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ABSTRACT

This is the final report on the ICBM Overtest Technology Program which
was performed by Hercules Incorporated for the Air Force under Contract
F04611-73-C-0010. The primary objective of the program was to develop
overtest techmology for the prediction of ICBM motor service life. The
Minuteman II third stage (M57A1) was used as the demonstration vehicle:
therefore, an important secondary objective was to make predictions of the
M57A1 service life. This report includes the analysis and operations
performed in accomplishing the program objectives plus a related history
of previous Minuteman work and programs. A manual of recommended practice
for incorporating overtest concepts in surveillance programs has been
prepared,

A failure mode analysis of the Minuteman motor was prepared, and
the most critical failure modes were found to be wing slot cracking and
aft centerport debonding in response to the ignition transient, An
overtest approach for the full-scale motor tests was selected by compara-
tive structural analyses of the response of the motor to several proposed
loadings. High rate hydrotest at a rate of 10,000 psi/sec to 600 psi at
707 F was selected as the overtest approach to be used,

Motor failure criteria and the analysis approach were verified by
use of fcur different configurations of subscale analog vehicles, Wing
slot cracking was demonstrated with two model configurations and aft port
debonding was demonstrated with a third configuration.

Full=-scale motor overtesting was performed on two M57A1 motors; one
which was 9 years o0ld and one 6 years old at the time of test. The
principal failure mode, wing slot cracking, was demonstrated in both
tests, The failure pressure of the 9=year old motor was 475 psi, and the
failure pressure of the 6-year old motor was 575 psi. These are substan~
tially above the approximate 275 psi requirement for normal motor pres-
sures at ignition. No debonding of the aft port, the secondary failure
mode, occurred in either test.

Event gages were developed for detecting motor failure and success-
fully employed in full-scale motor high-rate pressure testing. The gages
provided valid data on the time of failure and gage response to failure
was verified by conventional potentiometer and strain gage responses,

The overall demonstrated success ratio for event gages was 71 percent,

The overtested motors were dissected to verify the extent of failure
induced ty hydrotesting. Physical properties were obtajned on propel-
lant, case bond, and boot-flap bond samples obtained from these motors.
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Service life predictions were made in two ways:

(1) An analytical prediction was made from property data and
trend data that were adjusted to represent the active
motor inventory.

(2) The overtest results from the overtest program, past
programs, and other current programs were extrapolated
with age after being adjusted to be representative of the
active motor population.

All physical property data and motor firing data from past and
current programs were used in the service life predictions, An indefinite
service life was projected for the stage IIT Minuteman IT motor. No
evidence of aging effects on grain integrity were determined,
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SECTION 1
INTRODUCTION AND SUMMARY
A, INTEODUCTION

The prediction of service life of ICBM solid propellant rocket motors
has been and continues to be of major concern. Reliable service life
estimates are required to identify the point in time at which a particular
motor must be removed from the active inventory or a category of motors
no longe) meets reliability requirements. Moreover, the prediction must
be made f'ar enough in advance to define a suitable motor replacement
policy. An advance notice is particularly critical for motors which are
no longesr in production, and startup time for new production would be
critical if a decision is made to replace them with similar motors.

Current ICBM aging and surveillance programs are not sufficient to
adequate.y predict motor service life. Such programs normally invelve
testing of a limited number of aged motors and certain materials and
componen:s which have been stored under simulated operational conditioms.
Motor fiirings serve primarily to verify motor performance at a given age,
and mate:rials and component tests are usually limited to identification
of aging trends.

Motor firings alone cannot be used to define ultimate motor capa-
bilities, Firings can only verify that some motors will perform at a
given ag:, but they provide only meager data to predict failure probabilities.
Hence, i: is not possible to extrapolate a few successful aged motor firings
and iden:ify a time when an unacceptable number of motor failures will begin
to occur without making a number of unproven statistical assumptions.

Mataerials aging trends, theoretically, should be useful for predicting
service life. However, many of the aging programs were planned several
years ago) when the state-of-the~art for structural analysis was not as
fully dereloped as it is now,and the samples being stored and the prop-
erties being monitored often were not compatible with analysis requirements.
Also, quastions have arisen as to the applicability of much of the aging
data beciuse storage methods and enviromments do not adequately recreate
motor conditions. Data from propellant aging and surveillance programs
have been used to predict service life; however, there is not sufficient
confiden:e in such analyses to allow decisions on phasing motors out of
the missile force. Results of one theorftical study uging data from aged
uniaxial propellant samples of the M57A1" predicted that the motor relia-
bility should show an appreciable decrease after 8-1/2 years due to an

Referen:es are listed at the end of each section.
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increased probability of propellant graim cracking. Subsequent firings
of motors of this age have not verified these results; however, there was
concern at the start of the project reported herein that the general
trends which were predicted may be true.

Accelerated aging has been tried as a means of obtaining early answers
regarding propellant grain structural integrity. Gemnerally, this approach
has met with disfavor because of a lack of understanding of fundamental
aging mechanisms and/or difficulty in defining an appropriate accelerated
aging environment. Although accelerated aging was not addressed in this
project, it is recognized as vital to a meaningful predictive surveillance
program,

The general concept of overtest involves testing of motors or motor
components to levels greater than those normally seen in actual operation,
If the test is carried to failure, the capability of the motor or com-
ponent can be experimentally defined for the particular resulting failure
mode,

In principle, the overtest concept provides several advantages as a
method for estimating motor service life. 1In applying this approach,
full-scale and/or subscale motor analogs of varicus ages are subjected
to simulated environmental and operational loadings to experimentally
determine or confirm the critical failure modes of the motor. The margins
of safety (or reserve strength) for the critical failure modes relative
to the required loading enviromments are determined by subjecting the
test vehicles to load levels sufficient to cause failure. By using
experimental means to measure the reserve strength, analysis inaccuracies
are largely circumvented, Testing of actual aged units insures proper
aging boundary conditions., By thus defining the capability of motors of
varying ages to withstand the most critical environments, it should be
possible to extrapolate capability-versus-age data to a time when the
motor is shown to no longer have sufficient capability to withstand the
cxpected loads,

Overtests need not necessarily be restricted to full-scale motors.
For statistical significance relative to a particular failure mode, small
analog devices appropriately designed to provide failure data may be more
economically desirable,

This report is the final technical report of work performed as a
part of the ICBM Overtest Technology Program, Contract No. F04611-73-C=-0010,
which was conducted by Hercules under contract from AFRPL, The primary
objective of the overtest program was to establish and demonstrate the
applicability of overtest technology to the general problem of service
1ife predictions, Emphasis was directed to propellant grain structural
integrity. A secondary, but extremely important, cbjective was to make
service life estimates for the Minuteman II, stage IIT motor (M57Al)
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which is used in the LGM-30B and F missiles. The M57A1 rocket motor,
Minuteman II stage III was selected as the test vehicle to be used in
developing ICBM overtest technology. The structural behavior of the

M57A1 was fairly well understood; however, an accurate age-life prediction
was needed for this motor. Also, surplus units were available from the
Air Force strategic inventory thus providing a source for the test
vehicles,

Structural overtest procedures had been previously demonstrated for
the most gignificant types of loads with subscale and full=-scale M57Al
motors. Specifically, the motor had been overtested to failure by high-
rate pressurization. Subscale test vehicles and partial motor analogs
had been designed to represent critical failure regions of motors. These
were tested to failure to experimentally determine motor integrity.

It is desirable that the technology evolving from the ICBM overtest
program te applicable to new motors as well as those already deployed.
An overtest program which is plammed during development or early produc-
tion would likely differ considerably from one directed to operational
motors. Therefore, the use of the M57A1 motor as a test vehicle does
introduce special problems that would not arise in many programs. Thus
it does have some disadvantages as a general technology demonstration
vehicle.

Several studies have been performed to evaluate aging effects on
the M57A]1 motor. Some of the results from these programs were used in
the planiing and interpretation of the overtest program results,

The most likely failure modes for the M57A1 motor were understood
from the development program and subsequent studies. A special task was
performec. under the SAMSO sustaining engineering program (¥04701-71-C-
003)1 to identify and screen potential failure modes for the motor. A
camprehensive list of postulated failure modes was reduced to five which
were stucied in detail., Of the five, two potential failure modes were
related t.o the propellant grain., The most likely failure mode was con-
sidered .0 be wing slot cracking under ignition pressure loading, The
second mode, aft center port bond breakage, was potentially service life
limiting only in a select category of motors manufactured prior to
February 1966,

A special investigation was performed for OOAMA* for categorization of
motors in_the inventory according to characteristic design and performance
features.? These motors, except for a block having a different design (manu-
factured after February 1966), were categorized according to the base grain
lots used to cast the CMDB propellant (CYH) used in the motors.** This study

)
O0AMA vas changed to OOALC during the course of this investigation and
may be used interchangeably in this report.

ek
The M5'Al motor contains two different CMDB propellants, CYH and DDP;
however, the CYH propellant is used in the critiecal stress location.
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reinforced the original selection of the two principal failure modes.
Consideration of these same two failure modes was extended into LRSLA
program tasks related to the M57A1 motor,3

Full-scale motor overtest technclogy applicable to the M57A1 motor
originated in the motor development program. Experimental methods were
devised and used to determine the behavior of the M57A1 motor in response
to the ignition transient. Various overtest approaches were evaluated,
and the high=rate hydrotest was chosen as the best for evaluation of the
particular failure modes in question. High=~rate pressurization test
equipment and procedures were developed in the earlier programs and were
available for this program. Refinements in the basic approach were
made in the overtest and LRSLA programs.

Subscale or motor amalog overtests are essential to the total concept
of overtest. Much background information on the design and conduct of
subscale tests was available to the overtest program, Studies performed
under other programs also contributed to the motor analog overtest task.

The most difficult task of the overtest technology program as it
relates specifically tc the M57A1 motor was created by the availability
of vast amounts of laboratory data which were to be interpreted for use
in the prediction of M57A1 service life. Data were available from several
lots of propellant base grain, full-scale motors, and subscale charges,
Varying degrees of characterization were performed over a period of
several years to study humidity, temperature, and rate. Programs specifi-
cally concerned with propellant aging were conducted, Tha major problem
in interpretation was in finding commonality in the data and in relating
the results to the particular motors used in the overtest program and
to those M537A1 motors which remain in the Minuteman force. In many cases
it was not posslble to identify specific base grain lots, and many of
the studies were conducted with lots that are no longer represented in the
active inventory.

Over 50 sources of data were reviewed. Propellant properties from
these earlier studies were used in conjunction with overtest and LRSLA
properties to determine a baseline set of analysis properties, aging
trends, lot-to-lot wvariability, within-grain variability, and subscale
to fulle=scale motor differences.

Service life predictions for the M57Al motor prior to the recent
overtest technology and LRSLA programs were based primarily on trends
detected in the Minuteman surveillance program, The results of that study,
which were based on a select data population, were presented as a function
of motor reliability-versus-motor age. It was estimated in that study
that reliability of the M57Al motor would begin to be affected after
about 8-1/2 vears of aging.
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The overtest program basically followed a linear series of tasks,
the result of each task being used to better define the subsequent tasks,
Thus, the first step was the identification of the eritical motor failure
modes. Having defined the failure modes that were to be overtested,
various test methods that could be used to produce these failure modes
were identified, and the most effective approach was identified, Subscale
units, one type of which modeled each of the two critical failure modes,
were subjected to the overtest procedure previously identified. Having
proved that the selected overtest procedure would cause the critical
failure wodes, two full-scale units were subjected to the overtest pro-
cedure, Propellant failure theory was also checked, using the subscale
units. An inspection procedure {motor dissection) was then used to
confirm that one of the critical failure modes had been induced by the
overtest procedure., Physical property testing was performed on materials
obtained from the motor dissection operations, and the data thus obtained
were used to check the accuracy of the service life analysis procedure.
An estimate of motor service life was obtained, using the motor failure
pressuries obtained from the motor overtest. An analytical estimate of
motor service life was also obtained using an analysis program that had
been checked against the actual overtest results. Physical properties
of the existing population of operational motors were obtained for the
analysis from a study of all of the published Minuteman II, stage III
physical property results.

The objective of this report is to present the tasks, procedures,
and results related to application of the overtest concept to service life
predicticns for the Minuteman II, stage IIT rocket motor, Further details
of the ICEM overtest program are reported in monthly progress reports and
interim technical reports, The topics cavered by the interim reports are
treated kriefly in the main body of this report.

Neither the analysis of critical physical properties of the Minute=
man II, stage III motor nor the prediction of motor service life have been
previously reported. Hence, these topics are presented in detail in
this final techmical report. Finally, the experience gained in the over=-
test program and in previous or related efforts, is presented as a general
manual of overtest technology. The overtest technology presentation is
in a seperate volume (Volume II) to provide a ready reference for future
planning of overtest and predictive surveillance programs,

B. SUMYARY
A methadology for motor service life prediction through overtesting
was developed and demonstrated in this program. The experience gained in

the ICBM Overtest Technology Program has been organized into a set of
recommenc ed practices for overtesting.
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The critical failure modes of the Minuteman II, stage III rocket
motor were proved to be wing slot cracking and failure of the aft center-
port boot~to-flap bond. Failure modes were examined in light of new data
and experience that had been accumulated since 1971 when the first failure
mode list was formulated. An updated failure mode list was prepared
which consisted of nine failure modes. The two critical failure modes#®
are wing slot cracking and aft centerport debonding. The remaining seven
failure modes are all of low criticality,.

Overtest approcaches were listed and evaluated for their applicability
for inducing failure by the two most critical failure modes in the M57Al
motor. The applicability of each test approach analyzed was ranked by
considering the ratio of the safety factors at the two critical locations
of failure. Each overtest approach was also ranked in order of ease of
accomplishment and in order of inecreasing cost, The overall rank of each
approach was taken as the sum of the three rank orders obtained. High-
rate hydrotest at 70° F had the lowest overall ranking and was thus
selected as the overtest approach to be used on two full-scale motors,

The stress analysis of the M57Al wing slot tips was refined by the
use of more advanced methods than those available for the previous work
on this motor. The slot tip strain concentration factor was found to be
pressure dependent, ranging from 2.93 at O psi to 2.60 at 600 psi. Pre-
vious analvses used a value of 2.95 for all pressure loads. The motor
service life predictions made previously were thus proven to be slightly
on the conservative side,

Testing of subscale models was performed to demonstrate that the
overtest approach selected for full-scale testing would cause the pre-
dicted failures., The two critical motor failure modes were tested
through the use of different models, and each was designed to fail by
the required failure mode. Aged propellant from Minuteman motors was
used in the models. The models demonstrated motor aft centerport boote
to-flap and centerport cracking failure, thus establishing the utility of
the analog devices for experimental analysis of particular failure modes.
Although it was not possible to demonstrate the total concept of subscale
overtests in the surveillance program, the basic technology was demon-
strated, The analog devices also verified the analytical techniques and
failure criteria.

High-rate pressurization overtests were successfully performed on
the 9- and 6-year old motors. Wing slot cracking was demonstrated as
the principal failure mode on both motors. Cracking initiated in the

*
Critical mode in the context of this report means the limiting mode, not
necessarily critical from a normal performance point of view.
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forward trim area, about 3 inches forward of the expected eritical loca-
tion. Wiag slot cracking was detected by event gages at a pressure of
475 psi i1 the 9=-year motor and at 575 psi in the 6-year motor. The

aft centerport boot-to-flap adhesive bond did not experience failure
during thz test of the 9~year motor. The vulcanized boot-flap bond of
the 6-year motor which was not considered to be a likely failure mode
was confirmed in that the bond did not experience failure during testing.
The extent of cracking was confirmed by posttest inspection and dissec-
tion of both motors.

The event gage concept was developed in the overtest program for
detection of grain failure. Commercial conductive RIV rubber was selected
as the event gage material on the basis of performance on JANNAF dogbone
specimens, The conductive RIV is applied directly to the primed propel-
lant surface and allowed to cure in place., Failure is detected by a
change in page resistance. For the motor tests, event gages were applied
across the tips of the wing slots and across the high strain areas of the
aft center port region.,

Physical properties necessary for analysis were obtained from pro-
pellant, case bond, and boot-flap adhesive or vulcanized bond materials
from the overtested motors. These data were combined with data from
past and ongoing Minuteman II, stage III programs to obtain a test data
set of propellant properties consisting of relaxation modulus and strain
at maximum stress for the operational motor force. Statistical tests
were performed on the data to ensure that only homogeneous populations
were included, The OALC Dissected Motor Program was the primary source
of data for the study of aging trends of propellant properties. Some
data obtzined from previous programs, Overtest and LRSLA, were available
to add t¢ the OALC data. The properties of tangent modulus, strain at
maximum stress, and relaxation modulus at 10 seconds were tested for aging
trend by calculating the linear regression equations of property versus
age. Regressions were performed cn data from each powder lot and on
all data taken together. Not only were the slopes of the regression
lines nearly zero, but the correlation coefficients were so low as to
indicate that no cause-and-effect relationship could be established for
any change in property as a result of age. 1Tt was, therefore, concluded
that CYH propellant does not degrade in structural capability as it gets
older.

Correlations were obtained to relate relaxation modulus and strain
at maximum stress to propellant powder lot acceptance mechanical prop-
erties for individual powder lots. The correlation factor associated
with each strain rate was multiplied by the weighted average of the lot
strain ai: rupture to directly find the average curve of strain at maximum
stress=varsus-strain rate for the population of operational motors asso=
ciated with each lot. The standard deviations for strain at maximum
stress and relaxation modulus were calculated as limit values at 95-percent
probabil:ty using the sample standard deviation and the chi-square
statistic.
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Service life was calculated by two methods:

(1) Analytical calculations of capability-versus-age based on
interpretation of mechanical properties and loads versus
age

(2) Linear extrapolation of overtest results

In addition to the propellant properties previously discussed, the
ignition pressure time transient and motor case stiffness were also needed
for the analytical service life prediction., Pressure-time data to describe
the ignition transient were extracted from static firing reports for
78 moLors. Maximum ignition (Ppg,) pressure was obtained for 91 addi-
tional motors. Linear regression analysis of Py, for all 169 motors showed
that ignition pressure was not changing with motor age.

The effect of case stiffness was obtained by adjusting the case
properties of finite element wxums until the calculated deflection matched
the deflection obtained from case hydrotest data, The probability of
failure versus time was obtained by a statistically~-based requirement/
capability analysis program, The resulting service life prediction is
thus expressed as the age at which the probability of success falls below
a level considered necessary to maintain the credibility of the strategic
deterent. In the actual case of the Minuteman T1T, stage IT motor,
however, none of the program inputs were found to have a significant aging
trend. The probability of motor success is, therefore, constant, so only
one requirement/capability calculation was required. The analysis conclu-
sion was that no failures of the wing slot propellant are expected due to
the loads imposed by the ignition transient.

Failure results from high-rate overtest of full=-scale units were
also used to predict the M57Al service life. Motors tested in programs in
addition to ICBM overtests were used in the prediction. Eight full=-scale
motors have been high-rate pressure tested to failure, Five of those
vielded results that are applicable to the ICBM overtest program. (Refer
to Table 1-1,) Additionally, one motor was tested to a pressure of
310 psi with no resulting failure.

In addition to age differences, the motors had design differences
and normal variations to be expected in propellant and case properties,
Since data were not available by which individual motors could be char-
acterized completely and specifically with respect to the mean of the
population, some arbitrary but comservative assumptions were made for
interpretation.

Each of the motors was analyzed considering its particular loading
program and known geometric features, Propellant and case properties
were based on mean values for the total motor population. A cumulative
damage factor was calculated for each motor based on these mean properties.
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The differences between a damage factor of unity and the calculated value,
indicate the degree to which the particular motor deviates from an average

motor,

Also using average properties, each individual motor was analyzed
considering the expected variations in ignition pressure transient.
Damage factors corresponding to the expected ignition loads were thus
determined. A failure index was defined by the ratio of the damage
factor determined from the test to that determined for normal operation,

Based on interpretation of results from the overtests it was diffi-
cult to support any trend analysis, However, by taking a conservative
interpretation of failure pressures indicated by the test instrumentation,
a slightly downward trend results., Based on a probability of success of
0,9987 at the 90-percent confidence level, a service life of 234 months
(19 years, & months) is predicted by linear regression and extrapolation.
A less conservative interpretation of the overtest results would likely be
in agreement with the theoretical predictions which showed no limits on
service 1life due to reduced grain structural integrity.

C. TECHNICAL APPROACH

The overtest approach was planned to utilize information from a
variety of sources to predict the aging structural behavior of operaticnal
Minuteman II, stage LII motors. The present force is inadequately defined
for a comprehensive analysis. If all motors were identical, such that
all motors of the same age would have equal capability, a service life
prediction could be made in a relatively straightforward fashion. Over=
tests could be performed on motors of two different ages and a line
extrapolated through the two experimental pcints to gencrate a realistic
plot of failure pressure versus age.

Overtesting of real motors, of course, does not yield information
that is so readily converted into a form useful for service life predic~-
tion. The failure pressure measured during a motor overtest must be
considered to be a random sample obtained from a statistical distribu~
tion of motors of various capabilities, Although an estimate of the
mean and variance of the failure pressure of the entire motor population
at any desired confidence level at selected ages could be obtained by
the overtesting of a large number of motors, the cost and complexity of
such a task intuitively rules it out. Therefore, it is necessary to
utilize other information and analysis methods to determine the relation-
ship of the motor overtest results to the entire motor population. The
associated elements are considered an inherent part of the general over-
test methodology.
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The 1CBM overtest program was accomplished according to a general
plan consisting of three major phases with eight main subtasks as
follows:

(1) Phase T = Definition
(a2) Task I - Selection of Principal Failure Modes
(b) Task II - Overtest Modeling
(¢) Task TII - Subscale Verification
(2) Phase II - Overtest and Inspection
(a) Task IV - Motor Overtest
(b) Task V - Posttest Inspection
(¢) Task VI - Subscale Tests
(3) Phase 111 - Interpretation of Results
(a) Task VITI - Motor Service Life Prediction

(b) Task VIII - Evaluation of Overtest as a Method for
Predicting Motor Service Life

Much of the work associated with a general overtest program had
already boeen accomplished in previous programs for the M57A1 motor. This
was particularly true for the definition phase (Phase I)., However, in
order to conform to the general approach, each of the tasks was addressed
and earlicr conclusions regarding definition of failure modes and over-
test appriaches were verified in Phase I.

The Llist of failure modes previously compiled for the M57Al motor2
was updatad., Flightest data and motor surveillance firings were reviewed
for furth:r understanding of the structural behavior of the motor. Poten-
tial failire modes were tabulated in a list according to decreasing
criticality. The failure modes were evaluated according to past related
problems, critical aging parameters, predicted margins of safety, and
known aging trends.

Various overtest approaches were evaluated analytically. Applic-
ability of the tests were judged on the basis of comparisons of results
obtained >y analysis of the overtest loading plan and the actual ignition
pressure transient, The high-rate pressurization hydrotest at 70 F was
selected as the experimental approach to be used for the full=scale motor
overtests,
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Subscale models were designed and tested to demonstrate the overtest
approach selected for full-scale tests. Different subscale models were
designed to evaluate twe critical failure modes. Each type of model was
designed to fail according to one of the chosen failure modes. Test
specimens were designed and analyzed using the same methods and material
properties as were employed in the analysis of overtest approaches.

Two full-scale motors were overtested by high-rate pressurizatiom.
One motor was 6-years old and one approximately 9-years old. The extent
of cracking and verification of failure modes were accomplished by post-
test inspection and motor disgsection,

Overtest results from other programs in addition to the ICBM over=
test program were also used in evaluating the M57A1 motor service life,
Particular programs of interest were the Mimuteman Product Support
Program and the current LRSLA program.

Subscale motor analogs were developed and demonstrated for the M57A1
critical failure modes. A design was accomplished in which failures were
achieved as centerport cracking during high rate pressure testing. Also,
boot=to=flap debonding and stress relief groove failures were demonstrated
in aft centerport failure mode analcog models. Although these tests were
not directly applicable to the Minuteman service life analysis, they do
illustrate the utility of analog devices in a general predictive sur-
veillance program,

Motor service life estimates were made by two principal techniques.
First, theoretical analyses were performed using materials properties
representative of various aging times, Properties were projected to
longer aging times for analyses corresponding to future dates by extrapola-
tion of available data and aging trends. Secondly, experimental overtest
results from full-scale unit tests of motors of different ages
were extrapolated to advanced ages.

The analysis method was verified by results from the full-scale and
analog test results. Ignition pressure data were evaluated statistically
using results from actual motor firings.

The lot acceptance data and results from subsequent characterization
programs were used to derive the necessary properties for the analyses. This
was accomplished by establishing ccrrelations between values obtained from
various test sample conditions, and applying these correlations to other tests
involving specific propellant data sets to obtain a general set of properties.
The main sources of data for the theoretical service life analyses were the
following programs: ICBM Overtest Technology, Long Range Service Life Analysis,
and Dissected Motor Program. These are current programs in which CYH propel-
lant data are being obtained. Other programs and special investigations dating
back to 1963 were also required and contributed to the interpretation of
propellant data, Available test data were utilized directly where applicable,
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Case properties were derived from deflection data taken from 67 case
hydroprocf tests. Means and standard deviations were calculated.

Geometric changes made during production of the remaining M57Al
motors in the field were accounted for in the analyses,

A requirement/capability analysis was performed for the pre-OFRI
motor configuration since theSe motors possess the lowest margin of
integrity initially, Monte Carlo selection of applicable motor parameters
was used to produce 105 statistical motor samples,

Fajilure results from high-rate overtest of full=scale units were
also used to predict the M57Al service life. Motors tests in other
programs were used, in addition to ICBM avertests, in the prediction.

Each of the motors was analyzed considering its particular overtest
leoading rrogram and known geometric features. Each individual motor was
also analyzed for a normal fiving considering the expected variations in
ignition pressure transient, Damage factors corresponding to the expected
ignition loads were thus determined, A failure index was defined by the
ratio of the damage factor determined from the test to that determined
for normal operation. The estimated service life was derived by extrapola-
tion of the failure index-versus-age results from the overtest motors.

Specific recommendations for general application of overtest technology
to the prediction of ICBM solid-propellant service life, as it is detere
mined by grain structural integrity, were made based on results from this
program. The recommended overtest and analysis approach was defined for
motors currently in service or for those in early stages of design and
development,

D. MINUTEMAN II STAGE ITTI REVIEW

The intent of this paragraph is to review the M57A1 design and pro-
grams as they relate to the overtest program. Particular programs and
the pertinent results are normally presented in appropriate portions of
this report. Therefore, only brief summaries along with the types of
significent information obtained are given here.

1. Motor Design and Manufacture Review

A very general description of the M57A1 motor is given in this
report. The reader is referred to the Minuteman Data Book and Assembly
and Subassembly Drawings for detailed design information.

The Present M57Al1 design is different from the design employed
in earlier motors. Of particular significance are changes made under

the Oper.itional Reliability Improvement Program (OPRIY* which resulted in

1-13



the final motor configuration., Corrective action taken prior to in-
corporation of the OPRI modifications consisted of machining an obturat-

ing groove in the prcopellant at the aft centerport. The groove was designed
to relieve stresses on the flap-to-insulator (boot). This fix, termed the
"B-1 Fix" was incorpcrated on a number of motors which were built prior to
the OPRI motors.

The M57A1 motor design is shown in Figure 1-~1 and the B~1 fix
in Figure 1-2. The motor case is glass filament-wound reinforced epoxy
with special glass reinforcements at the case opening and skirt attach
regions. Metal adapters are wound into the case to provide means of
attachment for the nozzles, igniter, forward and aft port cloesures, and
thrust-termination hardware. The case is protected from the combustion
gases by an internal insulator which covers the internal surface of the
case. To provide added protection in the aft end of the motor, an addi-
tional thickness of insulation (bcot) is bonded to the regular insulationm,
A shrinkage liner (flap) is employed to allow freedom of motion at the ends
of the propellant grain. The shrinkage liner is vulecanized (or bonded,
depending on the family of motors) to the boot near the aft tangent line
and around nozzle and aft centerport openings.

The M57A1 grain design is a dual-propellant, trilevel configura-
tion. The main propellant, comprising approximately 85 percent of the
grain, is CYH., A layer of DDP-77 propellant approximately 9.5 inches
thick extends from appreximately 1.3 inches aft of the forward tangent
line to 8 inches forward of the forward tangent line of the motor, The
grain is essentially a slotted=-tube type in which the centercore extends
only part way through the chamber; thus the motor operates as an end-burner
for a large portion of its burning., Slots connect the center tube with
four hollow cones that extend into the nozzles, The slots are also in
line with four thrust termination (TT) ports which are located near the
aft end of the motor.

The motor has four pivoted nozzles, The nozzle design consists
of a ball-and-socket joint pivoted about a single axis and sealed by two
rubber O-rings. A wiper ring is utilized to scrape the spherical section
of the pivoting exit cone to prevent a buildup of slag in the split-line,
Each nozzle is movable only in a plane perpendicular to a radial line
passing through the longitudinal center of the motor and the center of
the nozzle.

a. Casting Powder

The casting powder for the M57A1 motor was designated as
HDDRA at Radford Army Ammunition Plant (RAAP). All ingredients were
supplied to military specifications, and records certifying compliance
were kept.
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Ballistics tests using forty pound charge* (FPC) motors are
performed at RAAP and Bacchus Works to determine ballistic performance of
each lot cf casting powder, Physical properties of propellant manu-
factured from the powder also are determined at both facilities; therefore,
two sets c¢f physical properties data pertaining to the powder were avail-
able for review in the oscillations program.

b. Case

Cases for the M57Al motor were wound at Hercules Rocky
Hill and (learfield plants, There was an eventual changeover to Clearfield
as the sole supplier. Differences were cbserved in manufacturing at the
two plant: and changes were implemented, principally at Clearfield, to
increase turst pressures,

All motor cases were hydrotested to a pressure of 420 psi
(approximztely 70 percent of design) prior to use. In addition, one out
of each production lot of cases was pressurized to failure. Instrumenta=
tion during hydrotests consisted of strain gages and linear potcentiometers
so that changes in case strength and stiffness characteristics could be
monitored, Not all data from the hydroproof tests were reduced, however.

Co Motor

The assembly of all essential materials and casting of the
propellani: grain was accomplished at the Bacchus Works, The propellant
grain was manufactured by the cast double-base process. In this process,
the empty case is first filled with casting powder, The procedure by
which cast:ing powder is loaded into a case in the correct quantity and
with uniform distribution and packing density is called mold loading.
Casting is the process of introducing the solvent teo the casting powder
and allow:ng the mixture to cure to a solid propellant. During this time
casting solvent is absorbed by the casting powder, which as it swells,
in turn pushes into the interstices formerly cccupied by the absorbed
liquid. Dressure is maintained on the solvent while the solvent is being
added. Mechanical displacements are applied to the propellant by rams to
aid in propellant grain consclidation. Many of the changes which were
implementied in the OPRI program had to do with motor manufacturing.
Detailed descriptions of the individual manufacturing operations can be
obtained by referring to Hercules, Bacchus Works Operating Procedures.
For individual motors the manufacturing records provide specific informa=-
tion.

FPC's ar: routinely used by Hercules to determine burn rate (at different
pressure;), discharge coefficient, and specific impulse.



2. Motor Evaluation

One motor from each production lot of motors was statically
fired for lot acceptance, A production lot consisted of twenty motors and
did not necessarily represent any particular lot of casting powder. For
example, Lot 1-11-66 casting powder was not fired in motor lot evaluations,

Stage TI1 QA static test motors were instrumented with two pres-
sure transducers, an operational pressure transducer (OFT), and a Taber

Bage.

The static tests were also instrumented with strain gages on the
aft dome and linear potentiometers on the aft dome and cylindrical sec-
tions,

Accelerometers were used on only a limited number of motors early
in the development program.

3. Motor Performance Charackteristics

The M57A1 motor burns for approximately 55 to 60 seconds at
an average chamber pressure of approximately 270 psia, depending upon
motor conditioning temperature.

4, Review of Previous M57 Programs

The major programs relating to grain structural integrity and
aging surveillance are presented in the report with a listing of results
applicable to the overtest program,

a, Minuteman Support Program

Task 9 of the Minuteman Support Program was the first
extensive experimental and analytical program aimed at predicting the
structural integrity of the Minuteman stage YITI motor. The objectives of
Task 9 were to determine the structural capability of the current grain
design and define potential improvements through a better understanding
of the structural requirements of the propellant grain., Finite-element
analysis techniques were applied to the Minuteman stage ITII motor for
the first time during this program. During the program, the stress
concentration factors for the wing slots of the motor were determined
experimentally using photoelastic methods and also analytically using a
computerized, conformal-mapping, complex-variable technique. A full-scale
Minuteman stage 11T motor was high-rate hydrotested to failure. Wing slot
failure was demonstrated at a pressure of 5253 psi. The propellant grain
of a Minuteman stage III motor was machined to the configuration of the
grain at a burn time of 5 seconds and hydrotested. Subscale units
(1/3 scale) were pressure tested during the program,

Tests were also conducted to characterize the viscoelastic
behavior of CYH propellant.
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b. 00AMA~Hercules Co-operative Test Program and Propellant
Mechanical Property Results from the Second O0AMA=Hercules
Co=operative Test Program

Two cooperative test programs were performed by Hercules and
the Ogden Air Materiel Area (0O0AMA)} now the Ogden Air Logistics Center,
The objec:ive of the test programs was to compare mechanical properties
obtained by Hercules and Ogden ALC for the Minuteman stage III surveillance
program.

In the first 00AMA-Hercules cooperative test program,

Hercules and 00AMA performed stress relaxation, constant crosshead speed
tensile, and vibrating disc tests. The samples tested were machined by
both facilities and a portion of the samples were traded. No differences
were detectable between the O0OAMA and Hercules low strain rate tensile
failure data but there was approximately a 10 percent difference in the
high rate tensile failure data, There was also a 10 percent difference
in the tensile relaxation modulus data obtained by the two facilities.

Not enough samples were tested in the first O0OAMA-Hercules cooperative
test program to evaluate the reasons for the differences in the test data,

Uniaxial tensile and stress relaxation tests were conducted
under the second 00AMA-Hercules cooperative test program and more
machined :est samples were traded by the two facilities. Hercules normally
machines :round, necked-down, samples using a spray of water for their
tensile toests, OO0AMA normally machines JANNAF samples dry for their
tensile tests. The tensile relaxation modulus data cobtained by Hercules
and OOAMA were again statistically similar while the failure data obtained
at constant crosshead speeds of 200 and 2000 in./min were statistically
different, The failure data obtained from round, necked-down and JANNAF
tensile samples were statistically different. The method used to machine
tensile samples, wet or dry, did not affect the failure data obtained
from the samples,

c. Stage IIT Minuteman Production Support Program

Task 2 of the stage ITII Minuteman Production Suppert
Program was an experimental and analytical program to study problems
judged to be of the most immediate importance in evaluating the structural
integrity of the solid propellant grains,

Improvements were made in the analytical procedures for
structura.. analysis of slotted propellant grain designs. Computer methods
for stress analysis were improved by extending the range of application to
the appronimate solution of three-dimensional problems. A practical
approximate solution to structural problems involving large deformations
was demonstrated., The Hercules finite-element approach to grain stress
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analysis was modified so that the approach could be applied to the approxi-
mate large strain analysis of complex geometric configurations. Methods
were also added for considering directional variations in material prop~
erties.

The feasibility of using the Moire' fringe method to
measure strain concentrations and make overall strain field observations
was demonstrated on live propellant samples. The experimental data on
photoelastic determinations of concentration factors in propellant grains
were surveyed, and the pertinent data were consolidated into a single
source of reference and method of presentatiomn.

4 structural modeling analysis technique was developed for
use in experimental stress analysis of complex threc-dimensional geometries.
The method was applied in an analysis of two different geometric configura=-
tions representative of two different burn times of the Minuteman stage III
motor,

A mathematical analysis procedure for determining the stresses
and strains induced in a solid=-propellant rocket motor by nonsymmetrical
axial and transverse loadings was developed and demonstrated. Application
of the method was made in the analysis of the Minuteman motor for non-
symmetrical flight loading,

A combined theoretical and experimental program was con-
ducted to study buckling of solid-propellant rocket motors. A nonlinear
theory for buckling due to axial loading of filled cylinders (which allows
for large deformations and case orthotropy) was developed. A motor design
procedure based on experimental buckling data was suggested and demon-
strated using three different motors, Experimental tests were performed
on cylinders filled with a propellant-type material and representative of
a cross=section of the Minuteman motor. Stiffening effects of the filler
material were determined and correlated using the analytical methods of
this program.

Specific analyses were performed to determine the effects
of axial acceleration on the stresses and strains of the Minuteman stage TIIL
motor. Results indicated that the specified axial acceleration had little
effect on the case or propellant grain.

Test methods representative of actual motor loading condi-
tions were developed and used to obtain CYH propellant failure data under
multjaxial loadings. A multiaxial failure criterion was developed
for these propellants.



d. Minuteman Surveillance Program

The Minuteman Stage III Surveillance Program was composed
of the fcllowing tasks:

(1) Physical property testing

(2) Grain failure criteria study

(3) Case bond failure criteria study
(4) Service life predictions

Four Minuteman stage III motors, 336, 216, 131, and 67, were
sectionec for the physical property testing phase of the Minuteman Sur-
veillance Program., The objective was to determine the effect of age on
the mechsnical properties of CYH propellant, When the motors were first
sectionec, a set of mechanical property tests consisting of stress relaxa-
tion, corstant crosshead speed tensile, and vibrating disc tests was
conductec on the propellant. The sectioned propellant was wrapped in
plastinr end stored in a 77° F environment. Six months later, another set
of mecharical property tests, consisting of stress relaxation, constant
crosshead speed tensile, and vibrating disc was conducted on preopellant
samples cut from the sectioned segment. The samples were machined from
the segment just prior to testing. Ultimately, three series of these
tests were conducted on the propellant from each motor. Regression analyses
were periormed on the tensile relaxation modulus and strain at maximum
stress d:sta to determine the effect of age on these two propellant mechanical
property parameters. Long-term constant strain, creep, and fatigue tests
were also conducted on the sectioned propellant,

The grain faijilure criteria phase of the program was a
study to develop a theory of failure for the Minuteman stage IIT motor
propellart grain. Pressure tests of subscale analogs were performed to
verify aralysis techniques and failure criteria, The basic centerport
cracking unit and test procedures currently in use by Hercules were
developec as a part of this subscale verification program. A multiaxial
stress, variable strain rate, cumulative damage failure theory was veri-
fied usirg the Minuteman stage TIIT propellant, CYH,

There were three objectives in the case bond failure
eriteria study, These were to: (1) Determine modes of case bond
failure, (2) evaluate the various case bond test sample configurations,
and (3) establish a failure criterion for the Minuteman stage III case
bond system, A number of case bond sample configurations were evaluated
for determining the failure properties of a powder embedment case bond
system like that used in the Minuteman stage III motor., A modification
of the classical Mohr theory was selected as the failure criterion for
the Minuteman stage III case bond system.
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The final part of the Minuteman Surveillance Program was
to use all of the information from the physical property testing phase
and the failure criteria studies in the structural sexrvice life prediction
of the Minuteman stage ILI motor propellant grain., A mathematical model
was made of the most likely grain failure mode which was failure in the
longitudinal slot tips during motor ignition. A Monte Carlo simulation
technique was incorporated into the stress analyses. With this approach,
the parameters were randomly selected from their respective theoretical
distributions and inserted in the analyses. The result was a probability
distribution of the damage factor at motor age intervals, The damage
factor was obtained for motor ages from 2-1/2 to 5-1/2 years and
extrapolated to 10 years. The margin of safety was computed from the
extrapolated damage factor data. Using this method, the point at which
the lower 3-sigma limit of the margin of safety crossed zero was 8-1/2
vears.

e, Minuteman Service Life Study Program

The cobjective of the Minuteman Service Life Study Program
was to update the service life prediction for the Minuteman stage III
motor, A list of the potential failure modes was made for the motor.
The list was then reduced to the five most probable failure modes and
these were studied in detail. The failure modes selected for further
study were:

(1) Wing slot tip cracking during ignition transient

(2) Centerport bond breakage during ignition pressuri=
zation

(3) External insulation bond failure
(4) Raceway pad bond failure

(5) Case interlaminar shear failure around the
nozzle ports

Propellant tensile relaxation medulus, maximum stress, and
strain at maximum stress data obtained during the Minuteman Surveillance
Program were reanalyzed to separate the effects of secondary aging and to
define the primary aging trends for ecach propellant mechanical property
parameter, The reanalyzed propellant mechanical properties and the adhe-
sive bond strength data were then used in a statistical procedure known
as a requirement/capability (R/C) analysis. An R/C analysis was performed
for each of the failure modes. It was predicted that cracks could initiate
in the wing slots of two out of every 100 firings of 10-year old Minuteman
motors, But, whether these cracks would produce motor failures was not
known.

1-22



E. Minuteman IT Stage III Motor Catepories and Service Life
Studies

The Minuteman IT Stage III Motor Categories and Service
Life Studiss Program was divided into two phases: (1) Categorization of
Minuteman IT stage III static test motor performance characteristics, and
{2) service life studies.

Minuteman II stage III motors were divided into four motor
performancz categories. Category one covered QA static tests II-QA-01
through V-QA-32, These motors contained randomly-occurring high aft dome
internal insulation erosion. To lessen the degree of aft dome erosion,
Minuteman mnotors were retrofit with an interim fix, referred to as the
B-1 Fix. Motors having the B-1 Fix had similar motor performance character=-
istics and form Category Two. Category Three motors were of the configura=-
tion qualified during the 18-motor Operational Reliability Improvement
Program (OPRI). All of the OPRT motors exhibited similar performance
characteristics. The Category Four motors exhibited increased oscillatory
combustion,

The service life studies were a continuation of the service
life studies begun under the Minuteman Service Life Study Program.

Stress intensity factor data were obtained on CYH propel-
lant 10, 5%, and 99 months old. The data did not appear to be affected
by the age of the propellant. Additional tensile relaxation modulus
data were also obtained on CYH propellant taken from the 10-month old
FPC castings and the three Minuteman stage III motors 5%, 99, and 102 months
old. The tensile relaxation modulus data obtained during the Minuteman
Surveillance Program and reanalyzed during the Minuteman Service Life
Study for secondary aging were time~temperature shifted to 77° F to
correspond in temperature with the new tensile relaxation modulus data
obtained during this test program at a temperature of 77° F, Primary
aging regression lines were fit to the two sets of tensile relaxation
modulus data, and new data and the old time-temperature shifted data.

The fracture mechanics analysis of the wing slot failure
mode in Minuteman stage III motors indicated that a crack 0.05 inch deep
or deeper in the slot tip of a zero age motor would propagate rapidly
upon motor ignition, and a crack 0,07 inch deep or deeper in a 15 year old
motor would also propagate. Therefore, the critical crack depth in the
wing slots was almost zero for all motor ages.

The analyses of the principal failure modes in the Minuteman
stage IIT mnotor showed that Categories Two, Three, and Four motors have
estimated service lifes which are equal to or longer than Category One
motors, for all of the failure modes.
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Fifteen recommendations were made to improve the propellant
and adhesive properties needed for motor service life predictions,and a
number of recommendations were made for improved instrumentation for full-
scale static test firings.

2. Investigation of Pressure Oscillations During Firing of
the Minuteman II Stage IITI Motor

There was a significant increase in the amplitude of acoustic
pressure cscillations in the Minuteman II stage III motor starting with QA
Motor 59 and casting powder lot RAD 1-10-66 which resulted in an extensive
review of the M57A1 motor and history. In the course of this study,
uniaxial tensile and dynamic torsional shear tests were conducted on propel-
lant manufactured from 7 lots of CYH powder, Samples were removed from
the original acceptance castings which had been stored at OALC.

The importance cf the new uniaxial tensile data was that
they were a better measure of the powder lot mechanical property variaticns
than the old powder lot acceptance data., All of the new test samples
were tested on one occasion using the same operator and testing machine
while maintaining constant humidity and temperature contrel, The original
QA lot acceptance data were ohtained over a period of four years which
could lead to errcneous conclusions about the mechanical properties of the
various powder lots, Slight variations in the test conditions and operator
could lead to marked variations in the mechanical properties.

The maximum stress values obtained from the new powder lot
tensile tests were all lower than the old QA powder lot acceptance data.
Strain at rupture data were about equivalent, The tangent modulus from
the powder lot acceptance data were consistently lower than the new powder
lot data,

h. LGM=30 Third Stage Dissected Motor Program

The objective of the LGM-30 Stage III Dissected Motor Program
was to determine the effective aging on the materials in the Minuteman
stage III motor (the program is currently underway at Ogden Air Logistics
center), Fighteen Minuteman stage IIT motors have been dissected and the
sectioned materials, propellant, and case bond system, used in various
types of physical property and chemical tests. All the tests are being
conducted on CYH propellant except two sets of case bond tests. The
motors have been dissected. Samples are machined from the sectioned
materials as required for testing. The test data in general cover the
age range of 4 to 13 vears. Linear regression lines have been fit to
the data sets, and three sigma bands and 90-90 tolerance bands have been
established,



The stress relaxation data obtained during the Dissected
Motor Program from CYH propellant show an increase in tensile relaxation
modulus with age which is statistically significant, The uniaxial,
biaxial, and triaxial tensile strain at maximum stress data obtained during
the Dissected Motor Program increased at a statistically significant rate
with age.

i. Long Range Service Life Analysis Program

Six Minuteman stage III motors have been dissected and
mechanical property tests conducted on materials and bonds in the motors,

Two Minuteman stage ITI motors have been hydrotested
to overtest the critical failure modes associated with ignition loads,

Data from the dissected motor task and the high rate pressure
tests have been supplied to TRW for analysis.

je Investigation of Anomalous Aft Dome Insulator Erosion in
the M57Al Motor

The aft dome insulator investigation was a multithrust
program ;0 solve the problem of excessive aft dome erosion as exhibited
in the firing of QA motors QA-31 and QA-32. The problem was caused by
failure of a boot-to~flap bond at the aft centerport which permitted
anomalous gas flame between centerports and one or more of the nozzle
ports, Structural problems were investigated in detail and design improve-
ments wele recommended.

The principal improvement for the short term and for retro-
fitting wvas a stress relief groove at the aft centerport, This was known
as the "3~1 Fix." The B-1 Fix, along with vulcanized bonds, was made a
permanen: design fix in the OPRI program.

k. Operational Reliability Improvement Program (OPRI)

The main element of the QPRI program was that it was an
18 motor program which qualified design and manufacturing changes pri-
marily for the solution of the anomalous aft dome erosion problems. The
significance of these changes is discussed in appropriate sections of this
report.
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E. FATLURE MODE SELECTION AND OVERTEST DEFINITION

Identification of critical motor failure modes and selection of the
overtest approach were basic tasks. The specific direction for the
remainder of the program was determined by the results of these tasks.

An extensive failure mode identification and evaluation study was
performed for the M57A1 motor in November 1971.1 Several different sets
of data were examined in the study to identify the critical components,
including, (1) previcus analysis results, (2) aging results from current
surveillance programs, (3) past problems in static and flight testing,
and (4) Class I Engineering Change Proposals.

The 1list of failure modes previously compiled was updated in this
program, Flighttest data and motor surveillance firings were reviewed
for further understanding of the structural behavior of the motor.
Potential failure modes were tabulated in a list according to decreasing
criticality, The failure modes were evaluated according to past related
problems, critical aging parameters, predicted margins of safety, and
known aging trends. The revised list of failure modes is reported in the
technical report for Phase T of the overtest program,

Two propellant grain failure modes were selected for further study
and for development and demonstration of the overtest concept. Wing slot
cracking and failure of the aft centerport flap-te-boot bond were deter-
mined to be the most likely failure modes limiting the motor service
life. No previcusly unanticipated failure modes were identified.

The results of the service life study program reported in Reference 1,
showed cracking in the slot tip to be the most critical mode. This con-
clusion was confirmed in the overtest program Phase I studies. Wing
slot failure is most likely to occur near the intersection of the slots
with the centerbore and may appcar in any of the four slot tips. The
critical time is during and just following the ignition transient. The
results of such a crack oceurring could range from abnormal ballistics
to a catastrophic chamber rupture. These cracks should be expected during
firing only. 1If cracks are observed prior to firing, it is fairly certain
that the motor has been subjected to out-of-specification environments
and should not be fired. Propagation of a known preexisting crack during
firing is an academic question with CMDB propellant grains.

The analysis given in Reference 1 shows that for normal conditions,
wing slot failure would cccur after 12 to 13 years of age. However, for
a set of adverse condition, lower 3 wvalues, it was predicted that failure
could occur as early as 8 to 9 years, These results have been shown to be
conservative by high-rate hydrotest results. These showed failure due to
cracking at a pressure of 525 psi which is nearly double the critical
pressure at ignition.
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Another problem area which has caused problems in the past is aft
centerport bond failures. The breakdown of either the aft centerport bond
or one or mere of the nozzle port bonds early in motor operation (0 to
3 seconds) could allow the flow of high velocity gas between the aft dome
boot and flap. This, in turn, would lead to heavy erosion of the aft
centerport area and/or "dimple" or "evebrow'" erosiom such as resulted in
failures of motors IV-QA-31, V-~QA-32, and V-QA-42, Though this problem
was not considered to be as serious, it was given attention in the high-
rate hydrotest planning. This failure mode is of concern only in motors
retained in the force which were built prior to incorporation of vulcanized
bonds in the design.

Drafts of updated tables of potential failure modes were presented
for review to OALC and Hercules surveillance personnel and other engineers
with experience in various phases of the Minuteman pregram. A consensur
was reached on two points: (1) The new data referred to in the updated
tables represents all the relevant surveillance and performance data that
have been obtained in the time period under consideration, and (2) judg-
ments as to whether or not the nmew data changes the previous judgement on
criticality are correct,

Various overtest apprecaches were evaluated for general application
and with regard to the M57A1 motor specifically. Applicability of the
tests was judged on the basis of comparisons of results cbtained by
analysis of the overtest loading plan and an actual ignition pressure
transient. The high rate pressurization hydrotest at 70° F was selected
as the experimental approach to be used for the full-scale motor over-
tests. It was concluded that thermal cocling is a satisfactory overtest
for the failure mode of wing slot tip cracking, but it is not applicable
to the aft centerport failure mode,

Details of the study of possible overtesting approaches are revported
in Reference 6.

The list of overtest approaches is presented in Table 1-2 which is a
condensaticn of Table 2-1 of Reference 6, Because all motor failure modes
previously identified for the M57Al motor were associated with the igni-
tion transient, only those overtest approaches applicable to the zero=burn
motor gecmetry were included. Otherwise, all loading schemes capable of
causing stress or strain on the wing slots or aft centerport bond were
included to ensure that all valid approaches were considered in planning
the motor overtest.

The high pressurization rate hydrotest was recommended for subscale
verification and for use on the full-scale motor tests,
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TABLE 1-2

LIST OF OVERTEST APPROACHES

Test

Comments

Hydrotest Pressures

Simulate ignition transient

Simulate ignition transient rate to
higher than normal pressure

Low=-rate pressurization to high
pressure

Condition grain to high temperature,
rate to be determined

Condition grain to low temperature,
rate to be determined

Artificially weaken grain, simulate
ignition transient

Artificially crack grain, simulate
ignition transient

Motor Firing
Standard motor assembly and firing

Artificially crack grain

Artificially weaken propellant

Oversized igniter, simulate pressure
transient to higher than normal
pressure

High burn rate plugs of propellant
inserted into grain to raise pres-
sure

Will not fail grain

Promising
Promising
Promising, if temperature

not very high

Promising, if temperature
not very low

Technology not available

Applicability questionable,
does not test aft centerport
bond

External instrumentation only
Will not fail grain

1) Applicability questionable

2) Partial burn necessary,
timing vexy critical

3) Some data available from
00AMA firings

4) Does not test aft center-
port bond

Technoleogy not available

Promising

High pressure will occur after
initial pressure transient
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TABLE 1-2 (Cont)

LIST OF OVERTEST APPROACHES

Test Comments

Motor Firing (Cont)
Small «iameter nozzles Promising
Forwar:d end down 1) Requires partial burn if

aft end debonds as planned
2) Does not overtest wing

slots
Conditioned to low temperature Ignition transient lower than
normal
Conditioned to high temperature 1) Safety a problem

2) Ignition transient higher
than normal
3) Promising

Mechanicil loading of grain or bond 1) Technology not available
2) 1Interpretation difficult

Acceleration test (sled or Loading does not duplicate the
centrifuge) critical load
Thermal loading Promising. Cold soak tests

have ecracked wing slots and
failed aft centerport bond
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SECTION 1II
ANALOG TEST PROGRAM

A, INTFODUCTION

There were two major objectives of the analog test program. The first
objective was to demonstrate, by subscale testing, that the overtest pro-
cedure se lected for the program was valid. This objective was to be
accomplished by design and testing to failure motor or partial motor analogs
representative of the critical failure modes and failure conditions. The
second ot jective was to demonstrate the use of analog devices for obtaining
statistical failure data in a more economical way than from full-scale
overtests, Essentially the same devices were used for both purposes.

Other objectives associated with the two principal objectives were
as follows:

(1) Design and test subscale models which represent realistic
failure modes in ICBM motors

(2) Verify centerbore cracking detection method
(3) Demonstrate centerbore strain measuring method

(4) Demonstrate instrumentation and test operations planned tor
the full-scale motor tests

An interim report was issued (Reference 1) which covers the subscale
verification of the aft centerport debonding failure mode and reports
progress on efforts to develop a centerbore-cracking analog device. Sub-
sequent f.0 the issuance of Reference 1, further work was accomplished in
which a suitable centerbore cracking analog was demonstrated. The work
on centerbore cracking covered in Reference 1 is reevaluated in this report
with respect to subsequent subscale testing performed in the program,

Detzils of the analog test program which were previously reported will
not be repeated herein. Emphasis will be given to developments following
the preperation of the first interim report on the analog test program,

An overview or summary of the task 1s shown here so as to present the
essentials of the analog test program without the aid of the earlier
report. Following the summary, the results from the extended effort on
analog devices are reported. The general use of analog devices in a
predictive surveillance program is discussed in Section VI (Volume II) of
the final report.

1 . .
References are presented at the end of this section
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B. PROGRAM RESULTS

1. Summary

Motor analog tests were performed in which M57A1 failure modes
were verified and analog devices were demonstrated. The demounstration of
analog devices representative of critical failure modes provides assurance
that they can be applied in a predictive surveillance program to ecunomi-
cally obtain statistical data for predicting motor reliability. As far as
the M57A1 motor predictions are concerned, the analog tests were beneficial
for confirmation of failure modes, analysis, techniques, and overtest
approaches, Since the analeog test vehicles were manufactured from propellant
removed from full-scale motors, the tests did not provide addirional data
for service life prediction beyond that obtained from the full-scale results.

Various overtest approaches were evaluated analytically. Applica-
bility of the rests was judged on the basis of comparisons of results
obrained by analysis of the overtest loading plan and the actual ignition
pressure transient. Subscale models were designed and tested to demonstrate
the overtest approach selected for full-scale tests. Different subscale
models were designed to evaluate the two critical failure modes of aft
centerport bond failure and centerbore cracking. Each type of model was
designed to fail according to one of the chosen failure modes.

Motor analogs were designed and analyzed using the same methods
and materials properties employed in the analysis of overtest approaches.
The models were then tested to failure. The model failure mode and pressure
at which failure occurred were determined from the test data and posttest
inspections of the failed models, These results were compared to the design
predictions, Close correspondence between predictions and results for the
analog was interpreted as confirmation of the failure modes and the over-
test approach selected for the M57A1 motor.

The basic subscale analog design is shown in Figure 2-1. The
units incorporated a cartridge-loaded propellant grain in failment-wound
cases, Heavy metal end plates were bonded to the ends of the assemblies
and were held together with tie bolts. Three design variations were used
to evaluate the two principle M57A1 failure modes, Two variations of the
basic configuration were used to test the wing slot cracking failure mode.
One type had a circular centerbore (Figure 2-2) and the other type a four-
slot centerport (Figure 2-3).

Models used to demonstrate aft centerport boot-to-flap failure
(Figure 2-4) were of the basic circular bore configuration but, in addi-
tion, incorporated elements of the motor aft end. A stress relief groove
and flap, bonded to the propellant were employed. The boot was bonded to the
end plate and an adhesive bond of controlled radial width was used to
connect the flap to the boot,
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1igh rate pressurization, at approximately the M57Al ignition
transient rate (~10,000 psi/sec) was used to load the analogs tc failure.
The models were instrumented with strain gages on the case and with event
gages for Jletecting propellant cracking on the grain interior surface,
After testing, the models were inspected and dissected to determine the
nature and extent of the failures. Finally, the measured pressures at
which the analog models failed were compared to the analytical prediction.
A favorablz comparison of the two was interpreted to mean that analytical
methods and failure theories used for design of the models were also adequate
for the selection of the overtest approach to be used on full-scale M57Al
motors .

Subscale motor analogs were demonstrated for the M57Al critical
failure modes. A design was accomplished in which failures were achieved
as centerport cracking during high rate pressure testing. Boot-to-flap
debonding and stress relief groove failures were also demonstrated in
aft centerport failure mode analcg models.

The wing slot cracking mode of failure was demonstrated by the
analog test program as most critical for the M57A1 motor., The analytical
procedures, including failure criteria, were also verified, thus providing
confidence in their use for the full-scale analyses,

The externally-mounted instrumentation was verified for use on the
full-scale tests, Event gages? detected failures of slotted-bore models,
but were unsuccessful on the circular-bore models. The lack of success was
not considered a fault of the event gage but more a result of inability to
install a sufficient number in the small one-inch centerbore.

2. Expanded Analog Test Program

The first circular centerbore (CCC) design reported in Reference 1
had stress relief grooves machined into the propellant to relieve the
stresses at the centerport grain=-to-end plate bond. Two of these CCC's
were tested and both failed by end plate debonding at low pressures. The
analog task was then expanded to develop a new CCC design. The new design
used rubber stress relief flaps bonded between the grain and the end plates.
The new design was shown by analysis to have an adequate margin of safety.
Subsequent tests proved the new design to be 100 percent successful.

The slotted centerbore model was not redesigned or tested with
the rubber stress relief flaps.

In the original design (stress-relief groove) the end plates were
bonded directly to the grain with EA 913.1 adhesive. With the improved
design (stress-relief flap) the rubber flaps were bonded to the grain and to
the end plates using EA 946 adhesive. In both cases, during assembly the
tie rods and nuts were installed and lightly tightened until adhesive was
observed squeezing out. The whole assembly was then cured for a minimum
of 48 hours at ambient temperature.
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Event gages were installed during CCC fabrication. 1In addition,
each case was instrumented with hoop strain gages., For the relief-groove
design, twelve strain gages were bonded to the case. For the improved
relief flap design, a girth band was assembled around the case in additiom
to eight strain gages on the case.

The first model tests developed lower test pressure rates than
desired due to results from checkout tests which were performed with steel
pipe having a volume equivalent to the centerport volume. TFor the subsequent
tests with the stress-relief flap design, the checkout runs using the pipe
were discarded and the throttle valve opening was determined from previous
CCC test experience. The pressurization rate was closer to the ignition
rate of the full-scale motor than had been previcusly achieved.

Stress analyses were performed on the six CCC's with the improwved
stress relief design which were tested in the expanded program. These
analogs were analyzed after the tests using the actual pressure-time data
for each unit, The maximum centerbore strain for each grain tested and the
allowable propellant strain were input into the viscoelastic response com-
puter program. The results compared favorably with the test results, The
comparative results for each CCC are shown in Table 2-1, Tigure 2-5 shows
the isostrain plot for the new design, and Figure 2-6 shows the displacement
for the grain and rubber flaps at 900 psi.

Six subscale motors of the new rubber stress relief flap design
{0/T-012 through 0/T-017) werec tested. An average pressurizatioun rate of
8115 psi/sec was achieved based on time to maximum pressure. The maximum
pressurizaticn rate during pressurization varied from 11,913 psi/sec to
20,434 psi/sec. The desired pressurization rate was 10,000 psi/sec. Typical
pressure curves are shown in Figures 2-7 and 2-8.

Each of the six subscale analogs cracked in the centerbore and
the failure propagated to the case. The cases ruptured after grain cracking
in each test. These tests confirmed the adequacy of the new centerbore
cracking cylinder design. The event gages and the leaf deflectometer
failed to provide meaningful data. The data from these two methods of
instrumentation did not correlate with any of the possible tailure pressures
as predicted by analyses and confirmed by case strain gage data. The case
strain gage data was used to identify the failure times.

The leaf deflectometers did not remain in contact with the propel-
lant centerbore during pressurization. Results of this program show that,
when CCC tests are to be performed at high pressurization rates, the leaf
deflectometers are inaccurate and a new device for measuring centerbore
deformation is needed.
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The event gages did not perform as expected in these tests. With
a l-inch diameter centerbore, the event gage could only be installed on the
ends of the cylinder. The usefulness of event gages depends on where the
cracks originate and propagate. In this series of tests, it appears that
in four of the six tests, cracks originated on the opposite end of the CCC
from the event gage. The cracks appeared to propagate to the event gage
but not always through it. Only on the test of 0/T-017 does the event
gage give data close to the strain gage and analysis results. This event
gage opened at 0.0706 seconds while time of failures from strain gage data
and analysis was 0.083 second. The main centerbore crack in 0/T-01l7 was
through the gage, Why it appears to have opened early is not fully under-
stood. All but two of the gages opened early. Four gages closed again
before failure and they also opened again following failure. The event
gage on 0/T-013 never did open or give any indication of cracking.

Figures 2-9 to 2-13 show the sectioned grains with the event
gages and the centerbore cracks. It is not possible to have an event gage
which covers the complete centerbore, and therefore, since the tailure
ceracks did not occur in the same place each test and do not propagate the
full length of the grain, spot location of event gages is insufficient for
consistently determining time of failure.

The case strain gage data appear to show time of failure of the
centerbore. The case strains were normalized with respect to pressure and
first plotted as a function of time., As shown in Figure 2-14 there is no
slope change until the time corresponding with that of maximum pressure
which is when the case fails. The normalized case strains were then
replotted as a function of pressure (Figures 2-15 through 2-20). Two
fairly distinct slope changes are seen from these plots prior te the maximum
pressure, The analyses failure pressures based on the cumulative damage
theory corresponded very closely to the first slope change on the case
strain-pressure plots. The comparative results for cach motor arc reported
in Table 2-1, The difference in the two postulated failure pressures is
+8 percent to -4 percent for the motors tested. Failure was predicted at
an average pressure of 916 psi by analyses, Strain data indicates failure
at 936 psi. This is only a 2 percent difference for the average of the six
analogs tested.

C. CONCLUSIONS FROM ANALOG TEST PROGRAM

The rubber stress relief flap design for subscale models proved to be
an adequate design for high rate pressure hydrotests to study the center-
port failure mode. All failures in the six CCC's tested of this design
occurred as cracks in the centerbore of the grains.



Figure 2-9. Centerport Failure in Propellant, Model O/T-012
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Figure 2-10, External Propellant Failure, Model 0/T-012
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Figure 2-11, Centerport Failure in Propellant, Model 0/T-014
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Tigure 2~12, External Propellant Failure (Case Removed), Model 0/T-014
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Figure 2-13. Propellant Failure, Model 0/T-014
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Preciction of analog motor failure was based on cumulative damage
failure theory including stress concentration factors for slotted models,
The failure theory agreed very closely with CCC failures as indicated by
the norm:lized case strain data (first slope change of strain-pressure
plots). The failure theory also agreed closely with the failure of the
slotted nodels as detected by the event gages. The event gages proved
unsuccessful in the circular centerbore failure modes due to an inability
to install an adequate number in the small, 1 inch, diameter centerbore.

Leail’ deflectometers did not function properly in the small centerport
desipgns under high rate hydrotest conditions. There appears to be no
adequate way at present to measure the centerbore diameter and the subsequent

strain in subscale models under high-rate pressure hydrotest conditions.
This 1is &n area which needs future study.

The major objective of the program was accomplished, The wing slot
failure is the primary failure mode as demonstrated in the slotted subscale
test and the circular centerbore tests wirh the flap-relieved design., The
cumulative damage failure theory used in the analyses of the full-scale
M57A1 motor does predict failure. This was borne out by the subscale
analyses and high rate hydrotests,

Since only one aged motor was used in each of the subscale tests, the
test results could not be used in the service life prediction of the Minute-
man meotol.

Subticale testing is a valuable tool in the service life assessment.
It is recommended that subscale models as well as full-scale motors, be
constructed during motor production, stored, aged, and tested, This would
provide the data necessary to calculate statistical limits for the motor
margin of safety as well as to establish aging trends,

For motor programs no longer in production, the subscale overtest
models need to be fabricated from various aged full-scale motors being
removed irom the force. There is limited flexibility in this program because
selection of a particular age or class of motor or propellant is usually
prohibited. Moreover, the history of a particular motor removed from the
force may not be sufficiently well known to permit confidence in controlled
experimentation, It is essential, therefore, that motors made available
to a progiram are applicable. They must be representative of the population
of motors being evaluated.
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SECTION ITI
FULL-SCALE MOTOR OVERTESTS
A, INTEODUCTION

The primary objectives of Task IV were to demonstrate the concept of
overtest in a full-scale ICBM motor, and to provide information for
establishing the applicability of such tests in a predictive surveillance
program.

Other objectives were to: (1) Determine present structural capabilities
of the M.7A1 grain and to apply the results (with other related information)
to predict the age-out date of the motors, and (2) to identify any potential
failure modes of the M57Al motor grain which have heretofore been unidenti-
fied, By determining the capability of motors of various ages to withstand
such critical environments, it should be possible to extrapolate motor
capability versus age to a time when the motor no longer has sufficient
capability to withstand the expected loads. To do this economically, other
technologies must be applied in combination with the full-scale overtests.

The first three tasks (I-III) cf the ICBM Overtest Program are relevant
to the full-scale overtest task. They are reported in References 1 and 2
and are triefly reviewed in the respective sections of this report. Task IV,
full-scale motor overtest program, is described in detail in Reference 3.
This section will review the motor overtest program conducted under Task IV
and other full-scale overtest programs performed on the M57Al motor. The
particul:r programs of interest are the Minuteman Product Support Program
(PSP) anc¢ the current LRSLA Program,

It wvas expected that confirmation of the critical failure mode plus
identification of any unexpected failure modes would result from the
overtests, The basic information desired from motor overtesting was the
pressure at which failure began. Both failure mode and failure pressure
are relevant to the prediction of motor service life, whether predictions
are by erxtrapolation of overtest results or by analytical methods.
Accordingly, the test operations, instrumentation, and motor inspections
were struvctured to yield the maximum amount of data relative to motor
failure; acquisition of data used to validate the mathematical model was
considered to be of secondary priority.

This section of the report will evaluate the various programs in terms
of the overtest philosophy. Prediction of the motor service life will be
reported under Section VI,

1’2’3References are presented at end of each section,
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The full-scale motor configuration studied in the overtest program is
shown in Figure 3-1. Selection of motors for the ICBM Overtest Program
was made by AFRPL, OOAMA, and Hercules personnel, using the following
criteria: (1) The motors were to be structurally sound, with no propellant
cracking or debonding evident, (2) the motors were to have been made using
powder (base grain) for which lot performance data were available, and
(3) the motors were available, It was also requested that propellant grain
X-rays made during motor manufacturing be made available. One each [rom
six-year and nine-year old motors were chosen as full-scale test vehicles.

Ideally, the two motors to be selected should be paired with respect
to all features so that any differences in the failure pressure could be
attributed to age. However, several changes were introduced in the design
after several motors were deployed which prevented the study of age alone
as the principal variable, A nine-year old motor is the pre-OPRI* config-
uration and a six-year old motor is an OPRI motor. The OPRI changes
affected the core geometry, case bond, powder loading, casting, cure, and
aft center port bond. The prediction of age-out by extrapolating full-scale
motor overtest results may be compromised because of difficulties in
assessing the effects of these processing changes; however, the task objec-
tive of demonstrating the validity of the overtest concept was achieved,

Two types of event gages were evaluated for application in this program,
a modular gage which is intended to be bonded across the centerport, and
nozzle port insulator-boot~shrinkage liner-propellant interface, and a
conductive film gage which was painted and wired into the wing slots,
Verification of these methods was accomplished with the subscale tests and
applied to the full-scale motor.

The event gages used in the program and their development are reported
in detail in References 2 through 4. Further discussion of the event gage
work will not be made here.

B. PREVIOUS OVERTEST RESULTS

During the Minuteman Support Program, several full-scale motor covertests
were performed on the M57A1 motor using high-rate pressurization as the
overtest method, The most notable, and applicable, overtests were con-
ducted on full-scale motors 8D-9, 8D-10, 2-10-16, and 2-10-38 during the
period from 1963 to 1965 as reported in References 5 through 7,

Motor SD-9 was the first such unit to be high-rate pressurized and
was subjected to two test phases. Phase I subjected the motor to high-rate
pressurization to failure. Phase II induced cracks under similar conditions.

*0PRI - Operational Reliability Improvement
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The first high-rate pressurization of a full-scale motor (SD-9,
Phase I) was conducted in February 1963. The pressure in the motor rose
at a maximum rate of 4000 psi/sec to an initial peak pressure of 410 psia.
This peak pressure was 90 psi higher than the steady state pressure of
320 psia which was reached 0.9 second afiter opening of the high-rate valve,
The "overshoot' in pressure was cuased by the conversion of the kinetic
energy of the mineral oil flowing into the case into a pressure force as
stagnation occurred. Case strain data and internal grain deflectometer
data substantiate the occurrence of the recorded pressure pegk and pressure
fluctuations.

Internal grain deflectometers indicated an average growth in the nozzle
wing slot width and centerport diameter of 0.5 inch. This growth corresponds
to an increase in grain void volume of 560 cubic inches and to an increase
of initial propellant surface area of 130 square inches.

Visual inspection of the motor and propellant after the hydrotest
indicated that there were four cracks in the propellanit grain. These
extended completely through the area between each of the nozzle wing slots
and the centercore for a distance of about three to four inches toward the
aft end of the motor from the intersection of the nozzle slots with the
centercore.

Radiographic inspections of the motor after hydrotest confirmed the
presence of the four cracks in the propellant grain in the described areas,
The radiographs also indicated no propellant-teo-insulator or propellant-to-
flap separations in any area. No propellant-to-thrust terminations port
boot bond separations occurred.

The second high-rate pressurization of motor SD-9 was conducted in
March 1963. The pressure in the motor rose at a maximum rate of 4280 psi/
sec to an initial peak of 442 psia. This peak pressure was 80 psi higher
than the steady-state pressure of 362 psia, which was obtained 0.9 second
after pening of the high-rate valve, The Phase II test exhibited damped
pressure oscillations identical to those in the FPhase I test.

Post~hydrotest inspection of the motor indicated that the propellant
cracks formed during the Phase I test were propagated an additional two to
three inches toward the aft end of the motor. No other cracks were formed
in the propellant grain. Radiographs indicated only one possible small
separation between the propellant and shrinkage liner near the aft center-
port, and no propellant-to-boot separations at the thrust termination ports.

The test series on SD-9 utilized & limited number of deflection and
strain gage measurements of the motor case during pressurization. Deflec-
tiom of the wing slots was monitored by using a strain gage deflectometer
as shown in Figure 3-2.
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Full-scale motor SD-10, with a case design slightly different from
8D-9, was high-rate pressurized in July 1963, Prior to opening the high-
rate valve, the high-pressure vessel was charged with nitrogen gas to a
pressure of 860 psia. Upon opening the valve, the pressure began to rise
in the motor at a rate which averaged 10,000 psi/sec between 50 and 600 psig.
The maximum pressure obtained could not be determined because of amplifier
saturation on all pressure measurements. Saturation occurred at a pressure
of 655 psia, Based upon deflections of the motor case, it is estimated
that a maximum pressure in excess of 750 psia was developed. Inspection
cf the grain and case deflectometers revealed that only one initial pressure
hump resulted from this test, in contrast to the damped pressure oscilla-
tions formed in Tests I and II on Motor SD-9.

An equilibrium pressure of about 520 psia was held for 13 seconds which
was 8 seconds longer than required by che test plan. The system exhaust
valve was actuated after five seconds as planned. However, eight seconds
were required to bleed the pressure vessel down to the internal motor
pressure level, and, as the result, a rapid drop in motor pressure did not
begin until 13 seconds after initiation of the test,

A posttest visual examination of the propellant grain core revealed
that cracking had occurred in the following areas:

(1} Number 1 Nozzle Wing Slot - Propellant cracks were formed in
both radii of the outboard area of the slot running from
the centercore junction to the inflection point in the slot.

(2) Number 2 Nozzle Wing Slot - The propellant surface was masked
by the instrumentation and it was impossible to visually
determine if cracks were present.

(3) Number 3 Nozzle Wing Slot - Propellant cracks were formed in
both radii of the outboard slot area, Viewed from the aft
end of the motor with the No. 1 nozzle down, the right side
crack extended from a point about four inches aft of the
wing slot inflection point down into the forwardmost area
of the centercore where it necks down to the 2,6 inch
diameter, The crack on the left side extended from the
centercare junction aft to the inflection point of the slot.

(4) Number 4 Nozzle Wing Slot - A crack was noted in the outboard
area of the slot near the centercore, but the crack extent
was masked by the instrumentation.

(5) Aft Centercore Area - Cracks were formed between each of the
four wing slots and the centercore. These cracks were from
8 to 10 inches long and extended aft from the junction of
the wing slots and the centercore, They were propagated
completely through the grain between the centercore and
the wing slots.
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All ¢f the cracks noted were less than 0.10 inch in width when initially
examined zbout 10 hours after the test.

Radicgraphic inspection of the motor under 50 psig internal pressure
confirmed the presence of the cracks noted by visual inspection and indi-
cated cracking had also occurred in nozzle wing slots No,'s 2 and 4,

The presstre or time at which the cracking began during the test could not
be determined from the deflectometer traces.

Possibly one of the earliest event gage devices known was planned for
use in the test of 8D-10. The propellant breakwire device shown in Figure
3-3 consisted of a conductive silicone rubber material which was bonded
in place to the wing slots using a silicone adhesive (General Electric
RTV 102), Unfortunately, all of the propellant breakwires were inoperative
prior to the initiation of the test. A prefiring check showed that they
all exhibited open circuits. From what is now known about this type of
event gage, it could be assumed that the problem was the loss of electrical
iconductivity due to oil penetration of the conductive silicone rubber.

Motor 2-10-16 was subjected to a thermal test cycle and a high-rate
pressurization. The thermal cycle test consisted of taking the motor from
an equilibrium temperature of 70° F to an equilibrium temperature of 110° F
then back to 70° F. The final grain configuration, and movement of the
TT liner, indicated that a slight permanent set in the grain results when
a motor is subjected to a large temperature gradient for long periods of
time.

A pressurization rate comparable to that of an actual firing was
obtained on motor 2-10-16, but the desired chamber pressure was exceeded,
Wing slot Jeflections indicated that cracking apparently occurred between
0.06 and 0.07 seconds after pressurization.

The diata from motor 2-10-16 shows that the rapid change in slot
deflection occurred at a pressure between 500 and 530 psia. Similar wing
slot behavlior was noted on motor SD-10, This change in slot deformation
was due to cracking, as confirmed by visual inspection. Closer examination
of the ressonse of the wing slot measurements indicated that cracking
first occurred in the wing slot and propagated toward the forward end.

As the maximum pressure (580 psia) was approached, the decreasing grain
deflection recorded in the wing slots and the rapid change in deflection
of the aft dome indicated aft shrinkage liner-to-grain separation, This
was also confirmed by visual inspection and was similar to the aft dome
behavior in motor SD-10,

In testing motor 2-10-16, many of the previous difficulties were
successfully overcome and the pressurization rate was more closely simulated
while greai:ly reducing the chamber pressure overshoot, From the response
of the insi:rumentation and through visual inspection, the location and
time at wh:.ch cracking of the grain occurred was determined.
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The last full-scale motor tested before the OVertest and LRSLA Programs
was motor 2-10-38, This unit was pressurized at a rate of about 15,000
psi/sec t» a maximum pressure of 310 psi, Very little overshoot and very
few oscillations were observed as a result of modifications made to the
pressurization system. As a result of the low maximum pressure level,
wing slot cracking was not observed. An equilibrium pressure of 250 psi
was maintained for 19 seconds which caused the aft end to debond at the
boot/liner interface. Although the event gages generally gave a poor
response during the pressure tramsient, they could be interpreted sufficiently
to give tne times at which the debonding occurred.

In summary, the full-scale motor tests during the Minuteman Product
Support Program were successful in developing the high rate pressurization
system although the explicit objectives for each test were not always
fully realized, However, the wing slot cracking failure mode was verified
and methods developed and suggested for detecting the pressure at which
the cracking occurred.

It should also be realized that there were several changes in the
design of the M57A1 motor since the start of production which resulted in
some variation of the cracking pressure levels. These variations (case
properties, design changes, etc) created motors of several subpopulations
of the total force which must be evaluated on a population basis. This
specific point will be more fully addressed in the overall analysis,

C.  LRSLA PROGRAM

1. Qvertest Program Description

Several full-scale motors have been tested under the LRSLA Program.
These motors have been tested under high-rate pressurization and thermal
cycling test conditions, All of the motors in the LRSLA Program are also
being dissected to determine the propellant and casebond properties. Two
motors, 32743 and 32765, were high-rate pressurized while a third motor,
32720, was pressurized sfter inducing cracks in the wing slots. The
functional purpose of the latter test was to attempt to propagate induced
cracks in the wing slots of the motor after 1t was conditioned to 70° +
3% F and then pressurized to approximately 320 psig at a high rate (about
7100 psi/sec). The objective of this test was to validate the analytical
model of the motor by determining if a pretest induced crack in each wing
slot would propagate.

The tests on motors 32743 and 32765 are more applicable to the
Overtest Program and will be discussed in more detail. For a complete
discussion of the tests on these two motors please see Reference 8.

The motors selected for testing were Minuteman II, Stage III
motors with the characteristics shown in Table 3-1. As part of the pretest
inspection, widths of the wing slots and centerbore were taken at various
locations. Visual inspections were performed on the interior of the motors
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TABLE 3-1

MOTOR CHARACTERISTICS

Characteristic

Motor 32765

Motor 32743

Hercules production number

Powder lot
CYH
DDP

Cast date

Age at test (month)

CYH physical properties
Tensile strength (psi}
Elongation (%)

Elastic modulus (psi)

C-7 adhesive weight¥*

Aft center port (1b)
Nozzle port (avg)(lb)

Case serial number

Hydroburst lot

Burst pressure (psi)

Silo location

Date removed from service

6F3

1-7-65

1-1-64

8 Mar 65

101

334
57.4

819

5

7

HP00506
158

638
Warren AFB

June 73

6D2

1-6-64
1-1-64
27 Jan 65

107

336

842

4

7

HP0O0486
148

591

Warren AFB

July 73

*Characteristic of "controlled bond" processing
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for any grain anomalies. The aft centerport areas were also inspected for
any anomalies which might adversely affect the tests. The noted anomalies
were not considered to be significant. Motor histories were also reviewed
and nothing significant was found. Pretest X-rays were taken and compared
with the originals taken at time of manufacture and no significant changes
were noted.

Motor 32743 was inadvertently filled with water during the storage
period. The motor was drained within three hours, wiped out with towels,
and blown dry with an air hose, A visual inspection of the grain was per-
formed and no deleterious effects of the water soaking were noted.

2, Overtest of Motor 32765

The test objectives for motor 32765 were achieved as the required
pressure time envelope was maintained and wing slot cracking occurred in
two of the four slots, The motor was tested in September 1973 at the
Bacchus Works Test Range.

The test was performed using gaseous nitrogen in the accumulator
tank pressurized to 550 psig. The fill rupture disc was ruptured to pres-
surize the motor. Maximum pressure of 504 psig was reached in the motor
in 0.080 seconds and was immediately released. The pressure blowdown was
excellent, reaching 200 psig in the motor within 0.160 seconds and was
accomplished by rupturing three vent rupture discs which were triggered
at 485 psig. This pressurization sequence was in conformance with the
specified test envelope.

Observation of the hardware and equipment immediately after test
showed that everything worked satisfactorily except that the center of the
£ill rupture disc blew into the interior of the motor through wing slot 3.
The lead wires of the event gages had been torn loose and some gages were
apparently destroyed, Upon motor dissection, the wing slots were cut in
slices to determine the extent of wing slot cracking. Figures 3-4 and 3-5
show the extent of cracking in wing slets 3 and 4. No cracks were detected
in wing slots 1 and 2, The aft centerport and nozzle port bonds were
undamaged.

3, Overtest of Motor 32743

Motor 32743 was subjected to high rate pressurization testing in
an attempt to verify the aft centerport debonding failure mode. Aft
centerport debonding did not occur, thus establishing an adequate safety
margin in this failure mode. Massive cracking did cccur in the wing slots
as anticipated.

The test was performed using gaseous nitrogen in the accumulator
tank pressurized to 600 psig. The fill rupture disc was ruptured to pres-
surize the motor. Maximum pressure of 562 psig was reached in the motor in
0.123 seconds and was held for 118 seconds before rupturing the three vent
rupture discs,

3-11
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Observation of the hardware and equipment immediately after test
showed that everything worked satisfactorily except for the accumulator
tank vent rupture disc. The blasting cap initiated but did not initiate
the linear shaped charge to rupture the disc. The pressure blowdown was
accomplished using the two motor vent rupture discs at only a slightly
slower rate than would be expected using all three discs,

The problem of the center of the fill rupture disc coming down
slot 3 and destroying the event gage lead wires which occurred in Test 1
was solved for the second test by placing the linear shaped charge in a
U-shaped pattern instead of a circle, This allowed the center to hinge
and thus be retained, DPort test visual and dimensional inspection results
of the motor cavity were lost and are not available. Figure 3-6 shows a
section of the motor with a massive wing slot cracking. The aft center
port and nozzle port bonds were found to be undamaged.

4. LRSLA QOvertest Summary

The motors were satisfactorily tested to the requirements of the
LRSLA Program. Although the instrumentation in the first test (motor 32765)
failed to define the precise pressure level at which wing slot cracking
occurred, the instrumentation in the second test (motor 32743) showed the
first indication of wing slot cracking was between 492-525 psig, This
matches well with the physical evidence noted upon dissection of motor
32765. There was only minor cracking in two wing slots which tends to
support the hypothesis that cracking had just started at the time of Ppax
and depressurization of motor 32765.

Deflectometers and event gages were located in wing slots 1 (Oo)
and 2 (90°), and event gages were located in the remaining two slots.
Thermocouples were located in wing slots 2 and 4, The thermocouples in
the wing slots indicate that the change in propellant temperature was
negligible during the period of pressurization. The three deflectometers
in wing slot 1 all measured wing slot growth of approximately 1/2 inch at
the time of maximum pressure. The deflectometer in wing slot 1 failed to
produce reliable data.

Cracks were induced in all four wing slots. WNine event gages and
one deflectometer all responded to wing slot cracking., The general pattern
of gage response was similar in all four slots, as the wing slots cracked
at a motor pressure of approximately 520 psi (the range was 492 to 550 psi),
and that cracking originated in the forward trim area or between the
critical cross-section and the forward trim area, Of particular interest
is the sequence of events recorded in wing slot 1: (1) The event gage in
the forward trim area began to respond to propellant cracking at a pressure
of 522 psi; (2) the plot of deflectometer Dl versus pressure showed an
abrupt jump in deflection at 540 psi; and (3) event gage E5 at the critical
cross-section responded to propellant cracking at 558 psi, This was also
the first test in the LRSLA Program in which the cracking event detected
by an event gage was confirmed by response of more conventional instrumentation.
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The Minuteman Stage III rocket motor has a structural capability
well above its operating requirements. The failure pressures demonstrated
in the high rate tests were 500 and 492 psi (minimum). The critical
structural lead for motor operation is the average motor ignition pressure,
which is approximately 275 psi, at 70° F.

Structural failure initiates in the forward trim area of the wing
slots. However, since the actual failure pressures of both motors were
close to the predicted value of 500 psi, it is concluded that the forward
trim area constitutes only a slight perturbation of the motor structural
geometry. This failure mode has been adequately defined.

: In neither test was any debonding noted in the aft center or
nozzle ports. The aft centerport boot-to-flap bond has a higher structural
capability than does the wing slot tips. No boot-flap bond failures were
induced in either motor by test pressures that were sufficient to fail the
slot tips. The TT port area also has a higher structural capability than
does the wing slot tip. Wing slot cracks did not propagate out to the TT
ports, and there is no evidence of other structural failure present in

the TT ports.

D, OVERTEST PROGRAM
1. Introduction

The concept of motor overtest requires application of the load
associated with the critical failure mode, to a level sufficient to induce
failure. Specifically, for the M57Al1 motor (LGM30 B&F common), motor
overtest consists of pressurization a rate in excess of 10,000 psi/second
to a maximum of 540 psi. This overtest approximates or exceeds the ignition
transient and exceeds the expected ignition pressure maximum of 275 psi.

The motor overtest temperature is the same as the missile silo environment
(70° F). The ¢ritical failure mode is that of wing slot cracking; the
initial failure location was predicted to be in the radius of the wing slot
tip, located about 4-1/2 inches aft of the intersection of the wing slot

and the centerport (3.7 inch radius). The second most critical mode for

the M57A1 motor is the debonding of the boot-to-flap bond in the aft center-
port; however, this failure was not expected to occur during motor over-
testing because of the high margin of safety calculated at the bond.

The overtest procedure to induce the critical failure mode was
identified in Task II using analytical methods (Reference 2).

The most important measurement to be obtained from the overtest
of the M57A1 motor was the test pressure at which grain failure initiates,
In simple terms, the ratio of the measured failure pressure to the expected
maximum value of the motor ignition transient may be viewed as the structural
safety factor. By overtesting motors of various ages, it should be possible
to extrapolate the motor capability (safety facteor) versus age data to a
time when the motor no longer has sufficient capability to withstand the
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expected service loads., In practice, the prediction of the service life

of the eatire motor population is not as straightforward as the above
outline implies. The use of overtest results to predict motor service life
is coverad in Section VI.

This subsection reviews the overtest program involving 6 and 9
vear motyrs. The test data are discussed and the data applicable to the
determination of motor failure pressure are presented. The initial failure
sites arz identified and the extent of cracking, determined by inspection
and motor dissection, is described. The results of the pretest and post-
test motor inspections are presented. The equipment, instrumentation,
and other details are presented in Reference 3.

2. Overtest of Six-Year Motor

The overtesting of the 6 year motor was generally the same as the
overtesting of the 9 year motor described in Reference 3, However, the
M57A1 mo:or selected for this second overtest differed from the 9 year
motor in more ways than simply being 3 vears younger. The 6 year motor
was of the configuration designated as LGM-30F*, while the 9 year motor
was an Li3M-30B, Seventeen changes in configuration, materials, or
processing requirements were made between the B and F versions of the
M57A1 (Raference 9). With regards to the performance of the 6 year motor
overtest, the important changes were: (1) The slot tip geometry was
changed o an elliptical form, which reduced the strain concentration
factor to the minimum value possible, and (2) the connection between the
aft dome boot and flap (at the centerport and at all four nozzle ports)
was chanied to a vulcanized joint, which was stronger than the former
adhesive bond,

The implications for the overtest of the ¢ year motor followed
directly from the important OPRI changes, First, a higher test pressure
is required to crack the wing slot tips. The deflections in the grain
cavity are therefore higher, and the special potentiometers used in the
wing slois do not have sufficient stroke capability. Second, aft center-
port debonding is not a critical failure mode. Less instrumentation was
required in the aft port region, but some instrumentation was necessary
to verifr that neither boot-flap bond, propellant, or case bond failures
occurred during test.

The overtest of the 6 year M57A1 motor (LGM-30F) was a high rate
hydrotesi: at a rate of 10,000 psi/second to a maximum pressure of 640 psi.
The moto:: temperarure for the overtest was the same as the missile silc
environment, which is 70° F. Wing slot cracking was to be induced by the
overtest . other failure modes are of much lower criticelity. The overtest

*LGM-30F is also referred to as an QPRI, The first QPRI motor manufactured
was desi.gnated S/N 32933.
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procedure to induce the critical mode was identified in Task II (See
Reference 2).

The most important data to be obtained in the overtest of the
6 year motor was the test pressure at which grain failure initiates.
However, the use of motors of two configurations, LGM-30B and LGM-30F,
introduces an additional complication into the prediction of motor service
by the extrapolation of motor failure pressures. The propellant failure
pressures must be normalized to a common configuration, using a factor
related to the slot tip concentration factors which differed for the two
motor designs. The normalized failure pressures of the motors may then
be extrapolated versus age to a time when the motor no lenger has suf-
ficient capability to withstand the expected loads.

The 6 year M57A1 motor selected for the overtesting was an
LGM-30F, S/N 33348, which included the OPRI changes. The motor had been
changed to Modified QOperational Motor configuration subsequent to Govern-
ment acceptance.

The motor case was from production lot 44B, which had demon-
strated a case hydroburst pressure of 724 psi. The forward skirt had been
damaged as the result of a transporter accident.

The motor was cast in April 1968, and was 69 months old when
the overtest was performed. The CYH propellant was cast from powder lot
RAD-1-16-67, which had the following physical properties at 77° F and a
test rare of 2 inches per minute using a JANNAF test specimen:

Tensile strength (psi) 295
Elongation (%) 59
Tangent modulus (psi) 802

The DDP propellant was cast from powder lot RAD-1-5-66.

Instrumentation types and locations were selected with the main
objective of detecting either of the two principal failure modes, Instru-
mentation was therefore concentrated around the critical wing slot section
and in the region of the centerport boot-to-flap bond. Instrumentation was
provided to measure grain deflection, case and dome strain, and pressure.
Event gages were installed to monitor grain cracking. The various installa-
tions are shown in Figures 3-7 and 3-8. For detalls on instrumentation
mounted externally on both motors see Reference 3. The event gages
installed in the wing slots were of the configuration shown in Figure 3-9.
Some of the various instrumentation devices used inside the motor cavity
are shown in Figures 3-10 through 3-15.

The high-rate pressure-time curve obtained during the test of
the 6 vear motor. (33348), as indicated by the pressure transducer in the
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aft centerport, is shown in Figure 3-16. The pressurization rate was
20,000 to 30,800 psi/sec (range of measurements at four ports) during the
initial part of pressurization which lasted up to 0.03 second. The maximum
pressure was 635 psi, at 0.195 second. The degree of overtesting can be
judged from the plots of the average ignition transient which has been
overlaid on Figure 3-16. The initial test pressure rate is higher than

the average ignition rate, and the maximum pressure is greater than twice
the maximum ignition pressure, as desired.

Three event gages in the forward trim area of the wing slots
responded to cracking events. The pressures at the time of the cracking
response were 575 psi, 595 psi, and 585 psi in wing slots 1, 2, and 3,
respectively, One event gage in the critical slot tip section of wing
slot 1 responded to cracking at a pressure of 585; one gage at the critical
section of wing slot 4 may have responded at a pressure 625 psi, but this
may be the response of the gage to breaking of leadwires, One event gage
in the third row of wing slot | responded to cracking at a pressure 620 psi;
one gage in the third row ¢f wing slot 2 may have responded at a pressure
of 600 psi, but this is more likely the response of the gage to a leadwire
breaking., One event gage in the fourth row of wing slet 1 responded to
cracking at a pressure of 635 psi.

Wing slot width measured by the Humphrey potentiometers, which
were located farthest forward in the wing slots, increased smoothly and
fairly linearly with pressure to 2 maximum value of 0,64 to 0.72 inch.

Wing slot deflection measured by the potentiometers in the two rows farther
aft in the wing slots (D4 and D9) increased smoothly with pressure to a
value of approximately 0.72 inch. None of the potentiometers in the wing
slots showed any abrupt changes that could be associated with wing slot
cracking on time-history plots nor on crossplots of deflection versus
pressure,

Because both potentiometers in the forward end of the centercore
debonded from the propellant, no valid data were obtained. Diametrical
deflections of approximately 0.5 inch were recorded at two locations in
the aft end of the centercore.

Two of the event gages in the aft web responded to cracking
events at 465 and 620 psi. Since aft web cracking occurred in a motor that
was high-rate tested to 410 psi (Reference 10), the event gage responses
were considered to be wvalid.

The diametrical deflection of the stress relief groove increased
smoothly with pressure to about 0,36 inch, except for a hangup of the
potentiometer assembly which occurred between 290 and 560 psi,

No debonding of the aft centerport or nozzle ports was recorded

by either the axial potentiometer in the aft centerport or by the radially
oriented potentiometers in the nozzle ports.
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Cracking was induced in all four wing slots. The extent of cracks
in wing slots 1 and 3 was roughly equal. The cracks in wing slots 2 and 4
were also roughly equivalent to each other in extent. However, the extent
of cracking in wing slots 1 and 3 was wmuch greater than the extent of
cracking in wing slots 2 and 4., Generally, there was only one erack in
each wing slot, except in the forward trim area, The wing slot tip approxi-
mated an ellipse, but was actually formed of tangent circular arcs, The
likely location for cracking at the slot tip appears to be the point of
tangency between the small and large circular arcs. However, the tendency
for cracks to begin at the point of tangency is very weak; in some instances
the cracks cross the slot from side to side and at other locations the
crack runs down the center of the wing slot. Two cracks are present for
about 8 inches in wing slot 3, but they run together on the surface and
branch out within the propellant,

The motor instrumentation did not give any information relative to
the rate of crack propagation during the motor high rate test. Because of
the uncertainties as to the speed of crack growth, the effect of grain
cracking on motor performance is not clear. If cracking continued for a
large part of the 16 seconds for which pressure was held at 610 psi, the
extent of cracking would not be significant for estimates of motor per-
formance because the burning surface could overtake the crack. However,
if the crack propagated to its full extent very reapidly, the burning
surface would be more than doubled and total motor failure would occur.

The test results, therefore, do not give information that definitely

defines the criticality of the failure mode of wing slot cracking. The
problem of defining motor failure is certainly neither new nor is it
confined to the service life analysis of the M57A1 motor (see Reference 10),
Using the same rules for evaluation as used in the initial survey of M57Al
failure modes, the extent of cracking is not significant; i.e., a small
crack is a failure and a large crack is a failure, so there is no differ-
ence between them in this program. To fully evaluate the importance of
crack depth would require motor firings.

The extent of cracking was defined through motor dissection. The
extent of cracking is illustrated in Figures 3-17 through 3-20, which are
photographs of the motor surfaces exposed by the cutting, T[ach wing slot
is identified by its nozzle port number written nearby on the propellant.

The aft face of Section II is shown in Figure 3-17. This section
had been marked for further dissection. The first cut had been made before
the photograph was made. The double crack at the tip of wing slot 3 extends
about 4 inches forward and stops. A third crack starts at the opposite
side of the slot and continues forward and outward. The cracks in wing
slots 2 and 4 both extend forward from the surface shown, turn to one side
of the slot, pass through the sharp cornered section of the forward trim,
and stop at the forward end of the wing slots. In both wing slots 2 and 4,
the remaining corner of the forward trim area is cracked, but the crack
does not extend aft of the trim.
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The forward face of Section III is shown in Figure 3-18. This
surface is located, in the uncut motor, l.2 inches aft of the surface shown
in Figure 3-17. The double crack in wing slot 3 (Figure 3-17) has joined
and formed one crack at the slot tip surface which branches at about 1.5
inches into the propellant.

The forward face of Section I is shown in Figure 3-19. The
forward face of Section I1 appeared identical to this, The cracks that
began in slots 1 and 3 (0° to 1800) have made a slight twist and now lie
approximately along the 160° to 340° diameter. This same crack, still
parallel to the 160° to 340° diameter but shifted 2-1/2 inches from center
towards port 4, is shown in Figure 3-20 at the aft face of Section VI, the
forward dome. Two more cuts were made on the forward dome piece, revealing
the crack in profile as shown in Figure 3-21, The crack extends across
this section without entering the region of the forward centerport opening.

The overall extent of wing slot cracking is summarized in Figures
3~22 and 3-23, Alrhough the cracks are in general inclined to the pro-
jection planes of the drawings, the cracks are shown at full depth as if
rotated into the drawing planes.

The failure of cracks to propagate out to the TT ports is perhaps
surprisirg., One study (Reference 11) included the TT area flap-to-insulation
bond as z critical failure mode because of the high stresses predicted for
this aree. The general appearance of the crack profiles shown in Figure
3-21 leads to the conclusion that the TT ports act as stress relieving
features for cracks originating in the wing slots.

3. Overtest of the Nine-Year Motor

The 9 year M57A1 motor selected for the overtesting was an
LGM-30B ¢ /N 32570 (Hercules Incorporated production number 5H3). The motor
configuration has been reworked to incorporate the B-1 fix. The C7/W
adhesive weight in the boot-flap bond was 8 gm, which is characteristic
of contrclled bond processing.

The motor case was from production sublot 3B, which had demon-
strated a case hydroburst pressure of 559 psi.

The motor was cast in July 1964 and was 1ll1 months old when the
overtest was performed. The CYH propellant was cast from powder lot RAD
1-3-64, vhich had the following physical properties obtained from a standard
JANNAF test sample at 77° ¥ and a crosshead speed of 2 inches per minute:

Tensile strength (psi) 299
Elongation (%) 59.2
Tangent modulus (psi) 823

The DDP propellant was cast from powder lot SR 69A-63.
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The internal instrumentation for the 9-year motor is given in
Figure 3-3., Types of instrumentation are the same as shown for the 6-year
motor.

The high-rate pressure-time curve attained during the test of the
9 year mo:or (motor 32570) is shown in Figure 3-24. The pressurization rate
was 17,60) to 28,500 psi/sec (range of measurements at four ports) during
the initial part of pressurization, which lasted up to 0.02 second., The
maximum pressure was 548 psi at 0,128 second, The degree of overtesting
can be julged from the plot of the average ignition transient which has
overlaid on Figure 3-24. The initial test pressure rate is higher than
the averaze ignition rate, and the maximum pressure is greater than twice
the maximaim ignition pressure, as desired,

Three event gages in the forward trim area of the wing slots
responded to cracking events. The pressures at the time of the cracking
response was 475, 530, and 507 psi in wing slots 1, 2, and 3, respectively.
None of the event gages in the critical slot tip section responded to
cracking. One event gage (E3) in the third row of gages responded to
cracking at 512 psi.® No other valid event gage responses were obtained.

With slot width increased smoothly and fairly linearly with test
pressure o a maximum value of 0.55 inch. The slot width growth was
uniform w_th respect to axial location of the measurement, It was antici-
pated thai: cracking in the wing slots would produce an abrupt change in
slot width, However, no such indication can be found in the data from
any of the potentiometers in the wing slots. Therefore, the attempt made
in this test to validate the event gage responses by conventional instru-~
mentation was a failure. ;

Centerport diameter increased smoothly with pressure. In the
aft centerport, the maximum deflection was approximately 0,4 inch, In the
forward centerbore, the port growth was larger immediately forward of the
slot-centerbore intersection than it was farther forward, as expected.

The largest deflection was greater than 0,48 inch, which amounts to only

16 perceni: strain, which is well within the capability of the propellant.
The poteniiiometer at this location ran out of stroke at 545 psi, but
apparently recovered when the grain relaxed during the pressure decay.

The diamei:ral growth of the stress relief groove was somewhat smaller,

0.28 inch. No debonding of the aft center port or nozzle ports was recorded
by either the axial potentiometers in the aft center centerport or the
radially oriented potentiometers in the nozzle ports.

Cracking was induced in all four wing slots. All of the cracks
were in the wing slot corners (l/4 inch radius or the sharp edge of the
forward trim area), as expected. Cracks were induced in both corners of

*Event gage E10, also in the third row of gages, responded to cracking
during the pressure decay period while the motor was at a pressure of
525 psi.
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wing slo:s 1 and 3 but only in one side of wing slots 2 and 4. The motor
conditioas prior to and following the tests were determined by visual inspec-
tion cf the integral motor and of pieces removed from the motor by a
carefully planned dissection. Results of the dissections and inspections

are considered separately in following paragraphs.

The extent of cracking was exposed by dissecting the motor,
using the cutting technique worked out in a previous program (Reference
12). The motor was sawed transversely, and sections containing the wing
slots were further transversely cut into slices approximately 1/2 inch
thick to expose the slot profile and the cracks. This cutting plan did
not provide for removal of the entire length of wing slot in one piece;
the first seven inches of the slot was in Section IT, and the remainder
in Section III.

Figures 3-25 through 3-27 show the extent of wing slot cracking,
as measured from the sliced-up wing slot propellant, The end view of the
slot profile shown on Figure 3-25 applies to all three of these figures
to distinguish which corner of the wing slot is illustrated in the side
views of the slots,

In general, the extent of cracking as revealed by dissection is
somewhat more extensive than was detected during visual inspection of the
integral