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ABSTRACT

Defects formed in solid rocket propellant during manufacturing, transportation, storage, and assembly can lead to alterations
in the thrust time profiles and possibly catastrophic failure of the entire rocket. In order to determine the effects of
temperature, loading rate, and thickness on this particulate composite, tests were conducted at three temperatures, two
loading rates, and two thicknesses. Both uncracked and edge cracked "biaxial" specimens were produced from solid rocket
propellant. The stress relaxation modulus and stress strain data were obtained from load curves formed during "biaxial®
tension tests. Near crack tip displacements and strains were calculated from photographs taken of a surface grating on the
pre-cracked specimens during crack propagation. The effect of thickness on the stress intensity factor at crack initiation and
maximum stress intensity factor also were studied. Finally, by applying continuum theory the displacement singularity was
determined at different stages of crack growth.

From the stress strain data, it was found that the effect of temperature had a greater influence on the behavior than did
loading rate for the temperatures and loading rates studied. The crack growth in the composite consists of a series of crack
opening, crack blunting, and crack growth/resharpening stages which are highly nonlinear. A single stress intensity factor
was determined at crack initiation and found to be independent of thickness. However, during crack growth the maximum
SIF was found to be lower in the thick specimens due to more and larger voids. Determination of the displacement
singularity order for the sharp cracks was found to be consistent with the theoretical results predicted by Benthem.

INTRODUCTION

Solid rocket propellant is a particulate composite consisting of powdered aluminum and ammonium salt bound by a
polymeric matrix. Propellant not only serves as fuel but also as a structural component for the entire rocket. Defects and
cracks formed during manufacturing, transportation, storage and assembly have been found which alter the thrust-time
profile and can lead to catastrophic failure of the entire structure. By studying the material's failure mechanism under
varying conditions, safety and control may be improved.

The senior author and his colleagues have conducted extensive work on inert propellant to determine its failure mechanism
[1, 2, 3]. The current research examines the effects of thickness, loading rate, and temperature on real propellant with
ranges simulating actual storage conditions. ‘

Motor grain material, due to its lack of stiffness particularly at room and elevated temperature, presents some special
problems when loaded mechanically. Gripping must be done by gluing and the measurement of near tip surface
displacements must be accomplished by a measuring system which does not affect the material stiffness. Moreover,
measurements must not be too fine if continuum type algorithms are to be employed. Finally , "biaxial® specimens are
normally employed to induce some transverse constraint which is always present in the motor grain in service.
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IEST SPECIMENS AND PROCEDURES

Specimens of real propellant were received from the manufacturer as a 2°x8"x0.5" sheet (51mm x 203mm x 1 2.7mm).
These specimens were cut to simulate the biaxial stress condition that often occurs during the propellant's lifetime (fig.1).
The circular grooves cut from both sides were designed to prevent premature failure near the bonded area. Specimens
were bonded to aluminum grips (fig.1) with epoxy [Hardman - Red 04001] and allowed to cure for at least 24 hours. These
specimens were then tested to determine the stress-strain characteristics and stress relaxation data. In order to determine
the crack growth and propagation characteristics, the following specimen was produced.

Pre-cracked specimens were formed by cutting a circular groove on one side. A 25.4mm crack was cut in the other side
(fig.2) and a 5 line/mm grating was applied to the specimen at the crack tip region. Although finer gratings are available, the
0.2mm grating was chosen since its size corresponds to about half of that of the largest particle, 0.5mm. The use of this size
grating partially masks the local particle effects and allows continuum theory to be applied. The foundation for the grating
consists of a white paste produced by mixing titanium oxide and silicon grease. A thin layer was applied to the specimen
around the crack tip and a metal screen of 5 lines/mm was carefully laid over the paste. The specimen was placed into a
vacuum chamber where a piece of aluminum was evaporated and allowed to condense onto the surface. The aluminum
reacted with the paste not covered by the screen turning it black. This resulted in a pattern of white lines on a black
background when the screen was removed. The specimens were then fixed to the grips in the same manner as before.

Tests were conducted on both cracked and uncracked specimens at two loading rates, 2.54 and 12.7 mm/min., and three
temperatures, -65, 72, 165 °F (-54, 22, 74 °C). On the uncracked specimen, tensile tests were conducted at constant head
rates while stress relaxation tests involved an almost instantaneous loading to 3% global strain after which displacement
was held constant. For the cracked specimen a constant loading rate tensile test was also conducted. However, a camera
with a zoom lens was positioned to photograph the near crack tip region every 10 seconds or 2 seconds for a low or high
loading rate respectively (fig.3). From these photographs displacements and strains were calculated.

METHOD OF ANALYSIS AND RESULTS

After a viscoelastic material is strained to a given value, the stress developed in the material will slowly decrease with time.
This is called stress relaxation and may be governed by the general equation
Et) = Eg + B4t

Over the temperature range studied Eq and n remain constant with values of 0.98N/mm?2 and 0.32 respectively. However,
E1 changes with temperature having values of 220, 7.73, and 2.14 for temperatures -65, 72, 165 °F respectively. The
modulus verses time plot is shown in figure(4). By applying the time-temperature superposition principle to the elevated and
room temperature data, a master curve was developed for room temperature material (fig.5). Figure 5 reveals that the
temperature range examined lies within the transition between glassy and rubbery behavior.

By observing the photographs of cracked specimens, a pattern of crack opening, blunting and resharpening occurs which is
qualitatively independent of temperature and loading rate (fig.6). To analyze the photographs, a digitizing board was
employed to locate and store the grid intersection points. The points were then compared to the undeformed grid to
calculate displacements and strains. Typical results are shown in figure 7. The regularity of the displacement field (fig 7a)
suggests that this material may be described by continuum theory. Figure 7b reveals an intense strain zone (e2 > 0.15)
around the crack tip, the size of which increases with global strain. Near the crack surface away from the crack tip, nearly
rigid body displacements are observed (fig.7a). In the intense strain zone around the crack tip the material exhibits profuse
dewetting. As the crack propagates, the fracture surface undulates through the matrix avoiding large crystals. This
conclusion was formed by observing the crack's meandering pattern in figure 8, and from the protruding crystals seen in the
SEM picture (fig.9). The material's stress-strain response was also observed.

Load verses global extension for thin specimens is shown in figure 10. Examining three different temperatures and two
different loading rates the low temperature tests exhibit an increase in strength of around five times that of room
temperature. Elevated temperature showed only a modest decrease in strength of about 30%. Although increasing load
rate tends to increase the maximum load, the effect is small in comparison to that of decreasing temperature. Since low
temperature data is not yet available for the thick specimen, the thickness effect is only examined for room and elevated

temperatures.

Figures (11&12) show the results of several tests with differing thicknesses, loading rates, and temperatures. By observing
the graphs, it is seen that the maximum load per unit thickness decreases with increasing thickness. This phenomenon
corresponds to a decreasing maximum stress intensity factor. Such an effect is well-known in metals and is due to
transverse constraints in thicker specimens. However in rocket propellant, a particulate composite in a polymeric binder, the
effect is conjectured to be due to voids. Giriffith [4, 5] observed a similar effect in glass fibers. Based on molecular bond
strengths, Griffith found a discrepancy between the theoretical strength of glass and the observed strength of the glass
fibers. Griffith proceeded to conduct tests on specimens of ever decreasing diameter and discovered as specimen
thickness decreased, strength increased. He attributed this occurrence to the presence of defects and concluded that as



thickness increased so did the possibility of a large defect, thus reducing its strength. in rocket propellant the defects are
voids caused by dewetting of the crystals from the matrix. The point at which initial crack growth occurred is shown in table
1 and figures 11 and 12.

Table 1 Thin Thick
Time Global Ext Time Global Ext

HR-RT 11 sec. 2.3 mm 12 sec. 2.5 mm
LR-RT 55 sec. 2.3 mm 75 sec. 3.2mm
HR-ET 21 sec. 4.4 mm 19 sec. 4.0 mm
LR-ET 95 sec. 4.0 mm 85 sec. 3.6 mm
HR => High Rate 12.7 mm/min RT => Room Temperature 72 °F

LR => Low Rate 12.7 mm/min ET => Elevated Temperature 165 °F

The global extension at crack initiation is seen to increase with increasing temperature, yet remain relatively independent of
loading rate and thickness. This implies that a single stress intensity factor exists at crack initiation that is independent of
thickness. As the crack begins to propagate, the values of the stress intensity factor for the thick and thin specimen diverge
from the initiation value. At this point the SIF for the thick specimen falls below that of the thin specimen as noted above.

It is well known that the stress singularity for a crack in the interior of a body is r''2. This result corresponds to strass and
displacement eigenvalues of a5 = - 0.5 and 24 = 0.5, respectively. Benthem [6] predicted that when a crack intersected a
free surface the dominant displacement eigenvalue would be increased to 14 = 0.67 for an incompressible material.
Although this result assumes an isotropic media, it may also apply to rocket propellant since the specimen is globally
isotropic and only locally anisotropic. To determine the dominant displacement eigenvalue, lines normal to the crack plane
were drawn on the photographs and the grid intersection points were digitized. Displacement eigenvalues shown in table 2
were calculated from a log-log plot using algorithms based upon Benthem’s analysis (see appendix).

[able 2 i i ige

Temperature Loading Rate Thin (2.54mm) Thick  (12.7mm)
(F (mm/min,) Ay Ad

-65 12.7 0.70

-65 2.54 067 e

72 12.7 0.66 0.65

72 2.54 0.71 0.66

165 12.7 0.74 0.74

165 2.54 0.71 0.77

The average value of 14 = 0.70 for the sharp crack agrees well with the theoretical value suggesting that continuum theory
may apply. The result for the blunt crack (table 3) in the thin specimen was a higher value of 0.85. However, a different
method is being used to determine the eigenvalues for the thick specimens. The previous method consisted of subtracting
half of the crack tip opening displacement from the actual vertical displacements (see appendix). This method seemed to
work well for the thin specimens but failed to give consistent results in the thick specimens. The new method yields more
consistent results for the surface blunted crack by estimating the location of the sharp crack tip beneath the surface.

Jable3 inan

Temperature Loading Rate Thin (2.54mm) Thick  (12.7mm)

{E) (mm/min.} A A

-65 12.7 082 e

-65 2.54 0.88 -

72 12.7 0.85 0.64

72 2.54 0.92 0.72

165 12.7 684 e

165 254 0.84 e
CONCLUSIONS

Tests conducted on real cracked rocket propellant show the materials to becomes stronger and less ductile with decreasing
temperature. Relaxation tests determined that the temperature range studied fell within the glassy-rubbery transition.
Increasing loading rate over the range studied had little effect on the results. The material has a single stress intensity
factor at crack initiation which is independent of thickness. However, as the crack propagates the SIF is observed to
decreases with increasing thickness. The good agreement between Benthem's theoretical and experimental displacement
singularity implies that the material may be considered a continuum.
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APPENDIX

Algorithm for Displacement Singularity Determination

cus © N

Benthem (6) studied the problem where a quarter infinite crack in a half space (figure A.1) intersects with the free surface at
right angles. Benthem used the separation of variables method to evaluate the vertex singularity at the intersection point.
He assumed

o 1k
u; = 3 r*vh(8,0), (A1)
k=1
By considering the vertical displacement along a line normal to the crack plane, a first order of approximation can be made.
u, = Dyr’e (A.2)
This leads to
Inu, = InD, + A Inr (A.3)

The above equation can be utilized to estimate the displacement singularity, ,, for sharp crack tips by plotting In(u,) versus
In{r). For the blunted crack, the previous method modified equation (A.3) by subtracting half of the crack tip opening
displacement, u,q, from the actual vertical displacement, u,,

In(uy-Uyg) = InDy + A Inr ' (A.4)

While the method was adequate for the thin specimens, no consistent results were achieved for thick specimens. Thus, for
the surface blunted crack, a new method was developed which estimates the location where the tip of the crack lies beneath
the surface. Due to varying conditions in the interior of the specimen, the location of the crack tip is estimated by the
following empirical equation

ag = ag + 0.91uyg (A.5)
s 2

where as is the estimated sharp crack tip length, a, is the surface blunted crack tip length, and uyg is the crack tip opening
displacement (fig A2). The value of 0.91 was calculated by averaging several sets of data. By applying equation (A.3) at
the new crack tip location, ag, the displacement singularity can be obtained.
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