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Report AFRPL-TR-67-104

FOREWORD

This second-phase technical report covers all work performed under
Cortract AF 04(611)-11609 from 15 Jaruary 1967 to 1 April 1967. The
msnuscript was released by the author on T April 1967 for publication as
an RTD Technical Report.

The work on this contract by the Research and Technology Operations
of the Aerojet-General Corporation, Sacramento, California, is being
accomplished under the technical direction of Lt. R. Schoner (RPMC), Air
Force Flight Test Center, Rocket Propulsion Laboratory, Edwards Air Force
Base, California, 93523.

W. Bradley is the project manager for this program.
Dr. T. K. Throckmorton conducted the statistical correlations. Work relating
to the effect of ingredients on performance and properties was conducted hy
A. A. Stenersen.

Publication of this report does not constitute Air Force approval of
the findings or conclusions. It is published only for the exchange and
stimulation of ideas.
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ABSTRACT

The primary purpose of this program is to investigate the properties
» and behavior of elastomeric insulation materials during amultiple restart
conditions and the influence of these propertics on materials performance.

During the second phase of work, a correlation analysis was conducted
to determine which virgin and charred material properties were significantly
related to the performance of five representetive materials during one, two,
and three pulse motor firings. Thease properties were then determined on ten
additional meterials. All 15 meterials were reviewed primarily on the basis
of these properties, and four pr.mary candidates (V62, Vilk, 9790V1-126K and
USR 3800) wvere selected for further evaluation in pulse-motor firings
(5, 12, and 21 pulses). A correlation analysis wau also conducted to
establish the relationship of the fillers, additives, and chemical ingredients
tc firing performance and significant properties.
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SECTION 1

INTRODUCTION

This program wes initieted under the sponsorship of the rir Force
Rocket Propulsion laboratory. The primary objective was to investigate the
properties and behavior of elastomeric insulstion during transient (heating
and cooling) and steady-stete heating conditions, and the influence of
these properties on materials performence. A second objective was to develop
8 technique for predicting insulation performance for any stop-start duty
cycle.

The program wes divided into the following three phases of work:

Phase I, laboratory Investigeations
Phese II, Analytical Study
Phase III, Verification Testing

The purpose of Phase I, Laboratory Investigations, was to (1) determine
the properties of elastomeric insulation that exert the greatest influence on
performance; (2) establish vhich available compositions exhibit the best
performance; and (3) determine what insulation ingredients affect performance.

The purpcse of Phase II, Analytical Study, was to develop an analytical
technique for predicting insulstion performance in a multistart enviromment.

The purpose of Fhase III, Verification Testing, was to verify the
performance predicted for the best materials determined in Fhase I by test
firing three motors.

The initial work on this program was described in the First Phase
Report, AFRPL-TR-6T-33, and covered a portion of the work to be accomplished
in Phase I, Laboratory Investigations. The present report presents the

tasks completed from 15 January 1967 to 1 April 1967. This completes the
work planned in Phase I.

Page 1
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SECTIOR II -

SUMMARY

This report presepts the results of progress made during the period .
from 15 January 1967 to 1 April 1967, under Comtract AF OL(611)-11609, and
includes the following:

A. SELECTION OF SIGNIFICANT PROPERTIES

A correlation analysis was conducted relating the thermal, chemical,
physical, and structural properties of five materials (V-kk, V-62, Losako,
SMR 81-8, and 9T70VI-126K) to the performance of these seane materials during
pulse motor firings. The analysis and accompanying techunical apprsisal of
the results indicate that heat capacity, thermal diffusivity, thermal
conductivicty, and bheat of combustion of the virgin material were significantly
related to performance. Properties of the char were not found to be signif-
icant because of the loss of char that took place upon ignition of the next
pulse. Results of the correlation analysis and motor firings indicate that,
in addition to good thermal and ablative properties, consideration has to be
given to other factors such as heet-soak stability of the wvirgin materials
and susceptibility of char <o separate from the virgin material during shut-
down.

B. TESTING FOR SIGNIFICANT PROPERTIES

Heat capacity, density, thermal diffusivity, thermal conductivity,
and heeat of combustion properties were determined for the ten remaining
materials in the program--N 356, MX-4T37T, USR 3800, V-61, V-S0, V-51,

SDh 850-15C, 40sA2, SMR 81-15, and USR 380k. Data from these tests were then
used as described below to select the best materials.

C. BELECTION OF BEST MATERIALS

Feur prime candidates (9790VI-126K, V-62, V-kbk, and USR 3800)
and three secondary candidates (USR 3804, SD 850-15C, and N 356) were
selected for use at & later date in 5- and 12-pulse verification motor firings.
This selection wes accompiished by using the significant property data and
plasme-src data for the 15 candidate materials, together with other material
characteristics such as processability, service life, storage stability, and
demonstrated capability.

Page 2
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D. DEIERMINATION OF INFLUERCE OF INGREDIERTS ON PERFORMANCE AND
PROPERTIES

A correlstion analysis was confucted establishing the relation-
ship of the Tiller, edditives, and chemical ingrefdierts of five materials
(V—hh v-62, LOBALD, SMR B81-8, and 9T9OVI-126K) to the performance and
significant properties of these same materials. #An sialysis ef the results
indicate weight percert carbon, weight parcent oxygen, C/0O ratio and O/H
ratio of the virgin material along with weight percent carbon and 8102 in the
char residue were relasted to performance. The date were lmsufficient™to
distinguish between the efferts of different forms of carbcn, oxygen, and
hydrogen that might be present in the materials. A cross correlation of
ingredients and properties showed & relationship between weight percent
carbon, weight percent oxygen, weight percent total filler, C/0 ratio, and
O/H ratic of the virgin materials anfl the significant properties.

Page 3
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SECTION III

TRCHNICAL DISCUSSICN

The scope of the work discussed in this report includes (1) establish-
Aing which of the thermal, chemical, pkysical, and structural pronerties of
“five representative elastomeric insulation materials correlated with their
performance during motor firings; (2) conducting tests for the properties that
did correlate on ten additional candidate materials; (3) seiecting materials
considered to be the best for multiple restart solid motor applications; and
(4) determining the influence of ingredients in the five elastomeric insula-
tion materials on performance =nd properties.

A. SELECTION OF SIGNIFICAST PROPERTIES (TASK C, PHASE I)

in a previous task in Phase I (Task A), the fifteen candidate
elastomeric insulation materials shown in Pigure 1 were selected for evalua-
tion in the program. Thermal, physical, and chemical properties along with
motor firing performances were also obtained in Tasks A and B on five materials
considered as being representative of their groups--V-lLlL, V-62, 40SA40, SMR 81-8,
and 9T90VI-126K. The properties that were investigated are shown in Figure 2.
It was the purpose of this task to determine which of the properties corre-
lated +sith firing performance in order to establish the properties that were o
significantly related to performance.

This task was accomplished by conducting a single correlation 9
analysis incorporating the 80 variables shown in Figure 3. Heat of combustion
and density properties for the heat soaked materials (materials heat soaked
for 5 and 30 minutes at YO0°F) were not significantly different than those
for the original virgin material and, accordingly, were not included in the
correlation analysis. The correlation coefficients for those properties that
b had significant relationships with plasma arc and one or more of the motor
performance tests are shown in Figure 4. The confidence interval was set at
95%, producing a critical correlation coefficient of 0.88. A positive corre-
lation factor indicates an increase in ablation rate or regression rate as the
property increases, and vice versa. Additional correlation coefficients down
to the 90% confidence level are also given to indicate data which show a trend
towards correlations. Because of the small sample size involved (five), there
are certain limitetions in using a simple correlation analysis for selecting
significant properties. The use of this approach must be looked upon purely
as an arbitrary screening device sublect to an overall technical appraisal of
the results. (See Appendix I for a further discussion.)

Page U4
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Katerial Code Elasctomer

NBR Class

Gen-Gard V-bki Butadiene-
Acrylonitrile

N-356 NBR-Prencliic

MX-LT3T NBR-Phenolic

US 3800 (Mod) Low Tamperature
EBR-Phenolic

Gen-Gard V-50 Low-Temperature
NBR

Gen~-Gard V-51 Lov-Temperature
¥BR

Gen-Gard V-61 Epoxy~-Polysulfide
HBR

850-1SC PBAN-Epoxy
(Trowelable)

SBR Class

Gen-Gard V-62 SBR-Phenolic

Urethane Class

Lkosa 2 Urethane

LosA bo Urethane

Butyl Cless

SMR 81-8 Butyl

SMR 81-15 Butyl

EPR Class

9790VI~126K Ethyiene-Propylene

USR 380k Ethylene-Propylene

Filler

Asbestos-Silica

Inorganic Hydrate
Silica
Boric Acid

Silica-Asbestos
Silica
Asbestos

Asbestos
Cardbon Black
Antimony~-Trioxide

Silica

Silica
Potassium-Titanate

Silica
Potassium-Titanate

Asbestos~Silica

Ashestos
Prtagsium-Titanate
Silica

Silica

Silica

Supplier

General Tire &
Rubber Co.

B. P. Goodrich
FPiberite Corp.
U. S. Rubber Co.

General Tire &
Rubber Co.

General Tire &
Rubver Co.

General Tire &
Rubber Co.

Aerojet~General Corp.

General Tire &
Rubber Co.

American Polytherm Co.

American Polytherm Co.

Stoner Rubber Co.
Stoner Rubber Cc.

General Tire &
Rubber Co.

U. S. Rubber Co.

Figure 1. Prospective Elastomeric Materials
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Virgin Material
Kinetic Studies (TGA)

Differential Thermal
Analysis (DTA)

Dersity

Thermal Conductivity
Heat Capacity

Heat of Combustion
Pyrolysis Gases
Regression Rates

Tensile Strength
and Elongation

Figure 2.
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Virgin Material
Heat Soaked

Kinetic Studies (TGA)

Differential Thermal
Analysis (DTA)

Density

Thermal Conductivi.y
Heat Capacity

Heat of Combustion
Pyrolysis Gases
Weight Loss

Tensile Strength
and Elongation

Degradation Products

Density

Heat Capacity
Thermal Conductivity
Viscosity

Heat of Cracking

Heat of Formation
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Char Layers

Density
Permeability

Pore Spectra
Thermal Conductivity
Heat Capacity
Thermal Expansion
Emissivity
Reflectivity

Shear Strength

Compressive Strength
Tensile Strength

Properties to be Investigated
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Vi Matevial

Apparent Actuation Energy, TGA

Apparent Specific Rate Constant at 1000°F, TGA
Jeat of Formation

Density, 100°F, 250°F, 300°F

Thermal Conductivity, ET, 150°F, 250°F

Heat Capacity, 150°F, 250°F, 300°F

Heat of Combustion

Tensile Strength

Diffusivity, RT, 150°F, 250°F

Plasma Arc Ablation, 50, 100, 225 Btu/ft>-sec

Charred Matsrial

Density

Pore Spectrs

Shear Strength

Compressive Strength

Tensile Strength

Emissivity, 1325°F, 1555°F

Hest Capacity, S00°F, 932°F, 1652°F
Thermal Expansion, 212°F, 932°P, 1652°F
Thermai Conductivity, 200°F, SO0°F, TOO°F
Di’fusivity, 200°F, 500°F, 700°P

Plasma Arc Regressiomn, S0, 100, 225 Btu/ﬁz-uc Permeability
Virgin Material, Heat Soaked 5 Min at Loo°P Gases
Thermal Conductivity, RT, 150°F, 250°F Density

Heat Capacity, 150°F, 250°F, 300°F

Heat of Formstion

Tensile Strength
Weight Loss
Diffusivity, RT 1

Figure 3.

Motor Performance

Ablatica Motor 1 - 50, 100, 225, k00 Btu/ft’~sec
50°F, 250°F Ablation Motor 2 ~ 50, 100, 225, 400 Btu/ft’~sec

Ablation Motor 3 - SO, 100, 225, k0O Btu/ft’-sec

Regression Motor 1 - 50, 100, 225, 400 Btu/ftz-sec

Regression Motor 2 - 50, 100, 225, k0o Btu/fta-lec

Regression Motor 3 - 50, 100, 225, 400 Btu/ft°-sec

Variables for Correlating Properties and Metor Performance
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Activation Energy - TGA

Bate Constant, TGA-1000°

Heat of Formation, Virgin

Density, Virgin

Thermal Cond., 5 Min Virgin, - 150°F
Thermal Cond., 5 Min Virgin, - 250°F
Heat Cap, Virgin, 150°F

Heat Cap, Virgin, 250°F

Beat of Cambustion, Virgin
Diffusivity, 5 Min Virgin, 150°F
Diffusivity, 5 Min Virgin, 250°F
Density, Char

Fore Spectra, Char

Coampresgive Strecgth, Chs=

Tensile Stv--='L, Char

Heat Cap, Char, 1652°F

Thermal Cond., Char, 700°F
Diffusivity, Char, 700°F

Density, Gases

Heat of Formation, Gases

Plazma Arc, ABL, 50
ARL, 100
ARL, 225

Motor 1 Regression
2 Regression
3 Regression

s e

Plassa Arc Correlation Motors
iatlon | Regression Wokcr 1L 1 FAor 3
T BT R B T R B W R B W
0.88 (0.83) (0.86) 2.95
[ X:; (0.83) {0.86) 0.95
(-0.8) -0.93 -0.8 (-0.81)
0.9 0.97 0.95 0.91
©.&) o8 (o0.06)
(0.81) 0.9 0.96 0.9
0.8  -0.90 -0.88 -0.99 -0.96 (-0.80) (-0.83)
(-0.83) 0.2 -0.88 (-0.87) -0.95 -0.90 -0.899 (-0.83) (
(-0.83) -0.93 (-0.83) -0.93 -0.95 -0.9% (-0.82)
0.91 0.91 0.9 991 (
0.88 0.97 (0.83) (0.85) 0.95 0.96
0.95 (0.83)
(-0.8%) (-0.82) (4
(-0.8%) -
(-0.84) [
-0.93 (-0.84) (0.87) o0.93
(0.87) (0.83)
2.98 [
0.96
0.89 0.98
0.90
(0.85) o0.91 (0.87)




Report AFRPL-TR-67-20k

Correlation Motors gsioc
. sor
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MoATT — Motor 3 Hotor
T W T B W | T wm T & E ]
{-0.82)
(0.81) (0.80)
(o.Bo)H (0.85) 0.98
0.90 0.86 (0.8%) (0.80) 0.88
{-0.84) -0.96 -0.96 (-0.8%) -0.98
(-0.82) -0.93 -0.89 -0.90 -0.98 -0.%9 -0.92
-0.8%9 (-0.83) -0.89 -0.9% (-0.61) -0.88
(0.83) (0.83) 0.89 (0.81) 0.88 0.95 (0.82) 0.93
(0.87) (0.88) 0.89
(-0.8) (-9.87) -0.88 (-0.83)
-0.5h -0.98
1.0.83) (-0.86) (-0.84) -0.96 -0.91
(-0.87)
(0.82)
-0.96 (-0.84) (-0.87)
0.90 0.97
(-0.85)
c.91
0.98 0.9%
91 (0.87)
0.99
Figure 4. Correlation of Properties with Ablation and Regression Performance
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III, A, Selection of Significant Properties (Task C, Phase I) (cont.)

On the basis of the above analysis, the following virgin material
properties were gselected for testing on the remaining ten materials in Task D
(see paragraph B, below):

1. Density (not significant but needed for thermal conductivity
calculations)

2. Heat capacity
3. Diffusivity (heat soaked 5 min at 4OO°F)

. Thermal conductivity (heat soaked 5 min at LOO®F—calculated
from 1, 2, and 3 above)

5. Heat of combustion

It is to be noted that properties of the char such as diffusivity, heat
capacity, density, and permeability were not found to be significant in the
pulse motors. One explanation for this is the loss of char that took place
upon ignition of the next pulse, which would reduce the overall effect of char
properties on performance. However, as these properties should influence per-
formance to scme degree, they will be obtained on the three best materials
along with thermogravimetric analysis data and pyrolysis data for use in Phasc
IT when the performance of materials in the Verification Motors is predicted.
The loss of char mentioned above resulted in higher ablation rates during
two/and three-pulse motor firings than during the single-pulse firing (see
First Phase Report). The current work on multipulse application has therefore
indicated that, in addition to good thermal and ablation properties, considera-
tion has to be given to factors such as heat-soak stability of virgin materials

and susceptibility of char to separate from the virgin material during shutdown.

The correlation of the four significant virgin material properties
with motor performance are graphically presented in Figures 5 to 8. These
figures show (1) that as the heat capacity and heat of combustion of the virgin
materials increased, the ablation rates decreased and (2) as the thermal
diffusivity and thermal conductivity of the heat soaked materials increased,
the ablation rates increased. The best overall correlation of data appears to
have been obtained on the three-pulse motor at the 225 Btu/ftz-sec heat flux
level.

A two variable equation describing the ablation rates for the
three-pulse motor as a function of thermal conductivity and heat of combustion

Page 9
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Figure 5. Ablation Rate vs Heat Capacity
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Figure 8. Ablation Rate vs Heat of Combustion
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III, A, Belection of Bignificant Pruperties (Tesk C. Phase I) (cont.)

was derived through use of the multiple regressicn analysis approach ountlined
in Appendix I.

Verification Motors (Phese ITi .

Repart: APRPL-TR-£7-10%

This equation 1s as follows:

&

e

X

c

9.650 + 2.593K - 0.0003216C

ablation rate, mils/sec of Motor 3 at 225 Btu/.ﬁ:a-sec

thermal conductivity at 250°F, Btu—in./hr-ﬂ.a—’!‘

heat of combustion, cal/gm

was 2lso derived as follows:

Equations for regression were not derived, since it appears from Figure L that
there was insufficient correlaticn between properties and regression and 1ittle
correlation between motor ablation and regression.
that, at least for the five materisls irvolved, surface regression hes less
effect on overall performaence Guring pulse-motor operstion than is normally
attributed to it for single-pulse operaticn, undoubtedly because of the pre-.

vhere

&

a

X

5.79 + 1.30X

ablation rate, mils/sec of Motor 3 et 225 B‘tn/fta-aec

plasma-arc sblaticn rate at 225 Btn/f‘ta-sec

viously mentioned loss of char.

B. TESTING FOR SIGNIFICANT PROPERTIES (TASK D, PHASE I)

Page 14

The gbove egquation, ‘together with plasma-arc test data was used
in Task F (see paragraph C, below) to select the best materials for use in the
The significance of the plasma-arc tests iz
apparent from Figures I and 9, which show that the sblation data obtained
during plasma-arc testing correlated well with motor ablation performance,
particularly at the 225 Bt/ft2-sec heat-flux level.
the ablation rates for the three-pulse motor as & fimction of plasma arc rates,

An equation describing

This fact would indicate

In this task, the ten remaining materials, N356, MX 4737, USR 3R00,
V50, V51, V61, SD 850-15C, LOBA2, SMR 81-15 and USR 3804k, were tested for
density, heat capacity, heat of combustion, thermal diffusivity, and thermel
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g Single Pulse
O T«o0 Puise

& Three Pulse

Heat Flux 225 Btu/FtZ-sec

Plasma Arc Ablation Rate - mils/sec

Figure 9. Motor Ablation Rate vs Plasma Arc Ablation Rate
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III, B, Testing for Significant Properties (Task D, Phase I} (coat.)

conductivity. The test procedures used were identical to those previously
outlined in Report AFRPL-TR-67-33, which covered the first phase of work.
Results of the testing are discussed below: v

1. Densi

The density dats for the virgin materials are tabulated in
Figure 10 and graphically presented in Figure 11. The densities of the
original five materials are also given in Figure 11 for comparison. These
data show that MX 4737 and SD 850-15C are the heaviest materials and V62 and
9790V1-126K are the lightest.

2. Heat Capacity

The heat capacity data for the virgin masterials are given in
Figure 10 and graphically presented in Figure 12 along with the heat capacities
of the original five materials. These data show that 9790V1-126K, V62, and
USR 3800 have the highest heat capacity.

3. Heat of Combustion

The heat of combustion data for the virgin materials are ’
glven in Figure 10. Comparable data for the original five muterials are
Vhh-5822, Vv62-8633, LOSALO-4T62, SMR 81-8-UB66, and 9T9OV1-126K-T549 cal/gm.
These data show that V62, 9T90V1-126K, and USR 3804 have the highest Leats of -
combustion.

L. Thermal Diffusivity

Resulte of the thermal diffusivity tests are shown in Flgure
10. Complete data were obtained on materials that had been heat soaked for
5 minutes at 4OO°F. Partial data were also obtained on virgin materisis to
show the extent of change resulting fram heat scak. Iu all cases, the heat-
sosked materials had lower diffusivities than the virgin materials. Resgults
of the heat-soak tests are presented in Figure 13, along with data on the
original five materials.

The large change observed in the majority of the diffusivity
curves leads to some speculation that experimental error had entered into the
testing. Because the diffusivity calculation is a function of the thickness
squared, any expansion or contraction of the material during testing could
contribute significantly to erroneous results. This possihility was not
accounted for while testing. However, as the majority of che materials ’
exhibited the same relative change in diffusivity, the results should not
affect the overall selection of the best materials.
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Property
Density {(GM/cc)
T, OF

Ave
Tp, OF
Ave
T3» OF
Ave

Heat Capacity (Cal/cM/°C)

150°F

Ave

200°F

Ave

250°F

Ave

3000F

Ave

Heat of Combustion (Cal/GM)

A 356 MK U737 USR 3800
100°-1.206 10-1.393 101°-1.146
1.203 1.385 1.146
1.204 1.339 1.146
2109-1.153 2090-1.358 206°-1.092
1.143 1.358 1.087
1.148 1.358 1.090
2480.1 .12k 1°-1.335 2500-0.999
1.09 1.332 0.942
1.112 1.333 0.971
0.3920 0.3258 0.4075
0.4143 0.3169 0.4095
0.4034 0.3214 0.4085
0.:k632 0.3651 0.4841
0.4466 0.37i6 0.4650
0.4549 0.3689 0.4746
0.4600 0.3538 0.4495
- 0.3635 04724
0.4600 0.3586 0.4610

Melted 0.3458 Melted

0.3459
0.3459
4483 64Tl 5812 @

6348




R s

V51 V6l 8D 850-15C SMR 81-15 USR 3804
101°-1.16% 1020-1.306 101°-1.387 101°-1.324 101°-1.38 101%-1.198
1.165 1.309 1.392 1.329 1.%8 1.200
1.165 1.308 1.390 1.327 1.368 1.199
2179-1.122  2090-1.24L4 2130-1.34T7 2090-1.298 222°-1.331 1989-1.166
1.194 1.223 1.354 - 1.29% 1.3 1.166
1.123 1.233 1.351 1.297 1.331 1.166
3020-1.090  296°-1.151 2989.1,318 2960-1.252 3059-1.304 3020-1.126
1.091 1.142 1.319 1.255 1.305 1.125
1.091 1.146 1.319 1.254 1.305 1.126
0.4065 0.3210 0.3366 0.34k6 0.3329 0.%:062
0.3896 0.3501 0.3507 0.3500 0.2932 0.3676
0.3981 0.3355 0.3437 0.3473 0.3131 0.3869
0.3918 0.4115 0.3336 0.3654 0.3588 0.4056
0.3917 0.3980 0.3430 0.3628 0.3603 0.4100
0.3918 0.Lo48 0.3383 0.3641 0.3596 0.%078
0.4090 0.4350 0.3589 0.37T%% 0.3516 0.%050
0.5033 0.k26h 0.3626 0.3707 0.3616 0.4052
0.4062 0.4307 0.3608 0.3750 0.3566 0.4051
0.k154 0.4008 0.3439 0.3790 0.3369 0.4063
0.4018 0.3%2 0.3408 0.3781 0.3427 0.3997
0.4086 0.3975 0.3423 0.3786 0.3398 0.4030
6592 54kl 6151 L4784 4699 7053
Fis,.-2 10. Significant Properties of Ten Remaining Materials
Page 17 z
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Property N 35 Mc b737 WRPO v __
Diffusivity, Virgin mterm - Heat Soaked 5 Min at LOOOF (CM2/sec) |
RT 0.00110 0.0010% 0.00093 0.00113 0.
125°F 0.90057 0.00109 0.000T7 0.00123 01
200°F 0.00067 '. 0.000802 0.00079 0.0010% 0.
275°F 0.00063%+ 0.00109 0.00062%# 0.00087 0.
Diffusivity, Virgin Material (CM%/sec) |
1259F 0.00125 0.00118 0.00089 0.00169
275°F - 0.00125 0.0008} #% 0.00185 0.
Thermel Conductivity,* Virgin Material - Heat Soaked 5 Min at 4OO°F (Btu/in./hr - £t2-OF) ‘
RD 1.455 1.260 1.265 1.3y 1.
1250F 0.810 1.395 1.085 1.640 0.
200°F 0.985 1.090 1.126 1.h25 1.
275°F 0.920%% 1.530% 0.820%* 1.240 0.
Thermal Conductivity, Virgin Material (Btu-in/hr-ft2-OF)
1259F 1.760 1.510 1.255 2.250
| 275°F - 1.750 1.120%* 2.640 1.

¥ "Apparent" thermal conductivity of heat soaked material (heat capacity component was not fired fr
: At 2500F




Report AFRPL- T-104

¥50 V51 V61 850-15¢ h0sA2 SMR 81-15 USE_3B0h

0.00089 0.00066 0.00105 0.00109 0.00106 0.00118

0.00078 0.00079 0.00102 0.00105 0.00129 - 0.00126

0.00033 0.00063 0.00113 0.00100 0.00106 0.00105

0.0005%* 0.00076 0.00093 0.00094 0.00106 0.00093

- 0.00121 0.C0118 0.00143 0.00143 0.00112

0.00150 0.00088 0.00110 0.0011k 0.00155 0.00151
1.113 0.795 1.330 1.390 1.185 1.460
0.996 1.030 1.345 1.410 1.555 1.610
1.085 0.867 © 1.520 1.390 1.390 1.410
0.655%% 1.080 1.255 1.330 1.470 1.260
- 1.560 1.555 1.920 1.725 1.k30

1.955 1.260 1.485 1.615 2.1% . 2.060

was not fired from heat sosk material).

Figure 10. Significent Properties of Ten Remaining Materials
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III, B, Testing for BSignificsut Properties {%ask D, Phase I) {comt.)

5. Tkermel Comductivity

Theymai conductivity data were calculated from the density,
heat capacity, and diffusivity results as follows:

X C
where

K = thermal comductivity, Bbu-in./hr-ﬁz-%‘
a = thermal diffusivity, ftzlhr

density, 1b/ f‘t3

P

C
p

The specific heats and density values were st the same
temperaturs conditions as the thermal diffusivities.

specific heat, Btu/1b/°F

Results of the calculations are shown in Figure 10. Complete
data were obtained on an "apparent™ type thermal conductivity for heat-soaked
virgin materials, "spparent” becease while the diffusivity values were for
heat sosked materials, the hest capacity values were for virgin materials.
Heat capacities of the virgin meteiials were originally obtained because they
were shown to be significant in the ccrrelation analysis. Additional spot
checks sre currently being conducted on hest-sosked materisls to show the
extent of change resulting from heat soak. Partial calculations were also
made on the thermal conductivity of virgin materials for comparative purposes.
Results of the "apparent™ calculations are presented in Figure 14 alomg with
corresponding data on the originsl five materiasls. These dsta show that
U61, USR3800, U62, N356, and U5l have the lowest thermal conductivities.

6. Heat-Soek Tests

During preparation of the heat sosked specimens for the
diffusivity tests, 1t was aoted that certain of the meterials exhibdited con-
giderable permanent volumetric changes. Typical exsmples of the swelling
ere showa in Figures 15 and 16 for all 15 materials. The worst of these
materials was N356. As the heat sosking was conducted at ambient pressure,
the results are not indicative of what happens at elevated pressures during

motor firing, but would indicate what might occur during shutdown between
pulses.
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(Heat Soaked 2or Five Minutes at 400°F) }’
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ORIGINAL SAMPLE SIZE: 2°x '%"x %"

“ 1
S500°F 400°F 300°F
30 m:n 10 min 5 min 30 min 30 min

MR Bi-8

Iﬂ!x- FARY
SUTYL)

405A40
"POLYLT TTYANE)

979CV!- (25~
{(EPR)

GEN-GARD V44
(NBR)

V62

Figure 15.
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_ ORIGINAL SAMPLE SIZE 2'x "X %'

S . o0 7 HEAT SOAKED
MATERIAL __ORIGINAL - -_,gfainnm

(POLYURETHANE) rw.,_,__ |

V-6t
{ EPOXY-POLYSULFIDE )

MX 4737
{NBR PHENOLIC)

vE0
{NBR)

850-15C
(PBAN-EPOXY)

USR 3804
(EPR)

—
—

o —
G| —
_—

-

Kesny

SMR 8i-15
(BUTYL)

bty ™0
* oy
e g

USR 3800
(NBR PHENOLIC)

e

N-356
( NBR PHENOLIC)

i

Figure 16. Volume Change on Heat Soak at LOO°F
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III, Technical Discussion (cont.)

C. SELRCTION OF BEST MATERIALS (TASK F, PHASE I)

teriels for use in Phese III of the program were selected by
(1) utilizing the significant property data Zor the 15 candidate materials
together with plasme-arc test data ag a screening mechanism for selecting
the best candidates from an ablation standpoint and by (2) reviewing other
material characteristics such as processability, service life, stcrage
stability, and demonstrated capability. A Ziscussion of each category follows.

1. Selection for Ablative Performance

Ir arriving at the best materials for ablation, the heat
capacity, diffusivity, ancd heat of combustion properties of the candidate
materials were first reviewed. E=ach material was given a rating of from
1 to 15 for each of. these properties, as shown in Figure 17 witk 1 being the
highest ratiang. {Thermal conductivity was not included in the subrating
because this would be duplicating heat capacity and diff:sivity weight factors.)
A subtotal was then escablished on the basis of this review.

The property values and plasme arc data for each of the
candidate materials were then used as input to the screening equations derived
in Task C, Phase I, to estimate the ablation rates that would be expected if
the materisls were used in an environment similar to that encountered in the
three-pulse motor. Results obtained from these equations are also shown in
Figure 17. The overall rating indicates that, insofar as ablation performance
is concerned, the best material would be USR 3800 followed by V62, §356,
9790V1-126K, V5L, Vik, and USR 3804.

2. Selection Based on Material Characteristies

To aid in the selection of the best materials, an evaluation
of all 15 candidate materiais was made on the basis of processability, general
mechanical and thermal properties, adhesive properties, storage stability,
demonstrated capability in motors, and raw material costs. A rating system
for each material based on all characteristics is shown in Figure 18. In
this rating system, processability was arbitrarily given a maxirum weight of
15 points; general mechanical end thermal properties and adhesive properties
each 10 noints; and demonstrated capability, storege stability, and raw
material coust each 5 pocints. On the basis of the material charecteristics,
the 40SALO ranks as the best material followed by the EPR materials, 9790V1-
126K end USR 3804. A discussion of each of the characteristics is given below:

a. Prcceasability

The assessment of the processability of the 15 materials
was pade on the basis of in-house and supplier data. Factors that were evalu-
ated include ease of processing, bondability, processing cost, documentation,
and ease of repair (see Figure 19).
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Expected Ablation Rate-
Three Pulse Motor

Flasaa Arc < Vo s Performance
Bquation Bjuation Bating Rating
9.7 9.8 1 2
9.7 10.0 2 3
9.8 9.7 1 1
10.3 10.8 7 7
10.4 | 10.2 5 A
10.5 10.6 6 6
10.5 9.7 b 5
10.5 10.9 8 9
10.6 12.2 un 13
10.6 11.2 10 10
1.0 10.6 9 T
n.3 1.5 | n n
1.tk 1.9 13 14
12.9 12.9 15 15
13.6 n.6 L 12

Figure 17. Rating of 15 Candidate Materials for Ablation Pexrformance

Page 27 }




I. Material Characteristics

Significance

Processability
a. Ease of Processing
b. Bonding Operations
c. Processing Cost
Documentation & Specs
e. Ease of Repair
Subtotal

Mechanical Properties

a. Tensile/Elongation/
Modulus Properties

b. Low Temp. Properties
¢. Service Temp. Range
Subtotal

Adhegive Properties

Demonstrated Performance

Capability
Storage Stability

Material Cost
Total - Points
Characteristics Rating

II. Ablative Performance Rating

Final Overall Rating

Weight, 9790V1-
Maximum V62 RE-356 USR 3800 _126K  USR 380k vkl
15
4 L 2 2 L 4 4
4 2 2 2 2 2 2
3 1 1 1 1 1 i
2 2 1 2 1 1 2
2 1 1 2 2 1 1
10 7 8 9" 9 10
10

3 3 3 3 3 3 3
3 2 1 2 3 3 1
4 3 A A R K 2
8 5 6 10 10 é

10 6 7 7 8 8 9
S5 3 2 4 3 3 5
5 3 3 5 3 3
2 2 2 2 2 2 2
50 35 29 33 ko Lo 37
10 11 13 2 2 7

2 3 1 L 7 6

3 11 6 1 2 i

10

13
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Figure 18. Overall Ra%ing of 15 Materials
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III, C, Selection of Best Materials {Task F, Phase I) (comt.)

The 15 materials are availeble either in the furm of
calendered sheet stock or as a two-ligquid component system. As indicated in
Figure 19, eackL material can be used for prefabrication of an imsulation part
with the resulting part installed in the chamber by secondary bonding, or
each material can be installed in the chamber prior to cure Ly lgy-up,
trowveling, or casting. The laid-up rubber insulation is cured in an sutoclawe
at 100 to 200 p:-1 pressure at about 300°F. The trowelable and the castable
materials are cured et normal atmosphere and at low temperatures such as 180°F
for the urethanes, 135°F for the SD 850-15C, and ambient for V6l. The
premolding method, which requires rather costly molds of stainless steel, is
generally used for high part production; vice-versa, the lay-up method is used
when a small number of chambers are to be insulated.

V62 materials of the SBR-phenclic cluss can 2asily be
processed by premolding or lay-up. The NBR-phenolic materials ¥-356, USR 3800
and MX 4737 can also be processed and installed similar to the SBR-ghenolic
material. However, both the N356 and the USR 3800 materials contein iiii=r:s
vhich decompose below 300°F. To avoid expesnsion during cure, these materials
should be contained in steel molds. The lay-up method, therefore, is not
generally suitable for N356 and USR 3800.

The new EPR materials, 9790V1-126K and USR 3800, have
exhibited good processability both in the premolding and lsy-up methods. The
processability of Vhh has been evaluated extensively in meny rocket motor
programs such as Polaris and Minutemen and found to be good both by the pre-
molding and isy-up procedures. V50 and V51 are modifications of Vil and
estimated to be similar to Vil in processability. The V44 forms a good bond
to some polyurethane propellants but a liner between the propellant and
insulation is usually required to provide good bonding to these materials.

The PBAN-epoxy material SD 850-15C has epoxy resin as
a main ingredient and does not contain any plasticizer. One problem in
processing this materiel by trowe.ing is void formation because of high
viscosity of the material. The polysulfide-epoxy material V61 is similar
to SD 850-15C in processing characteristics. Its processing and installation
methods have been well documented because it is widely used as a repair
material. The urethane materials 4LOSAY0 and 40SA2 are quite viscous es
castable materiaels. Veids in the cast parts scmetimes occur, particularly in
parts of LOSA2.

The butyl materials SMR 81-8 and SMR 81-15 are similar
in composition and ease of processability. Some difficulties have been
encountered in obtaining good bond between vulecanized parts of these materials.
The bonding operation requires caution in cleaning and in applying primer and
adhesive.
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III, C, Selection of Best Materials (Task ¥, Phase I) (cont.)

b. General Mechanical and Thermal Properties

An evaluation of the 15 materials was alsc made on the
basis of their applicability for motor handling, temperature cycling, storage,
and rapid pressurization of the motors. The evaluation was based partly on
determinations made in this and other programs and partly on the basis of
suppliers data. The data in Figure 20 show that the EPR materials 9790V1-126K
and USR 3804, the Butyl materials SMR 81-8 and SMR 81-15, and the polyurethane
materials 4OSALO and 40SA2 have good mechanical properties for use over a
temperature range from -75 to 300°F. The NBR materials V50 and VSl have an
estimated service temperature range from -45 to 300°F. V62 also exhibits good
mechanical properties over & wide range, -L0 to 300°F. The other materials
apparently should not be used at temperatures below O°F as indicated by the
temperatures at which they become brittle.

c. Adhesive Properties

In stop-start motors with end-burning grains similar to
those used during this program, the insulation is bonded only to the chamber
wall. No boote are used and the restricted propellant graing are not bonded
to the insulated chamber. In other configurations, however, case bonded
propellants are used. The assessment of the adhesive properties of the 15
candidete materials was made only on the basie of bonding “he insulation to
the chamber wall. Bonding of insulation to propellant was not considered
since this is so greatly dependent on the type of propellent used.

The requirements imposed on the insulation-chamber bond
is that it must resist failure under the environments of heat soak during
shutdown, temperature cycling, storage, handling, and pressurization cyecling.
3 A review of bond data obtained in rocket programs and suppiied by vendors
indicates that all of the 15 materials should have sufficient bond strength
to metal and Fiberglas chambers for stop-start motor applications. Bond data.
previously reported in this program for the five representative materials
(Vik, V62, LOSALO, 81-8, and 9T90V1-126K) showed no detrimental changes after
cycling 10 times between -65 and 250°F (Figure 21). After heat soak at 250°F
for 5 and 30 minutes, all five materials except 40SALO attained increased bond
strength. Data showing effects of heat socak and temperature cycling are not
available for the other ten materials. Estimates of the bondability in stop-
] start applications, however, can be made on the basis of standard tensile and
lap-shear values, thermal stability data and in some cases, on the basis of a
close relationship in formulations to the five materials evaluated. For
example, the SMR 81-15 differs from 81-8 only in filler composition and thc
4OSA2 differs from 40SALO only in the ratio of binder ingredients. Also, the
USR 3804 material is similar to the EPR 9790V1-126K material in composition.
Estimated minimum bond data, therefore, are given in Figure 21 to facilitate a
comparison.
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Tensile Elongation Mod. Brittip 'l'orcim.‘( Eatimated
Strength H (2)  Elmgaticn Point(l)  Stifroses(2) ervice
Material pei er°F__ pei & 65°7, % °r 1 °F Tewp. Renge, °F

v62 675/740/1789 > bo -k 5,000 kO ~k0 to 300
40,000 -5k

N-BS6 1200/200 /== - 20 -— 30 to 3C0

USR 3800 1200/325/~ 2 10 - 15 %o 300

Mx 4737 1200/14/— — 19 - 15 to 300

9T90VI-~-126K 2003/797/5300 > 30 -89 - -T5 %o 300

USR 3804 1200/400 /-~ > 30 -80 - ~T5 %o 300

vhi 1446/L67/1378 2-3 -6 5,000 9 0 to 306
40,060 -15

v-50 1200/400/1309 > 40 -h9 5,000 =29 -45 to 300
40,000 52

V-51 2500/600/ —~ > ko -53 5,000 -36 ~bs to 300
k0,000 -5k

§D850-15C 9L45/105/3500 2 30 - 30 to 300

vé1 900/(2~5)/~ 2 30 — 30 to 200

SMR 81-8 93k /350/2200 > 30 -80 5,000 <57 -T5 to 300
. 49,000 -8

SMR 81-15 Similar to 81-8 > 30 -80 5,000 <5k ~75 %0 300
k0,000 81

Lo SA Lo 1126/133/526 > 30 -80 5,000 63 ~75 to 300
Lo,000 U9

- Lo SA 2 Similar to L0 SA 40 > 3¢ -80 - -75 to 390

{1) ASTM D Th6-STT (Suppliers data)
(2) ASTM D 1043-617 (Apparent Modulus of Rigidity), suppliers data

Figure 20, Comparison of 15 Materials--Mechanical Properties
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Adheaive Properties

Bonding to Chamber Materials
!EII%O Sheet)

Tensile Bond Strength @ T7°F, psi

Lap Shear St
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Heat Soaked at 250°F
Original @ -65°F
Ten Cycles, =65 to 250°F

h, psi

Demonstrated Performance
Capability in Rocket Motor

Polaris
Polariz Test Motor
Minuteman

Tge Booster Motors
Upper-Stage Motor
Rebel & Phoenix

Sparrow
DML - Multiple Start
AGM

Sub-Scale Test Motors

Storage Stability

Resistance to 0 zone
Resistance to Ultraviclet Light

Estimated Service Life in
Rocket Motors of Ambient
Conditions, Years

Raw Material Cost $/1b

< 5Im

> 5.00

E

836
705

478

4 >4 pd e

. Fair

Good

5-10

9790vV1

126K v62 81-8 81-15 LO8ALO
> 300 >300 >300 ko8 1325
ko 8.6 113.4 > 150 496
350 160.6 115.2 180
2146 192 156 3735
1570 T122.0 257 82
X
X
X -X
X
X X X X
X X
X
Excellent Fair Excellent Excellent Good
Excellent Good Excellent Excellent Good
> 15 5-10 10-15 10-15 5-10
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X
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1325

496

3735
£182

Pllent Good
pllent Good

v-15 5-10

8D850-
LOBA2 N—}ﬁ }800 MXL737 ﬂ Y50 Y51 50 V6l
> 1300 > 300 > 300 > 300 > 300 356 > 300 531 > kOO
> 500 >200 > 200 > 200 >200 >W00 > L0 684 > LOO
> 200
> 1800
> 1400
X
X X X
X
X X
Good Good Good Good Exellent Fair Fair Good Good
Good Good Good Good Excellent Good Good Good Good
5=-10 5-1C 5-10 5-1G >15 5-1C 5-10 5«10 5«10
X X X X X X
X X

Figure 21. Comparison of 15 Materials--Adhesive Properties, Demonstrated
Capability, Storage Stability, and Raw Material Cost
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III, C, Selection of Best Materials (Tesk F, Phase I) {cont.)

Y
by

The bond data show that the epoxy-cured PBAY and poly-
sulfide materials {SD 850-i5C and V61) and the polyursthane materisls
(40SALO and LOSA2) have excellent bondability. For these materials, no primers
are required when they are trowelled or cast into position. High bond-strength
values also have been exhibited by the NBR materials wben applied both as
green stock during lay-up and as vulcanized rubber. The NBR-phenolic materials,
in genersal, have quite high bond strength to metal and Piberglass substrates.
The SBR material, V62, had one of the lower bond atrengths. An evaluation of
the bondability of insulation materials in the Minutezmon progrem also showed
that V62 had lower bond values than Vihk. The butyl rubber materials SMR 81-8
and SMR 81-15 exhibit the lowest bond strength values. Problems which have
been encountered in the bonding of these butyl materials generally have been
caused by the use of an improper primer or adhesive or tc improper application
methods for the primer or adhesive.

d. Storage Stability, Demonstrated Performance Capability,
and Material Cost

A ccmparison of estimated storage stsbility in years of
service 1life, demonstrated performance cgpability, and raw matierial costs for
the 15 materials is included in Figure 21. The eastimated service life is
based on data reported in technical literature, in military and commercial
applications, on rocket motor eging data, and on the resistance of materials to
degradation on exposure to heat, light, and oxcne. The comparison showa that
the butyl and EPR materials have excellent storage stability. £A11 of the other
materials are estimated to have a service life from five to ten yzars in motors
et ambient conditions (materisls stored in a relaxed condition and not exposed
to ultraviolet light). Figure 21 indicates that 9 of the 15 materisls have
demonstrated good performance in rocket motors.

A comparison of raw material cost based on price per
pound above and below $5.00 for the materials also is included in Figure 21.
This cost applies to the materials when supplied st calendered sheet or in the
form of a two-liquid component sysvem. The significance of the raw msterial
cost is dependent on size and aumber of chambers to be insulated. For smail
uwctors, the ratio of material cost to installation cost is considerably
lower than for larger motors such as Polaris and Minuteman.

3. Overall Selection of Best Materials

In selecting the best materials for use in the verification
motors, the assumption was made that the general characteristics of the
materials are relatively as important as ablative performance and an equal
weight scele was set up as shown in Figure i8. Based on this rating system,
the four best materials are expected to be from among 9T90V1-126K, USR 3804,
v62, Vik, USR 3800, SD 850-15C and N356. N356 was selected because its good
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III, C, Belection of Best Materials (Task F, Phase I) {cont.)

ablation properties should overshadow some of its other limitations. From
these materials, four prime candidates (9790V1-126K, V62, Vik anc USR 3800)
and three secondary candidates (USR 380k, SD850-15C and N356) have been
selected for installation in the 12- and S5-pulse verification motors. ULOS8ALO
will be used as the "filler" material (see Figure 22). The prime specimens
will be full-length specimens exposed to the complete range of area ratios
available in the aft closure of the motors. The secondary specimens will be
shorter and thus exposed to a more limited range of area retios.

A brief summary of the capability of these materials follows:
a. Prime Candidstes

9790V1-126K is an EPR material having excelient abletive
properties, excellent operating temperature range (-T5 +~ 300°F), and satis-
factory bondability and processability.

V62 is an SBR-phenolic material having excellent ablative
properties, good operating temperature range (-40° to 300°F), and satisfactory
bondability and processability.

Vil is an NBR material with excellent ablative properties,
nominal operating range (0 -~ 300°F), and excellent bondability and process-
ability.

USR 3800 is an NBR-phenolic material with excellent
ablative properties, nominal operating range (15 - 300°F), but only fair
processability.

b. Secondary Candidates

USR 3804k is an EPR material similar to the 9T90V1-126K
material and presumably zhould be as good. The 9790V1-126K material was
selected as a prime specimen rather than the USR 380k because it was used in the
correlation motors. Continued use of the 9790V1-126K in the verificetion
motors will, thus provide additional data points.

SD 850-15C is e PBAN epoxy material having good ablative
propzrties, nominal operating temperature range (30 to 300°F), and excellent
bordability and processability.

N356 is an NBR-phenolic materisl having excellent ablative
properties, nominal operating temperature (30 - 300°F), but only zood process- ‘
ability. One characteristic ¢f this material that might eliminate it from
further consideration in pulse motors is the swelling noted during the heat~
soak tests (see earlier discussion on this subject). This material will be
closely observed during the static firing tests.
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Figure 22. Location of Insulation Samples in 12- and 5=-Pulse Motors
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III, C, Technical Discussion (cont.)

D. DETERMINE INFLUENCE OF IRGREDIENTS ON PERFORMANCE AND PROPERTIES
(TASK E, PHASE I)

The influence of ingredients on the performence and properties of
elastomeric insulation materials in multiple restart applications was
inveastigated by correlating ingredients against the ablation and regression
performance and significant properties of five representative materisls (V-hi,
v-62, LOSALO, SMR B1-8, and 9790V1-126K). The performances of these materials
were obtained in a previous task in Phase I (Task B), where three successful
motor firings were accomplished. The significant properties were those
established in Task C (see paragraph A). The fillers, sdditives, and chemical
ingredients used in the inveatigations were obtained for the virgin materials,
char residues, and gases formed during pyrolysis. A partial listing of the
ingredients is giver in Figure 23. Complete identification of "all ingredients
is not included in this report because of the proprietary nature of the
material formulations. Input to the correlation analysis consisted of the
74 variables shown in Figure 24. The corfidence level was set at 95%, vhich
resulted in a eritical correlation coefficient of 0.88. Additiornal correla-
tion coefficients down to the 90% confidence level are also of interest as
an indication of a trend toward correlation. A positive correlation factor
indicates an increase in eblation rate or regression rate as the ingredient
factor increases and vice versa. Results of the analysis are discussed below:

1. Performence

The correlation coefficients for those components of the
virgin materials, gas species, and char residues which have some significan:
relationship with one or more of the motor performance tests are shown in
Figure 25. Although there are certain limitations in making a correlation
analysis based only on five samples (see Appendix I), it appears from these
date that a number of ingredients correlsted with performance. As a previous
correlation (Task C) indicated that there was little correlation between motor
ablation and regression probably because of the loss of char between pulses,
only those ingredients that correlated with ablation are discussed below:

a. Weight % Carbon, Virgin Material

The carbon concentration of the five materials varied
from 37 to 75% as shown in Figare 23, The correlation analysis indicates
that as the concentration of the carton increased, the ablation decreased.
This relationship is further illustrated in Figure 26 for the three correls-
tion motors at two heat flux levels--100 and 225 Btu/ft2-sec. The plots show
that the best correlation of data was obtained at the 100 Btu/ft2-sec heat-flux
level. This analysis suggests that a high carben concentration in the insula-
tion compouni is significant for good performsnce.
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In ents
Binder
Main Fillers

Wt Inorganic Fillers

Element Ratios, Virgin

C/0 Ratio
C/H Ratio
O/E Ratio

Weight Vir
wtf C
Wts H

wtf 0
wtd S1

Misc.

Decomposition Products

A. Gases at 550°C/350 psi

wt% Cco

wt s 320

wtf co

Wt Ho

wtf C, H,, Aliphatic
wt% Cp Hp, Cyclic
Misc.

B. Residue
wt% C
wt% Mg0

wt% 8102
Misc.

TOTAL A end B
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V62  gI90V1-126K Vhh 81-8  40SAKD

SER-Phenolic EPR WBR Butyl Urethane
Asbestos Asbestos Asbestos Asbestos 3Silica
Silica Silica 8ilica Silica '1‘:10§
10.2 29.2 36.8 50.0 39.
8.3/1 41 2/1 1.311 /1

9/1 6/1 10/1 6/1 6/1
1/1 1.5/1 /1 5/1 5/1

75 60 50 37 39

8 9 -5 6 6

9 15 20 28 33

3 n 12 18 9

5 13 11 13

100 100 100 . 100 100
2.5 2.5 6.5 2.2 2.50
2.5 0.5 1.0 1.0 0.50
3.5 2.5 6.5 1.0 9.50
0.5 3.5 1.5 2.2 0.50
34,0 38.6 32.5 53.2 17.20

2.7 1.0 1.9 0.k 5.7

0.3 1.k 0.1 - -

) 50.0 50.0 . 60.0 35.5
30.00 15.00 12.20 1.59 6.50
5.40 7.00 7T.50 6.00 0.00
12.00 20.00 20.00 25.00 29.00
6.60 8.00 10.30 7.50 29.50%
5k.00 50.00 50.00 40,00 65.00
100.00 100.00 100.00 100.00 100.00

Figure 23. Partial Listing of Ingredients
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Virgin Material ents

Weight £ Polymer

Weight £ Plasticizer

Weight ¥ Filler

Weight % Aliphatic Carbons

¢/0, ¢/H, O/H Ratio

Veight % C, H, 0, W, S, Si, 8:0,, H,0, and
Asbestos

Properties of Composite Material

Density

Beat Capacity
Thermal Diffusivity
Heat of Combustion
Thermal Conductivity

Properties of Ingredients

Fusion (Softening) Temperature, Binder
Heat of Fusion, Fiber Filler

Heat of Fusion, Pigment Filler

Heat of Vaporizatiom, Fiber Filler
Heat of Vaporizatioa, Pigment Filler

Gaseous Decomposition Products
Weight £ Tota' Gases

Weight % B, 8,0, €0, CO,

Weight § Total Cp, H,

Weight ¥ Cyciic and Aliphatic Cply
Weight £ Total C, 9, and B

Weight % CHy, CoHy, CHg» CuBgs Cofy¢

Char Residue edients

Veight £ Total Residue
Veight % Ng0, §'0p, 2,0, C, H, X, 0

Motor Performance

Ablation Motor 1 =50, 100, 225, 400 Btu/ftZ-sec
Ablation Motor 2 =50, 100, 225, h0O Btu/ft2-sec
Ablation Motor 3 =50, 100, 225, 0O Btu/ft2-sec
Regression Motor 1 =50, 100, 225, 400 Btu/ft2-sec
Regression Motor 2 =50, 100, 225, 40D Btu/ft2-sec
Regression Motor 3 =50, 100, 225, 400 Btu/ftZ-sec

Figure 24k. Variables for Correlating Ingredients, Properties,
and Motor Performance
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Weight % C, Virgin
Weight 4 0, Virgin
Weight 4 Si, Virgin
Weight 4 510,, Virgin
weight % H,0, Virgin
Weight 4 Filler, Virgin

C/0 Ratic, Virgin
0/H Rstio, Virgin

wtd H,0 in Gases @
550°C/350 psi

Wt% Total H in Gases @
550°C/350 psi

Wt$ CH, in Gases @
550°C/350 psi

wtd CHe in Gages @
550°C/350 psi
Wt CoHy, in Gases @
550°C/350 psi
Wt% C,Hg in Gases @
550°C/350 psi
wt$ §10, in Residue
Wt$ 2r0 in Residue
Wt% C in Residue
Wt% H in Residue

Correlation Motors, Ablstion

I Motor 1 Motor 2 Motor
{ o0 100 25 W0 | 50 10 = W0 ] 0 10 N
-0.90 (-0.84) (-0.81) -0.89 -0.95 (-0.9y)
0.96 0.94 0.88 0.88 0.80 oO.3e
0.89 (0.85) (0.81)
(0.87) 0.91 0.90
(-0.81)
0.89 (0.83) (0.86) 0.88] (0.7, .9k (0.82)
(-0.81) (-0.84) -0.91 " 2.81) -0.96
0.96 0.95 0.93 i
(-0.82) -0.93 (-0.81) (-0.8€)
(-0.68)} (-0.87)
-0.90 -0.95 -0.y3 -0.%
(-0.84) (-0.81) ! -0.93 {-0.82)
(-0.80) -0.0n
<0.92 -0.95 -0.89 f-0.84) (-0.87)
(0.86) (0.83) 0.98 0.93 (0.87° 0.97  0.19
(-0.87) -0.90 -0.91 -0.95‘ -0.96 (-0.87"
-0.92 -0.91 -C.3% -0.98
-0.92 -0.93 (-9.87) (-0.80) -u.88 -0.82)

* Critical Value @ 95% Confidence level = 0.88
Critical Value @ 90% Confidence level = (0.80) (data has correlation trend only)
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Correlation Motors, Regression
“otor Motor 1 Mctor 2 __ “Motor 3
100 a0 20l 25 400 20 100 225 @ 00 2 10 300
-0.95 (-0.83) -0.94 -0.95 -0.8 {.0.86)
0.8 o.e (0.87) 0.89 0.88 0.96
185} (0.81) (0.86} (0.82)
191 0.90 (0.85) (0.80)
-0.96 {-0.84) ~0.92 (-0.81)
}87) 0.9% (0.82)] (0.80) 0.93 (0.85' (0.82)
61) -0.%¢ -0.99  -0.91 (-0.87)
(0.%2) 0.89 (0.87)
i
(-0.36) 3.90 (-0.87)4(-0.82) -0.9%
-0.93  -5.96 (-0.87) -0.91
-0.uy (-0.32) -0.89
90 (-0.61) (-0.86) -0.91
(~0.86% (-0.87) -0.90
87)  0.97 0.99 0.99 0.98 (0.81) 0.8
\ 3.96 (-0.%¢) {(-0.87) -0.96
I
P2 -u.98 -0.96 ~0.90 -0.90 (-0.80)
lBoy -0.38 ,-0.83) (-0.85) -0.91 (-0.80) (-0.87)
|
L
Figure 25. Correlation of Material Ingredients with Ablation
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Figure 26. Ablation Rate vs Wt% C in Virgin Material
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III, D, Determine Influeuce of Ingredients on Performance and Properties
(Task E, Phase I) (cont.)

b. Weight # Oxygen, Virgin Material

: The oxygen concentration in the five msterials varied
from 9 to 33% (Figure 23). The positive correlation coefficients indicate
detrimertal effects of oxygen on perfcrmance. This effect 1s further
illustrated in Figure 27.

c. Ratio C/0, Virgin Material . !

The C/0 ratio for the five materials varied from 1/1 to
8.3/1 as shown in Figure 23. The previously demonstrated relationships for
carbon and oxygen concentrations with performance would seemingly indicate a
relaticnship should exist between the C/0 ratio and performance. However, the
correlaetion coefficients obtained for thess parameters only indicate a trend
toward a linear relationship. The plots in Figure 28 indicate that this
relationship is significant for C/O ratios from 1 to 4. A larger number of
data would be required to establish a reiationship at higher C/O ratios.

d. Ratio O/H, Virgin Material

The correlation coefficients indicate that a linear
relationship exists between the O/H ratio and ablation rates in the single-
pulse correlation motor. The plots in Figure 29 show, however, that ablation
rates generally increased with increasing O/H ratio in all three mctors. This
indicates that a high hydrogen concentration and low oxygen concentration is
desirable in the materials to obtain good performance.

e. Efrfects of Inorganic Filler Concentrations

Data previously obtained in insulation R&D programs at
Aerojet relating wt% inorganic filler to performance generally show that
ablation rates decrease with increasing concentrations of filler up to 50 wt#%
with the lowest rates being achieved ir the range of 30 to 50 wt%¥. Beyond
50 wt%, the rates once again tended to increuse. An examination of the data
from this program (Figure 30) indicates that only at the 225 Btu/ft2-sec heat-
flux level does there appear to be any general trend towards an optimum filler
concentration. At this heat flux level, however, contrary to previous findings,
the data still show good performance at the lower filler concentrations. It is
apparent that much more data would be required to establish a relationship
between wt% inorganic filler and performance.

f. Weight % Hydrogen in Char Residue
The concantration of hydrogen in the virgin materials
varies from about 5 to 9 wt% in the five materials. Part of this hydrogen,

from 0.5 to 1.83 wt%, was retained in the char residue. Although the concen-
tration is low, the correlation coefficients indicate a trend toward linear
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III, D, Determine Influence of Ingredients on Performance and Properties
(Task E, Phase I) (cont.)

relationship between ablation rate and wt¥ hydrogen in the residue. The plots
of ablation rate versus wt¥ hydrogen in the residue, in Figure 31, shov that
eblation rates decrease with increasing wt% hydrogen in all of the three motors
at 100 and 425 Btu/ft2-sec.

g. Weight % Carbon, Char Residue

The wt% carbon retained in the char residue of the five
materials varied from 30 wt¥ for V62 to 1.5 wt¥ for 81i-8, as shown in
Figure 23.

The V62 material having the highest wt¥% carbon in the
virgin material also retains the highest wt% carbon in the char, as shown
below:

Wt§ Carbon vé2 126k Wb 818 lLoslo
Virgin Material 75 60 50 37 39
Char Residue® 30 15 12.2 1.5 6.5
% Reduction 60 75 75.6 95.8 83.3
% Retained in Char kO 25 2L .4 4,2 16.7

*As related to original weight of virgin materials.

These data further show that the lower the material carbon
concentration, the higher the percentage loss. The significance of retaining
a high wt% carbon in the char is indicated in Figure 32, which shows a general
correlation of ablation and wt% carbon concentration. The best correlation
was obtained at the 100 Btu/Ft2-sec heat-flux level.

h. Weight 8102 Mg0 and ZrO Char Residue

The major filler ingredients of the five materials are
asbestos in short fiber forms and 5iCp in fiber or powder forms. The LOSALO
material contains SiO, in fiber filler and no asbestos while the other materials
contain combinations of asbestos and 5i0,. On decomposition, asbestos forms
510, and Mg0. Figure 23 shows that SiOp was the major ingredients in the char
regidue of all materials. MgO was found in the residue of all materials except
LOSALO. Small concentrations of Zn0 aleo were found in the residue of all
materials except LOSALO.
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Figure 31. Ablation Rate vs Wt% Hydrogen in Residue
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I1I, D, Determine Influence of Ingredients on Performance and Properties
(Task E, Phase I) (cont.)

The correlation coefficients indicate a relationship
between performance and wt% residue ingredient for SiCo and ZnC. However,
plots of ablation rate versus wt% of ingredients in residue show that only
wt%'Sioa has a significant effect on eblation performance. This significance
is demonstrated in Figure 23 which shows a sharp increase in ablation rates
with increasing wt% 810, in residue.

i. Effects on Performance of Gaseous Decomposition Products

The major portion of the gaseous products of the five
materials were low molecular weight hydrocarbon, particularly methane, ethane,
ethylene and butene. In addition to the hydrocarbons, some CO,, H5O, CO, and Hp
were present, (Figure 23). The correlation coefficients indicate a trend
toward linear relationship between performance and concentration of several
hydrocarbons and water. However, plots of ablation rate versus wt? gaseous
decomposition products indicated that these ingredients had no significant
effect on performence even though it is believed they should from transpira-
tional ccoling considerations. Additional data would be required to establish
effects and relationship between gaseous decomposition products and performance.

J. General Comments on Influence of Ingredients cn Performance

The superior performarce of the V62, SBR-phenolic material
in the three motor firings can be attributed partly to its relatively high
ct rbon concentrations, its low oxygen concentration, and to physical properties
swch as a high heat of combustion and low thermal conductivity. The data also
indicates that its char residue, consisting of a relatively high concentration
of carbon and MgO and a relatively low concentration of SiOp, provided better
protection than ihe residues of the cther materials.

The good performance of the EPR 126K material also can
be attributed to a relatively large carbon coucentration and large C/0 ratic.
As this material formed relatively thin char layers, a question is raised as
to whether a thick char layer is necessary in stop-start motors, particularly
if the char is lost between pulses.

The VLl material ranked third in performance in the three
motor firings. Its performance relative to V62 and 126K can be attributed
to a lower carbon concentration and a higier oxygen concentration and to a
lower specific heat and heat of combustion. Its relative performance also may
be attributed partly to its char properties and differences in decomposition
gases. The significance of these latter effects mey be shown by the results
of the analytical model studies being conducted as part of this program.
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Figure 33. Ablation Rate vs wt% 8102 in Residue
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ITI, D, Deterwine Influznce of Ingredients on Performance and Properiies
(Task E, Phase I) {cont.)

In comparing the performance of &MF 81-8 and LOSALG
relative to the other materials, it also seems apparent that concentrations of
carbon and oxygen and their heats of cambustion and heat capacities are main .
contributing factors. A characteristic feature of SMR 81-8 is that a large
portion of its binder decomposes into gasecus moleculea and its char layer
consists mainly of S10,. The structure and properties of this char may
result in ineffective transpiration cooling even though a large amount of
hydrocarbon gases are pregent. Transpiration cooling effects in the char
layer of LOSALO also may be an insignificant factor. This material forms a
thick char but a small amount of gases to provide tramspiration cooling in
its char.

On the basis of the results of the correlation analysis,
the most significant effects of ingredients on performsnce can be summarized
as follows:

(1) Ablation rates decrease significantly with increasing
wt® carbon in the virgin material and char.

(2) Ablation rates increase significantly with increasing
wt® oxygen in the virgin material.

(3) Ablation rates decrease with increasing C/0 ratio,
particularly in the range from 1 to 2.

(4) Ablation rates generally increase with increasing
O/H ratio.

(5) Ablation rates increase significantly with increasing
wt% §i0, in the char residue.

Effects of gaseous decomposition products on performance
could not be demonstrated because of an insufficient data.

2. Significant Properties

The properties of interest are those which were shown in
Task C (paragraph A, above) to have significantly affected performance of the
five materials in motor firings. These properties were heat capacity, thermal
diffusivity, thermal conductivity and heat of combustion of the virgin
materials.

The correlation coefficients for these components of the .

virgin materials, gas species, and char residues which have some significant
relationships with one or more of the properties are shown in Figure 3.
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Figure 34.

Reat Thermal
Capacity Diffusivity
Weight % Carben 0.990
Weight ¥ Oxygen 0.986 (0.8k3)
Weight % Filler 0.923
Weight % 510, (-0.876)
C/0 Ratio 0.9%2
0/H Ratio 0.897
. * Critical Value @ 95% Confidence Level = 0.88
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I1I, D, Determine Influence of Ingredients on Performance and Properties
(Task E, Phase I) (cont.)

These data indicate that heat capacity and heat of combustion are related
linearly to wt% oxygen, wt¥ total filler, C/O ratio, and O/H ratio. A trend
towards a linear relationship is also indicated for wt¥ 5iO>. A linear
relationship did not exist between ingredients and thermal diffusivity and
thermal conductivity.

Tse manner in which heat capacity is affected by the ingredi-
ent parameters ia demonstrated in Figures 35 to 37. It is noted that heat
capacity increases with increasing wt¥® carbon and C/0 ratio and decreases with
increasing wt% oxygen, O/H ratio, wt% SiOp, and wt% filler. The heat of
combustion is sffected by the ingredients in a similar menner as the heat
capacities (see Figures 38 to 4C).

The correlation coefficients obtained indicate further that
there was no linear relationship between ingredients and properties of
ingredients such as heat of fusion and heat of vaporizationm.

On the basis of the results of this correlation analysis,
it is aprarent that the major overall ingredient parameters to comsider in
selecting an insulation system which will have a high heat of combustion,
high heat capacity and low density and thereby superior performance are (1) a
high concentration of carbon, (2} a high C/O ratio, (3) a low O/H ratio, and
(4) a low concentration of oxygen in the insulation compound.

Since this analysis was limited in scope to overall ingredient
parameters ard only five materials, the data obtained are insufficient to
distinguish between effects of molecular structure and physical forms (fiber,
powder, or ccntinuous phase binder) in which the element of carbor, hydrogen,
oxygen, etc., are present in the compounds. For example, the significance of
having a high concentration of carbon present only in the continuous phase
binder vs being distributed as part of the binder, partly as a polymeric filler
in powder form, partly as carbon black powder or, partly az carbon fiber, is
not apparent from this analysis. To determine the significarce of ingredient,
composition, molecular structure, and form, additional dats on chemical
thermcdynamic properties of the fillers and of bond energies, crosslink density,
and polymer degradation rates would be required. Additicnal data also would
be required to determine whether or not char properties and transpiration
cooling by gaseous decomposition products in the char leyers have significant
effects on performance. Further specific effects of tiller ingredients on
the burning characteristics of the insulation after motor shutdown (between
cycles) such as extinguishment by couling, smothering and chemical reactions
mey be significant for the overall performance of the insulation.
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SECTION IV

WORK PLANNED FOR THE THIRD PHASE

A.  ANALYTICAJ, STUDIES

1. Modify current analytical model for multipuise elastomeric
insulation use.

2. Perform analysis of correlation motors.

3. Modify -omputer program as indicated by analysis in Ttem 2,
above.

L, Predi:t performance of verification motors.
5. Perform analysis of verification motors.
B. VERIFICATION TESTING
1. Static test fire three verification motors (12-pulse, 60-sec
total duration, 5-pulse, 100-sec total duratiocn, and 2l-pulse, 200-sec total

duration).

2. Conduct postfire analysis of each motor, and compare perfor-
mance of materials with that predicted during analytical studies.
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elagtomeric insulation materials.
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APPENDIX I

CORRELATION ANALYSIS
MULTIPLE RESTART INSULATION

Date was obtained on approximately B0 varisbles for each of five

Some of these varisbles were measures of

performance during motor firings and will be referred to as the dependent

variables.

The purpose of the study was to determine which of the remaining

variables are related to performance and to develop equat’ons incorporating
dependent and independent varisbles which could be used as a screening
mechanism for other candidate materials.

II.

Analysis."

APPROACH

The varisbles were first screened by calculating the simple correlstion
coefficients vsing computer program AS 223U entiiled "Simple Correlation

The large number of statistically significent correlstions were

further screened in a subjective manner for having s reasonable interpretstion.
Similarly, other variables which exhibited a non-significant but reasoneghle

correlation were considered.

Six independent varisbles were selected:

density, heat capacity, thermal diffusivity, thermal conductivity, heat of
combustion, and plasme-arc ablastion dsata.

progrem AS 222U, "Multiple Regression and Correlation Analysis.”

Following the selection of independent varisbles, single and two vari-
able ncreeniaog equations were determined by least squares using computer

The resultinz

single independent wvarieble equation incorporsting plasma-arc ablative deta is

of the following form:

and

a

Bo + Ble

(1)

For those equations involving two independent variables {therme) con-
ductivity and heat of combustion), various forms were tried such as:

&

fos

s

Bo + lel + 32X2 3
2

Bo + lel + 32X2 + BBXI a

Bo + lel + 32X2 + B3X.L X2
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Although the significance of t-values was looked at, the criteria for
selecting the best of these three equations wus again somevhat subjective
based on a study of the residuals and the consistency of a particular fora
for the variables.

For those equations imvolving four independent variables (density, heat
capacity, thermal diffusivity, and heats of combustion), a amall special
program was written for the IBM 1130. This was necessary because program
AS 222U has a builtin restricticn that the number of data points must te at
least one greater than the number of parameters to be estimated. Since these
equations of the form

& = B, +BX +BX +BX,+BX, (3)

involve five unknown parameters, and esince only five data points were avail-
able, a perfect solution is obtained.

With small samples there is a high probability of obtaining quite large
correlations strictly from chance. For a sample of size n the significance
level of a sample c¢orrelation r, may be obtained by calculating

1/2
. 1--r2
t = r/[ ) (%)

n-2

and then looking up the corresponding two-tail probabilities in tables of
student's t distribution with n-2 degrees of freedom. For example, an r of

0.8 from a sample of size S5 gives a t value of 2.31 corresponding to a signifi-
cance level of 10.4%. Thus,/for repeated samples of size five about one in ten
should be expected to yield a correlation of 0.8 or larger, when in fact the
variables are completely uncorrelated. Of course, equation (i) may be set
equal to 8 t-value corresponding to any desired probability and then solved

for a critical r. Then a sample r 18 deemed significant if it is greater than
the critical value.

Although the change of deciding two variables are correlated when they
ectually are not can be made arbitrarily small by sufficlently reducing the
significance level, it must be remembered that the test hes very week power
with a small sample size. Thus, by reducing the significance level, the
chances of deciding two variables are not correlated when they actually are,
is greatly increased. The only way this probability can be reduced for a
ziven significance level is by increasing sample size.

There is another difficulty inherent in using the simple correlations
to select variables. It is easily possible for two correlated variables to
appear uncorrelated until corrected for another one or more variables. Thus,
variables could be thrown out which when included in a multiple correlation
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would greatly improve predictionsa. Although this is a difficult problem to
get around at anytime, the small sample size further complicates the situation.

Even following the selection of independent variables, the use of a
least squares mmltiple regression analysis is very restricted based on five
data points. Because of the few degrees of freedom, there is essentially nc
way to verify the quality of the fits obtained. As the number of paraxeters
estimated in the equation gets close to the number of dats points one must
necessarily get a better and dbetter fit. Just as one can alwaye put a straight
line through any two points, a five parameter equation like (3) can be put
exactly through five points. Similarly, while a three or four parameter equa-
tion will not fit perfectly to five points, it is bound to fit very well. .
While such equations will predict well at those perticular conditions, they
may well be worthless for either interpolation or extrapolation. The only
safeguard in this situstion is to ensure that the equations seem to have a
sensible interpretation and if possible to obtain additional points for com-
parison with predicted values.

Because of the limitations resulting from the =small sample size, the
correlation analysis and accompanying equations were looked upon generally as
an arbitrary screening mechanism subject to an overall technical appraisai of
the results.

Reference

1. Statistics Program Manual 2300-M08, Computing Sciences Division,
Aerojet-General Corporation.
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