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ABSTRACT

Described in this report are the results of ar
experimental investigation of the mechanical properties
of two simulated solid rocket propellants. The "green”
propellant is salt-£filled polyurethane; the "gray" propel-
lant is Adiprene L-102, filled with alumipum rowder,
aluminum sulphate, and castor »il.

In low temperature tests there was found the expected
inverse relation betwesen temperature and U.T.S. For the
green propellant. the U.T.S. waried@ from 170 psi at rcom
temperature to about 6,000 psi at -ZOOOC, while corresponding
vaiues for the gray were 250 psi and 11,000 psi, respectively.

In static torsion tests, the gray propellant exhibited
a marked notch sensitivity and a tensile fracture mode,
while the green had no rotch sensitivity and a shear fracture
mode.

Tne impulsive fracture strenyth of the green propellant
wes found to be about 16,000 psi, in confirmation of tests
run by previous investigators, and the shock attenuation at thiz
stress level is 2bout 5,200 psi/in. An approximate value of
24,000 psi for the impulsive fracture strength of the gray
was obtained by indirect means, along with a shock attenuation

of 1,500 psi/in. On the basis of these fracture strengths,




caizulated points on the Hugoniots of the two propellants
were obtained.

The dynamic Poisson’'s ratic for the green propellant
was fcund to be greater than 0.5, while for the gray, it
was less ‘han 0.5. Both propellants have static values of
v in the range of 0.5.

A deformation wave velocity was discovered which
travels at a velocity of 400 fps in the gray propellant

and 1;000 fps in the green.
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I.

INTRODUCTION

As discussed in the last progress report, the current
research has been carried cut in three phases: cold temper-
ature tensile tests, impulsive spallation tests, and dynamic
compression tests to determine the dynamic Poisson's ratio

for solid rocket propeliant.

1.0 Materials Tested

Two propellants were tested in varying degrees in each
setup. These will be referred to as the "green" and "gray"
propellants on the basis of their respective physical appear-
ance. Both propellants are inert and resemble actual
propellant only in their mechanical properties.

The green propellant, designated DP-16, is polyurethane
based with a salt filler, and it was supplied by Aerojet
CGeneral Corporation. Its compozition by percent is:

Polyurethane 15
Potassium Chloride 85

The gray prosellant, supplied by the Southwest Research

Institute, has the following composition by percent:

Adiprene L-100 16
Castor 0Oil 6
Aluminum Powder 22

Aluminum Sulphate 56
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II. LOW TEMPERATURE TENSILE TESTS

2.0 Introduction

In an attempt to relate the low temperature mechanical
properties of solid rocket propellant to its dynamic mechanical
Properties, a series of low temperature tensile tests weres run
on the two propellants investigated. These tests were designed
to measure the stress-strain relation, to failure, at five
temperatures: ambient, 0°C, -10°C, -80°C, and -200°C. Due to
peculiarities in the mode of fracture in these tests, a quick
series of torsion tests was also run to investigate the effect

of shear deformation.

2.1 Apparatus and Test Procedure

2.1.1 Test Mdchine and Specimen

The tensile tests were run on a Tinius Olsen Universal
Testing Machine. It was necessary to construct special grips
and load cells in order to test the propellant properly.

The initial grips were designed on the principle of a
collet and were used to hold an 8 in. x 1 in. diameter
specimen, with a neck diameter of 0.6 in. (Fig. 2.1). This
specimenh configuration was a modification of the standard
specimen described in the Federal Test Method Standard for
the tensile testing of plastics. This arrangement had two
drawbacks: the specimen slipped out of the grips as its

cross sectional area decreased, ané it was difficult to




turn the propellant on a lathe.

For these reasons a new set of grips was made to fit
& JANAF type specimen (Fig. 2.2). These specimens could
be made guite easily on a milling machine, and when tested,
they slipped “reely in the grips until suuggly seated. As
with the previous grips, attachment tc the testing machine
was rade through a ball and socket coupling to assure axiality
of alignment. Thiis should have allowed a uniform tensile
Stiess across the test section. It was found that due to
irherent inaccuracies in the machining of the specimens, the
circulazr shoulders against which the grips pulled were not
always evenly spaced. fThis out-of-alignment, which was seldom
moxe than 1/64 in., was difficult to see with the eye, and
could only be corrected in the more severe cases. At temper-
atures high enough for the spacimen to deform until seated,
this out-of-alignment caused no sericus problem, but at very
low temperatures, it appears to have affected the results.
This will be discussed further in secticn 2.2.1.

The cold trap used to hold the coolant was, for the ice
end dry ice, a Plexiglas, double-walled tank. The Plexiglasz
~28 used in order to allow visual observatici: of the deform-
ation, but it was found that condensation and the murkiness
cf the coolant preciuded this. Because of its superior
insulating properties, a polystyrene foam tank was constructed

for use in the liquid nitrogen tests.




There was some questicn as to whether the coolant, which
was in direct contact with the specimen, might attack the
specimen and affect its mechanical properties. Therefore,
in the early tests in which coolant was used, the specimens
were coated with "Silastic", a low-modulus, synthetic rubber,
vhich would not adhere to the specimen. The Silastic served
the further purpose of providing a thermal barrier which
lessened the thermal shock when the specimens were first seb-
mersed in the coolant. t was found that for the dry ice
and liquid nitrogen tests, there was no effect on the tensile
strengtn whzn the Silastic was left off, so its use was dis-
continued.

2.1.2 Irstrumentation

Two load cells, using wire strain gage sensing units,
were made -— one covering the range from G to 500 1lbs. and
the other covering the range from 5060 to 1500 lbs. These
were placed in the load train as indicated in Fig. Z.2.

Because the spe ' .iens slippsd in the loading grips,
it was necessary to measure the deflection directly on the
specimen, rather than the relative mction of the grips. It
was found that this could most easily be done by measuring
the change in lateral dimensions of the neck. This was docne
with a split steel ring which rested on either side of the
neck. Strain gages recorded its change in radius, thereby

indicating the change in specimen cross section. This




technique conveniently measures to an accuracy of 0.001 in.
Because an accurate value of Poisson's ratio is not available,
an approximate calculation of the longitudinal strain was
made assuming v = 0.5.

While it was originally intended that the strain be
determined in all tests the total strain to fracture was so
small in the *wo lowest temperature tests, that its determi-
nation did not seem to warrant the complications involved.

In the final analysis of the data, the strain was only con-
siderad in those cases where it was large enough to affect
tha stress,

All records of the tests were made on the basis of
load, and in some cases deflection, as a function of time.
Usually readings were made every 15 seconds. It will be
convenient, therefore, to record the results of the higher
temperature tests in terms of an average strain rate, and
the two lowest temperature tests in terms of an average
load rate.

2.1.3 Torsion Test Apparatus and Procedure

As will be discussed in the results, the mode of fract-
ure of the gray propellant appeared to be quite different
fxrom that of the green, and so it seemed worthwhile to compara
their fracture strengths under pure shear strain. It was
decided that a torsion test on a hollow tubular specimen would

ke the simplest means of obtaining a state of pure shear in




the specimen. The minimum cross section used in the tests
was 1.25 in. ID and 1.8% in. OD.

An improvised torsion testing machine was made out of
a lathe by gripping one end of the speciuen in a four-jaw
chuck and supporting the other end on a center in the tail
stock (Fig. 2.3). A torque arm was attached to the tail
stcck end of the specimen and a bucket was hung on the end
of the torque arm so that shot could be poured into it.

As the first specimen :Zailed by buckling, the successive
specimens were made as short as possible, and a steel rod
was imbedded in the rotating end of the specimen and passed
through a journalil bearing in the fixed end to supply add-
itional lateral stiffness.

The speciinen was loaded by slowly pouring shot in the
bucket until the first sign of gross relaxation of the
specimen. 'The only precise measurement made was the fract-
ure torque. Rough measurements of the fracture shear strain

indicated that it was approximately one, i.e. 45°.

2.2 Test Interpretation and Results

2.2.1 Tension Tests

Several tests were run at each temperature on both
types of propellant., Most of the results given in Table 1
(and Fig. 2.4) were obtained from the JANAF type specimen,

although a few confirmatory tests were run using the
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cylindrical specimens, both at room temperature and at
liquid nitrogen temperature. A&As no apparent difference
was obtained, these tests are not identified in the table.

As mentioned in section 2.1.2; the recorded maximum
strain, and strain and load rates, are only approximate
values and are included primarily for comparison. The UTS
(fracture strength) values given for the tests at ambient,
0°C and -10°C, are calculated on the basis of the load
divided by the cross sectional area at fracture.

There appear to be three main feasons for the vari-
ation in UTS obtained and recorded in Table I: variation
in strain rate, nonaxiality of loading, and rate of cooling.
While no extensive attempt was made to separate these effects,
the general effect of strain rate may be seen by referring to
the values in Table I. The effect of the other two was
minimized insofar as was possible. It should be added that
a certain amoun% of variation resulting from the inhomo-
geniety of the material (particularly in the green propellant)
-ould bz expected.

Thermal shock was found to affect the UTS of the speci-
mens primarily in the liguid nitrogen tests. The green
propellant was found to have a significantly higher UTS
when cooled in stages: the specimen was placed ir a copper
cannister which was first placed in dry ice, *then in liquid

nitrogen, and finally in direct contact with the liquid




nitrogen. 1In the dry ice tests, the specimens were first
cooled in powdered dry ice, and then alcohol was mixed with
the dry ice to improve heat transfer and maintain a uniform
bath temperature around the specimen cduring the test.

As mentioned in the discussion of apparatus, inaccu-
racies in machining the specimen are presumed to have affected
the stress distribution across the neck in scme of the JANAF
Type speacimens. In the room temperature tests, where the
average strain in the neck was in the order of 0.2, a vari-
ation of a few hundredths in the shape of the grips and
specimen would not affect the results, but at dry ice and
liquid nitrogen temperatures, the totai strain wes only a
few thousandths, so the smallest misalignment could subject
the specimen to a ccnsiderable bending moment. This is
assumed to account for most of the large variaticr in UTS
obtained at the lowest temperatures, and for this reason,
the highest values will be considered the most valid.

In order to minimize the alignment problem, a pivot
was built directly into the top grip in order to facilitate
alignment of the specimen.

It also appeared that it might be possible to seat the
specimens by prestressing them at a low value before testing,
thus decreasing the nonuniformity across the cross section
during testing. A specimen of each material was tested at

room temperature by first preloading it up to about 50 psi
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and leaving this load on it for about 20 minutes. The green
speciren had relaxed zbout 15 psi and the gray about 25 psi.
The specimen was then loaded on to fracture in each case.
The gray showed no appreciable effect of the preload, but
the green brcxs at a UTS of 110 psi cr about 2/3 the UTS

in the other tests. This reduction in strength is assumed
to b2 relate@ to the creep properties of the material.

The actual fracture which occurred was "ductile" in the
room tercerature and ice water tests, i.e. the fracture started
frem a crack causing the specimen to neck down and slowly tear
apart. The fracture was always a tensile fracture, ncermal to
the tensile axis.

While it was found that in general the gray propellant
was about 50% stronger than the green, any small stress con-
centration, particularly a notch normal to the tensile axis,
would severelv decrease its strength. The gray specimens also
had a tendency to break well up in the jaw at the point of
maximum compressive load. The fracture would start out rnormal
to the jaw and run in a circular arc over to a corresponding
point on the other jaw.

At the lower temperatures the fracture was "brittle", the
specimen breaking with a sharp crack. As in the room tempera-
ture tests, some of the gray specimens broke well up in the
jaw of the ¢grip, the crack apparently prsopagating from the

point of contact with the jaw.




2.2.2 Torsion Tests

Because of the peculiar ncich sensitivity exhibited by
the gray propellant, it appeared worthwhile to determine
the shear fracture strength and specifically the effect of
notches on the fracture strength.

The results of the torsion test showed a distiact
difference in the basic mode of fracture between the green
and gray propellants {See Table II). While in both cases
the shear strength was comparable to the tensile strength,
the green propellant consistently failed in a shear type
fracture, in the plane of the maximum torgue. The gray
propellant, conversely, failed in tension on a helical
plane.

The other result of interest was that the gray propellant
was extremely sensitive (about 50 percent reduction in strengil;
to small surface cuts which were made on the surface of the
neck (about 1/32 in. deep and 1/2 in. long). These cuts were
placed at 0°, 45°, and 90° with the axis of the specimen in
order to compare the influence of the direction of the cut.
Conversely, the green propellant showed essentially no

sensitivity to the notches at alls.

*A1l calculations of the maximum shear stress were based on
the equation e

T=—3

where 1~ is the shear stress, T is the torque, J is the Polar
Moment of Inertia, and c¢ is the distance from the central
aMis to the outside surface of the neck or to the bottom of
the notch or cut.

2
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JII. IMPULSIVE LOADING TEST3

3.1 Intrcduction and Backaround

The impulsive loading tests were ruvn on the air gun
apraratus described previously in the report by Charest,
et all. Basically the purpose of the current series i tests
was to confirm the results previously published and to extend
them to include tr spallation strength of the gray propellant.

In order to explain the purpose of the present test pre-
gram, it seems in order to review the theoretical basis of
the experiment and some of the experimental problems encount-
ered by the previous investigators.

The spalling technique as a means of determining the
impulsive fracture strength of a material is based on the
hydrodynamic theory of wave propagation. According to this
theory, a compressive wave traveling normal to a free surface
will be reflected at the free surface as a tensile wave of
identical shape. If the maximum amplitude of the tensile
wave 1s equal to the fracture strength of the material
througn which it is traveling, the material will fracture
when the head of the tensile wave has passed the tail of the
compressive wave. Before the tensile wave reaches the fract-
ure piane the net stress at each point in the material is the
algebraic sum of the tensile and compressive stress components
at that point. Thus the position of the spall, or fracture,

and the amplitude of the incident wave required to produce
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it will depend on the share of the wave. The impact of a
flat plate on another flat plate theoretically produces an

ideal square compressive stress pulse whose length in time is:

t = 2 (3.1)
Cq

where t is the time, cgis the shock wave velocity in impactor,
‘A is the thickness of impactor. The amplitude of the stress

lse is:
pu w2

§, ! . (3.2)
“:[, P 61
€10 8§27/

where O~ is the stress, {,is the unstressed density, 5 is the
<
Co

Thus, in order to determine the stress, the Hugoniot

’..'
=

change in density

- 1, and V,is the impact velocity.

(the dynamic equation of state) must be known for the two
impacting materials. If the target and impacting materials.
If the target and impacting plate are made of the same material,

E¢. 3.2 reduces to

2
€ Vo Vs .
g = 5, 4 €0 Cs3 (3.3

so the stress may be determined through a knowledge of the
impact velocity and the Hugoniot of the material. As it is
usually possible to measure the shock velocity, the use of
the same material for impactor and target is a convenient

method of determining the Hugoniot for a material.




Thus far, no consideration has been given to the atten-
uation of the stress wave. For most solid materials tested
in the manner described above, the attenuation of the stress
wave as it travels through the target plate is small enough
so that it can be ignored. Attenuation begins to become
serious when the stress level is high enough to cause a
noticeable change in the density*, For most materials with
a large bulk modulus, i.e. small value of & for a given stress,
the fracture strength will normally occur at a level corres-
ponding to a comparatively small change in density. The
propellant materials being tested have a very low bulk
modulus and thus show a considerable attenuation of the inci-
dent stress pulse, as well as variation in the shock velocity.

The attenuation of the stress pulse changes not only
its amplitude but also its shape. One of the principles
applied in the hydrodynamic theory is the conservation of
momentum, which states that in the collision of two freely
noving bodies the area under the pressure-time curve is
constant. Thus, if a square wave is introduced into a
propellant target, it will become longer in time as the
pressure amplitude decreases. This infers that different

portions of the wave must travel at different velocities,

*%he change in density § and shock velocity are related by the
Equation § = —%ég. The bulk modulus of a material is defined
as the ratio of impact stress to density change, /¢ , and is
obtained from the slope of the Hugoniot.

13




which is reasonable since the lower the stress amplitude,

the slower the stress wave travels. It would be expected

therefore, that the stress wave reflected at the free sur-
face would be roughly wedge-shaped, instead of square.

It can be seen that with the decay of “he stress ampli-
tude and shock wave velocity ocecurring at various rates
throughout the stress pulse, the determination of the con-
ditions causing the spall to form will be very difficult
and would require a knowledge of the pressure-time profile
at the free surface. the Hugonint, and the rate of stress
attenuation. The test series undertaken was designed to
provide this background information for use in analyzing

the data obtained in the spallation tests.

3.2 Planarity Tests

In all the tests run with the air gun, the planeness of
impact between the two colliding surfaces is extremely
important. All simplifying assumptions on the noninter-
ference of edge effects, recording the rise time of the
pressure pulse, etc., are based on a plane impact. As an
indication of the problem, for an impact velocity of 300 fps,
a tilt of 0.001 in. across the impact surface would cause a
tilt of over 0.02 in. in the stress front traveling through
propellant, and about 0.06 in. in steel.

To assure alignment of the impacting surface, a ground

plate was fabricated with four insulated pin-contacts mounted
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flush with the plate surface. These pins were placed in a
triangular array with one pin at the center, thus allowing
measurement of both the tilt and the flatness of the impactor
with respect to the plate., The pin contacts were connected,
through an electrical circuit, to two high speed oscillosccpes
where the time of arrival of the projectile to each pin was
recorded.

Repeated tests with this arrangement indicated a random
misalignment of over 0.001 in. tilt. This was traced to a
flared end on the gun barrel which allowed about 0.003 in.
clearance around the projectile in the last few inches before
impact. When it became apparent that O-ring bushings, runners,
and other types of spacers would not eliminate this problem,

a new gun barrel made to closer tolerances was ordered. After
suitable alteration of the specimen holding devices, the tilt
was kept consistently below 0.0005 in. This precision was
sufficient to assure a reasonable percentage of acceptabie

tests.

3.3 Quartz Transducer Technique

In order to determine the pressure profile and peak
pressure amplitude, which is needed in both the determination
of the Hugoniot and pressure attenuation, the quartz trans-
lucer technique described by Charest,et al} is the most direct
nrocedure available. Considerable effort was expended in an

attempt to get meaningful traces froi the setup described in
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the previous report, but no satisfactory arrangement was

obtained. The limited time available prevented consulta-

tion with other investigators who have successfuly used

this technique.

Had this techmdnue been perfected, the procedure was

to have been as follows:

1.

In order to eliminate the pressure decay from
consideration, an aluminum taiget would be impacted
with a propellant projectile. Since the pressure
decay in the aluminum is small and can be accounted
for, an accurate determination of the pressure-

impact velocity relation could be obtained. From
this, by knowing the Hugoniot of the aluminum, the
Hugoniot of the propellant could be determined.

By impacting the propellant with an aluminum impactor,
the pressure decay could be determined, since the
pressure at the impact surface is known and the
pressure on the free surface could be measured.

While the quartz transducer will only record the first
portion of the pulse (approximately 1 sec) the length
of the pulse can be estimated from the thickness of
the spall, so that it shcald be possible to estimate

the shape of the entire wave profile.

A




3.4 Spallation Tests

3.4,1 fTest Program

Since, as was édiscussed in the previous section, it was
not possible to measure the spalling stress directly, it was
necessary to devise indirect means of estimating the spalling
stress, or more exactly, the impact stress and the attenuation
of the stress pulse. Basically, these indirect means con-
sisted of determining the critical spalling velocity. (the mini-~
rum impact velocity which would cause a spall) and undertaking
various other auxiliary tests which gave an indication as to
the shape of the Hugoniot for the two propellants. The spall-
ing veloci~y was determined for various thicknesses of
propellant targets, and four different impact materials. The
augiliary tests which were run consisted of a static determi-
nation of the equation of statz of the propellants and measure-~
ment of the acoustic wave velocity and shock velocity by
several different means. The aaxiliary tests will be discussed
first.

The static equation of state for the two propellants was
measured by compressing cylindrical specimens in a close-fitting
steel chamber. To avoid inaccuracies due to voids in the
charber, the initial portion of the curve up to about 2 percent
volume change was disregarded. 7The curves obtained are shown
in Fig. 3.1, along with the Hugoniot of P.exiglas, aluminum,

and variocus calculated points on the Hugoniots of the two
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propellants which will be discussed later. As was suspected,
the gray propellant exhibited a significantly lower bulk
modulus than the green.

The acoustic wave velocity was measured by an apparatus
consisting of two piezoelectric crystals, one serving as a
transmitter and the other as a receiver, which were placed on
opposite sides of a block of propellant. It was found that a
small increase in the clamping pressure used to hold the
crystals against the propellant block made a substantial
difference in the measured wave transit time. A 5 percent
increase in the calculated velocity was obtained with mod-

erate pressure. The minimum values which could be consistently

obtained were:

foxr the green, c, = 5600 f£ps

for the gray, c, = 5060 fps

The shock velocity, i.e. the velocity of a discontinuous
wave front of large amplitude, will obviously vary with stress
amplitude and degree of compression of the transmitting medium
as has been discussed, so it is only possible to obtain a
representative value for stress amplitudes in the range of
interest. In both the previous and current investigations,
attempts to measure the average velocity of the stress pulse
through the propellant target yielded very inconsistent results

and was discarded as a test procedure. Charest, et alf reported

an experimentally determined value of cy = 6500 fps for the
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dreen propellant which was obtained by measuring the transit
time of the shock wave from a blasting cap in a block of
propellant. Unfortunately, since there is no way of knowing
the amplitude of the stress pulse, it is at best an approximate
value.

Another determination of the shock velocity of the green
propellant was obtained by placing a sheet explosive charge
on one side of a rectangular block of propellant. When detonated
on one end, the explosive sends a shock wave into the propellant
which makes an angle with the explosive surface which is determ-
ined by the ratic of detonation velocity in the explosive and
the shock velocity in the propellant. A corner fracture of
the same angle is obtained in the corner of the propellant
diagonally opposite from the point of initiation. This pro-
cedure was followed for blocks of various thicknesses and the
results indicated a maximum value for 1/2 in. thick block of
over 20,000 fps. The shock velocity decreased to a minimum
value of €,500 fps for a block 1 1/2 in. thick. Since both
investigations found a limiting value of 6,500 fps, it is
thought likely that this value corresponds to a stress level
of approximately 10,000 psi at which the previous investigators
found attenuation to have become negligible. It is of interes:
that the detonation pressure of the explosive, 3 million psi,
has decayed, without divergence, to a value of about 10,000 pe:
in a distance of 1 1/2 in.

19




Attempts to measure the shock velocity in the gray
propellant with the blasting cap technique gave values
varying from 6,000 to 8,000 fps. It was decided that a more
representative and directly comparable value cculd be
obtained by calculating a shock velocity from the value of
6,500 fps used for the green propellant. The calculated
value is 6,600 fps. Details of its calculation are given
in the following section.

3.3.2 Test Results and Interpretation

The critical spalling velocities for various impactors anl
target thicknesses are given in Table III. The impact
stresses listed are determined from Egs. 3.2 and 3.3. It
will be noted that there is considerable scatter in the
velocities and stresses. It was not uncommon to obtain no
spall at impact velocities significantly akove those quoted.
For this reason, the exact spalling velocity is in question
in most cases. It is likely that the rapid attenuation of
the initial high amplitude stress pulse decreases the cffecl
of variations in impact velocity, making small variations
in impact geometry and irregularities in the propellant
structure abnormally important.
or the green propellant was deter-
mined by use of Egq. 3.3, cg = 6,500 fps, and Vg = 280 fps,

to be 2C,200 psi. The corresponding value of * is found from

the relation, .= Vo/2cs, to be 0.021. As an independent
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check on this value, it will be noted that the spalling

velocity for Plexiglas is approximately 280 fps, which is the
same value obtained with a propellant impactor. This apparently
indicates that the impact stress is also egual to that of a
propellant impactor. Using this condition, Eq. 3.2 reduces to,

egpropellant _ ? propellant (3.4)
@, Plexiglas B ¢ plexiglas

From this relation, it is possible to make use of the known
Hugoniot of Plexiglas in order to calculate a point on the
provellant Hugonict. At a stress of 20,000 psi, Eq. 3.4 gives
a value of $= 0.026.

It is now necessary to extend this procedure in order to
obtain a point on the Hugoniot of the gray propellant. Two
possible approaches exist. The first is to move the static
equation of state by an amount equal to the ratio of dynamic
to static equation of state for the green propellant. The
resulting point (No. 3) is plotted in Fig. 3.1l. Using Eq. 3.3,
Vo = 505 fps, and 9= 0.055, a value of the impact stress of
26,000 psi is obtained. In the second procedure, a reasonably
realistic estimate of the shock velocity is determined from the
ratio between shock velocity and acoustic velocity for the gireon
propellant. This estimated shock velocity is obtained from

the relation:

s - Ca' - Quray P Cg = Ca ; (3.5)
. Cq sgray Tgreen

21




A value of 6,6C0 fps is obtained in this way. Using this
value, the impact stress is 38,500 psi, nd - = 0.039. This
point falls on the calculated Hugoniot for ~he green propellant
(See Fig. 3.1, point No. 4j. For the acoustic wave velocity of
the gray propellant, an impact stress of 29,060 psi is obtained
{point No. 5, Fig. 3.1) which suggests that the value of 2€,0C0
psi obtained by the first procedure is probably low.

A good estimate of the attenuation of the stress pulse is
difficult because of its strong dependence on the value of the
stress. It was decided that a lcgarithmic relation would best
represent the stress as a function of the distance from the
spalling plane. It is interesting that, if the results of the
previous investigators when using this experimental technique
are plotted on a graph of log stress versus distance from the
impact plane, a.fracture strength value of 16,500 psi is
obtained which is significantly closer to the fracture strenc..ic
obtained by the two other techniques, than their quoted value
of 14,300 psi based on a linear attenuation of stress (See Fi..
3.2).

In order to determine the attenuation of the gray propelizaxt,
zne best data available is that using a Plexiglas impactor. Ta=
values of impact stress determined from Eq. 3.3, using the
minimum value of - for the gray prcpellant (that correspondinc
to an impact stress of 38,500 psi) are given in Table III. By

drawing a representative line through these four points, Fig. .7

.3

22




.n indicatior of th: degree ol attenvation ray be obtainad.
if lines of tne same slope as this one are drawn through the
maximum and minimuan values of impact stress, it is found that
the spalling stress lies in the range of 21,000 to 27,000 psi.
The average impulsive fracture strength for the green

propellant is 16,000 psi. It was found in the cold temperature
tensile tests that the gray propellant is about 50% strongex
than ths green. On this basis, a nominal value of the fracture
strength for the gray propellant of 24,000 psi would appear

reasonable. The attenuation in this stress range is approxi-

mately 1,500 psi/inch.
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7. DETERMINATION OF POISSON'S RATIO

4.1 Introduction

An impcrtant parameter in the determination of stress
distribution in a deforming body is Poisson's ratio. This
ratio had tentatively been determined in preliminary investi-
gations on the green propellant tc be greater tnan 0.5 which
is the usual value for rubber-like materials. To confirm the
earlier results and extend the range of strain rates considered,
an apparatus was constructed which would simultaneously record
the longitudinal and lateral strain in a deforming propel-
lant specimen.

To establish the method of defining Poisson's ratio,
it is convenient first to look at the case of constant volume
for which v = 0.5. Starting with the relation,

Vol = AL

differentiating,
d(Vol) = AdL + LdA = O

Therefore dL/L = - dA/A
vhich, when integrated, gives,
New, A = WD2/4, SO:
- 2mn2 _
In L/L = 1n DZ/D“ = 2ln D_/D

giving _ in Do/D _

0.5 = =
in L/Lo
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Poisson's ratio can be derived in a manner similar to
that above for non-constant volume defcrmation giving the

relation,

_ 1n DQ/D
~ 1n L/Lg

4.2 Apparatus and Test Procedure

The specimen used in this test setup was a cylindrical
slug of propellant, 1 in x 0.8 in dia. It sat on a biass
pedestal upon which strain gages were mounted in order to
recorxd the load. A 6 foct, vertical air qun was placed above the
specimen at velocities varying from 20 to 200 fps. The
weicht of the projectile was adjusted to obtain an approxi-
mately constant maximum deformation of about 3/8 in. For a
strzin greater than about 40 per cent, the bulging became
serious and the specimen tended to slip over the edge of the
impactor. Furthermore, since the strain rate continuousl
varied throughout the impact, the clearest presentation of
the results would be a plot of v as a function of the piccress
cf the impact for various imract velocities. This com-
parison would only be meaningful for a uniform degree of
defornationn.

In addition to the load measurement from the strain gage.:,
the incremental strain is recorded on a drum camera recorrier.
The specimen is first painted white and then blackened with

lamp black, leaving masked white horizonta . and ver+icil linss.
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A cspecially designed optical arrangement projects a point
image of each line on the recording film, which is mounted
on the rotating drum. The rotational speed cf the drum
establishes the time base of the record. In addition, 2.5
millisecond timing marks are superimposed on the film with
a stroboscope. As deformation progresses, the point images
move perpendicular to the £ilm motion, giving a continuous
record of the longitudinal and lateral strain profile through-
out the impact. The strain could be determined from
measurements taken from the film to an accaracy of about 5
per cent strain. Accuracy to about 1 per cent strain is

possible with this technique.

4.3 Discussion of Results

Representative curves of v versus longitudinal strain
for the two propellants are given in Figs. 4-la and 4-1b.

It can be seen that the green propellant tends to have a value
of greater than 0.5, while the gray is less than 0.5. The
static values in both prcopellants are relatively constant

at about 0.5.

Accurate determination of v was hampered by both
limitations in the experimental technique and the complex
nature of the propellant. It can be seen that since the
strain is only accurate to about 5 per cent, for low values

>f strain, the possible error in the determination of v
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could be as much as 100 per cent or more. On the other

hand, th. strain was very non-uniform for large deformations,
which meant that it was necessary to measure the lateral

and longitudinal strains on the same cross sectional plane

for a meaningful value for v. Since the lateral strain was
always measvred on the same cross section, 1t was necessary

to make the assumption that the center portion of the specimen
deformed uniformly.

Nonaxiality in loading caused rfurther inaccuracy in the
results since the longitudinal and lateral strains were
measured on planes displaced 90° around the specimen. There-
fore, depending upon the degree and orientation of the
bending of the specimen, the calculated value of v might be
consistently high or low. This misalignment was an inherent
limitation of the test apparatus which resulted from the
poor interior surface on the gun barrvel.

Considering these complications, it is not surprising
that it has only been possible to indicate the trend of the
Poisson's ratio. Undoubtedly, the apparatus and test tech-
nique could be refined in order to give an acceptable val.e
for v if it were deemed worthwhile. It appears possible to
make a useful record for impact velocities up to 300 fps or
more. However, it was found that at the higher impact veloc-
sties the attenuation of the stress wave caused the deformatic.a
of the specimen to be non-uniform, with a roughly conical
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shape occurring. This was related to another observed
phenomena; there was 2 definite limiting veloc:ty of prop-
agation at which a finite amount of deformation would travel
along the axis of the specimen, This velocity was about

400 fps for the gray propellant, and 1,000 fps for the green.
It is not known what the significance of these deformation
waves is, but they might conceivably define a lower limit

to the strain rate at which brittle-like behavior occurs.

It would seem that this phenomena might warrant further

investigation.

CONCLUSIONS AND SUMMARY

In all the test programs it was found that the peculiar
properties of the propellant created special problems not
normally encountersd in these tests. Conversely, because
the tests were designed to investigate untested parameters
of the propellant, the standard propellant testing techniques
were of limited use. It is hoped that the technigues discucszc.
in this report will ke of some use in designing future exper:-
mental programs.

In the low temperature tests, there was found the
expected inverse relation between temperature and ultimate
tensile strength. For the green propellant, the UTS varied
from 170 psi at room temperature to about 6,000 psi at ~2OC°C,

while the correéﬁonding values for the gray nropellant were
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250 psi and 11,000 psi, respectively.

It was also found that the gray propellant has a marked
notch sensitivity while thie green is apparently insensitive
to notches. Static torsion tests run to investigate this
phenomena yielded the folliowing results:

1. small cuts on the gray propellant reduce its

strength by 50 per cent;

2. the ultimate shear strength of the green

propellant is approximately 150 psi, for
the gray it is about 270 psi;

3. the green propellant failed in a shear

fracture, while the gray rfailed in a
tensile fracture.

The impulsive spallation tests which were run confirmed
the results obtained for green propellant by the previous
investigators. The impulsive fracture strength for the
green rropellant is akout 16,000 psi, and the attenuation at
chis stress amplitude is about 5,000 psi/in. By indirect
techniques in which the gray provellant was compared with
the creen. an approximate impulsive fracture strength of
24,000 psi was obtained for the gray. with an attenuation
at that stress level of 1,500 psi/in. On the basis of these
fracture strengths, calculated points on the Hugoniots of the

40 propellants were obtained.
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Dynamic compression tests were run to determine the
dynamic value of Poisson's ratio for the two propellants,
but inherent inaccuracies in the testing technigue pre-
cluded an accurate determination of v. The trend of all
the results indicated that v for the green propellant is
greater than 0.5; while for the gray propellant, it is
less than 0.5. Por both propellants, the static value
is very nearly 0.5. It was also found that the initial
wave of finite deformation traveled at a definite velocity,
considerably below the acoustic wave velocity. This defcr-
mation wave velociiy is approximately 400 fps for the gray
propellant and 1,000 fps for the green. It is thought
possibly that this velocity might be related to a critical
strain rate above which the propellant behaves in a britt.e

manner. No proof of this suggestion is available.
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TZBLE I, Cold Temperature Tensile Tests

Room Temperatur-

Specimen Approximate

Number U.T.S.(psi) Max. Strain Strain Rate(/Mip!
1y* 160 0.14 0.07

2Y 185 0.14 0.07

3Y 160 0.13 0.04

4Y 167 0.13 0.04

1G*+* 250 G.35 0.03

2G 234 0.30 0.04

3G 270 0.25 0.06

4G 235 0.25 0.06

0°C_Coolant: ice and water

21y 176 0.14 0.01
22Y 231 0.14 0.06
21G 344 6.2 0.02

-10°C Coolant: ice and salt

31y 208 .10 0.01
32y 178 0.10 0.02
31G 370 .12 0.03
32G 328 .12 0.05
*¥Y = Green Propellant

**G = Gray Propellant




T'PLT 1 (Cor%'d;, Ccid Ter.peraturz Tensile Tescts

-80°C Coolant: dry ice and alcohol

Specimen

Number U.T.S.(psi) Load Rate(1lb./Min)
41y 2070 500
42Y 2270 500
43Y 2130 130
44Y 2830 120
457 2780 1800
46Y 2830 120
47Y 2800 250
41G 4G80 250
47G 4270 300
43G 4520 300

-200°C  Coolant: liquid nitrogen

51Y 2,320 200
52Y 6,€60 500
53v 4,370 500
54Y 4,340 500
5iG 11,680 1,200
526G 8,040 700
536G 10,980 1,000
54G 5,520 600
56 6,000 500
266G 5,730 500

£JG 7,330 900




TABLE II. Torsion Tests

Specimen Ultimate Shear Fracture
Number Strength,psi Mode Remarks
1Ys 137 Shear Papid load
2YS 126 Shear Slow load
3¥S 155 Shear Slocw load
4YS 132 Shear Slow, Oblique notches,
1/32 - 1/16 in. deep
5Ys 147 Shear Slow, Circumferential
hotch, 0.02 in. deep
1Gs 206 Tensile £low, Broke in fiiliz:
at corner
2G5 270 Tensile Slow, Helical fracture
plane
3GS 154 Tensile Circumferential notck,
C.02 in. deep
4GS 125 Tensile Oblique notches, 1/32 -
1/16 in. deep
5GS 128 Tensile Oblique notches, 1/32 -

1/16 in. deep




TABLE

IIY.

Minimum Spalis

SRZE!l] PROPELLANT

ngactor

1.5
1,/8"
2 /g
/4"
3/15

1/3"

/4

Plexiglas
Pilexiglas
Plexiglas
Aluminum
" Aluminum
Aluminum

Steel

Green Prop.

vV *
(£9s)

e

260
254
248
232

221

280

GRAY PROPELLANT

Plexiglas
Plexiglas
Plexiglas
Plexiglas
Aluminum
Steel
Steel

Steel

Gray Prop.
Gray Prop.

Gray Prop.

651
534
548
473
595
508
434

548

508
501

508

Spail

Thickness

1/8"

3/16"
3/1e"
7/32"
7/32*
7/32"
3/32"

174"

5/1e"
1/16"
3/32"
3/32"
1/8"

5/16"
5/32"
1/8"

1/8"
1/8“
7/32"

* Critical spaliing velocity

Impact Stress

{(psi x 10~93)

21.0
20.3
18.0
25.5
25.7
24.0

27.0

20.2

43.0
35.5
36.6
31.3
46.0
40.0
34.5

43.0

Specimen
Thickness (in’

0.490
0.490
0.490
G.490
0.490
0.490

0.499

0.500

o ]
w
1N
w

0.490
0.340
0.340
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