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This technicel phase report covers all work performed under Contract
AF Oh(611)-11609 from 2 Mey 1966 to 15 January 1967. The manuscript was
relesased on 23 January 1967 for publication as a RTD Technical Report.

This contract wvith the Research and Technology Operations of the
Asrojet-Oenarel Corporation, Sacramento, California, is being accomplished
under the technical direction of Lt. R. Schoner (RPMC), Air Force Flight Tomt
Center, Rocket Propulsion Laboratory, Edwards Air Force Base, California,
93523.

W. Bradley is the project manager for this program. Contributions in
the area of material properties were made by A. A. Stenersen and Dr. J. DeAcetis.
The experimental work partaining o tha pyrolysis of the virgin materials vas
conducted by Dr. G. R. Tichelaar and L. M. Wurzer. Design and fabrication of
the Correlation Motors was coordinated by J. Nicholson. Work relating to the
erfect of heat soaking and thermal cycling on insulation-case bonds was con-
ducted by S. Orchon.

Publication of this report does not constitute Air Force approval of the
report's 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 tc¢ investigate the properties and
behavior of elastcmeric insulation materials during multiple restart conditions
and the influence of these properties on materials performance.

During the first phase of work, tests were conducted to determine the
thermal, chemical, physical, and structural properties of five representative
materials for correlation at a later date with motor performance. Designe,
test firings, and performance analyses werc completed for the three correlation
motors (single pulse, tvo pulse, and three pulse). The effects of heat soaking
and thermal cycling on the lap shear strengths of insulation-case bonds wvere
deteruined.
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SECTION 1

INTRODUCTION

This program was initiated under the sponsorship of the Air Force Rocket
Propulsion Laboratory. The primary objective was to investigate the proper‘ies
and behavior of elastomeric insu’ ~tion during transient (heating and cooling)
and steady-state heating conditions, and the influence of these properties on
materials performance, A second objective was to develop a technique for pre-
dicting insulation performence for any stop-start duty cycle.

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

Phase I, Laboratory Irvestigations
Phase 11, 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 which available compositions exhibit the best per~
formance; and (3) determine what insulation ingredients affect performance.

The purpose of Phase II, Analytical Study, was to develop an analytical
technique for predicting insulation performance in a multistart environment.

The purpose of Phase I1I, Verification Testing, was to verify the pe for-
mance predicted for the best materials determined in Phase I by test firirg
three motors.

The initial work on this program was described in Quarterly Report
AFRPL-TR-66~246. The reporting schedule has since been revised to phase~type

reperts. Thie repcrt, the firat phase report, covers the tasks commleted from

2 May 1966 to 15 January 1967. It coutains some of the work reported in the
first quarterly to provide clarity.

Page 1
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S8ECTION II

SUMMARY

This report presents the results of progress made during the period from
2 May 1966 to 15 June 1967, under Contract AF OL(611)-11609 and includes the

following:
A. PROPERTIES OF MATERIALS

The 15 commercislly available elastomeric insulation materials
listed in Figure 1 were selected for evaluation in the program. Thermal, chemi-
cal, physical, and structural properties have been determined on five representa-
tive materials (CenGard V-44, GenGerd V-62, LOSALO, SMR 81-8 and 9790 V1-126K).
Three material conditions were investigated: virgin, heat-scaked virgin, and
char formed at high pressure and high temperature. These data will be correlated
at a later date with motor performance to determine the properties that most sig-
rificantly affect performance. These properties will then be determined on the
remaining ten materials.

B. CORRELATION MOTOR FIRINGS

Three correlation motors--a single pulse (34,7 sec), a two pulse
{17.7 and 17.1 sec) and a three pulse (10.7, 10.9 and 10.6 sec)--were success-
fully test fired using mnd burning, cartridge-loaded ANB 3066 propellant and a
nominal operating pressure of 700 psi. The resulting data indicated that, of
the five materials tested (V-ilh, V-62, 40SALO, SMR 81-8 and 9790 V1-126K)}, the
V-62 and 9790 V1-126K performed the best in the single pulse motor. In the mul-
tipulse motor, the V-62 performed the best at the lower mass flux levels while
V-bl was the best at the higher mass flux levels. The three motor firings also
demonstrated that the five materiels had higher ablaiion and regressiocn sates
in the multipu.ce firings than in the single pulse,

C.  EFFECT OF HEAT SOAKING AND THERMAL CYCLING IN INSULATION-CASE BONDS

Lap shear testing was conducted on five insulation-adhesive combi-
nations to evaluate insulation-case bond integrity under heat soaking and ther-
mal cycling environments. Heat soaked specimens were subjected to 5- and 30-min
soak periods at 250°F while the thermal cycling specimens were subjected to
single and ten cycles of =65 to 250 to ~65°F, 1In general, no significant dif-
ference in strength was noted as s result of heat scak or thermal cycling.
However, the strengths of the thermal cycled specimens were consideradbly lower
vhen tested at 250°F than when teated at -65°F

Page 2
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SECTION III

TECHNICAL DISCUSSION

The scope of the work discussed in this report includes: (1) determining
the thermal, chemicel, physical, and structural properties of five elastomeric
insulation materials; (2) conducting three pulse motor test firings for the pur-
poee of obtaining performance data that can be correlated against properties;
and (3) determining the effect of heat soaking and thermal cycling on insulation-
case bonds.

A. PROPERTIES OF FIVE MATERIALS (TASK A, PHASE I)

1. Materjals Selection

Commercially available elastomeric insulation materials have
been reviewed for use in the program. Fifteen materials were selected for evalu-
ation, reflecting present experience in large solid rocket boosters, operational
solid rockets, and developmental controllable rocket motors. These 15 materials
were divided into five general composition groups, as shown in Figure 1. One
material from each group was selected for investigation in this task. These
materials, wvhich are considered to be representative of their groups, are as
follows:

Material Class Material Designation Supplier
NBR Gen-Gard Vbl Genersl Tire & Rubber
SBR Gen-Gard V-62 General Tire & Rubber
Urethanc LOSALO American Polytherm
Butyl SMR 81-8 Stoner Rubber Co.
EPR 9T90V1-126K General Tire & Rubber

2. Determination of Properties of Representative Materials

a. Properties and Specimen Conditions

The properties determined on the five representative
materials are shown in Figure 2. Specimens were prepared in the following
three conditions:

(1) Virgin material, as-received.

(2) Virgin material after exposure to a2 simulated heat-
soak temyerature at ambicnt pressure to represent the soak pericd after each of
the first two pulses.

(3) Char formed by a high pressure, high heat-flux expo-
sure of virgin material.

Page 3
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Figure 1. Prospective Eiastomeric Materials
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III, A, Properties of Fire Materials (Task A, Phase 1) (cont.)

b. Teating of Virgin and Heat-Soaked Virgin Material

In this task, the effect of heat soek on the properties of
the virgin material was originally scheduled for determination after heat soaking
at a temperature of S00°F for 5 and 30 min under ambient pressure conditions.
Preliminary heat-soak tests were conducted using samples of the five types of
materials (V-bl, V-62, LOSALO, SMR B1-8, end 9790 V1-126K) and indications were
that the S00°F temperature was too high. After 30 min of this temperature, there
was excessive swelling of the SMR 81-8 material (see Figure 3). The LOSALO
samples became soft and mushy. To determine the exact maximum temperature/soak
time criteria that each material could withstand and still be considered as heat-
scaked virgin material would have required more program =ffort and time than con-
siderad warranted. Therefore, a decision was made on the basis of the reaults
of the above tests and thermogravimetric (TGA) date to use a 400°F heat-soak
temperature for periods of 5 and 30 min in the program. This is the temperature
at which weight loss was first noted during the TGA tests, indicatirg decomposi-
tion initiation.

A discussion of the test procedures used in determining the
thermal, ciemical, physical, and structural properties is given in Appendix I;
the results are discussed as follows:

(1) Kinetic Studies (TGA)

The results of TGA tests are shown in Pigures 4
through 8. In general, no noticeatie effect is seen between virgin and heat-
soaked materials. In the case of 40SAIO, further analysis and study will be
required to justify the behavior of the material hest soaked for 30 minutes, as
opposed to the other two LOSALO material types. As mentioned ubove, the TGA
test results were also used to select 2 heat-scak temperature for use in the
program. A review of the curves indicates that decomposition was essentially
initlated at 200°C (L4OC°F),

Apparent _hemical kinetic rate equations have been
derived (Figure 9) for the virgin and heat-sosked virgin materials (complete
composite materials), based upon the linear heating rate to the sample under-
going thermal decompoaition and the characteristic shape of each sigmoid TGA
curve. The derivation of these rate equations involved the determination of
the activation energy, frequency factor, and order of reaction from each perti-
cular TGA curve. These apparent rate constants will be used in the analytical
model studies in Phase II of the program.

To determine the dependence of heating rates on the

Anoradatinn Af nAlvmarisr enhetanrae 5 tharmnoravimetrics annlvaia was made An

V-i4 at 10°C/min, as opposed to the original 20°C/min. Analysis of the 10°C/min
data indicates that epproximately the same kinetic rate constants were obtained

Page 6
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Volume Change on Heat Soak at 500 and LOO°F
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Report AFRPL-TR-6T-33
TII. A, Propertics of Five Materials (Task A, Phase I) (cont.)

(wes Pigure 9). The essential difference in the two TGA curves (Figure L) is
that at the lover heating rate, the decomposition range of V-ii is decreased
spproximately 50°C. Although this information is quite preliminary, some evi-
dence is sesn that perhaps even at higher heating rates, similar chemical kinetic
rate constants may be observed,

(2) Differentisl Thermal Analysis (DTA)

The results of the DTA analyses are shown in
Figure 10. From this figure, it iy seen that, in general, decomposition of the
materials produces slightly exothermic reactions over the temperature range of
the test. Also, the materials exhibited an endothermic reaction in the temperes-
ture range of LO0® to S00°C. No apparent teat significance can be ascertained.

(3) Density

The density data for the virgin and heat-soaked vir-
gin materials are tabulated in Figure 11 and graphically preserted in Figures 12,
13, and 14, These data show that there was no significant effect of the heat
soak on the density except in the case of the L0SALO material when teated at
elevated temperatures. Thease data also show that the SMR-81-8 is the heaviest
and the V-62 the lightest material.

(4) Heat Capacity

The heat capacity data are tabulated in Figure 15 and
graphically presented in Figure 16. These data show that V-62 and 9T90VI-126K
have the highest heat capacity, and that heat socaking has a significant effect

= A ..f F vy = mend =Y

on the heal capacity of the materials.

(5) Thermal Conductivity

Results of the thermal conductivity tests are shown
in Figure 17 and graphically presented in Figure 18. These data were calculated
using the following equation:

k = ap C
]
thermal conductivity, Btu-in./hr-ft-°F
thermal diffus%vity, £t2/hr
density, 1b/ft
gpecific heat, Btu/lb °F

where k

2
[ I I B ]

C
P

The specific heats and densities values of the virgin materials were at the same
conditions as the thermal diffusivity.
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Material
Condition

Virgin
T1e °F

Ave,
T, °F

Ave,
Tye °F

Ave,

vi4

400® - 1,367
1,272
1,269

249° - 1,203
1,204
1,204

300° - 1,206
1,206

1,206

S Min, Heat Soaked @ 400°F

Ty, °F

Ave,
T3, °F

Ave,
T3, °F

Ava~,

100* - 1,276
1,270

1,278

30 Min, Heat Soaked @ 400°F

Tys *F

Ave,
Ty, °F

Ave,
T3, °F

Ave,

Filqure

100° - 1,272
1,281

1,276

249° . 1,213
1,207

1,210
300° - 1,214

Rep..t AFRPL-TR-67-33

102° -

246° -

302* -

102° -

244° -

302° -

102° «

248° -

302° ~

1,063
1,063

1,003

0,996
0,99
0,993

1,004
0,997

1,000

1,063

0.997
0,999
0,998

1,004
1,006
1,005

40SA40

100*-1,337
1,338

1,338

242°.1,262
1,264
1,263

302°-1,266
1,261

1,264

101°-1,260

1,260

239°-1,182
1,177

1,179

295%.1,168
1,067
1,118

100°-Too
porous to run

239°.Melited

295°-Melted

Page 18

SR 81-8 9750=V1-126K
102%-1,353  102°- 1,091
1,349 1,003
1,351 1,092
248%.1,286 250°-1,024
1,288 1,023
1,287 1,025
300°-1,25%  300°-~ 1,011
1293 1012
1,264 1,012
100°-.1,355 102%~ 1,091
1. 352 ! 1.091
1,352 1,091
239°.1,284 250°- 1,024
1,285 1,028
1,285 1,60
292°.1,291  299°-. 1,013
1,289 1,014
1,290 1,014
102°-1,358 102°- 1,050
1,354 1,090
1,356 1,090
239°-1,288 250°- 1,027
1,288 1,025
1,288 1,026
295°-1,291  298°~ 1,018
1,289 1,025
1,290 1,021

11. Density (gm/cc) of Virgin Materials
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Figure 12. Density of Virgin Materials
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Figure 13. Density of Virgin Materials Heat-Soaked for 5 min at LOO°F
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Report AFRPL-TR-6T-33

Material
Condition v-4i v-62 LosAkO SMR 81-8 9T790V1-126K
Virgin .
150°F 0.3987 0.4722 0.3134 0.3245 0.k4594
0. 4290 0.4716 0.3084 0.330 0.4595
Average 0.4139 0.4719 0.3110 0.3275 0.4595
250°PF 0.h2k2 0.4622 0.3936 0.3925 0.4357
0.54103 0.4486 0.38L9 0.3938 0.4313
Average o.kT2 0.4554 0.3892 0.3931 0.4335
300°F 0.4386 0.4419 0.4032 0.k4154 0.5088
0.4203 0.4419 0.3962 0.4267 0.4939
0.4886
Average 0.4294 0.4L419 0.3998 0.4210 0.h971
S min Heat Scak a! WOO°F
150°F 0.3u48h 0.4679 0.3113 0.3500 0.4711
0.3u35 0.4654 0.3642 0.3776 0.4682
Aversge 0.3460 0. 4666 0.3527 0.3638 0.k4696
250°F 0.3450 0.4L461 0.3368 0.3553 0.4329
0.3201 0.LU48T 0.3358 0.44L46
0.3370 0.4388
Average 0.3326 0.4UTh 0.3363 0.3461 0.4388
300°F 0.3591 0.4433 0.3696 0.3738 0.4595
0. 3592 0.4593 0. 3544 0.3579 0.14501
Average 0.3592 0.4513 0.3621 0.3658 0.4548
30 min Heat Soak at LOO°F
150°F 0. 3494 — Melted 0.2660 0.4681
0.3731 0.4602 0.2730 0.4606
Average 0.3612 0.4602 0.2695 0.46L43
250°F 0.3437 0.4455 Melted 0.2789 0.4517
0.3734 0.4622 0.2954 0.4k96
Average 0.3586 0.4538 0.2872 0.4506
300°F 0.3641 0.4328 Melted 0.3364 0.4483
0.3635 0.4390 0.3392 0.4885
Average 0.3637 0.4359 0.3379 0.4684
Figure 15. Heat Capacity of Virgin Materials (cal/gm/°C

Page 22

o




Report AFRPL-TR-67-33

#g000 3% "SI OF PONVOS IS Qocee
1,000 39 *BEN § POAE I Qe

WYISTA Qemnne

- A A | A 1

-
3
-3

O/ "B/ T ‘A37Ie0) Juem

£°0

s

Puge 23




Temper

ature,
L ]

Report APRPL-TR-5T-33

Y-hh
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hoSAkO

SMR 81-8
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Figure 17.

Thermal Conductivity® of Virgir Materials
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l iII. A, Properties of Five Materials (Task A, Phage I) {(cont.)

The thermal conductivity of the virgin materials. in
all cases except for the V-Lh and SMR 81-8 materials, decreased with temperature,
The thermal conductivity of the heat soaked materials generally increased with
temperature and wvere approximately the same order of magnitude as thome for the
virgin material. Only in the cases of the LOSALO and VUL materials were there
appreciable differences. The highest conductivity was obtained on the Vik and
hOBANO virgin materials (approximately 2 Btu-in./hr-ft2-°F). The heat-gosk.:
materials had conductivity values between 1 and 1.5 Btu-in./hr-ft2-°F,

(6) Heat of Combustion

The heat of combustion test results are given in
Figure 19. V-62 has the highest heat of combustion. ~[here appears to be no
significant change because of heat soaking.

(7) Tensile Strength and Elongation

The tensile strength snd ultimate elongation test
results are given in Figure 20, Heat souking has a significant effect on the
tensile strength and elongation, part!cularly on materials heat sosked for
30 min. All levels, even the low values for the heat-soaked materiais, should
be satisfactory for the majority of start-stop applications.

(8) Weight Loss

The weight losses occurring during hewui sonk are
shown in Figure 21, These data show that all weight losses are less than 1%.
Effects of weight loss of this order on materials performance (regre::ion and
ablation rate) are expected to be insignificant.

The ingredients lost on heat soak at LOO°F can be
wvater, low molecular weight plasticizers, and other low-moclecular weight binder
constituents. Since V-4l normally loses from 0.5 to 1.0% water on heating at
300°F, it is apparent that the material lost in V-Lk is primarily water. The
ingredients lost in V-62, SMR B1-8, L0SALO, and 9790V1-126K on heat soak are
also expected to be primarily water.

(9) Regression and Ablation Rates

Regression and ablation rates were determined for all
15 candidate materials rather than just the five representative materials for
use in a later task when the best materials will be selected. ‘'ihese rates were
obtained bg means of plasma arc testing at heat flux levels of 50, 190, and
225 Btu/ft<-gec using 1/2 diameter specimens, instrumented and shrouded, as 4fs-
cussed in Appendix I, The specimens were subjected to eight heating :ycles
(15 sec on, 15 sec off) to simulate a multipulse environment.
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Material
__ ditiom v-bl v-62 kosako SMR_81-8 9T90V1-126K
Virgin
alrgin 4750
5793 871 4760 4869 7556
5852 8596 4716 4863 7542
Average 5822 8633 4742 4866 7549

5 min Heat Scaked at 4OQ°F

5794 8672 4790 4801 7552
=== 8719 4826 == 7560
Average 5794 8696 4308 4801 7556

30 min Heat Soaked at LOQ°F

5783 8680 4712 4302 7563
5766 8689 4741 - 7555
Aversge 5774 8684 4726 4802 7561

Figure 19, Heat of Combustion of Virgin Materials

Page 27




e i e

‘upwm/ *urg2 paads pewayssolp

8TeTIa3W UTBITA Jo sayyradorg TEOTUEGIIN

0092/029/%2TT nela/Lgz/ e
005 /0%9/09TT 21ee/06T/HnE
00g1/028/2t 1 g4qn2/00S/ 0t
0062/009/0801 ZINE/OLT/26€
€EE9Z/  +000T/ESST nsLe/€2n/e2s
0082/ +0001/18ST ocle/0te/829
0052/  +000T/2£91 SL22/08s /Ly
oomw\ﬁav+oooﬂ\~maa 6n22/06n/E9n
00ES/LEL/EOO2 0022/0$€/49€6
00ES/08L/TSET £062/one/Ss0T
0064/018/6802 £L6T/0LE/ELY
00LS/008/0L02 g2rz/ont/slot

‘02 3InITd

-Supyealq JNOUITA 193893 UOIZSUI JO JTWIT [ABJIG PIpa’oxa suawidadg(T)

~ QN

TonT/L /664 TI8T/€92/EEN €292/0LT/56RT
gesT/s  /2Tn 96T/ 02/ ®eh n292/0L2/806T
Te€6T/S [LL9 TELT/082/EEN 96£2/0nT/onNT
GLOT/OT /96 gepT/0L2/THY 6482/0ST/0EST
gLez/ST /18sT 084T/L09/ 76y T2HT/ELy/0TST
QESZ/ET /BEST 959T/0TS/8nn 029t/0En/E9nT
LTgT/LT /99lT TH6T/059/E60 TTET/026/9£9T
gLne/ = /onnt 2601/099/21¢ ECET/0ly/QenT
1926/EL£T1/9¢TT 6gLT/O0nL/5L9 gLET/Lon/onnT
$9nG/0ST/QTTT ng9t/osl/nel LonT/025/019T
€196/08T/6491T 2rlr/o2l/6499 6nET/08n/90nT
L99n/0ET/T66T OLST/0SL/NES -/CEY/TEET
C5VS0Y 29-A A

q38uea3s s11sUsy

4,001 3%
utm Of PaYeOog-31WdH

aBuJIaAy

£
4
1

2,00 39
U ¢ payeOS-383Y

aBevaaay

~QN ™M

UTIITA

L <]
N
A



4,001 3% BOS-183H UO BHOT JUBTM

*d,00n 03 dn suswyoads

b b s Kt i s U et S

*12 oamBT4

Jo Ixjued fujdq 03 palynbax uwm oz Areyewyxoxddy

*gsuowpoads -uy m Aq -ut # £q ‘Ul 4 (1)

goh°o suco 226Nt £6°oHT 592°0 on'o 92’061 g99°06T oBexsay
05%°0 ZL0 526t g2 08t [T ono g% 0%t ggost &
Sly°o .°0 89° ghT 65°64T 592°0 on'o €0°0ST Gn°0ST a-?wmm
™io €T gL 6Lt 0L°9LT Gge’o 6g9°0 £2°LLT STR°LLT  9Bvaaay
Enl o &*T Itolt &° 1t 20170 tl'o (G5 99t 2

onl°o 0t°T ' HiT TL°6LT 19t 0 99°0 16°9LT LT°6LT T m%m
194, 3¢ 4L°0 18°9.LT 19°LLT 13 4] G66°0 GE0°GLT £9°GLT aBeaaay

S 5% Frelt ekt o A SLTIT THt @

9n°0 18°0 85° 4Lt 6€°GLT T9¢€°0 19°0 TE QLT CE°9LT T OHvsof
$829°0 $89°0 69°onT SLS THT grE O o 69°O4T oU IHi o%eIaay
29970 %70 I144 2Eront 920 gm0 oL7ont grint 2

G65°0 $8°0 96°THT €g° el TIE O 9%°0 89°0HT qT'IRT T 29-A
SHTB O GLET geE* L9T 6L’ 99t 666°0 6L6°0 22 it G2°GLT @Besany
7Ta 0 T 26°991 2 89t 2%9°0 Tt 80° 8Lt T2°6lt 2

S18°0 et T +9°L9T 22'691 ALlg°o 28°0 9£'0LT Q2 TLT T #h-A

56071 J 'weo1 F Tadvem U 'audiom  § ‘901 J ‘esoy B JUSION 3 'JUBIoA  [RTIo3®A
uByaM JqByom ULy Teuisio JqBiam BTN TouTd TeuT3TI0

(1) 2000 3 U™ ot (1)% 007 3° U 4

Page 29




III, A, Properties of Five Materiala /Task A, Phase I) (cont.)

Although plasma arc test resulte do not generally
show the same ablstion rates sncountered in motor firings because reduced sur-
face regression takes place and other degrees of simulation are not close enough,
they do provide gocd qualiitative resiults., In multicycle firings another factor
is encountered in comparisor to sziangle pulses; that is the potential loss of
char at the initiation of every pulse. With the particular type of specimens
used during plasma testing, the char was essentially kept in position by the
ghroudirg. With these considerations in mind, the test results are shown in
Figure 22 and further presented in Figures 23 through 25. These data show that,
based on plasma arc teating, the four best materials at three heat flux levgls
would be: (1) V-62, N356, MX 4737 and USR 3804 at a heat flux of 50 Btu/ft“-sec;
(2) i'356, USR 380G, MX h737. and v-62 at 100 Btu/ft2-gec; and (3) V-62, N356,
uen 3800, and USR 3804 at 225 Btu/ft2-sec.

Temperature-time data were rlso obtalned on the
15 wmaterials st three different thermocouple depths and at the three heat flux
levels. Thege data are shown in Figures 1 through 15 of Appendix II. In order
to precent mere readily comparable data, the above results have been standard-
ized for thermocouple degths of 0.070 and 0.120 and plotted in the form shown
ip Figures 26 thirough 30. A dotted line has been added, passing through the
average u=uperaturs for each cycle and the materials below that line should be
amoug the besi, candidates.

Eack plesma arc specimen was visually examined for
tyre of char, retentinn of char at the char-virgin interface, and condition of
virgin materriel % interface., As indicated in Figure 31, only in the casee of
the N356, MX LT37, 850-15C, USR 3800, 40SA2, and V61 materials was the char-
virgin interfece intact. In these instances, the plasma arc results should be
more quantitatively correct than for those where the interface separated.

c. Determination of Degradation Products

The degradation products of the pyrolyzed virgin masterials
as determined by mass spectrograpnic techniques are shown in Figure 32, The
temperature nsed for the pyrolysis was 550°C, as determined from previcus ther-
mogravimetiic analysis of the virgin materials. Several experiments were run
using atomic grade helium at 550°C in vacuum, 0.10 psig, 69.9 psig, 139.T psig,
and 349.3 psiz to determine the shift in gas phase chemical comgposition, if any,
with pressure. A pressure of 349.3 psig was determined to be the limiting pres-
sure needed to ceuse no further messurable change in composition, as denoted by
the nmass spectrometer. It was also determined that no significant diftference
(within erverimental accuracy and reproducibility) in chemical composition was
obinined between the gaseous pyrolysis products obtained from the heat soaked
materials and those from virgin pyrolysis products. An example of this compari-
son is showr in Figure 33 for SMR 81-8 materials,
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. 2. sec 100 Btg[fta-aec 22 £t°-s0c ] -f';
Rbgrcaa?o? Ablation Regression Ablation Regression  Ablation - Ly
Rate! 2 Rate Rate Rate Rate Tate 1
Materisl mils/sec mils/sec mils/sec mils/sec mils/sec = mils/ses ’
Vil 0.01 1.32 2.00 g.gg g.gu 3.68
' 0122 1og2 l.& d [
Aversge 0.13 1.30 1.75 385 . i‘ﬁ'
9790VI-126K 0.04 1.29 1.37 2.27 2.29 3.56
. 0.16 1.37 1.25 2.11 2. .
Avems. 0.10 1.33 1-31 2.19 . .
V62 <.21(3) o.hg 1.39 2.56 1.05 2.6
-001 o. OI 1.
Average -ﬁgf 6'1559' 1—1% .05 %fg tg
S9MRB1 -8 -0.23 1.87 0.56 3.90 1.15 k.
0.01 1.51 0.17 1,91 2.86 é
Average 0,11 1. 0.37 2.91 I8
. LosAkO -0.11 1.16 1.22 3.6 3.98 5.56
0021 1022 10 L4 1 » »
Average 0.05% 1.35 1.15 3. . ;:ﬁ
V50 0.04 1.56 1.h1 2.0k 3.9 .29
-0.08 1. 1. 2.46 2. .
Average ~0.02 1.43 1. 2.25 3. 3.
V51 . 22 1.208 1.35 2.48 2.3 3.%i
0. 1. 1.00 2.22 .10 .
Average 057 I.2% 1T 2.35 3765 ngE
V6l 0.08 1.50 2.39 3.79 2. 3.67
0062 2. !;s l.8;i - !.0 h.
Average 0.35 1,91 2.11 3.65 2.91 3.
MX-4T737 0.11 0.96 0.15 2.;1 1.03 3.hg
» 0.11 0. 0.1 1.83 1.0 .
Average 0.11 0.93 o.1ﬁ 1.97 1.0% 3.
y kosa2 -0.25 1.10 1.30 2.58 t.ha 2.21
‘0021 lo 0 lcl 20 . 0 . 3
Average -0.23 1.20 1.23 2.& 5.33 5.97

(1)Average ablation and regression rates during 8 heating cycles (15 sec on, 15 sec off)
et heat flux levels of 50, 100, and 225 Btu/ft2-sec. '

(2)Synonymous with erosion rate.

(3)Negative regression rate i1s due to expansion in the char or ablation zone duriag
testing.

Figure 22. Plasma Arc Tests(l)
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2020 100 Btg[rtg-uc 225 Btg(ttz-uc
tion srouion Ablation gression Ablation

e Rate Tate Pate
m nhtm.. m_ sl.-m.e_ mils/sec mils/sec mils/sec
“45 ’L” 2071 )-25 3083 0077 h.s:-
m 0. L]
Wipieo £2.76 1.10 0.97 1.90 1.00 3.07
e w x4 i
vage V4 1.90 0.79 3.
m 40" 0.” - ;Q hl 1- 58 30 w
pe—— 8 hﬂ‘ 3‘%’1 19 58 3750
“ 'Lu 0063 ‘lng 1059 O-hg 2.93
- [ ‘10 oﬂ 0. .0
Avamnge :EE .11 -1.08 1.59 57;3 235
aaig0-15C (1) 1.25 0.90 2.61 2.06 3.69
Q. . 0.9k g_a_ 1. 3_2_1_
Average . 1. 0.92 . 1. 3.65

{1} Aversge ablation and regression rates during 8 heating cycles (15 sec on, 15 sec off)
st hest flux levels of 50, 100, and 225 Btu/ft2-sec.

Figure 22. Plasma Arc Tests(l)
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Figure 23, Plasma Arc Ablation Rates at 50 Btu/ ft.z-sec
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N336
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Figure 24. ° lasma Arc Ablation Rates at 100 Btu/ftZ-sac
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Vudd

—

9790 V1e126K

V=62

SMR 818

40SA40

V50

V51

vél

MX 4737

40SA2

SMR 8115

USR 3800

USR 3804

N356

SD 850-~15C

] I ] 1

2 3 9 5

Ablation Rate - mils/se-

Figure 25. Plasma Arc Ablation Rates at 225 Btu/fte-sec
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Figure 26. Temperature-Time Data* on 15 Materials Subjected to a 50 Btu/tta-aec
Heat Flux Level
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Figure 27. Temperature-Time Data* on 15 Materials Subjected to a 50 Btu/ftZ-sec

Heat Flux Level
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Figure 28. Temperature-Time Data* on 15 Materials Subjected tc a 100 Btu/fta-aec
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Figure 29, Temperature-Time Data® on 15 Materials Subjected to a 100 Biu/ft2-sec
Heat Plux Level
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Materiai
N-356
MX-U737
850-150
v-61

USR 3800
4osA2

USR 3804
LosAkO
SMR 81-8
SMR 81-15
9T90V1-126K
V-Ul

V-50
V=51

V=62
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Separation at Soft
Char-Virgin Decomposition Char

Intarface Zene Cracks
Ne No No
No No No
No No No
Ko No Yes
No Yes Na‘
No Yes No
Yes & No Yes No
Yea & No Yes No
Yes Yes Yes
Yes Yes Yes
Yes Yes Yes
Yes Yes Yes
Yes Yes Yes
Yes Yes Yes
Yea Yes Yes

Char
Streng&h

Excellent
Excellent

Excellent
(1)

(1)

Good
Good

s00d( V)
(1)

(1)

Good
Good
Fair
Fair
Fair
Fair
Falir
Fair

Fair

{1) Char strength decreases from outer layer towards decomposition zone.

Figure 31.

Observations on Char Properties after

Plasma-Arc Exposures at 50, 100, and 225

Btu ft2-sec
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Constituent V=Ll v-£2 408AL0 3SMR 81-8 9790V1-126K
Toluene 0.3 1.0 - 0.4 Gl
Benzene 0.4 0.3 —-- -— 0.5
Tetrahydrofuran -— -~ T.7 —— -
1,3 Cyclohexadiene 0.b4 0.6 _— _— ——
2 Pentene 2.3 2.2 — - 3.9
1,3 Pentadiene 1.6 2.3 —— _— 2.1
Butane 1.k 3.4 6.2 -— 3.9
1 Butane h.3 9.6 3.2 -— 10.3
1,3 Butadiene 0.3 1.1 - —— ——
002 6.9 3.5 6.1 3.6 3.9
co 11.9 7.2 33.2 2.8 5.7
H,0 2.9 8.2 0.9 1.2 1.6
i Methylacetylene 0.9 1.3 -—- — 0.7
E ? Propylene 4.7 2.0 5.6 5.7 7.8v
E i Ethane 7.6 7.6 4.4 2.3 1.1
g § Ethylene 6.2 8.8 1.2 3.7 8.0
§ Acetaldehyde —— ——— -——— —_— ———
: i Fropane — - -— -— 5.6
] HCN 0.2 0.2 -— ——- —
B Methane 18.6 18.1 6.9 U 21.1
i .{ Isobutane —— ——— e 9.2 —
; Propyne ——— ~—— — 1.2 ——
H, 28.6 22.6 6.8 8.1 13.4
" Isobutene -_— —— — b1,k ——
#Obtained from pyrolysis oi; virgin materisl at 550°C and 350 psi, in mole percent,
Figure 32. Quantitative Analysis® of Gaseous
Products of Virgin Materials
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ITI, 4, Properties of Five Materials (Task A, Phase T) cont..

The molecular types of gases obtained from the mmss spec-
trographic analysis were u8 expected at this temperature and pressure level,
The major constituents were generally the low molecular welght gases consisting
of hydrogen, methan:, ethane, ethylene, propylene, carhbon monoxide, carbon
dioxide, and water vapor. he higher molecular weight compounds, such as, the
cyclic, heterccycllc, and straight-chained molecules were found to be present
only in trace amounts, These data were compared to data obteined by Madorsky,
et al.,, who investigated pyrolyeis products obtained from similar types of
meterials, and it was found that, in general, similsar gas species were generated,.

The resulting residues obtained from the pyrolysis of the
virgin natarials were also enalyzed for iheir chemical constituents. Standard
techniques of X-ray diffraction, emission spectroscopy, and elemental analyses
were esployed ir this determination. The results of this anslysis are shown in
Figure 34. The major sclid constituents in this case were magnesium oxide,
silicone oxide, carbon, zinc oxide, and in the case of LUSALO, titenium dioxide.

From the above identification of the gasecus pyrolysis
products, heats of combustion data are being obtained for each of the pyrolysis
gases from published literature. When this data has been obtained, the thermo-
chemicel properties of a one-mole mixture of gascs will be calculated. These
properties include hest of combustion and the transport properties, l.e.,
viscosity, heat capacity, and thermal conductivity. The heat of combustion of
the charred gases will also be used, along with the heat of combustion of the
charred materials shown in Figure 3k to calculate the heal of formation of the
virgin composite materisls. All of these data will be used in the anelytical
model equations in a later phese,

It is realized that the heating environment in a rocket
motor is much more severs than in & laboratory type heating furnace. Conse-
quently, different fragments or even increased or decreased amounts of the
reported compositions may resuit because of thermal crucking of the polymer .
Further refinement in this area is suggested to eveluate the effect of heat flux
on polymer degradation.

d. Testing of Charred Materials

Work was firat conducted on a prornedure for obteining
charred materials in the quantities or sizes requirecd for prvperty teste. A
high-pressure, high-temperature heating apparatus (see Appendix I) operating at
T00 psi at a heat flux of 100 Btu/ft2-sec was used in preparation of the samples.
Various sample sizes and ways of exposing them to the simulated heat and pres-
sure of actual firings were used. GSamples of the five basic materials were
first prepared ty exvosing the entire outer surface to the heat source (graphite
susceptor) as shown in Figure 35 until steady-state temperatures were reached.
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Constituent YLk V=62 LOSALO  SMR 81-8 9T90V1-126K :
MgD 15.0%  10.0 .- 15.0 13.0
510, 40.0 23.0 5.0 65.0 40.0 E p
T20, -— .- 35.0 -— -— ‘g
Fe 0, 0.4 - 0.05 0.5 0.4 g
Zn0 5.0 k.5 --- 3.5 5.0 :
A1,0, — — 0.4 0.05 -— :
f C 2. b 55.1 10.1 5.87 27.2
” : H 2.16 3.39 1.17 1.26 3.02
N 1.60 0.29 0.33 0.15 0.12
0 , 5.37 2.83 1.k 5.80 5.20

*In weight percent

Heat of Combustion

v-hLi vV-62 LOSALD SMR 81-8 9T90V1-126K

; 2973% 5122 1908 3183 293
' 2942 5212 1789 3202 3600
Average 2958 5167 1849 3193 3597

*Cal/gm

Figure 3i. Quantitative Analysis and Heat
of Combustion of Charred Materiale
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111, A, Properties of Five Materials (Task A, Phase I) (cont.)

in all ceses, except for the 4OSALC, which slumped without charring, (Figurem 36
through 40) & hard surface containing carbon was formed by deposition of carbon
in the pores of the material from the cracking of the gmses emanating from the
decomposition zone., BSome deleminvtion was noted running parallel to the direc-
tion that the materials were laid up in prior to vulcanization. When the samples
were sectioned, s fine, powdery core was exposed. Because the samples were not
uniform in structure, they were generally unsetisfactory for use in de{ermining
char properties.

Semples of the five basic materials were then prepared by
exposing only the tops of the samples to the hot zone of the susceptor, as shown
in Figure 35. The remaining surfaces of each sample were protected by a shroud
of FTV-60, This creates an effect on the materials similar to thst of an actual
firing. The specimens were made long enough (2 in.) so that some virgin material
would remain after charring. After steady-state temperatures were achieved on
the top surfaces, the pressure was relessed and the samples dropped aver from
the heating source, Visual observations made during the runs, and comments on
the condition of each sample, are fresented in Figure L1. Photographs of each
sample are shown in Figures 42 to kS and indicate the extent of delamination and
virgin material swelling hat occurred after shutdown. All chers vera loose
from the virgin decomposition zone.

Charred specimens of V-Li material, 1/2 x 1/2 x 1 in. long,
wvere then prepared by the end heating technique except thet the specimens vere
heated to steady-state temperatures on both the top (1520°C) and bottom (L470°C)
surfaces., ©Steady-state temperatures were attained in spproximately 25 min,

A backside temperature of LTO°C was selected because this should be approximetely
the sblation temperature of the materials involved and completely charred
materials siiould then be obtained. Density and X-rey diffraction tests were
conducted on these specimens to determine uniformity of composition. The results
show that the specific gravity was the lowest at the flame surface (0,506),
increesed through the herd char areas (0.646-C.T08-0.770), sand decressed near
the final decomposition or abletion zone (J,608)., The specific gravity of the
virgin material is 1.269, indiceting that an averege weight loss of approxi-
mately 50% occurred during charring. The density pattern is generally rimilar
to that being considered in the analyticel model studies being conducted in
Phase II. The X-ray diffraction scans were quite similar along the length of
the specimen:s, indicating that no essential changes in composition existed.

Because the end heating technique appeared to give satis-
factory char for use in determining char properties, all test spacimens for the
program were thus prepared in this manner. All specimens were fabricated with
the laminations running perallel with the end surface to simulate actual layup
in motor applications. Figure L6 shows examples of various specimens as
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As Removed from Charring Apparatus

Fine Powder
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After Further Handling

V-4l Charred by Exposing Entire Surface to Heat Source
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After Further Handling

Figure 27. V~62 Charred by Exposing Entire Surface to Heat Source
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i

4
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!

As Removed from Charring Apparatus

Pigure 38. ULOSALO Churred by Exposing Entire Surface to Heat Source
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As Removed from Charring Apperatus
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After Further Handling

Figure LO. Q790VI-126K Charred by Fxposing Entire Furface to Heat Source
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Figure 41. Observations Made on Charring Tests (End Heated)
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. .

SMR-81-8

v-62

Figure L43. MR-81-8 and v-62 Charred by End Heating Only
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, After Partial Removal of Shrouding

After Sectioning of Char
Figure 44, UOSALO Charred by End Heating Only
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ng or Char
126k Charreq by Enq Heacing Only
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L08A4O
§ in. OD x 1 in. long

9790 VI-126K

4 1n. OD x 1 in. long
Examples of Charred Specimens Used for Property Testing
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111, A, Properties of Five Materials (Task A, Phase I) (cont.)

charred. Note how some of the specimens delaminated, apparentiy at the inter-
faces where the materials were laid up prior to vulcanization. BSee Appendix 1
for a discussiocn of the test procedures used in determining the following

properties:
(1) Bulk Density

The bulk densities of the charred materials were
obtained both from Ccrrelation Motor specimens and from laboratory specimens.
See Paragraph B below for discussion on Correlation Motors. As shown in
Figure 4T, the densities of each material exhibited some variation, not only
between the motor specimens and the laboratory :pecimens, but within the motor
specimens. The average densities of the Correlation Motor specimens and the
average densities of the la.oratory specimens were both approximately 40% of
the density of the virgin materials, indicating a 60% weight loss during
charring.

Weights were also taken prior to and after the char-
ring on all other specimens used throughout the nrogram. Although no correction
wag made for any possible epecimen expansion that might have occurred during
charring, the average weight retentions were essentially the same as those
reported in Pigure L7 (V-U4 - L9.6%, V<62 - 33.5%, LOSALO - 42.3%, SMR 81-8 -
53.5%, and 9T90VI-126K - 39.5%).

(2) Permeability

The permeability of the charred specimens has not
been determined for each particular material, as further analysis of the data
shown in Figure L8 is required in order to mathermatically describe the
relationship between the mass flux of gas throug: the charred materials and the
asgsocisted pressure~loss fuaction. The dete shown in the figure above is not
completely described by the classical Darcy equation for compressible flow
through small conduits. The initial portion of the data, wherc the upstream
pressure iz of the order of 0.200 psig with a corresponding and relatively low
mass flow, appears however, to verify Darcy's equation. It is believed that a
gsecond-order term involving the mass flow rate is needed in addition to the
first-order term in Darcy's equation to adequately describe the entire regime.
Therefore, the date shown in this figure will be further analyzed prior tc con-
ducting the statistical analysis which will correlate properties with motor

performance.
(3) Pore Spectra
The pore spectra results are shown in Figure L9 for

both laboratory specimens andi specimens taken from the single-puise correlation
motors. These data show that V-Li and SMR 81-8 had the lowest pore volume.
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Figure LB. Pressure Drop in Charred Material
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I1X, A, Properties of Five Materials /Task A, Phase I) (cont.)

The 34.4% obtained in the lab speciuens for SMR 618 s questionable because at
8 total pressure of 5000 psi, the amount of mercury being intruded into the open
pore atructure was still increasing with volume. Normally, st these elevated
prejsures, A maximum pore volume is reached wheraby an i{ncreama in pressuve does

not force alditional mercury into the specimen,
(4) B8hear, Compressive, and Tensile Strength

. ' The shear, compressive, and tensile gtrength proper-
ties shown in Figure 49 indicate that V-62 cher has the best overall properties.
These properties are quite Aifficult tc measure because of the frangible nature
of the chars, so the resulits ahould be considered more qualitative than
guantitative,

{(S) Emissivity ard Reflectivity

The emittances of the charred specimens were calcu-
lated a.cﬂording to the following equation:

()"
*g
E = —Y

(1y)

= normal total emissivity
= surface temperature, °R
= Dblock-body temperature, °R

<]

where

w'-imrﬁ

At thermal equilibrium, the energy emitted mmst equal that absorbe: , since no
energy 1ls transferred; conseguently, the emigsivity must be equal to the frac-
tion abacrbed, Since all radian* energy reaching an opague body must be either
absorbed or reflected, the fraction absorbed (equel to the emissivity) is related
to fraction reflected by 1.0 minus the amount absorbed.

The saissivity and reflectivity teat results are given
in Figure 0. These data indicate that the erittances of the specimens increased
with temperature from their polnt of Incandescence to approximately 3110°F,

These values were compared to literature values for graphite and phenclic-nylon
chars, and it was found tbat the latter values were generally consistent with
the calculated values. Of the five cherred materials tested, V-62 had the lovest
obaerved emissivity.

No attempt was made to study the emittance character-

istics of the moterials as a function of surface condition or gurface roughnes-.
That is, the emittance characteristics of the char may be directly dependent
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III, A, Properties of Five Materials (Tesk A, Phase I) (cont.) .

upon the method of formation of the char, whether it be Hy an aerodynamic heat-
ing method or by a static (oven) heating method. It has been found, for example,
that the emittance of carben changes rather abruptiy from a polished surface to
an oxidiszsed surface. In the case of carbon, the emittance changes from about
0.70 for a polished surface to about 0.90 upon initial oxidation, and then to
0.97 with further oxidation. Further investigation in this field is warranted.

(6) Thermal Conductivity

The thermal conductivity test results are shown in
Figure 51 and graphically presented in Figure 52, In all cases, the thermal
g conductivity of the charred msterials increased with temperature. At approxi-
k4 ) mately T50°F, electronic noise level in the apparatus was of such a magnitude
: that interpretation of further data was not possible. The exact nature and
cause of the noise response at this temperature level is not known. Preliminary

ggi observations indicate that the charred material continued to lose its structural
- integrity beyond its original fragile and flaky nature. This introduced thermal
N contact problems between the charred specimen and the measuring hackface thermo-
= couple probe. For adequate time-temperature response curves obtained according
¥ { to the flash technigue for determining thermal diffusivity, it is necessary and .

S very important that good thermal contact be made between sample and sensing
b thermocouple. Generally, a smell external force ’s placed upon the thermocouple
E-y to insure contact. However, in this case, no external force could be used; but,

H instead, the thermocouple was carefully allowed to Just rest against the samples.

It is believed, at tnis point, that some progress can
be made in eliminating the problems associated with thermocouple contact, elec-
tronic noise level, and very fragile specimens. Recent advances in the field of
infrared detectors indicate that it may be possible to replace the thermoccuple
sensing technique with a much more reliable system bawed upon optical technigues.
In eddition, using this latter system, it would also be possible to determine
thermal diffusivity at much higher temperatures.

Another problem encountered with some of the charred
specimens wa3 that the pyrolyzed sample was nonconductive electrically. With
the use of the thermocouple sensor, the sample material is used as part of the
hot-junction of the thermocouple to definitely insure that contact is made with
the sample; and, consequently, for nonconductors, this method faila. To allevi-
ate this problem somewhat, an atomic layer of aluminum was deposited on one face
of the sample by vapor deposition. Although this provided for good thermal con-
tact and good electrical conduction, the deposited aluminum did not adhere very
vell to the flaky specimens. The use of aluminum with its relatively low melting
point also limits the operating temperature range. Further investigation in this
fi=ld should be pursued.
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Figure 52. Thermal Conductivity of Charred Materials
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IIT, A, Properties of Five Materials (Task A, Phase I) (cont.)

(7) Heat Capacity

The heat capacity test Jate are presented in
Figure 53 and graphically presented in Figure 5i. The dsta show that the V.62
and 9T90VI-126K chars have the highest heat capacity.

(8) Thermal Expansion

The thermal expansion data are shown in Figure 55 in
in./in.°F, and graphically presented in Figure 56 as in./in. Thege data show
that the V-62 char would expand the least over a range of temperatures.

All data will now be used in Task C where the signifi-
cant properties are to be selected dy correlating these data with motor perfor-
mance regults from Task B.

e. General Comments

One of the significant factors that influence the perfor-
mance of elastomeric insulation miterials in multiple restart applications is
the strength and integrity of the char layer-virgin material interface after
shutdown. 1In the correlation motors discussion in Section B, it was shown that
the chers from the five representative materials were separated from the virgin
materials at the end of each firing and thus were undoubtedly lost immediately
after igniticn of the next pulse. This led to higher sblation rates than would
have resulted if the chars hed remained in place. The existence of this weeak
zone wvas shown in both the plasma-arc and charring apparatus specimens. In only
8 few instances was the interface intact znd, in addition, the virgin decomposi-
tion zone was generally a weak, soft structure. This type of structure existed

in only one location in the cycled plasma specimens, indicating that, because

the char wvas majintained in position by the shrouding, gases from each successive
heat cycle had "coked”" out the previous decomposition zonme.

Another factor that can influence the performance of the
materials is the effect of prolonged heat soak on the virgin materials at tem-
perature just below the char forming temperature during shutdown. Even at
temperatures as low as 4OO°F, it was shown that some of the properties were
significantly affected and that certain of the materials exhidbited considerable
swelling at ambient pressure, such as would be encountered during shutdown.
Swelling was also evident on certain of the plasma-arc specimens and on the
virgin material portion of the charring apneratus specimens. This occurred on
the charring apparatus specimens after ' pressure had been released and the
specimens dropped avay from the heating suurce. No swelling was noted on the
portion of the specimens charred under pressure. This was evident not only from
& visual examination, but also from & crmparison of weight loss on machined and
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Tespersture, °F V-kk v-62 kOSALO SMRB1-8 9709V1-126K
$00 0.2397* 0.221h4 0.2561 0.2286 0.2503
¥ Average 0.2390  0.2226 0.2508 0.2269 0.25k5
q
i
4 932 0.27h1  0.2670 0.2678 0.2820 0.2852
E
{
Et Average 0.2Th7 0.2855 0.2665 0.2856 0.2856
3
3
: 0.2535
i 1652 0.2967 0.3077 0.25kk 0.2957 0.33k2
% 0.2915  0.3210 0.2593 0. 3047 0.3291
Average 0.29h1 0.31Lk4 0.2557 0.3002 0.3316

¥Btu/. ;/°F

Figure 53. Heat Capacity of Charred Materials
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Temperature, °F KOSAN y-kl v-62  SMR81-8  9T90V1-126K
212 3.45 0.81 0.0 5.31 0.0
$T2 7.7 2.34 1.11 17.8 1.7
932 5.31 1.70 1.17 12.5 -2.33
1292 3.91 1.20 0.59 9.30 -2.42
1652 0.86 -1.12 -0.45 5.86 -k.20
i Room Temperature
{ Change 0.0012 0.0010 <J.000T -0.0005 -0.0010
. in. x .‘I.O'3
in.-°F

e bl 0 s o

e
sl

“M«A 1 o - TP L 1L

L

-

4

Figure 55. Thermal Expansion® of Charred Material
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IIT, A, Propert

£ Five Materfals {(Task A, Phase I} {cont.)

messured samples versus those that were just weighed before and after charring
with no correction for possible changes in dimensions.

A preliminary comparison of the five materials by thei:r
p rties is shown in Figure 57. These data show that V-62, 9T90VI-126K, and
V-il should perform the best in motor firings. This is the same general order
obtained during the firing of the three-pulse moters.

B. CORRELATION MOTOR FIRINGS (TASK B, PHASE I)

The perforrmances of the five basic insulation materials were obtained
by using standard IM-14 (Genie) motors modified to pulse motors. The insulation
specimens were loceted in the aft end of the motor and instrumented w !h thermo-
couples 80 that heat-tranater data could be obtained along with regression and
ablation retes. In addition to being used in the selection cf significant
material properties in Task  of Phase I, these data will also be compared with
computer-calculated values in Phase II. Any discrepancy cbserved between the
experimental and calculated values will be studied to refine the model eguations.
Three motor-firing tests were coniucted under ambient temperature conditions: a
single-pulse, a two-pulse, and a three.pulse motor. End burning, cartridge-
loaded grains of ANB-3066 propellant were used, operuting at a nominal chamber
pressure of TOO psi.

1. Design

Figure 58 shows the overall configuration of the motors,
details of which are covered in Drawing 112722k, Motor design calculations
(Appeudix III), using the latest available property data on Minuteman propellant
ANB-3060~2, indicate that a 0.958- to 0.962-in.-die nozzle is needed to attain
the desired nominal ocperating pressure of 70O psi. Segments of all five of the
insulation materials vere installed iu each aft closure. Silver-infiltrated-
tungsten throats and silica-phenoclic nozzle approaches and inaulators were used.

The heat-flux pattern expected in the aft closures was calcu-
lated with the heat-transfer coefficient given by the Colburn equation.
Figure 59 snows that the cold-wall heat flux varied from approximately LO to
565 Btu/ft2-sec. Thermocouples were installed as shown in Figure 60. These
thermocouples were located along lines passing through positions B and D (see
Figure 59), corresponding to expected heat-flux levels of 225 and 100 Btu/fte-
sec.

2. Firiag of Single-Pulse Motor

The single-pulse correlation motor was successfully fired on
30 Septembes 1965. An evaluation of the ballistic data indicates a nominal
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v-ki V=62 LOSALO SMR 81-8 9T90-Vi-126K
Virgin
Heat Soak 2 L 5 L 3
Density 3 1 i 5 2
Heat Capacity 3 2 5 L 1
Thermal Conductivity i 1 5 3 2
Heat of Combustion 3 1 L 5 2 :
Plasma Arc 3 1 3 b 2
i
Cher |
Density b 1 3 5 2 :
Pore Spectra 2 4 3 - 1 5
Shear Strength L 1 5 2 3 ;
Compressive Strength 1 2 3 5 3 i
Tensile Strength 2 1 3 L -
Emissivity 3 S e 1 Y
Thermal Conductivity 2 L 5 3 1
Heat Capacity L 2 5 3 1
Thermal Expansion 2 1 i 5 3

Figure 57. Property Ratings for Five Materials
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Figure 59. Aft Closure Heat Flux Pattern, Correlation Pulse Motors
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i 111, B, Correlation Motor Firings (Task B, Phase I) (cont.)

operating chumber pressure of 615 psi, a burn time of 34.T1 sec, and a burning
rate of 0.321 in./sec. The pressure-time trace for the motor is presented in
Figure 61. Prefiring and postfiring photographs of the motor and jnsulated aft
closure are shown in Figures 62 to 67.

3. Firing of Two-Pulse Motor

The first pulse of the two-pulse correlation motor was success-
fully fired on 10 October 1966, but a hang-fire occurred on second-pulse
ignition. The hang-fire was traced to an open circuit in the ignition system
within the motor, which presumably occurred during first pulse firing, siuce
the circuitry had been checked for continuity just before countdown. The hang-
fire necessitated disconnecting all instrumentsation and removing of the motor
from the test stand. New ignition leads were installed, and the second pulse
was fired successfully on 18 October 1966. The ballistic data indicate nominal
operating chamber pressures of 65T and 640 psi, burn tines of 1T7.Th and 17.06 sec,
and burning rates of 0.319 and 0.322 in./sec, respectively. Figure 68 presents
the pressure-time trace for the motor. Postfiring photographs of the motor are
shown in Pigures 69 and 70. Postfiring views of the insulated aft closure are

- shown in Figure Tl for the first pulse amnd in Figure T2 for the gecond pulse.
In both the two- and three-pulse motors, the V-62 samples were 2-in.-wide bars
rather than 1/5 segments. LOSALO was used on both sides of the bars.

L. Firing of the Three-Pulse Motor

The three-pulse correlation motor was successfully fired on
T November 1967. Evaluation of the ballistic data indicstes nominal operating
chamber pressures of 678, T1S, and T18 psi; burn times of 10.75, 10.$2, and
10.55 sec; and burning rates of 0.345, 0.340, and 0.351 in./sec, respectively.
The pressure-time trace for the three-pulse motor is presented in Figure T3.
Postfiring photographs of the motor and insulated aft closare are shown in

Figures T4 to 75.

The firing data for all three correlstion motors are summarized
in Figure 76. The variability In the nominal operating pressures between the
three correlation motors can be partially explained by slight differences in
propellant burning rates, but the basic explanation is revealed in the shape

L of the pressure curves in relation to burn time. All curves had the same general
shape, exhibiting higher pressures during the initial pheses of the firing and

motor in particular, and to some degree in the two-pulse motor, the firings ter-
minated while the pressures were at higher levels than in the single-pulse motor.
This led to higher nominal operating pressures.

i& gradually dropping off as the firings progressed. However, in the three-pulse
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Postfire View of Single-Pulse Motor

Figure 65.
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Motor Number

1 3
Pulse 1 1 ? 1 2 3
Nominal Operating
Pressure, psig 615 657 640 678 75 718
Burn Time, sec .7 17.74 17.06 10.7h 10,92 10.55
' Time "2tween Pulses - 8 days S mins S mins
Average Thrust, 1bs S64 550 519 631 612 619
} Totsl Impulse, lb-sec 21,9h9 |10,895 10,839 |7,304 7,280 7,309
Ig, s€C 228,9 [228.9  230.6 |229.6 2311 232,0
Propellant Weight, 1b  95.9 L7.6 47.0 31.8 1.5 31.5
Propellant Dims., in
Diameter 13,125 13.120 13,122 13.120 13,125 13,125
Burning Rate, in/sec 0,321 0.319 0.322 0,345 0.340 0.3%1
Insulation Materials
Chamber Side
Wall SpB29 SD829 LOSALO
Nozzle Entrance WBC-2233 WBC-2253 WBC-2230
T Nozzle Exit WBC-2233 WBC-2253 WBC-2230

A:t Closure

Figure T6.

<——V-kk, V-62, 81-8, 9790VI-126K, LOSALOD ———>

Sumary of Correletion Motor Firing Data
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TII, B, Correlation Motor Firings (Task B, Phase I) (cont.)

50 Po.t!;riu w.i'

At the conclusion of each firing, the remaining char thicknesses
wexre measured first, and then the aft closures were sectioned into five pieces
and measured for lost virgin materiml. Average char thicknesses and observa-
tions on the condition of the char are presented in Figure T7. All char had
separated from the virgin material et the end of the firings, except in 4 few
areas of the LOSALO material. Section dreswings covering the regression and
ablation profiles for all materials are shown in Figures T8 through 80. The
resulting regression and adblation rates for all three motors are tabulated in
Figure 81 and grsphically presented in Figures 82 and 83 as a function of mass
flux. These data indicate that of the five materials tested, the V-62 and
9T90VI-126K materials performed the bLest irn the single-pulse motor. In the
multipulse motors, the V.62 exhibited the best performance at the lower mass-
flux levels, vhile V-L4i had the best performance at the higher mass-flux levels.
These results correlate quite well qualitatively with plasma-arc data on the
sane materials (see Pigure 8L).

The three motor firings, conducted under the same firing condi-
tions and for the same total durations, have also demonstrated (see Figure 85)
that all five materials had higher ablation and regressjion rates in the two- and
three-pulse firings than in the single-pulse firings, undoubtedly because much

of the protective char formed during each pulse was lost immediately after igni-

tion of the next pulse. That the char is lost is indicated by the progressive
reduction in remaining char thicknesses in the two- and three-pulse motors and,
as mentioned above, by separation of all char from the virgin material at the
end of each firing.

As also noted in Figure 85, the ablation rates of aome of the
materials were higher in the two-pulse than in the three-pulse motor. 1If the
char is lost between pulses, as surmised above, each subsequent firing is
esgentially a new firing. The ablation rates should, therefore, have been the
highest in the three-puise motor becsuse of its shorter burn time per pulse:
34.7, 17.%, and 10.Th sec for the single-, two-, and three-pulse motors,
respectively. It is not yet known whether the hang-fire in the two-pulse motor,
with its long delay between pulses (8 days versus 5 min in the three-pulse motor)
could have contributed to the increased rates, The exact significance of this
delay will be verified in Phase III of the program, when the $5- and 12-pulse
verification motors are fired. Along this same line, total eblation has been
plotted against burn time per pulse in Figure 86 for heat-flux levels of SO,
100, 225, and LOO Btu/ft“-sec. These curves, presumably, can be used to
estimate total sblation for any combination of pulses. For example, if V-62
is selected as one of the materials to be tested in jhe 5- and 12-pvlse motors,
it should have, at the heat-flux level of 100 Btu/ft“-sec, a total ablation

\
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Ablation Rates, mils/sec
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III, B, Correlation Motor Firings (Task B, Phase I) (cont.)

of approximately 0.650 in. in the 5-pulse motor (20 sec per pulse, 100-sec
total duration) and 0.420-in. in the 12-pulse motor (5 sec per pulse, E0-sec
total Aduration).

If the selection of insulation for a solid rocket is not con-
figuration (thickness) limited, then a factor consisting of the density times
the ablation rate can be useful in identifying the more desirsble materials.
Figure 87 shows this product for the materialr used in the correlation motors.
The lower the number, the better the material. On this basis, V-62 and 9790
V1-126K are the best candidates.

Thermocouple data were obtained for each pulse during the three
motor firings. These data provide temperature-time histories from two predeter-
mined depths (0.150 and 0.300 in.) within each material and at two heat-flux
positions (100 and 225 Btu/ft2-sec), as shown in Figures 59 and 60. They will
be used in the analytical model studies in Phase II of the program, where they
will be compared to computer-calculated values.

C. EFFECT OF HEAT SOAKING AND THERMAL CYCLING ON INSULATION-CASE
BONDS (TASK G, PHASE I)

Lap shear strength was used as the criterion to evaluate the
integrity of the insulation-case bond under heat-scaking and thermal-cycling
environments. The specimens were prepared with the following vulcanized insula-
tion materisls and adhesive systems on 4130 steel substrates.

Insulation Adhesgive Supplier

-kl Thixon Ph/1209 Dayton Chemical Froducts Laboratory
V-62 Thixon XD9TT77/XD83gL Dayton Chemical Products Laboratory
LOSALO Multron R12/Mondur CB-75 Mobay Co.

SMR 81-8 Chemlock 203/231 Hughson Chemical

9T90V1-126K Epon 921 A/B Shell Chemical

The adhesive systems are briefly described below:

Thixon P4/1209 is a nitrile-type, thermosetting system with
good flexibility and high strength. PU is the primer, and 1209 is the adhesive,

Thixon XD 9TT77/XD 8394 is a styrene-butadiene-type thermo-
setting system, again with good flexibility and high strength. XD 9TT7 is the
primer, and 8394 the adhesive.

-

Page 107




- o 1 e L IR T B PG iy

1/2

Station No,

26,4

5.78 9,05 13,55

.
H

Area Ratio

Single Pulse

13,0 5.3
6,3
10.4

16.1

9760 V1-126K

vez

9.1
12,5

9,7
13,9

19,2
22,2
23.2

Va4

14,6 13.1

17,4

SMR 81-8
40SA40

18,0 15,4

19,8

Two Pulse

12,7 12,3 11.9

13,8

9790 V1-126K

- i
i
i
i 03 OO O O
2 & 9 a
Ot wewen
(2] i i o g
8
< TV O 0 3
deed e g
-{ =l vy g
00N~ )
®» o & 9 g Q'I
- 00 N WV g
L] i v oy o .
é 1.
TN V¥ O ™M n -
* 8 ® @ e ¢ & & o "
NNV - O NV o
vl vl o v g
wl
o
DN O W L s -4 ﬂ
e e & ® @ & o o
N O Mmoo o
e ey ] L R B ] #
2
-
L)
Mmoo O™ Own
¢ e & @ * o & 8 o
T~ N M T T et e
™~ vt vt O - o=
o
(-]
Lol o Is - woNe O
¢ o & o ¢ & 5 & »
W N [~ 3= W NV - B )
~ - L e B B IR
Py
e
0
(o]
(] -
(- ] 7] J (-]
me 3 & )
2g & ®
< (=] L4
N!tag Y TN ;N
O T I o] coeX 2
- 5 >

Page 108 )



Report AFRPL-TR-6T-33

III, C, Effect of Heat Soaking and Thermel Cycling on Insulation-Case
Bonds (Task G, Phase I) (cont.)

Multron R12/Mondur CB-T3 is a two-component polyurethane system
used for bonding metals to themselves or to polyurethanes. When the two compo-
nents are mixed (100 parts Multron R12 to 200 parts Mondur CB-T5), the system
can be cured at room or elevated temperature to give excellent bonds.

Chemlock 203/231 is a versatile elastomeric bonding agent. It
bonds to virtuslly all elastomers. The 203 is the primer, and the 231 the
adhesive.

§§on 921 A/B is a two-component, aluninum-povder-filled epoxy
adhesive having 15% elongation and good structural properties. Part A is the
adhesive and Part B the hardener. They were used in a ratio of 100 gm A to

25 gn B. The system can be cured at room temperature for one week or at slightly
elevated temperatures such as 1 hr at 180°F.

The lowest temperature limit to which the insulauv.on-case bond in
motor spplications may be exposed is expected to be -65°F, The upper limit is
expected to be in the range of 200 to 250°F, since this is the maximum allowvable
temperature without loss in strength for case materials such as glass-filament
structures or titanium, and insulation thicknesses are designed accordingly.

The heat-scaked specimens were, therefore, subjected to 5- and 30-min soak
periods at 250°F and tested at room temperature. The thermal-cycling apecimens
were subjected to single- and ten-cycle thermal conditions of -65 to +250 to
-65°F ard tested at +250°F. Test procedures are discussed in Appendix I.

The test results are shown in Figures 88 through 90. These date
indicate the following:

1. V=bb

Strength did not significantly chenge as a result of heat soak.
Strength at -65°F also showed no change as a result of the single- or ten-cycle
thermal environment. Strengths retained at 250°F after both one and ten cycles
were approximately 18% of the strengths at -65°F.

2. V=62
Strength did not significantly change as a result of heat soak.
In thermal cycling, strength at -65°F was 280% greater after ten cycles than

after a single cycle, for some wiknown reason. Strengths retained at 250°F,
after thermal cycling, were approximately 39% of the strengths at -65°F.
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8ingie Cycle® Ten Cycles®
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Figure 90.
on Insulation/Case Bonds when Tested at 250°F
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111, C, Effect of Heat Soaking and Thermal Cycling on Insulation-Case
Bonds (Task G. Phase I) (cont.)

~ t

noalia
3 HULDMAS Y

A significant difference was noted in the strength as a result
of heat soak for both the 5-min and 30-min periods. There was no significant
difference in strength at -65°F after the cyeling environment. Strengths at
250°F after thermal cycling dropped to approximately 0.3% of the strengths at
-65°F, which was expected because of the heat characteristics of this material,

L. sSMR 81-8

Strength did not significantly change as a result of heat soak,
Strength at -65°F after ten cycles showed an improvement of €5% over the single-
cycle strength--ggain, the reason is unknown. Strengths retained et 250°F after
thermal cycling were approximately 25% of the strengths at -65°F,

5. 2120V1-126K

While there was some reduction in strength es a result of the
S5-min heat soak, the 30-min specimens were equivalent in strength to the control
specimena. nossibly as = result of additional curing. The strength at -65°F
after ten thermel cycles was 25% lower than in the control specimens. The
strengths retained at 250°F after thermal cycling were spproximately 2% of the
strengths at -65°F,

The adhesive materials used in this program were standerd off-
the-shelf items., Hjigher strengths and more heat-resistant joints would undoudbt-
edly have been obtajined if unvulcanized elastomers had been used instead of
vulcanized stock because of the superior bonding properties of the unvulcanized
materials. Application of special, more heat-resistant adhesives, such as
the polyimides and polyimidazoles, would produce joints that break in the
elastomers. However, modifications might be necessary to produce satisfactory
behavior at -65°F. These materials were not tested because using them would
require development effort.
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SECTION 17

WORK PLANNED FOR THE SECOND STAGE

A. LABORATORY INVESTIGATIONS

1. Task C, relating to the selection of the significant properties
of elastomeric insulation, will be completed.

2, Tesk D, pertaining to the testing of the significant properties
on the remaining ten materials, will be completed.

3 Task E work on the influence of ingredients on behavior and per-
formance of elastomeric insulation wil. be completed.

L, Task F, relating to the selection of the best materiais for
later installetion in three verification motors, will be completed.
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. APPENDIX 1

TEST PROCEDURES FOR MATERIAL PROPRRTIES

I. VIRGIN MATERIALS

A. KINETIC STUDIES

The apparatus used for these studies was the thermogravimetric
(TGA) balence (Figure 1) consisting of an sutomatic recording balance and a
heavy-duty furnace. Seample temperatures were obtained by monitoring identicel
samples within the spparatus. A linear heating rate of 20°C/min was used up
to & maximum temperature of 800°C. Weight loss and temperature as a function
of time were recorded on all samples. Testing was conducted in an argon
atmosphere.

B.  DIFFERENTIAL THERMAL ANALYSIS

The differential thermsl analysis appaeratus was used to obtain
date on the exotherms and endotherms of the various mstserisls. In this
apparatus, changes in the semple temperature were referenced against graphite.
A heating rate of 20°C/min was used up to e maximum temperature of 600°C,
Testing wes conducted in a nitrogen environment.

C. DENSITY

The density of the virgin materisls was obtained at three tempers-
tures using the liquid-displacement apparzius shown in Plgure 2, Testing was
conducted in alr.

D.  HEAT CAPACITY

To determine the hest capacity of virgin material, a calorimeter
of the type shown in Figure 3 was used. This method is based upon the standard

drop-method technique.

The calorimeter consists of a Dewar flask equipped with

8 Beckman mercury thermometer and a fitted aluminum receiving cup immersed in

a heat~transfer medium.

The semples are heated to the desired temperatures

with an electric multiple~tube furnace.
using s known weight of copper or zinc,

The calorimeter is initially calibrated
The heat capacity of a material is

finally calculated from the following equatioun:

WCy (Tp=Tp) = W C, (Tp-Ty - WC, (Tp-T,)

where W, = Weight of sampie
W, = Weight of calorimeter

W. = Weight of distilled water
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- Methenol-Dry Ice Cooling uUnit
= Inlet for Positive N, Pressure
$ - Thermooouple for m‘r‘u
6 - Sampls Holder
i 7 - Thermooowple for Temperature Cemtiroller 3 p

L [

(T -
\../
~= Jﬁ'é 7

P

00

]==——-—-———-=——————-d

Figure 1. Thermal Decomposition Apparatus
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I, U, Heat Capaclty (cont.)

(9]
"

Heuvt capmcity of sample
C = Heat capacity of cslorimeter

C = Heat capacity of distilled water

T2 = Temperature of sample
‘1‘f * Final temperature of calorimeter
Ti = Iunitial temperature of calorimeter

E. HEAT OF COMBUSTION

Heat of combustion wes determined by the bomb-calorimeter technique.
A known welght of sample was electrically ignited in a "bomb," and the heat
evolved from the combusiion wes determined by noting the temperature rise of
the heat transfer medium.

F.  TENSILE STRENGTH AND ELONGATION

Tensile strength and elongation were determined using 0.075~in.-
thick standerd dumbbell specimens. Testing was conducted at room temperature
at 20 in./min in mccordance with ASTM D 412 (Die C).

G. WEIGHT LOSS

The weight loss due to long heat soak was determined by weighing
before and after heating. Specimens approximetely L by L by 1/2 in. were
heat-soaked for 5 and 30 min efter reaching LOO°F as indiceted by thermo-
couples embedded in the materials. The approximate time required to bring
the center of the specimens up to LOO®F wae 20 min. After heating, the speci-
mens were removed and weighed immedietely to avoid sbsorption of moisture from
the atmosphere,

H. REGRESSION RATES

The regression characteristics of the virgin materials were deter-
mined by using e plesma-arc jJet in conjunction with instrumented specimens
1/2 in. dla by 2 in. long. Three sets of thermocouples were installed at
nominal depths of 0.70, 0.120, and 0.370 in. from the end. The cylindrical
surfaces of the materials were shrouded with RTV 60 or EC 108. Heat flux
levels of 50, 100, and 225 Btu/fté-sec were used to establish regression rates,
ablation rates, and time-temperature profiles. Eight heating cycles were used
on each specimen (15 sec on, 15 sec off) with argon es the plesma geas.
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T
-

, ¥, Bagreasion Rates (cont.)

The plasma-arc system uti)ired for testing was the 80 KW inesta.la-
tion shown in Figure k. The power supply consists of two LO-KW, tlree-phase,
direct-currept transformer rectifiers connected in series. The plasma head is
located in & chember 30 in. dia by 5 ft long. The unit is water cooled. The
test-specimen positioner has adjustable arms for forwerd and backward motion.
A Kenpey vacuum pump is used for chamber evacuation. The heat flux of the gas
stream is messured with a cold-wall celorimeter.

I. THERMAL DIFFUSIVITY

The flash method of determining thermal diffusivity (thermal
conductivity) consists essentislly of the absorption of & very shoyt pulse of
rediant ensrgy in the front of s specimen, and the recording of the resultant
temperature history of the resr surface.

In the i1deal case of a pearfectly insuleted specimen with a constant
absorptivity acvoss its surfece, uniformly irradieted with a pulse of thermal
energy short compered with the time required for heat to flow through the
meterial, the back-surface temperature history is given by

™L.t) -
Tl = 142 7 (-1)% exp (-n° n
" nel

2

a £/18) (Eq 1)

where T(L,t) reprcoents the instantaneous back surface temperature rise at
time t, T is the maximum back surface temperature rise, a is the thermal
diffusivity in in.2/sec, L is the specimen thickiess in cm, and n represents
successive integers. At the time t,,,, where T(L,t) = 0.5 Ty, Eq 1 reduces to

2 2
SR 2 il v (kg 2
o 1/2 1/2

Hence, the thermal diffusivity of a material can be determined from the speci-
men thickness and the time in seconds required for the back-surface temperature
to reach half its maximum value.

The success of the method depends upon asdequately meeting the
boundary conditions which lead to Eq 1. Tigure 5 is a dimensionless plot of
Eq 1 and represepnts the form that the back-surface temperature history of the
sample 7ill teke if these boundary conditions are satisfactorily met. A
departure of the data from this curve illustrates that these conditions have
not been met and invalidates the dats.
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- I, I, Thermal Diffusivity (cont.)
; A condition vital in the use of Eq 1 is that the front surface of b
the sample be uniformly irradiated with a pulse of thermal energy in a tine s

which is short compared to the rise time of the back-surface temperature. To
accomplish this, & xenon flash lamp is used as the source of that thermal
pulse. The lamp used is a General Electric Type 524 through which 600 joules
are discharged. The pulss was essentially completed in 500 microsec, while
the time to one-half of the maximum of the rear surface temperature was for

k the moat part 50 to 300 microsec. It should be noted in Eq 2 that, for a given
material, the rise time of the rear surface temperature is a function of the

i square of the sample thickness. A sample thickness sufficient to satisfy this
condition of a short pulse dursution should be used. Howeaver, for a given
amount of input energy, the maximum temperature rise attained, T_, is an
inverse function of the thickness of the sample, and in order to maximize the

’ temperature of the irradiance, the distribution of that irradiance on the

‘ front surface of the sample is important as noted earlier. It is a simple

procedure to cbtain uniform irradiation on a small flat surface from a flash

lamp, but it is & boundary condition which must nevertheless be satisfied;

otherwise, the shape shown in Figure 1 may be distorted. The 2-in.-dia helical

lamp is placed without optics only a few centimeters from the sample.

The other boundary condition imposed on Eq 1 is that the spacimen
be perfectly insulated. The degree to which this is satisfied within the time
limits of interest is indicated by the decay rate of the back-surface tempers-
ture after the maximum T_ is attained. Because of these factors, the sample
holder should be designea 80 a8 to minimize all heat losses. Conductive heat
losses are minimized by supporting the sample on a small area. If appropriate
care is exercised by the éxperimenter, conduction heat losses, as well as
convective heat losses., are negligible because of the short times involved in
the flash technique. Radiative heat losses at high temperatures cannot be
eliminated and, therefore, could constitute the greatest problem in the satis~
faction of this boundary condition.

This method of 3iffusiva., ‘urements haa been successful at
ambient temperature in air® and up to 1lu.. 'n an argon atmosphers®® using e
resistance furnace and a thermocouple as the . .ar-surface temperature detector.

Radio-frequency induction heating is the most convenient means of
heating small samples to high steady-stats temperatures. In additicn to
satisfying the requirement of producing high temperatures, this form of heating
is very fast snd temperature equilibrium is reeched guite rapidly. Induction
heating has ancther advantage in that, by using ceramic supports, only the

*Thermal Diffusivity of Stainless Stesl Over the Te 20°C~-1000°C,

» T Tanlrdnae and B LW tlandavene * nT m_1RKL Nansnamhaw TOAN
r14 W UNALAGMY W Ll N TGO VWIYIGh § WWiWL g 4TAVYTy ST BRINGE LTV

*,':,f"l"lash Method of Determining Thermal Diffusivity Heat Capacity and Thermal
Conductivity," W. J. Parker, R. J. Jenkins, C. P. Butler, and G. L. Abdott,

J. Appl. Phys. 32, 1679 (1961)
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I, I, Thermal Conductivity (cont.)

saspla itself attains ths high tesperature. The radiating surface ares is
therei.re less, and consequently the walls of the vacuum chamber are easier to
keep cocl, and the use of rubber ssals is facilitated.

The exporimantal apparatus used in these measurements is shown
schematically in Pigure 6. The induction-heater coll leads are fed into the
vacuum chamber and form a coil with an ID of about 1 in. The sample is held
in position in the ¢oil by a mount machined from leve and baked to a ceramic.
Shields of baked lava prevent heating of the chamber walls by radiation from
the sample. PMused quart:s is used for the top window because the large thermal
gradients close to the hot samples would crack glass windows. The steady-state
temperuture at vhich msasurements are made is indicated by thermocouple leads
vhich are fastened to the edge of the sample and fed out of the vacuum system.
An optical pyromster is used at temperatures above which platinum/platinum-
rhodium thermocouples will perform. A glass lens below the sample focuses the
center portion of the rear of the sample on a lead sulfide cell which measures
the surface~temperature history over a range from 300 to 1800°C. The linearity
of the lead sulfide cell is adequate, since the temperature change of the
sample Que to the pulse is not more than a few dagrees. It should be noted
that & knovledge of the detector sensitivity or the thermal input to the sample
is not required because only t; o 1s involved in Eq 2, and this time can be
determined from the calidbrated swaep of the oscilloscope.

Tha detector is comnected differentially through a load selector
and belance-control unit to the differential preamp of an oscilloscope. The
use of differential detector circuitry is necessary to minimize the effacts of
the extremely high magnetic field which surrounds induction-heating coils. A
trigger delay circuit is used to fire the flash lamp arter the oscilloscope
sweep has been triggered. This is necessary in order to have a base line on
the print from vhich to measurs the change in the detector output voltage.

Figure T is a Polaroid Land Camera print of the oscilloscopic
display of the detector output. When the shape of the temperature rise is
compared with Figure 5, the agreement indicates that the boundary requirements
have been satisfied by the samples reported hers. Since heat losses from the
sample would show up as a decay in the detector output after the initial rise,
it is evident from this print that the thermal pulse travels through the sample
in & time which ls extremsly short compared with the time required for the
sample to return by heat losses to the equilibrium temperaturs at whick the
mssurement is mede. Nonuniform illumination of the front surface could distort
the knee of the curve.
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II1. DETERMINATION OF DECOMPOS1TION PRODUCTE OF PYROLYZED MATERIAL3 l

The insulation materials were pyrolyzed in a bomb shown in Figure 8.
Thie bomb was laak proofed under vacuum, high-pressure, and high-temperature
conditions, Also shown in Figure 8 is the adapter which was umed to transfer
gss samples directly into the mass spectrometer.

A temperature-pressure study was carried out to determiie the best system
wvhich could be utilized for analytical purposes. A pressure of 349.3 ~eig at a
pyrolytic temperature of 550°C were the conditions derived.

Gas sanples vere introduced directly from the pyrolysis bomb into a
CEC21-103C mess spesctrophotometer. A scan was made over the entire mass range
from hydrogen up to a mass of LO8 to ensure complete coverage of products. The
bomb was then cooled with liquid nitrogen and the hydrogen,helium and other low
uclecular weight gases vere removed undar vacuum. Another scan vas made of the
remaining materials to aid in their qualitative identification.

Another sample was run in a Perkin-Elmer Vapcr Fractometer to aid in
the identification of the major components. After all of the major components
wvere identified, standard mass spectrophotomstric scans were mede and all peaks
calculated. A system of taking the highest molecular weight componsnt and
removing its contribution to the scan was used. By working down the scan and
using simultaneous equations where necsssary, it was possible to identify a
ninimum of 95 mole% of the constituents present.

After analysis of the gases evolved during sample pyrolysis, the bomd
was opened and the char was removed. The chars wers then analyzed using X-ray
diffrection, emission spectrography, elementel analysis (C, H, K, 0) and
calorimetry techniques.

III. CHAR LAYERS

The charred specimens were formed in a high-pressure and high-temperature
apparatus, a schematic of which is shown in Figure §. It con#ieti of an Linduc-
tion coil with either a tungsten or pyrolytic graphite susceptor as the heating
source, & high pressure jacket housing the insulation coil, thermocouples to
ronitor sample temperature, a hydrsulic ram to position sample, a graphite
sample holder, and a cooldown zona within a graphite black body. Energy is
furnished by a TOCCO pover supply rated at LO0 volts and 125 amps. The auto-
clave is capeble of 800 »psi pressure and vacuum operation. The tungsten
susceptor has a higher surface temperature (4O4LO°F) than the graphite susceptor
(3540°F) but a lower heat flux capability (57 va 119 Btu/ft<-sec) because of a
lower emigsivity.

A. DENSITY

The bulk densities of ths charred materials from both the correla-
tion motors and high-pressure and high-temperature apparatus were obtained by
first measuring machined rectangular specimens of the materisls and then
wveighing same.
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Pigure 8. Pyrolysis Bomb
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PERMEABILITY

A

The permeaability of the cnsrred specimens or the resistaace tc gas
flow through the porous specimens was experimentally determined by use of the
atus shown in Figure 10. The apparatus consists of two separste units:
(1) an upper high-pressure chamber which connects to & high-pressure nitrogen
gas supply and to s high-pressure calibrated Helse gage and (2) a lower unit
vhich supportas the sample and connects to & Fischer-Porter Flowrator. Nitrogen
s at room temperature ves alloved to flow into the pressure chamber and
through the specimen at variocus pressure levels. The ensuing nitrogen gas was
mstered by use of the calibrated Fischer-Porter Flowrator. Samples carefully
machined to 0.75 in. in Aiameter and 0.25 in. in thickunees were used in this
determination. The samples were supported on a 0.030 in. wide ledge and sealed
into place by a silicone rubber sealant. The silicone rubber sealant was
pleced around the lateral surface of the gsample and on the support ledge to
prevent ges flow through the lateral surfece and gas leskege around the semple.
The sealant was alloved to cure for 2k hr in each case before any measurements

were obtaiuned.
C. POROSITY AND PORE SPECTRA

The porosity and pore spectra of the charred specimens wer: deter-
mined op an Aminco-Winsalow Purosimeter which employs the mercury intrusion
technique. Open porosity measuremencs were mgde by forcing mercury invo the
pores of the specimen under pressures up to 5000 psi. At this pressure, mercury
will flov into a pore os small az 0.035 microns in diameter. The volume of the
mercury intruded is a direct measure of the volume of open porosity of the test
sample. The pore size distribution can be determined from the relstionships of
pressure, surface tension of the mercury and contact angle between the mercury
and the surface of the test materiaml.

The method used consisted of placing a sample approximately one gram
iu size iz the penetrometer and evacuatiog. Mercury was then admitted until
the penetrometer was filled and the specimen covered. The mercury level was
recorded at each preasure level. Isopropyl alcohol was used as the hydraulic

fluid to pressures up to 5000 psi.
D. SHEAR STRENGTH

The shemr sirength of the charred specimens was determined in a
single shear test fixture at room temperature. A 200 1lb Instron tensile tester
was used for this determination with a cross hesd speed of 0.05 in./min,

Samples tested were spproximstaly 0.500 in. in dlameter and 0.75 in. in length.
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II1, Char Layers (comt.)

E. CONPRESSIVE STRENGTH

The compressive strength of the charred specimen was obtained in a
stendard compressive fixture at room tempersture in accordsnce with ASTM D695-5L.
A Tinius-Olsen Bcrew Driven Machine was used for this determinstion. The com-
pressive load was applied to 0.500 in. dlameter by approximately 0.T75-in.-long
specimens at a cross head speed of 0.50 ip. /min.

F. TENSILE BTRENGTH

! The Lcasile strength of the charred apecimens was determined at
room temperature in accordance with ASTM D638-527 using & Baldwin-Lims-Hamilton
Universal Testing Machine. A 1-ad raie of 0.2 in./min was used in all tests.
Sinos the charred specimans were ve.v fragile and very flekey in nature, load
grips for holding the specimens were modified from standard procedures somewhat
in order to conduct the tests. Tbe load grips in this case were made by potting
both ends of a 0.500-in.-diameter sample, 0.75-in. long in epoxy-resin and then
inserting small steel hooks into the resin at opposite ends of the sample.

G. EMISSIVITY

The emimsivity of the charred specimens was determined by use of
s total rediation pyrometer and the high-temperature, high-pressure hesting
spparatus. A 2-mm-diameter hole 0.375 in. deep was drilled into a charred g
specimen 0.500 ip. in dismeter and approximately 0.75 in. long. These partic-
ular specimens were not shrouded with RTV6Q to allow uniform heating along the
eptire length. The specimens were placed into the hot zone of the charring
spparatus and heated on all surfaces to incandescence. Data was taken at three
temperature levels after obtaining thermal equilibrium in each cese. A black-
body temperature was cobtained by sighting into the small drilled cavity. The
surface temperatures were obtalned by sighting around the periphery of the
azall hole on the surface of the specimen, The average tempersture of the
msasured periphery values was used on the surface tempersture.

The black-body temperatures and surface temperatures were obtalned
by sighting through a 90° angle prism which, in turn, was placed upon the
qQuarts view-port of the high-pressure, high-temperature apperatus. Prior to
the above messurements, "blank" temperature messurements were made on a graphite
sample to detsrmine the error sssouciated with light abscrpticn end light
scattering from the quartr view-port and the 90° opticel prism. It wes found
that in the tempersture range of interest (2000 to 3500°F) only & 1% loes in
total temperaiurée occurred.

H. THERMAL CONDUCTIVITY

The same test procedures as used for thermal conductivity of virgin
zmaterial were used.
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11, Cher Layers {vout.)

=

I.  HEAT CAPACITY

The same test procedures as used for heat capacity of virgin mate-
rials were used.

J.  THERMAL EXPANSION

A quart.z-tube dilatometer was used to determine the thermal expan-
eion of the cherred specimens in accordance with ASTM D696-Ll, The instrument
consists essentially of an outer tube of fused quartr (20 in. long, 0.5 in.
inside diameter and a wall tnickness of sbout 2 mm), and an inner tuba, or
extension rod, of fused quartz (18 in. long with an outside diameter such that
this tube is allowed to fit anugly inside the outer tube without binding).

The specimen is pleced into the open trough (about 1.5 in. lang) thet is avail-
able at one and of the cuter tube and the extension rod, with s hemispherical
seat on one end, is allowed to rest against the top flat portion of the cylin-
drical specimen. The whole assembly of outer tube, specimen, and extension rod
ip thon placed horizontally into a standard leporstory oven type heater. The
extension rod connects to a strain-gage-galvonometer type arrangement which
transmits the displacement as the amample expands. Samples 0.5 to 1.0 in. long
by 0.25 in. in diameter and heating rates of 20°F/min were used in this deter-
mination. The maximum temperature obtained was 1652°F. The change in length
of the specimen over a range of tempersture on either side of the nominal test
temperature was recorded at each temperature level.

Iv. IRSULATICN-CASE BONDE

The effect of thermal cycling and long heat-sosk periods on insulstion-
case bonds was determined by conductirg lap shesar tests in accordance with
ASTM-D1002-535, at a rate of 0.05 in./min. The specimens were prepared with
0.125-in.-thick vulcanized insulation material and 4130 steel substrates, as
follows:

1. All surfaces were abraded with 180 grit Al,03, wiped with MEK and
air dried for 15 minutes.

2. Primer was applied when required-air dried for 30 minutes.
3. Adhegive was epplied and lep shear specimen assembled; & ihermo-

couple was embedded in one specimen of each test group for monitoring the test
environment .
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IV, Insulaticn~Case Bonds (cont.)

ho

5.

specimens

Specimens vere vacuum bagged and cured, as follows:

..
-1
e.
4.
.Q
L.

Thixon P4/1209, 2 hr at 300°F

Thixon XD9TTT/XD839L, 2 hr at 200°F
Multron R12/Mondur CB-15, 3 hr at 200°F
Chemlock 231/203, 2 ar at 250°F

Epon 921A/B, 1 hr at 180°F

Specimens were cooled under vacuum.

The temperature cycling specimens were allernately cooled by
immersing in & dry ice-alcohol mixture and heswted by means of e: oven. The
were moved between the media as ¢uickly as possible.
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APPERDIX 111
THROAT DIAMETER FOR CORRELATION MOTORS

1. THROAT DIAMETER REQUIRED FOR 700-psi NOMINAL OPERATING PRESSURE

P X xr

At - C'xP

throat ares

o

- dansity = 0.0639 1d/cu in.

p spellant area = 135.297 aq in. (13-1/8 in. dia)

"

- burning rate = 0,365 in./sec st TOO psi

- pass flow coefficient = 0.00626 1/sec

v Q
<

- chamber pressure = T0C psi

'af. . A 4 .
A, - 9.0< 13 1.x 0.365 = 0.720 sq in.

v.006... x T30

Throst diamster = 0,960 in.

II1. NOMINAL OPERATING F' .. uURE WITH l-in.-dia THROAT

PXA X7r

C‘_, x I\_
o« 0:0639 x %2.22_‘[ x 0.355
C. 20 x 0.785

= 020 psi (too low, use 0.960-in. nominal throat dismeter)
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