayonet and the very shallow submergence used

in casting the grain. As with the previous molds, the initial modulus data

of specimens from the grain are higher than the comparable data for the carton
samples.

£. Subscale Mold 6

The propellant mixing and casting parameters for pro-
cessing of this mold were selected to provide an assessment of the effects

of shallow bayonet submergence and long flow path length on the formation of

defects in the grain. A summary of the formulation and casting parameters is

given in Figure 38. All batches cast into the mold were ANB-3254 propellant

processed to yield extreme pseudoplasticity. In-process data for the batches

processed for this mold are shown in Figure 39. The flow path length in this

mold was increased by using a 16-in. (41 cm) dia cylindrical core-configura-

tion and casting a 360 degree (6.28 rad) grain as shown below:

Bayonet
Dam

ARRBRUBRERY

Core

The location of the bayonet next to the vertical dam forced the propellant to
flow completely around the annulus, thus increasing the flow path length

by a factor of about 3 compared with the previous subscale mold castings.
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The effect of this increased flow path length was
readily apparent during the casting. Large defects were formed inside the
grain as well as on the inner and outer periphery. Sheér planes were formed
that were very similar to those observed during the casting of the first full-
scale mold. Maps of the observed grain defects, presented in Figures 40 and
41, show an increase in defect size and frequency as compared with mold 4.

The difference in grain height at the béyonet location and various circum~
ferential positions provides a direct and vivid measurement of propellant
flow behavior under low shear stress, as shown in Figure 42. The difference
in grain height at the bayonet location and opposite side of the dam, at the
maximum flow path length, was 18 in (41 cm) for this extreme pseudoplastic
propellant.

Mechanical and bond property and solid-strand burning
rate test data on specimens taken from the sixth subscale grain are shown in
Figure 43. As in all previous subscale grains, anisotropy in both mechanical
properties and burning rate were found. In spite of the increased flow path
length and the resultant increased frequency and severity of defects, there
was no effect of location on the grain periphery on the measured bond strength

to SD-850-2 liner.
g. Subscale Mold 7

The propellant mixing and casting parameters for proces-—
sing the seventh mold were selected to provide further assessment, along with
molds 6 and 8, of the effects of shallow bayonet submergence and long flow path
lengths on the formation of defects in the grain, as summarized in Figure 44.
As with the sixth mold, the flow patch length in this mold was increased by
using a 16-in (41 cm) dia cylindrical core configuration and casting a 360
degree (6.28 rad) grain. The bayonet was placed adjacent to the vertical dam

that forced the propellant to flow all the way around the annulus formed by
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III.C. Discussion of Results {(cont)

the core and the mold. The propellant formulation used for the first four
batches cast into this mold was ANB-3254. The processing methods selected for
these batches were designed to achieve the optimum flow characteristics for
this formulation. Long mix timesvat maximum vacuum resulted in a propellant
that exhibited a lesser amount of mounding and thus, less visible defect forma-
tion. The difference in propellant height on opposite sides of the dam was
about 10 in. (25 cm) after the four batches were cast compared with 18 in.

(46 cm) after five batches cast into the sixth mold.

The fifth batch cast into this mold was ANB-3350, the
improved propellant formulation developed under the Task 11 efforts and
described later in this report. Flow characteristics of this batch were so
significantly improved, as indicated by viscosity data (Figure 45), over even
the best ANB-3254 batch, that the height differential across the dam was ver-
tually eliminated. The batch flowed to the lowest area of the mold, at the
maximum flow path length, and filled the mold to the point of no height differ~

ence.

Figure 46 shows the laboratory test data for the pro-
pellant components and uncured propellant used in the casting of the seventh
mold. All batches processed normally. The 0.744 in./sec (1.89 cm/s) liquid-
strand burning rate of the improved formulation ANB-3350 exceeds the 0.68 in./sec
(1.73 cm/s) target. It was therefore concluded that the burning-rate additive

content of the formulation (0.5% Iron Blue, 2.0% iron oxide) could be reduced.

The mechanical properties from carton samples of each
batch of propellant cast into the seventh mold are shown in Figure 47. Batch
69~-11 is the improved propellant formulation ANB-3350. The data indicate that
the cure of this batch stabilized in about 17 days at 135°F (57°C) and the
modulus of 480 to 490 psi (331 to 338 N/cmz) is very close to the target value
of 500 + 100 psi (345 + 69 N/em®).
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III.C. Discussion of Results (cont)

No difference is apparent between the mechanical and bond
properties and solid-strand burning rate of specimens obtained from the seventh
mold and the properties obtained on previous molds. These data for the seventh
mold are shown in Figure 48. The initial modulus data from the grain specimens

are typically higher than the carton sample data.

h. Interpretation of Results

Analysis of the data obtained for the first seven sub-
scale molds cast with ANB-3254 provided an indication of many critical fac-
tors governing the size and frequency of grain and bond defects. These criti-

cal variables include:

¢N) Propellant viscosity characteristics
(2) Flow path length

(3) Propellant cast rate

4) Bayonet submergence

(5) Vacuum mix cycle

Propellant viscosity characteristics largely govern the
size and frequency of defect formation. The extent of defect formation is
dependent on the extent of pseudoplasticity. This is illustrated by a com-
parison in Figure 49 of the results of subscale castings 1, 2, 3, and 7, that
demonstrated little pseudoplasticity, with castings 4, 5, and 6, that dis-
played a high degree of pseudoplasticity. It appears from the viscosity data
in Figure 49 that propellant viscosities of 40,000 poise (4,000 Ns/mz) or less,
at three hours from curing agent additiom, at 5 K dynes/cm2 (500 N/mz) shear
stress result in essentially defect-~free castings over a range of processing
variables. When the propellant viscosities cast into the subscale molds are
in the rénge of 50,000 to 150,000 poise (5,000 to 15,000 Ns/mz), as cast into

molds 4, 5, and 6, frequent and large defects are produced.
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The effects of flow path length on defect formation are
most clearly shown by a comparison of subscale molds 4 and 6. Both molds 4
and 6 were cast with propellant exhibiting a'high degree of pseudoplasticity.
The configuration of mold 4 was a 240 degree (4.19 rad) cylindrical segment
with one centrally located bayonet while mold 6 was a 360 degree (6.28 rad)
cylinder with one bayonet located adjacent to the vertical separator. This
difference in configuration resulted in a flow path length for mold 6 of
approximately three times that for mold 4. The defects produced in mold 6,
shown in Figure 49 were both more numerous, 28-vs-13, and larger, 4 by 20 in.
ve 3 by 12 in. (10 by 51 cm-vs-8 by 30 cm) than those in mold 4. These data
suggest that the 360 degree (6.28 rad) configuration in the subscale mold
provides a more severe, and probably more realistic, evaluation of the adequacy
of the propellant flow properties. Duplication of 260-in. (6.6 m) motor flow
conditions apparently requires enough flow path length to allow development of
surface level differences and flow planes. The potential then exists for de-

fects anywhere along the flow path at the case wall and core surface.

Propellant cast rate appears to be an important factor
based on a comparison of results of molds 4 and 5, only when casting a pro-
pellant with extreme pseudoplastic characteristics. On the basis of visual
observations, it can be concluded that the casting rate governs the propel-
lant head height that builds up around the bayonet. This head height deter-
mines the size of the wave front that follows the mold wall. Intersection of
the wave front with the wall produces a defect. This flow occurs when the
hydrostatic head force exceeds the yield strength of the pseudoplastic pro-
pellant. When slow cast rates are used, the head height does not build up,

apparently due to the stress relaxation properties of the propellant.
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Cast rate does not appear to be critical with propel-
lants that do not exhibit high pseudoplasticity. With these propellants, the
head height around the bayonet does not vary significantly with cast rate and

therefore, defect formation did not occur,

Bayonet submergence may be concluded to be a factor in
defect formation since the age of the propellant at the bayonet tip is govern-—
ed by the submergence depth. The flow patterns in mold 1 show that the pro-
pellant batch'at the bayonet tip is moved outward and upward against the mold
wall. As the degree of pseudoplasticity increased with propellant age, deep
submergence is obviously deleterious to propellant liner bonding. Movement of
a pseudoplastic material favors defect formation. To avoid movement of such

material, the extent of bayonet submergence should be minimized.

For ANB-3254 propellant, the vacuum mix cycle was shown
to be a critical element in governing flow characteristics. Slight pseudo-
plastic flow behavior was achieved in the ANB-3254 type batches processed for
molds 1 through 3, when vacuum was applied to the mix after oxidizer additiom.
After vacuum mixing for 10 min, the DER-332 curing agent was added and then
a final vacuum mix was used. When the vacuum mix cycle was altered to eli-
minate the vacuum mix interval after oxidizer addition prior to DER-332 addi-
tion, a propellant with extreme pseudoplastic behavior resulted. Casting of
this type of propellant in molds 4, 5, and 6 resulted in a high incidence of

grain defects.
i. Scale-Up Batch
Prior to the casting of the first full-scale mold, a

5500-1b (2500 Kg) vertical batch mix was prepared to evaluate the effect of

final mix time on propellant flow behavior. Observations of the last 450-1b
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(200 Kg) batch used to cast the third subscale mold indicated that a short
vacuum mix cycle would produce the extreme pseudoplastic effect in ANB-3254
propellant. To evaluate this in the large VBM batch the final mix was stopped
at intervals of 10, 20, and 30 min and terminated at 60 min. At each mix

interval samples were taken for wviscosity build-up and mechanical properties

testing.

Viscosity build-up measurements on this batch were
determined by two methods. Previously, all measurements at fixed intervals
after curing agent addition were done using the same propellant sample. A
cup containing about 50 gm is normally used. In addition to testing the sam~
ples using this procedure, each batch also was tested in accordance with a
method which used a different sample of propellant for each measurement. A
series of cups was prepared and placed in 135°F (57°C) conditioning and allowed
to remain undisturbed until testing. This technique invariably indicated a
more rapid viscosity build-up for a given sample, most probably because the
continual shearing of the single sample did not allow sufficient time for the
propellant to recover between tests. Typical of the results obtained on this
VBM scale—up batch are the two viscosity build-up curves for the 10 min final
mix time éhown in’Figures 50 and 51, and compared at a low shear stress in
Figure 52. The viscosity data presented for the 20, 30, and 60 min final mix
intervals in Figures 53 through 55 use the second (individual cups) procedure.
Visual observation of the propellant in the mix bowl at the various final mix
intervals indicated the extreme pseudoplastic effect definitely'prevailed at
10 min, was less evident at 20 min and disappeared at 30 and 30 min. Although
this is not clearly shown in the initial viscosity indications, there appears
to be a correlation with the viscosity build-up at later time periods. For
example the viscosity at 10 hr after curing agent addition and an applied
shear stress of 20 K dynes/cm2 (2,000 N/mz) ranges from off-scale at 10 min
of mixing to 26,000 poise (2,600 Ns/mz) at 60 min of mixing. The effect of
final vacuum mix time on viscosity build-up at a low shear stress level is

shown in Figure 56.

Page 27



NASA CR 72621

IITI.C. Discussion of Results (cont)

There appears to be a correlation between final mix
time and mechanical properties also. The mechanical properties data given
in Figure 57 show a definite increase in the state of cure with increased
final mix time, with a plateau occurring at 30 min, the same interval that
the observed extreme pseudoplastic effect disappeared. This is undoubtedly
because less moisture is removed during the shorter vacuum mix times, and
moisture remaining in the propellant caused partial degradation of the FeAA

polymerization catalyst during cure.

2. Full-Scale Mold Casting

a. Description of Casting Form

The objective of this casting was to duplicate the con-
ditions of propellant flow, bayonet location, casting rate, and propellant age
that resulted in the grain defects observed in Motor 260-SL-3. A full-scale
grain segment was simulated by casting 12 5500-1b (2500 Kg) batches of ANB-3254
propellant into a 120-degree (2.09 rad) sector casting form to yield a pro-
pellant mold of the configuration shown in Figure 58. This arrangement repre-

sented one of three casting positions used to cast the 260-SL motors.

The casting form was of steel-framed, sheet metal con-
struction and was fastened to the floor of the casting bay. Three 24 by 80-in.
(0.60 by 2.0 m) panels of V44 insulation were prepared with SD-850-2 liner
and attached to the inside of the 130-in.-radius (3.3 m) wall to provide pro-
pellant-to-liner bond samples. The 135°F (57°C) cast—and-cure temperature
was maintained by passing heated air through an oven assembled around the
casting form and through flexible tubing which shrouded the casting bayonet
(Figure 59). For casting, the propellant pots were placed on a stand at the

top of the bay, allowing an initial bayonet length of about 40 ft (12 m).
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The bayonet tip was centrally positioned in the mold. The bayonet tubing,
valves, plugs, and related tooling, as well as all applicable procedures,
were ldentical to those employed in the casting of Motor 260-SL-3. The only
variance was that the propellant pot discharge valves used at the Sacramento
facility are smaller than those used at the Aerojet-Dade facility, requiring

the addition of a short adapter section.
b. Casting Plan

In the simulation of the conditions prevailing during
the casting of Motor 260-SL~3, typical batch times were established to repre-
sent the propellant manufacturing facility characteristics for each cast

position:

(1) Time between batches: 3 to 4 hr plus 16- to
20-hr delay.

(2) Time from the end of final mix to the start of

casting: 1 hr, 40 min to 2 hr, 30 min.

The planned casting sequence shown in Figure 60 was
designed to evaluate the effects on grain defect formation of bayonet sub-

mergence and propellant age at the bayonet efflux as follows:

on) Cast the first three batches with a fixed bayonet
location 5 in (13 cm) from the bottom of the mold, resulting in bayonet sub-

mergence of 0 to 13 in (33 em). Allow 3 to 4 hr between batches.

2) Clean and remove bayonet. Shorten bayonet by
7 in (18 cm).
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(3) After a 16 to 20-hr delay, insert the bayonet to
a depth of 6 in. (15 cm) and cast the fourth and fifth batches, resulting in
a bayonet submergence of 6 to 18 in. (15 to 46 cm). For batches 4 through 12,

maintain the casting interval at 3 to 4 hr.

(4) Clean, remove, shorten, and insert the bayonet to
a submergence of 6 in. Cast the remaining batches without moving the bayonet,
thereby varying the submergence from 6 to 48 in. (15 to 122 cm) and the pro-
pellant age at bayonet efflux from about 4 to 28 hr.

c. Propellant Mixing

The 12 batches of ANB-3254 propellant were prepared in
accordance with the procedures used for Motor 260-SL-3, with selected controls
on the final 20 min. vacuum mix cycle. The procedures used for 260-SL-3 re-
quired a minimum vacuum level of 27 in. (690 mm) Hg for the final mix cycle of
20 min (later changed to 30 min). The vacuum level for the first three batches
was 29, 25, and 29 (740, 640, and 740 mm) in. Hg, respectively, to evaluate
the process sensitivity of ANB-3254 in large batches. The batch mixed at 25
in. (640 mm) Hg exhibited the extreme pseudoplastic flow appearance observed on
some of the 260-SL-3 batches, i.e., stiff, irregular surface, while the bat-
ches mixed at the higher vacuum displayed a normal "fluid" surface. Because
the vacuum in the mixers at A-DD is not measured directly, it was concluded
that this factor was the most significant mixing process variable affecting
flow behavior. As a major objective of this program is to simulate the Motor
260-SL-3 propellant grain defects, the remaining nine batches were mixed at
reduced vacuum levels. Batches 4 through 7 were mixed at 25 in. (640 mm) Hg.,
while Batches 8 through 12 were mixed at 26.5 in. (670 mm) Hg to demonstrate
an intermediate level. All of the batches mixed at reduced vacuum displayed
the extreme pseudoplastic appearance. Figure 61 summarizes the flow charac-

teristics of the 12 batches.
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Acceptance data for the propellant liquid components
and uncured propellant (Figures 62 and 62) were normal and within acceptance
limits, with the exception of liquid strand burning rate (LSBR). The LSBR
data are consistently high, with seven batches exceeding the upper limit of
0.71 in./sec. (1.80 cm/sec). This characteristic is attributed to slight
differences in oxidizer particle size distribution produced by the Raymond
mill for the MA fraction. (The Mikro Atomizer mill capacity at Aerojet was
inadequate for this program). The differences in burn rate were not con-

gsidered to be detrimental to the casting objectives.

d. Propellant Casting

The casting of the 12 propellant batches was accom-
plished according to plan. The time between batches tended to exceed the
target range because of the unpredictability of oxidizer addition times during
mixing. The batch casting times were more than the nominal range for the bay-
onet length, due to higher pressure drop through the pot valves discussed
previously (Paragraph III.C.2.a.). The casting span times are summarized in

Figure 64.

The propellant surface during casting was monitored
visually, with time-lapse photography, and with surface level measurements.

The following is a summary of visual observations.
Batch 172A, (first batch) was mixed at 29-in. (740 mm)

Hg vacuum and displayed normal flow characteristics. The flow in the mold

covered the entire base, except for two corners (Figure 65).
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Batch 172B (second batch) was mixed at 25-in. (640 mm)
Hg vacuum and had a stiff, irregular surface in the mix bowl. Casting was
stopped with about 1200 to 1400 1b (540 to 640 Kg) of propellant remaining in
the mix bowl when several large bubbles appeared. This apparently resulted
from pot diaphragm leakage. Propellant flow in the mold was uniform, with
about a 6~in. (15 cm) level gradient from the center to the ends. The sur-

face of the propellant developed small wrinkles and shear planes (Figure 66).

Batch 172C, 1like the first, was mixed at the high vacuum
level and had a normal surface appearance. Flow in the mold was uniform.

The bayonet was pigged and removed after the cast and was shortened by 7 in.
(18 cm).

Batch 172D (fourth batch) was mixed at 25-in. (640 mm)
Hg vacuum and included the addition of 0.1%7 of benzidine yellow dye, result-
ing in green propellant, for color contrast in the mold with the normally blue
propellant. The bayonet was inserted to 6 in. (15 cm) submergence. Casting
was initiated 16 hr, 40 min after the casting of the third batch and covered
the entire surface of the west end of the mold. Figure 67 shows the central
area of the mold, with the bayonet at the left and the small portion of the
batch that flowed northeast.

The flow of batch 172E (fifth batch) was to the north-
east end of the mold. Initial flow at the surface was green, which later
blended to blue-green. Following the casting of this batch, the bayonet was
pigged, removed, cut and inserted to a submergence of a minimum of 6 in.

(15 cm). The propellant surface height around the bayonet varied by several
in. Figure 68 shows the propellant surface at the end of the casting of the
fifth batech.
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Batch 172F (sixth batch) flowed toward the west uniformly,
with a small amount of flow to the northeast, the latter portion being shown
in Figure 69. Part of the green propellant of the fourth batch remained at

the surface near the center of the mold as an "island."

Batch 172G flow during the seventh batch casting was in
both directions, but the surface became increasingly irregular, displaying
folds, mounds, lumps, and shear planes ( Figure 70). This trend continued

throughout the mold casting.

Starting with the eighth batch (Batch 172H), the pro-
pellant final mix cycle was performed at an intermediate vacuum level of

26.5 in. (670 mm) Hg. Flow during this cast was toward the northwest end.

Flow of the mninth batch (Batch 172I) was again in the
northeast direction. This batch included 0.17% benzidine yellow to produce
green propellant. The color surfaced intermittently, resulting in a churned,
but not mixed, appearance. In Figure 71, the light-colored propellant at the
top is green. The small lumps visible on the surface were entirely homogen-
eous. These were apparently higher viscosity, older propellant picked up by

the moving stream, and are not indicative of formulation variance.

Batch 172J (tenth batch) again flowed to the northeast.
The ninth batch propellant (green) flowed over a large portion of the surface.
In Figure 72 (looking toward the center of the mold), the propellant in the
foreground is green. The maximum surface height was 6 in. (15 cm) above the

top of the mold.
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¥low of Batch 172K (eleventh batch) initially caused
the large mound to rise vertically, about 2 ft (60 cm) above the mold. The
cast was stopped momentarily on two occasions to allow horizontal flow to be
established in the westerly difection to avoid spillage. Once a channel was
established, the propellant flowed rapidly to the end of the mold, and contin-

ued for several minutes after cessation of bayonet flow.

Batch 172L (final batch) was cast without incident,
flowing through’ the same channel as the previous batch and toward the west

end of the mold. The bayonet was pigged and removed.

Analysis of the time-lapse films and surface height
measurements acquired during casting of the full-scale mold confirmed a vis-
ual observation that no significant movement occurred during the time spans
between batches. This is consistent with the highly pseudoplastic, nature
of the cast propellant, characterized by extreme viscosity at low shear
stress levels. Between-batch movement was recorded by surface height measure-
ments within the first hour after casting each of the first three batches.
Movement occurred where a distinct height differentail or "wave' formed near
an end of the mold and subsequently leveled. Figure 73 through 75 summarize
graphically the surface height measurements recorded at the cessation of flow

of each batch cast,
e. Cured Propellant Analysis

At two weeks after the completion of casting, Shore A
hardness measurements on propellant samples indicated the state of cure of the
mold was sufficient to interrupt the cure and initiate sectioning of the pro-
pellant. Following 3 days of cooldown, the environmental enclosure was re-

moved and the casting form was disassembled. Figure 76 is an overhead view

of the mold.
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When the mold had been stripped, numerous defects were
observed on all sides (Figures 77 through 84). The wvertical lines on the mold
surface result from wires installed in the casting form for cutting of the
cured propellant; thermocouple wires; depth scales; and the tape used to hold
the wires against the casting form. Other vertical and horizontal stripes
which are evident resulted from a color transfer from rubber strips used to
seal the casting form. Propellant from the fourth and ninth batches, which
were green, appears darker in the photograph. A map of surface defects is
shown in Figure 85. These defects were not as severe as the worst of those
observed in the grain of Motor 260-SL-3, but were more frequent and generally
of the same character. Excluding porous type defects, the 260-SL-3 grain
inner bore had 166 defects, or 0.56 defects/mz, while the mold had approxi-
mately 168 defects, or 7.8 defects/mz. The surface defects ranged in size
up to 91 in. (2.3 m) long, 4.0 in. (10 cm) wide, and 1.0 in. (2.5 cm) deep.
Virtually without exception, the defects were associated with batch inter-
faces and conversely, except for the first three batches, every batch inter-
face produced extensive defects. Consequently, the defects were largely
horizontal, although the severe surface irregularity observed during the mold
casting created unusual batch interfaces and defects. It is evident that,
while the flow éharacteristics of the propellant used in the mold casting
were more consistently undesirable than Motor 260-SL-3 propellant characteris-
tics, the mechanism of defect formation at the cured grain surface clearly was

demonstrated.

The mold half which included the liner bond panels was
cut into eight 7.5 degree (0.13 rad) sections. Sectioning was accomplished
with music wire and a dead-weight tension arrangement. Only a few small -
defects were exposed by the cuts. These 1- to 2-in. (2.5 to 5 cm) dia voids
were more frequently near the end of the mold. The maximum quantity observed
in any of the 5.5 by 6 ft cuts was six, at the cut nearest the end, and the cut

at the center of the mold exposed no voids. Some of the batch interfaces
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appeared to be slightly torn or partially separated as a result of the cutting
process, apparently indicating low-strength propellant-to-propellant bonds.

However, this condition was not verified by tensile testing of batch interfaces.

In the cutting of the remaining half of the mold for
disposal, the largest internal defect was exposed. This 12 by 18 by 1 in.
(30 by 46 by 2.5 cm) defect was associated with the batch interface created
during the casting of the eleventh batch. The location of the defect was
such that it was nearly connected to the large surface defects shown in the

upper—left portion of Figure 82.

Carton samples of the batches cast into the mold were
tested at intervals through a 40-day cure at 135°F (57°C). The data (Figure
86) indicate that cure had stabilized between 20 and 25 days. The propellant
initial modulus ranged from 300 to 575 psi (207 to 397 N/cmz) for the 12
batches.

A schematic of the full-scale grain showing the loca-
tions from which test specimens were prepared, as well as the code used to
designate these locations, is given in Figure 87. A summary of the data ob-
tained to date from these tests is presented in Figures 88 through 94. The
mechanical properties and solid-strand burning rate data show the same type
of anisotropic behavior observed in all of the subscale moids. In addition, the
apparent state of cure, as indicated by initial modulus of elasticity (EO), is
higher in the mold specimens than in the carton samples, similar to the effect
noted in the subscale molds. However, the liner~propellant bond strength
(Figures 88, 91, and 94) shows a definite trend toward lower values as the
location from which the test specimens were taken gets closer to the top of
the mold, with some upper locations showing no measurable bond strength.

This decrease in bond strength near the top of the mold is believed to be

related to the age of the propellant being forced into contact with the liner.
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With the bayonet at a relatively deep submergence, up to 4 ft (1.2 m), the
casting of each batch forces progressively older propellant to the surface
and into contact with the liner eventually reéulting in poor "wetting'" of
the liner by the old propellant and subsequent poor bonds. This behavior
could easily explain some of the ballistic abnormalities obserwved dﬁring the

latter part of the firing of Motor 260~SL-3.

Additional propellant-liner bond tests were conducted
to determine if the lack of liner-bond found near the top of the first large
mold was attributable to contamination, overcure of the liner, or the propel-
lant flow behavior in the mold. Samples of the unbonded SD-850-2 liner/V-44
insulation were removed from the mold for these bond tests. Fresh ANB-3254
propellant from a 10-1b (4.5 Kg) batch was cast against the liner. Double-
plate sandwich bond specimens were then prepared and tested. These specimens
gave average bond tensile strengths of 86 psi (59 N/cmz) with normal cohesive
breaks in the propellant. On the basis of these tests it can be concluded
that the SD-850-2 liner in the mold was normal and that the lack of bond in

the mold was due to the propellant flow process.

Mechanical properties specimens were taken randomly
from interfacial locations that were found during the sectioning of the grain.
In general, the test results, shown in Figure 95, were similar to properties

obtained from propellant specimens which showed no interface.
£. Interpretation of Results

The conditions of the casting of Motor 260~SL-3 grain
were successfully simulated. The slightly reduced vacuum level in the 5500-1b
(2500 Kg) vertical batch mixer represented the probable conditions in the
mixers at A-DD and produced the type of flow behavior and resultant grain

defects observed in the grain of Motor 260-SL-3.

Page 37



NASA CR 72621

III.C. Discussion of Results (cont)

The types of defects produced were primarily propellant-
to-propellant voids at the walls of thelcasting form, similar to the defects
of Motor 260-SL-3. The defects occurred at the interface between statibnary,
previously cast propellant and propellant which flowed during the casting of
batches. 1In most instances, the flowing propellant creating the defects was
not from the batch actually being cast, but from an earlier-cast batch being
displaced and pushed ahead in a wave over the surface. The defects were
formed because of non-uniform surface conditions in both the stationary pro-
pellant and the flowing propellant. These surface conditions were indicative

of pseudoplastic viscosity characteristics.

The effect of time between batches was to increase the
viscosity of the propellant being displaced. However, this effect apparently
was mitigated partially by the tendency of flow through aged propellant to
displace less aged propellant and to create a smaller channel from the bayonet
tip to the surface, resulting in a higher proportion of fresh propellant in

the flow.

» The effect of bayonet submergence was to create more
flow distance between the bayonet tip and the surface of the cast propellant,
thereby disturbing more propellant of greater age with greater submergence.
The tendency to create flow channels was greater with increased bayonet sub-
mergence, resulting in mounding around the bayonet and non-uniform distribu-
tion of flowing propellant over the surface. Each batch cast tended to follow
the channel of the previous batch, because of the lower resistance to flow
by the more fecently cast propellant, until the hydrostatic head in channel
became greater than the resistance of the aged propellant at some lower level
in the mound, thereby resulting in the formation of a new channel. This

behavior had the effect of increasing the batch intervals. For example, the
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casting of the eleventh batch resulted in flow over a surface that had been
stationary for 24 hr, as derived from the surface contours (Figures 73 through
75) and the processing times of Figure 64. The largest internal defect and

some of the most severe surface defects were observed at this interface.

The flow paths within the full-scale mold were similar
to those documented in the first subscale mold, except that most of the verti-
cal flow was within a radius of about 2 ft (60 cm) of the bayonet and did not
occur immediately adjacent to the walls of the casting form. The pattern was
for the propellant to emerge from the bayonet tip and flow upward, without
flowing more than about 6 to 8 in. (15 to 20 cm) below the bayonmet tip. 1In
the flow upward the propellant would either spread outward around the bayonet
at low. submergence, or channel to one side of the bayonet, at high submergence,
causing the surface mount to rise initially, and then to flow horizontally.

Contact of the propellant with the walls resulted from horizontal flow.

The poor bonding of the propellant to the liner can be
attributed to high viscosity and subsequent inadequate wetting of the liner,
rather than to a low potential for chemical bonding, or to disturbance of
gelled propellant at the bond interface. This propellant will normally bond
to liner for periods up to 3 days after curing agent addition. The adequacy
of the liner was proved by bonding fresh propellant to a sample of the liner
panels at a later date. The flow patterns do not indicate subsurface flow
along the walls of the casting form that might disturb gelled propellant at

the liner surface.
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3. Propellant Modification Studies (Task II)

a. Evaluation of Mixing Variables

Visual observations of the propellant batches mixed for
Motor 260-SL-3 indicated that the flow behavior of the ANB-3254 propellant was
influenced by the mixing procedure used in the 300-gal (1.14 m3) vertical
mixers at A-DD. Small scale 10 1b (4.5 Kg) propellant batches were prepared
to evaluate the effect of mixing variables on propellant flow characteristics,
cure, and mechanical properties. The variables investigated and the levels of

each variable are shown below:

(1) Vacuum level: 10, 15, 20, 25, and 29 (max) in.
(250, 380, 510, 640, and 740 mm) hg.

(2) Final mix time: 5, 10, 20, 40, and 60 min.

(3) Mix temperature: 130, 135, and 145°F (54, 57, and
63°C) .

(4) Mixer speed: 31, 67, and 104 ft/min (16, 34, and
53 cm/s) planetary blade tip speed.

The results of these studies are summarized in Figures
96 through 100. Mixer vacuum level, Figure 96, had a definite effect on pro-
pellant density and viscosity. Vacuum levels below 25 in. (640 mm) Hg caused
significant reductions in measured propellant liquid density indicating that
this acceptance test could detect a failure of the mixer vacuum system which
produced a vacuum below 25 in. (640 mm) Hg. High propellant viscosity at low
shear stress also was a characteristic of propellant mixed at reduced vacuum
levels indicating that this is a critical parameter in the processing of ANB-

3254 propellant.,
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Propellant final mix time has no apparent effect on liquid
density, liquid-strand burning rate or mechanical properties (Figures 98 and 99).
There is, however, an influence of length of final mix time on propellant vis-
cosity. At both maximum vacuum and reduced vacuum levels the propellant vis~
cosity after only 5 min of final mix is significantly higher than comparable
batches with longer final mixes. This may be interrelated to vacuum level in
that total vacuum exposure or mixer vacuum efficiency is probably the true

critical parameter.

Another indication of the importance of deaeration on the
propellant properties is shown by comparison of the mechanical properties data
in Figures 96 and 97. Figure 96 shows that decreasing the vacuum level from.
the maximum level of approximately 27 to 29 in..(690 to 740 mm) Hg state of
cure, i.,e., the propellant initial modulus decreases from 625 to 507 psi (431
to 350 N/cmz), respectively. These propellant batches were made using the
relatively large high-capacity mix station vacuum pump with the lower vacuum
levels being obtained by bleeding air into the line between the mixer and.fhe
pump. This procedure eventually caused damage to the pump and a small inexpen-
sive laboratory vacuum pump was installed in the mix bay for subsequent batch
mixes at below-maximum vacuum level. The major difference between the two set-~
ups was that with the small pump the vacuum line to the mixer was much smaller,
about one-tenth of the area of the line to the mixer from the large pump. As
shown in Figure 97, this difference in line size apparently resulted in signifi-
cantly lower states of cure for batches mixed at the same vacuum level. This
difference is attributed to the fact that even though the vacuum levels were
comparable, less water was removed from the propellant through the small line,
and more extensive degradation of the FeAA cure catalyst, through hydrolysis,

occurred, which in turn resulted in a lower state of cure.

Variation in mix temperature,as shown in Figures 98 and

99, from 130 to 145°F (54 to 63°C) showed no significant effect on‘viscosity;
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density, burning rate or mechanical properties. Propellant batch mix tempera-
ture when controlled within normal limits should therefore not be a critical

processing parameter.

Mixer blade speed (Figure 100) appears to have an effect
on propellant properties. A significantly lower viscosity was obtained from
mixing the propellant at a fast mixer blade speed. This also may be related
to mixer wvacuum efficiency in that the higher blade speed would allow a more
rapid deaeration of the propellant mix. Mechanical properties were affected
by the fast blade speed. Initial modulus of this batch was about one-half to

two-thirds the modulus obtained in mixes using lower blade speeds.
b. Laboratory Scale Casting

To determine if the propellant flow patterns observed in
the subscale molds could be duplicated in molds of still smaller size requiring
less propellant, and consequently at lower cost, laboratory scale molds approxi-
mately 12~in. (30 cm) in dia with a 6 in. (15 cm) cylindrical core were cast
using 10-1b (4.5 Kg) propellant batches. The propellant was transferred from
the mixer to é pressure vessel and bayonet cast through 1-in. (2.5 cm) dia
tube into the mold. The first laboratory scale mold was cast in exactly the
same way as the first 42~in. (1.07 m) subscale mold casting, using the multi-
colored propellant formulations in five 10-1b (4.5 Kg) batches. When cured,
the mold was sectioned and the flow patterns were examined.(Figure 101). The

flow patterns are almost identical to those observed in subscale mold 1.

A second laboratory scale mold was cast on the basis of
this encouraging similarity to determine what the effect on flow patterns would
be if the bayonet tip was positioned above the surface of the propellant during
the entire casting. The same five multi-colored propellant formulations were

used, and the casting of each batch was started with the bayonet tip sufficiently
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above the surface about 1.5 in. (3.8 em) so that when the casting of the batch
was complete, the level of the propellant in the mold had risen just to the

end of the bayonet. As shown in Figure 102 of the cured and sectioned grain,

a high degree of layering of each batch occurred. This is, of course, highly
desirable from the standpoint of ensuring the contact of both propellant and
liner bond interfaces with fresh propellant. A comparison of the flow patterns
of these two laboratory scale molds strongly suggest that shallow bayonet sub-
mergence or even above-surface casting is the most favorable condition from

the standpoint of préventing grain and bond defects.
c. Evaluation of Propellant Compositional Factors

The objectives of the propellant compositional studies
were to determine the compositional factors in ANB-3254 propellant responsible
for its undesirable flow behavior and, through the use of altermnative ingre-
dients, to develop a new formulation exhibiting improved processing and vis-
cosity characteristics and the same ballistic and mechanical properties as
ANB~-3254. 1In accomplishing these objectives, the burning rate additive type,
oxidizer blend, plasticizer type, surface active agents, and cure catalyst

type were evaluated.

A summary of the results from 10-1b (4.5 Kg) propellant
batches made to evaluate the effects of burning rate additives and oxidizer
blends are summarized in Figure 103. As shown, the burning rate additive system
of the control formulation ANB-3254 (1.2 wt?% Iron Blue/BRA-101) gave a burning
rate of 0.691 in./sec (1.76 cm/s) at 600 psi (414 N/cm?) with an oxidizer blend
composed of 60/40 SSMP/MA. This batch, 7200-17, exhibited flow behavior typi-
cal of ANB-3254, i.e., undesirable pseudoplasticity. Decreasing the amount of
fine ground oxidizer in the blend to 65/35 or 70/30 produced the expected de-
crease in burning fate to 0.666 and 0.629 in./sec (1.69 and 1.60 cm/s), respec-
tively, but did not significantly affect the flow characteristics. Thus,

changes in oxidizer blend do not appear to be a critical factor.
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The next two batches shown in Figure 103 (Batches 7245
and 7246) were formulated with 1.2 wt% Iron Blue and 1.2 wt% BRA-101, respec~
tively, to determine which of these burﬁing rate additives had the greatest
effect on processability of the propellant. As the viscosity data show, the
batch made with BRA-101 as the sole burning rafe additive exhibited extremely
poor flow behavior while the batch made with Iron Blue only showed better
processability than the control ANB-3254. Based on these results, it is
apparent that BRA-101 is a major contributor to the undesirable flow charac-
teristics of ANB-3254 propellant. Therefore, its use was precluded from
consideration as an improved formulation ingredient. Iron Blue does not

adversely affect processing properties and received further consideration.

However, the burning rate achieved with only Iron Blue
(with a 65/35 SSMP/MA blend) was 0.645 in./sec (1.64 cm/s), which is below the
target of 0.68 in./sec (1.73 cm/s). Additional work was performed (discussed
below) that indicated that the burning rate of this propellant could be in-
creased to meet the target requirement though the use of a finer oxidizer

blend at some sacrifice of the desirable processing characteristics.

A very des}rable burning rate additive from the stand-
point of its effect on propellant flow behévior is iron oxide. Two batches
(7288 and 7312) were prepared to determine if the target burning rate could
be achieved with iron oxide as the only burning rate additive and with oxidizer
blends containing large amount of MA-ground oxidizer. With 1.5 wt% iron oxide
and a 55/45 SSMP/MA blend, the processability of the propellant was excellent,
but the burning rate was only 0.595 in./sec (1.51 cm/s). Increasing the con-
centration of iron oxide to 2.0 wtZ and the fineness of the oxidizer grind to
50/50 SSMP/MA iﬁcreased the burning rate to 0.663 in./sec (1.68 cm/s) but the
processability with this fine blend was no better than the control. From this
data, it appears that iron oxide by itself cannot provide sufficient burning

rate catalysis to meet the target rate.
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Alternative burning rate additives investigated included
Cu0202 and a mixture af Iron Blue with a modified Silon S (Batches 7289 and
7314, respectively). The batch mixed with Cu0202 was very difficult to pro-
cess and did not cure while the Iron Blue/Silon batch showed excellent process-—
ability, but the burning rate was_only 0.610 in./sec (1.55 cm/s) at 600 psig

(414 N/cm?). These materials were eliminated from further consideration.

Because the binder ingredient with the greatest effects
on processability is the plasticizer, 10-1b (4.5 Kg) laboratory batches were
prepared to evaluate plasticizers other than the DOA used in ANB-3254. The
results of this investigation (Figure 104) indicéte that none of these materials
offered any advantage over DOA. One of the lowest cost plasticizers commercially

available is a low molecular weight polybutene (M.W. = 600).

However, in the PBAN binder, this plasticizer does not
appear to be compatible and the resulting propellant (Batch 7290) exhibited very
poor processability. Another plasticizer investigated because of its potential
as an aging stabilizer as well as a plasticizer was the thio-ester TTIA, This
material was evaluated in two batches (7334 and 7289) with the burning rate
additives Cu0202 and Iron Blue, both of which are known to cause postcure in
polybutadiene propellants. The processability of both batches was poor; neither
cured. Two other plasticiiers which had been used previously in solid propel-
lants, oleyl nitrile and an ester of ricinoleic acid, also were investigated
in this study. The oleyl nitrile provide low viscosities, comparable to DOA,
but retarded the cure. The batch prepared with ricinoleate plasticizer pro-
cessed poorly. On this basis of these data, it can be concluded that none of

the plasticizers investigated showed any advantage over DOA.
Surface active agents have been shown to enhance the pro-

cessing characteristics of many solid propellants. Three commercially avail-

able»materials,\sorbitan oleate, a polydimethylisiloxane, and FC-167 (an Aerojet

Page 45



NASA CR 72621

III.C. Discussion of Results (cont)

proprietary propellant wetting agent) were evaluated. The results of this
evaluation (Figure 105) show that all three compounds reduced the apparent

viscosity at 6 hr after curing agent addition from 50,000 poise (5,000 Ns/mz)

to 30,000 to 31,000 poise (3,000 to 3,100 Ns/m2) at a shear stress of 5,000
dynes/cm2 (500 N/mz). At 10 hr after curing agent addition, only the batch
containing FC~167 still exhibited a lower viscosity than the control. Based

on this and on other work described in a subsequent section, FC-167 was selected

for further evaluation in the improved formulation.

The initial scale-up batches of ANB-3254 propellant made
at A-DD revealed that higher concentrations of FeAA cure catalyst and DER-332
curing agent were required to achieve the same target modulus than in the
smaller laboratory scale mixers used at SRD. For example, in the 10-1b
(4.5 Kg) SRD mixers, 113 equivalents of curing agent and 0.02 wt% FeAA were
required to yield a modulus of about 500 + 100 psi (345 + 69 N/cmz), while at
A-DD, the same modulus could be achieved only with 125 to 130 equivalents of
DER-332 and 0.035 wt% FeAA. As shown in Figure 106, this change in formulation
had a large effect on flow behavior and mechanical properties of propellant
prepared at Aerojet. At the lower curing agent and cure catalyst levels the
propellant exhibited pseudoplastic viscosity characteristics and cured to a
modulus of 625 psi (432 N/cm?), But at the higher levels, the propellant
pseudoplastic characteristics became more pronounced and the propellant initial
modulus was nearly doubled. A probable explanation for this lies in the large
difference in surface-to-volume ratio between the 10-1b (4.5 Kg) and 5500-1b
(2500 Kg) mixers,with the larger mixer being less efficient in removing vola-
tiles such as moisture from the propellant. The resulting higher moisture
present in the large batch caused degradation of the FeAA through hydrolysis,
leading to a lower state of propellant cure. Tentative confirmation of this
effect was obtained from actual moisture measurements on propellant taken from
both mixers:

Mixer Size, 1b (Kg) 10 (4.5) 5500 (2500)
Propellant Moisture Content, wt% 0.017 0.048
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The moisture content of the propellant mixed in the laboratory mixer was only
about one-fourth that of the propellant from the production mixer. Additional
confirmation of the proposed mechanism was obtained from experiments whereby
samples of the volatiles removed from the propellant during mixing were trapped
and analyzed. These analyses showed conclusively that the degradation product
of FeAA by hydrolysis, acetyl acetone, was present, indicating that hydrolysis
was taking place even during the propellant mixing. It was concluded that a

propellant cure catalyst more stable than FeAA was required in the improved

formulation.
d. Improved Propellant Formulation
The formulation ingredients selected to provide a propel-

lant exhibiting the same ballistic and mechanical properties as ANB-3254, but

with improved processing characteristics, are summarized below:

Burning rate additives Iron oxide/Iron Blue
Wetting agent FC-167

Cure catalyst FC-151

Antioxidant PBNA

The basis for these selections are discussed in the

following paragraphs.

The use of Iron Blue as the sole burning rate additive
was considered for the improved propellant formulation. Although less active
ballistically than the combination of Iron Blue and BRA-101, it does not appear
to have adverse effects on propellant flow behavior. As described earlier, the
viscosity characteristics of a propellant with 1.2 wt% Iron Blue and a 65/35
SSMP/MA oxidizer blend are excellent with a viscosity of only 18,000 poise

(1,800 Ns/mz) at 5 kdynes/cm? (500 N/m2) shear stress, 6 hr after curing agent
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addition. However, because of its lower ballistic activity, the burning rate
of this propellant was below the target requirement. The burning rate was in-
creased by increasing the amount of fine ground oxidizer, and with a 60/40
SSMP/MA oxidizer blend, the tafget burning rate of 0.68 in./sec (1.73 cm/s) at
600 psig (414 N/cm?) was achieved. However, the viscosity characteristics of
this formulation (Figure 107) were not substantially better than ANB-3254 with

the mixed burning rate additives.

A considerable improvement in the flow behavior of the
propellant with 1.2 wt% Iron Blue and a 60/40 SSMP/MA oxidizer blend was made
possible by the development on an Aerojet IR&D program of a new wetting agent
designated FC~167. This material, which also enters into the cure reaction,
has been shown to provide substantial reductions in the viscosity of PBAN pro-
pellants. When 20 equivalents of FC-167, less than 0.10 wt%Z on the propellant,
are incorporated into the binder of the above formulation, the viscosity is
significantly reduced, as presented in Figure 108 and compared to a batch with
standard binder components in Figure 109. This batch cured in 20 days to the

following 77°F (25°C) mechanical properties.

o 77 psi (53 N/cm?)
€n 25%

£p 29%

E, 387 psi (267 N/cm?)

This improvement on processing characteristics warranted the selection of

FC-167 for incorporation into the improved formulation.

Relatively large amounts of Iron Blue are known to cause
cure inhibition in polybutadiene propellaﬁts and require the use of excessive
curing agent to achieve the desired rate and state of cure of the propellant.

On long term storage this excess curing agent could conceivably cause postcure.
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The use of conventional antioxidants such as PBNA (phenyl B-naphthylamine)
could stabilize the propellant state of cure, even at a temperature of 180°F

(82°C) for up to 2 weeks (Figure 110).

Iron oxide possesses many advantages over other available
burning rate additives, including stability, low moisture content, chemical
inertness, and little effect on propellant processing or cure. Therefore, the
most promising approach to achieving the target burning rate appeared to be a
combination of relatively large amounts of iron oxide, about 2.0 wtZ%, with the
minimum quantity of Iron Blue necessary to meet the burning rate requirement.
In a laboratory scale batch, a burning rate of 0.685 in./sec (1.74 cm/s) at
600 psig (414 N/cm?) could be achieved with a mixture of 2.0 wtZ iron oxide
and 0.5 wt%Z Iron Blue. The viscosity characteristics of this formulation
were excellent (Figure 111). Based on the storage stability data given above
for a formulation containing 1.2 wtZ Iron Blue, the smaller amount contained
in this formulation should minimize the problem of stabilization. When this
formulation subsequently was processed in larger batch sizes, the burning rate
scaled up sufficiently to enable a further reduction in Iron Blue content to

only 0.1 wtZ.

Evidence offthe relative insensitivity of propellant
cure, mechanical properties,-and storage stability to this small amount of
Iron Blue is the significant reduction of epoxy curing agent required to achieﬁe
the same propellant initial modulus compared with the formulation containing
1.2 wtZ Iron Blue. The latter formulation required 113 equivalents of DER-332
to achieve a modulus of 387 psi (267 N/cm?) while the propellant with 2.0 wt%
iron oxide and 0.5 wt% Iron Blue cured to a modulus of 418 psi (288 N/cmz) with
only 83 equivialents of DER-332,

As discussed previously, the use of FeAA as the polymeri-

zation catalyst is undesirable because of its lack of hydrolytic stability.
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Aerojet's cure catalyst, designatéd FC~151, has been selected for use in the
improved propellant formulation. As shown in Figure 107, FC-151 is about equal
to FeAA in catalytic activity. However, because of its chemical structure it
is much more stable and has been shown to exert no influence on the storage

stability of the propellant.

A laboratory scale batch of the improved formulation
incorporating all of the above ingredients (2.0 wt% iron oxide, 0.5 wt% Iron
Blue, 20 equivalents of FC-167, 0.1 wt% PBNA, and 0.05 wt% FC-151) cured to

the following mechanical properties:

Om 76 psi (52 N/cmz)
€m 22%

£b 23%

Eob 418 psi (288 N/cm?)

Although the general composition of ANB-3350 can thus be
derived from work accomplished under the Task II effort (Figure 113), selection
of the specific formulation to be cast into the second full-scale mold for the
Task III processing demonstration was deferred, pending intermediate scale-up
to 450-1b (200 Kg) vertical batch mixes used in casting the final three sub-
scale molds, minor formulation variables were also investigated to enable selec-

tion of an optimized formulation for the Task III processing demonstration.

e. ANB-3350 Premix Storage Stability

To gain a preliminary evaluation of the stability of the
ANB-3350 premix, which includes all propellant ingredients except oxidizer and
curing agent, a series of 10-1b (4.5 Kg) propellant batches were prepared using
premix stored up to 14 days prior to propellant mixing. The formulation selected

for evaluation was based on 2.0 wt7% iron oxide and 0.5 wt% Iron Blue as the
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burning rate additives, 30% DOA plasticizer, and 83 equivalents of DER-332
curing agent. The test was conducted by preparing a single batch of premix
sufficient for seven 10-1b (4.5 Kg) batches of propellant and by mixing batches
using aliquots from the master batéh at intervals of 0 (control), 1, 2, 3, 4,
11, and 14 days. The viscosity and mechanical properties data (Figure 114)
indicate no significant effect of premix storage through the ll-day storage
period. The initial modulus of the batch mixed with premix stored for 14 days
appears to be low, but it is possible that this difference represents normal
batch~to-batch variability. Based on these data, and confirmed subsequently

in the casting of the tenth subscale mold, the premix appears to have good

stability.

£. Rapid Evaluation of Propellant Flow Behavior

Although the Rotovisko viscometer is the most accurate
and sensitive instrument available for measuring propellant viscosity, the
data accuracy deteriorates at the low shear stress levels, which are of the
greatest interest in this application. Furthermore, the reduction of the data
is laborious, normally requiring a computer, and the results are subject to
interpretation differences. For these reasons, experimentation has been con-
ducted to devise a simple representdative test to estimate rapidly the flow
behavior of a batch of propellant. Such a test is required for use as batch
qualification or acceptance test. Several methods were considered and evalu-
ated: omne of which is a test of the flow of the propellant under its own
hydrostatic head. The resuits were obtained by filling a rectangular 2 by 2
by 6-in. (5 by 5 by 15 cm) box with propellant and turning the box on end to
observe the propellant flow from the box. Differences in flow behavior can

be directly observed by this simple test.

Box flow tests were made on propellant samples from a
batch used to cast the first full-scale mold, batches used to cast the seventh

subscale mold, and batches of the improved formulation (see following section)
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used to cast the eighth subscale mold. The data, summarized in Figure 115,
show a good correlation between measured viscosity at low shear stress, 5 kdynes/
cm? (500 N/mz), and the size of the pool of propellant flowing from the box.

For example, the propellant from the batch used to cast the full scale mold
showed a viscosity of 55,000 poise (5,500 Ns/m?) and the pool of propellant
formed was only about 2 by 4 in. (5 by 10 em), i.e., the propellant barely
flowed from the box. In contrast, a sample of the improved formulation showed
a viscosity of 15,000 poise (1,500 Ns/m?) and the flow from the box formed a
pool 8.5 by 15 in. (22 by 38 cm).

Although the box test has advantages of simplicity and
good apparent correlation with propellant viscosity characteristics, it also
has the disadvantages of requiring relatively stringent temperature control and
a considerable oven space when conducting many tests simultaneously. The most
promising method developed to overcome these disadvantages and to provide as
good, or better, correlation with propellant flow behavior involved the use of
a falling-ball type of viscometer adapted for use directly in the mix bowl.

In this test a steel ball of about 1.312 in. (3.34 cm) dia is allowed to fall
through the uncured propellant. The time required to fall a specific distance,
3 in. (7.62 ccm), is measured. A thin steel rod is attached to the ball to
enable retrieval and to indicate when the ball has fallen the required distance.
The simplicity of this test is particularly valuable: it can be conducted in
the mix station by quality control personnel as part of the normal inspection
routine. The capability of this test to distinguish between '"good" and 'bad"
propellant is indicated in Figure 115 which compares the times required for the
ball to fall 3 in. (7.62 cm) in the five 450-1b (200 Kg) batches of the improved
formulation cast into subscale mold 8 with the rate of fall in a smaller batch
of ANB-3254. 1In the improved formulation, the ball fell 3 in. (7.62 cm) in 21
to 34 sec, while in ANB-3254 the rate of fall was only 1 in. (2.54 cm) in 20
min (1200 sec).

Page 52



NASA CR 72621

IITI.C. Discussion of Results (cont)

Falling-ball meagsurements were made on all subsequent
batches of propellant prepared for the ninth and tenth subscale molds as well
as all of the 5500-1b (2500 Kg) batches prepared to cast the second full-scale
mold. As noted in the following section describing the casting of this second
full-scale mold, the falling-ball test provided the first indication of a pro-
cessing anomoly on one of the 5500-1b (2500 Kg) batches. From all of the data
available and considering the relative accuracy and simplicity of the test,
the falling ball appears to be very promising as a propellant acceptance test.
Complete characterization of the test, including determination of limits,bcor—

rections for temperature, etc., were not within the scope of this program.
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4.  Subscale Molds 8 through 10

Subscale molds 8 through 10 were cast with ANB-3350, the
improved propellant formulations. The effects of casting process variables
on grain quality were determined. ANB-3350 formulation variables were evalu-
ated in the 450-1b (200 Kg) batches prepared for these molds to define the
exact formulation composition for processing the final full-scale mold cast

under Task III._
a. Subscale Mold 8

The casting process and propellant formulation variables
evaluated in the enghth mold are summarized in Figure 116. Variations in Iron
Blue, DER-332, F(C-167, antioxidant, and plasticizer concentrations were evalu-
ated. The Iron Blue burning rate additive was varied from O to 0.57 to estab-
lish the burning rate sensitivity of the improved formulation with an oxidizer
blend of 60/40 SSMP/MA. Two levels of DER-332 curing agent and two levels of
plasticizer, 25 and 307%, were evaluated. The relative effects of 10 and 20

equivalents of FC-167 and of 0.10 and 0.20% antioxidant were also assessed.

A summary of the uncured propellant data is shown in
Figure 117. The data show that the target burning rate of 0.68 in./sec (1.74
cm/s) at 600 psi (414 N/cmz) was bracketed by Iron Blue levels of 0.10 and
0.25 wt% using 60/40 SSMP MA oxidizer blend.

The propellant batches were cast into a mold with a 360-
degree (6.28 rad) configuration and a minimum bayonet submergence. All batches
cast into this mold exhibited excellent flow characteristics as evidenced by
the viscosity data listed in Figure 117. The appearance of the mold also

testified to the excellent flow properties of the propellant. The surface
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of the mold was smooth with no height differential across the vertical dam
(Figure 118), The formulation variable evaluated in the fifth batch was the
reduction of DOA plasticizer from 30 to 25 wtZ of the binder. In comparison
with the other batches mixed for‘casting the eighth mold, no significant change

in flow characteristics was noted with the reduced plasticizer level.

The effects of the formulation modifications on cure and
mechanical properties based on carton samples data are presented in Figure 119,

Conclusions based on evaluation of the Mold 8 data are presented below:

Addition of the antioxidant PBNA appears to increase
both the cure rate and the final state of cure based on a comparison of the
first two batches containing 0.1 and 0.2 wt%, respectively. After 22 days
cure, the batch with the lower level of PBNA had reached an initial propellant
modulus of 564 psi (389 N/cmz) compared‘with 651 psi (449 N/cmz) for the batch
with increased PBNA. These data might also be compared with the properties of
Batch 69~11, the fifth batch cast into the seventh mold. This batch had no
PBNA and after 24 days cure, the modulus was 483 psi (333 N/cmz). This effect
of PBNA content on cure is undoubtedly because it is an amine. Amines exert a
catalytic influénce on the reaction between epoxides and carboxyls such as
DER-332 and PBAN.

Reduction of the level of FC-167 from 20 to 10 equivalents
results in a lower state of cure, as shown by the initial modulus of 424 psi
(292 N/cmz) after 22 days cure. This is due partly to the fact that FC-167
exhibits some catalytic activity, as it is also an amine. Reduction of the
FC~167 concentration may also reduce the cross link density of the propellant
binder, since it is a functional material that can enter into the cure reaction.
However, the extent to which this actually occurs is not completely known at

the present time.
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Reduction of the DER-332 curing agent level from 85 to
32 equivalents apparently did not produce the expected reduction in cure level
as shown by comparison of Batches 69-24 and 69-21 in Figure 119, However, the
batch with the lower DER-332 level was prepared without any Iron Blue burning
rate additive compared with 0.5 wt%Z Iron Blue used in Batch 60-21. It has
been previously shown that Iron Blue causes some retardation of the cﬁre of
these propellants, and this is probably the reason that the propellant initial
moduli of thesg two batches is essentially the same, even though the curing

agent level was reduced.

The fifth batch cast into this subscale mold was pre-
pared with the DOA plasticizer content reduced from 30 to 25% by weight from
85 to 82 equivalents in this batch, the propellant initial modulus increased
to 708 psi (488 N/cmz) after 22 days cure at 135°F (57°C). Achieving the target
modulus with a 25% plasticized formulation will require still further reduction

in the curing agent concentration.

The mechanical and bond properties and solid strand
burning rate.data from the eighth subscale mold are shown in Figure 120, It
is difficult to assess anisotropy in this mold because of the wide variation

in mechanical properties and burning rates of individual batches, due to

formulation variations, cast into this mold. The modulus and strength data
‘exhibit the usual trend toward higher values in the grain than in the cartons.
The comparatively low bond strength data for the eighth subscale mold do not
reflect the bond between the improved formulation propellant and SD-850-2

lined Gen-Gard V44 rubber. An adhesive used to bond steel plates to the cured
propellant surface resulted in a bond failure at the adhesive-propellant inter—
face. Tensile testing specimens prepared by casting propellant from this mold
between two plates, each lined with SD-850-2 on Gen-Gard V44 rubber, gave

random breaks in the propellant at a stress of 105 psi (72 N/cmz).
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b. Subscale Mold 9

This mold was also cast with the improﬁed propellant
formulation and the 360-degree (6.28 rad) grain configuration. The bayonet
location was controlled to assess the feasibility of casting with the bayonet
tip above the surface of the propellant. The first four batches were cast
with the bayonet tip about 1, 3, 6, and 9 in. (2.5, 8, 15, and 23 cm) above
the surface, respectively. The stream of propellant effluxing from the bayonet
flowed smoothly onto the propellant mass at the 1 and 3-in. (2.5 and 8 cm)
locations above the surface; at 6 in. (15 ¢m) the stream began to oscillate
slowly, but the propellant flowed into the mass without entrapping any air.
However, with the bayonet tip 9 in. (23 cm) above the surface, the propellant
stream from the bayonet began to curl into the resident propellant in such a
way as to entrap small amounts of air at practically every turn of the stream.
Numerous air bubbles could be seen at the surface away from the bayonet. As
this was unacceptable from a grain homogeneity standpoint, the fifth and final

batch was cast with the bayonet tip 6 in. (15 cm) from the surface.

An additional objective of the fifth batch of propellant
was to assess the sensitivity of the improved formulation to changes in the
batch mix cycle. The fifth Batch was mixed using the same procedure employed
to produce the extreme pseudophastic characteristics in ANB-3254, i.e., no vacuum
mix before curing agent addition and a shortened final vacuum mix cycle. This
had no observable effect on the flow behavior of the improved formulation.
The appearance of the propellant in the mix bowl, in the mold, and in the
effluent from the bayonet was identical to the other batches. These observa-
tions indicate a very.desirable lack of sensitivity of flow behavior to mixing

conditions.
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As with the eighth mold, all batches cast into this mold
were of the improved propeilant formulation with minor compositional variations
including cure catalyst level and Iron Blue burning rafe additive concentration
as summarized in Figure 121. A summary of the uncured propellant data for these
batches is given in Figure 122. The first batch was prepared with 0.1 wt% Iron
Blue burning rate additive to confirm the data obtained from the last batch of
the eighth mold. However, the burning rate proved to be considerably below
the expected value, i.e., 0.64 vs 0.68 in./sec (1.62 vs 1.73 cm/S) at 600 psig
(414 N/cmz). The second batch was mixed with 0.25 wt%Z Iron Blue which yielded
the target burning rate of 0.68 in./sec (1.73 cm/s). It was determined subse-
quently that the low burning rates of these batches compared with those cast into
the eighth mold were related to the lot of ammonium perchlorate used. All batches
for the eighth mold were made with newly purchased oxidizer from American Potash
while the batches cast into the ninth mold which exhibit the lower burning rates

were made from residual PEPCON oxidizer from Motor 260-SL-3 casting.

The third batch cast into the ninth mold was made with
the new AMPOT oxidizer to confirm this effect of oxidizer lot burning rate.
At 0.25 wtZ Iron Blue the burning rate was 0.72 in./sec (1.83 cm/s) at 600 psig
(414 N/cmz), comparable to the results obtained in the eighth mold. The fourth
and fifth batches were made with the residual PEPCON oxidizer at the 0.25 wt?%
Iron Blue level and exhibited burning rates of 0.69 and 0.68 in./sec (1.75 and
1.73 cem/s), respectively. Since both lots of oxidizer used in the eighth and
ninth molds were ground at the same time, these differences in burning rate
appear to be due to oxidizer lot differences rather than grind differences.
However, as shown by data in Figures 117 and 122, the target burning rate can
be achieved readily with either lot of oxidizer by a minor adjustment of the

Iron Blue level.
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There also appears to be an effect of oxidizer lot on
propellant cure, as indicated by the modulus of elasticity data (EO). By -
comparing mechanical property data from carton samples (Figure 123), Batches
69~32, 69~35, and 69-36 display significantly lower moduli than Batch 69-21
frbm the eighth mold (Figure 119) even though the formulations are essentially
identical. A similar effect can be seen by comparing Batches 69-33 and 69—34.
This behavior proBably is due not to an actual difference in state of cure,
but to a difference in oxidizer particle size distribution between the blends
ground from the two lots of raw material. The greater. amount of fines con-
tained in the oxidizer ground from the new lot of material apparently increased

the moduli as well as the burning rate in Batches 69-21 and 69-34,

Cure characteristics of propellant cast into the ninth
mold were similar to the previously cast batches of ANB-3350 in that carton
samples indicated steady state cure had been achieved within 18 days. The
stripped propellant grain showed no evidence of external defects and, when
sectioned, no internal voids were found. Mechanical property data obtained from
the propellant grain exhibited the same anisotropic behavior observed in previous
molds cast with ANB~3254 propellant. The data show typically higher values for
initial modulus and tensile strength than indicated by the carton samples. These
data along with bond data and solid strand burning rate data are presented in
Figure 124. For the same reason discussed in connection with subscale Mold 8,
the bond strength of samples prepared for this mold appeared low due to failure

of the specimen at the propellant-steel interface.
c. Subscale Mold 10
The processing parameters evaluated in the casting of
the tenth subscale mold were selected to provide a simulation of the casting

of the second full-scale mold. The grain configuration was a two-thirds

segment with a cylindrical core and a single centrally located bayonet.
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All of the five propellant batches were of the improved formulation (ANB-3350)
with minor composition variables. Figure 125 summarizes these variables. All
batches were prepared with 25% DOA plasticizer (by weight of binder), and vary-
ing amounts of DER-332 curing agent and FC-151 cure catalyst, The propellant
premixes for Batches 69-43, -44 and -45 were prepared in such a way as to eval-

uate the effects of premix storage for up to 3 days prior to propellant prep-

aration.

The first batch was cast with the bayonet tip fixed at
3 in. (8 cm) from the bottom of the mold. For subsequent batches casting was
started with the bayonet tip 6 in. (15 cm) below the surface, resulting in a
range of 6 to 13 in. (15 to 33 cm) submergence for each batch. As with molds
eight and nine, the propellant flow behavior was such that propellant surface

remained level and smooth throughout with no evidence of defect formation.

The flow characteristics of these propellant batches
showed no significant effect of any of the formulation variables investigated
or of the premix storage time on propellant flow behavior. Viscosity and
uncurea propellant data are summarized in Figure 126. Similarly, no effect
of premix storage was evident from sample carton mechanical property data as
shown in Figure 127, These data indicate that even with the lower cure
catalyst level of 0.03 wt% for Batches 69-41 and ~42, steady state cure is
achieved in a relatively short time. Comparing mechanical properties from
these batches with Batches 69-43, -44, and -45 used to investigate premix
storage time, the effect of curing agent level can be determined. Batches
69-41, and -42 were prepared with 84 equivalents of DER-332 while Batches
69-43, -44 and -45 were prepared with 78 equivalents of DER-332. Interpolation

indicates that 81 equivalents would be required to achieve the target modulus
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of elasticity, 500 + 100 psi (345 + 69 N/cmz) for propellants prepared.with

a plasticizer level of 25 wt% of binder.

No voids or defects were observed during stripping or
sectioning of the propellant grain. Mechanical properties and bond data for
this grain were similar to the previous grains of the improved formulation,

These data, along with solid strand burning rate data, are shown in Figure 128.

Safety classification tests were conducted on samples of
propellant from one of the batches cast into the tenth mold. The results of
these tests (Figure 129) indicate that ANB-3350 propellant would probably

receive a DOT classification of B.
d. Interpretation of Results

As with the casting of the first seven subscale molds,
it appears that propellant viscosity characteristics are of paramount import-
ance in determining if grain or bond defects occur in the casting. Subscale
Mold 8, which had propellant viscosities of 16,000 to 23,000 poise (1,600 to
2,300 Ns/mz) 3 hr from curing agent addition at a shear stress of 5 kdynes/cm2
(500 N/mz), was cast in exactly the same manner as subscale Mold 6 with respect
to core configuration, bayonet location, etc., but Mold 8 was free of any kind
of defect and exhibited a smooth, glossy propellant surface both during and
after casting. Mold 6, however, which had propellant viscosities of 47,000 to
150,000 poise (4,700 to 15,000 Ns/mZ) at the same condition, showed the high-

est incidence of defects of any of the subscale molds cast.
Casting of the ninth subscale mold showed conclusively

the feasibility of casting with the bayonet tip located above the surface of

the propellant. The process appears particularly desirable from the standpoint
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of ensuring that a minimum amount of movement of old propellant within the
motor occurs which, because of the increase in viscosity due to age, could
contribute to grain or bond defects. Compérison of the types of flow patterns
to be expected with above-surface casting with the flow patterns actually
observed in subscale Mold 1 provide increased confidence that fresh propellant
will always be contacting the liner on the chamber wall with consequent assur-—

ance of liner-propellant bond integrity.

The tenth subscale mold, cast using the same processing
parameters planned for the Task III process demonstration, was probably a less
severe test of the propellant capability than the two previous molds since the
flow path length was reduced. However, the results of this casting indicated

that no problems would be encountered in casting the second full scale mold.

Based on carton mechanical property data from the 15
450-1b (200 Kg) batches of ANB-3350 propellant cast into these subscale molds,
the formulation selected for processing in the Task III demonstration was based
on 82 equivalents of curing agent, 307 DOA plasticizer, and utilizing 2.00 wtZ%
iron oxide and»O.lO wt%Z Iron Blue as the burning rate additive system. A more

detailed summary of the formulation parameters selected are shown in Figure 130.
5. Processing Demonstration

a. Demonstration Plan

The objective of the second full-scale mold casting was
to demonstrate the propellant processes and formulation optimized in Tasks I
and II. The demonstration plan featured an extended vacuum mix cycle, a pro-
pellant formulation with improved casting characteristics, and restrictions

on casting bayonet submergence. The casting plan was otherwise similar to
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the plan for the first full-scale mold (Task I), simulating batch intervals
typical of the Motor 260~SL-3 casting, including an 18-hr delay.

(1) Propellant Formulation

ANB-3350 propellant was selected for the process-
ing demonstration, the formulation developed under Task II and demonstrated
in subscale mold castings in Task I. The specific formulation was discussed

previously in this report.
(2) Propellant Mixing

Twelve 5500-1b (2500 Kg) propellant batches were to
be mixed in a vertical batch mixer for casting in the mold. The mixing pro-

cedure was to be the same as that used for the Task I, except as follows:

(a) Following oxidizer addition, close the oxidizer

valve and mix for 10 min at a vacuum of 27 in. (690 mm) Hg minimum.

(b) TFinal mix for 30 min at a vacuum of 27 in.
(690 mm) Hg minimum. Interrupt the final mix after 5 min to visually verify

completion of oxidizer and final fuel addition.
(3) Propellant Casting

The planned casting sequence for this mold is shown
in Figure 131. The target between-batch intervals are the same as those used
in the Task I mold to simulate a propellant production rate typical of the
Motor 260-SL-3 casting. Each batch was to be cast in approximately 25 min

with 3 to 4 hr between batches, except for one 18-hr delay. The casting
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process was improved by limiting bayonet submergence to a maximum of 18 in.
(46 cm). To limit bayonet cutting and cleaning operations, cast stand and
bayonet support spacers were available to allow bayonet tip height adjustment

up to 12 in. (30 cm). The casting sequence is described as follows:

(a) Cast the first three batches with a fixed
bayonet location 5 in. (13 cm) from the bottom of the mold. Then raise the

bayonet to 12 in. from the bottom, cast the fourth batch, and remove the bayonet.

(b) Cut the bayonet and, after an 18-hr delay,
insert to a depth of 6 in. (15 cm).

(c) Cast»the fifth and sixth batches, followed

by 6-in. (15 cm) increases in bayonet tip height.

(d) At the completion of the casting of the eighth
batch, the bayonet submergence would be about 18 in. (46 cm). Cut the bayonet

and insert to a depth of 6 in. (15 cm).

(e) Cast the ninth and tenth batches, followed by
6-in. (15 cm) increases in bayonet tip height. Cast the eleventh and twelfth
batches with the same bayonet position, resulting in a maximum submergence of

18 in. (46 cm) at the completion of the mold casting. Clean and remove the

bayonet. (Referring to Figure 131, it should be noted that the twelfth batch
was not cast due to scrappage of an earlier batch, No. 22D-181-010.)

b. Casting Demonstration

(1) Propellant Processing

Propellant processing proceeded essentially as

planned. However, acceptance test results on liquid strand burning rate (LSBR)
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indicated that the upper limit of the target range of 0.68 + 0.03 in./sec
(1.727 + 0.076 cm/sec) at 600 psig (414 N/cmz) was being consistently exceeded.
The effect of oxidizer lot and grind characteristics were checked previously
by the preparation of a 10 lﬁ (4.5 Kg) batch using a sample of the blended
oxidizer. The liquid strands indicated that .the nominal burning rate would

be achieved. Since the oxidizer has been blended for the first six propellant
batches and the first premix master batch containing the burning rate additives
was of sufficient quantity for six propellant batches, a formulation modifica-
tion was directed for the last six batches. This modification consisted of a
change in oxidizer blend ratio from 60/40 SSMP/MA to 65/35 SSMP/MA, as used in
ANB-3254, This reduction in MA fraction could ﬁot be detrimental and could

only improve processing characteristics.

The LSBR reduction was achieved as expected. To
rule out any difference in premix batches, propellant Batch 22D-181-006 was
mixed using the 60/40 oxidizer blend ratio and the second premix batch, while
propellant Batch 22D-181-008, the seventh batch cast, was mixed using the 65/35
oxidizer blend ratio and the first premix batch. A summary of submix and
premix analyses is given in Figure 132. The uncured propellant data are

summarized in Figure 133.

Visual observations during casting indicated that
the apparent fluidity of the cast propellant surface was increasing more rapidly
than anticipated. It was suspected, therefore, that the viscosity build-up rate
was higher than that experienced previously with 450~1b (200 kg) batches,
Because the cure catalyst level selected for this formulation was intentionally
conservative, the formulation for the last two batches was altered by reducing
the FC-151 cure catalyst from 0.05 to 0.03 wt%Z, allowing an opportunity for
evaluation of the sensitivity of the rate of cure to catalyst level, However,

viscosity results from Rotovisko tests, as summarized in Figure 133, indicate
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that there was no significant effect from the change in catalyst level, and
that the range of viscosities of all accepted batches at the low shear stress

level was the same as that documented in the subscale mold batches.

The LSBR for the tenth propellant batch was well
below the target acceptance limité. The liquid density was near the lower limit,
indicating a possible oxidizer shortage in the batch. This was confirmed by
tests for oxidizer content and total solids content, and was also indicated by
an unusually low drop time from the falling-ball viscometer test (Figure 133).
Since the casting of this batch might have interfered with the process demon-

stration objectives, the batch was scrapped, resulting in only eleven batches

cast into the mold.

The falling ball viscosity test was performed on each
batch as it was received at the casting building, and on carton samples at selected
time intervals. The as-received test data are included in the uncured propellant
data summary (Figure 133), and were plotted against Rotovisko viscosity data at
approximately comparable conditions in Figure 134. A calibration line was fitted
to these points to show linear correlation. The data scatter can be attributed
to lack of precision in both the falling-ball and Rotovisko data and to differ-
ences in time at which the two tests were performed, However, the slope of the
line suggests the conservatism of the test, in that large increases in drop time

would be noticed before the development of extreme pseudoplasticity.

The low oxidizer content of the tenth batch has been
attributed to hangup in the mixer dispensing chute, This conclusion was givén
credence by the relatively high density and LSBR of the subseqent batch, indi-~

cating above-normal oxidizer content.
(2) Propellant Casting

Casting of the mold was accomplished in accordance
with the process demonstration plan. Casting intervals summarized in Figure 135

were similar to the first full-scale mold. The intervals between batches and the

Page 66



NASA CR 72621

III.C. Discussion of Results (cont)

intervals from curing agent to end of casting averaged nearly an hour longer
than the comparable intervals for the first full~scale mold, making a more
severe coﬁdition for the demonstration. The‘batch casting times were essen~
tially identical to those for the first mold. The appearance of the cast
propellant was dramatically improved over the first full-scale mold, as evidenced
by relatively smooth and level propellant surface, contrasting with the stiff,
mounded surface documented previously. The characteristic mounds, lumps, and
shear planes of the first casting were essentially non-existent. The propellant
surface contours measured at the cessation of flow of eachbatch cast are shown
graphically in Figures 136 through 142. These may be compared with Figures 72
through 74, showing the contours of the first full-scale mold.

In the casting of nearly every batch, the propellant
surface rose uniformly in all areas of the mold. The fifth batch, cast after the
18-hr delay, formed small 2 in. (5 cm) waves in the older propellant ahead of the
new batch, progressing to the end of the'mold, eventually leveling everywhere
except in three of the four corners. At the start of the sixth batch, propellant
level adjacent to the bayonet rose initially to create waves up to 6-in. (15 cm)
high, but the surface ultimately flowed to a level condition. One of the corners
developed a.pocket during the casting of the seventh through tenth batches, as
indicated by surface contours in Figure 138, which filled during the casting of
the eleventh batch. In all other areas, the propellant was smooth and level.

The propellant appeared to wet the casting form in a satisfactory manner, indi-

cating a low probability of folding or void formationm.

One of the differences between ANB-3254 and ANB-3350
in casting characteristics is that with ANB-3254 the flowing propellant generally
flowed in waves over the surface of the previously-cast propellant without forcing
waves in the older propellant, while with ANB-3350, the fresh propellant tends to
displace the older propellant horizontally. This results in the desired layered
effect, with fresh propellant on top, except at the extremities, where propellant
from the previous batch has accumulated. This would help to explain the occasional

resistance to surface leveling in the corners.
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The occasional failure of the propellant to f£ill the
corners of the mold is indicative of a peculiar situation where the driving
force behind the moving propellant is extrémely small, resulting in maximum
pseudoplastic behavior, while the resistance to flow created by the converging
walls effectively increases as the corner is penetrated. This does not repre-
sent a real situation din the casting'experience of the 260-in.~dia (6.6 m) short~
length motors, because the flow does not encounter that type of resistance at
that distance from the bayonet, but it could indicate a problem with more complex
core configuratidns. Perhaps gignificantly, the frequency of defects in Motors
260-SL-1 and -2 was greatest in the lobes of the grain, where the core is simi-

lar to a corner, even though this area is relatively close to the bayonet,
c. Analysis of Cured Mold

The 135°F (57°C) cure of the second full-scale mold was
terminated when Shore A hardness measurements of propellant batch samples indi~
cated that the state of cure had stabilized throughout the mold. When the mold
had cooled to ambient temperature, the casting bay and casting form were dis-

assembled and removed.

Visual inspection of the propellant mold (Figure 139 through
144) indicated that the casting objective was achieved. The improved formulation
and processes resulted in a simulated full-scale grain of high quality and low
frequency of defects. Of the defects that were observed, most were seams, less
than 0.03-in. (0.8 mm) deep, associated with batch interfaces which showed fuel-
rich layers and occasional 0.25 to 0.50 in. (6 to 13 mm) voids. Examples of
these are shown in Figure 145. There were a few instances of folds of up to 7 in.
(18 cm) long. One of these, shown in Figure 146, was located at one end of the
mold near the corner where a pocket had developed during casting. The quantity
and severity of surface defects were much less than those observed in the first

full-scale mold. .

The number of surface defects was reduced from 168 to 34,

A comparison of the two full-scale molds is roughly the same as a comparison of
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the observed defects in Motors 260-SL-2 and -3. Motor 260-SL-2 grain bore
had 99 defects, only three of which were more than 6 in. (15 cm) long, while
the comparable quantities in the 260~SL-3 grain were 171 and 84, respectively.

A map of surface defects in the second full-scale mold is given in Figure 147.

One-half of the mold was sectioned at approximately
7.5-degree (0.13 radian) increments for acquisition of samples and disposal

of the remaining propellant. With one exception, no internal defects were

observed.

Carton samples from batches cast into the second full-
scale mold were tested for mechanical properties at various intervals through
21 days cure at 135°F (57°C). The carton samples were cured with the full-
scale mold until cure on the mold was terminated and then placed into a 135°F
(57°C) oveﬁ to test additional cure intervals. The data shown in Figure 148
indicate that steady state of cure was reached within 14 days. Initial
modulus for the eleven batches cast in the mold ranged from 335 to 485 psi
at 14 days cure, approxiﬁately one-half the range observed with the ANB-3254
propellant cast into the first full~scale mold. The effect of the reduction
in cure catalyst in the last two batches is inconclusive, based on the modulus
data from the carton samples. Whereas both batches are at the low end of the
range at 14 days cure time, Batch 011 continues to increase in modulus through
21 days indicating a reduction in the rate of cure, while Batch 012 appears to
have reached a steady state of cure at 14 days, similar to the batches with

the higher cure catalyst level.

Samples were prepared from this mold in a manner similar
to those taken from the first full-scale mold cast with ANB-3254 propellant.
A sketch of the sample location within the moldvis shown in Figure 149. Pro-
pellant mechanical properties and solid strand burning rates were determined

at each vertical elevation (1 through 8) and at the ID, mid and OD locatioms
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for Sections A and B. Only the midpoint of Section C was tested for mechanical
properties and solid strand burning rate, At each test location both vertically
and horizontally oriented specimens were tested. The bbnd strength of SD-850-2
lined Gen-Gard V44 rubber was tested ay each vertical elevation in the OD

location of Sections A, B, and C.

The test data are tabulated in Figures 150 through 156.
In general, the following conclusions may be reached concerning the mechanical
properties of this mold. The propellant cast into the mold reached an apparent
higher state of cure than the sample cartons cast from individual batches as
experienced with all previous molds. This phenomenon may be the result of
anisotropy in the sample cartons. The propellant initial modulus ranged from
335 to 485 psi (231 to 335 N/cmz) for the sample cartons and 378 to 760 psi
(261 to 524 N/cmz) for the propellant cut from the full-scale mold segment.
The propellant from the mold showed typical anisotropic behavior with the
vertically oriented specimens being higher in modulus in 27% of the test
locations and the horizontally oriented specimens being higher in only 7% of
the test locations. For this comparison, only modulus values differing by
more than 100 psi (69 N/cmz), approximately two standard deviations, were
considered to be significantly different. The data obtained from the first
full-scale mold, cast with ANB-3254 propellant, indicated a slightly higher
degree of anisotropic behavior with the vertically oriented specimens being
higher in 277% of the test locations compared with horizontal specimens being
higher in 17% of the locations. These differences between the two molds are
probably the result of the more uniform flow conditions which existed during

the casting of the second mold.
Analysis of the burning rate data in a similar manner

indicates an anisotropic effect with the higher burning rate occurring in the

horizontal plane. Certain burning rate anomalies appear at one elevation
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within the second mold. The burning rates for the vertical specimens, Level 3
3

middle of Sections A and B, are unusually high, 0.950 in./sec (2.41 cm/s) and

0.896 in./sec (2.28 cm/s), as seen in Figures 151 and 154. 71t is entirely
possible that some irregularity occurred during the processing of these strands.
These anomalies are perpendicular to the plane of the propellant surface exposed

during the planned 18-hr delay.

Bond strength values obtained from samples prepared at
the OD position of each section showed consistently good values throughout,
demonstrating the most significant improvement over the first full-scale mold.
The failure mode of 411 samples occurred as a fracturing of the propellant

within the sample.

Anisotropic behavior in mechanical and ballistic prop-
erties is observed in essentially all composite solid propellants. The degree
to which this behavior exists in the propellant samples described in this
report is typical, but this type of data is not commonly reported. The data
acquisition plans for this program specifically were established to document
anisotropy, sincg it is an unusual opportunity for large grains to be available
for samples: Anisotropy in ANB-3105 propellant has been reported previously
for carton samples and structural test slabs. Ballistic curve shape distortion
experienced in . all motors of the 260-in. (6.6 m)-dia motor program and in

other large motors is possibly the result of burning rate anisotropy.

The cause of this behavior cannot be confidently iden-
tified, and an investigation was not within the scope of this program. Addi-
tiénalrstudies would be needed to determine how to assess the data in terms
of reliability and performance prediction. However, experience has shown that
the performance of the resultant propellant grains has been reliable and

reproducible, and that the magnitude of the effect is within acceptable limits.
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d. Interpretation of Results

Based on the anal&sis of the grain defects found in the
second large mold, and contour measurements and observations of flow during
casting of the mold, it can be concluded that the flow characteristics of the
improved propellant formulation ANB-3350 are adequate. In addition, propellant
viscosity at the low shear stress of 5000 dynes/cm2 (500 N/mz) can be concluded
to provide a realistic assessment of the compatibility of the flow character-
istics with the 260-in. (6.6 m)~dia motor casting process. Whereas ANB-3254
propellant cast into the first large mold gave viscosities at 5000 dynes/cm2
(500 N/mz) of greater than 100,000 poise (10,000 Ns/mz) at about 6 hr after
curing agent addition, the improved ANB~3350 formulation exhibits viscosities

of less than 30,000 poise (3,000 Ns/mz).

Further substantiation of the adequacy of the ANB-3350
flow characteristics is provided by a comparison with the viscosity data for
ANB-3105. The compatibility of the flow characteristics of ANB-3105 with the
260-in. (6.6 m)-dia. motor process, has been adequately demonstrated in the
processing and successful firing of Motors 260-SL-1 and -2. The following
tabulation compares the viscosity characteristics of ANB-3105 and ANB-3350
(Batch 22D-181-012) formulated with the optimum 0.03 wt% cure catalyst.
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Time After Curing Viscosity at 2

Agent Addition, 5000 dynes/cmZ, (500 N/m”)
Propellant hr poise (Ns/m2)
ANB-3105 3.35 12,000 (1,200)
7.35 21,000 (2,100)
11.35 26,000 (2,600)
ANB-3350 3.0 12,000 (1,200)
7.0 16,000 (1,600)
11.0 22,000 (2,200)

As shown, the viscosity characteristics of ANB-3350 are equivalent to or

slightly superior to the well demonstrated ANB-3105 propellant.

The significance of the propellant mixing processing
improvement is indicated perhaps only indirectly by the results of the pro-
cessing demonstration, The extended vacuum mix cycle was used on the basis
that it was necessary when processing ANB-3254 propellant and would be a con-
servative feature. ‘The viscosity characteristics of ANB-3350 propellant in
the large mixer were similar to those measured in propellant processing in
small mixers, suggesting that the objective of adequate deaeration was

achieved.

Observations of defect formation during casting of both
the 42-in. (1.07 m)-dia and full scale molds, showed that the mechanism in-"’
volved formation of a wave, followed by movement of thé wave froﬁt against the
case wall or core surface. The flow characteristics of the propellant govern
the wave height which in turn governs the éize of the defect formed when the
wave traps air against the wall surface. Thus defect formation involves move-
ment of the propellant surface. The more uneven the surface, the greater the

probability of defect formation.

Data supportiﬁg this mechanism of defect formation and

" showing the influence of bayonet submergence was obtained during the casting
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of the second large scale mold with ANB-3350, Because of the complex patterns
occurring around the bayonet tip, it is not possible to ascertain the location
of any given batch. To evaluate the flow patterns, the interrelationships among
propellant viscosity, surface level differentials and grain surface irregular-
ities were studied. The results of this study are summarized in Figures 157
and 160. First, the viscosity of the propellant at various vertical locations,
when each batch was cast, was determined from cast time, viscosity buildup and
bayonet depth data. Not surprisingly, increasing viscosities are noted at
increasing submergence levels. A viscosity peak occurred after the fourth
batch due to a scheduled 18-hour casting delay. A second viscosity peak
occurred at the eighth batch because submergence was permitted to increase to

18-in. (46 cm) from the 6 to 12 inches (15 to 30 cm) used for all other batches.

An overlay of the surface level differentials measured
on the right and left halves of the mold (Figures 157 and 158) over the viscos-
ity plot, shows a large height differential occurred at Batch 8 (right half of
the mold). A peak in the viscosity plot (bayonet tip + 12-in. level) also
occurred at this level. For the left half of the mold, peaks in both height
differential and viscosity occur at Batches 5 and 8. A comparison of viscosity
at the different levels with the estimated area of surface irregularities
(Figure 159) shows corresponding peaks at Batches 5 and 8, The peak at Batch 11

does not appear to relate directly to viscosity.

A cross plot of the height differential with the esti-
mated area of observed surface irregularities in Figure 160, reveals corres-
ponding peaks and indicates that height differentials and defects are probably

related.

On the basis of this analysis and related observations
it is apparent that bayonet submergence depth is an important factor even when

casting an optimized propellant such as ANB-3350. With greater bayonet tip
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submergence, the bayonet efflux displaces propellant of greater age which
moves to the surface. The older propellant becomes part of the moving
surface which ultimately forms the cured propeliant at the core or the
chamber wall. Thus, increased bayonét submergence contributes to the age
factor in increasing propellant surface viscosity, thereby increasing the

probability of defect formation.

The limitations placed on bayonet submergence generally
achieved the desired effect of allowing fresh propellant to flow on the surface,
thereby minimizing movement of older, more viscous propellant. Further limita~
tions to near-surface or above~surface could be expected to provide a slightly

improved situation.

The success in achieving adequate bonding of the propel-
lant to the liner is probably the largest contribution to assurance of success~-

ful grain performance.

The flow behavior of the cast propellant, after the
18-hour delay, and the subsequent surface defects emphasize that long delays

are to be avoided in processing large motors.
The results of this demonstration have been used in

compilation of processing guidelines for 260-in. (6.6 m)-dia motors. These

guidelines are presented in detail in the appendix to this report.
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An improved propellant formulation, designated ANB-3350, has been dev-
eloped and the adequacy of its processing characteristics demonstrated by
casting a 120-degree (2.09 rad) segment‘of a 260-in.(6.6 m)—-dia mold using
full-scale motor processing methods. Examination of the cured mold showed a
very low and acceptable level of grain defects. ANB-3350 meets the ballistic

and mechanical property requirements of the program.

Propellant viscosity under a low, applied shear stress was found to be
a critical patrameter. Viscosity measurements at 5000 dynes/cm2 (500 N/mz)
applied stress correlate with the frequency of grain defect formation.
Comparison of the viscosity of ANB-3350 with that of ANB-3105 propellant,
which has been successfully demonstrated in Motors 260-SL-1 and -2, shows the
ANB-3350 formulation viscosity to be slightly lower at this stress level.
A five- to ten—fold improvement over the viscosity characteristics of the
ANB-3254 propellant cast into the first large mold and Motor 260-SL-3 has

been achieved.

The greatly improved flow characteristics of ANB-3350 formulation are
primarily due to the use of iron oxide as the primary burning rate additive.
This material is chemically inert, dense, has no effect on propellant flow, and
has a low moisture content. Additional improvement in viscosity characteris-
tics resulted from the use of an Aerojet wetting agent designated FC-167.

The viscosity of the improved formulation was found to be insensitive to mix

procedure variations including low vacuum levels and short vacuum mix times.

An understanding of the interrelationships between propellant viscosity
characteristics and grain defect formation during casting has been developed.
The grain defects observed in Motor 260-SL-3 were duplicated in the first
large scale mold. The defects are attributable to the undesirable pseudo-

plastic flow behavior of the ANB-3254 propellant formulation. Under the
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conditions of low, applied shear stress in the motor the propellant viscosity
is high and causes the propellant to mound around the bayonet. When the
hydrostatic head of the mound exceeds the propellant yield stress, the propel-

lant flows out in waves that entrap air next to the core surfaces.

The poor flow behavior of the ANB-3254 propellant at low éhear stress
is caused largely by the use of the burning-rate additive BRA-101, and the
inadequate vacuum mixing cycle. Under ideal conditions of mixing (high vacuum,
long mix cycles) the BRA-101 does not appear to influence the flow behavior
of the propellant to an unacceptable degree. 1In the production vertical batch
mixers that have a low (compared to the.development scale mixers) surface-to-
volume ratio and generally less efficient deaeration, the BRA~101 causes the

propellant to exhibit highly pseudoplastic flow characteristics.

As the propellant cure reaction proceeds, all propellant formulations
will eventually show extreme pseudoplastic behavior. The major difference
between formulations is the rate at which they develop pseudoplastic
behavior. For this reason the bayonet submergence must be controlled so as to
minimize the movement of the older, more viscous propellant within the motor.
Observations of propellant flow patterns in the subscale and full-scale molds
cast indicate that the best location of the bayonet tip is at or just below
the surface of the propellant (i.e., minimum submergence). Preliminary data
indicate that above-surface casting may provide even more assurance of freedom

from grain and bond defects, but additional work is required to confirm this.

The development of pseudoplastic flow behavior in even the optimized
ANB-3350 formulation indicates that casting delays are a significant factor
to be considered. Because the propellant which contacts the core or bond
surface frequently is not part of the batch being cast, even with near-surface

bayonet casting, between-batch intervals should be minimized.
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Mechanical property and burning rate (cured strand) tests on specimens
from cured grains show variations dependent on orientation of the specimen in
the grain. Such anisotropic behavior is common and has been observed in
essentially all solid propellants, Improved batch sampling techniques that

provide a true measure of motor grain properties are uneeded.

A new in-process acceptance test for the flow characteristics of pro-
pellant for use in 260-in. (6.6 m)-dia motors has been developed. This test,
consisting of measurement of the rate-of-fall of a steel ball through the

propellant, is simple, accurate, and reliable.

The 42-in.(107 cm)-dia subscale mold has been shown to be a valuable
tool for assessment of propellant flow behavior in terms of the 260~in. (6.6 m)-
dia motor bayonet cast process. The mechanism of defect formation was clearly
revealed in these subscale castings, and subsequently reproduced in the full-
scale mold, and the assessment of the adequacy of the flow behavior of the

improved formulation was predicted successfully.
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GLOSSARY
A-DD Aerojet-Dade Department; at Dade County, Florida
AMPOT American Potash Co.
AP Ammonium perchlorate; NH4C104;'oxidizer
BRA-101 Burning rate additive, Aerojet proprietary
M Continuous mixer
Cu0202 Copper Chromite; burning rate additive
DER-332 Diglycidal ether of Bigphenol A; diepoxide curing agent
DOA Dioctyl adipate; plasticizer
DOT U. S. Department of Transportation
EO Initial modulus of elasticity
FC-151 Cure catalyst; Aerojet proprietary
FC-167 Wetting agent, Aerojet proprietary
FeAA Ferric acetylacetonate; curing catalyst

Gen-Gard V44 Silica and asbestos-filled butadiene acrylonitrile rubber
motor internal imsulation

L-45 Silicone fluid; polydimethyl siloxane

LSBR Liquid strand burning rate

MA Mikro Atomizer ground oxidizer

NOL Naval Ordnance Laboratory

PBAN Terpolymer of polybutadiene, acrylic acid, and acrylonitrile
binder component

PBNA Phenyl-B-Naphthyl-Amine; antioxidant

PEPCON Pacific Engineering and Production Company of Nevada

Shore A Shore durometer surface hardness measurement, Type A

Silon 8 Colloidal silica

SRD Solid Rocket Division at Sacramento, California

SSMP Slow Speed Mikro Pulverizer ground oxidizer

TTIA Tetrathio-bis~isoctyl acetate

VBM Vertical batch mixer

€ Elongation at break

€ Elongation at maximum stress

cm Maximum tensile stress
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Schematic Diagram of Subscale Mold Showing Locations of
Specimens Taken for Property Testing
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Final Vacuum

NASA CR 72621

Formulation Casting

Batch FeAA Content Mix Time, Bayonet Cast Rate Time Between
No. Wt7 min Submergence, in. (cm) 1b/hr (Kg/hr) Batches, hr
68-264 0.032 60 0~5 (0-13) 400 (180)

68-265 0.032 60 5-13 (13-33) 300 (136) 5.3
68-266 0.032 60% 3 (8) 300 (136) 4.8
68-267 0.045 60 3 (8) 200 (90) 4.5
68-268 0.045 10 3 (8) 300 (136) 2.5

(1) TFormulation contained 0.65 wt?% Iron Blue and 0.65 wt7 BRA-101.
(2) Propellant mixed at vacuum level of 29 in.
(3) Mold configuration was 240 degree (4.19 rad) cloverleaf.

*Final fuel added at 145°F (63°C)

(740 mm) Hg.

Summary of ANB-3254 Propellant Formulation and
Mixing Variables and Casting Parameters for Subscale Mold 3

Figure 18
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NASA CR 72621

Mixing ; Casting
Batch Mix Time, Bayonet Cast Rate Time Between
No. min Submergence, in. (cm) ib/hr (Kg/hr) Batches, hr
68-281 10 0-4 (0-10) 300 (136) -
68-282 10 1-7 (3-18) ~300 (136) 24.0
68-283 10 3 (8) 250 (113) 4.5,
22D-171 70 3 (8) 200 (90) 2.0
68~284 10 3 (8) 200 (90) 5.5

1. Formulation contained 0.65 wt% Iron Blue and 0.65 wt.%Z BRA-101.
2. Vacuum level during mixing was 29 in. (740 mm) Hg.
3. Mold configuration was 240 degree (4.19 rad) cylinder.

Summary of ANB-3254 Propellant Mixing Variables and Casting Parameter
for Subscale Mold No. 4

Figure 25
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NASA CR 72621

Mixing Casting
Batch Mix Time, Bayonet Cast Rate Time Between
No. min Submergence, in. (cm) 1b/br  (Kg/hr) Batches, hr
68-290 10 0-5 (0-13) 400 (180)
68-291 10 5-13 (13-33) 400 (180) 6
68-292 10 3 (8) 400 (180) 5
68-293 10 3 (8) 400 (180) 7
68-294 10 3 (8) 400 (180) 8
1. TFormulation contained 0.65 wt % Iron Blue and 0.65 wt 7% BRA-101.
2. Propellant mixed at a vacuum level of 29 in. (740 min) Hg for 10 min.
3. Mold configuration was 240 degree (4.19 rad) cloverleaf.

Summary of ANB-3254 Propellant Casting Parameters
for Subscale Mold No. 5

Figure 33
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Mixing Casting
Batch Mix Time, Bayonet Cast Rate Time Between
No. min Submergence, in. (cm) 1b/hr (Kg/hr) Batches, hr
68~327 10 0-3 (0-8) 700 (320) -
68-328 10 2 (5) 620 (280) 4
686-329 10 2 (5) 840 (380) 4
68-330 10 2 (5) 530 (240) 14
68-331 10 2 (5) 470 (210) 3.8

W N

Parameters for Subscale Mold 6

Figure 38

Summary of ANB-3254 Propellant and Casting

Formulation contained 0.65 wt % Iron Blue and 0.65 wt % BRA-101.
Propellant mixed at a vacuum level of 29 in. (740 mm) Hg for 10 min.
Mold configuration was 360 degree (6.28 rad) cylinder.
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Casting
Batch Bayonet Cast Rate Time Between
No. Formulation Submergence, in. (cm) 1b/hr Kg/hr  Batches, hr
69-7 ANB-3354 0-3 (0-8) 740 (340) -
69-8 ANB-3254 0-3 (0-8) 680 (310) 4.5
69-9 ANB-3254 0-3 (0-8) 680 (310) 6.5
69-10 ANB-3254 0-3 (0-8) 650 (290, 12.8
69~11 ANB-3350 0-3 (0-8) 575 (260) 8.0
1. Mold configuration was 360 degree (6.28 rad) cylinder
2. Propellant mixed at a vacuum level of 29 in. (740 mm) Hg for 55 minutes

Summary of Propellant Variables
Cast into Subscale Mold 7

Figure 44
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Figure 66

Cast Propellant Surface, Batch 22D-172-B
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Figure 71

Cast Propellant Surface, Batch 22D-172~1
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Outside Diameter of Cured Mold, Central View
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Inside Diameter of Cured Mold, Left Hand View
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Inside Diameter of Cured Mold, Right Hand View
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Cure Time at Mechanical Properties atk77 F (25°C)

Batch No. 135°F (57°C), Tm? : €’ €p? Eo’

22D-172~ days psi (N/cm?) A 2 psi (N/cm?)
A 15 75  (59) 30 33 387 (267)
20 85  (59) 29 32 407 (281)

25 92  (63) 28 31 461 (318)

40 93  (64) 28 29 437 (302)

B 15 59  (41) 24 26 343 (237)
20 68  (47) 27 32 346 (239)

25 79 (54) 21 24 553 (381)

40 75 (52) 24 26 411 (283)

o 15 83  (57) 23 24 468 (323)
20 84  (58) 22 22 439 (303)

25 95  (66) 26 27 472  (326)

40 103 (71) 24 25 575 (397)

D 15 62  (43) 30 31 270 (186)
20 63  (43) 26 26 306 (211)

25 75 (52) 24 25 391 (270)

40 76 (52) 29 30 346 (239)

E 15 59  (41) 27 28 280 (193)
20 66  (46) 26 29 321 (222)

25 , 77 (53) 27 29 378 (261)

40 78 (54) 25 26 402 (277)

F 15 64  (44) 26 28 332 (229)
20 66  (46) 23 23 354 (244)

25 77 (53) 24 25 418 (288)

40 72 (50) 24 25 380 (262)

G 15 45  (31) 29 33 211 (146)
20 52 (36) 27 30 260 (179)

25 55  (38) 21 22 302 (208)

40 57  (39) 22 23 313  (216)

H 15 37 (26) 26 28 192 (132)
20 48.  (33) 28 30 210 (145)

25 47  (32) 21 22 267 (184)

40 60  (41) 24 25 332 (229)

Mechanical Properties from Carton Samples of Propellant
Cast into the First Full-Scale Mold

Figure 86, Sheet 1 of 2



NASA CR 72621

. . 0 o
Cure Time at Mechanical Properties at 77°F (25°C)

Batch No. 135°F (57°C), O o’ ®p Eos

22D-172- days psi (N/cm?) % % psi (N/cm?)
I 15 48 (33) 29 30 217 (150)

20 52 (36) 28 30 247  (170)

25 61 (42) 25 28 306 (211)

40 64 (44) 29 32 301 (208)

J 15 63 (43) 22 25 372 (257)

20 78 (54) 25 27 428 (295)

- 25 89 (61) 25 28 483 (333)

40 83 (57) 25 26 431 (297)

K 15 49 (34) 25 26 265 (183)

20 52 (36) 25 25 254 (175)

25 65 (45) 22 23 372 (257)

40 65 (45) 26 26 332 (229)

L 15 49 (34) 26 30 271 (187)

20 55 (38) 28 29 264 (182)

25 59 (41) 20 20 346  (239)

40 61 (42) 23 25 332 (229)

Mechanical Properties from Carton Samples of Propellant
Cast into the First Full-Scale Mold

Figure 86, Sheet 2 of 2
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Mechanical Properties at 77°F (25°C)

. o, e, €, E ,
Sample Location m “m b o Failure
Section Area psi (N/cm?) % % psi (N/em?) Location
C 0D 68 47) 17 19 608 (419) Random
58 (40) 15 16 511 (352) Random
94 (65) 15 15 752 (518) Random
C MID 90 (62) 19 20 673 (464) Interface
B MID 83 (57) 20 20 573 (395) Interface

Mechanical Properties of Propellant Specimens from
First Full-Scale Mold Containing Bipropellant Interfaces

Figure 95
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Vacuum Level, in. (mm) Hg 29 (737) 29 (737) 29 (737)

Mix Temperature, °F (°C) 130 (54) 130 (54) 130 (54)

Final Mix Time, min. 20 20 20

Mixer Blade Top Speed ft/min 31 (16) 67 (34) 104 (53)
(em/s)

Density, gm/cm? 1.746 1.744 1.746

Viscosity at 135°F (57°C),
5 kdynes/cm? (500 N/m?)
shear stress, poise (Ns/m?)

6 hr 38,000 (3,800) 49,000 (4,900) 17,000 (1,700)
10 hr 60,000 (6,000) 56,000 (5,600) 23,000 (2,300)

LSBR at 600 psi (414 N/cm?), 0.685 (1.74) 0.666  (1.69) 0.650 (1.65)
in./sec (cm/s)

Mechanical Properties at
77°F (25°C)

o, psi (N/cm?) 115 (79) 99 (68) 78 (54)
ene % 20 18 26
ey % 20 19 29
E psi (N/cm?) 686 (473) 625 (431) 372 (257)

Effect of Mixer Speed on Propellant
Flow and Mechanical Properties

Figure 100
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Sections of Laboratory Scale Casting
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Cured Propellant Mechanical Properties at 77°F (25°C)

Cure Catalyst m? 2 “m’ > Eo’ 9
Type Wt% psi (N/em™) ko _h psi (N/em™)
FeAA 0.02 85  (59) 23 25 483 (333)
FeAA 0.05 86  (59) 20 22 568  (392)
FC-151 0.05 110 (76) 23 24 616 (425)

* Binder 100/130 PBAN/DER-332

BRA 1.2 wtZ Iron Blue

Effect of Cure Catalyst Type and Concentration on Mechanical
Properties of PBAN Propellant®

Figure 112



NASA CR 72621

Oxidizer Blend 60/40 SSMP/MA

Burning Rate Additives 2.0 wt% Iron oxide
0 to 0.25 wt% Iron Blue

Wetting Agent 10 to 20 equiv FC-167

Cure Catalyst 0.025 to 0,05 wt%Z FC-151

Antioxidant 0.1 to 0.2 wtZ PBNA

Plasticizer 25 to 30 wt% (of binder)
DOA

Binder PBAN 80-90 equiv

DER-332 80 to 85 equiv

Improved Formulation ANB-3350

Figure 113
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Batch No.

69-

Cure

days

Time,

21

22

23

24

25

12
18
22

12
18
22

12
18
22

12
18
22

12
18
22

Mechanical Properties of Carton Samples of Propellant Cast

NASA CR 72621

Mechanical Properties at 77°F (25°(C)

Shore A O’ _E ? b’ Eo’

Hardness psi (N/cm?) % % psi (N/cm?)
36 72 (50) 121 22 442 (305)
42 76 (52) 17 18 522 (360)
40 87 (60) 19 20 564  (389)
41 82 (57) 18 18 551 (380)
46 92 (63) 19 20 599  (413)
41 87 (60) 19 20 651 (449)
32 57 (39) 21 24 348  (240)
34 65 (45) 21 23 396  (273)
32 65 (45) 19 20 424 (292)
38 66 (46) 22 24 407 (281)
40 80 (55) 20 21 516 (356)
41 87 (60) 21 22 568 (391)
45 92 (63) 21 23 581 (401)
46 105 (72) 19 20 682 (470)
48 108 (75) 20 21 708  (488)

into Eighth Subscale Mold

Figure 119
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. r} ] o
Cure Mechanical Properties at 77°F (25°C)

Batch No. Time, Shore A O’ €m? €p> Eo’ .
69— days Hardness “psi (N/em?) A A psi (N/cm?)
32 12 30 62 (43) 20 21 380 (262)
18 36 72  (50) 21 23 446 (308)
22 37 72 (50) 21 22 444 (306)
33 12 25 49  (34) 23 26 265 (183)
18 29 57 (39) 19 20 370 (255)
22 31 58 (40) 22 23 324 (223)
34 12 33 68 (47) 22 23 415 (286)
18 43 83 (57) 17 18 555 (383)
22 44 77  (53) 18 18 496 (342)
35 12 30 60 (41) 24 25 331 (228)
18 33 71 (49) 21 24 437  (302)
22 36 69 (48) 21 22 424 (292)
36 12 29 56  (39) 23 24 320 (221)
18 34 69 (48) 19 20 468 (323)
22 35 60 (41) 22 23 346 (239)

Mechanical Properties Carton Samples of Propellamt Cast
into the Ninth Subscale Mold

Figure 123
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Batch No.
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Cure
Time,

days
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22

Mechanical Properties Carton Samples of Propellant Cast
into the Tenth Subscale Mold '

NASA CR 72621

Mechanical Properties at 77°F (25°C)

Shore A % €m? €2 Eo’

Hardness psi (N/cem?) % % psi (N/cm?)
45 92 (63) 18 18 633 (436)
46 97 (67) 19 19 645 (445)
46 98 (68) 18 19 677 (467)
L4 88 (61) 22 23 529 (365)
45 94 (65) 23 24 544 (375)
48 100 (69) 22 23 634 (437)
28 57 (39) 21 22 325 (224)
31 60 (41) 23 25 326 (225)
30 57 (39) 26 28 278 (192)
27 55 (38) 24 26 291 (201)
30 57 (39) 24 27 302 (208)
30 58 (40) 25 27 311 (215)
25 51 (35) 26 28 247  (170)
28 56 - (39) 23 25 304 (210)
29 54 (37) 26 27 270 (186)

Figure 127
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NASA CR 72621

Autoignition Temperature, Copper Block, °F (°C)

Impact Sensitivity, 50% point, cm/2Kg

Rotary Friction Sensitivity, 50% point,
g load/RPM

NOL Card Gap, 'O" Attenuation

Safety Classification Testing for
ANB-3350 Type Propellant

Figure 129
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NASA CR 72621

Oxidizer Blend Ratio, SSMP/MA

Burning Rate Additives
Iron Oxide, wt?

Iron Blue, wt%
FC-167 (wetting agent), equivalents
FC-151 (cure catalyst), wt?
PBNA (antioxidant), wt?
DOA (plasticizer), wtZ of binder

Binder
PBAN (terpolymer), equivalents

DER-332 (curing agent), equivalents

.

Task III Process Demonstration

60/40

2.00

0.10

20

0.05

0.10

30

80

82

AN7f3350 Propellant Formulation Selection for

/
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NASA CR 72621

9T 6T ST
1% (V4 (1
8T et 0T
0z ST T
143 T 1z
9% 9T 074
e 14 Te
% LT 6T
82 6T 91
(4% \z4 6T
£y 62 12
ot 0T LT
I 01 1y 9 iy ¢
(,_0T X pu/si) _ 0T X astod
N*%,%uﬂmoomﬂ> mxmﬂ>0uom

¥6)
(¥s)
€99)
s)
$19)]
(9%)

($)
%)
(9%)
(g%)
(99)
Ls)

(9.)

0eT
0€T
TET
OET
0€T
TeT

OET
0ET
TET

TET

el
ReT

ER

‘dusy,
FF0-neaq

PIOW ®T®B9oS~TInd puooag ‘*eieqg uerredoxg peanouf

*uoT3TPpE 3u28e Burand wolj Iy QT pur ‘g ¢ “ssaals aeoys (72/N 00S) NEu\mmahv 000°S € (Do£8) d,GET uﬁx%uﬂmowwwm< %%

* ATewou

e 3uissgooxd o3 anp sas
3 R01¢ O

ATeU® TEOLISTIFIS UT POPNIOUT ION

_ (80" 0) _0£0%0 _oro _ L00°0
¥ (e ¥ 089°0 + £6°0 + I8L°T sjueweaInbay 3Je8ie]
- - - ££0°0 92000 S
- - - 66°0 08L°T X
(170" 0) 970°0 [T0°0 €100°0 s
(€L°T) 089'0 T0°T 182°1T X
8T LY armn €L9°0 00T €8T ce/S9 z00 710
0'? L7 (847 1) 6690 660 88.°T SE/S9 z00 LTT0
6°T LT (657 1) £29°0 70'T LT SE/59 700 L0T0
0 0¢ (89° 1) 099°0 66°0 T8L°T Se/%9 200 600
€€ oL (9L°T) 169°0 10T 184°T S6/59 100 800
9'1T € (L1 969" 0 €0'1T 08L°T gE/59 z00 £00
(0€0° 0) Z10°0 8€0°0 €€00° 0 s
(787 1) 9ZL'0 86°0 08L°'T X
€7 4/ (€8' D) 0570 70T 8L T 0%/09 Z00 900
L1 Y (68°1) €4L°0 00'T SLL T 0%/09 T00 $00
€7 9% (18°T) ZTL°0 €6'0 T8L°T 0%/09 100 700
(A4 oY (78*T) 92.°0 960, 6LL°T 0%/09 100 £00
rAR4 €9 (18*1) 91L°0 £6°0 6LL"T 0%/09 100 Z00
8T 6¢ (z8°1) 8TL°0 T0°T 08L'T 0%/ 09 100 T00
ay 29s (995 /ud) 088/ UL ] Y] VI/SS uoqeg TI8T-azz
‘UOTITPPY ‘amry, (DoL7) d,08 PuUE ¢3Ua3u0) ¢£1Tsusq puatg XTWaxd uotiruldrseq
ZEE-¥aAa doag (zwa/N 1%) 3718d 009 (AR % V(1 oT3IRY JueTTadoag yojeg
wolzy SWIT q4gsT I9ZTPIXQ

3so] TTed SuTlled

Figure 133



NASA CR 72621

08

0L

BlR(Q OYMSTAOJOY Y3ITM 189] TTeg SurTTei JO UOTIBTIII0)

o9s f‘awry, doxq TTBg SurTTRd

09 0¢

0%

0¢ 0¢

0T

SUTT UOTIBIqITEB)D
1Td saaenbg 3seaT

§_—

l/
\\

ANE\Z 09

WOTITPPY w88y Surany
1933 Iy ¢ 03 7 3IS9L JO SUTL -

£) NEo\mma%v 009°¢
gsalilg xeoyg potTddy -

0T

o
™~

o
o«

[
3

(, 0T X sN) 0T * 2ST0d “(0,/G)d,SET 38 A3TSODSTA OASTAOIOY

Q
n

Figure 134



NASA CR 72621

BuTase) PIOW 2TEOS-TTNJ PUODdg I0J SaWL] $S0001J

9'¢ 0°¢ 8T IT » CT0
L€ ¢ L [4% 0T TT0
£ ¢ L€ %2 6 600
G'g KA/ 9¢ 8 £00
T°¢ T°9 7€ L 800
L°¢ 6°¢ T¢ 9 900
VARY 9°'8T 67 G 500
9'¢ A Y Y %00
9'¢ 8'y 8¢ € £00
0"y 8 o€ 4 00
9°'¢ 14 .a 100
iy *3se) 3O pug 03 UOTITPPY Iy ‘soyolerg TTTTuTm Bousnbog ~I8T-aze

jus8y SuTan) WOIF SWT] useMlaq SWT] ‘awTy 31SED 1se) *ON yoleg

Figure 135



PTOKH @Te28-TTNA PUOISF
‘ITBM @pIsul IoF sanojuo) yideq yoizeg-=o31-yoleg

(wo) *ur pToO JO puy WOXI 2OUBIST(Q

NASA CR 72621

(Low) (508) (£02) (zom)
09T 0ZT 08 oY
- 0
H ]
Z
€
*N -
S TSN
m — (Z0T)
g oy
6 | ~—
1T
A
LTT-Az7 Uo3leq
(€02)
08

¢yadsq juetiadoig

°Ut

()

Figure 136



NASA CR 72621

PLYW SLevYDdT L LYY pPUuvIoy
¢s3UTOg~PIH 103 sanojuo)y yidsq yolzeg-o3i-—yodieg

(ud) *ur ‘pTOK FO puy WOII SOUBIST(Q

(119) (809) (90%) (50¢) (€02) (zoT)
o%e 002 09T 0z1 08 0% 0
T )
4
§  ei——————t e re—— '
Vi
S
9 (zoT)
— "1 0%
L
8
6
T

-18T—-ATz Yoiegd

o~
~

(£02)

(w2)

o
[eo]
*utr yadeq juerredoig

Figure 137



NASA CR 72621

PIOK 9T®Og-1TINng puodsg

‘ITeM @PISINQ 103F sanojuo) yidsq yosieg-01-yoieqg

(wd) *ut, ‘pPTOW FO puy woxF 90URISI(

(11L) (019) (80¢%) (90%)  (S0€) (€00) (zoT)
087 %2 00T 09T s/« 0zT 08 oY

T

rA

| OUREES V S S N S——

.—N

¢

9 __

%

6 ~

H._”:Illllllllq.r

ZT

-18T~-0Z¢ Uo3ieg

(zo1)
oYy

(£02)
08

‘yadeq auerredoig

*utT

(wd)

Figure 138



NASA CR 72621

JO J93°2WRI(Q °PTISINg

-

e
MN«W«W&%%@»
.

.

Figure 139



NASA CR 72621

Inside Diameter of Cured Mold, Left Hand View

Figure 140



NASA CR 72621
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Inside Diameter of Cured Mold, Central View
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NASA CR 72621

Inside Diameter of Cured Mold, Right Hand View
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NASA CR 72621

West End of Cured Mold

Figure 144
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NASA CR 72621

Cure Time at

Mechanical Properties at 77°F (25°C)

Batch No.  135°F (57°C) Shore A m’ e % Eo
22D-181~ days Hardness psi (N/cm?) % % psi (N/cm?)
001 14 36 72 (50) 24 25 448  (309)
17 39 75 (52) 24 25 404 (279)
21 40 74 (51) 23 25 420 (290)

002 14 33 70 (48) 25 26 361 (249)
17 36 68 (47) 26 28 341  (235)
21 37 70 (48) 25 27 350 (242)

003 14 34 70 (48) 25 26 370 (255)
17 36 70 (48) 24 26 372 (257)
21 37 69 (48) 24 25 372 (257)

004 14 41 80 (55) 22 23 442  (305)
17 39 70 (54) 23 24 431 (297)
21 39 78 (54) 24 25 424 (293)

005 14 38 75 (52) 24 24 404 (279)
17 40 76 (52) 25 26 380 (262)
21

006 14 42 79 (54) 21 22 485 (335)
17 41 79 (54) 21 23 479 (331)
21

007 14 40 78 (54) 23 24 431 (297)
17 41 80 (55) 24 25 422 (291)
21

008 14 39 74 (51 27 29 361 (249)
17 37 76 (52) 25 27 396 (273)
21

009 14 40 75 (52) 25 _26 409 (282)
17 42 79 (54) 25 26 431 (297)
21 42 79 (54) 23 24 444 (306)

011 14 34 67 (46) 25 27 335 (23D
17 36 69 (48) 22 23 404 (279)
21 36 72 (50) 20 20 457 (315)

012 14 34 61 (42) 21 22 354 (244)
17 33 66 (46) 26 27 341 (235)
21 35 69 (48) 25 27 367 (253)

Mechanical Properties from Carton Samples of Propellant

Cast into the Second Full-Scale Mold

Figure 148
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On the basis of data obtained under Contract NAS3-12002 and in the
processing of Motors 260-SL-1, -2 and -3, certain processing guidelines that
provide increased assurance of propellant grain and bond integrity and motor
reliability have been developed. These processing guidelines are to be ﬁsed
within the context of the facilities and equipment at the Aerojet-Dade facility,
the procedures and materials used for processing Motor 260-SL-3, and the formu-

lation improvements developed under Contract NAS3~12002.

1. Raw Matérials

a. All propellant raw materials for a production run shall con-
sist of a single homogeneous batch, or if multiple batches are required, a
uniform blend. Particularly critical are the oxidizer, burning rate additives
and the PBAN terpolymer. Triple cross-blending of the unground oxidizer is
required. The process for blending the liquid PBAN terpol&mer shall consist

of mixing all batches used in the blend in an agitated tank.

b. A complete raw material lot qualification program using pro-
duction mixing equipment must be accomplished to select the specific propellant
formulation to be cast into the motor. Specific formulation components to be
defined include: oxidizer blend ratio, burning rate additive, cure catalyst and
curing agent level. The specific formulation shall be selected on the basis of
cured propellant properties, burning rate, and flow properties, in accordance

with the formulation guidelines (Paragraph 2.d.).
2. Formulation
a. Burning rate additive systems must be selected on the basis of

minimum effect on propellant viscosity characteristics., BRA~101 in its present

form is not considered suitable for a propellant to be cast by the-260-in.-dia

motor bayonet casting process.

Page 1



NASA CR 72621
Appendix

b. The propellant viscosity characteristics must be examined
over a wide range of shear stresses as a function of time from curing agent
addition. Propellant viscosities, at 5000 dynes/cm2 (500 N/mz) shear stress
and 2 to 3 hr from curing égent addition, of more than 50,000 poisé (5,000
Ns/mz) are likely to produce grain defects. By contrast, propellant viscos-
ities under the same conditions of less than 15,000 poise (1,500 Ns/mz), may
be expected to provide defect-free grains. For propellants in the middle
range between these values, the probability of defect formation will depend

on the exact processing conditions.

c. Iron Blue burning rate additive contains both a small amount
of soluble iron and a relatively large amount of absorbed water. If Iron
Blue is to be used in the propellant burning rate additive system, the pro—
pellant formulation must include a stabilizer to prevent catalysis of polymer
degradation by the soluble iron and a polymerizatioﬁ catalyst which is hydro=
lytically stable. Phenyl-f-naphtyl amine is an acceptable degradation stabilizer,

FC~151 is acceptable as a hydrolytically stable cure catalyst.

~d. For the specific formulation to be cast into the motor, the
cure catalyst level must be adjusted to achieve the optimum balance among
viscosity buildup, zero flow time, and cure time for the propellant production
rate anticipated for the motor. These parameters will be used in the determi-
nation of bayonet submergence, time between bayonet changes, and allowable pro-

pellant pot life.

3. Fuel Preparation

a. Submix and Premix

The submix and premix must be a uniform blend. Agitation is

essential to prevent settling of solids. When relatively small amounts of
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materials are added to the premix tank, it is necessary to pre-slurry the
ingredients in a liquid binder state, such as plasticizer to preclude loss

due to coating on tank walls or agitator. The 260-in. (6.6 m)-dia motor
propellant process requires that the premix be stable for a period of up-to

7 days. The acceptability of the premix for each propellant must be determined
over this storage period. Uncured and cured propellant properties must be

assessed in this determination.

4. Propellant Mixing

a. Batch Mix

(1) A vacuum mix cycle of 10 min minimum duration should be
included in the batch mix process after oxidizer addition and before curing

agent addition.

(2) The length of the final vacuum mix cycle should be 30

min minimum.

(3) The minimum acceptable vacuum level in the mixer bowl

should be 28 in. (710 mm) Hg.
b. Continuous Mix
Qualification of a propellant for the continuous mix process

must include verification of acceptable viscosity characteristics of propellant

mixed by that process.
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5. In-Process Control Tests
a. Definitive in-process tests that verify the presence and

amount of submix and premix ingredients are required.

b. Uncured propellant visocsity acceptance limits are required.
Rotovisko testing provides adequate data quality, but is not sufficiently
rapid for an in-process test. The falling~ball test is the most suitable
for this requirement. The acceptance limit for the falling-ball viscosity
test is 90 sec maximum drop time for a 3-in. (7.6 cm) drop. Further testing-
to refine this limit is required. Correction factors are required for vari-

ations in propellant temperature and time after curing agent addition.
c. Carton samples for cured propellant properties may not be
completely representative of the cast propellant. An improved sampling tech~-

nique is required.

6. Propellant Casting

a. For the formulation ANB-3350, the time limit for casting of
within 10 hr from curing agent addition established for the previous 260-in.-

(6.6 m)-dia motor castings is adequate.

b. Propellant batch cast rate into the motor is not a critical
processing variable, but a high motor cast rate is recommended. A minimum

average motor cast rate of 120,000 1b (53,000 Kg) per day is required.

C. Bayonet submergence should be sufficiently shallow to prevent
the movement of highly viscous propellant already in the motor. A submergence
of 18 in. (46 cm) maximum is allowable for ANB-3350 propellant and a 260-in.
(6.6 m)-dia motor cast rate of 5000-1b/hr (2300 Kg/hr) average.
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d. With a multiple bayonet casting arrangement, the assignment
of batches to be cast through each bayonet must be uniform so as to minimize

flow path lengths.

e, Additional casting criteria are necessary for highly con-

figurated core designs.
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