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ABSTRACT

This report contains the data obtained from testing propellant and

q case bond materials from four dissected Minuteman Stage II Motors. The

tests conducted were in accordance with Service Engineering (T4WR3A)

General Test Directive GTD-l Dissect dated 28 June 1974. The directive

specifies the tests required to elucidate any age induced problems which

may affect the service life of the Stage II Motor.

Linear regression analysis was used to indicate trends of the test

parameters. A representative regression plot was made of several para-

meters with each motor tested to date identified by different symbols.

The regression analysis normally verified the trends established during

the last test phase. Although there were some trend changes either from

or to significant status, it does not seem likely that any problems of

major concern are apparent at this time
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GLOSSARY OF S)'IOLS AND TERMS

Symbol Definition

Crosshead Speed The rate of travel of the crosshead
which pulls on a tensile specimen.
Dimensions: in/min

CSA Cross-sectional Area. Dimensions: in 2

DSC Differential Scanning Calorimetry

D(t) Creep Compliance - ratio between strain
and stress at a given time following
application of a constant stress.
Dimensions: in/in/psi

DTA Differential Thermal Analysis

E Young's Modulus - ratio between stress
(acting to change length) and the strain
produced by this stress. It is calculated
from a portion of the curve where stress
and strain are linearly related.
Dimensions: lbs/in2

EGL Effective Gage Length. Dimensions: in

em Tensile strain (fractional change in
length) at maximum stress. Listed as EM
in G085. Dimensions: in/in

er Tensile strain at rupture. Listed as ER
in G085. Dimensions: in/in

E() Stress Relaxation Modulus - ratio between
stress and strain at a given time follow-
ing application of a constant strain.
Dimensions: lbs/in2

F The ratio of the sum of the deviations
from the regression line to (SE)2. This
calculated value is compared with a table
of critical values to determine whether or
not the variation from the regression line
is significant.

y Cohesive Tear Energy. Dimensions: ibWin
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GLOSSARY OF SYMBOLS AND TERMS (CONT)

Svmbol Definition

JANNAF Joint Army, Navy, NASA & Air Force
Committee

MAKPH Propellant Laboratory Section, Ogden ALC

N Number of test specimens represented

Ogden ALC Ogden Air Logistics Center, Air Force
Logistics Command

Linear Regression A line with the general equation Y = a + bx
which best represents the trend of the mean
test values with respect to time.

R Linear Correlation Coefficient. It is the
slope of the regression line corrected by
the standard deviation of x over the
standard deviation of y. The calculated
value of R is compared with a table of critical
values to determine whether or not the corre-
lation of the samples is significant.

Sm Maximum tensile stress (normal force per
unit cross-sectional area). Listed as SM
in GO-85, Dimensions: psi

Sr Tensile stress at rupture. Listed as SR in

GO-85, Dimensions: psi

S y Standard deviation (square root of variance)

SB Standard error of estimate of the regression

coefficient.

E Standard deviation of the data about the
regression line (also Sy.x).

Strain Rate The crosshead speed divided by the EGL.
Dimensions: in/in/min

t The ratio of the slope of the regression
line to SB. The calculated value of t is
compared with a table of critical values
to determine whether or not the slope of
the regression line is significant.

ix



GLOSSARY OF SMBOLS AND TERMS (CONT)

Symbol Definition

TCLE Thermal Coefficient of Linear Expansion.
Dimensions: in/in/°C

Glass Transition Temperature. Dimension: 0C

TGA Thermogravimetric Analysis

Variance The sum of squares of deviations of the
test results from the mean of the series
after division by one less than the
total number of test results.

3-Sigma Band The area between the upper and lower
3-sigma limits. Presuming normal dis-
tribution, it can be expected that 99.
of the inventory represented by the te-
samples would fall within this range.

90-90 Band Assuming normal distribution, it can b
stated with 90% confidence that 90% of
the inventory represented by the test
samples would fall within this range.

Significant As used in the statistical sense, means a
difference unlikely to have been the result
of random sampling from some specified
population.

S.D. Standard Deviation
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INTRODUCTION

PURPOSE: The purpose of this program was to continue the surveillance

testing of Minuteman "Safeguard" Stage II Propellant. This surveillance

will elucidate the aging characteristics of the propellant and, using

statistical trends derived from the testing, establish the service life

of the motor.

BACKGROUND: Surveillance testing was initiated in 1963 on cartons of

propellant cast from the same propellant used in motor manufacture.

In 1971, all laboratory prepared insulation material and case to

propellant bond specimens were destroyed in a conditioning chamber mal-

function. The number of cartons of propellant was also near depletion,

which would terminate the surveillance program.

A force modernization program made available some older Minuteman

I Stage II motors. Three of these motors were selected to represent the

motor inventory and were dissected for laboratory surveillance testing.

The motors selected were SIN 0022135, cast in June 1963; SIN 00?2583,

cast in January 1964; and SIN 0022788, cast in July 1964. An additional

motor, SIN 0022687, cast in April 1964, became available and was dissec-

tioned in 1981 for continuing surveillance testing.

The amount of propellant available from motor S/N 0022583 was suf-

ficient for only four test periods. Motors S/N 0022135 and SIN 0022788

contained sufficient propellant for seven ij test periods. To date,

six annual test periods have been completed on an annual basis.

No insulation materials from the three motors were available for

testing since all materials were depleted during the fourth test period.
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DISSECTION: Motors /N 0022135, S/N 0022583 and S/N 0022788 were dissected

and cut into sections and then guillotined into segments as illustrated in

figures 1 and 2 respectively. Motor S/N 0022687 was disseztioned in a sim-

ilar mtanner except the distance between cuts B and C, and cut C and D was

increased to 19 inches so that only two segments were received rather than

three segments from previously dissectioned motors.

Motors which have been dissected to date are:

Motor S/N Cast Date

0022135 63162
*10022583 64008

0022788 64197
0022687 64096

The segments, which were tested during this phase, were taken from section

4. Segments C, D, and E were used for motor S/N 0022135 and segments E, 0,

and L were used for motor S/N 0022788. Segments A, B, and C were used for

the first time testing of motor S/N 0022687. The samples were cut in their

respective orientation as illustrated in figure 3. Figure 4 illustrates

the cutting plan for this test phase.
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STATISTICAL ANALYSIS

The objective of this statistical analysis is to determine whether

or not any aging trends are demonstrated by accumulated test data in

order to assist Service Engineering 'o more accurately predict motor

serviceability.

Propellant was made available for testing and statistical analysis

to obtain an overall view of the aging trends affecting the Second Stage

Dissected Motor Program. In the past, carton data and dissected motor

data were combined to yield sufficient samples to perform the analysis.

Since there is now sufficient dissected motor data, carton data will

not be included in the analysis. This will eleminate a further biasing

factor in the results.

A Multi-symbol Regression Analysis Program was used to determine

aging trends. The sampling is combined for each test parameter in a [
single regression analysis. The linear equation (Y = a + bX) was found

to be the best fit model for the data in this report. A composite popu-

lation aging trend line was then calculated accepting the fact that in-

dividual aging of different motors may be masked.

The Multi-symbol Program uses a unique plotting code for each motor

on the regression plots. This method of data plotting allows a visual

display of the overall relationship between motors and how they relate

to the overall least square aging trend line.

The regression program uses an analysis with individual data points

from different time periods combined to establish a least squares aging

-3-



trend line for the overall data. The variance about the regression line,

obtained using individual values of the dependent variable, was used to4

compute a tolerance interval such that at the 90% confidence level 90'

of the population falls within this interval. This tolerance interval

was extrapolated to a maximum of 24 months to give an indication of the

statistical sig-nificance of the slope of any aging trends. The computed

tolerance interval about the composite regression line is wider than what

the tolerance interval would be about any individual wotor regression

line because of the increased data spread introduced by combining data

from different motors. The 't' values and the significance of this

statistic, which are reported for each regression model, gives an

indication of the "statistical significance" of the slope of the aging

trend in the Y-axis. A slope of the trend approaching a zero slope will

be indicated as being "statistically not-significant." Data and regres-

sion trend lines were plotted utilizing an IBM-360/65 computer.

The accuracy of the statistical inference improves as the sampling

becomes larger. An analysis of the slope of the trend lines revealed

the majority are becoming flatter:

Motor Symbol

00221350

0022583

0022788

0022687*
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DEFINITION OF THE MASTER STRESS RELAXATION CURVE

The master stress relaxation curve is a composite curve representing

the behavior of a polymer over a wide range of time and temperature rela-

tionships. From a curve constructed at a given strain level, any combi-

nation of time and temperature can be used to determine a corresponding

stress relaxation modulus.

DETERMINATION OF STRESS RELAXATION MODULUS
USING A MASTER STRESS RELAXATION CURVE

From test data at a particular strain level, a polymer's stress relax-

ation modulus corresponding to any combination of time and temperature can

be determined. The horizontal axis of the master stress relaxation plot is

a logarithmic value Ct/aT), and the vertical axis is a linear value, E~t)

298/T, where E~t) is the stress relaxation modulus dependent on time. T

is temperature in degrees Kelvin, aT equals any relaxation time at tempera-

ture T divided by the corresponding time at the reference temperature (298

degrees Kelvin or 770~F), and 't' is relaxation time in seconds. The stress

relaxation modulus for any combination of temperature and time can be deter-

mined by using the following steps:

a. For each stress relaxation plot there is associated a plot of tem-

perature in degrees F versus log aT. From this plot, determine log aT cor-

responding to the temperature at which stress relaxation modulus is desired.

b. Determine lot 't' or log of the desired stress relaxation time.

c. Determine lof Ct/aT) by using the equation:

log t/aT) - log t - log a T

d. Place the determined value of log Ct/aT) in the horizontal axis

of the large plot and reference the master stress relaxation curve to deter-

mine the corresponding value E~t)298/T in the vertical axis.

e. Determine 298/T and divide into E(t)298T to find E(t), the stress

relaxation modulus at the desired time and temperature.



TEST RESULTS

A change in the testing program was initiated during this test phase

with the dissection of another second stage "Safeguard" Minuteman motor.

The change substantially reduced the amount of tensile testing performed

on the propellant. Therefore, the amount of regression analyses which

have been previously reported will not be included in this and future

reports.

A. UNIAXIAL TENSILE TEST:

The result of the uniaxial tensile testing are summarized in Table 1.

Representative plots of those regression analyses which had sufficientj

data to provide meaningful statistical trends are presented as figures 5t1

thru 16. The significance of the regression trend line slopes have been

summarized and are presented in Table 3. The direction of the trend line

slope is indicated by a + or - sign after those slopes which are signifi-

cant.

A comparison of the regression results of this test phase with the

analysis from the previous test phase indicates very little change in the

significance of the trend line slopes. The only changes that have occurred

are: (1) the strain at rupture for the outer propellant tested at 2.0

in/mmn changed from a not significant to a significant status in the posi-

tive direction during this test phase; (2) the strain at rupture and

modulus of the inner propellant tested at 0.0002 in/min changed from a

significant to a not significant status; (3)~ the maximum stress and mod-

ulus of the inner propellant tested at 2.0 in/min changed from a signifi-

cant to a not significant status during this test phase.

B. BIAXIAL TENSILE TEST: I
The results of the biaxial tensile testing are also sunarized in
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Table 1 and the regression analysis plots are presented in figures 17 thru

22. The only changes in the regression trend line slopes occurred in the

outer propellant strain at rupture and modulus parameters which changed

from a not significant to a significant status during this test phase.

This change in significance does not necessarily indicate a change in the

propellant which would adversely affect the shelf/service life of the motor.

C. HIGH RATE HYDROSTATIC UNIAXIAL TENSILE TEST:

The data from the high rate tensile test at 500 psi initial test pres-

sure are summarized in Table 1. The regression plots are presented in

figures 23 thru 28. A comparison of the regression trend lines with the

previous test phase regressions indicated no change in the significance of

the trend line slopes.

D. CIRCUMFERENTIAL TENSILE TEST:

The results of the tensile testing of the specimens cut in the circum-

ferential orientation are summarized in Table 1. The regression analyses

are presented as figures 29 thru 31. A comparison of the circumferential

data with the corresponding uniaxial data indicated no differences in the

maximum stress and stress at rupture. There is little difference in the

strain at maximum stress and strain at rupture at the very low strain rate.

However, the strain properties do become noticeably different at the higher

strain rate.

E. BI-PROPELLANT TENSILE TEST:

The results of the bi-propellant tensile tests are summarized in Table

2. The regression plots are presented in figures 32 thru 34. The failure

mode of the two propellant specimens did not occur in the propellant/pro-

pellant interfacial bond. The failures occurred in either the ANP-2862

propellant or the ANP-2864 propellant depending upon the motor being tested.

-7-
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The propellant with the lower tensile strength was normally the propel-

lant in which the bi-propellant specimen failed.

F. STRESS RELAXATION PROPERTIES:

The stress relaxation data are summarized in Table 4. Representative

regression plots for the 3% strain rate are presented in figures 35 thru

42. A master stress relaxation curve, constructed from the surveillance

data is presented in figures 43 thru 46. The definition and a description

on the use of the master stress relaxation curve is given in the statisti-

cal analysis section.

Bond failures occurred in the stress relaxation specimens before the

specimens could be loaded to the three and five percent strain rates at

the lower test temperatures, -65 and occassionally -400F. Rebonding the

specimens to the test fixtures and retesting the specimens resulted in

erroneous data and therefore was not included in this report. A better

bonding compound will have to be found or developed before the next test

phase so that adequate data can be obtained for the low temperature tests.

G. MINITHIN TENSILE TEST:

The minithin tensile specimen is used primarily for profile analysis.

Propellant ingredients sometimes migrate from the propellant into the

liner and/or insulation. Migration may also occur in the opposite direc-

tion e.g. liner or insulation ingredients may migrate into the propellant.

This migration process may adversely affect the propellants physical pro-

perties or the propellant to liner interfacial bond. The minithin tensile

specimen will detect the affect the migration ingredients have on the pro-

pellants properties and the depth of the effect. Similarily, minithin

tensile specimens taken from the bore will detect the effect atmospheric

-8-



conditions have on the propellant.

Minithin tensile specimens were obtained from three separate locations

at the propellant/liner interface and from three starpoint locatl.ons. The

results of the minithin testing are summarized in Table 5 for the three

motors tested.

The results for the propellant/liner interface specimens indicate no

migration or propellant/liner interactions are occurring that can be detec-

ted by physical property testing. The minithin specimens taken from the

bore area do indicate a trend for the first 3 or 4 specimens, which repre-
,I

sent 0.3 to 0.4 t;ches into the propellant web, for all three motors. How-

ever this trend should be verified with additional testing before much reli-

ance may be placed in it.

H. BURN RATE:

The burn rate data, at an initial pressure of 500 psi, for this test

phase-are-sumrized--in-Table 6. The regression analysis of the data accum-

ulated to date is presented in figures 47 and 48 for the outer and inner

propellant respectively. There was no change in the significance of the

regression trend line slope. The burning rate of the outer (ANP-2862) con-

tinues to exhibit a positive trend line slope that is statistically signifi-

cant. The inner (ANP-2864) propellant continues to exhibit a trend line

slope that is not significant.

1. TCLE: (1) Propellant:

The Thermal Coefficient of Linear Expansion test consists of measuring

the amount of expansion below and above the glass transition point of the

polymer used in the manufacture of the propellant. The regression plots

are presented in figures 49 thru 52 and the data obtained during this test

period is sumarized in Table 6.
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The regression trend line did rict change significantly for the outer

propellant below the glass transition point (Tg). However, it did change

from a not significant to a significant status above the Tg point. There

was no change in the trend line slope for the inner propellant.

(2) Rubber:

The TCLE could not be accurately performed due to the natural curl in

the rubber insulation obtained from the head-end of motor 22687. The rub-

ber specimens from motors 22135 and 22788 were taken from the casebond

specimen areas without success. Attempts to separate the rubber from the

case resulted in a rubber surface that was very rough and was not parallel

with the liner/rubber interface surface. Because of the TCLE rubber speci-

men condition, it was decided to void the testing and use the specimens for

moisture, swell ratio and gel fraction testing.

J. HARDNESS:

The Shore A hardness of the outer and inner propellant has a consider-

able amount of scatter in the data accumulated during the surveillance pro-

gram. However, the regression analysis does not indicate a significant

trend although the slope of the trend line indicates a softening of the

outer propellant and an increasing hardness for the inner propellant. The

regression analysis plots are presented in figures 53 and 54 for the outer

and inner propellants respectively.

K. SWELL RATIO, GEL FRACTION and MOISTURE:

The liner and rubber swell ratio, gel fraction and moisture specimens

were obtained from the head-end area. The specimens for motors 2Z135 and

22788 were obtained from the casebond specimen area of section four.

The results of the testing are summarized in Table 6. There was con-

-10-



siderable amount of variance in the rubber swell ratio and the gel frac-

tion, but the average of the data, which is reported in Table 6, are in

fairly good agreement e.g., there was more variance between specimens than

there was between motors. The liner data was consistant without a large

amount of specimen variance.

L. SHEAR and TENSILE AVCOAT PROPERTIES:

The results of the shear and tensile testing of avcoat and composite

specimens, e.g., avcoat, case, insulation liner, and propellant specimens,

are summarized in Table 7. The failure mode of the avcoat specimens

occurred in the secondary bonding area of the avcoat to test fixture with

no indications of any avcoat or avcoat to case failure. The bond strength

of the avcoat to steel case is naturally higher than the data indicates.

The failure of the composite specimens occurred cohesively in the propel-

lant about 50% of the time and adhesively between the liner and propellant

-ao-u-T8 with 2. cohesi-ve U1ner faiir7e.

M. CONSTANT LOAD TEST:

The results of the constant load test varied considerably and, there-

fore, are not included as raw data. However, a mathematical treatment of

the raw data produced a trend line for each of the three motors tested,

which appears as figures 55, 56, and 57 for motors 22135, 22687, and 22786

respectively. As more trend lines are accumulated, a regression analysis

will be performed on the trend lines to determine if changes are occurring

in the constant load strength of the composite interfacial bonds.

The average stress at 100 minutes is presented in Table 7.

- 11 -



CONCLUSIONS

The regression analyses of all data obtained to date from the physical

testing have indicated a majority of the test parameters do not have sig-

nificant trend line slopes. The significance of some slopes have changed

from significant to not significant while other trend line slopes have

changed from not significant to significant. The significance of a slope

does not necessarily indicate a deterioration in the propellant or a pro-

pellant, liner, insulation, casebond problem. An increasing slope may

indicate an improving parameter.

There were no apparent problems observed that would indicate any areas

which affect motor performance or service life.

-12- ,
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TABLE 2

Bi-PROPELLANT TENSILE TEST

1982 Mean Values

Motor S/N Test CIS Sm em er Sr E

(in/mm) ~ (nin) (ps) n in) (psi)

0022135 Hydrostatic 1750 @ 527 .383 .456 516 6320

0022687 Tensile 500 psi 504 .369 .470 486 6040

0022788 
495 .337 .479 479 6630

0022135 Uniaxial .0002 31 .179 .202 29 236

0022687 Tensile 36 .213 .235 34 233

0022788 
39 .246 .280 37 238

-14-
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TABLE 3

REGRESSION SUMMARY

A. Tensile Properties:

Test CHS OUTER INNER
(in/min) Sm er E Sm er _E

Uuiaxial .0002 NS NS NS S+ NS NS
Tensile 2.0 S+ S+ NS NS NS NS

Biaxial 0.2 S- S+ S- NS NS NS
Tensile

Hydrostatic 1750 @ S+ NS S+ S+ S- S+
Uniaxail 500 psi
Tensile

B. Physical Properties:

Burn Rate S+ NS

TCLE Below Tg S+ S+
Above Tg S+ S1

Hardness Initial S- S-
10 sec NS NS

C. Other Propellant Properties:

Circumferential 0.0002 NS NS NS

Bi-Propellant 0.0002 S- NS NS

t - 15 -



TABLE 4

STRESS RELAXATION PROPERTIES

OUTER INNER
Motor SN Strain Temp 10 50 100 1000 10 50 100 1000

Rate ('F) (psi) (psi) (psi) (psi) (psi) (psi) (psi) (pi

0022678 3% -65 * 872 587 499 298
-40 375 219 175 78 463 272 218 93
20 49 29 24 13 44 24 19 10
77 15 11 10 7 16 11 10 8

120 12 10 9 7 11 9 8 7
160 8 7 6 5 9 8 7 6

5% -65 * *
-40 328 187 148 61 468 272 216 93
20 80 44 36 20 70 39 32 16
77 28 20 18 14 26 19 17 13

120 16 13 12 10 19 15 14 11
160 15 13 12 9 16 14 13 11

0022135 3% -65 912 885 792 502
-40 385 335 280 146 391 346 197
20 57 33 27 16 72 43 36 22
77 17 13 11 9 22 16 15 11

120 11 9 8 7 18 15 14 11
160 9 8 7 6 15 13 12 10

5% -65 - - - - - - - -

-40 355 211 171 87 466 288 238 128
20 94 47 39 22 117 63 52 31
77 29 21 19 15 35 26 24 18

120 20 16 15 12 25 19 18 16
160 16 14 13 10 24 20 19 16

0022788 3U -65 - - - - - - - -

-40 385 268 220 110 394 320 266 135
20 56 32 26 15 53 29 22 12
77 15 11 10 7 12 9 8 6

120 11 9 9 7 9 8 7 6
160 8 7 6 5 8 7 7 5

5% -65 -.... ...

-4 0 -... ...
20 84 42 34 19 90 43 34 18
77 28 20 18 14 19 14 13 10
120 16 13 12 10 15 13 12 10

160 15 12 12 9 13 11 11 8

*Bond failure occurred before specimen could be loaded to respective

strain rate.
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TABLE 5

MINITHIN TENSILE DATA

1982 Mean Values

Distance Motor 0022135 Motor 0022687 Motor 0022788

xO.1 in Bore Liner Bore Liner Bore Liner

(Rpsi) (psi) (psi) (psi) (psi) (psi)

1 126.0 78.1 111.9 86.6 89.7 92.8

2 132.9 79.3 117.2 87.1 104.7 93.0

3 134.3 78.4 118.6 86.3 110.1 92.2

4 135.5 78.9 119.9 86.8 109.1 92.7

5 134.4 79.1 120.4 86.4 110.7 91.6

6 134.8 80.2 119.5 86.1 108.9 91.7

7 133.7 81.6 118.4 86.6 107.7 91.5

B 133.5 83.2 118.2 86.3 107.7 91.0

9 133.1 83.5 119.5 86.5 107.4 91.4 ,f

10 131.4 83.7 120.4 86.3 108.3 91.2

1

- 17 -
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TABLE 6

PHYSICAL PROPERTIES
1982 Mean Values

Test Motor 0022135 Motor 0022687 Motor 0022788

Burn Rate
Outer Prop .307 .297 .259

Inner Prop .378 .358 .368

TCLE (in/in x 10
- 50C)

Outer Prop Above Tg 9.69 10.20 9.61

Tg -52 -56 -55
Below Tg 6.17 6.29 6.36

Inner Prop Above Tg 9.57 9.82 9.28
Tg -54 -58 -55

Below T$ 6.02 6.44 6.52

Hardness
Outer Initial 76 77 79

10 sec 63 69 68

Inner Initial 72 74 78

l0 sec 61 62 70

Swell Ratio
V44 1.38 1.47 1.28

Liner 2.37 2.42 2.40

Gel Fraction

V44 91.14 89.69 89.35

Liner 62.10 63.37 65.45

Moisture (Z)
V44 0.84 0.92 0.72

184
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TABLE 7

AVCOAT PROPERTIES
1982 Mean Values

Test and Conditions Motor 0022135 Motor 0022687 Motor 0022788

Hardness
Shore D 83

Shear Strength Avcoat (psi) 1443 1381
2 in/min @ 500 psi

Shear Strength Composite (psi) 150 171 163
2 in/min @ 500 psi

Tensile Strength Composite 491 508 427
(psi) 20 in/min @ 500 psi

Tensile Constant Load 33.5 37.8 27.6

100 min Stress (psi)

19~
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~~T 4
10.4

Cut A

Cut B ----

0 19.5
Cut C _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

32.5

Cut D 45.5

Cut E -

Cut F__ _ _ _ _ _ _ _ _ _ _ _ _ _ _

0 15

Figure 1 Dissection layout of Cuts,
Locations and Section Num~bers
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189.50

99.50

5I

.9 0'

Figure 2 Section 3 and 4 Segment
LAYout and Letter IdentifiCAtion
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This figure illustrates what the various sample

orientation terms mean with respect to a segment

of the motor.

A JANNAF dogbone is used in the illustration to

V1
depict the areas from where the specimens are

obtained.

innercircumferential

oue r---" -aial
bipropellant

axial

FIGURE 3
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