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ABSTRACT

Due to the inherent dangers associated with handling high explosive materials, it is often
useful to have access toinert simulant materials that mimic certain physical or mechanical
properties, called “mock” materials. Mock materials can take the place of explosives in
experiments, allowing experimental results to be obtained with less difficulty and risk. Recently
there has been an interest in identifying new mechanical mock materials for the explosives HMX
and PETN. These energetic materials and their prospective mocks are often used and tested in
the form of small submillimeter crystals, with which typical size and geometry make many
mechanical tests difficult or impossible. Additionally, these materials are typically prone to
brittle fracture, which can further limit the usage conditions of the material as well as the range
of conditions in which mechanical testing results are valid. Nanoindentation is a useful technique
to measure mechanical properties in particulate form without the need to grow large single
crystals or do additional processing on existing crystals.

Here, nanoindentation tests were performed on PETN, HMX, and several inert molecular
crystals selected as potential mocks based on density, crystal structure, and previous thermal
testing results. Comparisons were made on the basis of hardness, elastic modulus, yield point
behavior, indentation fracture response, and sensitivity to non-uniform indenter orientation.
Based on the results of these experiments, the inert material idoxuridine was selected for further
consideration as an HMX mock, and the inert materials meso-erythritol and 2,4,6
trifluorobenzoic acid were selected for further consideration as PETN mocks.

As aresult of this study, potential mechanical mocks were selected for two energetic materials,
nanomechanical properties were reported for the first time ever for 6 inert molecular crystals, and
nanoindentation was shown to be a versatile tool for rapid initial screening of materials as well as

detailed investigations of materials of interest.
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1. INTRODUCTION

1.1 Molecular Crystals

Molecular crystals, in the current context organic molecular crystals, are molecules
organized into a crystal lattice and held together with weak intermolecular forces!. These are
distinct from other types of crystals, such asionic or metallic, because of these weak
intermolecular forces holding together discrete molecules; other types of crystals tend to have
strong intermolecular forces binding individual atoms or ions. These weak forces characteristic
of molecular crystals work alongside strong intramolecular forces that exist within the molecules
themselves; but the lack of strong intermolecular forces can cause molecular crystals to be prone
to defect formation during crystallization, as these weak forces fail to orient molecules
effectively as they arrange themselves into the crystal lattice (though this can be helped by
slowing the crystallization process). Some common molecular crystals include sugar, aspirin, and

ice.

This group of materials spans a wide array, including materials such as pharmaceuticals,
foods, and explosives. They are often processed in powder or particulate form, due in part to
their brittle nature and in part to their applications, where high surface area may be desirable
(e.g. faster drug dissolution rate). Measurement of mechanical properties of molecular crystals is
of great interest as they impact compaction 2-6, amorphization’8, and contribute to composite
mechanical properties when formulated with a binder 9; however, testing the mechanical
properties of these powders and small powder-like particles can be difficult, due both to the
small size of many of these materials in their as-formed state as well as the anisotropy and
brittleness that molecular crystals are known for. Testing can also be difficult with regard to
forming or machining samples to meet standard mechanical test geometries. While particulate
materials may be more difficult to test mechanically than larger samples, a larger sample may not
be representative of the mechanical behavior of the particulate, particularly in molecular crystals
where producing a larger crystal often requires altering the growth conditions that are used in

precipitation of particulate matter1,
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1.2 Explosives

While explosive materials are nothing new, the intentional engineering of explosives is a
newer technology. The explosive/pyrotechnic material black powder has been used for millennia
in applications such as fireworks and smoke signals. In 1846, the explosive material
nitroglycerin was discovered, though it was finicky and extremely dangerous. In efforts to create
a safer and more reliable explosive option, Alfred Nobel invented nitroglycerin-based dynamite
in 1866, with the inert material kieselguhr added as a stabilizer!l. In the late 19t century came
“smokeless powders” which were used extensively in World War I. The early 20t century also
saw the introduction of TNT. With World War Il came the introduction of military explosives
cyclotrimethyle ne-trinitramine (RDX) and pentaerythritol tetranitrate (PETN), and later

cyclotetramethylene-tetranitramine (HMX)12,

Energetic materials are commonly sorted into one of three categories: explosives,
propellants, and pyrotechnics. Explosives stand out among these categories due to the ability of
many to detonate, which is a decomposition reaction producing gas and heat with a propagation
velocity exceeding the speed of sound in the detonating material 3. Due to this extremely rapid
reaction rate (with detonation velocity typically between 1-9 km/s), in order for the reaction to
sustain itself the fuel and oxidizer must be contained on the same molecule. In organic
explosives, which often occur in the form of molecular crystals, the fuel is carbon and is on the
same molecule with the necessary oxygen, typically separated by a nitrogen atom. Therefore,

these explosives will have the general chemical makeup CyHxN,O,.

Explosives can be further categorized into high and low explosives: high explosives possess
the ability to detonate, whereas low explosives can only escalate to deflagration. High explosives
(HE) canthen be separated into those that are primary, secondary, or tertiary. Primary HE
detonate very easily, secondary less easily, and tertiary are the most difficult materials in which
to initiate detonation and are often called insensitive high explosives. The boundary between
primary and secondary explosives is setby PETN, generally accepted as the most sensitive
secondary explosive, meaning that any explosive more sensitive than PETN is considered to be

primary4.
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These materials are not often used in their pure crystalline form, but rather they are typically
used in composite systems with polymer binders. In the composite form, these materials are
called plastic bonded explosives (PBX). One common PBX is PBX 9501, composed of 95%
HMX and 5% binder. While it is typical for most explosives to be used in the form of a PBX,
some materials such as PETN are often used neat, meaning pressed as a pure material with no
binder; however, PETN is also used in composite systems in products such as Primasheet, and

Primacord.

Many of the explosive materials mentioned here including HMX and PETN are molecular
crystals, meaning that along with the challenges of working with energetic materials they also
bring the aforementioned challenges of working with molecular crystals such as anisotropy and

brittleness.

1.3 Mock Materials

Given the inherent danger associated with explosives and other energetic materials,
handling these materials can often require extensive safety measures. Experiments with these
materials, therefore, can be difficult and expensive. In order to eliminate these safety concerns
that are specific to energetic materials, it is helpful to have an inert material that simulates
properties of the energetic and therefore can be used in place of the energetic in certain
experiments. Such a material is referred to as a “mock”. Depending on the type of result that is to
be replicated with the mock, different properties may be of interest. For example, thermal mocks
can be expected to behave similarly to their explosive counterpart in various thermal conditions
and processing, with the notable exception of environments that would lead to detonation.
Mechanical mocks can be expected to behave similarly to their explosive counterpart in

scenarios where a force is expected to be applied to the material.

Sucrose has previously been used as a mock material for the energetic materials RDX,
HMX, and PETN 1516, The mechanical properties of these materials have been tested using
nanoindentation by Ramos etal and Taw et al.1’-1® Ramos tested the (100) and (001) planes of
single sucrose crystals and found that the elastic modulus of the (100) plane was 38 GPa, that the
elastic modulus of the (001) plane was 33 GPa, and that the hardness of the material, relatively

independent of orientation, was approximately 1.5 GPa. Ramos later tested the (210), (021), and
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(001) planes of RDX and obtained elastic modulus and hardness values of 21.0 and 0.672 GPa,
18.2 and 0.681 GPa, and 16.2 and 0.615 GPa, respectively. Taw later reported the modulus and
hardness of HMX to be 24.5 GPa and 0.99 GPa respectively?®, and the average modulus and
hardness of RDX to be 19.1 GPa and 0.741 GPa respectively?0. By these measures, the elastic
modulus of sucrose (001) and HMX are 35% different, and the elastic modulus of sucrose (001)
and RDX (210) are 57% different. These differences are even larger if other planes of sucrose
and RDX are considered. These differences in properties are relatively large, but in cases such as
these, a material such as sucrose can be desirable for reasons such as affordability, availability,

good particle size distribution match, or ease of crystallization.

Acetaminophen 21 and pentaerythritol 22 have also been used to mock HMX; but both
these materials as well as sucrose have lower density than HMX, which has a density of 1.902
g/cm3, whereas acetaminophen, sucrose, and pentaerythritol have densities of 1.295 g/cm?,
1.587 g/lcm3, and 1.393 g/cm3 respectively. Yeager etal. recently identified three inert materials
with densities more similar to HMX that could serve as potential mocks23, as well as being
similar in other properties, such as thermal stability and crystal structure, the three materials
being 5-iodo-2’-deoxyuridine (IDOX), 2,3,4,5,6-pentafluorobenzamide (PFBA), and N.N’-
bis(2,3,4,5,6-pentafluorophenyl)oxamide (N-BPFPO). Three more materials had initially been
under consideration as potential HMX mocks: 4,5-methylenedithio-1,3-dithiol-2-one (MDTTO),
1-(2-iodo-ethyl)-2-methyl-5-nitro-1H-imizadole (MET-1), and pentafluorobenzeneboronic acid
(PFBBA). However, Yeager etal. were in pursuit of a thermomechanical mock for HMX, and
MDTTO, MET-I, and PFBBA were found to be too dissimilar in thermal properties as measured

by differential scanning calorimetry (DSC), shown in Figure 1.1.
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Figure 1.1 DSC data for HMX and its initial mock candidates as selected by Yeager et al.23
Polymorphic behavior was not indicated for any materials except HMX.

Similarly, PETN has also been of interest recently in terms of finding a suitable mock
material. An inert mock candidate, meso-erythritol, has recently been proposed by Wilde et al?*.

In the previous examples of work done by Ramos and Taw, the focus was on quasistatic
mechanical responses of explosives as well as an inert molecular crystal that is commonly used
as a mock material, with nanoindentation used as the primary characterization technique. This
study will continue to focus on mechanical properties of explosives, as well as their potential

mocks, as characterized via nanoindentation.

1.4 Nanomechanical testing

Mechanical tests measure a material’s response to a physical force. The applied force can
come in many forms; the force may subject the material to tension, compression, torsion, or
some combination of the three; the force may be applied to the sample as a whole, or to a
localized area;the magnitude of applied force may be large or small, and may be constant or
change over time; the force may be instantaneous or applied for an extended time period. This
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obviously allows for an enormous variety of mechanical tests to exist, and allows for an
enormous variety of tests to be performed on a single material. One popular variety of

mechanical tests is hardness testing, in particular indentation hardness testing.

Early indentation tests were introduced in the late 19t century with spherical contact
models by Hertz?> and Auerbach?, followed by the introduction of the Brinell hardness test?’, the
Meyer hardness test?8, all using spherical indenters, and the Rockwell hardness test which typically
uses a conical probe. With the introduction of the Vickers indentation test came the use of
pyramidal indenter probes?®. Vickers indentation probes are four-sided pyramids with an included
angle of 136° (anangle chosen to relate to typical Brinell d/D ratios where d is the chordal diameter
of the residual indent impression and D is the diameter of the spherical probe). Vickers hardness
tests are microhardness tests, which means typical applied loads are less than 1000 g, and in a
Vickers microhardness test, the material is indented and then the indent impression is optically
measured. Following Vickers, one particular indenter probe was designed called a Berkovich
which is also a pyramidal geometry, but now three-sided instead of four-sided. Three-sided
pyramids have an advantage in that the three planes of the pyramid necessarily meet at a point,
making a pointed tip far easier to achieve and maintain than for a four-sided pyramid. Berkovich
probes have an included angle of 142.3°, an angle chosen to have the same projected contact area
as a Vickers probe30, Later, microhardness tests were created in which the instrumentation could
continuously measure applied load and indentation depth during the test31.32, a method now known

as nanoindentation regardless of scale.

1.4.1 Nanoindentation

Nanoindentation is a common small-scale instrumented indentation method that has
previously been applied to single molecular crystals17.19.20.33-38 35 well as plastic-bonded
composites of molecular crystals3. During nanoindentation, a load on the order of uNs to mNs is
applied to the surface of a material via a diamond probe. The tip of this probe typically measures
on the order of a few hundred nm, and is typically either pyramidal, conical, spherical, or a flat
punch. During the indentation experiment, both applied load and vertical depth/displacement of

the probe into the material are measured continuously. This information is then reported
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graphically with load on the y-axis and depth on the x-axis, a load-depth curve, as shown in

Figure 1.240,

LOADING

UNLOADING

max

LOAD, P

DISPLACEMENT, h

Figure 1.2 A representation of a load-depth curve resulting from a nanoindentation test4°.

Key features of a load-depth curve are: the maximum applied load Ppnax, the maximum
depth of indentation hpay, and the final depth of indentation after elastic recovery, h;. The initial
portion of the unloading curve is assumed to be linear, and the slope of this initial unloading is
the stiffness S. Material response during loading is both elastic and plastic in nature, but
unloading is assumed to be purely elastic, allowing information about a material’s elastic

properties to be determined using this elastic unloading.

The initial loading portion of the load-depth curve, which is often elastic, can be
described with the Hertzian elastic contact model 41, calculated using Equation 1.1. In this
equation, P is the applied load, R is the radius of the indenter probe, ¢ is the depth of indentation,
and E; is the reduced elastic modulus of the indented material, which will be discussed with
Equations 4 and 5. When plastic deformation begins, the Hertzian elastic contact model is no

longer valid to describe loading behavior.
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P = gEr\/R63 (1.1)

Hardness of the material is calculated using Equation 1.2. In this equation, Ppax IS the
maximum load that is applied to the material during indentation, and A is the projected contact
area of the indent. Projected contact area will be discussed later in this section.

Pmax
H = e (1.2)

Hardness measured by nanoindentation is related to yield stress linearly by a constraint
factor C, shown in Equation 1.3 42. C is typically approximately 3 for metals, and less for brittle
materials. This relationship allows the results of a nanoindentation test to be related to the results

of a tensile testin cases where a tensile testis not possible.
H=CY (1.3

Reduced elastic modulus is calculated using Equation 1.4. In this equation, S is the
stiffness of the material, which is the slope of the initial unloading portion of the load-depth
curve (depicted in Figure 1.2), A is the projected contact area of the indent, and f is a constant

based on the indenter probe geometry.

_ SVm
b= opva

(1.4)

The elastic modulus calculated from a nanoindentation testis reduced elastic modulus,
E,. Reduced elastic modulus is related to elastic modulus by Equation 1.5, in which E is the
elastic modulus of the material, v is the Poisson’s ratio of the material, and E;j and vjare the
elastic modulus and Poisson’s ratio of the indenter probe. The nanoindenter reports reduced
elastic modulus rather than actual elastic modulus because the load is applied via a diamond
probe which may deflect some due to the load rather than transferring the entire load to the
material in question. While E; and o; for the diamond indenter tip are known (1141 GPa and 0.07,
respectively), we do not know for certain the Poisson’s ratio of these samples, and therefore this
paper reports only E; however, this effect typically is small, and E; is generally avery good

approximation for E.
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As previously mentioned, the contact area A used in Equations 1.2 and 1.4 is not
necessarily the true contact area, but rather a projected contact area. Contact area during
indentation is not measured, as the only quantities measured directly are applied load and depth
of indentation. In order to determine contact area from this information, a calibration is done in
which a material with precisely known elastic modulus (typically fused quartz) is indented many
times over a range of depths, and the contact area determined using the measured depth,
stiffness, and elastic modulus. The contact area calculated for these depths is interpolated to form
a function relating indentation depth to contact area, and this function then makes that
conversion for subsequent indents. A consequence of this is that a sample with a tilted surface
may not fit this idealized relationship between depth and contact area, and the projected contact
area used for property measurements may not be accurate 43. Therefore, in order to ensure the
accuracy of the projected contact area and thus property measurements, nanoindentation samples
should have minimal surface roughness (or at least a degree of surface roughness that is

significantly less than the indentation depth) and a level surface.

Despite well-known limitations of molecular crystals in accommodating plasticity 18,
plastic deformation resulting from an indentation can cause a plastic deformation zone in the
material around the indent with a radius approximately twice the radius of the indent
impression?8:38, Because of this, subsequent indents must be separated by more than twice the
indent impression radius in order to prevent interaction with this deformation zone from
influencing an indentation test.

1.4.2 Incipient Plasticity

When initial loading is elastic, the onset of plasticity during indentation can be seenon
the load-depth curve as a sudden increase in displacement during loading, a feature known as a

pop-in, excursion, or yield point, seenin Figure 1.3 as “Displacement Discontinuity P 44,
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Figure 1.3 4 “pop-in "~ or “displacement discontinuity” indicating the transition from elastic to
plastic deformation during a nanoindentation test of sapphire 44

Generally, if there are no excursions, then either deformation was purely elastic and the
unloading curve will perfectly trace the loading curve with no residual impression left in the
indented material, or otherwise the material experiences elastic-plastic deformation during the
entire loading process.** A material that is extremely high in defect density may not experience a
pop-in but rather plastically flow during the entire indentation, whereas materials with lower
defect density may require a certain amount of force in order to nucleate dislocations or activate
existing dislocations before plastic deformation begins 45-48. Therefore, pop-in behavior can

generally indicate defect density.

It can, however, be difficult to determine exactly what type of defect led to a particular
pop-in event, be it dislocation nucleation*®, movement of pre-existing dislocations#¢, or
interaction with a point defect0. A strong indicator for this can be in both the shear stress at yield
T as well as the range of variation of this stress between multiple indents in the same material.
Shear stress can be calculated using Equation 1.6, and is valid for Hertzian loading, that is, fully
elastic loading, which should be the case right up to the yield point.
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When repeated indentation tests show pop-ins repeatedly occurring at approximately the same
stress, and that stress approaches the theoretical shear stress, then this is indicative of dislocation
nucleation in a volume with low defect density®1:52, The alternate case is that where repeated
indentation tests do not show a particular trend in yield stress but rather a wide and stochastic
range, and at lower stresses relative to the theoretical shear stress, then this suggests that the
source of plasticity was activation of existing defects within the material*6.50.

The indentation yield stress of a material canvary as a result of quite a few different
influences. For example, there is some degree of size-dependency in yield, where smaller
volumes have been found to yield at higher stresses than in larger volumes of the same
materialP3. Temperature can also have a very slight effect, as increased temperature lowers the
energy barrier to yield; this effect is extremely minimal, with experiments on platinum showing
only about a 5 uN variation in load atyield between temperatures of 25°C and 200°C.
Crystallographic orientation is another factor that has been found to affect yield point, with some
crystallographic planes quicker to yield than others in the same material'®>4. Surface preparation
method canalso affectyield point, as actions such as polishing or washing the surface with a

solution caninfluence defects that may then be activated during indentation3>.

1.4.3 Indentation Fracture

Nanoindentation canalso be used to determine fracture properties °6-65, Given the brittle
nature of molecular crystals, material failure during mechanical testing is quite common. If the
material fails during mechanical testing, then the properties measured may not be representative
of the undeformed material or suitable for comparison to simulations for finding new mock
compositions. For example, the Oliver and Pharr method of calculating elastic modulus and
hardness via indentation 40is only valid for materials that did not fracture during indentation.
Therefore, understanding the indentation fracture behavior of a brittle material provides

confidence in measurements that are taken without causing fracture.

The topic of indentation fracture has been covered extensively, with a thorough

consideration given to the topic by Lawn and Wilshaw56, beginning with the indentation stress
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field. Asdescribed by Lawn and Wilshaw, a stress field forms when the indenter comes in
contact with the material. This stress field can concentrate very high stresses locally at sharp
contacts, whether the sharp contact is along a line or ata point. Inelastic deformation may serve
to temper the sharp contrast of these stress concentrations and the adjacent areas where stresses
are much lower. The magnitude of these concentrated stresses and the degree of difference in
adjacent lower stress areas can be affected by factors such as indenter geometry and magnitude
of mechanical anisotropy (which we know to be significant in molecular crystals). The stress
field intensity, po, is then generally described by Equation 1.7,

P
ama?

1.7

Po =

where P is the applied load, a the radius of indenter contact, and o a dimensionless constant to
account for indenter geometry. One may notice that this is strikingly similar to the equation by
which hardness is calculated, Equation 1.2, and indeed po remains constant with hardness, as

later defined by Lawn and Marshall that hardness is equivalent to po multiplied by 7.

This understanding of the indenter stress field lends to an understanding of fracture
mechanics in that material. In order for fracture to occur in a material, there must first be a flaw,
whether pre-existing or purposefully induced (such as with indentation). When multiple flaws
exist, local stress concentrations will determine which will predominate subsequent fracture
events. Once fracture has been initiated at a given flaw, propagation is then driven by several
factors that ultimately relate to the energy released by crack propagation, as described by

Equations 1.8 and 1.9, in which Equation 1.9 is a derivative of Equation 1.8:

W _ d(WrU) | dUs _ o oo Lo
ac ac ac

Here, U is the total energy, W is the work of the applied forces, Ug is the elastic strain
energy in the cracked body, and Us is the total surface energy of the cracked walls. In equation
1.9 then, the rate of change is considered with respect to C, crack area. Here, G is the mechanical
energy release rate, and 7" is the fracture surface energy. I"is then equivalent to reversible surface

energy y when there is no dissipative component in creating new crack surfaces. When total
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energy is constant, it then follows that G is equal to 27". When G exceeds 27", that is when the
mechanical energy release rate is more than double the fracture surface energy, then crack

propagation occurs.

Following crack initiation, cracks then propagate along paths which had lower stresses
prior to fracture. This propagation path canbe strongly influenced by orientation dependence,
particularly in anisotropic materials such as molecular crystals. In isotropic systems, cracks will
prefer to form along sharp indenter edges, but in anisotropic system preferred cleavage planes
may dominate. The preferred propagation path may or may not be visible from the indentation
surface, but rather extend into the material below the surface. In Lawn and Wilshaw’s work, all
cracks were expected to be subsurface, and surface crack traces were thought to be subsurface
cracks that had propagated far enough to eventually experience “breakthrough” to the surface.
This was later disproven, as Cook and Pharr showed that surface-level cracks could occur
independently of subsurface cracks®”.

Lawn and Marshall defined toughness of an indented material, K. as in Equation 1.10,

P
KC = ﬁ0C3/2 110

where S, is a geometric constant and c is the length of the radial/median crack. This raises two
concerns: first, that it requires measurement of the crack length. Indeed, many indentation
fracture analysis methods require post-indentation imaging to identify the presence of a crack, in
which case particularly small or subsurface fracture may go undetected. Because of this,
Equation 1.10 may be difficult to apply or even entirely incorrect when cracks are unseen or only

partially visible and therefore mis-measured.

The second concern with Equation 1.10 is that it is presented as a K, measurement. It is
difficult to apply the concept of a K. or a Kj to indentation fracture events, as these toughness
measurements are defined as measuring the resistance to propagation of an existing flaw. As
previously discussed, fracture that occurs during indentation often emanates from a flaw that is
created during the course of the indentation. Because of this discrepancy, rather than K or Ky,

indentation toughness is now often defined by the variable T. Various models have been
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proposed for T, one from Jang and Pharr shown as Equation 1.1168 and another from Morris and

Cook shown as Equation 1.1269:

H\? (T3
P, = C(E) (;) T 111

p T XxEp 2c
2T xR R e n(g(aH)l/z) 1.12

where P is the critical load to initiate fracture, C is an agglomeration of geometric constants that
address indenter shape and the stress fields around the indenter, F is a dimensionless stress-
intensity factor amplitude term, %R varies with hardness and elastic modulus as well as
incorporating a geometry factor, and o relates to the projected contact area. Equation 1.12
requires a crack length measurement, which has been mentioned as a concern, whereas Equation
1.11 does not require a crack length measurement and in factonly requires known constants and
data gathered from an indentation test.

Given the difficulties that can arise with fracture analysis techniques that require optical
inspection, it is beneficial to have a non-optical detection method. In order to identify cracks
without this visual inspection, Morris et al 70 introduced a technique in which presence or
absence of a crack is indicated by analysis of the indentation unloading traces. This was
accomplished by indenting a material multiple times using probes of varying acuity, ranging
from Berkovich as the broadest, with an included angle of 142.3°, to cube corner as the most
acute, with anincluded angle of 90°. The unloading portions of the resultant load-depth curves
were plotted together, as seen in Figure 1.4, and if the unloading curves were not superimposable

or nearly superimposable, then the material was found to have fractured.
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Figure 1.4 Morris’ depiction of the superimposability of the unloading portions of load-depth
curves when cracking hasnot occurred, and the nonsuperimposability when cracking has
occurred via sufficiently acute indenter probes 71.

This variation in unloading slope, dP/dh, which is described as the stiffness, can be
observed in the power-law function for unloading P-h behavior during unloading at an elastic-

plastic contact, Equation 1.1340.72
P=F(h— h)™ 1.13

Where m is the unloading exponent and F is a constant, both found from a best-fit of this
equation. The unloading slope, stiffness, is then found by differentiating Equation 1.13 with
respect to h. In indentation, broad probes apply a largely normal force to the surface with only
some lateral displacement of material, whereas an acute indenter acts like a “wedge” 89, driving

significant lateral displacement and upon fracture driving radial cracks outward. Therefore,
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during a fracture event, this m exponent is impacted for particularly acute indenter geometries,
while more broad probes can induce fracture without impacting m. The result of this is an
unloading slope altered by fracture events for particularly acute indenters, which would cause it
to deviate from the slope achieved by an unfractured indent or even a fractured indent from a
broader probe.

This unloading slope analysis method specifically detects the occurrence of radial
cracks, which are parallel to the indentation axis and typically originate from the corners of the
indent impression 67, as shown in Figure 1.5(a). There can also exist secondary radial cracks,
shown in Figure 1.5(b), which occur at an angle to the indentation axis rather than parallel, and
typically are adjacent to the corners of the indent impression. During indentation fracture events,
it is also possible to observe lateral fracture 67, shown in Figure 1.5(c), though this mechanism is
not detected by unloading analysis. Lateral cracks appear parallel to the material surface,
emanating outward in a circle below the plastic deformation zone. “Shallow” lateral cracks as
shown in Figure 1.5(d) may appear less symmetrically and closer to the indented material

surface.
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Figure 1.5 Representations of (a) radial fracture, (b) secondary radial fracture, (c) lateral
fracture, and (d) shallow lateral fracture®’
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Another indication of fracture besides differing unloading slopes can be the presence of a
pop-out. Similar to a pop-in during loading, there can also be a sudden change, a decrease, in
displacement without a corresponding change in load during unloading, called a pop-out. An

example of a pop-out canbe seenin Figure 1.6.
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Figure 1.6 A “pop-out” indicating a density change resulting from an indentation-induced phase
transformation in Si’s.

Pop-outs can be attributed to different phenomena. The example shown in Figure 1.6 is of
a pop-out that was indicative of a phase transformation’. In cases such as this, indentation can
cause a pressure-induced phase transformation, and the different density of this new phase can
cause a sudden change in the volume of the material in that area, resulting in a change in
displacement of the indenter in the material surface. In other cases, such as a case of indentation
in a ZnO thin film™, pop-outs can occur as the result of lateral fracture formation during

unloading.

1.4.4 Orientation Effects in Nanoindentation

It is known that molecular crystals cantend to be quite anisotropic’>.76. Because
nanoindentation probes a very small localized area, anisotropic property variation throughout the
sample is generally not accounted for with a single indentation. To account for this, typically
many measurements are taken on various crystallographic faces of a sample, and in different
areas of that face if the crystal is sufficiently large. There can be significant variation in hardness
and modulus between different crystallographic planes, which has been well-documented via

indentation?7:18.33,
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Vlassak and Nix explored orientation effects using both isotropic and anisotropic
materials, as well as with axisymmetric and non-axisymmetric indenter tips, in 1994. Their
experiments were performed on crystals with either cubic or hexagonal symmetries with varying
degrees of anisotropy: tungsten, aluminum, copper, S-brass, and zinc. The indenter tips used
were both flat-punch geometries, one circular (axisymmetric) and the other triangular (non-
axisymmetric). For the axisymmetric punch, they calculated indentation modulus M (previously

defined here as E,) as shown in Equation 1.14

PVn

= 2ava 1.14
M with the non-axisymmetric punch, then, was found to be as shown in Equation 1.15
M = 1.058 —; 1.15
1-v

meaning that M is measured to be 5.8% higher with a non-axisymmetric punch than with an

axisymmetric punch.

In addition to this slight variation in indentation modulus between different probe
geometries, they also found a slight cyclic variation in indentation modulus with rotation angle
within asingle crystallographic plane for some faces with the triangular indenter. Both of these
effects, of both orientation and indenter probe symmetry, were found to vary less than normal

experimental scatter and therefore were determined to be negligible.

Later, orientation and radius effects were studied by Lawrence’” et al. for their impact on
plastic yield, which is described earlier within this chapter. In this study, a nickel sample was
assessed via nanoindentation of differently oriented grains in the (001), (111), and (101) planes.

Maximum pressure, po, at the time pop-in occurred was calculated with Equation 1.16

[“’Er ] 1.16

m3R2

where R is indenter radius. When po at yield was compared as a function of grain orientation,
there was a clear separation, with the (001) orientation consistently exhibiting a higher yield

point than all others and the (001-111) boundary region consistently exhibiting a lower yield
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point than all others. However, as this procedure was repeated with indenters of varying radii
ranging from 100 nm to 1300 nm, this separation became less clear as tip radius decreased; that
is, blunter indenter tips displayed this discrepancy between grain orientations, whereas sharper
tips did not. This is to say, that the impact of tip sharpness canin some cases be greater than the
impact of grain orientation on yield point, likely due to the probability of atip and its stress field

interacting with dislocations in the material.

While these indentation orientation effects have been studied extensively in metals,
molecular crystals have received less attention. It was previously mentioned that anisotropy
between different crystallographic planes of RDX and sucrose were characterized via
nanoindentation, with up to 30% difference between orientations. Variation among different
directions within a single crystallographic plane has also received little attention. In-plane
orientation variation with a radially non-uniform indenter probe has been studied in aspirin by
Taw et al.19. Aspirin, a monoclinic molecular crystal, showed negligible differences in its in-
plane orientation testing results. This has also been studied in griseofulvin, a tetragonal
molecular crystal, by Maughan et al. with both elastic and elastic-plastic loading’8, again
showing negligible differences within asingle plane. While these results so far are consistent
with one another, with so few studies devoted to exploring indentation orientation effects in
molecular crystals, this is hardly comprehensive. In-plane orientation effects in brittle,
anisotropic molecular crystals are currently unknown for various crystal lattices, as well as for

conditions besides low-load quasistatic indentation with pyramidal probes.
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2. MATERIALS AND METHODS

This chapter describes the materials chosen for study and the criteria for their selection, and
gives detailed technical procedures for both sample preparation and nanoindentation
experiments. The procedures described here were performed at Purdue University and at the
Center for Integrated Nanotechnologies (CINT) at Los Alamos National Laboratory (LANL).
Materials tested range from pharmaceuticals to food products to explosives, and the primary
experimental technique was nanoindentation.

2.1 Materials

Three materials were chosen as potential mock candidates for HMX: 5-iodo-2’-
deoxyuridine (idoxuridine, IDOX), 2,3,4,5,6-pentafluorobenzamide (PFBA), and N,N’-
bis(2,3,4,5,6-pentafluorophenyl)oxamide (N-BPFPO). Five materials were chosen as potential
mock candidates for PETN: meso-erythritol (erythritol), PFBA, 2,4,6-trifluorobenzoic acid (246
TFBA), 1,1,1,5,5,5-hexafluoropentane-2,2,4 4-tetraol (HFPT), and (N-BPFPQO). These materials
span much of the breadth of molecular crystal applications; for example, HMX and PETN are
explosives, IDOX is a pharmaceutical, an antiviral medicine, 246 TFBA is a pharmaceutical as

well, and erythritol is a zero-calorie sweetener.

These materials were chosen by using the Cambridge Structural Database?® to search for
organic materials that fall within a certain density range. Materials returned by the search were
then systematically eliminated for reasons such as being explosive or being liquid at room
temperature. When a solid crystalline inert material was found to have an acceptable density and
crystal structure (listed in Table 2.1 for the relevant materials), the next criteria was that the
material be commercially available. Materials that passed this threshold were purchased in small
amounts (typically 1-10 gram quantities) and analytical tests were done to determine thermal
stability: differential scanning calorimetry and vacuum thermal stability testing. Materials that
proved to have thermal stability comparable to their respective explosive were then crystallized
and subjected to mechanical testing, both of which will be described later in this chapter.
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Table 2.1 Physical property values used as initial mock selection criteria, for PETN and each of
the materials initially under consideration as mechanical mocksfor PETN.

Material Density (g/cm?) Crystal Structure
HMX 1.902 Monoclinic
PETN 1.778 Tetragonal
IDOX 2.001 Triclinic

246 TFBA 1.759 Monoclinic
PFBA 1.884 Monoclinic
HFPT 1.941 Monoclinic

N-BPFPO 1.932 Monoclinic

Erythritol 1.45 Tetragonal

As previously mentioned and seenin Table 2.1, one of the selection criteria was crystal
structure. It is commonly known that molecular crystals tend to be quite anisotropic, but some are
less symmetric than others. The crystal structures relevant to this study are, in order of decreasing
symmetry: tetragonal, monoclinic, and triclinic. A tetragonal unit cell is a rectangular prism with
square bases; all angles are 90° and side lengths have the relationship a=b#c. A monoclinic crystal
unit cell is also a rectangular prism extending from the base ata 90° angle, but with a
parallelogram as the base, thus with three unequal internal angles. Finally, a triclinic unit cell is a
prism extending up from the base at an angle a£90° with a parallelogram as the base. All three of
these can be seenin Figure 2.1%0.

vz Y T

(a) (b) (c)

Figure 2.1 Representations®0 of crystal unit cells in order of decreasing symmetry: (a)
tetragonal, (b) monoclinic, and (c) triclinic
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Upon receipt of the materials used in this study, crystallization was required due to the fact
that materials arrived in powder form. Solubility testing was done to determine an appropriate
solvent for each material, and once a solvent was selected, a somewhat arbitrary amount of
material was dissolved in a somewhat arbitrary amount of solvent, with ratios fine-tuned by trial
and error. Many of the crystallization containers were covered with a perforated film in order to
slow evaporation and thus crystallization; as mentioned in Chapter 1, these types of materials are
highly prone to defects, but slower crystallization can mitigate this effect. While most materials,
such as IDOX, could be collected after the solvent had evaporated entirely, other materials such as
erythritol were more sensitive and had to be removed from the solvent before complete

evaporation in order to prevent an undesirable “stadium” morphology that will be described
shortly.

HMX single crystals were crystallized in acetone from Class 1 HMX produced by Holston.
IDOX was originally purchased from Chem-Impex International, Inc. and crystallized in water.
Meso-erythritol (Erythritol) was purchased from Sigma-Aldrich (now Millipore Sigma) and
crystals were grown from a water solution. Pentafluorobenzamide (PFBA) was purchased from
Alfa Aesar and crystallized from dichloromethane solution. 1,1,1,5,5,5-hexafluoropentane-
2,24 4-tetraol (HFPT) was purchased from (SynQuest Laboratories, Alachua, FL). 2,4,6-
trifluorobenzoic acid (246 TFBA) was purchased from TCI America and crystallized from
acetone. N-BPFPO was synthesized using literature methods8?, reacting pentafluoroaniline
(Sigma-Aldrich) with oxalyl chloride (Acros Organics) in benzene. The mixture was
concentrated under vacuum and recrystallized in a 1:1 solution of ethyl acetate:hexanes. Fine
crystalline powder was recovered, and larger crystals suitable for nanoindentation were produced
by slow recrystallization from an acetone solution. PETN was synthesized at and provided by
Purdue University and single crystals were crystallized in isopropyl alcohol. Figure 2.2 shows
optical micrographs of the indentation surface of the eight materials, and Figure 2.3 shows their

molecular structures.
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Figure 2.2 Optical micrographs of single crystals of (a) HMX, (b) IDOX, (c) PETN, (d)
erythritol, (e) 246 TFBA, (f) HFPT, (g) N-BPFPO, and (h) PFBA.
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Figure 2.3 Molecular structures of (a) HMX, (b) IDOX, (c) PETN, (d) erythritol, (e) 246 TFBA,
(f) HFPT, (g) N-BPFPO, and (h) PFBA.
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2.2 Sample Preparation

As discussed in Chapter 1, it is crucial that nanoindentation samples have minimal
surface roughness and a level surface. On many materials, such as metals, a smooth and level
surface can be achieved by polishing, although this type of mechanical surface abrasion may
cause alter the material surface sufficiently to affect indentation results 1. Other materials, such
as the organic molecular crystals previously discussed, may not lend themselves to mechanical
resurfacing with techniques such as polishing, whether due to extremely limited particle size,
solubility in polishing medium, or other limiting factors. This limitation was overcome by two
methods, the first being careful crystallization. Because a flat surface cannot easily be polished
or machined on these materials, it must be grown. As previously discussed, this growth could be
controlled by slowing the evaporation rate of the solvent, controlling the solute-solvent ratio, and
removing the crystal from the solvent at the appropriate time. An example of the result of
incorrect technique is an erythritol “stadium™ crystal. When removed from its solvent (water)
before complete evaporation, erythritol often has extremely smooth and level surfaces, as can be
seenin Figure 2.4(a) in which the topmost surface is brilliantly reflecting incident light. This
surface is the ideal for molecular crystal indentation, and is the type of surface that is striven for.
However, when the solvent is allowed to evaporate completely before erythritol crystals are
collected, the resulting crystal is composed of concentric rings with innermost layers lying below
outermost layers, with a gradual progression between; the structure resembles a stadium, thus the

name. An example of this can be seenin Figure 2.4(b).
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Figure 2.4 (a) a smooth and level erythritol surface, and (b) an erythritol crystal with a
“stadium” surface

The second method of overcoming the limitation of requiring a flat and level surface
without mechanical resurfacing is a mounting technique, developed by Maughan etal. 78. With
this method, depicted in Figure 2.5, a flat face of the crystal (achieved as previously described) is
placed in direct contact with a level block, an orientation that will occur naturally via gravity.
The crystal is then adhered to a mounting element, in this case adhered to a 15 mm steel AFM
disc with the adhesive Crystalbond 555. This is done from above in such a way that when the
mount is inverted, the surface of the crystal was the flat face that had previously rested on the

aluminum block and was therefore parallel to the AFM disc and normal to the indenter probe.
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Figure 2.5 The apparatus depicted by Maughan et al. for preparing small crystals for indentation
with a level indentation surface that will be perpendicular to the indenter probe 78.

Once crystals were mounted by this technique, it was necessary to confirm that the
uppermost surface achieved was, in fact, smooth and level. As a broad screening technique, this
was first determined via optical microscopy; surfaces that were quite obviously too rough for
indentation could be spotted quickly, and surfaces that were extremely tilted could be identified
by an inability to focus the aperture on the entire surface at once. If samples passed this optical
inspection, then a more detailed inspection was done with scanning probe microscopy (SPM), a
surface-rastering technique that is quite similar to atomic force microscopy (AFM). This
scanning, which provides both a topographical image as well as a gradient image that indicates
relative slope, gives a detailed view of both surface roughness as well as extent of surface tilt. If
the SPM scan appears smooth (surface roughness below approximately 10% of intended
indentation depth) and level (below approximately 5° tilt), then the sample is considered to be

suitable for indentation.
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2.3 Nanoindentation
2.3.1 General Nanoindentation Techniques

All nanoindentation was performed using the Hysitron Triboindenter 950. Indentation
was performed in part at Purdue University and in part atthe CINT facility at LANL, both
facilities possessing a Hysitron Triboindenter 950. A total of three low-load Berkovich probes
were used; one only at Purdue, one only at CINT, and one traveling between the two facilities.
Two low-load cube corner probes were used; one only at Purdue, and one traveling between the
two facilities. One conical probe was used, traveling between both facilities. Two each of high-
load Berkovich and cube corner probes were used, one each only at Purdue and one each
traveling between both facilities. Indenter probes were calibrated for area functions, as described
in Chapter 1, using fused quartz samples. Two fused quartz samples were used, one at each
facility. All indents were quasistatic open-loop with 30 s loading, 5 s hold, and 5 s unload times
(with the exception of the two indents in 4.25); this loading profile was used in prior studies of
RDX and some other organic molecular crystals®. To obtain reported hardness and elastic
modulus values, 22 indents were performed on 10 HMX crystals, 19 indents were performed on
10 IDOX crystals, 112 indents were performed on 6 PETN crystals, 33 indents on 4 246 TFBA
crystals, 26 indents on 4 PFBA crystals, 8 indents on 2 HFPT crystals, 19 indents on 3 N-BPFPO
crystals, and 181 indents on 13 erythritol crystals. Some crystals were only indented once, while
others were large enough to accommodate multiple indents; all indentations were spaced at least
10 times across the residual impression diameter to ensure the pristine material was being

evaluated.

2.3.2 Indentation Fracture

For indentation fracture initiation, nanoindentation was performed with a high-load
transducer for indentation loads above 12 mN and a standard transducer for indentation loads at
and below 12 mN. Each material was indented at its respective load with both a Berkovich and
cube corner indenter probe. As previously mentioned, three-sided pyramidal tips are chosen due
to the ease of creating a sharp tip as the three planes necessarily meet at a point, however even
with a three-sided pyramidal probe, sharpness is never perfect and so the tip has an effective

radius82. With this in mind, the Berkovich and cube corner probes had radii of approximately 300
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nm and 70 nm, respectively. Due to the limited size of the crystals (= 0.3 mm) not all indents are
in the same crystals, but each complete pairing (Berkovich and cube corner) at a given load are
within one single crystal. Single crystals of both HMX and IDOX were indented a minimum of
six times each at each of the following maximum loads: 1 mN, 100 mN, 125 mN, 150 mN, 200
mN, 250 mN, and 300 mN. HMX single crystals were also indented a minimum of six times at
each of the following maximum loads: 4 mN, 6 mN, 8 mN, 12 mN, 15 mN, and 25 mN. Single
crystals of each of PETN, erythritol, and 246 TFBA were indented a minimum of six times each
at each of the following loads: 0.5 mN, 1 mN, 3 mN, and 5 mN. PETN single crystals were also
indented a minimum  of six times at each of the following loads: 2 mN, 4 mN, 15 mN, 25 mN,
and 50 mN. Erythritol single crystals were also indented a minimum of six times at each of the
following loads: 10 mN, and 15 mN. Most indents were performed using quasistatic load-control
mode with a 30 second load, 5 second hold, and 5 second unload. Two additional sets of indents
on IDOX used a maximum load of 100 mN with 10 second loading time and a maximum load of

300 mN with the loading time extended to 90 seconds.

The unloading portions of the load-depth curves for both indents, one Berkovich and one
cube corner per crystal, were plotted on the same graph with indentation depth h; moved to the
origin. This is done by taking the continuously measured load-depth data and first removing all
loading and hold data. With only unloading data remaining, the value of hy is subtracted from
every depth (x-axis) data point. This moves the base of the curve to the origin. This is repeated
for both the Berkovich and cube corner data, which are then plotted on the same axes. This

process is shown in Figure 2.6.
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Figure 2.6 A visual depiction of the steps of unloading analysis; (a) the load-depth curves of a
material indented once each with two probes of significantly different acuity, (b) the loading
portion of each curve is removed, and (c) the unloading portion of each curve is translated along
the x-axis to the origin so that degree of superimposability can be easily seen

With both curves located now at the origin of the same graph, degree of
superimposability should be clear. If superimposability is still somewhat ambiguous, it canbe
helpful to further translate the curves along the x-axis to intersect with one another differently.
Because of the way depth data was manipulated here, with curves translated along the x-axis to
more easily observe superimposability, the position on the x-axis is somewhat arbitrary and can
be adjusted as needed. Examples of unloading curves that have been translated along the x-axis
can be seen in Chapter 1.4.3, Chapter 4, and in the appendix. This unloading superimposability
was analyzed using the method described by Morris etal 79, which was discussed in detail in
Chapter 1. To summarize, unloading curve pairs that were superimposable or nearly
superimposable were considered to indicate that the material had not fractured as a result of
indentation, and conversely unloading pairs that were not superimposable were considered to
have fractured as a result of indentation. Indents were imaged using optical microscopy and
scanning electron microscopy in order to observe the presence or lack of cracks emanating from
these indents. This allowed determination of whether this unloading analysis technique correctly

portrayed fracture results in these materials.

Fracture thresholds defined here are for indentation with cube corner indenters, which are
sharp relative to other common indenter probes such as Berkovich. Because of this, any probe

that is less sharp will likely result in a higher indentation fracture threshold.
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2.3.3 Orientation-Specific Indentation

For orientation-specific indents, nanoindentation was performed with a low-load
transducer to measure elastic modulus at 1 mN and with a high-load transducer to induce fracture
at loads of 250, 300, and 350 mN.

For 1 mN indents, each sample was indented with both a Berkovich and a 120° conical
probe, which had radii of approximately 70 nm and 540 nm respectively. For the conical probe,
which is available in a variety of acuities, a 120° probe was chosen in order to apply force
similarly to a Berkovich apart from geometry, as more acute probes have been found to deform
materials in a different manner (“cutting” rather than “compressing”) than broader probes83-86,
On all samples, a single face of the crystal was chosen to be indented, and an arbitrary direction
of that face chosen as the origin, labeled 0°. During the experiment, each crystal was rotated
about a consistent normal direction relative to the arbitrary origin, and indented at 30° intervals
with the previously indicated probe(s).The relative rotation angles were indicated by markings
on the nanoindenter stage aligned with a marking on the sample mounting disc, similar to those

depicted in Figure 2.7.
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Figure 2.7 A representation of how orientation-specific indentation angles were measured, with
the angles indicated on the indenter stage and a reference direction marked on the sample
mounting disc.

For 250 mN, 300 mN, and 350 mN indents, one single crystal of IDOX was indented in 8
locations, as shown in Figure 2.8, with a cube corner probe at loads high enough to induce
fracture. The sample was periodically rotated such that 3 different in-plane indenter orientations
were sampled, and fracture development and direction were recorded following each indent.
Figure 2.8 shows the crystal with 8 fractured indents and a diagram labelling how each indent is
identified, and Table 2.2 lists the indenter angle and applied load for each indent. Particular care
was not taken in spacing indents far enough to prevent interaction, as quantitative indentation
measurements were not being taken, and with fracture often extreme enough to cleave the
crystal, indent interactions were somewhat unavoidable while still keeping all indents on one

single crystal.
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Figure 2.8 Location of orientation fracture indents in an IDOX single crystal

Table 2.2 Applied load for orientation fracture indents

Indent Load (mN) Relative Angle (°)
1 225 0
2 250 0
3 300 0
4 350 0
5 350 60
6 300 60
7 300 105
8 350 105
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3. ELASTIC AND PLASTIC PROPERTIES MEASUREMENTS:
QUASISTATIC MECHANICAL MOCK IDENTIFICATION

Portions of this chapter have previously been published in Crystals (Nanoindentation of HMX and
Idoxuridine to Determine Mechanical Similarity. ABurch, J Yeager, D Bahr. Crystals, Vol 7, Issue
11, pp.335(1:9). doi: 10.3390/cryst7110335. 2017); (A Thermal and Nanomechanical Study of
Molecular Crystals as Versatile Mocks for Pentaerythritol Tetranitrate. ABurch, ZWilde, D Bahr,
J Yeager. Crystals, Vol 10, Issue 2, pp.126(1:15). doi: 10.3390/CRYST10020126. 2020)

3.1 Introduction

As discussed in Chapter 1, nanoindentation techniques have previously been employed in the
characterization of both energetic and inert molecular crystals, as well as in efforts to determine
suitability of certain inert molecular crystals to mock various explosives18:20.39.87,

Nanoindentation is chosen for this in part due to its ability to apply appropriate micro-scale tests
to materials such as those tested here, which are pm to mm in scale, as well as its ability to probe

a variety of properties with a single test.

Nanoindentation was described in great detail in Chapter 1 and will be summarized here.
“Nanoindentation” describes an mstrumented test in which a load is applied to a material surface
via a small tip, tens to hundreds of nm in radius, and both the applied load and displacement into
the surface are measured continuously. This data is reported as a load-depth curve with load on
the y-axis and depth on the x-axis. The portion of this curve that reflects how the material
responded as the load was applied is assumed to be influenced by both elastic and plastic
deformation, which allows information to be drawn regarding the yield point where plastic
deformation begins, shear stress, and hardness. The unloading portion of the load-depth curve is
assumed to be fully elastic, so the slope (which is the material stiffness) can be used to determine

elastic modulus.

This chapter assesses the suitability of using IDOX, PFBA, and N-BPFPO to serve as
surrogates for the mechanical response of HMX, and of using erythritol, 246 TFBA, PFBA,
HFPT, and N-BPFPO to serve as surrogates for PETN. This assessment is done using

nanoindentation on single crystals to assess hardness, elastic modulus, and yield behavior. This
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assessment is used to determine which materials warrant further consideration as potential mock

materials and which do not.

3.2 Results and Discussion
3.2.1 Hardness and Modulus Measurements

Hardness and elastic modulus measurements were taken using a Berkovich indenter probe at

1000 uN in all materials; examples of typical load-displacement data are shown in Figure 3.1.
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Figure 3.1 (a) Typical load-depth curves for HMX and each of its prospective mocks, IDOX,
PFBA, and N-BPFPO, with indentations in one random crystal of each material shown. (b)
Typical load-depth curves for PETN and each of its prospective mocks, PFBA, HFPT, N-
BPFPO, erythritol, and 246 TFBA, with indentations in one random crystal of each material
shown
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Load-depth data from several such indents per material were analyzed using the method

described by Oliver and Pharr40 to obtain elastic modulus and hardness values, averages for

which are reported for each material in Table 3.1.

Table 3.1 Average values for elastic modulus and hardness, as measured via nanoindentation,
for PETN, HMX, and each of the materials initially under consideration as mechanical mocks
for PETN and HMX. Sample size information is available in Chapter 2.3.1.

Mock mate rial mechanical property comparisons

Material Elastic Modulus (GPa) Hardness (GPa)
HMX 25221 1.00£0.11
PETN 15.2+24 0.45 +0.08
IDOX 23322 1.00 £0.15

246 TFBA 19.2+£26 0.54 +0.18
PFBA 58+15 0.24 +0.03
HFPT 6.3 +04 0.33 +£0.07

N-BPFPO 176 £ 0.4 0.44 +0.07

Erythritol 212+ 24 1.22 +0.13

As a consequence of the results shown in Table 3.1, PFBA and N-BPFPO were found to be

too dissimilar to HMX, with 76% and 56% difference in hardness respectively, and 77% and

30% difference in elastic modulus respectively. Following this result, these two materials were

no longer considered as potential mechanical mocks for HMX. IDOX, however, emerged as a

highly promising candidate, with 7.5% difference in elastic modulus and 0% difference in

hardness. From this point, only IDOX was considered as a potential mechanical mock for HMX.

The indentation data presented in Table 3.1 for PETN and several of its mocks were
collected during the same time period as DSC testing was being performed on the same materials
by Dr. John Yeager at Los Alamos National Laboratory, and therefore narrowing the pool of
PETN candidates at this point was done with consideration to both data sets. Dr. Yeager’s DSC

results are shown in Figure 3.2.
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Figure 3.2 DSC data for PETN and its initial mock candidates. Polymorphic behavior was not
indicated for any of these materials.

As a consequence of these results shown in Table 3.1 and Figure 3.2, only two materials
were selected to continue as potential mechanical mocks for PETN. HFPT had a 59% difference
in modulus from PETN and had too low of a melting point, and PFBA had a 62% difference in
modulus and a 47% difference in hardness; therefore, HFPT and PFBA were no longer
considered as potential mocks for PETN. N-BPFPO was mechanically quite similar to PETN,
with 16% difference in elastic modulus and 2% difference in hardness; however, its melting
point was significantly higher than PETN’s, so it was no longer considered to be a viable
thermomechanical mock. 246 TFBA was 26% different from PETN in elastic modulus and 20%
different in hardness, and had a virtually identical melting point, and therefore was selected to
continue in consideration as a potential PETN mock. Erythritol was mechanically quite different
from PETN, with a 39% difference in elastic modulus and 171% difference in hardness;
however, its melting point was rather similar to PETN’s with about a 20°C difference, and
erythritol was also remarkably affordable and easy to source and process, which are quite
desirable attributes in a mock, so erythritol was also selected alongside 246 TFBA to continue as

a potential PETN mock.
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These measurements can have quite a bit of stochastic variation for various reasons, such
as dislocation density, size effects, and crystallographic orientation®. Oliver and Pharr showed
that very precise indentation in isotropic materials with good technique can produce results
within a 10% range“%, though that range may be wider for materials such as molecular crystals
which are anisotropic and generally dissimilar to ideal models; elastic-plastic indentation of such
materials has shown variation within 18%78. The distributions shown in Figures 3.3 and 3.4 then,
while somewhat broad in range, are rather unremarkable for most materials shown, though there
is an exception. The hardness of 246 TFBA exhibits a bimodal distribution, with a peak at 0.3-
0.4 GPa and another peak at 0.6-0.7 GPa. This data was collected from 246 TFBA that was
crystallized in two batches, indicated that there may be some batch-to-batch variation in hardness
depending on crystallization conditions. However, this bimodal distribution is not reflected in
reduced elastic modulus data for 246 TFBA. Different types of defects can have an uneven effect
elastic modulus versus hardness; for example, elastic modulus can be affected by impurities or

solutes, but would not be impacted by changes in dislocation density that would affect hardness.

Prior work published by Zhai et al.8% on nanoindentation of PETN showed a dramatic
depth dependence for elastic modulus of PETN, with values as high as 27 GPa at low depths, and
a very sharp and consistent decline until a depth of approximately 200 nm where the modulus
then levelled off to a consistent value of approximately 11 GPa, as seenin Figure 3.5(a). This is
atypical behavior for molecular crystals; depth dependence is often seenin materials with surface
films, oxide layers, or surface-level work hardening as a few examples, but properties such as
elastic modulus do not tend to vary as a function of depth in molecular crystals. In an attempt to
duplicate that result for this mock material study, PETN was indented at a similar range of
depths and the elastic modulus was evaluated as a function of depth. This was then repeated 7
months after the initial measurements, and again 13 months after initial measurements. As can be
seenin Figure 3.5(b), this depth dependence could not be replicated in any of the three data sets,
and the elastic modulus measured, approximately 15 GPa, was notably higher than the 11 GPa
prior data had leveled off to.

While no depth dependence was revealed, the elastic modulus of these PETN crystals did
appear to decrease from month 0 to month 7, prompting additional assessment of the elastic
modulus again at month 13 to observe if any changes were occurring due to the age of the

material. While the elastic modulus of the newly synthesized material measured 18.2 + 2.8 GPa,
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the material at ages 7 months and 13 months appears to have settled around 15.0-15.8 GPa. Due
to the behavior of the samples at larger depths at month 0 and the low indentation depths of
typical nanoindentation tests, differences over time were also considered for only indents be low
300 nm in depth. Considering only those indents below a depth of 300 nm had a minimal effect
on the results, with the elastic modulus at month 0 measuring 18.4 £+ 2.9 GPa, at month 7
measuring 15.1 + 0.6 GPa, and at month 13 measuring 15.8 £ 1.8 GPa, unchanged due to the
lack of higher-depth indents at month 13. Other studies on PETN powder have shown similar
trends with properties such as surface area coarsening, where newly synthesized PETN initially
coarsens at a very high rate but the rates soon become much more gradual, if not completely

stable90.91,
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Figure 3.5 (a) Prior nanoindentation results showing a strong depth dependence of elastic
modulus in PETN®(b) Elastic modulus of PETN as a function of depth with data collected
during the course of the present study showing no depth dependence. Elastic modulus of the
newly synthesized material (month 0) is higher than later measurements (month 7, month 13) but
as the material ages the modulus appears to stabilize. This is consistent with observation of other
properties of PETN as a function of time90.91,

3.2.2 Incipient Plasticity

As noted in Figure 3.6, many indentations exhibited a “pop-in” or “excursion” in the load
depth curve. This is commonly considered to be indicative of the transition from elastic to plastic

deformation*6.51,55,92-95,
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Figure 3.6 (a) The same load-depth curves for HMX and IDOX as in Figure 3.1(a), showing
only data below 125 uN (b) The same load-depth curves for PETN, erythritol and 246 TFBA as
in Figure 3.1(b), showing only data below 125 uN
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Yield point behavior canbe quantified by the load at yield (which is proportional to the
maximum applied shear stress for materials with the same elastic modulus when a common tip
with a fixed radius is used). Figure 3.7 shows the difference in the distribution of load at the first
yield point for all indentations performed in this study. Using a cumulative distribution plot is a
convenient way to determine if different defect densities or mechanisms are being probed 20, and
the relative curvature and position are indicative of an activation energy to nucleate a dislocation
when one compares the only the fraction that yielded (ignoring those that exhibit no yield point).
In metallic systems, higher defect densities are linked to larger numbers of indentations that do
not exhibit a yield point %, and surface preparation can shift (in load) or “tilt” in probability the

cumulative fraction plot in RDX %,

In all indentations in HMX the indentation curve exhibited a yield point, while in the case of
IDOX only half of the indents exhibited ayield point. The mean load at yield for indentations
that did exhibit ayield point for IDOX was 98 uN and for HMX was 93 uN; the maximum load
exhibited are also of a similar magnitude, as one might expect for materials with similar elastic
modulus values. Finally, the median of the loads which caused yield are similar for these
indentations, 78.5 uN for HMX and 62.8 uN for IDOX. This data can be seen in Figure 3.7(a).
As discussed in Chapter 1.4.2, shear stress at yield can be calculated from the load at yield, the
elastic modulus, and the tip radius, shown as Equation 3.1.

_2y1/3
7=0231 (ﬂ) p1/3 3.1

T3 R2

Using this equation, average shear strengths for HMX and IDOX are 1.47 GPa and 1.30
GPa, respectively. This data can be seenin Figure 3.7(b). The implication here is that while the
average shear stress needed to nucleate dislocations in both materials is very similar, suggesting
the nucleation phenomena is based on the same mechanism in both these samples, and the
maximum shear stress is of the same order, based on the similarity of the maximum observed
value in yield point, the likelihood of probing a mechanical defect (such as a pre-existing
dislocation) is much higher in the IDOX than in the HMX for the forms of the materials tested in
this study.
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Figure 3.7 Cumulative fraction of yield behavior for HMX and IDOX, (a) as a function of applied
load, and (b) as a function of shear stress

PETN and 246 TFBA each had ayield point in every load depth curve, and erythritol had a
yield point in nearly every curve. In cases where a yield point was present, the mean load at yield
was 175 pN for PETN, 140 uN for erythritol, and 15 pN for 246 TFBA. The median values of
these ranges were 118 pN, 118 uN, and 13.5 pN respectively. This data can be seenin Figure
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3.8(a). Equation 3.1 gives shear strengths for each material as 1.37 GPa, 1.59 GPa, and 0.71
GPa, respectively. This data can be seenin Figure 3.8(b). As indicated by these values, the yield
behaviors for PETN and erythritol were similar in both magnitude and trend. The yield behavior
of 246 TFBA however was quite different, with both a substantially lower yield threshold as well
as an extremely narrow range, pointing to the possibility of a much higher defect density than
what is expected in PETN and erythritol.

This type of yield point analysis and comparison can indicate the relative defect density in
the material being probed, and the resistance to plastic deformation of each material;, however,
the impact of these differences are expected to be minimal given that typical processing loads for
these materials far exceeds this minimum plasticity threshold; all materials tested yield at loads
below 1 mN, and loads expected in regular processing such as pressing are generally a thousand
times higher than this®’. While indentation has a greater stress concentration at the pointed tip
that is nanometers in radius, whereas in pressing the stresses are different due to the load being
distributed over a much larger surface area, millimeters to centimeters in radius, pressing loads

are still expected to produce larger stresses overall.
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Figure 3.8 Cumulative fraction of yield behavior for PETN, erythritol, and 246 TFBA, (a) as a
function of applied load, and (b) as a function of shear stress
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3.3 Conclusions

As shown, it has been successfully determined that IDOX has similar elastic and plastic
mechanical properties to HMX, which can be difficult to perform tests on due to safety concerns.
The similarity in hardness and elastic modulus indicate that IDOX can be used to test the
mechanical response of composite structures typically containing HMX. When yield behavior
occurs in both materials, the loads (and therefore stresses) at which dislocations are nucleated
appear to be similar. However, in the as-received state, it appears IDOX may have a higher

mechanical defect density than the HMX (for powders of the same size).

Similarly, it has been successfully determined that 246 TFBA and erythritol have similar
elastic and plastic mechanical properties to PETN, indicating that either material may be suitable
to test the mechanical response of composite structures typically containing PETN. Hardness of
246 TFBA appears to be sensitive to crystallization conditions, so for cases in which hardness is
of concern in mocking PETN, it may be necessary to closely monitor crystallization conditions.
Yield behavior between PETN and erythritol is significantly more comparable than for 246

TFBA, though this is not expected to be relevant in typical processing.
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4. INDENTATION FRACTURE MECHANICS IN MOLECULAR
CRYSTALS

Portions of this chapter have previously been published in Journal of Materials Research
(Indentation Fracture Behavior of Energetic and Inert Molecular Crystals. ABurch, J Yeager, D
Bahr. JMR, Vol 34, Issue 23, p3954-3963. doi: 10.1557/jmr.2019.345. 2019. Reproduced with
permission.) and in Crystals (A Thermal and Nanomechanical Study of Molecular Crystals as
Versatile Mocks for Pentaerythritol Tetranitrate. A Burch, Z Wilde, D Bahr, J Yeager. Crystals,
Vol 10, Issue 2, pp.126(1:15). doi: 10.3390/CRYST10020126. 2020)

4.1 Introduction

In the previous chapter, three materials were tested for their suitability to mock elastic
and plastic mechanical properties of HMX, and similarly five materials were tested for their
suitability to mock PETN. From this pool, potential mock candidates were narrowed down to one
for HMX, IDOX, and two for PETN, 246 TFBA and erythritol. The indentation tests that were
used to make these determinations were all under low-load quasistatic conditions; however,
under normal operating parameters, explosive materials are often subjected to larger and more
unpredictable forces.

As explained in detail in Chapter 1 and summarized here, indentation is a convenient
technique for initiating fracture and drawing conclusions concerning fracture properties.
Understanding of a material’s indentation fracture behavior is helpful for two reasons: one being
that it can reveal the toughness of the material in a quantifiable way, and the other being that
nanoindentation that causes fracture cannot be used to measure things such as elastic modulus
and hardness, so understanding how resistant a material is to fracture can determine the range of
loads that can be used to characterize that material by indentation methods.

Indentation fracture occurs as the stress field formed when the indenter comes in contact
with the sample concentrates locally at sharp contacts, and the material undergoes inelastic
deformation in an effort to temper this stress concentration®. When a flaw is initiated in this
way, crack propagation is then governed by the mechanical energy released by fracture versus
the additional surface energy of the crack. When the mechanical energy release rate is more than
double the fracture surface energy, the crack will propagate. When this condition has been met,

cracks will propagate according to stress concentrations that existed prior to fracture, which can
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be strongly influenced by material anisotropy. Indentation fracture toughness, the degree to
which a material resists both fracture initiation and propagation, will be discussed in detail later
in this chapter.

Initiation of fracture during a nanoindentation test is not necessarily indicated in a load-
depth curve, so typical fracture detection is done by optical inspection. This technique can be
difficult, for example in an opaque material with subsurface cracks, or in indents where cracks
are extremely small and may escape optical observation. In order to bypass this limitation, a
technique was developed by Morris etal.’® in which a material is indented with multiple probes
of varying acuity and the unloading portions of the resultant load-depth curves are compared for
superimposability. This technique is described in detail in Chapters 1 and 2. In short, the shape
of the unloading slope is determined by the stiffness of the material, and thus the unloading slope
should be consistent for materials with homogenous stiffness. Fracture events change this
characteristic slope for acute indenters, but not for broad indenters; therefore, a deviation in slope
between the two indicates that the more acute indenter induced a fracture event.

In this current study, nanoindentation was used to identify fracture load thresholds for
HMX, IDOX, PETN, 246 TFBA, and erythritol. The method outlined by Morris et al was used to
determine if samples had fractured, followed by verification via imaging to ensure that unloading
analysis is applicable for molecular crystals such as these. Both radial fracture, which typically
emanates from the corners of the indent impression, and lateral fracture, parallel to the surface,
were observed. For radial fracture, cracks appear at the sides of the indent, indicating either
secondary radial fracture which occurs adjacent to corners and at an angle to the indentation axis
rather than parallel, or this crack placement may be a result of anisotropy in the crystal itself.
Radial fracture was detected using unloading analysis, which was found to be subject to the
occurrence of false negatives in which unloading curves will not indicate the presence of fracture
yet upon optical investigation a crackis present. The implications of these results to developing
new mock options for single crystal materials and formulated plastic-bonded composite materials

are discussed.

4.2 Results and Discussion

In this chapter, mN is used in order to best accommodate the scale of the experiments
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4.2.1 Analysis of Unloading Curves to Detect Radial Fracture

There are four possible outcomes from performing an unloading analysis as outlined by
Morris etal to identify fracture behavior. If unloading analysis and optical observation agree, the
result is “true”, and if they do not it is “false.” A “positive” result is one where unloading
analysis indicates radial fracture, while a “negative™ result is one that does not indicate fracture.
Non-superimposable unloading traces from multiple tips indicate fracture, and if this can be
verified optically it is a “true positive” result. “False positive” results are if the curves are non-
superimposable but no fracture of any type is observed — this type of result was never observed
either by Morris?®"1 or in this present work. “True negative” results are typical of ductile
materials or very small loads in brittle materials, wherein the unloading curves are
superimposable and no fracture is observed optically. Finally, “false negative” results are when
the unloading curves are superimposable but a crack is observed optically. Morris found
occasional false negatives when the two tips being compared had similar acuities, but stated that

cube corner and Berkovich tips were different enough to avoid this issue.

In both types of brittle molecular crystals tested here, we also found significant variation
in superimposability of Berkovich and cube corner unloading curves corresponding to fractured
crystals. The cube corner indenter probe is significantly sharper than the Berkovich and initiates
fracture much more readily. Figure 4.1 compares indentation results for IDOX loaded to 125 mN
with both tips. Here, the cube corner indentation resulted in fracture (Figure 4.1(c)) but the
Berkovich indent did not (Figure 4.1(d)). In Figure 4.1(b) and all subsequent load-depth curves,
in order to directly compare superimposability, the loading portion of the curve has been omitted,
and the final depths of both unloading curves have been shifted to the origin to allow for direct
comparison despite the increased indentation depth resulting from the acuity of the cube corner
probe. In Figure 4.1(b), the unloading portion of the load-depth curves were nearly
superimposable but exhibited slight variation in curvature, indicating that the material fractured
during the experiment. This is especially notable since, at first glance, the curves do look similar.
This is an example of a “true positive” result where the unloading analysis and the optical
imaging agree. Sometimes, the unloading curves are quite obviously different. Figures 4.1(e) and
4.1(f) show an example of a cube corner indent that fractured and shows a clear lack of

superimposability in unloading traces — another “true positive” result.
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Figure 4.1 (a) Load-depth curves for IDOX indented at 125 mN shifted along x-axis to align final
depths of both curves. (b) Corresponding offset unloading portion of the load-depth show that
the unloading slopes are nearly superimposable. (c) The corresponding cube corner indent with
visible radial and lateral cracks. (d) The corresponding Berkovich indent with no evidence of
fracture. (e) When the unloading portion of the load-depth curves for IDOX indented at 200 mN
with a Berkovich indenter and with a cube corner indenter are overlayed, the unloading slopes
are not superimposable. (f) The corresponding cube corner indent with visible radial fracture
(R), lateral fracture (L), and slip bands (S) indicated by arrows.
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At lower loads, the analysis was generally simple because the materials did not fracture
(“true negative”). Figure 4.2 shows cube corner indents that did not fracture, with corresponding
unloading curves that are superimposable or nearly superimposable, as predicted by the Morris et
al model. Those materials did not fracture, although slip bands were present, indicated by the
arrows in Figures 4.2(b) and 4.2(d). Clearly identifiable slip bands following indentation are
common in molecular crystals such as these, which have very few, limited slip systems with
which to accommodate plastic deformation36.71.98.99 Note that the curves in Figure 4.2(c) are not
perfectly superimposed. This is a function of translating the entire curve along the x-axis to allow
for observation of degree of superimposability; these curves can be considered superimposable
because the curvature and slope of the curves are within 5% of each other, which is effectively

the resolution due to thermal drift and variations in surface roughness in these materials.
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Figure 4.2 (a) When the unloading portions of the load-depth curvesfor IDOX indented at 100
mN with a Berkovich indenter probe and with a cube corner indenter probe are graphed with
final depth at the origin, the unloading slopes are nearly superimposable. (b) The corresponding
cube corner indent with no crack, but with visible slip bands indicated by arrows (the bright
region of the figure is due to out of plane deformation, not lateral fracture). (c) When the
unloading portion of the load-depth curves for IDOX indented at 125 mN with a Berkovich
indenter probe and with a cube corner indenter probe are graphed with final depth at the origin,
the unloading slopes are nearly superimposable. (d) The corresponding cube corner indent with
no radial cracks, but with visible slip bands indicated by arrows.

Figure 4.3 shows two examples of cube corner indents causing both radial fracture as
well as significant lateral fracture; however the accompanying unloading curves for one are

nonsuperimposable (Figure 4.3(a)) and the accompanying unloading curves for the other are
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nearly superimposable (Figure 4.3(c)). By unloading analysis alone, without optical observation,
the first sample cracked while the second did not. Figure 4.3(a-b) therefore is an example of a
true positive result, where unloading curves and imaging agree, while Figure 4.3(c-d) is an
example of a false negative, where the fracture is undetected by unloading analysis but the
imaging reveals fracture.
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Figure 4.3 (a) When the unloading portion of the load-depth curves for HMX indented at 125 mN
with a Berkovich indenter probe and with a cube corner indenter probe are graphed with final
depth at the origin, the unloading slopes are not superimposable. (b) The corresponding cube
corner indent with visible radial and latera cracks. (¢c) When the unloading portion of the load-

depth curves for HMX indented at 250 mN with a Berkovich and with a cube corner indenter
probe are graphed with final depth at the origin, the unloading slopes are nearly superimposable
with some slight deviation. (d) The corresponding cube comer indent with visible lateral cracks.
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4.2.2 Discussion of False Negatives and Crack Mechanisms

As previously mentioned, Morris etal have shown that if a material is indented to the
same maximum load with two different indenter probes of sufficient differing acuity and the
unloading portions of the load-depth curves are non-superimposable, then the material has
fractured 0. This result was replicated in indentation of IDOX and HMX, with all non-
superimposable unloading traces corresponding to fractured crystals. However, the converse
statement was not found to be true; if the unloading portions of the load-depth curves are
superimposable, the material may or may not have fractured for one of the indenter tips. Morris
found this to be true but said that the non-superimposability from cracking would be observed if
probes differed enough in acuity 1, with Berkovich and cube corner as an example. Our study
showed that even with the Berkovich and cube corner geometries, a fractured sample may still
have superimposable or nearly superimposable unloading curves, although this is uncommon.
The low frequency of this occurrence is shown in Table 4.1, showing that 92% of results were
“true” and all “false” results were in the form of false negatives, where curves are

superimposable yet the optical inspection shows that fracture occurred.

Table 4.1 The number of occurrences of each of the four previously mentioned possible outcomes
for each material.

SUPERIMPOSABLE | NONSUPERIMPOSABLE
OBSERVED HMX 3 45
CRACK IDOX 5 28
NO OBSERVED | HMX 9 0
CRACK IDOX 9 0

As can be seenin Figures 4.1(b), 4.1(e), 4.3(b), and 4.3(d), significant lateral cracking
was seenin many samples, where fracture is parallel to the material surface and radiates out
circularly. Due to the lack of radial symmetry and apparent proximity to the surface, the lateral
cracks observed around indents in these materials appear to be “shallow” lateral cracks 7. The
unloading analysis technique is only sensitive to radial fracture, and therefore cannot detect the

occurrence of lateral fracture, possibly due to the fact that lateral fracture often occurs at or near
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the end of the unloading cycle. Lateral fracture is also not indicated by the indentation loading
trace. Because of this, lateral cracking was observed only optically. In instances where lateral
fracture occurred, the radius of the optically visible lateral crack was measured and compared to
the radius of the indent impression, shown in Figure 4.4. This radius analysis normalizes the
crack size relative to the size of the indent (the effective indentation radius, treating the projected
contact area as a circle to create an effective radius) and subsequently to the size of the plastic
deformation zone. Atloads where the material didn’t fracture, either atall or some of the time,
the ratio of lateral crack to indent impression is near 2, which is approximately the radius that
would be expected for the plastic deformation zone around the indent impression. Of particular
note here is that the IDOX appears to never extend significantly beyond the plastic zone, whereas

the HMX crack grows more than proportionally at increasing loads.
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Figure 4.4 The radius of indent impressions are compared with the lateral cracks seen around
the indent, and at loads where the material is not fracturing in all cases, the ratio is
approximately 2, which is consistent with the expected size of the plastic deformation zone
resulting froman indentation.
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In some cases, such as the one shown in Figure 4.5, unloading analysis results can show a
“false negative” where the unloading slopes superimpose yet clear radial fracture is visible, but

evidence of lateral fracture can still be seen in the form of a pop-out.
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Figure 4.5 (a) When the unloading portion of the load-depth curves for HMX indented at 300 mN
with a Berkovich and with a cube corner indenter probe are graphed with final depth at the
origin, the unloading slopes are nearly superimposable with pop-outs, indicated. (d) The
corresponding cube corner indent with visible radial and lateral cracks.

As previously discussed, pop-outs have been seenin samples that experiences lateral
fracture. As canbe seenin Figure 4.3, these pop-outs are somewhat common in HMX, as is

significant lateral fracture.

4.2.3 Radial Fracture Threshold ofHMX and IDOX

Approximately 100 crystals of HMX and IDOX were indented with both Berkovich and
cube corner tips. The sample size was unusually large for two reasons: one being that these two
materials were used to develop the experimental methods, which were subsequently more
streamlined for future materials, and the second reason being that these two materials were
subjected to particularly high indentation loads that often destroyed the sample such that it could

not be reused.

For all indents in this case, the loading rate was proportional to the maximum load with a
30 second load duration. IDOX was found to have a higher radial fracture threshold than HMX,
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shown in Figure 4.6. IDOX did not demonstrate any fracture up to or at 100 mN, fractured in
every case at 300 mN, and showed a linear trend in fraction of samples fractured between those
two outer boundaries. HMX did not demonstrate any fracture up to or at 4 mN, fractured in every
case at 8 mN, and showed a linear trend in fraction of samples fractured between those two outer

boundaries.

A variation in the threshold for fracture between HMX and IDOX could be due to two
primary conditions. First, it could be based on pre-existing flaws and the distribution would be
reflective of the flaw distribution. The other likely possibility would be that stochastic events in
plasticity (i.e. cross slip) control this behavior. Recent studies of indentation threshold for
fracture in glass 190 and earlier studies in Si and Ge 68 have noted that the threshold for fracture is
linked to indenter angle, but Mound and Pharr conclude 1% that most initiation models do not yet
capture the stress field dependence, and they support the threshold concept in which indentation
fracture is driven by the interactions between the plastic and elastic stress fields, in a manner
similar to that of Morris etal. In our current study there is not evidence that the defect
distribution is significantly greater in IDOX than HMX, even though the range over which the
fracture events occurred is almost two orders of magnitude smaller for HMX (< 4 mN range for
HMX, and =200 mN range for IDOX), and so we believe these data support the plastic-elastic
stress field interaction model for fracture initiation during indentation. As suggested by Cook’s
recent study 101, threshold prediction here would not be improved by “better” (quotes attributed
to Cook) estimates of modulus, hardness and toughness; we propose that subtle differences in the
elastic and plastic stress/strain fields in these materials with limited slip will always lead to
variation within a material. However, the significant difference in the “threshold” value (= 5 mN
for HMX, and 200 mN for IDOX), for materials with similar modulus and hardness values,

implies that the toughness of HMX is significantly less than that of IDOX.
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Figure 4.6 Fraction of crystals that cracked under quasistatic loading at various loads.
Indentation fracture initiation in IDOX requires loads above 100 mN and all samples fracture at
a load of 300 mN, whereas indentation fracture initiation in HMX requires loads above 4 mN
and all samples fracture ata load of 8 mN.

4.24 Radial Fracture Threshold of PETN, 246 TFBA, and Erythritol
Similarly, 13 crystals of PETN, 246 TFBA, and erythritol were indented with both

Berkovich and cube corner tips. This sample size was able to be substantially less than previous
sample sizes, for two reasons: one being that the experimental methods had been well developed
and optimized before these experiments were performed, and the second reason being that the
crystals were large enough and the indentation loads small enough that multiple tests could be

performed on asingle crystal without interference.

All indents were performed with a loading rate proportional to the maximum load with a
30 second load duration. In this case, cube corner indents resulted in fracture, with all materials
tested at loads as low as 500 uN. Unloading curves indicating fracture for each material at 500

uN are shown in Figure 4.7. It was decided not to continue fracture testing below this threshold,
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as particularly low indentation loads are more prone to noise, and as previously noted, these

loads are already far below expected processing loads for these materials®’.
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Figure 4.7 Unloading traces indicating indentation-induced fracture at 500 uN for PETN,
erythritol, and 246 TFBA.

Based on these results showing fracture in PETN, erythritol, and 246 TFBA with a cube
corner probe atloads as low at 500 uN, the validity of Berkovich measurements on these
materials ata maximum load of 1 mN became a concern, as the method used for determining
hardness and elastic modulus is only valid for indents in which a fracture event did not occur. In
order to address these concerns, PETN was indented with a Berkovich probe at loads of 1 mN
intervals from 2 mN to 12 mN and scanning probe microscopy was used to check for evidence of
cracking. Figure 4.8 shows typical images for indents at loads of 2 mN, 4 mN, and 12 mN. The
12 mN indent shows clear evidence of fracture while the 2 mN and 4 mN indents do not. Overall,
Berkovich fracture was never observed in PETN at loads below 8 mN. This result provided

confidence in measurements taken with a Berkovich probe at 1 mN.
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Figure 4.8 Scanning probe images (gradient) of Berkovich indents in PETN at loads of (a) 2 mN
with no evidence of fracture, (b) 4 mN with no evidence of fracture, and (c) 12 mN with possible
fracture visible, and (d-f) scanning probe images (topographical) of the same indents as (a-c)
respectively

4.25 Loading Rate Effects

For all indent data shown in Figure 4.6, the loading time was held constant at 30 seconds,
and the only parameter that was variable was maximum applied load. As a result of this, the
loading rate during indentation increased with maximum applied load, as high as to 10,000 pNs-1
for the 300 mN indents. In order to observe the effect of variable loading rate on indentation
fracture, additional indents were performed on IDOX where the loading time was variable rather
than applied load. These additional tests were performed at loads of 200 mN and 300 mN, shown
in Figure 4.9. As shown in Figure 4.9(a), increasing loading rate from 3,333 pNs-! to 10,000
pNs1 for 100 mN indents continued to show superimposability in unloading traces, yet Figure
4.9(b) shows that fracture occurred, meaning that this was a false negative result in the unloading
analysis. So in this case, increasing the loading rate at lower loads induces fracture that does not

occur at slower loading rates. Conversely, as shown in Figure 4.9(c), decreasing loading rate
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from 10,000 pNs to 3,333 pNst for 300 mN indents still resulted in fracture, shown in Figure
4.9(d), just as in indents with higher loading rates. In this case then, decreasing the loading rate
at higher loads does not prevent fracture.
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Figure 4.9 (a) When IDOX is indented at 100 mN with a loading rate increased from 3,333 pNs-!
to 10,000 uNst and the unloading portion of the load-depth curves for a Berkovich indenter
probe and a cube corner indenter probe are graphed with final depth at the origin, the unloading
slopes are nearly superimposable. (b) The corresponding cube corner indent with visible radial
cracks, meaning that this was a false negative result. (c) When IDOX is indented at 300 mN with
a loading rate decreased from 10,000 puNs-1to 3,333 puNs-1and the unloading portion of the load-
depth curves fora Berkovich indenter probe and a cube corner indenter probe are graphed with
final depth at the origin, the unloading slopes are not superimposable. (d) The corresponding
cube corner indent with visible radial cracks.
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4.26 Toughness Measurements

Indentation fracture toughness most often relies on self-similar fracture morphologies,
with relationships between load (or indentation impression size) to the crack size providing a
model to extract effective toughness parameters. In the case of the anisotropic molecular solids
described here (and most likely in other similar molecular organic systems), the ability to create
repeatable self-similar morphologies is limited, given the state of the art in nanomechancial
testing of sub-millimeter crystalline forms, with radial, secondary radial, and lateral cracks
occurring stochastically. Comparing estimates of the toughness via the threshold value for
fracture to those developed from crack — load relationships can help provide confidence in the
material to material comparison. As described in Chapter 1, from Jang and Pharr 68, the critical
threshold load, Pcis

Pe=c () ()T ®

Where C here is an agglomeration of geometric constants that address indenter shape and the
stress fields around the indenter. We choose to represent T for toughness to note we have not
met the criteria for a bulk stress intensity for fracture (i.e. plane strain and crack extension, not
formation). In short, the relative toughness of two materials with the same modulus and
hardness, such as HMX and IDOX, should scale with the critical load to the ¥ power. So, the
toughness of IDOX could be expected to be approximately 2.4 times the toughness of HMX with
some variation due to the small difference in elastic modulus. This is indeed the case, with this
method giving a toughness measurement of 0.219 MPa m-¥2 for HMX and 0.572 MPa m¥/2 for
IDOX.

As discussed in Chapter 1, other indentation fracture toughness models consider the
length of the resultant crack. One of these models is by Morris and Cook ©°, where the load and

crack length ratio relate as

p T xEP 2c
o F— X—RC371n <E(C¥H)1/2> 2
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Where yE is a dimensionless stress-intensity factor amplitude term, ¥R varies with hardness and
elastic modulus as well as incorporating a geometry factor, and a relates to the projected contact

area.

Using this model, the average T for IDOX is 0.38 MPa m*2and for HMX as 0.26 MPa mr
12 This is a ratio of 1.5, compared to the ratio of 2.4 that was predicted by the Jang and Pharr
method, with the discrepancy coming largely from the IDOX measurements. The Morris and
Cook model can be difficult to apply to HMX and IDOX, given that the predominant fracture

mechanism is not radial, and when radial fracture does occur it is often not at indent corners.

Both of these models are difficult to apply to PETN and its mocks given what is currently
known, which is only that each material has a 100% fracture rate atall loads at and above 500
pN with a cube corner indenter. However, this is sufficient to allow the calculation of a
maximum theoretical fracture toughness (Tmax) With the Jang and Pharr method if the critical
load is assumed to be 500 UN. Under these conditions, Tmax for PETN would be 0.0771 MPa m-
12 for 246 TFBA Tmax would be 0.0896 MPa m/2, and for erythritol T would be 0.0653 MPa
m/2, These maximum possible values are approximately a third of the toughness of HMX and

approximately an eighth of the toughness of IDOX.

4.3 Implications about Proposed Inerts as Mocks

Fracture mechanisms are similar between HMX and IDOX, with radial fracture often
emanating from the sides of indent impressions rather than corners, and with the presence of
significant asymmetric lateral fracture near the surface. However, single crystal IDOX is more
resistant to indentation fracture, whereas in plastic-bonded composites HMX had been the more
fracture resistant of the two. This could indicate that besides differences in fracture toughness of
single crystals, there may also be differences in surface interactions and binder adhesion between
the two materials. One goal of developing IDOX was to use it as a generic mock for HMX in any
plastic-bonded formulation. The fracture differences seen here could limit the ability of IDOX to
mock HMX in some formulations or test conditions. However, even with these considerations
IDOX still shows improved properties compared to previous mocks such as sucrose or barium

nitrate.
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In PETN, 246 TFBA, and erythritol, fracture mechanisms were not observed because the
low fracture thresholds resulted in indents and cracks too small for optical inspection. All three
materials had a 100% fracture rate at the minimum load applied via cube corner probe, so while
specific fracture toughnesses cannot be compared, it can easily be concluded that 246 TFBA and
erythritol are both sufficiently brittle to mock the poor indentation toughness displayed by
PETN.

4.4 Conclusions

Indentation fracture in molecular organic materials can have a range of threshold values,
suggesting that materials that exhibit plastic and elastic anisotropy lead to complex stress states.
The variation that one would expect based on small variations of the in-plane rotational angles
between the tip and crystal can result in both radial and secondary radial crack initiation.
Indentation fracture in IDOX initiated between 100 mN and 300 mN, with indents at loads lower
than 100 mN displaying no fracture, and all indents at loads of 300 mN or higher displaying
fracture. Both radial and lateral cracks were observed. Cracks often emanated from the sides of
indents rather than corners, characteristic of secondary radial fracture. HMX indentation fracture
also initiated over a range, but between 4 mN and 8 mN, with all indents at loads of 4 mN or
lower displaying no fracture, and all indents at loads of 8 mN or higher displaying fracture.
Indentation fracture for PETN, 246 TFBA, and erythritol initiated ateven the lowest loads
applied.

First order estimates of the toughness using both load — radial crack models as well as a
cracking threshold load suggest that the toughness of HMX is only 1/3 that of IDOX. Since
IDOX is under consideration as a mechanical mock for HMX, these indentation fracture results
indicate that the ability of IDOX to simulate the mechanical behavior of HMX is best suited to
those cases where elasticity and plasticity, and not fracture, are the dominant deformation
mechanisms. Toughness of PETN, 246 TFBA, and erythritol cannot be calculated with a known
degree of accuracy, but a maximum possible toughness value can be reported for all three and is
comparable for all three given what is currently known.

While unloading analysis proved to be over 90% accurate, optical inspection of indent

impressions revealed some superimposable unloading curves to be false negatives,
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demonstrating the value of a secondary detection technique when possible; however, in cases
where fracture toughness is too low to optically view indent impressions created below the
fracture threshold, unloading analysis can be a particularly useful and informative tool.
Analyzing only the unloading portion of the load-depth curve canalso inform on the prevalence
of lateral fracture, as many indents with significant lateral cracking can be identified via pop-outs

on the unloading trace.
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5. ORIENTATION EFFECTS IN INDENTATION OF MOLECULAR
CRYSTALS

Portions of this chapter have previously been published in Crystals (A Thermal and
Nanomechanical Study of Molecular Crystals as Versatile Mocks for Pentaerythritol Tetranitrate.
A Burch, Z Wilde, D Bahr, J Yeager. Crystals, Vol 10, Issue 2, pp.126(1:15). doi:
10.3390/CRYST10020126. 2020)

5.1 Backgroundand Motivation

As was seen in Chapter 4 and is depicted again here in Figure 5.1(a), during indentation
fracture investigation of HMX and IDOX there were many cases in which cracks appeared along
the flat sides of the indent impression, rather than atthe corners as is expected due to the stress
concentration present at indent corners (shown in Figure 5.1(b))é”. This prompted the question, if
the stress field of the pyramidal indenter geometry is not the predominant driving force in crack
formation, then what is determining the point of origination and direction of propagation of
cracks? Furthermore, is this effect unique to fracture events, or do other indentation

measurements share this seemingly “preferred” orientation effect?
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Figure 5.1 (a) Anindentin IDOX in which fracture was induced as a direct result of indentation
and the crack emanates fromthe flat side of the indent, (b) an indent in fused ssilica in which
fracture was induced as a direct result of indentation and the cracks emanate fromindent
corners®’, (c) a representation of the type of radial-esque fracture that is expected to have
occurred in (a), and (d) a representation of “halfpenny” fracture that is typical in cases such as
(b), where radial cracks fromall corners are joined below the indent impression67.

As discussed in Chapter 1, in-plane indenter orientation effects have previously been
studied in metals192 at quasistatic loads with flat punch indenter tips. In these types of studies and
particularly in simulations, many assumptions are made, such as the material being an infinite
isotropic half-spacel02, and the indenter being axisymmetric8. Of course, real materials often are
not infinite and isotropic, and many popular indenter probes are not axisymmetric. We’ve seen
that the axisymmetric indenters will interact with a material differently than a pyramidal
indenter, with a 5.8% difference in perceived modulus. While this assumption could be validated

by widespread use of axisymmetric indenters, pyramidal indenters like Berkovich are popular for
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good reason: a sharp point is easier to achieve with this geometry, and easy to calibrate.
Additionally, indentation standards such as ISO and ASTM call for the use of pyramidal
indenters. Thus, the axisymmetric indenter approximation cannot simply be validated by

choosing only axisymmetric indenters.

The assumption of an isotropic material also should not be broadly applied to all
indentation samples, such as molecular crystals which are known to have high degrees of
anisotropy. Addressing this, as previously discussed, in-plane indenter orientation effects have
also been studied in molecular crystals in a monoclinic’® and a tetragonal’® system at quasistatic
loads with a single pyramidal indenter geometry. IDOX, the material pictured in Figure 5.1 with
a radial crack emanating from the side of the indent impression rather than the corner, has a
triclinic structure, which is less symmetric than monoclinic or tetragonal. As the reduced
symmetry of triclinic molecules were not addressed in either of these studies, there was a desire
for application of these previous methods to this structure. In addition, there was also the desire
to test this quasistatic in-plane rotational technique with a non-pyramidal indenter probe such
that there are no corners to be oriented in a particular direction, aswell as to test in-plane
orientation effects at loads sufficient to induce fracture, given that fracture events were what

initially raised the question of in-plane orientation dependence in these materials.

5.2 Results and Discussion
5.2.1 Quasistatic Low-load Indentation Orientation

In pursuit of understanding quasistatic in-plane orientation effects of various molecular
crystal symmetries, testing was done on four materials: PETN, a tetragonal crystal, HMX, a
monoclinic crystal, erythritol, a tetragonal crystal, and IDOX; atriclinic crystal. As described in
Chapter 2.3.3 and summarized here, on various crystals of each material a single face of the
crystal was chosen to be indented, and an arbitrary direction of that face chosen as the origin,
labeled 0°. Two probes were chosen to study any in-plane anisotropy. First, a typical pyramidal
(Berkovich) tip was used, which has 120° angle between the edges. Second, an axisymmetric
conical tip was used, with a circular cross section. The axisymmetric tip should show no in-plane
orientation effects; if any were observed, the variation should only be due to random variability

in the local properties. During the experiment, each crystal was rotated about a consistent normal
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direction relative to the arbitrary origin, and indented at 30° intervals with both Berkovich and
conical probes. The goal was to determine typical variability of elastic modulus and hardness as
a function of indenter probe angle. A representation of these 30° rotations is shown with an
IDOX crystal in Figure 5.2.

Figure 5.2 An IDOX crystal rotated at 30° intervals to vary the in-plane angle of the indenter
probe

The results, exemplified in Figure 5.3 for one selected crystal of each material, were that
the in-plane orientation of the indenter relative to the crystal surface did not seemto affect the
measured properties. Some random indents had abnormally low or high modulus results due,
most likely, to local material properties (e.g. defects), but there were no systematic trends,

particularly trends which would repeat at orientations that would align with equivalent directions
(i.e. (111) and (11 T). This finding provides confidence in all nanoindentation-derived

mechanical properties measured to date in these highly anisotropic molecular crystal materials.

85



a  berkovich a  berkovich
= conical HMX = conical

PETN

]

23]
L

]

R
L

=y =]
mn =
1
n
u
am -
=y =]
o (=1
1
n
n
"
[ ]

o
1

=1
1

mn
1

tn
1

Reduced elastic modulus (GPa)
Reduced elastic modulus (GPa)

[=]

=

U‘EIU 12|0I1B|0I2iﬂl3aﬂl IUIBIUI12|0I1BIUI2AUI3E50I
Relative angle (degrees) Relative angle (degrees)

= Dberkovich = perkovich
Erythritol = conical IDOX m  conical

~
=
N
=
~—

—_ . —_
g s ' = . 4 s * g
M 25 == - . O 25
e - g
n | u n - s | . - P
=3 " u | I 3 ] L » »
S 20 . S 201
ie] © = m n ]
s} o . » ] .
€ € = -
L L - ] .
S 101 < 101
o]
2 8
g4 5
3
3 ;
© : : : : : : ® : : : : : :
0 ] 120 180 240 300 0 60 120 180 240 300
(c) Relative angle (degrees) (d) Relative angle (degrees)

Figure 5.3 Elastic modulus shows no correlation to angle with either a pyramidal or conical
probein (a) PETN, (b) HMX, (c) erythritol, and (d) IDOX

It should be noted that the average elastic moduli seenin Figure 5.3 for HMX and IDOX,
19.9 GPa and 16.8 GPa respectively, are significantly lower than the averages reported in
Chapter 3, which were 25.2 GPa and 23.3 GPa respectively. Rather than an error in measurement
or preparation technique, this is simply an example of the amount of variation than can exist in
these materials between both crystallographic faces as well as between individual crystals. This
serves to exemplify the importance of sampling a broad range of crystals with varied out of plane
orientations in order to best achieve a true average, and the importance of understanding the
limits of what can be learned from a single crystal. IDOX has a triclinic crystal structure, which

as mentioned in Chapter 2 is the least symmetric structure surveyed in this paper, and IDOX also
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tends to show the highest degree of variability, making it a particularly interesting material with

which to study orientation effects.

5.2.2 Indentation Fracture Orientation

Figure 5.3 shows the IDOX crystal after all 8 indents where the goal was to induce
fracture at various indenter orientations. Note that a significant majority of the cracks extend
down and to the right at a 55° angle (clockwise) from the top edge of the crystal as pictured,

regardless of indenter orientation. Some marks on the crystal following the same approximate
angle are visible before local indentation.

Figure 5.4 IDOX single crystal with indentation-induced fracture with a clear preferential
orientation, approximately 55° clockwise fromthe top edge as pictured.

Figure 5.4 shows more detailed views of each indent, with most (though not all) cracks
extending approximately 55° clockwise from the top edge of the image (which is aligned with
the top edge of the crystal). Crack orientation appears to be independent of indenter orientation,
and the point of origination for the crack also appears to be arbitrary with respect to the indenter,

with cracks coming from both indent corners as well as along various lengths of the indent sides.
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25 um

Figure 5.5 Detailed views of each IDOX indent and its fracture patterns

While the results in section 5.2.1 indicated a lack of any variation among orientations, the
results shown here tell a broader story of strong orientation preferences that are simply
insensitive to and agnostic of indenters and indenter orientation.

As seen in Figure 5.5, there can be some stress field interaction between indents that
creates cracks that do not follow the preferred orientation otherwise seen.
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Figure 5.6 Fracture resulting frominteracting stress fields between indent 4 (left) and indent 6
(right)

However, stress field interaction canstill be sensitive to the crystal’s preferred fracture direction.
In the first indent applied to this sample, as seen in Figure 5.6, there was only slight fracture
visible upon initial observation. Following the addition of the fourth indent, a crack appeared on
(1) that had not previously been present. By the time the eighth indent had been performed, this
crack had widened significantly.
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Figure 5.7 (a) Indent (1) with minimal cracking, (b) Indent (1) now showing a hairline crack
extending to the upper edge of the crystal, (c) the same crack now wider and more prominent, (d)
a close-up of (a), (e) a close-up of (b), (f) a close-up of (c)

This crack, which nucleated and propagated as a result of additional stresses from subsequent
indents, follows the crystal’s preferred fracture direction despite the relative location or

orientation of these subsequent indents.

5.3 Conclusions

Elastic modulus as measured by nanoindentation shows only stochastic variation,
independent of in-plane indenter orientation, or lack thereof in the case of an axisymmetric
probe. This result was seen in four different materials, all molecular crystals, representing three
different crystals structures with varying levels of asymmetry. This consistently orientation-
agnostic result allows confidence that past measurements were not biased by the probe
orientation, nor must care be taken in the future to orient the probe a certain way or vary the
ways in which it is oriented.

Indentation-induced fracture was quite strongly oriented in a preferred direction, but this
direction was entirely independent of indenter orientation or geometry; the indenter orientation

did not impact the direction in which cracks propagated, and the pyramidal shape of the indenter
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did not impact where the cracks originated. While it is typical for cracks to emanate from the
corners of pyramidal indenters, in the triclinic IDOX crystal fractured here, cracks appeared from
seemingly random points along the flat sides of the indent impression, sometimes more near to
one corner and at other times centered between two corners. Because of this tendency of cracks
to ignore both indenter orientation and geometry, indentation is an effective method of testing
fracture behavior as fracture response is largely driven by stress fields within the material rather
than the indenter itself. This does mean, however, that toughness measurements such as those
calculated in Chapter 4 should be understood to be specific to the indented face of the crystal and
may not be broadly applicable to the material as a whole. Crystal orientation and fracture
toughness of specific planes dominate fracture response, which may affect how polycrystalline

composites such as a PBX respond to stresses.
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6. CONCLUSIONS

The objectives of this work were twofold:

(1) To determine the suitability and robustness of nanoindentation as a primary screening
technique for new mock material candidates

(2) To identify appropriate mock materials for selected explosives

In order to address these points, nanoindentation techniques were used to assess the selected
explosives and a selection of mock candidates on the basis of quasistatic mechanical properties,
fracture response, and degree of in-plane orientation sensitivity. The results of these tests and

their implications regarding the research objectives are discussed here.

6.1 Quasistatic Mechanical Testing of Potential Mock Materials
6.1.1 HMXMock Candidates

HMX was used as a standard against which to judge IDOX, PFBA, and N-BPFPO as
potential simulants. Comparisons were made on the basis of hardness and elastic modulus. PFBA
had a 78% difference from HMX in elastic modulus and a 76% difference in hardness, and
therefore was not considered any further as a potential mock. N-BPFPO had a 30% difference
from HMX in elastic modulus and a 56% difference in hardness, and consequently was also
discarded as a possibility to mock HMX. IDOX had a 7.5% difference from HMX in elastic
modulus and 0% difference in hardness, and thus became the prime candidate for a new HMX
mock. The similarity in hardness and elastic modulus indicate that IDOX can be used to test the

mechanical response of composite structures typically containing HMX.

Upon the establishment of IDOX as the primary focus of this HMX mock investigation, the
next area of interest was incipient plasticity. When yielding occurs in both materials, the loads
(and therefore stresses) at which dislocations are nucleated appear to be similar. However, in the
as-received state, due to the frequency with which plasticity begins at the onset of indentation, in
IDOX, it appears that IDOX may have a higher mechanical defect density than the HMX (for
powders of the same size).
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6.1.2 PETN Mock Candidates

PETN was used as a standard against which to judge erythritol, PFBA, 246 TFBA, HFPT,
and N-BPFPO as potential simulants. Comparisons were made on the basis of hardness and
elastic modulus. PFBA had a 62% difference from PETN in elastic modulus and 47% difference
in hardness, and therefore was not considered further as a potential mock. HFPT had a 59%
difference from PETN in elastic modulus and a 27% difference in hardness, and therefore was
also no longer considered as a potential mock. N-BPFPO had a 16% difference from PETN in
elastic modulus and a 2% difference in hardness, but while these mechanical properties were
similar, the thermal properties as measured by DSC were too dissimilar, and so N-BPFPO was
discarded as a potential PETN mock. 246 TFBA had a 26% difference in elastic modulus from
PETN and a 20% difference in hardness, and was selected for continued consideration as a
potential mock. Erythritol had a 39% difference in elastic modulus and a 170% difference in
hardness, and was selected for continued consideration as a potential mock with the
understanding that it would not be suitable in applications where hardness was of concern.
Hardness of 246 TFBA appears to be sensitive to crystallization conditions, so for cases in which
hardness is of concern in mocking PETN, it may be necessary to closely monitor crystallization
conditions. It was determined that either of 246 TFBA or erythritol may be suitable to test the
mechanical response of composite structures typically containing PETN depending on the
situation. Yield behavior between PETN and erythritol is significantly more comparable than for

246 TFBA, though this is not expected to be relevant in typical processing.

6.2 Indentation-Induced Fracture Response of Molecular Crystals
6.21 HMXand IDOX Fracture

Pyramidal indenter probes of varying acuity were used to initiate fracture in HMX and
IDOX in order to study and compare fracture toughness and mechanisms by which fracture
propagates in each material. Fracture was observed optically when possible, and also determined
using an unloading analysis method. Fracture toughness was calculated using two different
methods, only one of which requiring measurement of the crack length.
Indentation fracture in IDOX initiated between 100 mN and 300 mN, with indents at loads

lower than 100 mN displaying no fracture, and all indents at loads of 300 mN or higher
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displaying fracture. Both radial and lateral cracks were observed. Cracks often emanated from
the sides of indents rather than corners, characteristic of secondary radial fracture. HMX
indentation fracture also initiated over a range, but between 4 mN and 8 mN, with all indents at
loads of 4 mN or lower displaying no fracture, and all indents at loads of 8 mN or higher
displaying fracture. Lateral fracture was extremely prevalent in HMX, and was often indicated

on the unloading traces by the presence of pop-outs.

First order estimates of the toughness using a load — radial crack model by Morris and Cook
give atoughness of 0.26 MPa m/2 and 0.38 MPa m/2 for HMX and IDOX respectively. First
order estimates of toughness using a cracking threshold load model give a toughness of 0.219
MPa m/2 and 0.572 MPa m2 for HMX and IDOX respectively. These two models gave similar
values for HMX, but their estimates for IDOX varied much more. It is expected that this is
because these models, especially the Morris and Cook model which requires measurement of a
crack length, are designed for an idealized model with typical radial fracture, which does not

describe these materials well.

Since IDOX is under consideration as a mechanical mock for HMX, these indentation
fracture results indicate that the ability of IDOX to simulate the mechanical behavior of HMX is
best suited to those cases where elasticity and plasticity, and not fracture, are the dominant

deformation mechanisms.

6.22 PETN, 246 TFBA, and Erythritol Fracture

Fracture toughness in PETN, 246 TFBA, and erythritol were studied in much the same way
as HMX and IDOX, with pyramidal indenter probes of varying acuity initiating fracture events
and unloading curve analysis used as a detection method. Unlike in HMX and IDOX, however,
the toughness of these materials was so low that the scale of indentation was too small for optical
inspection of cracks. Analysis was done entirely with unloading curves.

Indentation fracture for PETN, 246 TFBA, and erythritol initiated ateven the lowest load
applied, 500 pN. It was decided to not continue testing below that load, because at very low
loads and depths there can be significant noise, and this load is already well below the stress

level that these materials are expected to encounter in normal processing. Because a true fracture
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threshold was not determined, toughness of PETN, 246 TFBA, and erythritol cannot be
calculated with a known degree of accuracy, but a maximum possible toughness value was
calculated as 0.0771 MPam%/2, 0.0896 MPa m¥/2, and 0.0653 MPa m/2 for PETN, 246 TFBA,

and erythritol respectively.

The extremely low toughness of these materials gave rise to concern that previous low-load
indents with broad probes had fractured, rendering resultant measurements invalid. To resolve
this, PETN was indented with this broad probe ata range of loads and the indent impressions
imaged with scanning probe microscopy. No fracture was seen below 8 mN, and since the

measurements in question had been collected from 1 mN indents, this concern was put to rest.

6.2.3 General Fracture Trends

The unloading analysis technique used here had previously never been applied to materials
such as these, brittle and anisotropic molecular crystals that differ significantly from ideal
models. While unloading analysis proved to be over 90% accurate, optical inspection of indent
impressions revealed some superimposable unloading curves to be false negatives,
demonstrating the value of a secondary detection technique when possible; however, in cases
where fracture toughness is too low to optically view indent impressions created below the
fracture threshold, unloading analysis canbe a particularly useful and informative tool.
Analyzing only the unloading portion of the load-depth curve canalso inform on the prevalence
of lateral fracture, as many indents with significant lateral cracking can be identified via pop-outs
on the unloading trace.

The first-order fracture toughness measurements for these materials varied significantly,
with the toughest material (IDOX) being up to 9 times tougher than the weakest material
(erythritol) despite all being somewhat similar materials, all being molecular crystals with
comparable density, elastic modulus, and hardness. This range should be taken into consideration
when choosing mock materials, as generalizations cannot necessarily be made about unmeasured

properties.
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6.3 Indenter Orientation Effects In Molecular Crystals
6.3.1 Quasistatic Orientation Results

In all experiments leading up to this point, high levels of variability had been seen for each
material, and unexpected fracture patterns had been observed in both IDOX and HMX. Given
that these materials are known to be highly anisotropic, and testing was being done with
nonaxisymmetric indenters, the question arose of whether these results were biased by in-plane
orientation effects. Inorder to determine if this was the case for quasistatic measurements,
crystals were indented with both axisymmetric (conical) as well as nonaxisymmetric (pyramidal)
probes as the sample was periodically rotated in order to vary the in-plane orientation. Elastic
modulus for individual crystals was compared on the basis of both indenter geometry and as a
function of angle. From this, elastic modulus as measured by nanoindentation showed only
stochastic variation, independent of in-plane indenter orientation, or lack thereof in the case of an
axisymmetric probe. This result was seenin four different materials (PETN, HMX, erythritol,
IDOX), all molecular crystals, representing three different crystals structures with varying levels
of asymmetry (tetragonal, monoclinic, triclinic). This consistently orientation-agnostic result
indicated that past measurements were not biased by the probe orientation, nor must care be

taken in the future to orient the probe a certain way or vary the ways in which it is oriented.

6.3.2 Fracture Orientation and Implications Regarding Previous Fracture Trends

In pursuit of determining whether fracture toughness measurements had been biased by in-
plane indenter orientation, asingle IDOX crystal was indented with a sharp pyramidal indenter at
loads high enough to ensure fracture, and the sample was periodically rotated in order to vary the
in-plane orientation. The indentation-induced fracture was quite strongly oriented in a preferred
direction, but this direction was entirely independent of indenter orientation or geometry; the
indenter orientation did not impact the direction in which cracks propagated, and the pyramidal
shape of the indenter did not impact where the cracks originated. While it is typical for cracks to
emanate from the corners of pyramidal indenters, here cracks appeared from seemingly random
points along the flat sides of the indent impression, sometimes more near to one corner and at

other times centered between two corners.
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Because of this tendency of cracks to ignore both indenter orientation and geometry, it can
be concluded that indentation is an effective method of testing fracture behavior, as fracture
response is largely driven by stress fields within the material rather than the indenter itself.
Future work could be done here to determine exactly what these preferred orientations are for
each of these materials and to what degree fracture toughness varies between specific

crystallographic planes.

6.4 Overall Conclusions

As stated at the beginning of this chapter, the objectives of this work were twofold. The

overall conclusions will be given for each objective individually:

(1) To determine the suitability and robustness of nanoindentation as a primary screening

technique for new mock material candidates

Nanoindentation was used here to screen new mock material candidates on the basis of
hardness, elastic modulus, yield response, and fracture toughness. This technique allowed for
large sample sizes to give an inclusive representation of each material, and also returned
preliminary results very quickly, providing quick turnaround on proposed materials. As a resul,
preferred materials were quickly given priority in subsequent tests that were more expensive,
difficult, required more material, and/or required more sample preparation. Similarly, unsuitable
materials were able to be identified as such before significant amounts of time and money were
spent on them. This project has successfully proven nanoindentation to be a valuable primary
screening technique for new mock material candidates, and as a result of this project it has been

established as such.
(2) To identify appropriate mock materials for selected explosives

Three materials were initially selected as potential mocks for HMX, and as a result of
nanoindentation tests done in this project, one of them, IDOX, was found to have remarkably
similar quasistatic mechanical properties in yield, elastic modulus, and especially hardness where

the two materials are identical. The materials are nearly perfect quasistatic mocks, but may not
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be suitable in applications where fracture is expected, as IDOX is significantly tougher than
HMX.

Five materials were initially selected as potential mocks for IDOX, and as a result of
nanoindentation tests done in this project, two of them, 246 TFBA and erythritol, have been
selected as possible mechanical mocks. 246 TFBA is very similar to PETN in terms of elastic
modulus and hardness, whereas erythritol is an excellent match for PETN in terms of yield. Both

materials seem suitable to mock the poor fracture toughness of PETN.

The results of this work highlighted the difficulty of mocking molecular crystals, which can
display significant variation in all properties in ways that may not be consistent from one
material to the next; little correlation was seen between elastic modulus and fracture toughness,
hardness and fracture toughness, yield point and fracture toughness, hardness and yield point,
etc. There are also high levels of anisotropy which canresult in responses that may not be what
previous work has shown to be possible, given that most prior work in things such as fracture has
been done in isotropic amorphous or metallic materials. With the addition of this work to the
literature, future studies can be more informed on the nature of responses that can be expected

from this class of materials.

98



99

APPENDIX

Unloading Curves and Corresponding Cube Corner Indents, Supplemental to Chapter 4
Idoxuridine

Superimposable unloading load-depth curves for IDOX indented to a maximum load of 100 mN,
and an optical micrograph of the corresponding cube corner indent with visible slip but no

radial fracture
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Nearly superimposable unloading load-depth curves for IDOX indented to a maximum load of
125 mN, and an optical micrograph of the corresponding cube comer indent with visible radial
fracture. This is a false negative result.
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Nearly superimposable unloading load-depth curves for IDOX indented to a maximum load of
125 mN, and an optical micrograph of the corresponding cube corner indent with visible slip but

no radial fracture
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Non superimposable unloading load-depth curves for IDOX indented to a maximum load of 200
mN, and an optical micrograph of the corresponding cube corner indent with visible radial

fracture
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Non superimposable unloading load-depth curves for IDOX indented to a maximum load of 250
mN, and an optical micrograph of the corresponding cube corner indent with visible radial

fracture
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Non superimposable unloading load-depth curves for IDOX indented to a maximum load of 300
mN, and an optical micrograph of the corresponding cube corner indent with visible radial
fracture
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Superimposable unloading load-depth curves for IDOX indented to a maximum load of 300 mN,
and an optical micrograph of the corresponding cube corner indent with visible radial fracture.

This is a false negative result.
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Non superimposable unloading load-depth curves for HMX indented to a maximum load of 8

mN, and an optical micrograph of the corresponding cube corner indent with visible radial

fracture
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Non superimposable unloading load-depth curves for HMX indented to a maximum load of 15
mN, and an optical micrograph of the corresponding cube corner indent with visible radial
fracture
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Non superimposable unloading load-depth curves for HMX indented to a maximum load of 15
mN, and an optical micrograph of the corresponding cube corner indent with visible radial
fracture
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Non superimposable unloading load-depth curves for HMX indented to a maximum load of 100
mN with cube corner pop-outs, and an optical micrograph of the corresponding cube corner

indent with visible radial fracture
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Non superimposable unloading load-depth curves for HMX indented to a maximum load of 125
mN with cube corner pop-outs, and an optical micrograph of the corresponding cube corner
indent with visible radial fracture
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Non superimposable unloading load-depth curves for HMX indented to a maximum load of 200
mN with Berkovich and cube corner pop-outs, and an optical micrograph of the corresponding

cube corner indent with visible radial fracture
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Nearly superimposable unloading load-depth curves for HMX indented to a maximum load of
250 mN with Berkovich and cube corner pop-outs, and an optical micrograph of the

corresponding cube corner indent with visible radial fracture. This is a false negative result.
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