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ABSTRACT

The behavior of a bimaterial specimen consisting of a rubbery
particulate composite with a thin rubber layer is studied experi-
mentally and computationally. The purpose of the investigation
is to study the behavior so fracture in the rubber material can
be understood better. The paper uses computer-aided speckle
interferometry to interrogate specimens deformed using tensile
testing. Computational modeling of the specimens is also ad-
dressed. Key findings are different behavior for the two mate-
rials, the presence of an intermediate region, and delamination
sites that are dependent on specimen geometry.

INTRODUCTION

Modern rocket propulsion had beginnings with pioneer Robert
Goddard, Although Goddard had many motor failures, the scale
‘and expense of today's rocket motors is massive by comparison,
and the additional complexity of the modern rocket system pro-
vides multiple possibilities for failure, any one of which could
result in lost lives and large capital losses. One failure mode
involves deterioration of the layered materials near the inside of
the rocket motor case.

From the outside in, the typical large solid rocket motor has
an outer casing, an insulator layer, a rubber liner layer, and an
inner core of solid rocket propellant, @ composite composed of
a high volume fraction of hard particles embedded in a rub-
ber matrix and referred to as a rubbery particulate compos-
ite (RPC).[1, 2, 3] Each layer has its own peculiar mechanical
characteristics. Although they contribute to the motor perfor-
mance in some significant way, each material adds complexity
and increases the number of potential failure locations. One area
that has caused problems is near the liner-propellant-interface.
The region near this interface can have defects originating and
evolving during the manufacturing, storing, handling, or launch-
ing of the rocket. Typically, this type of failure is investigated
using fracture mechanics, although the effects of the interfaces
on these fractures are not well understood.

This work is part of an ongoing effort to understand this phe-
nomenon. We hope a thorough examination of the simplified
experiments conducted here will provide useful insights into in-
terfacial mechanics in general, and in particular to the rocket
motor problem. These initial experiments use a combination
of speckle interferometry and computational modeling to exam-
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ine a bimaterial specimen without cracks. More detailed future
experiments will use these results as a foundation.

EXPERIMENTAL PROCEDURE

We performed the experiments using a tensile testing machine to
deform the bimaterial specimens while simultaneously capturing
images using a charge-coupled device (CCD) camera. Later,

these specimen images were analyzed using the Computer-Aided

Speckle Interferometry (CASI) method. Additionally, we used
the images to determine the displacement of the specimen edges
and the two rubber-RPC interfaces. These displacements were
the basis for the average strain measurements and the associated
strain rate measurements shown later in the Discussion section.

A typical specimen is shown in Figure 1. The specimen is com-
posed of two materials, with the rubber material sandwiched
between the rubbery particulate composite and adhered using
a thin layer of urethane adhesive. By using a thin layer of ad-
hesive we hoped to minimize its effects while avoiding another
complication: the migration of material constituents across the
interface caused by co-curing of the materials. The thin rubber
layer is also used in the motor, which has a layer of comparable
thickness next to the RPC layer. In the actual application, layers
of other materials are present, and instead of adhesive the use
of co-curing of the materials is employed. A more comprehen-
sive model that incorporated these features (i.e., co-curing and
incorporation of the case and insulator layers) is possible. How-
ever, we thought the extra complexities would make the problem

intractable.

We glued the specimen into the two aluminum grips and pulled

. them with a screw driven tensile testing machine. The grips

can be considered rigid compared with the specimen materials
and are used to apply uniform displacements to the specimen
edges. For the specimen shown the dimensions are: Thickness
= 5.1 mm, Overall Height = 101.6 mm, and Width = 25.4 mm.
The rubber fayer has a height of 2.5 mm. Specimen width was
varied in the experiments with several trials conducted for each
thickness, as shown in Table 1. For the figures shown in the
Discussion section, the results are for a specimen with a width
of 25.4 mm.

The experimental procedure has been given in general. More
specifically, the specimens were deformed using a screw driven
tensile testing machine with a crosshead speed of 0.25 mm/min
using the aluminum end tabs shown in Figure 1, giving uniform
displacements along the top and bottom edges of the bima-




Figure 1: Bimaterial Specimen in End Tabs

Table 1: Specimen Test Matrix

Specimen Width [mm] | Specimens Tested
25.4 2
12.7 9
5.1 2

terial specimens. The images were captured in real time and
analyzed later using the CASI method. This is a computational
approach of speckle photography that measures two-dimensional
displacements well using a CCD camera and Fourier spectrum

analysis.[4, 5, 6]

Although two-dimensional contour maps of both in-plane dis-
placement components were obtained, for this initial finding the
method was used to find the vertical displacement components
as a function of position. The derivative of this displacement
component with respect to the vertical coordinate can then be
used to determine the normal strain in the vertical direction,
€yy. The CCD images were also used to determine the rela-
tive displacements of the two interfaces and the specimen top
and bottom edges, giving average strain values. These were
then used to calculate strain rates as a function of time using a
simple finite difference formula (see Equation 5 below). Aver-
age strains in both the rubber and RPC layers are given by the
equations below using the notation in Figure 2 (superscripts on
strain indicate Eulerian or Lagrangian strain). The displacement
profile is used with the average strain measures to determine the
bimaterial specimen behavior.

¢kpc = di/L (1)
Efubber = (d2—di)/! (2)
chpc = dif/(L+di) (3)
Epper = (d2—d1)/(l+da~dy) 4)

Figure 2: Notation Used for Average Strain Determina-

tions (Not to Scale)

€. — €t
it = t.) = il i1
de=t)=—h, (%)

The data was collected for up to 34 minutes, although delami-
nations occurred after about 5-6 minutes. Consequently, most
of the modeling efforts were focused on the first several minutes
of deformation. The experimental method, used in this way,
gave us information on the uniformity of strain as well as the
average strains and strain rates as a function of time. We used
this data for comparison of the computational model with the
experiments to assess the success of the modeling effort.

We performed additional experiments on bulk specimens solely
to determine the constitutive properties for the computational
modeling effort. The specimens were cut either from rubber
sheets (for the rubber specimens) or from blocks of RPC mate-
rial. The rubber specimens were dogbone shaped with nominal
dimensions of 69.9 x 4.2 X 9.5 mm and were tested at crosshead
speeds of 0.01 mm/mm/min. The rubbery particulate com-
posite specimens were rectangular with typical dimensions of
203.2 x 12.7 x 5.1 mm and were tested at 0.02 mm/mm/min.
The bimaterial tests determined the strain rates to be used in

‘these bulk material tests. During the first 10 minutes of de-

formation, the material strain rates in the bimaterial specimens
were approximately constant, and were 0.0030 mm/mm/min
and 0.6025 mm/mm/min for the rubber and RPC materials, re-
spectively. These strain rates were matched in the bulk material
specimens by the choice of crosshead speed and gage length.

COMPUTATIONAL MODELING

A frequent criticism of computational modeling is that the mod-
els are created with insufficient attention given to the accuracy
of the properties, geometries, and boundary conditions in the
actual application. We hoped to avoid this problem by working
closely with the experimental data and by testing the materials
to determine the constituent properties. Constitutive materials
for both the RPC and the rubber layer were determined.

During the deformation of the specimen, the RPC material ex-
periences relatively small strains and was therefore modeled as
linear elastic. This was done using bulk material cut into rect-
angular specimens as described above, with gage lengths and




crosshead speeds adjusted so that the average strains in the bulk
material tests matched those found in the bimaterial specimens.
The test data was used for determination of Young's modulus,
which was determined as an average for three bulk specimen
tests. The constitutive parameters for the finite element model
for the RPC material were: Young's modulus = 6.474 MPa and
v = 0.499 (the material is incompressible, so theoretically v =
0.5, but this causes singularities in the global stiffness matrix).

Modeling the constitutive behavior of the rubber material was
more complicated. This material experiences much larger strains
< during specimen deformation (about 0.7-0.8 mm/mm by the end
of the test), so the nonlinear aspects of the problem had to be
considered. We used a Ramberg-Osgood curve fit to address
the nonlinear behavior of the material. This curve fit is often
used to model material with both linear and nonlinear regions
in its stress-strain curve. It addresses nonlinearities due to large
strains, but does not address the strain rate dependence of the
stress-strain curve, a separate issue that may be dealt with in
later work. '

To determine the Ramberg-Osgood parameters, three dogbone
shaped rubber specimens were cut from a sheet, glued into alu-
minum grips, and tested in a tensile testing apparatus (nominal
dimensions were 69.9 x 4.2 x 9.5 mm). We used the average of
these three specimen curves for the Ramberg-Osgood curve fit.
The procedure followed was to first determine the linear region
and the modulus for this region, then to find the yield point.
Taking logarithms of the Ramberg-Osgood equation then deter-
mines the exponent (see Equation 6 below). The procedure is
described effectively in more detail in other works.[7] One note-
worthy aspect is that we used the true strains and stresses for the
determination. This was done to be consistent with the finite
element program, which outputs true strains and stresses rather
than engineering strains and stresses. With small deformations,
this makes little difference, but the distinction becomes more
important with compliant materials experiencing large deforma-
tions.

(6)

A thorough determination of the constitutive laws for the two
materials would be pointless without also carefully considering
the mesh and boundary conditions. Because of this, four meshes
of varying levels of refinement were constructed and tested for
convergence. The two finest meshes showed no significant dif-
ference in any of the respects examined, including overall load
vs. displacement response, displacement profiles, and normal
strain contours. The final mesh modeled the upper half of the
bimaterial specimen using rectangular eight-noded plane stress
elements, with a refined region in the rubber layer itself and
extending a substantial distance away from it (4.953 mm). El-
ement height in this region was 0.0508 mm. This fine mesh
region was connected to a coarse mesh region using the appro-
priate multi-point constraints. The element aspect ratio in the
fine region was low (3.9) and was similar in the coarse region.

Many other aspects of mesh design and element selection were
considered and examined to see if they had any bearing on the
results. We obtained similar results in all cases. These other
aspects include plane stress vs. plane strain elements, reduced
vs. full integration, and modeling of the whole specimen rather
than just the upper half.

We constructed the boundary conditions to match the experi-
ment. On top surface, the nodes were restricted in the horizon-
tal direction and prescribed vertical displacements were given
in 0.254 mm increments (since the experiment crosshead speed
was 0.254 mm/min, each step in the finite element analysis for-

mulation represents one minute of deformation). The horizontal
restriction simulates the adherence of the upper surface of the bi-
material to a rigid body (here an aluminum grip). Along the line
of symmetry (corresponding to the midplane of the specimen),
the vertical displacements were constrained. One additional hor-
izontal constraint was added at the middle node along this edge -
to prevent rigid body translation. The mesh was constructed
using the finite element program ABAQUS with nonlinear static
analysis options. A summary of the mesh and boundary condi-
tions is depicted schematically in Figure 3. :

Top Surface (Loaded
with Displacements
in y direction)

Coarse Reglon
Rubber
Layer (1.27 mm high
25 rows of elemenis

AN

Fine Regbn

R
A Midplane
(Axis of Symmetry)

Figure 3: Explanation of Mesh and Boundary Condi-
tions

DISCUSSION

On ‘the most fundamental level, the finite element model of
the bimaterial specimen can be visualized as two large linear
elastic springs connected by a short nonlinear spring. If the con-
stituent properties are determined well, the overall behavior of
the bimaterial experiments and the computational model should
agree. The overall load vs. displacements should be compared
to verify this, as shown in Figure 4. The figure shows reason-
able agreement between the model and the experiment. The
slight difference between the two curves is probably caused by
using bulk specimen tests to characterize the RPC material. The
large blocks of material from which specimens are cut are not

- always uniform with respect to morphology or properties. Be-

cause most of the specimen is RPC material, this deformation
dominates the overall specimen deformation. Differences in the
bulk-bimaterial properties for the rubber material would affect
on the overall load-displacement curve much less.

80
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£ - o X »
@ X uf
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crosshead displacement [mm]

Figure 4. Load vs. Displacements in Experimenf and
FEA Model

Figure 5 shows an experimental result not shown in the com-
putational model: the presence of five distinct regions in the




bimaterial specimen (i.e., three distinct types of regions, but
five distinct regions). The figure shows the vertical component
of displacement as a function of instantaneous vertical position
(this is the displacement profile mentioned in the Experimen-
tal Procedures). Of particular interest is the presence of the
interphase regions, where the displacement gradients (and cor-
responding normal strains €,y ) are highest. It is not known at
this time what causes this. Further computational model refine-
ment would probably include the use of additional constitutive
properties for this region.

Regions AR and EF: rubbery particulate composite region
- Region CD: rubber region
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Figure 5: Displacement Profile in Experimental Speci-
men

The strain vs. time data for each of these regions is shown
in Figure 6. The experimental data is shown along with the
computational counterpart (because of space limitations, only
the Eulerian average strains are shown). The strain rates agree
well for the region before substantial debonding of the interface
(less than 10 minutes). Later in the tests, the experimental
results indicate increasing strain rates for both the rubber layer
and the interphase region (strains for the interphase region are
not shown here). The absence of the interphase region in the
finite element model has already been noted. The increasing
strain rates in the liner could be related to this phenomenon,
however, more study will be required to decide how to mode!
this feature of the problem.

0.50
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Figure 6: Average Strains vs. Time in the Two Materials

Additionally, the experiments revealed a specimen width effect.
During testing, we noted that the width affected the site at
which delamination of the interface occurred during the test.
The specimens with the width-to-thickness ratio of 2.5 or less
delaminated near the center of the specimens, and specimens
with the width-to-thickness ratio greater than 2.5 delaminated
near the corner (at the intersection of the free surface and the
interface) (see Table 1). It should be noted that the bimaterial
problem is a three-dimensional problem so this observation may
only apply to the specimen thickness tested (5.1 mm). This
feature of the problem has not yet been studied computationally.

SUMMARY AND CONCLUSIONS

At this point the results for the experimental and computational
results are only tentative; more work will be performed to con-
firm the phenomena and to examine the causes of the bimate-
rial specimen behavior. The experimental technique was used to
good effect by showing the displacement profiles and the average
strains and strain rates in the two materials. This showed the
presence of an intermediate region. The strain rates in the RPC
were nearly constant throughout the test, but the strain rates in
the rubber layer and the interphase region increased during the
test. -The finite element analysis modeled the overall behavior
of the bimaterial specimens well (see Figure 4), but failed to
model the interphase region and did not adequately explain the
increasing strain rates (Figures 5 and 6). More work will be done
on the model to address these issues. A better understanding
of the issues presented here will help improve failure predictions
in rocket motors, and may have widespread implications in the
mechanics of layered materials in general.

The tentative conclusions for this work are:

1. Different behavior is noticed in different regions of the bi-

" material specimens. The RPC material experiences fairly
uniform strain rates, but the strain rates in the rubber ma-
terial increase during the specimen deformation.

2. The experimental method shows that the bimaterial spec-
imens have an interphase region that exhibits even higher
strains, and that exists in a region between the rubbery
particulate composite and the rubber material.

3. The bimaterial specimens delaminate along the interface
after about 10 minutes. The location on the interface at
which this delamination occurs depends on the width-to-
thickness ratio of the specimen, with more narrow speci-
mens exhibiting edge delaminations and wider specimens
exhibiting center delaminations.

4. The computational model does not yet address the issues
of the interphase region or the increasing strain rates in
either the rubber layer or the'interphase region.
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