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ABSTRACT

The transformation of mechanical energy into thermal energy within composite energetic
materials through various thermomechanical mechanisms is thought to lead to the creation of
localized areas of intense heating. The growth of these “hot spots” is responsible for the bulk
reaction or decomposition of the energetic material. Understanding the formation and growth of
these hot spots has been an active area of research particularly for high-speed impact and shock
conditions, but further work remains to be done in particular with respect to hot spot formation
due to periodic mechanical excitation. Previous literature has established that many potential
thermomechanical mechanisms may act at the interface between the constituent components of a
composite energetic material. In order to provide further insight and guidance into the design of
safer and more resilient energetic materials, the role of adhesion on hot spot formation for polymer
bonded explosives (PBXs), a subset of composite energetic materials, was explored. Single HMX
(1,3,5,7-tetranitro-1,3,5,7-tetrazocane) crystals in polymer blocks were subjected to ultrasonic
excitation and subsequent heating was captured via infrared thermography. Subsequent testing of
HMX PBXs using a drop weight tower captured changes in the sensitivity of the energetic material.
Variation of the polymer binder allowed for a range of adhesive and mechanical properties to be
examined. These experiments on the role of adhesion under these kinds of excitations provided

insight into how mechanical energy is being transformed into localized heating.
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1. INTRODUCTION

1.1 Motivation

The main objective of this work is to elucidate the role of adhesion in the transformation
of incident mechanical energy into localized thermal energy within a composite energetic material
such as a polymer bonded explosive (PBX). It has been demonstrated by previous literature that
the formation of localized areas of intense heating or “hot spots” is often responsible for the
initiation of the bulk energetic material. The transformation of mechanical energy into thermal
energy is thought to occur through a number of mechanisms which are dependent on a number of
factors such as the type of mechanical excitation and the composition of the energetic material. In
particular, there are a number of these mechanisms which occur at the interfaces between a
polymer binder and a crystalline energetic inclusion. Investigating the role of adhesion at this
interface provides a way to understand and quantify the transformation of mechanical energy into
thermal energy. A simplified approach using relatively low-energy sources of excitation such as
ultrasonic vibration or drop weight impact allows for a more effective interrogation of this complex
process. Utilizing a simplified system of a single crystal in a block of polymer, the ultrasonic
experiments provide insight into how adhesion influences the periodic dissipation of mechanical
energy at a single interface. While the mechanical insult in a drop weight test is markedly different
from an ultrasonic test, previous literature has also suggested interfacial properties may be critical
to understanding the impact sensitivity of an energetic material. For these tests, using samples with
a high solids loading of energetic crystals and determining the sensitivity of the PBX allows for
insight into the interaction between adhesion and hot spot formation. A thorough understanding of
the role of adhesion in the sensitivity of energetic materials to various mechanical insults will allow
for the design of much safer energetic materials while potentially opening new avenues for

increased performance.

1.2  Overview

This work begins with a review of literature on hot spot formation along with a focus on research
concerning vibration-induced hot spots and drop weight sensitivity testing in Chapter 2. Several

of the methods for evaluating material properties are also discussed here along with the process
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for selecting an appropriate measure of adhesion. A discussion of the statistical approach for the
impact testing is also included. The drop weight experiments and results are discussed throughout
Chapter 3. Various binders were utilized in order to vary the elastic modulus and work of adhesion
between the energetic crystal and polymer binder. These materials were also utilized for ultrasonic

testing with weakly-coupled samples as discussed in Chapter 4.
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2. BACKGROUND

2.1 Hot Spot Formation and High-Frequency Excitation

Energetic materials can be generally considered to be materials which undergo rapid
exothermic reactions liberating the large amount of chemical energy stored within their constituent
molecular bonds. These materials can be broadly characterized based on application as explosives,
propellants, or pyrotechnics. Many of these materials are susceptible to initiation or ignition by
incident energies far below what would be required to raise the bulk of the material to
decomposition temperature. It was commonly thought that this behavior was the result of the
formation of localized areas of significantly higher temperatures than the bulk material. The
formation of these hot spots was due to the transformation of the incident energy from mechanical,
chemical, or other sources into thermal energy. This thermal energy was then responsible for the
subsequent thermal decomposition of the energetic material leading to further generation of
thermal energy [1-3]. If the reaction liberates sufficient energy, the hot spot will grow and
potentially lead to the reaction of the bulk of the energetic material. The size, temperature, and
duration of hot spots varies with excitation source and material, but the characteristic localization
of energy leading to bulk decomposition remains the same [2, 3].

The mechanisms by which hot spot formation was suggested to occur can be varied and
complex, but Field [1] suggested that they could ultimately be categorized into several distinct
mechanisms such as adiabatic compression of trapped gasses, cavity collapse, friction between
two surfaces, localized adiabatic shear, viscous heating of extruding material, heating at crack tips,
and heating at dislocation pileups. For the purposes of this investigation. which seeks to understand
the role adhesion plays in hot spot generation and sensitivity, several of these heating mechanisms
are of particular interest. Given that adhesive forces occur at the interface between two materials,
the frictional dissipation of energy at the interface was of particular interest. While other
mechanisms may contribute to the formation of hot spots under ultrasonic excitation or impact,
the frictional interaction provides a natural starting point to examine the role of adhesion in these
systems. It should be noted in particular that other hot spot generation routes are still expected to
contribute in these experiments, but the design should allow for frictional dissipation to be the

dominant contributor.
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While the sensitivity of composite energetic materials to mechanically-driven initiation has
been an active area of research for many years, the focus has remained mainly on shock and non-
shock impact excitation with the exception of some vibrational studies by Loginov [4-6] as well
as Range, Miller, and Woods [7-10]. The demand for high-performance energetic materials has
recently motivated the study of hot spot formation due to high-frequency vibration. The first
renewed efforts to study hot spot formation in energetic materials due to high-frequency
mechanical excitation have mainly focused on a frequency range from the tens to the thousands of
kilohertz [8, 11-13]. Within this range where hot spot formation has been demonstrated, previous
studies have suggested that the design of safer energetic materials requires that particle-binder
interactions be better understood [8, 9]. Likewise, understanding the effect of the mechanical
properties of binders on the thermomechanical response of particle-binder systems was also critical.

In order to isolate the influence of desired physical properties on PBX sensitivity, it was
useful to reduce the complex mix of chemicals and particulates in the energetic material to a
simplified system of a single energetic polycrystalline solid encased in polymer binder. Mares et
al. utilized this approach with discrete energetic and inert inclusions encased in a
polydimethylsiloxane (PDMS) binder (Sylgard 184) in order to examine the mechanisms
responsible for the thermochemical response of energetic materials under ultrasonic excitation [8].
When the samples were excited with a piezoelectric transducer, heating at the surface could be
observed via infrared thermography. The authors suggested that this was due to both viscoelastic
dissipation and inclusion-binder interactions with heating observed for both energetic and inert
inclusions. This was supported by a demonstration that variation of the excitation frequency could
be used to cause either viscoelastic bulk heating or localized heating near the inclusion surface.
Further evidence of these complementary and distinct modes of heating was found by comparing
the heating observed at the top surface of the polymer block to the movement of the polymer
surface as captured via a laser Doppler vibrometer. The authors highlighted the potential impact
of these mechanisms by demonstrating that ammonium perchlorate (AP) and cyclotetramethylene-
tetranitramine (HMX) could be driven to thermal decomposition upon application of sufficient
ultrasonic energy at particular frequencies. By applying a model for a point heat source located at
the depth of the single inclusion in a volume of binder, the heat generation rate and temperature at
the surface of the inclusion were determined quantitatively. This yielded temperatures in excess of

what would be required for thermal decomposition suggesting that modern composite energetic
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materials could be vulnerable to ultrasonic excitation [14]. The evolution of the thermomechanical
heating was further examined via synchrotron X-ray phase contrast imaging and diffraction. This
demonstrated that the heating seems to occur in a three-step process where the sample heating was
first dominated by viscoelastic dissipation. Delamination then occurs due to the thermal expansion
of the material, allowing frictional dissipation to occur, culminating in the decomposition of the
energetic material and the release of chemical energy [11].

Miller et al. continued investigations into this form of excitation with a study on the impact
of crystal morphology on the thermomechanical response of an embedded AP crystal in Sylgard
184 [15]. It was observed that the degree of localized heating was not altered by crystal
morphology. Rather, the probability of such heating was greater for irregular crystals compared to
more spherical crystals. This provided strong evidence for the presence of two distinct mechanisms
for transforming mechanical work into thermal energy. The first was viscoelastic dissipation of
the energy as the polymer was stressed and relaxed leading to low-level heating of the bulk of the
material. Modeling efforts using analytical stress and displacement solutions to describe a high-
frequency compressional plane wave interacting with a rigid HMX sphere in Sylgard 184
demonstrated significant heating due to scattering of the compression waves [9]. The second
mechanism was the result of frictional heating at the surface of the inclusion leading to strong
localized heating. It was suggested this frictional dissipation was enabled by the delamination of
the polymer from the surface of the crystal and that the delamination could be promoted by
irregular surfaces. This conclusion was further supported by work performed by Roberts et al. that
utilized high-speed microscopic imaging to observe ultrasonically excited single crystal samples
encased in binder. It was observed that -HMX with a rough surface experienced a greater degree
of heating as compared to smooth f-HMX, which did not show signs of delamination or heating
sufficient to melt or decompose the crystal [12].

Pursuing a similar path of ultrasonic excitation, Chen et al. utilized an ultrasonic horn to
more strongly excite a field of number of crystals of either cyclotrimethylene-trinitramine (RDX)
in Sylgard 182 or sucrose encapsulated in hydroxyl-terminated polybutadiene (HTPB) [13]. At
these high excitation energies, mid-wave infrared (MWIR) thermography inferred localized
temperatures in excess of 500 K within 150 ms with preferential heating occurring at or near the
crystal-binder interface. The authors suggested these results provided evidence of two possible

heating mechanisms: a localized viscoelastic dissipation mechanism enhanced by wave scattering
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due to the interface between materials of differing impedance, and a frictional dissipation
mechanism wherein the kinetic energy was dissipated as frictional heating due to disparate motion
of the polymer and crystal materials. To investigate the frictional dissipation mechanism, You et
al. [16] performed similar experiments with crystals coated in either polytetrafluoroethylene
(PTFE) or liquid polyethylene glycol (PEG) and cured in Sylgard 182. This coating isolated the
crystal from the polymer during the curing process, preventing the intimate molecular contact
necessary for strong interfacial adhesive forces from developing. This allowed preferential
generation of intense hot spots on the coated crystals when subjected to ultrasonic excitation,
providing evidence in favor of the frictional heating mechanism. Examination of the excited
particles after the conclusion of the experiment using a scanning electron microscope revealed
smoothed and worn crystal surfaces which the authors suggested provided evidence of frictional
damage.

In work by Men et al., an ultrasonic horn was once again utilized in order to gather data on
the thermal explosions resulting from excitation of an embedded and lubricated energetic crystal.
An IR camera and linear array detector were used in order to gather spatial and temporal
information during the early stages of excitation. A two-stage thermal explosion was observed for
RDX and HMX with the authors suggesting the first was a solid-state explosion which was
quenched by the formation of a gas pocket, and then the second gas-phase explosion resulted from
adiabatic heating of the gases in the gas pocket or from a delayed reaction due to relatively slower
chemical kinetics. The authors suggest that the investigation of this two-stage process
demonstrated a need to further examine how the relationship between ultrasonic excitation and hot
spot formation changes as the energetic material heats, melts, and reacts [17].

While single crystals provided some insights into real PBX behavior, Roberts et al.
investigated the effects of crystal-crystal contact utilizing a simplified system of three HMX
crystals embedded in Sylgard 184 binder [18]. Two different geometries were utilized for the
crystal configurations. The first configuration constrained the crystals to be separated by less than
400 um without contacting each other, and the second placed the crystals such that at least two
points of contact were observed between them. It was determined that the heating due to ultrasonic
excitation for the ‘in contact’ configuration was much greater than the heating observed in the
‘separated’ configuration. It was suggested that this was due to frictional dissipation at the points

of contact or frictional dissipation enabled by delamination of the binder near the points of contact.
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Further experimentation was performed by purposely delaminating the binder from the crystal
through the use of mechanical force on the cured samples of both configurations and subjecting
the delaminated samples to ultrasonic excitation. For the ‘separated’ samples, significantly greater
heating was observed for the delaminated samples than for the undamaged samples. While crystal-
crystal contact and delaminated crystal initial conditions generally led to a similar degree of
heating, analysis of the results showed that the delamination was a stronger predictor of increased
heating for both ‘in-contact’ and separated samples. This also provided evidence that delamination
introduced modes of heating, such as frictional dissipation, which could far exceed the heating due
to viscoelastic effects for this particular system and excitation conditions.

The importance of the stiffness and adhesive properties in the failure of composites such
as energetic materials was explored via ellipsometry and nanoindentation techniques in work by
Yeager et al. [19]. Recrystallized HMX was coated in either estane (a thermoplastic polyurethane)
or estane with nitroplasticizer via a dip coating procedure before being characterized and subjected
to nanoindentation. It was observed that a weaker interface could be formed with the addition of
plasticizer leading to prompt delamination of the binder material from the crystal when relatively
low stresses were applied. It was posited that this behavior could be responsible for the safety
characteristics of the PBX 9501 formulation, but the authors cautioned that this method of
improving safety characteristics could lead to sensitization of the mixture to other insults once
damage has taken place. Due consideration must be paid to how sensitivity may evolve or how
decreasing the sensitivity to a particular insult may result in increased sensitivity to another. This
was exemplified in how curing times, the viscosity of the uncured base, and the health hazards
associated with HTPB-based polymers have encouraged the consideration of Sylgard in some
research settings as an alternative binder for PBXs. In work by Elbeih et al., the utility of Sylgard
as a desensitizing binder was examined and demonstrated via large decreases in the drop weight
and friction sensitivities compared to the pure explosive crystal components [20]. Sylgard-based
PBXs were also shown to have lower sensitivities than selected commercial PBXs for impact and
friction [21]. It was evident that the material properties of PBX binders play a considerable role in

the sensitivity of a compounded explosive.
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2.2 Drop weight experiments

The drop weight impactor experiment has a long history in the study of the sensitivity to
impact of energetic materials [2, 22, 23]. In drop weight impactor studies, a sample was placed on
an anvil and subjected to impact via the gravitationally-driven fall of a striker of known mass from
a chosen height. The experimental results are categorized as go or no-go based on whether or not
ignition or initiation of the energetic material results from the impact. Repeated testing allows for
statistical characterization, including the determination of a drop height at which a sample has a
50% probability of reacting (on a particular apparatus). For a given height an initiation energy can

be calculated,

Eimpact = mgh (2.1)
which is the equation for gravitational potential energy. Here, Eimpact Was the energy of the impact,
m was the mass of the striker, g was the acceleration due to gravity, and h was the chosen height
of the drop weight at the onset of the experiment. The 50% drop height or energy was reported
traditionally, but statistical distributions can also be calculated. It was important to note that the
impact energy was a measure of the total energy imparted to the sample and anvil rather than
strictly the amount of energy required to ignite the material, which partially accounts for the
probabilistic nature of the experiments [24, 25]. While the setup and execution of this type of
experiment appears to be quite simple, the drop weight test can suffer from poor repeatability and
often the results are only used to crudely rank sensitivities of energetic materials [2, 25].
Nevertheless, the drop weight impact test remains one of the most commonly used methods for
characterizing the response of energetic materials to low speed impacts. It has been utilized to
great effect in studying the role of chemical composition on impact sensitivity with authors
demonstrating consistent links between particular chemical configurations and sensitivity [26-28].
Modeling work has also made use of the impact test results in order to correlate various solid-state
criteria to impact sensitivity [29-31]. Consequently, drop weight impact testing remains a valuable
tool for evaluating changes in sensitivity.

One of the most significant ways that the drop weight impact test has been improved was
through the use of optically clear anvils and impactors. While this does not inherently solve any
of the consistency issues experienced with drop weight impact testing, these modifications allow
for the introduction of high-speed photography and reveal several important dynamic phenomena.

Primarily, they allow for observation of how material failure is related to the sensitivity of
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energetic materials and demonstrate that a countable number of hot-spots can be responsible for
bulk decomposition for a low speed impact scenario [25, 32]. Combined with earlier works where
it was demonstrated that the bulk heating of the material was insufficient to raise its temperature
appreciably [2], the observation that localized heating (or “hot spots”) was responsible for reaction
of a sample suggests that interfacial surface chemistry could influence the ultimate sensitivity of
an energetic material [1].

While most drop weight impact experiments are carried out for pure energetic materials in
the form of loose powders, an exploration into PBXs containing thermoplastic polymers was
performed in work by Swallowe and Field [33]. In a series of drop weight experiments performed
on equipment designed for high speed photography, cylinders of thermoplastic polymers and
pressed pellets of cyclotetramethylene tetranitramine (HMX) were subjected to impact. In these
experiments, it was observed that polymers which could desensitize a mixture generally had a high
latent heat of fusion as well as a tendency to deform plastically without catastrophically failing.
Polymers that failed catastrophically were seen to sensitize the mixture. These polymers created
regions where polymer and energetic powder would rapidly flow through or around each other,
generating regions of intense thermal dissipation/heating due to friction. This in turn produced
many hot-spots and ignition of the energetic material. Split-Hopkinson bar experiments with
energetic materials resulted in significant observed shear banding that indicated particle-particle
interactions were critical for thermal decomposition within the PBX samples. Importantly, this
shear banding was a function of particle spacing (or loading) and binder stiffness[34]. Ultimately,
this series of experiments demonstrated that the manner in which the polymer material fails, or
deforms, can affect the sensitivity of the material and that determination of an explicit or empirical
relationship between physical and chemical properties of the binder and sensitivity may be
plausible.

Schedlbauer and Kretschmer[35] varied binder properties and particle size in order to
obtain PBXs with similar elastic moduli while containing differently sized particles. They
evaluated sensitivity using standard drop weight impact tests, in addition to friction, shock (via
large-scale gap tests), and bullet impact studies. The results demonstrated that for a given elastic
modulus of the composite material, sensitivity can be decreased by utilizing finer energetic

particles. The authors attributed these results to defects within the crystals or changes in porosity
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of the charges, but the role of the mechanical properties in the impact sensitivity of the composite
remained unclear.

Mechanical properties were explored by Manner and Yeager[36] in a study examining the
role of the mechanical properties on the deformation and failure of PBXs. By compressing then
taking CT images of the PBX samples, the authors demonstrate that both the mechanical and
adhesive properties contribute to stark differences in how the PBX fails. The softer sample tended
to flow under compression versus the cracking and separation observed in the stiffer sample.
Similarly, testing a series of PBX samples with stronger adhesion demonstrated a shift in the failure
mode from intergranular to mixed inter- and transgranular failure. These experiments
demonstrated the profound influence that binder properties can have on PBX failure, and suggest
that it may be possible for these properties to have an influence on other behaviors such as
sensitivity.

Martin and Yee[37] performed two studies to relate the composite mechanical, interfacial
surface properties, and sensitivities of PBXs. The first study mixed various commonly used binders
with the explosive crystal cyclotrimethylenetrinitramine (RDX). The outcome of this study
determined the values of the surface energies and various mechanical properties that would be of
interest for investigating their role in sensitivity. This work paved the way for a second study on
various mechanical properties, including dewetting, and sensitivity. By assuming that the adhesive
bond between crystal and binder was the weakest bond in the energetic composite materials, the
critical radius of detachment of a spherical inclusion in elastic material could be related to the
energy absorbed in debonding, the stress, the elastic modulus, and the Poisson’s ratio[38]. It was
assumed that dewetting was associated with the breaking of the adhesive bond between the crystals
and the binder and was functionally the same as delamination wherein it describes the peeling
away of one surface from another. The relationship used to estimate the critical arrangement for
detachment was

EW = Kr*o? (2.2)
where E was the elastic modulus of the composite, K was a constant which was a function of
Poisson’s ratio, »* was the critical inclusion radius, W was the energy absorbed in debonding or
work of adhesion, and o was the stress at the onset of dewetting which was taken to occur at a
volume dilation of 1% under tensile stress [39]. For systems with constant particle size, constant

r* Eq 2 suggests that a plot of ¢° as a function of E should be linear with a constant slope
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proportional to W, which was confirmed experimentally for an energetic material composed of
hydroxyl-terminated polybutadiene (HTPB) and RDX[39]. While the authors also evaluated the
sensitivities of the mixtures to drop weight impact, they did not systematically vary the mechanical
and adhesive properties of the binder to explicitly investigate the relationship of these properties
to impact sensitivity. It was noted that surviving damaged samples were more sensitive and that a
slight reduction in sensitivity was observed for damaged samples that were allowed to rest for
significant amounts of time.

Based on these previous studies, a link may exist between the impact sensitivity of an
energetic composition and both the mechanical and particle-binder interfacial properties of the
composition. This current work explicitly explores this relationship by systematically varying the
elastic modulus and work of adhesion in a homologous family of PBX energetics, to help guide

the development of new PBX systems.

2.3 Mixing

Given that a range of material properties was necessary in order to explore the role of
adhesion in hotspot formation and sensitivity, Sylgard and HTPB were chosen as binder systems.
The variation of the Sylgard polymers was accomplished by varying the amount of curative added
to the base and substituting a significant fraction of Sylgard 184 with Sylgard 527, a softer PDMS
polymer blend. Based on available literature, this method allowed for an order of magnitude
variation in the modulus of the cured polymer compound without significantly altering its surface
energy [40].

The variation of the properties of the HTPB polymers was accomplished through the
introduction of butane diol as a chain extender which allowed for a threefold increase in the
modulus without significant changes to the surface energy of the final compound. The mixing
ratios for HTPB were determined using the following equation [41, 42]:

+ WBonding agent )

EWHTPB compound EWBonding agent

(2.3)

Wcurative _ (IR) < WHTPB compound
E Wcurative

In Equation 2.1, 7 is mass, IR is the index ratio or the ratio of NCO to OH, and EW is equivalent
weight. Equivalent weight is the effective grams per reactive group which can also be stated as the

ratio of the molecular weight of the component to the number of reactive groups per molecule.
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While no bonding agent was utilized, the mass and equivalent weights of butane diol simply

substituted into the same place in the equation.

2.4 Adhesion

Quantifying the adhesion between energetic inclusions and polymer binders is a difficult
task that has been approached by some authors through measuring the pull-off force or some
equivalent metric [38, 43-45]. While this incorporates elastic and inelastic contributions, these
methods make it difficult to accurately assess the influence of a single property across different
composite mixtures. Consequently, it is important to utilize a more fundamental measure of
adhesion that can be varied relatively independently from mechanical properties. The adhesion at
the interface between the energetic inclusion and the polymer binder can be characterized using
the thermodynamic work of adhesion which describes the increase in free energy from creating
two surfaces. This approach accounts for the fundamental intermolecular forces responsible for
adhesion and provides a route for discriminating between weak and strong adhesion. The
thermodynamic work of adhesion can be calculated from the surface energies of each component
in a system of contacting materials. These surface energies can be determined from simple contact
angle experiments as the angle formed between the liquid, solid, and vapor phases was empirically
indicative of the involved intermolecular forces. In work by Yeager er al. a contact angle
measurement method was used to evaluate the adhesive properties of a number of fluoropolymers
with potential applications as explosive binders [46]. The general process was outlined below
including important equations.

First, the work of adhesion can be written as below where the subscripts on each interfacial
surface energy represent a solid-vapor, liquid-vapor, or solid-liquid interaction [47].

Wa =Vsy + Vv — Vs1 (2.4)
An explicit relationship between the angle formed and the interfacial surface energy components
can be found in Young’s equation for the equilibrium of a droplet [48].

YLy €0S0 = Ysy — Vsy (2.5)
In order to avoid underestimating the true surface energy, the surface energies must be split into

polar and dispersive components which are denoted with the superscripts p and d respectively [49].

VsL = VfL +v&, (2.6)
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Further, the interfacial surface energy can be represented as a geometric mean of the interacting

surface energies [50].

Viz = V1 + V2 — 27y, — 2,/¥V1PY,P (2.7)

This can be substituted into a final modified Young’s equation given below [50].

(=2 (B)- (e e

Polar and dispersive components of the liquids can be obtained from literature, allowing for

determination of the polar and dispersive components of an unknown solid via a simple linear
regression [50-52]. An example of this process is shown in Figure 2.1 and Figure 2.2 where a
drop of a liquid is placed upon a surface and the angle measured is a product of the various surface

energy interactions at the interface.

Figure 2.1: A drop of liquid on a solid surface

YLV

/

v

YSL < Ysv

Figure 2.2: Contact angle at the edge of the interface between the liquid drop and the solid
substrate where the angle formed is due to a balance of interfacial surface energies

The importance of the stiffness and adhesive properties in the failure of composites such
as energetic materials was explored via ellipsometry and nanoindentation techniques in work by
Yeager et al. [19]. Recrystallized HMX was coated in Estane® or Estane® with nitroplasticizer
via a dip coating procedure before being characterized and subjected to nanoindentation [19]. It
was observed that a weaker interface could be formed with the addition of plasticizer leading to

prompt delamination of the binder material from the crystal due to relatively low stresses. It was
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posited that this behavior could be responsible for the safety characteristics of the PBX 9501
formulation, but the authors cautioned that this method of improving safety characteristics could
lead to sensitization of the mixture to other insults once damage has been applied. Consequently,
due consideration must be paid to how sensitivity may evolve or how decreasing the sensitivity to
a particular insult may result in sensitization to another. Both the adhesive and mechanical

properties of the constituents in a PBX contribute to the specific sensitivities of the overall PBX.

2.5 Infrared Spectroscopy

In order to evaluate the role that adhesion plays in the transformation of mechanical energy
to thermal energy at the interface, it is necessary to capture the heating rate. In previous works this
has been accomplished with the use of infrared (IR) thermography. IR thermography is particularly
suited for examination of hot spot formation, but there are obvious challenges to overcome due to
the short duration and violent nature of energetic material decomposition. However, using a
simplified PBX sample containing discrete, countable energetic inclusions in a block of polymer
has proven to be an effective method for previous authors [12, 18, 53]. These methods have
leveraged the longer timescales available during ultrasonic excitation in order to glean insight

about specific thermomechanical mechanisms.

2.6 Geopycnometry

For the purposes of calculating heat generation rates as utilized in this study, the density of
the polymer material must be determined. In order to address this, geopycnometry was employed.
Geopycnometry is a technique for measuring the volume of an unknown solid by measuring the
displacement of a freely flowing dry powder medium. The powder particles are sufficiently small
to allow for close packing around the sample. The testing apparatus consists of a precisely
machined glass cylinder and an electrically controlled piston. A baseline volume is first established
by charging the cylinder with an initial volume of the dry powder. The cylinder and piston are
vibrated as the piston compresses the volume of dry powder to a predetermined force limit in order
to yield an initial volume. The mass of the sample is measured and then inserted into the opened
cylinder with the initial mass of dry powder. The cylinder and piston are again vibrated and

compressed to the same predetermined force limit. The sample density is then simply the sample
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mass divided by the change in volume. The change in volume is a simple calculation as the cross-

sectional area of the cylinder remains constant while the length is variable.

2.7  Optical Microscopy

Optical microscopy has been employed before in order to study some of the effects of
ultrasonic excitation of energetic material. In particular, Roberts et al. used optical microscopy to
investigate the various thermomechanical mechanisms responsible for transforming ultrasonic
energy into thermal energy [12, 18, 53]. Optical microscopy proved essential for capturing phase
changes in HMX crystals as well as the influence of crystal proximity on ultrasonic heating. While
IR thermography is more than sufficient for capturing and comparing heating results, optical
microscopy was necessary for measuring embedded crystal diameters and depths. This tool also
proved useful for comparing to the previous literature and gave some insight into crystal shape.

Figure 2.3 and Figure 2.4 show an example HMX crystal embedded in a Sylgard blend
and subjected to ultrasonic excitation. Over the course of a few seconds, sufficient thermal energy
has been generated to cause significant gas production. The crystal heats, melts, produces gas, and
eventually is quenched when the gas creates a sufficiently large pocket around the original
inclusion or the gas escapes the original location and “blows-out” into the surrounding material.

This is consistent with previous literature on ultrasonic excitation of energetic materials [12].

Figure 2.3: HMX crystal heated to reaction and gas production creating a “blown-out” pocket
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Figure 2.4 HMX crystal heated to reaction creating a pocket around the crystal

Optical microscopy was also useful for examining the morphology of the crystals as seen
in Figure 2.5 and Figure 2.6. In all of these images, the shapes of the crystals are highly irregular,
having been drawn from production grade crystals. These production grade crystals are similar to

the ones utilized in this study and so these videos provide insight into measured heating results.

Figure 2.5: HMX crystal heated to reaction
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Figure 2.6: HMX crystal heated to reaction

2.8  Sensitivity Testing

A challenge associated with determining the sensitivity of a PBX material is that samples
are consumed in the process of testing, if the testing drives the sample to decomposition or to a
change in state.Evenin cases where there is no reaction or initiation, the necessary design of the
test will damage the sample. Thus, it is not possible to directly measure the sensitivity parameters
of interest. However, a number of statistical tests have been developed which seek to effectively
and efficiently determine an estimated 50% drop height for detonation and the associated shape of
the probability curve [54, 55]. The method chosen for this study utilizes the Neyer test in order to
quickly determine the drop height parameters of interest. This test utilizes a D-optimal test which
optimizes knowledge of the parameters of the curve while remaining fairly robust even when initial
estimates of the mean and standard deviation are unknown. Effectively, this test provides the tester
with the next testing level at which the most knowledge about the probability curve can be gained
[56].

An example of this process can be outlined using a series of tests with a PBX consisting of
85 wt% HMX and 15 wt% Sylgard blend. The current predicted drop height and associated sigma
(standard deviation) are tracked in Figure 2.7 and Figure 2.8 respectively. In this case, an initial
predicted guess height of 76 cm was provided and testing began at 76 cm. The filled circle
represents the current estimated 50% probability of reaction (PoR) height or the height at which
50% of samples can be expected to react. The x marks a ‘go’ case at the tested height (detonation

occurred) and an empty circle represents a ‘no-go’ case at the tested height (no detonation
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occurred). For example, the predicted 50% PoR height for trial 4 was 70 cm and the tested drop
weight height was 86 cm which resulted in a go case. Thus, the predicted 50% PoR height
decreased to 67 cm and the next test was conducted at 70 cm which resulted in a go case. Only
when there is an “unexpected” result where a sample reacts when it is below the 50% PoR height
does the Neyer Sentest provide useful statistical data beyond suggesting the next drop height. This
occurs on trial 15 for this case and this “unexpected” result allows for the probability curve to be

constructed.
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Figure 2.7: Example determination of the 50% drop height

It is useful at this point to examine the evolution of the sigma on Figure 2.8 and note how
until trial 15, the probability curves cannot be meaningfully constructed. Following the data from
there, trial 16 returns an expected result and so the standard deviation decreases effectively
sharpening the predicted probability curve. If this reflected the true standard deviation for this PBX,
this would indicate that there was a sharp transition from no reaction to a reaction. This can be a
good indicator of uniformity between samples and likely indicates that the true standard deviation
is being calculated. Trial 17 yields an “unexpected” go-case and so the predicted sigma increases.

The process of determining drop height is, by necessity, a stochastic process so a gradual
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determination of each drop height parameter is to be expected. This can be seen earlier in Figure

2.7 where the “unexpected” results do not significantly alter the predicted PoR height.
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Figure 2.8: Evolution of the corresponding sigma of the 50% drop weight test

As there is no upper limit to how many tests may be performed, it is up to the experimenter
to determine how many tests is sufficient to determine the PoR height and associated sigma. In
this work it was determined that testing was completed when 10 successive trials were completed
with “expected” results which was reflected in a consistently decreasing sigma value. This can be
seen in Figure 2.9 and Figure 2.10 which were performed with PBXs containing hydroxyl-
terminated polybutadiene (HTPB) with butane-diol (BDO) chain extenders. As before, no true
probability curve can be constructed until trial 14. While the variation in the PoR height is
relatively small compared to the magnitude of the drop height, the variation in the sigma
demonstrates the gradual approach to a true estimate. As established before, testing was
determined to be complete upon ten successive decreases in sigma. Of interest is that the impact
of each “unexpected” result can be seen in both the higher sigma value and the more gradual
decrease after each “expected” result. Consequently, greater confidence can be taken in the final

reported sigma and PoR height value.
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Figure 2.10: HTPB BDO sigma evolution
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After the 50% PoR height and corresponding sigma have been determined for a chosen
PBX material, the probability density function (PDF) and cumulative distribution function (CDF)
that describe the impact sensitivity of the PBX can be constructed. As it has been assumed that the
drop height of the PBX can be described using a Gaussian distribution, Equation 2.9 can be
employed.

—(x—p)*
e 202 (2.9)

PDF(x) =
oV2m

In Equation 2.9, o is the scale parameter and x is the location parameter. For the purposes
of this study with respect to impact testing, o is the estimated standard deviation and u is the
estimated 50% PoR height. Applying this and graphing the results yields PoR curves as pictured
in Figure 2.11. In this figure, several PBXs with different polymers are utilized. These values
represent the relative likelihood that a random sample of the PBX would yield a particular drop
height.
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Figure 2.11: Probability density functions of several drop weight tests for PBXs with different
works of adhesion and elastic moduli

31



By integrating Equation 2.9, Equation 2.10 can be yielded which describes the cumulative
distribution function CDF (x). In this case, erf represents the error function. This form is more

useful for comparing and understanding the results of the drop weight test.

CDF(x) = %[1 +erf (’;\‘é‘)] (2.10)

Applying this to the previous data set, the results can be graphed as in Figure 2.12. The
50% PoR height is immediately apparent in this new presentation and can be easily compared by
following the 0.5 line from left to right. These values are normally what is compared when 50%
drop or PoR heights are reported within the literature. However, as most literature attempts to only
compare drop heights for the purposes of crude sensitivity rankings, the spreads and their meaning
are not often reported. Using the additional data from the generated cumulative density function
curves, the effect of a larger or smaller deviation can be seen in the more gradual transition from
“no-go” to “go” cases. For example, the yellow curve represents a sample that has a sharply defined
50% PoR where this transition occurs rapidly. The orange curve represents samples which have
much higher 50% PoR heights, but the broader curve indicates significant variability with the PoR
of the orange and yellow curves intersecting at about 12 in. Below this height, the samples
represented by the yellow curves are predicted to quickly drop to practically 0% PoR. In contrast,
the samples represented by the orange curves are predicted to have a not-insignificant PoR even
below 10 in. Thus, samples which appear to superficially be more insensitive to drop weight impact
(high 50% PoR) compared to “sensitive samples” (low 50% PoR), may represent a significant

safety hazard at energies far below the 50% PoR.
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Figure 2.12: Cumulative density functions of several drop weight tests for PBXs with different
works of adhesion and elastic moduli

While this provides some interesting insights, caution must be urged before making
conclusive claims on sensitivity. Significant testing at low drop heights would be required to prove
or disprove assertions of actual sensitivity at such heights. Ultimately, this kind of observation
may be more helpful for identifying variability or sensitization due to damage in samples. It may
also be of significant use for quantifying the roles of various failure mechanisms or the influence
of various additives. In the course of this study, it was used to evaluate the influence of adhesion,

but it has become clear that it could have significant value to future studies as well.
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3. THE ROLE OF ADHESION AND BINDER STIFFNESS IN THE
IMPACT SENSITIVITY OF CAST COMPOSITE ENERGETIC
MATERIALS

The drop weight impactor experiment has a long history in the study of the sensitivity to
impact of energetic materials [2, 22, 23]. There have been numerous studies which attempt to
quantify the relationship between physical or chemical parameters and sensitivity, but the
influence of adhesion remains an open question. Often most of the parameters of interest were
completely mechanical, but based on these previous studies, a link may exist between the impact
sensitivity of an energetic composition and both the mechanical and particle-binder interfacial
properties of the composition [36, 37, 39]. This current work explicitly explores the relationship
between adhesion and impact sensitivity by systematically varying the elastic modulus and work
of adhesion in a homologous family of PBX energetics, to help guide the development of new
PBX systems.

The objective of this chapter is to explore the relationship between adhesion and the
sensitivity of PBXs to drop weight impact. This was accomplished utilizing HMX-based PBXs
and swapping the polymer component between several different blends in order to obtain different
works of adhesion and elastic moduli. By systematically determining both the predicted 50%
probability of reaction drop height and the associated spread, conclusions about the influence of
adhesion on these PBXs could be drawn. In particular, this work allowed for exploration of
possible mechanisms responsible for the sensitivity behavior of PBXs. Portions of this chapter are
reproduced from “The Role of Adhesion and Binder Stiffness in the Impact Sensitivity of Cast
Composite Energetic Materials™ in the Journal of Applied Physics volume 128, issue 21, paper

214902, 2020 [57] with the permission of AIP Publishing.

3.1 Drop Weight Impact Experiment Samples

Each drop weight impact sample consisted of a polymer binder and 85% HMX by weight.
By utilizing HMX as the energetic component for all samples, significant variations in drop energy
due to chemical composition were controlled. This was necessary as other authors have
demonstrated significant differences in sensitivity of PBXs due to differences in the energetic

material chemistry[58-60]. First, the polymer binder was mixed by hand for two minutes before
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being added to HMX particles (BAE Systems Grade B, Class 3) and stirred by hand for two more
minutes. Table 3.1 shows the binder materials used. The mixture was then transferred to a
container for mixing in a Resodyne LabRAM under vacuum for two minutes at 60% intensity. In
order to make repeatable and consistent samples, a thin layer approximately 1 mm in thickness
was cast into a polytetrafluoroethylene (PTFE) mold and allowed to cure for either 24 or 168 hours
for Sylgard (polydimethylsiloxane) or HTPB. HTPB was cured using isophorone diisocyanate
(IPDI). HTPB with a higher elastic modulus was obtained using 1,4-butanediol (BDO). Once the
samples were removed from the oven, 5 mm diameter cylinders were cut from the cured layer

using a hole punch.

Table 3.1: Polymer matrix components by parts for impact experiments

Sylgard  Sylgard 184 Sylgard Sylgard 527 HTPB
Polymer Blend e Ve e e IPDI BDO
184 Base Curative 527 Base Curative Base

Sylgard 5:1 5 1 - - - - -
Sylgard 15:1 15 1 - - - - -
Sylgard 184/527 10 1 16.5 16.5 - - -
25%
Sylgard 184/527 10 1 7.9 7.9 - - -
41%
HTPB - - - - 10.2 1 -
HTPB BDO - - - - 5 3 1

3.2 Work of Adhesion and Elastic Modulus Measurement

The works of adhesion for the polymer binders were calculated by first evaluating the
surface energies of the respective components using advancing stable contact angle experiments
wherein water and ethylene glycol were utilized as the liquid phase atop the Sylgard 184 or HTPB
solid phases. For each liquid, 6 drops of 1.5 mL were placed upon the cured polymer surface and
the contact angles for each drop were measured 3 times for a total of 18 measurements per solid-

liquid pairing. A Ramé-Hart advanced goniometer model 500-00 and corresponding angle
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measurement software, DROPimage Advanced 2.8.03, were used to measure the contact angle
formed between the liquid drop and solid surface.

The elastic modulus was determined via tensile tests on a TA Instruments DMA Q800
using film tension clamps. Samples of each material were cast into 2 mm thick flat plates and cured
for 24 or 168 hrs for Sylgard and HTPB. Three rectangular samples were cut from these plates and
measured using a digital caliper. Stress and strain were calculated from the load and travel distance
from the tensile tester. The elastic modulus was obtained from the slope of the linear region located

within the first 2% strain of the corresponding stress-strain plot.

3.3 Drop Weight Impact Statistical Software

The statistical test utilized here for rapid determination of the drop height sensitivity of
explosives was the Neyer D-optimal test [56, 61]. This statistical test was designed to determine
the most efficient testing level for sequential sampling based on the go or no-go responses of

previous samples. The commercial program SenTest™

utilizes this test to rapidly determine the
height at which 50% of the samples are expected to react, here referred to as the 50% drop height.
The program also calculates maximum likelihood estimates and confidence regions of the mean
(50% drop height), standard deviation, and requested response levels. The results from these tests
can then be used to compare the sensitivities of a wide range of energetic materials and

compositions. However, due to differences in the design of impact machines, ideally these

measures should be generated for each material of interest on the same machine.

3.4 Drop Weight Impact Testing

The drop weight impact apparatus as depicted in Figure 3.1 consists of a 2-meter-tall drop
tower with an anvil on which the sample was placed and a guide-rail for the 5 kg drop weight
trajectory. An electromagnet energized by a power supply was used to keep the weight suspended

t™ and was

at the chosen drop height. The drop height was determined using the Neyer Sentes
updated after each sample test. A particular variant of the drop weight impact test, the German
Bundesanstalt fiir Materialprufung (BAM) impact test, was utilized in order to minimize variability

in excitation due to divergent designs of the drop tower apparatus. In this variant, the sample was
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enclosed between two metal cylinders which are placed into a metal guide ring, as shown in Figure

3.2. The same cylinders and guide ring were used for all tests without any grit paper.

Electromagnet
Guide Rails
Striker
Sample Holder
Anvil

Figure 3.1: Drop weight tower schematic

Direction of Impact

+— Steel Guide Ring

PBX Sample

Steel Pin

Figure 3.2: BAM impact test sample holder.
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This sample holder was placed on the anvil such that the drop weight would strike the top
cylinder of the sample holder. This crushes the sample as the top cylinder moves down and imparts
its energy. In this way, the nature of the impact wave and the contact between the metal
components and samples are similar, even across different machines. A ‘go’ event was indicated
by a noticeable generation of a sound beyond that which was produced by impact of an inert sample,
a flash as the sample combusts, or odor due to combustion products. As the samples were of
appreciable size, no samples were observed to have undergone a decomposition event without
immediate and obvious signs of combustion.

While the Neyer’s SenTest provides estimates of a material’s 50% drop height and a drop
height at which to test, it does not indicate when a sufficient number of experiments have been run.
The approach utilized here involved testing until the estimate of the standard deviation of the
probability of reaction monotonically decreased over the course of ten tests. This generally resulted
in 15-25 shots per sample type. In order to facilitate easy comparison to other drop test systems

and experimental results, the estimated drop heights are also converted to drop energy.

3.5 Results

During testing it became clear that utilizing a BAM impact setup necessarily requires
careful selection of a sufficiently small sample size in order to avoid extreme variability and
increases in the drop height due to the sample deforming to the walls and significantly affecting
the deformation and therefore reaction. When samples exceeded a mass of approximately 30 mg,
PBX samples could fail to react even at heights in excess of 2 m. This usually led to drop heights
that were clearly not indicative of the true sensitivity with estimates of the standard deviation of
the drop height often exceeding 1 m. No-go experiments often resulted in seizing of the cylinders
and a significantly deformed final sample. The sample appeared to have deformed to the walls of
the guide ring and into the gap between the guide ring and pins. This was interpreted as being the
cause of the cylinders seizing and the spurious drop heights. Effectively, most of the energy of the
striker for larger samples was then being transformed into elastic deformation of the machine rather
than elastic and plastic deformation of the sample. By reducing the sample size, consistent drop
heights could be obtained and the corresponding standard deviations significantly decreased to a

small fraction of the drop heights. This initial process of refining the testing procedure also
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demonstrated that the use of new sample holders did not significantly impact the determination of
the drop heights.

The experimental results for several different polymer blends are displayed in Figure 3.3
as probability plots and Figure 3.4 as cumulative probability plots based on the estimated drop
energy, standard deviation, and an assumed normal distribution. Primarily of interest was the 50%
probability of reaction which demonstrates a generally increasing required drop energy as the
polymer blend becomes less pliable. Reading from 0 J to 40 J at the 0.5 probability of explosion
level, the materials go from the greatest to the smallest modulus. While the differences in drop
weight energy were small at elastic moduli greater than approximately 3 MPa as represented by
the 5:1 samples, there was a dramatic increase in the required drop energy below this critical value.
The shapes and widths of the curves reflect the estimated standard deviation of the drop energy
required of the material to react. While most demonstrate a relatively sharp slope and thus a smaller
standard deviation, the Sylgard 15:1 blend has a much shallower slope and thus a larger standard
deviation. This was possibly due to localized inhomogeneity in the curing of the polymer due to
the smaller amount of curative included in the formulation. Such disparate degrees of curing would
be reflected in localized material properties including the elastic modulus. Appropriately, it would
be expected that the sensitivity parameters of such a material would lie somewhere between a fully
cured sample and a homogeneous partially cured sample. Based on the data collected, this blend

of properties likely resulted in a wider range of responses and larger estimated standard deviation.
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By plotting the observed drop energy against the elastic modulus as in Figure 3.5, the
inverse correlation between the drop energy and the elastic modulus becomes clear. Note that the
error bars in Figure 3.6 represent the Standard Error (SE) of the 50% drop height, as calculated
using,

S
SE = = (3.1)

where s was the sample standard deviation, and » was the number of drop weight tests performed
on that sample type[62]. One interpretation of the data may suggest that a logarithmic or power
law model may be appropriate for correlating drop energies with binder elastic modulus. Such a
curve could prove very useful for designing composites with a desired sensitivity, and also may
suggest that only materials below a particular elastic modulus are appropriate for further
exploration when designing energetic materials for resilience to low-speed impacts. Another
interpretation of this data was that there was an elastic modulus threshold below which the drop
height was extremely sensitive to modulus and above which it was relatively insensitive to this
parameter.

In Figure 3.6, drop weight energy was plotted against the work of adhesion between the
polymer and the HMX particle. A similar pattern was observed to the elastic modulus data, where
significant changes in drop energy occur at the lower values of the work of adhesion and there was
relatively little effect of work of adhesion on the drop energy above a threshold value. Further
exploration of this particular parameter space may reveal the controlling behavior to be heavily
dependent on a singular property or balance of properties. However, a qualitative comparison of
the trends suggests that the elastic modulus may have a more important role in the sensitivity
responses of the PBX samples. This was primarily based on the observation that the drop energy
of the Sylgard PBXs varies significantly despite possessing effectively identical works of adhesion.
In contrast, the variation in drop energy as a function of elastic modulus occurs over a clear range
of elastic moduli. The range of these material properties can be quickly and easily understood by
plotting them on an Ashby diagram as in Figure 3.7 where the center of each polymer blend
represents the mean of each property. The radii of the ellipses give the standard error of each

material property.
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The influence of these properties was difficult to properly untangle due to the overlaps in
elastic modulus and work of adhesion, but the data collected here does allow for some insight.
Surfaces with a high work of adhesion will strongly adhere to each other while surfaces with a low
work of adhesion will be easy to separate. A material with a high elastic modulus requires a large
amount of energy to elastically deform while a material with a low elastic modulus requires very
little energy to elastically deform.

During the impact experiment where the sample was undergoing compression, the binder
and crystal materials are pushed closer together. Thus, more binder-air or crystal-air interfaces are
not being created and such interfaces already present in the material would be eliminated creating
binder-crystal interfaces. As there was no repulsion between the crystal and the binder, the
formation of this interface was energetically favorable. Consequently, the work of adhesion should
not have a strong effect on this kind of experiment. This was particularly clear in the case of the
Sylgard 5:1 sample where the work of adhesion was low, but the elastic modulus was relatively
high. The drop energy tracks with the modulus rather than with the work of adhesion. The elastic

modulus influences how much of the energy from the impact was transferred to the crystal-binder
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interface. If the binder was not sufficiently deformed, the bulk of the impact energy will be passed
to the crystal surface allowing for relative motion and damage to the crystal, leading to hot spots.
If the energy can be used to deform the bulk binder, then less energy will be passed onto the crystal
interface. Thus, more overall energy was likely to be required in order to cause softer materials to

generate sufficient hot spots for reaction under drop weight impact.

3.6 Conclusions

The work presented herein has suggested that there was value in considering low elastic
modulus (<1 MPa) polymers as PBX binders. We find here, for the materials considered, a
decreasing modulus results in a significant decrease in the impact sensitivity of an HMX PBX.
This was in contrast to the work of adhesion which does not appear to have a significant influence
on the impact sensitivity. Future work should focus on the much smaller range of material
properties where the most interesting behavior was seen. Ideally, this would include materials with
elastic moduli between 0.01 and 5 MPa which explores the region with the most dramatic change
in impact sensitivity as well as the transition to a region where further increases in elastic modulus
do not significantly influence the impact sensitivity of the PBX. While this study supports the
conclusion that the elastic modulus dominates impact sensitivity behavior in this range, further
study could provide valuable insight linking these properties to a specific mechanism of failure.
Modifications of the experimental apparatus to allow for the capture of high-speed footage may
also prove useful for determining the interplay between these properties as well as any novel
phenomenon that may be responsible for the new impact behavior at the extremes of these material

properties and exploiting that understanding in the design of safer PBXs.
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4. THE ROLE OF BINDER ADHESION AND STIFFNESS IN HOT SPOT
FORMATION IN ULTRASONICALLY EXCITED COMPOSITE
ENERGETIC MATERIALS

The role of adhesion in the thermomechanical response of composite energetic materials
under ultrasonic excitation is an area that has not been well studied. A number of previous studies
have explored some aspects of this kind of excitation with particular attention paid to the
thermomechanical mechanism responsible for transforming the vibration energy to thermal energy
[8, 9, 11-15]. These studies have established that the frictional interaction at the interface is likely
responsible for the characteristic concentration and dispersion of energy as seen in these
ultrasonically-excited samples. Consequently, understanding the role of adhesion, an interfacial
phenomenon, in the thermal dissipation of that ultrasonic energy could provide valuable insight
into hot spot formation.

The objective of this chapter is to explore the relationship between adhesion and the heating
of PBXs due to ultrasonic excitation. This work approached this question by utilizing a single
crystal encased in various blocks of polymer as the test sample. These samples were excited with
an ultrasonic transducer and heating at the top surface was captured with infrared thermography.
For select samples, a compressive load was applied using tweezers to induce mechanical
delamination in the region of the crystal-binder interface. Binder properties were varied in order
to systematically alter the adhesive and mechanical properties of the sample. Portions of this
chapter are reproduced from “The Role of Binder Adhesion and Stiffness in Hot Spot Formation
in Ultrasonically Excited Composite Energetic Materials”, which at the time of this writing has

been submitted to the Journal of Applied Physics, with permission of AIP Publishing.

4.1 Sample Fabrication

Samples were cured in a two-step curing process in order to encapsulate a crystal in a
polymer block at a depth of 1 mm from the top surface of the sample. The energetic inclusions
were B-HMX crystals (BAE Systems Grade B, Class 3) sieved to only include particles between
500-850 um. Various polymer formulations and blends were utilized in order to vary the
mechanical and adhesive properties of the binder. Sylgard 184 served as a useful and versatile

polymer for providing optical transparency, low adhesive strength, and easy modification of
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physical properties. Utilizing Sylgard 184 also allowed for direct comparison to previous work [8,
14, 18]. Sylgard 184 was cured at 5:1, 10:1, and 15:1 base to curative ratios by weight in order to
vary the mechanical strength of the binder. Sylgard 184/527 was created by mixing Sylgard 184
and Sylgard 527 at a 1:3 ratio by weight in order to produce a very compliant binder [63]. HTPB
R45M HTLO was also utilized in order to compare the effects of adhesion and elastic modulus on
the generation of hot spots. HTPB was cured with diisocyanate in order to achieve an isocyanate
to polyol molar ratio (NCO/OH) of 1.05. Stiffer HTPB (HTPB:BDO) was produced via the
addition of 1,4-butanediol (BDO) at a 5:1 molar ratio and isophorone diisocyanate (IPDI) curative
was added to achieve a 1.00 NCO/OH ratio [42]. This mixture was based on the following equation
for mixing ratios where m was mass in grams, / was functionality in moles of functional groups
per mole of component, M was molar mass in grams per mole, NCO represents the curative IPDI,
OH represents the additive BDO, and HTPB represents HTPB.

m fnco m furps
NCO 7y — MyrpB
M M
NCO HTPB

+ moy 4.1)

Together, these polymer blends allowed for variation of the stiffness over an order of
magnitude and variation of the work of adhesion by approximately a factor of 2. The work of
adhesion was chosen to describe the adhesion force between the HMX and the various polymers.
The work of adhesion was quantified via contact angle measurements. Table 4.1 explicitly shows
the mass ratios used for each polymer blend. For each polymer sample, a polytetrafluoroethylene
(PTFE) mold was utilized to hold a 1 mm base layer of the polymer of interest. This layer was
degassed under vacuum (approximately 90 kPa below atmospheric pressure) and allowed to cure
at 60 °C for 24 hr for Sylgard and 48 hr for HTPB. After the layer was cured, the inclusions were
placed on the surface of the 1 mm layer before another 4 mm layer of liquid polymer was poured
over the crystals and the samples were again degassed under vacuum. The Sylgard samples were
allowed to cure for an additional 24 hr at 60 °C while the HTPB samples were cured for 7 days at
60 °C. These samples were then removed from the mold and rectangular cross-sections of 5 mm x
5 mm were cut out using a razor blade to yield a rectangular prism of polymer containing a single
crystal set 1 mm away from the top surface. Delaminated samples were created by subjecting the
cured samples to mechanical stress until debonding was observed via a Hirox KH-8700

microscope across at least half of the inclusion’s surface.
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Table 4.1: Polymer matrix components by parts for the ultrasonic experiments

Sylgard  Sylgard 184  Sylgard Sylgard 527 HTPB

Polymer Blend IPDI BDO
184 Base Curative 527 Base Curative Base

Sylgard 5:1 5 1

Sylgard 15:1 15 1
Sylgard 9.8 1 16.3 16.3
184/527
HTPB 10.2 1

HTPB BDO 6.2 3.1 1

4.2 Excitation and Measurement

A Steiner & Martins, Inc. SMD10TR111 piezoelectric ultrasonic transducer was used to
excite all of the samples to allow for comparison to earlier works. In order to ensure good contact
and mechanical coupling between the sample and the transducer, Sonotech Soundsafe ultrasonic
coupling agent was applied between the sample and the transducer. Care was taken to ensure that
the coupling agent was uniformly applied and that there was good contact between the polymer
surface and ultrasonic transducer. After each excitation, the samples underwent a 5 min rest period
to allow for the sample and transducer to relax and return to ambient temperatures.

The transducer was excited for 4 s with a sinusoidal signal from an Agilent N9310A RF
signal generator (210.5 kHz at -3.0 dBm) and amplified by a Mini-Circuits LZY-22+ high power
amplifier (+43 dB, 24 V power supplied from a Keysight E3634A DC power supply) yielding 10
W of electrical power. A frequency of 210.5 kHz for the excitation signal was chosen as it was
near the resonant frequency of the transducer and previous studies have shown that this frequency
resulted in a maximum temperature rise due to interfacial interactions with the inclusion [8]. The
excitation time of 4 s was utilized in order to study the immediate responses of the sample and
allow for multiple uses of the same sample without risking decomposition of the energetic
inclusion. The excitation time was monitored with a Tektronix DPO 4043 oscilloscope. The
temperature at the top of the polymer surface was captured with a FLIR A325sc infrared camera
paired with a FLIR T197200 close-up 2x lens recording at 30 Hz (see Figure 4.1). The starting

frame was determined via the immediate Ohmic heating of the wire leads connected to the
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transducer. Temperature sensitivity was reported by the manufacturer to be 0.07 °C at 30 °C with

an accuracy of 2 °C or +2% of the reading.

IR Camera

Signal Generator

Power Amplifier

Sample
Power Supply
/ Piezoelectric

Transducer

Oscilloscope

Figure 4.1: Experimental apparatus used to apply ultrasonic energy to the composite materials
and to monitor the resulting temperature change

4.3 Work of Adhesion and Elastic Modulus Measurement

In order to provide a quantitative measure of the adhesive forces between the polymer
binder and HMX inclusion, the work of adhesion was chosen as a metric. The thermodynamic
work of adhesion was the increase in free energy as two surfaces are separated. This can be
calculated from the surface energies of each of the materials of interest. The surface energies can
be determined using contact angle experiments wherein the angle between a liquid and solid in
contact was measured. This approach was utilized previously in order to determine the relationship
between the work of adhesion and the drop weight sensitivity of a PBX [57]. Similarly, the elastic

modulus was determined in the same work via tensile testing.

4.4 Heat Generation Rate and Density Measurement

In order to determine the heat generation rate, the following equation utilized by Mares et

al. was employed [8],

q ( d
2mkd TN\ T

Equation 4.2 describes the surface temperature directly above a point heat source in a semi-infinite

T,(6) = ) (4.2)

plane. The heat generation rate in Watts, g, was assumed to be constant and the depth of the point

heat source in meters, d, was taken to be the distance from the top surface to the middle of the
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particle inclusion. Coupled with the thermal conductivity in Watts per meter-Kelvin, &, and the
thermal diffusivity in square meters per second, a, time-temperature data can be used to find the
heat generation rate. The primary weakness of this model was a particular sensitivity to the heat
source depth, as all of the other variables can be measured to a reasonable degree of accuracy.
Thus, it was insufficient to utilize only the average particle size for predicting the constant heat
generation rate. To address this concern, each particle embedded in the polymer was measured
using a Hirox KH-8700 digital microscope after encapsulation. Given the short excitation and
measurement times, this model was deemed appropriate for determining the temperatures at the
crystal surface, as well as the heating rate. The short excitation times also reduced deviation from
the model due to phenomena such as cooling at the interfaces, changes in material properties due

to an increase in temperature, and edge effects due to the finite size of the samples.

4.5 Results

The heat generation rates at the HMX particle embedded in each polymer material due to
ultrasonic excitation for 4 s are shown as box and whisker plots in Figure 4.2. The plots were built
from the average heat generation rate calculated from surface temperature measurements over five
ultrasonic excitation experiments on each of the 17 samples studied. There was a clear difference
between the undamaged and delaminated samples, wherein the delaminated cases exhibit a much

greater degree of heating.
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Figure 4.2: Heat generation rate at the HMX particle embedded in each polymer material (D =
delaminated samples; U = undelaminated samples)

For the undamaged material, the heating patterns observed can generally be described as a low-
level bulk heating with no concentration of thermal energy and can be attributed to viscoelastic
dissipation, as seen in earlier literature [15]. This generally appears as seen in Figure 4.3 where
the heating due to ultrasonic excitation can be seen as generally even and low intensity across the

entirety of the top surface.
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Figure 4.3: Even heating pattern on top surface of undamaged sample

For the mechanically delaminated case, a higher degree of heating and a characteristic
circular heating pattern above the crystal inclusion were observed which was attributed to frictional
dissipation at the crystal interface and subsequent conduction through the polymer binder. An

example of this circular heating pattern is shown in Figure 4.4.
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Figure 4.4: Characteristic circular heating pattern on top surface of damaged sample

This low-grade heating is captured at the top surface with a temperature trace indicative of
heat conduction from the transducer and low-grade constant heating from viscoelastic dissipation
occurring throughout the material. A standard example of such a temperature trace of an excited
HTPB sample is shown in Figure 4.5. Over the course of 8 seconds, the temperature only increases

by less than 1 degree Celsius.
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Figure 4.5: Temperature trace of the top surface of an undamaged HTPB sample

These patterns were consistent across polymer blends as long as delamination had not

occurred and can be seen in Figure 4.6 with a Sylgard sample.
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Figure 4.6: Temperature trace of the top surface of an undamaged HTPB sample
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An example of the temperature trace for this material can be seen in Figure 4.7 which is
characterized by a marked increase in heating at a relatively constant rate which then drops off

once excitation has ceased.
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Figure 4.7: Temperature trace of the top surface of a damaged sample

These conclusions were based on the differences between the damaged and undamaged
samples when delamination has occurred, as well as earlier literature which supports this
interpretation [11]. The key result from literature was the direct observation of movement of the
binder during ultrasonic excitation which allows for interfacial phenomena, such as surface energy,
to potentially play a role in ultrasonic energy dissipation. The introduction of a moveable interface
by mechanically debonding the interface before excitation allows for an investigation of how
material properties influence energy dissipation at the crystal surface.

The measurements in Table 4.2 show that the work of adhesion did not significantly
change with the variation of the curative agent for Sylgard 184 or with the addition of the Sylgard
527. Table 4.3 shows that the variation in elastic modulus in the materials with Sylgard binder
covers about an order of magnitude while the HTPB mixes vary in stiffness by a factor of 3.

Table 4.2: Works of Adhesion with Standard Errors for Various Polymers with HMX
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Table 4.2: Work of adhesion, with standard errors, for each polymer material

Wa (mN/m) SEwa (mN/m)

HTPB

HTPB with BDO
Sylgard 5:1
Sylgard 15:1
Sylgard 184/527

79
78
51
49
48

1.2
2.1
0.75
0.94
1.0

Table 4.3: Elastic modulus, with standard errors, for each polymer material

E

HTPB

HTPB with BDO
Sylgard 5:1
Sylgard 15:1
Sylgard 184/527

The data presented in Figure 4.8 demonstrates the range of elastic moduli and works of
adhesion accessible by using the five selected materials. The center point of each ellipse represents
the average of each property for a given material with the major and semi-major axes of the ellipses
corresponding to the standard error of each property measurement. This yields five materials that
allow for significant variation of modulus and work of adhesion over the range accessible by these
materials. Pairing these material properties with the debonded average heat generation rate data

presented in Figure 4.9 and the findings of earlier studies [11] allows for a number of observations

and conclusions to be made.
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Figure 4.9: Average heat generation rate at the debonded HMX particle embedded in each
polymer material.
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While there were some differences between the heat generation rates of each type of sample,
ultimately the evidence suggested that changing the work of adhesion or the elastic modulus over
the tested ranges did not significantly change the thermomechanical behavior or degree of heating,
especially compared to the changes produced by delamination. The seemingly small impact of the
work of adhesion can be explained by examining the fundamental forces that are described by
surface energy. Surface energy is a thermodynamic measure of the amount of energy required to
separate two surfaces in molecular contact (~0.1-0.2 nm) and is a consequence of intermolecular
forces, such as van der Waals and hydrogen bonding [64, 65]. As the interaction due to these
electromagnetic forces decay as r® surface roughness can be the most important factor in
determining the effective adhesion that occurs between two real surfaces [66-69]. Given that the
samples were mechanically delaminated so that intimate molecular contact was broken, the
roughness of the HMX crystals and the polymer binder greatly diminished the effective adhesion
forces acting between the two surfaces. Consequently, the relatively insignificant role of adhesion
in the thermomechanical response of these samples under ultrasonic excitation was a result that
was well described by the application of previous studies on adhesive forces.

The analysis of the role of the elastic modulus in the thermomechanical response of the
samples to ultrasonic excitation was a relatively independent consideration. The variation of the
elastic modulus over two orders of magnitude certainly does not introduce drastic changes in the
degree of heating observed. Comparison of this data to previous studies with similar excitation
parameters does not reveal a significant deviation in the degree of thermomechanical heating [18].
The most important variable for generating significant localized heating across all of the samples
in this study was the introduction of delamination before excitation occurred. Once intimate
contact was lost at the interface, the frictional heating occurred with effectively negligible

influence from the work of adhesion or elastic modulus.

4.6 Conclusion

This work utilized a single inclusion-binder system to investigate the heating response of
compound explosives to low energy ultrasonic excitation. These experiments were carried out with
HMX inclusions in cured Sylgard or HTPB matrices. Mechanical force was applied to a subset of
the samples in order to delaminate the polymer material from the inclusion. The observed heating

during ultrasonic excitation showed a clear distinction between the undamaged and delaminated
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cases wherein the heating observed for the delaminated cases far exceeded the heating observed
in the undamaged cases. This supports the hypothesis that a key driver of heating at low excitation
energies was the relative motion between the crystal and the polymer binder, which was enabled
by the loss of intimate molecular contact between the inclusion and the binder. Based on the
collected data and the application of previous theories on adhesion, it was evident that neither the
work of adhesion nor the elastic modulus had a significant influence on the degree of
thermomechanical heating in the studied frequency range if mechanical delamination had been
applied. This suggested that the mechanism responsible for the localized heating was not
dependent on either property as explored here. Future work should focus on exploring either
heightened excitation parameters or more extreme material parameters in order to understand the
thermomechanical mechanism. The conclusions presented here are the product of a simplified
single crystal sample under specific excitation conditions, but this effort contributes to the body of
work informing future studies and safety considerations related to the high-frequency vibration of

energetic materials.
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5. THE ROLE OF BINDER ADHESION AND STIFFNESS IN HOT SPOT
FORMATION IN COMPOSITE ENERGETIC MATERIALS DUE TO
STRONGLY COUPLED ULTRASONIC EXCITATION

While a number of previous studies have explored aspects of ultrasonic excitation of
composite energetic materials, there is significant work remaining to be performed investigating
the thermomechanical mechanism responsible for transforming vibrational energy to thermal
energy in these materials [8, 9, 11-15]. These previous studies have established that frictional
interactions at the interface are likely responsible for the characteristic concentration and
dispersion of energy during ultrasonic-excitation of PBXs. Understanding the role of adhesion, an
interfacial phenomenon, in the thermal dissipation of that ultrasonic energy may provide valuable
insight into hot spot formation.

The objective of this chapter is to explore the relationship between adhesion and the heating
of PBXs due to strongly coupled ultrasonic excitation. This work approached this question by
utilizing a single crystal encased in various blocks of polymer as the test sample. These samples
were excited with an ultrasonic transducer and heating at the top surface was monitored with
infrared thermography. The samples were strongly coupled to the ultrasonic transducer with ethyl
cyanoacrylate. Binder properties were varied in order to systematically alter the adhesive and

mechanical properties of the sample.

5.1 Sample Fabrication

In order to ensure individual crystals were uniformly placed within the polymer block, a
two-step curing process was adopted as in earlier works. This ensured that each sample had a single
energetic crystal located 1 mm below the top surface of the polymer block. The crystals were -
HMX crystals (BAE Systems Grade B, Class 3) which had been sieved to ensure that only particles
between 500-850 pum were included. Hydroxyl-terminated polybutadiene (HTPB) and
polydimethylsiloxane (PDMS) were selected as binders due to their widely varying mechanical
and adhesive properties. For the purposes of creating an optically clear polymer blend with low
adhesive strength and easily modified physical properties, Sylgard 184, a PDMS blend, was also
utilized as a binder This polymer blend was often studied elsewhere, and utilizing this polymer

allows for quick and direct comparison to previous work [8, 14, 18]. Modification of the
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mechanical strength of the binder was achieved by curing two Sylgard 184 blends at varying
curative ratios. A more compliant binder was created utilizing Sylgard 527, a PDMS blend, for
creating a softer final polymer [63]. The adhesion of the polymer binder was significantly
increased by using HTPB as the polymer binder. As a softer HTPB final polymer was desired in
order to minimize simultaneous mechanical changes when the adhesion was increased, HTPB was
cured with isophorone diisocyanate (IPDI) in order to achieve an isocyanate to polyol molar ratio

(NCO/OH) of 0.8 [42]. Table 5.1 explicitly shows the mass ratios used for each polymer blend.

Table 5.1: Polymer matrix components by parts for the ultrasonic experiments
Sylgard  Sylgard 184  Sylgard  Sylgard 527 HTPB

Polymer Blend IPDI BDO
184 Base Curative 527 Base Curative Base
Sylgard 5:1 5 1
Sylgard 15:1 15 1
Sylgard 184/527 9.8 1 16.3 16.3
HTPB 0.8 13.4 1

Equation 5.1 was utilized in order to calculate the amount of HTPB base and IPDI curative
necessary to achieve this molar ratio. In this equation. m was mass in grams, f' was functionality in
moles of functional groups per mole of component, M was molar mass in grams per mole, /R was
the polyol molar ratio or index ratio, NCO represents the curative IPDI, OH represents the additive

BDO, and HTPB represents HTPB.

fnco (IR)( furps

Mpco Mycg = Myrpp m + mOH) (5.1)

These polymer blends allowed stiffness to vary by an order of magnitude and for the work
of adhesion against HMX to vary approximately by a factor of 2. The work of adhesion was
quantified via contact angle measurements as utilized in earlier works. In order to avoid damage
to the samples on removal from the curing molds, a polytetrafluoroethylene (PTFE) mold was
utilized to first cure the 1 mm base layer of the polymer of interest. After degassing the mixed
polymer base and curative under vacuum (approximately 90 kPa below atmospheric pressure), the
mixture was poured into the PTFE mold and allowed to cure at 60 °C for 24 hr for Sylgard and 48

hr for HTPB. After curing, the inclusions were placed on the surface of the 1 mm layer before
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another 4 mm layer of liquid polymer was mixed and degassed. This mixture was poured over the
crystals, and the samples were cured. The Sylgard samples were allowed to cure for an additional
24 hr at 60 °C while the HTPB samples were cured for 7 days at 60 °C. These samples were then
removed from the mold and rectangular cross-sections of 5 mm x 5 mm were cut out using a razor
blade to yield a rectangular prism of polymer containing a single crystal set 1 mm away from the

top surface.

5.2 Excitation and Measurement

Steiner & Martins, Inc. SMD10TR111 piezoelectric ultrasonic transducers were used to
excite all of the samples to allow for comparison to earlier works. In order to ensure good contact
and strong mechanical coupling between the sample and the transducer, ethyl cyanoacrylate
(Loctite Super Glue Gel Control) was applied between the sample and the transducer. Care was
taken to ensure that the coupling agent was uniformly applied and that there was good contact
between the polymer surface and ultrasonic transducer. As transducers could significantly increase
to temperatures in excess of 130 °C over the course of the experiment, new transducers were
required for each sample. After excitation, the adhesive between the sample and the transducer
would often be damaged with clear loss of contact between the two surfaces. With some
transducers, the solder could also be melted leading to the separation of the wire leads from the
transducer contacts. The transducers were excited for 20 s with a sinusoidal signal from an Agilent
NO9310A RF signal generator (210.5 kHz at -3.0 dBm) and amplified by a Mini-Circuits LZY-22+
high power amplifier (+43 dB, 24 V power supplied from a Keysight E3634A DC power supply)
yielding 10 W of electrical power. A frequency of 210.5 kHz for the excitation signal was chosen
as it was near the resonant frequency of the transducer and previous studies have shown that this
frequency resulted in a maximum temperature rise due to interfacial interactions with the inclusion
[8]. . After 15 seconds, the ohmic heating from the transducer could significantly contribute to the
heating rate near the inclusion due to thermal conduction from the transducer. While an
approximate excitation time of 20 s was utilized, analysis was based on the first 15 seconds of
excitation. The excitation time was monitored with a Tektronix DPO 4043 oscilloscope. The
temperature at the top of the polymer surface was captured with a FLIR A325sc infrared camera
paired with a FLIR T197200 close-up 2x lens recording at 30 Hz. The starting frame was

determined via the immediate ohmic heating of the wire leads connected to the transducer.
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Temperature sensitivity was reported by the manufacturer to be 0.07 °C at 30 °C with an accuracy

of £2 °C or £2% of the reading.

5.3 Work of adhesion and elastic modulus measurement

In order to provide a quantitative measure of the adhesive forces between the polymer
binder and HMX inclusion, the work of adhesion was chosen as a metric. The thermodynamic
work of adhesion is the increase in free energy as two surfaces are separated. This can be calculated
from the surface energies of each of the materials of interest. The surface energies can be
determined using contact angle experiments wherein the angle between a liquid and solid in
contact was measured. This approach was utilized previously in order to determine the relationship
between the work of adhesion and the drop weight sensitivity of a PBX [57]. Similarly, the elastic

modulus was determined in the same work via tensile testing.

5.4 Results

The maximum surface temperature recorded at the top surface of each polymer material
following15 seconds of ultrasonic excitation are shown in Figure 5.1 as box and whisker plots.
The significant temperature rises at the top surface of the polymer samples were sufficient to allow
evaluation of the changes in the thermomechanical mechanism. These plots were built from testing
at least 13 replicates of each polymer sample, with each sample utilizing a unique transducer.
Many Sylgard 184/527 and Sylgard 15:1 samples displayed localized heating at the top surface in
a characteristic circular heating pattern. This particular pattern of heating has been shown in
previous works to be the result of delamination occurring at the interface between the energetic
crystal and the polymer material. This delamination is the loss of close intermolecular contact
between the two materials. Once delamination has occurred, relative motion of the polymer binder
against the energetic crystal can occur and ultrasonic energy can be transformed into thermal
energy. As this interaction occurs at the interface, the heating is localized to the inclusion and a
characteristic heating pattern can be seen. The temperature rises in these cases were normally far
in excess of the low-level bulk heating observed in cases where no characteristic circular heating
pattern was observed. The Sylgard 5:1 and HTPB samples uniformly showed no characteristic

heating pattern at the top surface for any samples.

62



120

100

o0
[e)

M Sylgard 184/527
M Sylgard 15:1

B Sylgard 5:1

- Surface Temperature Rise
(°C)

N
e

Surface Temperature Rise (°C)
N
e

20

— i

fopolo o o HX

Figure 5.1: Increase of the maximum surface temperature of strongly coupled ultrasonic samples
after 15 seconds

In Figure 5.2, the max surface temperature rise of each polymer sample type was plotted
against the elastic modulus of their respective polymer blends [70]. The Sylgard blend samples,
which had practically identical works of adhesion, appear to show that the elastic modulus had
some impact on the thermomechanical heating mechanism. The nature and degree of this impact
could not be readily ascertained from simply examining the average heating response and required
examining the data as discrete maximum surface temperature rises. This was required only for the
sets of polymer samples, Sylgard 184/527 and Sylgard 15:1, which had the characteristic circular
heating pattern indicative of localized heating. It should also be noted that the HTPB samples did
not show a localized heating response despite having a relatively low elastic modulus. This was

interpreted to be due to the higher work of adhesion which prevented the loss of contact typically
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responsible for allowing a frictional heating mechanism to occur at the crystal-polymer interface.

This is further discussed after the analysis of the Sylgard cases.
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Figure 5.2: Average max surface temperature rise at the top surface of the polymer samples with
standard deviations as error bars

The maximum temperature rise at the surface of each Sylgard 184/527 sample is plotted in
Figure 5.3. These samples showed a wide range of responses, including some samples that showed
a characteristic circular heating pattern (red triangles), and samples which heated uniformly (blue
circles). Approximately 42% of these samples had the circular pattern indicating localized heating,
and these samples ranged in the maximum surface temperature achieved from 6 °C to 56 °C. None
of these samples were observed to undergo a reaction or produce significant quantities of gas. The
samples had a mean maximum surface temperature rise of 32.6 °C and a median maximum surface
temperature rise of 38.6 °C, demonstrating a relatively centered distribution with heating responses
skewing slightly left. The behavior of the Sylgard 184/527 samples in terms of maximum surface
temperature rise can be described as 42% of the samples experienced a localized heating event

with 64% of these samples experiencing a maximum surface temperature rise in excess of 30 °C.
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Figure 5.3:Maximum surface temperature rise due to ultrasonic excitation of Sylgard 184/527

The maximum surface temperature rise for each Sylgard 184 5:1 sample was plotted in
Figure 5.4. 92% of these samples were observed to have the characteristic circular heating pattern
indicative of localized heating. 2 samples or 16% of the samples which had this circular heating
pattern underwent a reaction and produced significant quantities of gas. In both cases, the
temperature at the top surface surpassed the temperature limits of the IR camera. This reaction rate
was not unexpected with a previous author seeing ~20% of samples react under similar
circumstances with base Sylgard 184 [12]. While the maximum surface temperature rise of these
samples ranged from 6 °C to ~118 °C, the subset of samples which had the heating pattern without
reacting ranged from 6 °C to 26 °C. Within this subset of samples, the mean was only 12 °C with
a median of 9 °C demonstrating a skew to the right, and a respective standard deviation of 7 °C
demonstrated significant variation in the heating response. With a median maximum temperature
rise only a quarter of the median of the Sylgard 184/527 samples, the Sylgard 184 15:1 samples

generally experienced a much lesser degree of heating.
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Figure 5.4: Maximum surface temperature rise due to ultrasonic excitation of Sylgard 15:1

Based on these closer examinations of the maximum surface temperature rise data, there
are several clear differences. The work of adhesion of these two types of materials was practically
identical across all samples, while the elastic modulus varied over approximately an order of
magnitude. The softest material, Sylgard 527, showed occasional localized heating with most
samples heating to a similar range of temperatures between 30 °C and 60 °C. These Sylgard 527
samples did not undergo a reaction or produce significant amount of gas. Localized heating for the
stiffer Sylgard 15:1 material is a very frequent, almost ubiquitous event, but the degree of heating
was significantly decreased with most samples achieving a maximum temperature below 30 °C.
Two significant exceptions to this behavior occurred when the crystal inclusion was driven to
reaction and gas production. This reaction was immediately obvious optically and the temperature
increase at the top surface was far in excess of any other non-reacting samples.

Considering the stiffest Sylgard 5:1 material did not exhibit the characteristic circular
heating pattern for any samples, it would be reasonable to conclude that a sufficiently stiff material
may prevent the thermomechanical mechanism responsible for rapid localized heating from

occurring under these excitation conditions. At a threshold of elastic modulus, this particular
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dissipation mechanism changes, leading to reaction and gas production. However, this reaction
remained relatively rare, and the general maximum surface temperature rise remained relatively
low. Further, while the Sylgard 184/527 polymer binder was even more compliant, no reactions
occurred even while the average maximum surface temperature rise increased. There may be a
complicated relationship over this narrow range of stiffness where the probability of localized
heating increases, but the thermomechanical mechanism responsible for driving samples to
reaction has become limited by the decrease in elastic modulus.

Returning to comparing these results to the high work of adhesion and low elastic modulus
HTPB case, a sufficiently high adhesion may disrupt the thermomechanical mechanism
responsible for the observed change in behavior. This may be due to the high adhesion preventing
delamination from occurring in the first place, and so the frictional mechanism which relies on
relative movement cannot occur. This remains true even though the elastic modulus was in the
range where some kind of heating would be expected based on the Sylgard results. The significant
difference in these heating results suggested that while the conclusions presented here are likely
limited to these particular ultrasonic excitation conditions, there is compelling evidence that both
adhesion and stiffness can play a role in the thermomechanical mechanism responsible for

localized heating of composite energetic materials under ultrasonic excitation.

5.5 Conclusion

This work utilized a single inclusion-binder system to investigate the heating response of
compound explosives to strongly coupled ultrasonic excitation. These experiments were carried
out with HMX inclusions in cured Sylgard or HTPB matrices. Based on the collected data and the
application of previous theories on adhesion, it was evident that there was a significant influence
of elastic modulus and the work of adhesion on the degree of localized heating. There was evidence
of'a complicated relationship between elastic modulus and the degree of localized heating wherein
a high elastic modulus prevents heating, but a lower elastic modulus promotes localized heating.
However, the heating mechanism responsible for generating sufficient energy to drive the HMX
crystal to reaction and gas production appears to be highly sensitive to elastic modulus. A material
with a very low elastic modulus appears to somehow limit this mechanism and prevent reaction
and gas production from occurring. However, there is significant work remaining to explore this

parameter space in order to make definitive generalizable conclusions about practical design
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considerations. The conclusions presented here are the product of a simplified single crystal
sample under specific excitation conditions, but significant evidence was found that justifies
further exploration of the relationship between work of adhesion, elastic modulus, and localized

heating.
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6. FINAL CONCLUSIONS

The objective of this work has been to explore the role of adhesion in the formation of hot
spots within composite energetic materials. Ultrasonic excitation and drop weight impact were
chosen as two distinct excitation sources in order to explore this space of interest. The work of
adhesion and elastic modulus were significantly varied in order to screen for a possible influence
of these properties.

The drop weight impact experiments initially revealed that the work of adhesion did not
have a significant impact on the drop weight energy of the various PBXs. The largest increases in
drop energy, or decreases in sensitivity, occurred as the elastic modulus of the polymer decreased.
As the elastic modulus increased, it seemed to have a diminishing impact on the sensitivity. This
may have suggested that the mechanism primarily driving the sensitivity behavior of the material
changed as the elastic modulus increased. It was posited that the binder acted as a kind of cushion
for the energetic crystals, and the lower modulus allowed for this cushioning effect have the
maximum impact on the sensitivity behavior. While the effect of the work of adhesion initially
seemed to be convoluted with the effect of the elastic modulus, closer examination revealed an
independence of the drop energy from the work of adhesion. It is likely that any role of the work
of adhesion was minimized in this scenario where the material was compressed. This study
highlighted the importance of exploring this lower range of material properties, but further study
focused on the small range where the mechanistic transition seems to occur could prove insightful.

The weakly coupled ultrasonic excitation experiments demonstrated a relative
independence of the degree of localized heating from the work of adhesion once delamination had
occurred. This outcome was well explained by the relatively short range of the adhesion forces.
Once the polymer had been delaminated from the crystal surface, close intermolecular contact is
not able to be reestablished and adhesion forces are greatly reduced in magnitude. The
thermomechanical mechanism responsible for the change of vibrational energy to thermal energy
also seemed to be relatively independent of the elastic modulus. In all cases, the loss of intimate
molecular contact led to the localization of energy at the interface between the polymer and the
crystal. However, the scope of this experiment was relatively narrow, and there remains a large

amount of work exploring this kind of excitation.
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The strongly coupled ultrasonic excitation experiments demonstrated a strong dependence
of the degree of localized heating on the work of adhesion and elastic modulus. The role of
adhesion seemed to be to prevent delamination from occurring and a high work of adhesion seemed
to prevent the localization of energy as the sample was ultrasonically excited. The elastic modulus
seemed to have a more complicated relationship wherein a high elastic modulus prevented the
localization of energy, but a sufficiently low modulus prevented enough energy from deposited to
drive the sample to reaction. The lower elastic modulus may have allowed for a greater viscoelastic
contribution, but sufficient energy for decomposition could not be reached without a minimum
elastic modulus. While these observations point to potentially important design considerations for
energetic materials, the impact of this project is limited to these particular excitation parameters.

Ultimately, this work revealed important information on the role of adhesion in these PBX
systems. While the experiments had a specific scope and purpose, the results of this work can
provide insight into the design of new composite energetic materials. In particular, the impact
experiments suggest dramatic changes in impact sensitivity can be achieved by decreasing the
elastic modulus of the polymer binder. There is also significant evidence that there is more work
to be performed either exploring the extremes of these material properties or investigating the role
of adhesion in the sensitivity of composite energetic materials to various types of excitation. A
comprehensive approach to the design of novel composite energetic materials will require a more
complete understanding of how each of these properties influences the specific sensitivity response

of the bulk material.
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APPENDIX A: SUPPLEMENTARY GUIDE TO SELECT METHODS

The purpose of this appendix is to supply supplementary info for the purposes of recreating

these experiments and accessing data.

A.1 Work of Adhesion: Contact Angle Measurement

The adhesion at the interface between the energetic inclusion and the polymer binder can
be characterized using the thermodynamic work of adhesion which describes the increase in free
energy from creating two surfaces. This approach accounts for the fundamental intermolecular
forces responsible for adhesion and provides a route for discriminating between weak and strong
adhesion. The thermodynamic work of adhesion can be calculated from the surface energies of
each component in a system of contacting materials. These surface energies can be determined
from simple contact angle experiments as the angle formed between the liquid, solid, and vapor
phases was empirically indicative of the involved intermolecular forces. In work by Yeager et al.
a contact angle measurement method was used to evaluate the adhesive properties of a number of
fluoropolymers with potential applications as explosive binders [46]. The general process was
outlined below including important equations.

First, the work of adhesion can be written as below where the subscripts on each interfacial
surface energy represents a solid-vapor, liquid-vapor, or solid-liquid interaction [47].

Wa =Ysv + Vv — Vs (2.4)

An explicit relationship between the angle formed and the interfacial surface energy components
can be found in Young’s equation for the equilibrium of a droplet [48].

YLy €0SO = Ysy — Vs (2.5)

In order to avoid underestimating the true surface energy, the surface energies must be split into

polar and dispersive components which are denoted with the superscripts p and d respectively [49].

Vs = Vs, + Vsl (2.6)

Further, the interfacial surface energies can be represented as a geometric mean of the interacting

surface energies [50].

Y1z = V1 + V2 — 2471222 — 2{y1PY.P (2.7)

This can be substituted into a final modified Young’s equation given below [50].
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Polar and dispersive components of the liquids can be obtained from literature, allowing for
determination of the polar and dispersive components of an unknown solid via a simple linear
regression [50-52]. An example of this process is shown in Figure 2.1 and Figure 2.2 where a
drop of a liquid is placed upon a substrate and the angle measured is a product of the various

surface energy interactions at the interface.

Figure 2.1: A drop of liquid on a solid substrate
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/
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Figure 2.2: Contact angle at the edge of the interface between the liquid drop and the solid
substrate where the angle formed is due to a balance of interfacial surface energies

The works of adhesion for the polymer binders were calculated by first evaluating the
surface energies of the respective components using advancing stable contact angle experiments
wherein water and ethylene glycol were utilized as the liquid phase atop the Sylgard 184 or HTPB
solid phases. For each liquid, 6 drops of 1.5 mL were placed upon the cured polymer surface and
the contact angles for each drop were measured 3 times for a total of 18 measurements per solid-
liquid pairing. A Ramé-Hart advanced goniometer model 500-00 and corresponding angle
measurement software, DROPimage Advanced 2.8.03, were used to measure the contact angle
formed between the liquid drop and solid surface. The explicit procedure for this is detailed below

using equipment from Dr. Stephen Beaudoin’s research group.
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1.

Samples of the solid material of interest were cured in an appropriate mold. PTFE molds
allowed for easy removal of the material from the mold. The initial cast of the material
yielded a flat disk of material approximately 7.5 cm in diameter and 1 cm in thickness.
This was then cut into several rectangular strips 1 cm x 5 cm for ease of testing. In order
to ensure that the top surface is a smooth surface, which is necessary for accurate testing,
the sample was cured with the top surface open to the air rather than encapsulated in the
mold.

The sample was placed upon the adjustable specimen stage and a fresh dispenser tip was
placed upon the dispenser. The dispenser was aligned such that it was directly over the
sample surface. The halogen light source was turned on and brightness was adjusted to a
desirable level. The camera was then manually focused on the tip of the dispenser and the
platform height was adjusted in order to allow a drop to form and then fall onto the sample
surface.

The automated dispensing system was turned on and initialized using the DROPimage
Advanced 2.8.03 software. In order to avoid contamination of the automated dispenser tube,
only DI water was allowed to be utilized to charge the tube and dispenser. Bubbles trapped
in the tubes are eliminated by cycling the dispenser until the lines are clear. For contact
angle measurements with water, the system was now ready for normal operation. For
contact angle measurements with any other liquid, only the dispenser tip was filled with
the liquid. This was accomplished by placing a new tip on the dispenser, and filling the
dispenser from the tip side while the tip was submerged in the liquid of interest. This
allowed for the liquid to be drawn up into the syringe while avoiding contamination of the
tubes. Excess liquid clinging to the dispenser tip was removed with a wipe, and care was
taken to avoid introducing the new liquid into the dispenser tubes.

A drop was placed upon the sample surface and final adjustments of the specimen platform
were made. Best performance was achieved when the platform was first adjusted to
perfectly level and then fine tuned such that the contact between the surface and the drop
can be clearly seen. The droplet often cast a shadow and where this shadow met the drop
served as a good indicator of the location of the interface. The contact angle program was
initialized from the DROPimage software and a snapshot of the image was captured.

Following the program guidelines, four lines were placed so the program could measure
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the contact angle on both sides of the droplet. Four more pictures were taken and the same
procedure was followed. This yields five measurements which were averaged to give the
contact angle measurement. The platform or sample was then adjusted such that a new drop
could be placed on the surface and the previous drop could no longer be seen through the
camera. This process was repeated 6 times and the final list of contact angle measurements
was exported to an external drive.

The contact angle measurements were averaged and then the surface energy was calculated

using linear regression and Equation 2.8.

A.2 Ultrasonic Testing

The ultrasonic testing process was outlined here as well as the steps to extract the relevant data

from the infrared video. Sample creation was thoroughly discussed in the main body of this work.

1.

The sample was coupled to the transducer with either ultrasonic gel or ethyl cyanoacrylate
depending on the goal of the experiment as outlined in this work. Strongly bound samples
were allowed to cure for at least 5 minutes. After setting the signal generator to 210.5 kHz
and -3 dbm, the transducer leads were attached to the output of the power amplifier.
ExamlIR software was used in order to control the camera. The IR camera was placed such
that it was directly above the sample, and then the camera was focused at the top surface
of the sample. After ensuring that the camera was set to record for the appropriate length
of time, the camera began to record. Once recording was confirmed to have begun, the
power supply and signal amplifier were used to energize the transducer. After the recording
has finished, the power supply and signal amplifier were deenergized. If repeated runs were
required, the sample was allowed to cool back to within 1 °C of ambient temperature.
ExamIR software was also used in order to view the videos and extract the time-
temperature data for further analysis. The maximum surface temperature was collected for
the entirety of the recording, and the frame of the video at which the transucer received
electrical power was recorded. This frame was determined to be the frame at which
significant heating of the transducer or the wire leads became visible. This frame was then
used in combination from the time-temperature trace data in order to get initial and final

temperatures of the sample surface.
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A.3 Drop Weight Testing

The drop weight testing process was outlined here as well as the steps to extract the relevant

data from the infrared video. Sample creation and the sensitivity test were thoroughly discussed in

the main body of this work. This work was performed on a custom drop height tower located in

FLEX labs using the BAM impact sample holders.

I.

An initial drop height and estimated range of drop heights were chosen and input into the
Neyer Sentest software. The anvil was aligned and the electromagnet was raised to the
desired height. Samples were weighed and then placed within the BAM impact sample
holders. Before placing the sample on the anvil, the electromagnet was energized and the
drop weight impactor was raised. The electromagnet holding the drop weight was then
deenergized allowing the drop weight to fall and impact the sample.

Each case was determined to be a go or no-go based on if the following phenomena were
observed: flash or sparks, odor due to combustion products, noticeable noise generation,
evidence of scorch marks on the cylinders, partially burned material within the cylinders,
or significant loss of solid material. The response was recorded in the Neyer Sentest
software and a new testing height was generated. The procedure was repeated until 10
successive tests yielded a decreasing predicted sigma. This is covered fully in the main
body of this work.

Care was taken to ensure thorough cleaning of the BAM cylinders after each impact test
so that a single cylinder was used for all tests. The results from the sensitivity testing were

then recorded and utilized for further data analysis.
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