Characterization of Shear Strengths and Microstructures for
Charred Solid Rocket Motor Insulation Materials

Steven Alan Kyriakides

Thesis submitted to the faculty of the Virginia Polytechnic Institute and State University
in partial fulfillment of the requirements for the degree of

Master of Science
in
Materials Science and Engineering

Committee Members:

Dr. Scott Case, Chair
Dr. Stephen Kampe
Dr. Norman Dowling

November 29, 2007
Blacksburg, Virginia

Keywords: EPDM, Insulation, Char, Shear Strength, Microstructure



Characterization of Shear Strengths and Microstructures for Charred
Solid Rocket Motor Insulation Materials

Steven Alan Kyriakides
ABSTRACT

As advances in solid rocket technology push rocket motors to more extreme
operating speeds and temperatures, it becomes increasingly important to have well-
designed material systems capable of surviving these harsh conditions. One common
component in these systems is the use of a fiber- and particle-reinforced EPDM
insulation layer between the motor casing and the solid fuel to shield the casing from the
temperatures of the burning fuel and from the high velocity of gas particles traveling
within the motor. This work studies several insulation materials to determine which
exhibits the highest shear strength after being charred. Double-notch shear test
specimens of three materials, ARI-2718, ARI-2719, and ARI-2750, were charred and
tested to measure the failure strength of each charred material. The ARI-2750 showed
the highest shear strength when loaded along the material orientation, but the ARI-2719
was strongest when transversely loaded. The strength measurements for ARI-2750 were
highly sensitive to loading direction, unlike ARI-2718 and ARI-2719. Extensive
scanning electron microscopy to identify correlations between shear strength and
microstructure revealed that the amount of fiber orientation and amount of residual

matrix material may have significant impacts on charred shear strength in these materials.
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Chapter 1: Introduction

Background

Throughout the history of rocketry, the performance of rocket-powered devices
has depended upon their ability to withstand the high temperatures and loads associated
with their use. As the use of rockets has developed to require longer flights, the focus of
research has shifted from developing the most efficient pressure vessel to improving the
nozzle, insulation, and other time-sensitive materials." Observed temperatures in modern
solid rocket motors can reach as high as 4000 °C, putting most structural materials at
risk.” To allow the use of more standard materials for rocket casings, an effective
thermal protection system is important. Typically, several layers of insulation are added
between the solid fuel and casing, shielding the casing from the heat produced by the
combusting fuel. Figure 1-1 below shows a simple design for a cylindrical casing for a

solid rocket motor.

Casing
Thermal
insulation \

Solid fuel

Igniter

Figure 1-1: Simple Cylindrical Solid Rocket Motor Casing



Because the fuel in this design initially burns from the inside and then works its
way outward, the actual insulation will not see its maximum operating temperatures until
the final stages of operation.” By that point, the insulation must also be able to withstand
the ablating forces occurring within the motor. In addition to seeing heat spikes of up to
340 J/cm®-s, particles in the exhaust flow of modern rocket motors can be traveling at
over 1000 m/s.>* The mechanical erosion of the insulating layer caused by these
particles helps to reduce the layer’s surface temperature, but also reduces the amount of
material present.”® The amount of erosion actually occurring in service is complicated by
the effect of high flight velocities on ablative erosion, as studies have shown significant
increases in erosion observed in recovered service motors compared to those tested under
static conditions in a lab environment.” The material selection and design for these
systems attempts to optimize performance in consideration of this tradeoff.

Elastomeric compounds have been researched since the mid-to-late 1960s for
applications as ablative insulation for solid rocket motors.® Ethylene propylene diene
monomer (EPDM) rubber, found in automotive weatherstripping and some tennis shoes,
is currently the standard choice for this application.>”*'° EPDM has good ozone
resistance, necessary in the environments often encountered during service, has a good
ability to adhere to the propellant within the motor casing, and is able to produce stable

'L12 Much of the research into EPDM insulation now focuses on

char layers during firing.
altering the additives, which can include Kevlar and other fibers as well as particulates
such as alumina, silica, or carbon black.”'%!> Nano-fillers such as carbon nanofibers,

montmorillonite (MMT) nanoclays, and polyhedral oligomeric silsesquioxane (POSS) are

also being considered as performance-enhancing additives to EPDM insulation.” Also of



interest is the integrity and strength of the insulation at the interface of the charred and
virgin material during operation.® Indeed, the strength of the materials in general is
crucial to the design of solid rocket motors, as it impacts the amount and placement of
insulation within the casing."® Effective modeling of these motor designs depends upon

the accuracy of the material properties used in those models.

Problem Statement

The design and modeling of elastomeric insulation systems for solid rocket
motors is hindered by the lack of clear mechanical properties for the charred insulation.
The charring process itself is still very difficult to model, as is its effect on the properties
of the virgin material.'*'® A full characterization of the shear strengths of these materials
is necessary to provide more accurate properties for future attempts to model solid rocket

motor systems.

Project Details

This investigation took place at Virginia Tech in collaboration with personnel at
AFRL and Aerojet. Aerojet donated all four materials tested herein, as well as one
sample of material charred in their own insulation screening motor (ISM). To test the
shear strengths of these materials, double-notch shear tests were performed using a
modified version of the ASTM-D3846-02 test standard. Thermal properties were
measured using HotDisk analysis; HotDisk is a trade name for equipment that measures

several properties using the transient plane source technique.



Mechanical Testing

The ASTM-D3846-02 test standard, designed for testing the shear strengths of
reinforced plastics, describes placing two offset notches into a specimen and applying a
compressive force transverse to the notches, thus creating a shear force between the tips
of the notches. Figure 1-2 below shows the basic dimensions for the specimens used for

shear strength testing herein.

12

10

Figure 1-2: Shear Strength Test Specimen Geometry (all dimensions in mm)

These are the nominal dimensions after the shrinking caused during charring; the effect
of the char process on specimen dimensions is described in Chapter 2. The application of
a compressive force, illustrated by the blue arrows above, causes shearing between the
notches, noted by the red oval. The failure load was divided by the planar area between

the notch tips to determine the overall shear strength.



Thermal Property Testing

To further characterize these materials, a HotDisk sensor was used to measure the
thermal conductivity, thermal diffusivity, and heat capacity of these materials. Initially,
these measurements were to be taken at a variety of temperatures; however, limitations
on sample size prevented any elevated-temperature measurements.

The HotDisk fixture makes use of the transient plane source technique to measure
these properties. In this technique, a circular sensor is placed between two flat pieces of
the material in question. A small electrical current passes through the sensor, which in
turn measures the temperature across the sensor area. By recording and analyzing the
time-temperature response, the machine’s software can accurately calculate the thermal
properties. In order for this to be accurate, however, the diameter of the sensor must be
smaller than the probing depth, defined as the smallest distance from the sensor to an
outer surface of the sample.'” No elevated-temperature sensors were currently available

that were sufficiently small in diameter to test the material on hand.

Objectives

The objectives of this project were as follows:

e Measure the shear strengths of the four materials described above

e Characterize the microstructures of each material

e Compare the microstructure of the charred ARI-2750 to that of the ARI-
2750 taken from the ISM sample

e Identify correlations between microstructure and shear strength

Material Information

The four materials donated by Aerojet were designated ARI-2718, ARI-2719,
ARI-2732, and ARI-2750. ARI-2718 is the current industry standard for this application,

and ARI-2718 and ARI-2719 are basically the same material, though the components of



each come from different suppliers and the processing times at each stage listed below
differ somewhat. ARI-2750 is a potential replacement for ARI-2718, and ARI-2732 is
essentially the same as ARI-2750 with no fiber material. All consist of an EPDM matrix,
and all but ARI-2732 include aramid fiber reinforcements; ARI-2718 and ARI-2719 also
have a silicon compound added. Elemental compositions of the virgin materials, as well
as more detailed descriptions of these materials, are provided below in Appendix A
(ITAR restricted). Table 1-1 below summarizes the basic similarities and differences of

each material.

Table 1-1: Material Details

Material ARI-2718 | ARI-2719 | ARI-2732 | ARI-2750
Matrix EPDM EPDM EPDM EPDM
Fiber Reinforcement Yes Yes No Yes
Particle Reinforcement Yes Yes Yes Yes

The processing of these materials takes place in four basic steps. In the first step,
all ingredients (except the curatives) are mixed in a master batch. The second step,
referred to as refining, uses two-roll mills and/or calenders to break up and disperse the
fiber bundles. Step three places the ingredients back in the mixer, at which point the
curatives, based on a clay carrier, are added to the material. Finally, the calender is used
to establish the final thickness of the panel.

To machine the shear test specimens, notches were cut with a 0.025-in. thick
carbide blade in one of two directions, perpendicular or parallel to the processing
orientation. Aluminum plates were used to clamp the panels in place, thereby preventing
the material from deforming during cutting. After the notches were cut, strips were cut
from the panel; test specimens were then cut from each strip using a box cutter. Figure 1-

3 below shows the basic process for machining these specimens.



Figure 1-3a: Shear Specimen Preparation — Insulation Panel between Aluminum Plates

Figure 1-3b: Shear Specimen Preparation — First Notch Machined into Insulation

Figure 1-3e: Shear Specimen Preparation — Specimens Cut to Length from Strip



Chapter 2: Experimental and Results

Charring Procedure

Because of the low oxygen content of the upper atmosphere, the insulation does
not presumably oxidize to any significant degree during field operation. To simulate this
when charring specimens for this work, all material was to be charred under a
predominately inert atmosphere of ultra-high-purity nitrogen gas. Due to the brittle
nature observed in the charred material, the notches for the shear specimens were

machined prior to charring.

Process development

Initial attempts to char the shear specimens took place in an open-air Lab-Line /
Carbolite tube furnace, so a system had to be developed to maintain a nitrogen
atmosphere around the specimens themselves. Two specimens of ARI-2718 were first
bound together near the end of a steel nitrogen delivery tube, with ceramic blocks in
place to prevent thermal expansion during charring. Stainless steel shims were placed in
the notches to hold them open as well. Once the samples were securely fastened to the
delivery tube, the entire structure was enclosed in an improvised envelope of stainless
steel foil. The ends of this foil were folded several times and clamped together
mechanically to prevent any leaks besides the small hole around the delivery tube.
Nitrogen was pumped into this envelope throughout the charring, allowing the excess
nitrogen to leave from the hole for the delivery tube and prevent oxygen from entering.
The furnace’s open end was placed under a fume hood for the safety of others in the lab.

This furnace did not have a programmable controller; there was merely a dial to

set the final temperature. To reach the charring temperature of 1100 °C, determined



based on consultations with Aerojet, this furnace heated at an average rate of
approximately 20 °C/min. After holding for 20 min at 1100 °C, the furnace was switched
off, but the nitrogen flow was not yet terminated. The furnace was allowed to cool as fast
as possible in the air, and the nitrogen flow was cut off upon reaching 300 °C.

Once the cooling was complete, the steel foil was cut away to examine the

specimens. Both ARI-2718 specimens had crumbled, as seen in Figure 2-1 below.

Figure 2-1: Charred ARI-2718 Specimens from Initial Char Procedure

Inspection revealed that there were cracks throughout the specimens, running both
parallel and perpendicular to the notch direction. Similar results occurred for a second
run, using the same procedure but replacing the ARI-2718 with ARI-2750. Thinking that
these cracks may have come from thermal stresses in the constrained material, the next
charring run did not include the ceramic spacers mentioned above. These specimens did
not crumble, but still showed some cracking and would not have been adequate for shear
testing. Places where the foil was close to the specimens caused them to warp to fit the

surface of the foil upon expansion during the charring, as shown in Figure 2-2.



Figure 2-2: Charred ARI-2718 Specimen Showing Warping from Foil Surface

In addition to the physical defects in specimens produced this way, there were
several other drawbacks. First, the small size of the furnace (75-mm interior diameter)
and the difficulty in preparing a steel foil envelope to fit within the tube prevented
charring more then 2-4 specimens at a time. Such a small volume inside the envelope
may also have had difficulty maintaining a consistent temperature because of the cooler
nitrogen gas flowing in. Finally, the time necessary to prepare the samples for charring
under this procedure, which was about 90 min, was deemed too long to feasibly produce
a large number of test-worthy specimens for this work.

A second tube furnace, manufactured by Lindberg, was located and appeared to
address many of the issues with the first furnace. For one, the controller for this furnace
was fully programmable. The furnace could also be closed at both ends, allowing
nitrogen to fill the entire tube and a greater number of samples to be charred at once, even
though the tube diameter was smaller than before (50 mm instead of 75 mm). The
aluminum caps were fitted to the ends of the alumina tube and sealed with vacuum tape
to prevent nitrogen from leaking into the lab. A small circle of alumina, cut to be slightly

smaller than the inner furnace diameter, was placed inside the tube to prevent thermal
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damage to the aluminum caps. Figure 2-3 below shows one end of the tube as prepared

for this work.

Figure 2-3: Sealed End of Alumina Tube

Initially, one end was more permanently sealed with rubber cement and samples were
loaded into the end sealed with the vacuum tape. The tube furnace eventually needed to
be shared with another research group, though, so both ends were then sealed with
vacuum tape to allow the tube to be easily switched out while remaining uncontaminated.
A bubbler was added to the end of the nitrogen system to allow for monitoring of the
nitrogen flow throughout the charring process; this again vented to a fume hood.

To mirror the heating profile attempted on the first furnace, the controller was
programmed to heat up at a rate of 20 °C per minute until reaching 1100 °C, then to hold
for 20 min and cool as fast as possible. Nitrogen flowed from the start until the interior
of the furnace cooled to 300 °C. Specimens were placed on a flat piece of alumina, as

shown below, and pushed into the center of the furnace.
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Figure 2-4: Virgin ARI-2718 Specimens on Alumina Platform

Specimens charred in this furnace turned out better than in the other furnace,
though there was still some cracking visible in about half the specimens. Many

specimens also showed varying amounts of warping, as shown in Figure 2-5 below.

Some of the specimens that passed a quick visual inspection were tested on a dynamic
mechanical analysis (DMA) compression fixture, but none performed acceptably. The
force of the compression exposed cracks within the material that were initially unseen.
After contacting lab personnel at Aerojet, it was suggested to try a much lower heating

rate, on the order of 1 °C/min, to improve the quality of the test specimens.'®
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The controller was then set to heat at that rate, 1 °C/min instead of 20 °C/min,
with the same hold time and cooling rate. This slower heating rate allows volatile
compounds in the EPDM to diffuse out of the material before reaching a temperature
where they can erupt and damage the material. The cooling rate was not changed
because there is no danger of volatile eruption after the material has fully reacted.
Nitrogen flowed the same way as before, but because of the long run time of the new
heating profile, with nearly 24 hours under gas, the nitrogen regulator had to be
periodically adjusted to increase flow as the pressure within the nitrogen cylinder
decreased over time. The setup was checked once every 30 minutes for the first 2 hours,
once every 2 hours for the next 6 hours, then once every 3 hours for the next 6 hours. At
this last inspection, the nitrogen flow was set slightly higher than normal, allowing for
some decrease in cylinder pressure over the remainder of the char cycle, and the furnace
was not checked again until after cooling had begun. These inspections also proved
useful for monitoring the status of the vacuum tape, which, exposed to longer times at the
high temperatures involved, would grow soft and occasionally begin to leak through
small holes; in these cases, additional tape was placed over the holes to reseal the
furnace. After observing that the tape would sometimes lose adhesion and sag away from
the tube, steel hose clamps were used to hold the tape in contact with the tube throughout
the charring process.

The specimens produced from this charring system were of significantly better
quality than the previous specimens. There was much less cracking, with only one or two
cracked specimens per run, and the degree of warping observed was also reduced. Very

rarely, there were small regions of bubbling or swelling observed in the specimens,
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especially ARI-2719. No absolute reason for this was determined, but the issue occurred
so infrequently that the charring process was finalized to these parameters, as shown in

the following heating profile.

Temperature,
oC A
20 min
1100 —fF—=—==—————————-
1 °C/min
N, flow off
300 —f———oF e —— -
Time

Figure 2-6: Final Heating Profile for Tube Furnace Charring

These char parameters were later applied to ARI-2732, but did not produce any
quality specimens. Every specimen had cracked several times perpendicular to and in the
direction of the notch cuts, regardless of material processing direction. Because this
development was late in the overall project timeframe, these cracked specimens were
used for elemental analysis and microscopy, and no further specimens were prepared for

shear, thermal, or dimensional analysis.

Dimensional changes

To characterize and compare the behavior of the materials during char, the
specimens were measured before and after charring to determine the volumetric
shrinkage. The length, width, and height of each specimen were measured by digital
caliper before and after charring, using a basic V' = /*w*h method to determine the

nominal volume. The change in volume was divided by the virgin volume to determine
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the percent volumetric change. The results of these measurements are shown in the

figure and table below (the error bars represent one standard deviation).
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Figure 2-7: Dimensional Changes Observed After Char
Table 2-1: Dimensional Changes Observed After Char
Material Average Standard
Shrinkage, % | Deviation
ARI-2718 27.0 1.4
ARI-2719 21.6 3.2
ARI-2750 37.0 3.9
Microscopy

Scanning electron microscopy (SEM) was used to characterize the charred
microstructures of each material in this study. An FEI Quanta 600 F microscope, fitted
with a Bruker AXS energy-dispersive X-ray spectrometer (EDS), was used to collect
these images in order to look for any possible correlations between microstructure and
strength in each of the materials. All images were taken of fracture surfaces from the
shear testing described below, except for the images of ARI-2732, for which no shear
testing took place, and the ISM-charred ARI-2750. ARI-2732 micrographs were taken
on exposed surfaces from cracking during char, and ISM micrographs were taken from
surfaces exposed during failure of the material. Material orientation directions are shown

with red arrows when applicable.
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ARI-2718 Micrographs

The following images show representative microstructures observed for the ARI-

27718 material.

| B T | 3 12 88 mm r ]
Figure 2-8: Microstructure of ARI-2718 Specimen L20 (50x)
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Figur 1: icrostructure of ARI-2718 Specimen T11 (500x)

These images show broken fibers, cavities surrounding the fibers, and small clumps of
particles dispersed throughout, attached sometimes to fibers and sometimes to the
remnants of the matrix. For most of the fibers shown, either the matrix seems to have
pulled away from the fiber during char, or the fiber has shrunk during char, leaving gaps

between the fiber and matrix.

ARI-2719 Micrographs

The following images show representative microstructures observed for the ARI-

2719 material.

18



HY HFW |mag| WD det | pressure 1 mm
20.00 kV|2.98 mm| 50 x|10.8 mm|ETD| 9.26e-6 Torr Virginia Tech /NCFL

aes gt 8 cie W

) HV‘ HFW mag' WD | det préssure 400 pm .
20.00 kV[1.19 mm|125 x| 10.8 mm|ETD| 1.59e-5 Torr Virginia Tech /NCFL

Figure 2-13: Microstructure of ARI-2719 Specimen T11 (125x)
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Figure 2-15: Microstructure of ARI-2719 Specimen L14 (500x)
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The microstructure for this material is very similar to that of ARI-2718, as was expected.

See Chapter 3 for a discussion of the differences observed.

ARI-2732 Micrographs

The micrographs taken from the exposed surfaces of the cracked specimens of
ARI-2732 showed a variety of microstructure types. The following images show several

at the same magnification.

o : L 4/

10/21/2007 | mag | HFW WD ‘ det 200 ym
12:13:56 PM | 250 x| 597 um | 9.8 mm |ETD Virginia Tech / NCFL

Figure 2-16: Microstructure of ARI-2732 Specimen 1 (250x)
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Figure 2-18: Microstructure of ARI-2732 Specimen 5 (250x)
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These images are presented only for the sake of completion; since shear testing did not
take place, there are no fracture surfaces to compare to the other materials. The variety in
the microstructures observed for this material show that there were differing types of

failure occurring during char.

ARI-2750 Micrographs

The following images show representative microstructures observed for the ARI-

2750 material.
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Figure 2-23: Microstructure of ARI-2750 Specimen T13 (1000x)
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Figure 2-24: Microstructure of ARI-2750 Specimen T13 Showing Particles (5000x)
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Figure 2-25: Particles from ARI-2750 Specimen T13 (20kx)
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Figure 2-26: Particle from ARI-2750 Specimen T13 (50kx)

These images show the differing fiber sizes used in the fiber blend, a somewhat tangled
network of fibers, and at least two types of particles scattered throughout the material,

sometimes attached to fibers.

ISM-Charred ARI-2750 Micrographs

The following images show representative microstructures observed for the ARI-

2750 material recovered from Aerojet’s insulation screening motor (ISM).
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Fie 2-27. Miostructure of I-Charred ARI-27 Speien . (25x)

Figure 2-28: Microstructure of ISM-Charred ARI-2750 Specimen 5 (250x)



Figure 2-30: Microstructure of ISM-Charred ARI-2750 Specimen 3 (1000x)
These figures again show the clear distinction in fiber sizes included in this material, as

well as the tangled fiber network and the particle reinforcements throughout.
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Compositional changes

For a chart of composition results as obtained by EDS for each material, as well
as a comparison of these results to the virgin compositions, see the attached Appendix B

(ITAR restricted).

The full set of micrographs taken for this study is included below in Appendix C,

including some images of virgin microstructures from polished material specimens.

Mechanical Testing

Testing setup

Because the failure loads for the small samples used in this work were expected to
be very low, the shear testing was initially performed on a TA Instruments Q-800 DMA
fixture. Early tests showed that the loads at failure for these materials were between 2
and 5 N, well within the 18-N capacity of this machine. The test parameters were
determined from analysis of these practice tests. First, a preload force of 0.1 N was
applied, followed by compressing the specimens at a rate of 0.2 N/min and measuring the
deflection of the DMA clamp. Specimens were monitored to observe when failure took
place.

Full testing proceeded as charred specimens became available. ARI-2750
specimens were first, with two longitudinal (L) specimens and three transverse (T)
specimens. All failed within the machine’s capacity. Two L and three T specimens of
ARI-2718 were then tested, followed by two L and two T of ARI-2719. In total, five T
and three L of ARI-2750, seven L and eight T of ARI-2719, and thirteen L and twelve T
of ARI-2718 were tested before equipment malfunctions, conference travels, and a

medical leave delayed further mechanical testing for three months.
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The second series of testing finished the remainder of the ARI-2718 specimens;
all failed below 5 N of'load. The remainder of T specimens of ARI-2750 followed, again
with all failing within the DMA capacity. The first L specimen of this material tested,
though, failed at 11.5 N, much higher than any previous specimen. The next two were
also unusually strong, and the fourth specimen actually survived the 18-N maximum load
for the machine. Because the tests were now running too long, the ramp rate was
increased to 0.4 N/min. Two of the next five specimens tested also survived. A single
ARI-2719 L specimen was tested and also survived. In searching for an explanation for
the increase in strengths from the earlier tests, it was discovered that while testing for this
work was on hold, the facilities manager in charge of the DMA determined that the
calibration was very incorrect; recalibration occurred without alerting anyone who had
been testing in recent months. Once this was established, results from the earlier tests
were thrown out and a new test frame with a higher load capacity was sought.

The remainder of the tests took place on an Instron 5867 test frame, shown in

Figure 2-31 below.

Figure 2-31: Instron 5867 Test Fixture
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The compression clamps were machined from aluminum specifically for this study; they

are shown closer in Figure 2-32.

Figure 2-32: Machined Aluminum Compression Clamps

Initially, the 0.4 N/min ramp rate from the DMA was used as the controlling parameter
for the Instron, but the frame was unable to maintain a load-controlled compression when
the specimens would start to break. The load would drop too fast for the screws to
increase it to the necessary amount, so the frame would frantically cycle up and down to
try to compensate, thus destroying the specimen. Looking at the crosshead speed during
testing revealed that a controlling parameter of 0.025 mm/min would approximate the

loading produced by the 0.4 N/min rate.

Results

Figure 2-33 and Table 2-2 below present the average shear strength values

measured for each material, along with error bars representing one standard deviation.
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Figure 2-33: Average Shear Strength Measurements

Table 2-2: Average Shear Strength Measurements

Average
Material Shear Strength
Longitudinal | Transverse
ARI-2718 75.8 + 51 69.5 + 31
ARI-2719 412 + 220 432 + 340
ARI-2750 826 + 230 237 £ 160

For these numbers, specimens that were judged to have failed incorrectly were not
included in the average strength calculations. This poor breakage refers to specimens not
breaking between the notches, poorly-fabricated specimens (too warped to generate good
shearing, notches not reaching the center of the specimen or overshooting the center,
etc.), or any other observation during testing that signifies that the test on that material
poorly reflects the actual material behavior. Full results for these tests are included

below in Appendix D.

Thermal Property Testing

For these tests, square specimens were cut from the original panels so as to be
large enough in area that the panel thickness could be used as the probing depth. After

making room-temperature measurements on a Kapton-enclosed sensor, it was discovered
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that there are no high-temperature sensors, which are enclosed in mica, that are small
enough to accurately measure any specimens cut from the provided panels. As the panels
provided were already thicker than most produced by Aerojet, the elevated-temperature

measurements were abandoned, though room-temperature measurements were still taken.

Testing setup

As mentioned above, squares were cut from the original panels, about 4 cm on a
side, to be used in the HotDisk measurements. These specimens were charred alongside
those for the shear testing. ARI-2732 was not included in this series of tests due to the
inability to produce specimens of sufficient size and integrity, as described above.
Practice runs were performed on each of the materials to determine what combination of
test parameters for a given material produces the most reproducible results. For all
materials, the power output was set to 10 mW, a recommended setting for polymer
materials. The only real adjustment among materials, therefore, was the measuring time,

which was set to the following values after the practice runs:

Table 2-3: HotDisk Measuring Time by Material
Material ARI-2718 | ARI-2719 | ARI-2750
Measuring Time, s 7.5 10.0 5.0

Results

Five measurements were made for each material, from which the average values

below were calculated (error bars represent one standard deviation).
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Figure 2-34: Average Thermal Property Measurements

Table 2-4: Average Thermal Property Measurements

Material ARI-2718 ARI-2719 ARI-2750
Thermal Conductivity, | 1491 0.001 | 0.127+0.006 | 0.138 + 0.004
W/m/K
Thermg]'n?ézus'v'ty’ 0.384+0.027 | 0.347 +0.017 | 0.735 + 0.055
Heat Capacity,
T: 0.311+0.022 | 0.368+0.033 | 0.188 +0.015

As expected by the similar compositions, the thermal properties of ARI-2718 and ARI-
2719 are very similar. ARI-2750 has a similar value of thermal conductivity, a higher
thermal diffusivity, and a reduced heat capacity compared with these two materials.

The thermal conductivity measurements here are low compared to published
values of other EPDM composites, which report conductivities between about 0.275 and
0.375 W/m-K.*'” These materials are not identical to any tested in this work, though.
No published thermal diffusivity values were found, and densities were not calculated to

allow these heat capacity values to be compared to published specific heat measurements.
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Chapter 3: Discussion and Conclusions

Microstructural Comparison

There are few clear differences between the microstructures of ARI-2718 and
ARI-2719. The main visible difference is probably the condition of the matrix material

as shown in Figure 3-1and Figure 3-2 below.

b

Specimen L20 . Specimen T11

Specimen T14 . Specimen T18
Figure 3-1: Microstructures of ARI-2718 (250x)
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Specimen T11 Specimen T18
Figure 3-2: Microstructures of ARI-2719 (250x)

The charred matrix in the ARI-2719 seems to be more porous than that of the ARI-2718.
The ARI-2718 also seemed to have more matrix area “intact,” similar to that shown in the
microstructure of specimen T14. Initially, it appeared that there may be a difference in
fiber failure behavior between these materials. Further research showed that there was no
statistically significant difference between the fiber failures in ARI-2718 and ARI-2719
and that the fiber failure in both materials was consistent with the literature.”***

The matrix material is also a key difference between ARI-2718/2719 and ARI-

2750; figures 3-3, 3-4, and 3-5 illustrate this difference.
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Specimen L4 - Specimen T11
Figure 3-3: Microstructures of ARI-2718 (500x)
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Figure 3-4: Microstructures of ARI-2719 (500x)

o X 2 v 7
10/21/200 ———100
3:46:37 PM | 50 Virginia Tech / NCFL

Specimen L1 Specimen T13
Figure 3-5: Microstructures of ARI-2750 (500x)
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While there is a clear difference between fiber and matrix in the ARI-2718 and ARI-
2719, the matrix in ARI-2750 is less clearly discernible. Figure 3-6 shows the ARI-2750

microstructure at a higher magnification.

e Figure 3-6: Microstructure of ARL2750 (1000)

The matrix material in the ARI-2750 seems to exist only in small, crumbled pieces,
compared to the larger fragments visible in ARI-2718 and ARI-2719. Another major
difference in ARI-2750 is the fact that the fiber reinforcements in this material are in a
blend of two different sizes, clearly shown in Figure 3-6 above, compared to the uniform
fiber size in ARI-2718 and ARI-2719.

One of the objectives of this project was to compare the microstructure of the
charred ARI-2750 material to that taken from Aerojet’s insulation screening motor.

Since there are no available fracture surfaces for the ISM-charred ARI-2750, the

microstructures cannot be directly compared to one another, but should be sufficient to
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verify that the furnace procedure described above produced material reasonably similar to
that produced in the ISM. Figures 3-7 and 3-8 below show the microstructures of the two

materials.

HFW WD [ e —10 A V111
597 ym [10.2 mm|ETD Virginia Tech / NCFL

300 um
Virginia Tech / NCFL

Spcimen Tl . Specimen T13
Figure 3-7: Microstructures of ARI-2750 (250x)
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Specimen 1 - . Specimen 2

Specimen 3 Specimen 5
Figure 3-8: Microstructures of ISM-Charred ARI-2750 (250x)

These microstructures of these two materials are very similar to each other. The ISM
material, upon delivery, had split basically into layers planar to the original material
panel. Some evidence of this splitting can be seen in some of the micrographs in
Appendix C, but it does not represent any significant difference in microstructure
between the furnace-charred and ISM-charred ARI-2750. Another insignificant
difference is what appears to be an increase in debris present in the ISM-charred material.
This probably arose from transport and storage of the material, which took place inside a
large plastic bag, allowing powdered remnants of the material to collect on the larger

sections of material. These two small differences aside, the microstructure of ARI-2750
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seems consistent for the two charring procedures, thereby confirming that the furnace
charring procedure produced material physically comparable to that which may occur

during actual rocket motor operation.

Shear Strength Comparison

The ARI-2718 and ARI-2719 materials show no statistical effect of loading
direction on shear strengths, unlike the ARI-2750. ARI-2719 is much stronger than the
ARI-2718 in both directions, and it is stronger when loaded transverse to the orientation
direction than the ARI-2750 is. The strongest material overall is the longitudinally-

loaded ARI-2750.

Structure-Property Correlations

The high sensitivity of the ARI-2750 strength values to loading direction most
likely relates to the microstructural differences described above. As shown previously in
Figure 3-6, the fibers in ARI-2750 are very aligned with very little visible matrix material
remaining after char. Since the majority of remaining material is oriented fibers, it
follows that the properties will strongly depend on the angle between the loading
direction and the fibers’ orientation. The ARI-2718/2719, with less-aligned fibers and
more matrix material remaining after charring, should be better able to transfer load
throughout the material, reducing the directional sensitivity of the materials’ shear
strengths.

Though made of very similar materials, the ARI-2719 was much stronger in shear
than the ARI-2718. No clear reason behind this was found through either microstructural
or compositional analysis. The change in strength may result from the extra number of

cycles through the calender when processing ARI-2719 compared to ARI-2718, affecting
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the orientation of the material. The constituent materials, supplied by different vendors
for ARI-2718 and ARI-2719, may respond very differently to charring in terms of
mechanical properties (fiber strength, etc.); this could also affect the overall mechanical
behavior. The first round of microscopy showed that there might be a difference in fiber
failure mechanisms in the two materials, but more detailed analysis did not produce any
conclusive results for this project.

No clear impact of particle shape, size, or concentration could be determined from
looking at the failure surfaces of these materials. A separate test schedule controlling all

other variables would be necessary to investigate the influence of these factors.

Conclusions

A furnace procedure was developed to simulate the charring that happens to
insulating materials in solid rocket motors during operation. A comparison of ARI-2750
samples charred with this procedure to the same material charred in an Aerojet test motor
showed no significant difference in microstructure or elemental composition. This
verified that materials produced with the charring process developed herein could be used
to reasonably represent those produced during actual rocket motor operation.

In this work’s tests, the ARI-2750 demonstrated the highest shear strength after
charring, though only when loaded along the material orientation induced during
processing. The shear strength when loaded transverse to the material orientation was
less than 30% of the longitudinal shear strength; this is likely caused by the high fiber
alignment observed in the ARI-2750 microstructure. These fibers can only bear load
along their axis, and without any fibers in transverse directions, the load is borne almost

entirely by the remnants of the matrix material.
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The ARI-2719 was strongest when loaded transverse to the material orientation,
due probably to less-oriented fibers and a greater amount of residual matrix compared to
the ARI-2750. The fibers in ARI-2719, being less aligned than in ARI-2750, would be
better able to handle load transferred to them through the matrix.

The ARI-2718, though compositionally very similar to the ARI-2719, showed
much lower shear strengths in both directions than the ARI-2719. No clear
microstructural or compositional explanation for this could be determined under the
scope of this work. Additional testing focusing on isolating specific elements of the
materials, such as charred fiber strength or particle size, may be able to identify further
correlations between shear strength and microstructure.

All objectives of this project were thus met, though no microstructural analysis or
shear strength measurements could be made for ARI-2732, since shear specimens
machined from this material did not survive the charring process. The shear strength
measurements and their relation to the material morphology, as discussed herein, will
hopefully allow for improved modeling and design of thermal insulation systems for solid
rocket motors. From the results of this experiment, the best microstructure to produce a
charred material with superior shear strength in one direction would be one that has very
aligned fibers in a matrix that survives the charring procedure in large fragments. If the
charred shear strength cannot be too low in the transverse direction, then the fiber

alignment should be reduced and the matrix should still survive in larger proportions.
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Lessons Learned and Future Work

The first lesson learned in this project was about the sensitivity of the materials to
heating rate during char. 1 °C/min is probably the fastest effective rate, and even that
may be too fast for ARI-2732. Also, the tube used for charring should be significantly
long enough so as to prevent too much heat from reaching the tape sealing the ends,
which reduces the tape’s effectiveness. For the mechanical tests, the warping that occurs
during char makes some specimens difficult to accurately compress. To address this,
machining the overall panel thickness to a more uniform measurement and being
extremely cautious to cut right angles throughout the specimen fabrication may allow for
a second ceramic platform to be placed on top of specimens as they char. This second
platform should prevent some, if not all, of the warping by holding the top of the
specimens in place. There were also several less-successful means of machining the
shear test specimens from the panel before reaching the method detailed in Chapter 1,
which definitely seemed to be the most effective.

Initial studies into performing tensile tests revealed, as was expected, that strips of
the charred material were too fragile to be held directly in the DMA film tension grips;
the same is probably true for Instron grips. Tensile test specimens likely would need to
be potted at the ends to be successfully tested. The larger the specimen involved, the
more beneficial a slow heating rate may be, since there would be more material in which
a flaw could develop; conversely, the increased material volume would also reduce the
impact of a flaw of any given size compared to a smaller specimen, possibly implying
smaller specimens being more sensitive to char rate. A simple experiment could

determine which phenomenon dominates the material behavior in this circumstance.
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One obvious direction to proceed with this research is to develop a method for
performing tensile tests on the charred materials, further characterizing their mechanical
properties. Similar work could even be done for individual fibers used in these materials,
studying their individual char strength, or using single-fiber composites to test the
integrity of the fiber-matrix interface after char. Research could also determine the effect
of increased or decreased fiber orientation within a given material system, both to
optimize processing procedures and to estimate the effects of varying fiber orientation
through a given panel of material. Early attempts to quantify the fiber orientation of the
virgin material did not reveal any easy way to determine the amount of orientation. SEM
imaging of cut surfaces did not show any real orientation, and reflected light microscopy
could not differentiate between fiber and matrix in any way that could lead to quantitative
analysis of the fibers’ orientation. One method suggested was to freeze the virgin
material in liquid nitrogen, then fracture it in the frozen state and study the fracture
surfaces; due to time constraints, this method could not be attempted during this work.
Finally, some study into the effect of particle reinforcement shape and/or size could help

determine any effect these factors may have on material performance.
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Appendix A: Virgin Compositions (ITAR Restricted)

Due to the ITAR restriction, this section is not available to the general public. For

access to this information, please contact Dr. Scott Case, Virginia Tech.
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Appendix B: Charred Compositions (ITAR Restricted)

Due to the ITAR restriction, this section is not available to the general public. For

access to this information, please contact Dr. Scott Case, Virginia Tech.
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Appendix C: Additional Micrographs

Charred ARI-2718 Micrographs
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Figure C-10: ARI-2718 Specimen L20 Location B (100x)
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F1gure C-14: ARI-2718 Spec1men T11 Location A (SOOx)
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F1 -18: ARI-2718 Specimen T14 Location B (250x)
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F1geC 22 . ARI 2718 Specnnen T18 Locatlon C (5000x)
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Figure C-24: ARI-2719 Specimen L10 Location A (125x)

62



HV
20.00 kV

HV
20.00 kV

3

o

HFW mhag WD ‘ det pressu‘re 200 ym
597 pm [ 250 x| 10.8 mm | ETD| 8.09e-6 Torr Virginia Tech /NCFL
Figure C-25: ARI-2719 Specimen L10 Location A (250x)
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Figure C-26: ARI-2719 Specimen L10 Location B (250x%)

63



HY
20.00 kV

HV
20.00 kV

‘2.98 mm
Figure C-28: ARI-2719 Specimen L14 Location A (50x)
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Figure C-30: ARI-2719 Specimen L14 Location A (250x)
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Figure C-32: ARI-2719 Specimen L14 Location B (250x)
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Figure C-34: ARI-2719 Specimen T11 Location A (125x)
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Figure C-36: ARI-2719 Specimen T11 Location A (1000x)
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Figure C-38: ARI-2719 Specimen T15 Location A (50x)
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Figure C-40: ARI-2719 Specimen T15 Location A (250x)
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Figure C-42: ARI-2719 Specimen T15 Location B (1000x)
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Figure C-44: ARI-2719 Specimen T18 Location A (125x)
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Figure C-46: ARI-2719 Specimen T18 Location A (500x)
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Figure C-47: ARI-2719 Specimen T18 Location B (250x)
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Charred ARI-2732 Micrographs
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Figure C-49: ARI-2732 Specimen 1 Location A (125x)
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Figure C-51: ARI-2732 Specimen 1 Location A (500x)
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mag| HFW | WD |det| = —— L '
50x|2.98 mm|10.4 mm|ETD Virginia Tech / NCFL

Figure C-53: ARI-2732 Specimen 2 Location A (50x)
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10/21/2007
12:26:33 PM

S iy
10/21/2007
12:29:05 PM

r ot 2

det 500
ETD Virginia Tech / NCFL

«mag HFW ‘WD
125 x[1.19 mm|10.4 mm

1 = o R %)
‘ mag | HFW WD ‘ det 200 uym

250 x| 597 pym |10.4 mm|ETD Virginia Tech / NCFL
Figure C-55: ARI-2732 Specimen 2 Location A (250x)
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ot
1012112007
12:33:06 PM

10/21/2007
12:40:08 PM

mag | HFW | WD | det
1,000 x| 149 ym |10.3 mm | ETD

‘ mag | HFW ‘ det 200 pm :
250 x| 597 pm |10.3 mm|ETD Virginia Tech / NCFL

Figure C-57: ARI-2732 Specimen 2 Location B (250x)
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e & L
1012112007

N :
mag| HFW WD det
12:42:20 PM

50x12.98 mm|10.1 mm|ETD

3

U - i 3

I A e el SR L 4. e Tt
10/21/2007 | mag | HFW WD det 500 pm
12:43:45 PM | 125 x|1.19 mm|10.1 mm|ETD Virginia Tech / NCFL

Figure C-59: ARI-2732 Specimen 3 Location A (125x)
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1012112007
12:46:20 PM

10/21/2007
12:54:24 PM

A S o

‘ mag | HFW ) ‘ det 200 pym
250 x| 597 pm [10.1 mm|ETD Virginia Tech / NCFL

o “

‘ ;nag HFW WD ‘ det
250 x| 597 pm | 9.9 mm |ETD Virginia Tech / NCFL

Figure C-61: ARI-2732 Specimen 3 Location B (250x)
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N 2 e
10/21/2007
1:00:09 PM

1012112007
1:09:17 PM

mag| HFW WD | det
50 x|2.98 mm| 9.8 mm |ETD

e R N : A § " - :‘ 7
mag | HFW WD det 500 pm
125 x/1.19 mm| 9.8 mm |ETD Virginia Tech / NCFL

Figure C-63: ARI-2732 Specimen 4 Location A (125x)
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1:13:18 PM

10/21/2007
1:16:15 PM

mag | HFW ‘ WD ‘ det 300 um
250 x| 597 pm | 8.8 mm |ETD Virginia Tech / NCFL

mag | HFW ‘ w ‘
500 x| 298 pm |10.0 mm
Figure C-65: ARI-2732 Specimen 4 Location A (500x)
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10/21/2007

1

6 PM

10/21/2007
2:53:07 PM

mag | HFW ‘ WD ‘det 300 pm
250 x| 597 pm | 8.9 mm |ETD Virginia Tech / NCFL

mag| HFW ‘ WD ‘ det ‘ 1 mm
50x|2.98 mm|13.6 mm|ETD Virginia Tech / NCFL
Figure C-67: ARI-2732 Specimen 5 Location A (50x)
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10/21/2007
2:54:40 PM

10/21/2007
25996 PM

mag| HFW | WD | det 500 pm
125 %x/1.19 mm|13.6 mm|ETD Virginia Tech / NCFL

: , % : & S -
mag | HFW WD ‘ det 300 ym
250 x| 597 ym |11.2 mm|ETD Virginia Tech / NCFL

Figure C-69: ARI-2732 Specimen 5 Location A (250x)
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10/21/2007
3:01:35 PM

10/21/2007
3:05:02 PM

mag | HFW | WD | det
1,000 x| 149 um |11.4 mm|ETD

> o5
% :

mag| HFW | WD ‘ det : 300 pm —
250 x| 597 uym |10.9 mm|ETD Virginia Tech / NCFL

Figure C-71: ARI-2732 Specimen 5 Location B (250x)
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C

harred ARI-2750 Micrographs

) Fgure C-72: ARI-2750 pecimen L1 Locatio A(SOx)

Figure C-73: ARI-2750 Specimen L1 Location A (125x)
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"~ Figure C-76: ARI-2750 Specimen L1 Location A (2500x)

—

| Tk -0 B um slod
Figure C-77: ARI-2750 Specimen L1 Location A (20kx)
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Flas i | - I g
Figure C-78: ARI-2750 Specimen L1 Location B (250x)
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|11 N T -0 Oy enlod
Figure C-80: ARI-2750 Specimen L1 Location B (10kx)

A (50%)

THIT]

gur C—81:RI—2750 pecimen L6 Locati



Figure C-83: ARI-27

50 Spe

cimen L6 Locatio A 250x)
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Figure C-85: ARI-2750 Specimen L6 Location B (250x)
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Figure C-87: ARI-2750

pecimen L6 Location C (SOOX)
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o
&
e &

1N

=,

10/21/2007 |mag| HFW | WD | det 1 mm
3:52:45 PM |50 x2.98 mm|10.2 mm|ETD Virginia Tech / NCFL

10/21/2007 | mag | HFW WD ‘ det 500 pm
3:55:20 PM 125 x[1.19 mm|10.2 mm| ETD Virginia Tech / NCFL
Figure C-89: ARI-2750 Specimen L11 Location A (125x)
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10/21/2007 | mag | HFW | WD ‘det" - — 300 um
3:58:22 PM | 250 x| 597 ym |10.1 mm|ETD Virginia Tech / NCFL

& a

10/21/2007 | mag | HFW | WD ‘ det : 300 pm |
4:03:30 PM | 250 x| 597 pym |10.2 mm|ETD Virginia Tech / NCFL

Figure C-91: ARI-2750 Specimen L11 Location B (250x)

<
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"~ Figure C-92: ARI-2750 Specimen T1 Location A (25x)

Figure C-93: ARI-2750 Specimen T1 Location A (125x)
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"~ Figure C-95: ARI-2750 Specimen T1 Location A (1000x)
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" Figure C-97: ARI-2750 Specimen T1 Location B (1000x)
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Figure C-99: ARI-2750 Specimen T5 Location A (125x)
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Figure C-101: ARI-2750 Specimen T5 Location B (250x)
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10/21/2007 |mag| HFW WD | det 1 mm
3:17:00 PM |50 x|2.98 mm| 9.2 mm | ETD Virginia Tech / NCFL

Figure C-103: ARI-2750 Specimen T13 Location A (50x)
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e

10/21/2007 | mag | HFW | WD | det 500 pm -
3:15:27 PM 125 x[1.19 mm| 9.2 mm |ETD Virginia Tech / NCFL

90/21/2007 [ mag | HFW ‘ WD ‘ det e —oT
3:13:39 PM | 250 x| 597 pm | 9.2 mm | ETD Virginia Tech / NCFL
Figure C-105: ARI-2750 Specimen T13 Location A (250x)
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& b
mag HFW WD det
1000 x| 149 um

10/21/2007 ‘

3:08:29 PM 9.2 mm |[ETD

10/2‘1/2007‘ mag | HFW ‘ ‘ det
3:49:26 PM | 250 x| 597 pm | 9.4 mm | ETD Virginia Tech / NCFL

Figure C-107: ARI-2750 Specimen T13 Location B (250x)
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S : O B0 B AT oMLY , 1
10/21/2007 | mag | HFW ‘ WD ‘det 100 ym
3:46:37 PM | 500 x| 298 jum | 8.4 mm |ETD Virginia Tech / NCFL

& a !

ST AN LU N o o X k‘ N\ e
10/21/2007 | mag HFW WD 50 pm
3:45:01 PM |1 000 x| 149 pm | 9.4 mm |ETD Virginia Tech / NCFL

Figure C-109: ARI-2750 Specimen T13 Location B (1000x)
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9
&
o

10)’21/2007‘ mag | HFW WD ‘det 10 um

3:19:22 PM |5 000 x|29.8 pm| 9.3 mm |[ETD Virginia Tech / NCFL

Figure C-110: ARI-2750 Specimen T13 Location B (5000x)

10/2‘1/2007‘ mag HFW WD ‘ det 3um
3:43:13 PM |20 000 x | 7.46 pm| 9.4 mm | ETD Virginia Tech / NCFL

Figure C-111: ARI-2750 Specimen T13 Location B (20kx)
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.

10/21/2007‘ mag HFW WD ‘det 1 um

3:26:27 PM |50 000 x |2.98 pm| 9.4 mm | ETD Virginia Tech / NCFL
Figure C-112: ARI-2750 Specimen T13 Location B (50kx)
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ISM-Charred ARI-2750 Micrographs

Figure C-114: ISM-Charred ARI-2750 Specimen 1 Location B (125x)
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Figure C-116: ISM-Charred ARI-2750 Specimen 1 Location B (500x)
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. igure C-1 8 ISM—Carrd —2750 Specimen 2Lcatin B (25x)

110



Fiure C-lO: IS—Carrd —2750 Specimen 2Lcatin B (OOX)
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Fiure C-12 —Chaed —2750 Specimen 3 Lcatin A (50x)
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igure C-14 I—Carred —270 Specien 3 Lcation B (Ox)
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"~ Figure C-126: ISM-Charred ARI-2750 Specimen 3 Location B (1000x)
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*Figure C-128: ISM-Charred ARI-2750 Specimen 4 Location B (250x)
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"~ Figure C-130: ISM-Charred ARI-2750 Specimen 5 Location B (250x)
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WAL N ALK

12/4/2007 | mag D | HY | HFW |de 100 um —
3:58:25 PM | 250 x| 11.0 mm|20.00 kV| 597 um |ETD| SE EK-176-2

« N e R s P 7_”‘: o % 0 i L . : :
12/4/2007 | mag WD HY HEW det | mode —50 um —
4:00:01 PM 500 x| 10.9 mm|20.00 kV | 298 um |ETD| SE EK-176-2

Figure C-132: Virgin ARI-2718 Location A (500x)
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5

12/4/2007 | mag | WD HV | HFW | det | mode| ———— 40 ym ———
4:01:40 PM |1 000 x| 10.9 mm|20.00 kv| 149 um |ETD| SE EK-1762

12/412007 | mag| WD HV HFW | det | mode
4:05:27 PM | 250 x| 10.9 mm|20.00 kV | 597 um |ETD| SE
Figure C-134: Virgin ARI-2718 Location B (250x)
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' 4 :
12/4/2007‘ mag WD ‘ HV ‘ HFW ‘det mode

4:03:50 PM |5 000 x|10.9 mm|20.00 kV|28.8 ym|ETD| SE

Figure C-135: Virgin ARI-2718 Location B (5000x)
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el By |

G & L i iy : oty SRR
12/4/2007 | mag WD HV HFW | det | mod — 100 ym —
4:13:06 PM | 250 x| 10.1 mm | 20.00 kV| 597 ym |ETD| SE EK-178-2

ot
] Sy
12/4/2007 ‘

4:14:36 PM

WENE St
mag WD ‘ HY ‘ HFW ‘ det | mode| ————— 40 ym ——
1000 x|10.1 mm|20.00 kV| 149 ym |[ETD| SE EK-176-2

Figure C-137: Virgin ARI-2719 Location A (1000x)
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L E e A N AT
12/4/2007 | mag HFW | det
4:08:38 PM | 500 x| 10.1 mm|20.00 kV| 298 um |ETD

Fi= o -
12/412007 | mag WD HV HFW | det | mode
4:10:52 PM |2 500 x|10.1 mm|20.00 kV|59.7 ym|[ETD| SE

Figure C-139: Virgin ARI-2719 Location B (2500x)
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Virgin ARI-2732 Micrographs

]

: L W \ ; ‘v . " ; 1 X % 3 'G a
12/4/2007 | mag| WD HY HFW | det | mode — 100 ym —
3:08:19 PM | 250 x| 10.3 mm|20.00 kV | 597 um |ETD| SE EK-176-2

Sl W
s
- Ty

12/4/2007‘ mag WD ‘ HV ‘ HFW ‘det mode 40 ym ————

3:12:18 PM |1 000 x|10.6 mm|20.00 kV| 149 um |[ETD| SE EK-176-2

Figure C-141: Virgin ARI-2732 Location B (1000x)
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Virgin ARI-2750 Micrograp

12/4/2007‘mag WD ‘ Hv ‘ HFW ‘

3:01:31 PM 250 x| 10.6 mm|20.00 kV | 597 ym |ETD

ol

[ : 2 ¢ i ¥ 1 e 2% e
12/4/2007‘mag WD ‘ HV ‘ HFW | det | mode

2:59:08 PM |500 x| 10.6 mm|20.00 kV| 298 uym |ETD | SE

Figure C-143: Virgin ARI-2750 Location A (500x)
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! o v, SN -
det | mode
ETD| SE

fs - .rf"\‘ - 3
12/4/2007‘ mag WD ‘ HV ‘

2:55:18 PM |2 500 x| 10.6 mm|20.00 kV[58.7 um

2/42007 | mag | HFW | det | mode
3:03:49 PM | 1 000 x|10.6 mm |20.00 kV| 149 ym |ETD| SE
Figure C-145: Virgin ARI-2750 Location B (1000x)
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Appendix D: Complete Shear Testing Results

The following tables and figure present the measurements and data for all
specimens tested in this work, except for those tested on the DMA prior to recalibration.
Samples are identified first by their four-digit numerical designation, then by “L” or “T”
for longitudinal or transverse, and finally the number of the specimen of those conditions
(for example, 2718-L.26 would be the 26" specimen of ARI-2718 tested longitudinally to
the nominal orientation direction). Samples whose data is in italics were deemed unfit
for including in the above calculations and were edited out. The notes column contains
short factors noticed before, during, or after testing and may relate to why individual
specimens were edited out.

ARI-2718 Results

Table D-1: ARI-2718 Longitudinal Shear Test Data

Sample Failure Load,N | ,mm | w,mm | h,mm | t{, mm 1, Pa Notes
2718-L14 4.18 11.79 6.70 8.87 2.07 171.4

2718-L15 0.808 11.31 6.60 9.06 2.04 35.0

2718-L16 2.82 11.96 6.63 8.72 1.87 125.9

2718-L17 1.089 10.32 6.62 9.10 2.15 49.1

2718-L19 1.014 11.67 6.62 9.02 1.94 44.8

2718-L.20 1.557 11.38 6.57 8.81 1.99 68.8

2718-L.21 0.301 11.40 6.57 8.83 2.08 12.69 Slight warp
2718-L22 9.49 11.47 6.94 9.52 2.13 388 Outlier
2718-L23 10.72 11.76 6.94 9.36 2.20 414 Outlier
2718-L24 1.331 11.11 6.72 9.38 213 56.2
2718-L25 3.97 12.24 6.63 9.43 2.18 148.9
2718-L26 5.56 11.53 6.67 9.38 2.30 210 Broke wrong
2718-L27 5.33 11.73 6.74 9.50 2.05 222 Broke wrong
2718-L28 0.936 11.92 6.67 9.50 2.05 38.3 Slight warp
2718-L29 0.969 11.87 6.63 9.36 2.03 40.2
2718-L30 1.746 11.10 6.72 9.37 2.03 77.5
2718-L31 210 11.41 6.78 9.51 2.1 87.0
2718-L32 5.25 11.51 6.76 9.47 2.14 213 Broke wrong
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Table D-2: ARI-2718 Longitudinal Shear Test Edited Results

Failure Load, N [, mm w, mm h, mm t, mm 1, Pa
Mean 1.727 11.54 6.65 9.12 2.05 75.8
Median 1.210 11.67 6.63 9.06 2.05 56.2
Standard Deviation 1.259 0.526 0.0655 0.292 | 0.0852 | 50.8
Coefficient of Variation 0.729 0.0456 | 0.00985 .0320 | 0.0415 | .670
Table D-3: ARI-2718 Longitudinal Shear Test Unedited Results
Failure Load, N [, mm w, mm h, mm t, mm 7, Pa
Mean 3.29 11.53 6.70 9.23 2.08 133.5
Median 1.921 11.52 6.67 9.37 2.08 82.3
Standard Deviation 3.02 0.425 0.1085 0.279 | 0.0992 | 118.3
Coefficient of Variation 0.918 0.0369 | 0.01621 0.03 | 0.0476 | 0.886
Table D-4: ARI-2718 Transverse Shear Test Data
Sample Failureload, N | I, mm | w,mm | h,mm | t, mm | 1, Pa Notes
2718-T13 1.489 11.50 6.59 8.74 1.92 67.4 Slight warp
2718-T15 1.755 9.56 6.60 8.64 1.89 97.2
2718-T16 1.659 10.17 6.64 8.43 1.55 | 105.3
2718-T17 2.42 10.32 6.68 8.79 2.19 | 107.0 | Broke wrong
2718-T18 1.074 12.62 6.64 8.67 1.84 46.3 | Broke wrong
Thick gauge,
2718-T19 1.083 11.14 6.65 8.73 3.17 30.7 slight warp,
broke wrong
Thick gauge,
2718-T20 1.150 11.25 6.41 8.80 3.16 32.4 slight warp,
broke wrong
2718-T23 5.35 10.55 6.73 9.54 2.14 237 | Broke wrong
2718-T24 .920 11.13 6.74 9.62 2.03 40.7
2718-T25 2.05 11.75 6.92 9.61 2.22 78.6 Slight warp
2718-T26 0.679 12.07 6.81 9.54 2.03 27.7 Slight warp
2718-T27 8.79 11.41 6.86 9.68 2.06 374 Oxygen?
2718-T28 0.937 9092 | 702 | 968 | 217 | 435 | , AP :
2718-T29 5.83 11.50 6.73 9.53 2.05 247 | Broke wrong
2718-T30 5.96 11.55 6.82 9.63 2.03 254 | Broke wrong
2718-T31 10.23 11.70 6.86 9.71 2.11 414 | Broke wrong
2718-T32 11.05 11.58 6.84 9.63 1.98 482 Oxygen?
Table D-5: ARI-2718 Transverse Shear Test Edited Results
Failure Load, N [, mm w, mm h, mm t, mm T, Pa
Mean 1.425 11.03 6.72 9.10 1.940 69.5
Median 1.574 11.32 6.69 9.14 1.975 73.0
Standard Deviation 0.524 0.973 0.1313 0.550 0.223 30.7
Coefficient of Variation 0.367 0.0882 | 0.01954 | 0.0605 | 0.1152 | 0.442
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Table D-6: ARI-2718 Transverse Shear Test Unedited Results

Failure Load, N I, mm w, mm h, mm t, mm 1, Pa

Mean 3.67 11.29 6.73 9.49 2.24 243

Median 1.755 11.40 6.78 9.63 2.07 246
Standard Deviation 3.51 0.423 0.1671 0.341 0.454 185
Coefficient of Variation 0.955 0.0375] 0.0248 0.0360 | 0.202 0.762

ARI-2719 Results

Table D-7: ARI-2719 Longitudinal Shear Test Data

Sample Failureload, N | ,mm | w,mm | h,mm | t, mm | =, Pa Notes
Bubbling,
2719-L8 15.14 1176 | 777 | 1050 | 1.83 | 704 | slight warp,
broke wrong
2719-L9 6.17 1251 | 757 | 1063 | 203 | 243 | Slightwarp,
broke wrong
2719-L10 14.81 1216 | 772 | 1050 | 227 | 537
2719-L11 512 1234 | 761 | 1053 | 199 | 208
2719-L12 11.16 1274 | 770 | 1055 | 197 | 445
2719-L13 21.2 1170 | 770 | 1051 | 199 | o908 Bubbling,
broke wrong
2719-L14 20.4 1164 | 762 | 1073 | 205 | 856 Bubbling,
slight warp
2719-L15 33.9 1371 | 773 | 1062 | 1.79 | 1381 Bubbling,
broke wrong
2719-116 12.37 1280 | 774 | 1051 | 191 | 508 Bubbling,
slight warp
2719-L17 405 1315 | 762 | 1054 | 1.99 | 1548 |  Bubbling.
broke wrong
2719-L18 527 1137 | 683 | 948 | 218 | 213 Bubbling
2719-119 1.754 1185 | 718 | 944 | 200 | 708 | Slohtwarp,
outlier
2719-120 475 1065 | 649 | 931 | 189 | 236 Bubbling,
slight warp
2719-L21 10.88 1141 | 692 | 948 | 205 | 465 Bubbling,
broke wrong
2719-122 5.83 1201 | 719 | 935 | 197 | 254 Bubbling,
broke wrong
2719-L.23 8.76 1139 | 686 | 936 | 183 | 420
2719-L24 9.88 10.80 6.92 9.31 1.78 514 Broke wrong
2719-L25 5.86 1178 | 705 | 941 | 179 | 278 Bubbling
2719-L.26 3.87 1127 | 681 | 939 | 193 | 177.8 | Slight warp
2719-L27 0.717 1118 | 690 | 910 | 7.90 | 338 | Broke wrong
2719-L.28 13.77 1155 | 666 | 924 | 182 | 655 | Slightwarp
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Table D-8: ARI-2719 Longitudinal Shear Test Edited Results

Failure Load, N [, mm w, mm h, mm t, mm T, Pa
Mean 9.65 11.79 7.19 9.91 1.966 412
Median 8.76 11.64 7.05 9.48 1.930 420
Standard Deviation 5.31 0.659 0.488 0.632 0.1506 216
Coefficient of Variation 0.550 0.0559 0.0678 0.0637 | 0.0766 | 0.524
Table D-9: ARI-2719 Longitudinal Shear Test Unedited Results
Failure Load, N [, mm w, mm h, mm t, mm 1, Pa
Mean 12.00 11.89 7.27 9.93 1.952 507
Median 9.88 11.76 7.19 9.48 1.93 445
Standard Deviation 10.09 0.766 0.430 0.626 | 0.1308 398
Coefficient of Variation 0.841 0.0644 | 0.0592 0.0631 | 0.0670 | 0.784
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Table D-10: ARI-2719 Transverse Shear Test Data

Sample Failureload, N | I, mm | w,mm | h,mm | t, mm T, Pa Notes
2719-T10 24.7 1458 | 751 | 1054 | 1.69 | 1001 | A Bubbling,
broke wrong
2719-T11 0.83 1332 | 754 | 1074 | 186 | 397 Warped
2719-T12 4.22 1240 | 767 | 1047 | 190 | 1791 Warped
2719-T13 9.00 1250 | 766 | 1046 | 157 | 459 Bubbling
2719-T14 6.29 1226 | 763 | 1049 | 196 | 262 | Bubbling,
slight warp
2719-T15 11.43 1241 | 755 | 1054 | 164 | 575 Bubbling,
slight warp
2719-T16 4.37 1306 | 757 | 1043 | 175 | 1914 | Bubbling,
slight warp
2719-T17 28.3 1332 | 763 | 1040 | 1.64 | 1204 | ABubbling,
broke wrong
2719-T18 13.37 1220 | 760 | 1054 | 178 | 616 Bubbling,
slight warp
2719-T19 28 1 13.04 | 762 | 1056 | 184 | 1171 Bubbling
2719-T20 12.21 1225 | 754 | 1088 | 157 | 635 Warped,
broke wrong
Bubbling,
2719-T21 1.113 11.60 | 7.07 932 | 163 | 589 | slight warp,
broke wrong
2719-T22 1.763 1174 | 706 | 939 | 187 | so3 | Bubbling,
slight warp
2719-T23 11.12 1282 | 694 | 947 | 180 | 482 |  Bubbling,
broke wrong
2719-T24 2.77 1129 | 7.02 9.46 178 | 1378 | Oxvgen?,
bubbling
2719-T25 7.91 1126 | 7.14 917 | 192 | 366 | Slightwarp
2719-T26 19.50 1218 | 7.08 957 | 184 | 870 Bubbling
Bubbling,
2719-T27 2.31 13.08 | 7.10 923 | 172 | 1027 warped,
broke wrong
2719-T28 204 1282 | 678 | 959 | 170 | 935 | Bubbling,
slight warp
2719-T29 263 1180 | 694 | 943 | 174 | 1279 | Bubbling,
slight warp
Oxygen?,
2719-T30 2.65 12.84 | 7.37 965 | 1.80 | 114.6 | bubbling,
slight warp
Table D-11: ARI-2719 Transverse Shear Test Edited Results
Failure Load, N [, mm w, mm h, mm t, mm T, Pa
Mean 9.61 12.32 7.35 1003 | 1.80 | 432
Median 7.91 12.26 7.54 1043 | 1.80 | 366
Standard Deviation 7.79 0.627 0.309 0.563 0.1059 339
Coefficient of Variation 0.810 0.0509 | 0.0421 | 0.0561 | 0.0589 | 0.784
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Table D-12: ARI-2719 Transverse Shear Test Unedited Results

Failure Load, N I, mm W, mm h, mm t, mm 7, Pa
Mean 10.66 12.50 7.33 10.00 1.76 479
Median 9.00 12.40 7.51 10.40 1.78 397
Standard Deviation 8.76 0.784 0.299 0.574 | 0.1124 382
Coefficient of Variation 0.822 0.0627 | 0.0407 | 0.0573 | 0.0638 | 0.798
ARI-2750 Results
Table D-13: ARI-2750 Longitudinal Shear Test Data
Sample Failure load, N I, mm w, mm h, mm | t, mm T, Pa Notes
2750-L6 11.51 12.28 6.18 8.80 1.11 844
2750-L7 12.97 12.91 5.78 8.74 0.92 1092
2750-L8 9.59 11.14 6.35 8.74 0.89 967
2750-L9 18 11.17 6.39 9.43 1.84 876 | Survived DMA
2750-L10 10.08 11.12 7.13 9.55 1.82 498 Broke wrong
2750-L11 9.89 12.39 6.48 8.75 0.99 806 Slight warp
2750-L12 7.39 11.56 | 7.53 | 937 | 1.78 | 350 | Santwan "
Broke wrong,
2750-L13 18 12.13 7.36 9.39 2.03 731 survived DI\/SIJA
2750-L14 18 1124 | 735 | 949 | 162 | 989 Suﬁ;‘fgzeg;w "
2750-L15 14.15 11.25 7.28 9.44 1.84 684 Cycling
2750-L16 5.99 1276 | 636 | 876 | 079 | 504 S"g'y‘él}’r‘grp’
2750-L17 17.62 11.11 6.81 9.46 1.90 835 Cycling
2750-L18 22.9 10.87 6.84 9.42 1.84 1144 | Broke wrong
2750-L19 8.35 10.61 6.42 8.77 0.97 812
2750-L20 32.0 12.31 7.09 9.25 1.76 1479 | Broke wrong
2750-L.21 4.51 11.86 7.59 9.36 1.87 203 Broke wrong
2750-L22 10.69 10.89 6.68 9.39 2.01 488 Broke wrong
2750-L23 7.96 11.26 7.11 9.47 1.87 378 Broke wrong
2750-L24 10.80 11.23 7.08 9.42 1.81 531
2750-L25 37.9 12.30 7.61 8.99 1.87 1648 | Broke wrong
2750-L26 4.09 11.97 6.54 8.78 1.24 276 Warped
2750-L27 19.85 11.43 6.86 9.43 1.88 924
2750-L28 25.7 11.28 7.58 9.06 2.28 998
Table D-14: ARI-2750 Longitudinal Shear Test Edited Results
Failure Load, N [, mm w, mm h, mm t, mm 7, Pa
Mean 13.31 11.67 6.65 9.03 1.40 826
Median 11.51 11.25 6.48 8.8 1.11 834
Standard Deviation 4.67 0.762 0.425 0.341 0.454 228
Coefficient of Variation 0.351 0.0653 0.0639 ] 0.0377 | 0.325 ] 0.275
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Table D-15: ARI-2750 Longitudinal Shear Test Unedited Results

Failure Load, N [, mm w, mm h, mm t, mm 7, Pa
Mean 14.69 11.61 6.89 9.19 1.61 789
Median 11.51 11.28 6.86 9.37 1.82 812
Standard Deviation 8.64 0.645 0.513 0.312 0.441 359
Coefficient of Variation 0.588 0.0555 | 0.0745 | 0.0339 | 0.275 | 0.455
Table D-16: ARI-2750 Transverse Shear Test Data
Sample Failure load, N I, mm w, mm h, mm t, mm 7, Pa Notes
2750-T4 1.328 10.94 7.14 8.39 2.12 57.3
2750-T5 1.557 10.32 6.39 8.67 1.49 101.2
2750-T7 2.35 11.44 7.08 8.52 2.05 100.3
2750-T8 2.30 11.40 7.44 8.83 1.78 113.3 Small
precrack
2750-T9 1.672 11.51 6.70 8.29 2.10 69.2 Slight warp
2750-T10 0.358 902 | 618 | 858 | 216 | 17.97 | Sl9ntwarn,
bad break
2750-T11 5.32 10.54 7.14 8.93 1.55 326
2750-T12 5.63 9.97 3.74 8.94 2.18 259
2750-T13 1.175 11.20 7.73 8.72 1.68 62.5
2750-T14 3.35 11.18 7.43 8.95 1.79 167.5 | Broke wrong
2750-T15 3.34 10.70 7.83 8.90 1.81 172.5 Broke wrong
2750-T16 5.01 10.13 6.86 8.89 1.72 287
2750-T17 8.73 10.76 714 9.16 1.83 443
2750-T18 9.34 11.43 7.01 9.04 2.02 405
2750-T19 11.39 11.65 7.27 9.12 1.98 494 Slight warp
2750-T20 6.32 11.86 713 9.05 1.75 305
2750-T21 11.05 11.75 7.60 9.21 1.96 480
2750-T22 8.71 11.26 | 753 | 914 | 195 | 397 | DN —p
Table D-17: ARI-2750 Transverse Shear Test Edited Results
Failure Load, N [, mm w, mm h, mm t, mm T, Pa
Mean 5.23 11.06 6.88 8.84 1.87 250
Median 5.17 11.30 7.14 8.91 1.90 273
Standard Deviation 3.69 0.624 0.967 0.287 0.218 | 164.6
Coefficient of Variation 0.706 0.0564 0.1405 | 0.0325 | 0.1163 | 0.658
Table D-18: ARI-2750 Transverse Shear Test Unedited Results
Failure Load, N I, mm w, mm h, mm t, mm 1, Pa
Mean 4.94 10.96 6.96 8.85 1.88 237
Median 4.18 11.19 7.14 8.92 1.89 216
Standard Deviation 3.59 0.705 0.912 0.271 0.205 160.3
Coefficient of Variation 0.726 0.0643 | 0.1310 | 0.0306 | 0.1087 | 0.678
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Figure D-1: Unedited Shear Strength Test Results

The only material to show any significant change in average strength was the ARI-2718,

which showed an increase in strength when considering the results edited out above.

Data scatter for all three materials is increased in the unedited results.
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