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SUMMARY

A laser-driven flyer impact system was constructed, characterized, and validated
for performing uniaxial-strain experiments to investigate the shock equation-of-state
(EOS) and processes leading to reaction initiation in thin, fully-dense Ni-Al nanolayered foils. Additionally, various fully-dense Ni-Al mixtures with highly heterogeneous
microstructures and widely varying length scales were investigated to understand influence of meso-scale features on the shock compression and reaction response. Ni-Al
composites are a class of reactive materials also called Structural Energetic Materials
(SEMs), which aim to combine stiffness and strength with the ability to release large
amounts of energy through highly exothermic reactions when the constituents are
intimately mixed during shock loading. While porous reactive materials have been
studied extensively, the processes leading to reaction initiation in fully-dense mixtures
consisting of phases with disparate mechanical properties is more ambiguous.
A table-top, small-scale laser system was developed for studying shock-induced
effects in extremely thin reactive materials. Laser accelerated thin foil impact experiments utilizing time-resolved interferometry allowed for measuring the Hugoniot
of the nanolayered Ni-Al foil over a range of particle velocities/pressures. Separate
recovery experiments were performed by shock-loading Ni-Al foils slightly below the
reaction initiation threshold and performing post-mortem TEM/STEM analysis to
identify the constituent mixing processes leading to reaction. Direct-shock experiments were performed on the different fully-dense Ni-Al mixtures and hydrodynamic
simulations using real microstructures allowed direct correlations with the experiment
results, which yielded an improved understanding of the effect of phase arrangement
on the shock propagation and reaction initiation response. The EOS experiments performed at particle velocities > 200 m/s showed a deviation from the predicted inert

xxiv

trend and recovered targets showed complete reaction to the B2-NiAl intermetallic
phase. The measured deviation from inert behavior and state of recovered material
suggests the occurrence of a shock-induced chemical reaction. The shocked (but unreacted) Ni-Al materials contained distinct constituent mixing features (layer jets and
intermixed zones), where significant elemental penetration occurred and are likely
sources of reaction initiation. The observed results provide the first clear evidence of
shock-induced reactions in fully-dense nanolayered Ni-Al foils.
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CHAPTER I

INTRODUCTION
1.1

Motivation and Problem Definition

Research into high-pressure shock-compression of materials has been a major thrust
in the scientific community for less than a century. It has been shown that shock
loading can lead to the synthesis of novel materials and metastable phases not capable of forming under ambient conditions. The high pressure state and the momentum
associated with the quick rise of the peak shock pulse can alter the electronic configuration and impart high velocities in material constituents, bringing them intimately
close together [1, 2, 3, 4, 5, 6, 7]. The understanding of shock wave interactions with
materials and the experimental capabilities to probe materials in real time has, in
recent years, grown dramatically. It has been shown that shock-compression of materials can create a unique combination of stress and strain states and strain rates,
producing mechanical, chemical, and physical changes, that are not otherwise encountered under static-loading conditions [8]. The ultrafast loading and unloading
rates, can halt the reverse-phase transformation kinetics during unloading, leading to
the unusual and unique phase changes. The interaction of high-pressure shock waves
with materials can therefore result in interesting phenomena and is an attractive area
of research for many different applications.
Energetic material systems have been investigated for centuries. Propellants, highexplosive detonators, and explosively-actuated bolts are routine in rocket technology.
Air-bags in vehicles are based on the rapid initiation of a gas-generating chemical reaction stemming from an energetic material. The military use of energetic materials
has prompted some of the most detailed knowledge of high-explosive performance and

1

safety. High-explosives are routinely used in mining and highway construction, metal
processing, and synthesis of industrial diamond, to name a few [9]. Broadly, these
consist of any material that, under the action of an impulse, will react chemically to
form a new product phase and emit energy as a by-product. Traditional examples
would be adding heat (thermal impulse) to gasoline, TNT, or gunpowder. As the list
of unique applications for energetic materials grew, the ability to better control their
performance and safety was warranted. This gave rise to new classes of a variety of
insensitive energetic materials. One such class consists of metal-based (thermite or
intermetallic) reactive mixtures [9]. While early forms of energetic materials were
all essentially molecular explosives and were highly volatile and easy to initiate, the
advantages of adding metal particles to enhance performance led to a new research
area. Thermite mixtures, intermetallic reactants, and metal fuels were utilized as
energetic materials, with advantages including high energy density, impact insensitivity, and high combustion temperature [10]. These materials typically exhibit high
temperature stability and posess insensitive ignition properties as well. Unlike explosives which release huge amounts of energy through the expansion of hot gasses,
these reactive mixtures release comparable energy through highly exothermic chemical reactions [11]. The reactions can be metal/metal [12, 13, 14], metal/metal-oxide
[15, 16], or even metal/polymer based [17, 18, 19], and the potential uses span both
military and civilian applications. The high heat of formation accompanying such reactions allows for a new class of applications, such as novel, micro-welding techniques
(using thermite mixtures) [20, 21, 22], thermal battery heat sources [10], solid-state
propellants [23, 24], or applications including reactive or incendiary penetrators (using
intermetallic mixtures) for controlled defeat of targets [10, 25].
Traditional munition systems consist of casings made of inert materials with an
explosive component contained within the housing. Explosives by themselves are too
weak to survive the high acceleration rates associated with the launch process, hence
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they often must be encased in a high-density, inert solid material [26]. However, the
casing does not contribute to the chemical energy release and much of the explosive
energy can be lost in the deformation and fracturing of the encasement material itself
[27]. When detonated, it also leads to shrapnel from the casing being launched indiscriminately at high velocities in all directions. Furthermore, the traditional explosive
components can be volatile and fragile, which makes them susceptible to accidental
detonation due to fire or electrical/mechanical impulse. Efforts in the energetic materials community have been focused on researching composite materials for use as
next-generation multifunctional, Structural Energetic Materials (SEMs) [26]. Because
metal-metal mixtures are inherently stiff and strong, the combination of mechanical
properties with energy-release charactistics of traditional explosives, makes them ideal
for research into defense weapon system applications [28].
Reactive mixtures based on intermetallic-forming or thermite-type mixtures release a large heat of reaction on the same magnitude scale of a traditional explosive
(∆Hf,T N T = 50 kJ/mol and ∆Hf,N iAl = 118 kJ/mol), while exhibiting strength comparable to typical metal-based alloys [29, 30, 31, 32]. SEMs are designed to be inert
under static loads, while maintaining the ability to react and release energy rapidly
and locally under dynamic-loading conditions. SEMs aim to combine the stiffness and
strength of the casing with the energy-release characteristic of the reactive material,
thereby reducing the collateral damage and allowing the energy release to be focused
on a smaller area without the formation of shrapnel. The combination of mechanical stability and the potential for large amounts of thermal energy release allows for
the development of safer munitions than those employing more conventional explosives. This issue has become increasingly critical as the world sees conflicts move
from the rural battlefields to more urban areas, where the potential for large amounts
of collateral damage is high.
When designing this type of munition system, an understanding of the threshold
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conditions for reaction initiation is of critical importance. There are many factors
that influence the onset of reaction: reactant particle size, morphology, material
properties, volume fraction, porosity, and dispersion, in addition to the shock-loading
conditions. The critical reactant configurations and mixing processes necessary for
reaction have yet to be fully understood. Material interfaces play a critical role
in the mechanical response of the material under shock compression [11]. Grain
constituent particle boundaries, particle morphology, phase boundaries, and voids
all act as sources at which complex and non-uniform wave structures can originate
[33]. It is well-established that energy is dissipated behind the shock front and that
an abundance of interfaces can lead to multiple wave reflections and interactions
resulting in significant deposition of shock wave energy irreversibly throughout the
microstructure.
The heterogeneous deposition of shock wave energy at constituent interfaces has
been known to lead to ultra-fast chemical reactions, as observed in many distended
powder metal/metal reactive mixtures [11]. Much work has been performed on the
study of such shock-initiated reactions in binary metal/metal or metal/metal-oxide
powder mixtures. The powder mixtures subjected to high pressures, result in processes involving void collapse, interparticle friction, shear banding, severe plastic deformation, defect generation, and turbulent mixing of constituents, which in turn
can lead to reaction initiation [34, 35]. Void collapse leads to the origin of fresh,
nascent surfaces which can act as localized hot spots at constituent interfaces. The
concentration of energy at such hot spots is a critical precursor for reaction initiation.
The inherent hetereogeneities in the microstructures of reactants greatly influences
the deposition of energy and thus, effects reaction initiation. While the existence
of pores can certainly aid in the reaction initiation process, porous materials have
lower overall strength and stiffness, which makes them less desirable for structural
applications. Fully-dense reactive materials on the other hand can be developed for
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use in structural energetic materials due to their superior strength while still maintaining adequate reaction initation ability. In systems with very little void space
for heat generation and material mixing, the reaction mechanisms are expected to
involve different processes for reaction initiation than those with large amounts of
pores. Shock initiation of reactions in fully dense reactive mixtures is the thrust of
the work presented here.
The understanding of dynamic loading and a material’s reaction initiation response is of critical importance in the design of SEMs. Much work has already
been dedicated to studies of the high-strain-rate mechanical behavior of materials
[36, 37, 38, 39, 40] and pressure-initiated physical changes [41, 2, 4, 5], but the understanding of shock-initiation of chemical reactions is still in the early stages. Mechanisms of shock-initiation of reactions are not well-characterized due to the lack of
available time-resolved diagnostics and the inability to make shock spectroscopic measurements in real time. Reactions must be inferred based on measuring deviations in
the inert shock compressibility with no information concerning the extent of reaction
or the immediate phases formed or through microstructural analysis of the recovered
shock-compressed products. Furthermore, there is no information gathered about the
state or configuration of the material, just prior to the onset of reaction. Analysis of
the recovered material can give information about the final phases formed, but does
little for discerning the time-scale at which the phases were formed, and any mechanistic information about the reaction initiation is lost entirely in the fully-reacted
microstructure.

1.2

Research Objectives and Plan of Work

This work aims to address the aforementioned issues by focusing on the nickel and
aluminum system, as an example of a structural energetic material. The Ni-Al system
is attractive because of the high heat of formation, relatively low density, possibility of
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multiple phases, and ability for large amount of constituent mixing possible with the
high deformability of FCC-Ni and FCC-Al constituents. The objective of the research
performed in this study is to further understand the influence and interactions of a
propagating shock wave on a mixture consisting of dissimilar constituents with wide
variations in their elastic and plastic properties. To that end, multiple Ni-Al configurations are investigated including fully dense powder compacts and multi-layered
composites. Investigating various reactive Ni-Al composites with highly heterogeneous microstructures and widely varying length scales allowed for elucidating the
size, orientation, and shape effects of heterogeneities on the shock-compression and
reaction initiation response.
Much work is performed on sputter-deposited Ni-Al nanofoils, which are fully
dense and consist of alternating pairs of Ni and Al layers that have bilayer spacings
on the nanometer scale. Significant work has already been performed on porous reactive powder mixtures, but the shock compression behavior and reaction initiation
mechanisms in dense Ni-Al mixtures has not been actively pursued. Because they are
grown via layer by layer deposition, thin film samples (foils) are typically between
10 and 150 µm thick, which makes traditional shock loading techniques not a viable
option. Performing time-resolved shock-compression measurements on thin-film/foil
materials has always been a challenge for the shock community using traditional experimental shock methods. A laser-driven mini-flyer setup, which allows for high
velocity, low momentum, thin-foil acceleration has been developed to perform a series of shock-impact and direct-shock experiments on various Ni-Al configurations to
determine the role of initial starting microstructure on shock propagation and possible reaction initiation. Analysis of the recovered material microstructures (without
confining samples in heavy momentum traps that destroy the one-dimensional load
application) allows for elucidation of the mechanical environment produced by the
shock wave and the effects of short-time-scale constituent mixing. By performing
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experiments on various Ni-Al mixtures (powder compacts, cold rolled laminates),
comparisons can be drawn and an improved comprehension of the effect of specific
heterogeneities on the propagating shock wave can be achieved.
The overall objective of this work is to investigate shock-initiated reactions through
techniques allowing for time-resolved diagnostics (using interferometry) to be used
concomitantly with recoverable samples for metallurgical analysis in order to fully
characterize the shock-compression behavior of reactive materials. Additionally, hydrodynamic simulations using real microstructures can be coupled with experiments
on Ni-Al mixtures consisting of drastically different microstructures to aid in understanding the influence of the mesoscale processes on the propagating shock wave
and the reaction response. By linking experiments with simulations, the influence of
phase arrangement of dissimilar constituents on the propagating shock wave can be
investigated. To address the above mentioned objectives and permit experiments to
be performed on nanolayered Ni-Al foils, a laser-accelerated thin foil setup was built
and validated, prior to its adaptation on the foils.
In the following chapter, the basics of shock compression for solid and porous
materials are introduced, as well as previously-proposed reactions mechanisms for
shock-initiated reactions, are discussed. This is followed by a detailed description of
the properties and applications of structural energy materials. Chapter 2 explains
the variety of techniques employed for generating shock-waves in materials; the development and capabilities of the laser-driven flyer plate system are also discussed.
Chapter 3 provides a description of the nickel-aluminum system as an example of a
structural energetic material, its attractive properties, and a detailed characterization
of the configurations (powders, laminates, and foils) investigated in this work. Next,
a description and the characterization of the laser-driven flyer plate setup developed
and used in the experiments is covered in detail in Chapter 4. Chapter 5 provides
the results from the laser-driven flyer plate-impact and direct laser-generated shock
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experiments performed on the Ni-Al materials. Experiments relying on post-mortem
analysis performed to validate the system for investigating various dynamic loading
conditions in materials are also presented. Time-resolved experiments employing the
Ni-Al nanolayered foils aimed at measuring the shock equation-of-state (Hugoniot) as
well as recovery experiments for microscopic analysis are detailed. Lastly, the results
from the direct-laser generated shock wave experiments performed on porous and
fully-dense Ni-Al systems are provided. In Chapter 6, CTH simulations investigating
shock-propagation in fully-dense Ni-Al mixtures and prediction of Hugoniot behavior
using real microstructures are discussed. Subsequently, Chapter 7 discusses the specific shock-induced effects observed from the experiments on nanolayered Ni-Al foils.
Lastly, Chapter 8 summarizes the major contributions derived from this research and
proposes possible future work in this area.
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CHAPTER II

BACKGROUND
2.1

Fundamentals of Shock Compression

This chapter examines the basics of shock compression on solid and porous materials, followed by an explanation of shock-initiated reactions and previously-proposed
reaction mechanisms. Next, the properties and possible applications of structural
energetic materials are detailed. Lastly, the variety of techniques for generating
shock-waves in materials are discussed, and the development and capabilities of the
laser-driven flyer plate system are detailed.
2.1.1

Shock Wave Propagation in Solid and Porous Materials

A shock wave is characterized by a single, sharp-rising, discontinuous front which is
fundamentally different from acoustic and other pressure waves. A shock wave consists
of a steep rise-to-peak pressure, a high-pressure state of some duration, called “pulse
duration”, and a release back to ambient pressure. The moving shock wave front
separates undisturbed material from material elevated to a higher state of pressure,
density, and energy. Figure 2.1 schematically shows an ideal shock wave moving
through a solid [25]. The material preceding the wave front is at some ambient
condition with initial pressure, P0 , initial energy, E0 , and initial volume, V0 . In
an idealized manner, the shock front is considered to have an infinitesimally small
width, thus material entering the shock front is immediately brought to the loading
state, while in reality the transition is not instantaneous and the front has some
small thickness resulting from dissipative effects [42]. The material behind the shock
wave front is in an elevated, condensed state with pressure PH , energy EH , and
density ρH ; subscript ‘H’ corresponds to the ‘Hugoniot’ states. Rankine and Hugoniot
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[43, 44] developed the equations to correlate the material states across the shock front
based on the conservation of mass (2.1), momentum (2.2), and energy (2.3). These
equations, also known as the jump conditions, are expressed as [45, 46]:

Figure 2.1: Illustration of idealized shock pulse propagating through a material
with undisturbed material in front of the shock wave and condensed material at an
elevated state after the shock front [25].

ρ0 Us = ρ(Us − Up )

(2.1)

P − P0 = ρ0 Us Up

(2.2)

1
EH − E0 = (PH + P0 )(V0 − VH )
2

(2.3)

In the above equations, E is the specific internal energy, P is the pressure, ρ is
the material density, Us is the shock wave velocity, Up is the particle velocity, and V
is the specific volume of the material, which is also given by Equation 2.4 [47]:
V =

10

1
ρ

(2.4)

The Rankine-Hugoniot equations were developed initially for fluids, but are applicable
for solids, based on several assumptions: (a) the shocked material directly behind the
front must be in a state of uniaxial strain; this assumption allows for the shear
modulus to be neglected due to the overwhelmingly large hydrostatic stress that
develops from the uniaxial strain environment, and allows for the material to be
treated as a fluid [25, 45, 46], (b) there is no thermal energy transfer through the front
during the short lifetime of the event, which is why the Hugoniot is often referred
to as the shock adiabat, and (c) the Rankine-Hugoniot equations dictate that the
material must remain inert and not undergo any phase changes.
A fourth empirical relationship that relates Us and Up is also used and is commonly
referred to as the equation-of-state (EOS) [48]:

Us = C0 + S1 Up + S2 Up2 + ...

(2.5)

where C0 is the longitudinal elastic wave speed at zero pressure (in units of km/sec)
and the constant S is an empirically determined unitless material parameter. Since
Equation 2.5 is a polynomial, most materials are simply described with a linear relationship between Us and Up [48]. The conservation equations of mass, momentum,
and energy, combined with the equation-of-state, allow for the complete representation of a material in thermodynamic space which is typically represented by and
known as a Hugoniot [49]. In essence, the Hugoniot is a surface in pressure, volume,
and energy space that is defined by the equilibrium points achieved during shock
compression. The Hugoniot does not represent a thermodynamic path followed by
the material but a locus of all shock states achieved in a material. A line drawn
from the initial state to some final state along the Hugoniot is the thermodynamic
path known as a Rayleigh line [46], and is shown schematically in Figure 2.2 [33]. As
shown in the P -V space, the slope of the Rayleigh line is given by:
Slope =

P H − P0
= −(ρUs 2 )
VH − V0
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(2.6)

Figure 2.2: Idealized P -V Hugoniot curve demonstrating Rayleigh lines connecting
initial and final states
which is essentially related to the square of the shock speed [46, 11]. In P -Up space,
the equation can be reduced to essentially the same as Equation 2.2, the conservation
of momentum [50]:
P − P0
= ρ0 Us
Up

(2.7)

where now the Rayleigh line is simply proportional to the shock speed. The path
that the material takes during the release from the high pressure state to ambient
conditions is known as the material isentrope. As shown in Figure 2.3 [51], the release
wave front is not steady and will spread as it propagates because the sound speed is
faster at higher pressures, causing the peak of the release to move ahead of the tail,
which in turn produces a broad release wave front [51].
Thus, it can be seen that a release wave is not also a shock wave. Regardless of
whether it is a valid shock wave, this effect may be minimal as it has also been shown
that at moderate pressures, the Hugoniot and the isentrope basically fall along the
same line [52]. This allows for the material unloading path to be approximated as
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Figure 2.3: Schematic demonstrating peak of release wave spreading out from tail
of release wave due to faster sound speed at increased pressures [51].
following the Hugoniot at moderate pressures, as shown in Figure 2.4, and permits
the development of a very useful relation for experimental measurements.

Figure 2.4: P -V space demonstrating Hugoniot and isentrope essentially following
the same path [51].
Since the release wave also imparts some velocity on the material, just as the shock
wave does, the velocity at the free surface of a material is actually the combination of
the particle velocities imparted by both the shock (Up ) and release waves (Ur ), and
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is governed by the approximation [11, 52]:
Uf s = Up + Ur

(2.8)

The shock (Up ) and release (Ur ) particle velocities at moderate pressures, are assumed
to be equivalent. This construct allows for the determination of the particle velocity
in an experiment by measuring the free surface velocity of a material using techniaues
such as interferometry.
The Hugoniot of a powder differs from that of a fully-dense solid in that its initial
state does not lie on the Hugoniot, but is instead displaced to an expanded volume,
V00 , due to the initial interparticle void space, as demonstrated in Figure 2.5. During
shock-compression, the powder is assumed to be immediately consolidated to fulldensity which achieves a large reduction in volume, from V00 to V0 , as illustrated
in the schematic in Figure 2.5 [33]. The collapse of voids and overall densification
during the consolidation process increases the internal energy of the material system
and shifts the Hugoniot of the powder towards higher volumes relative to that for a
fully-dense material, as seen in Figure 2.5 [53, 54, 55, 56, 57, 58, 59, 50].
The Hugoniot of a porous material can be calculated from that of a solid Hugoniot
through a constant volume path [60]. The Mie-Grüneisen equation-of-state is used
to relate the change in internal energy associated the change in pressure while at
a constant volume [33, 60, 25, 48]. The Mie-Grüneisen technique is considered an
‘isochoric’ approach, which locates the powder Hugoniot by performing a constantvolume shift from the solid Hugoniot and is given by [47, 61, 62, 63]:
P − P0 =

γ
(E − E0 )
V

(2.9)

where P is the pressure, V is the specific volume, E is the specific internal energy,
and γ is the Grüneisen constant. The Grüneisen coefficient accounts for the increase
in thermal pressure arising from the increased atomic vibrations in the material,
which makes it a thermodynamic quantity that can be expressed solely as a function
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Figure 2.5: Schematic illustration of solid and powder Hugoniots with different
initial volumes, V0 and V00 [33].
of volume, allowing for simplification of comparisons between reference states and
unknown states [59, 50]. Since it is difficult to quantifiably determine the Grüneisen
coefficient, it can be approximated using Maxwell’s relationships [52]:
3αKT
3αKS
γ
=
=
V
CV
CP

(2.10)

where 3α is the thermal volumetric expansion, KT and KS are isothermal and isentropic bulk molduli, and CV and CP are specific heats at constant volume and constant pressure, respectively. Typically though, it has been found to be adequately
approximated by:
γ
γ0
=
V
V0

(2.11)

The relatationship in Equation 2.9 is vital for calculating the increase in energy due
to an increase in pressure from explosive detonations [25]. Alternatively, the ‘isobaric’
approximation can be used to perform a constant-pressure adjustment from the solid
reference Hugoniot, as illustrated in Figure 2.5. While the isochoric approach can
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typically deviate quite appreciably with porosities greater than 50 vol%, the isobaric
approach allows for approximations up to around 60 vol% [33].
Using the Rankine-Hugoniot equations and the shock EOS, the pressure calculation in a solid and porous material can be reduced and written as:
Psolid =

Ppowder =

C 2 (V0 − V )
[V0 − S(V0 − V )]2

[2V − γ(V0 − V )]C 2 (V0 − V )
[2V − γ(V00 − V )][V0 − S(V0 − V )]2

(2.12)

(2.13)

Figure 2.5 demonstrates a Rayleigh line construction for a solid and porous material, where the shaded area below the lines are the respective energy increases due to
shock compression. It should be quite obvious that the energy increase due to shockcompression of a powder is much greater than that of a solid. While the idealized
Hugoniot plots, shown in Figure 2.5, assume that powder compression from V00 to
V0 , (i.e. near full density) is achieved at practically zero stress, in reality, all porous
materials exhibit some resistance to complete densification. As shown in Figure 2.6,
the stress required to crush-up to full density is known as the crush strength. The
application of increasing shock pressure in the crush-up process leads to a large compression at low pressure as particles deform and fill in the void space [64]. The crush
strength of a powder depends heavily on intrinsic and extrinsic material properties
such as yield strength, particle size, morphology, and packing configuration [33]. Figure 2.7 shows experimental results of the varying crush-up behaviors for three distinct
Ni-Al powder mixtures [8, 33]. The differences in crush-up behavior and the crush
strength are mainly related to the differences in particle surface area between mixtures. The micron-sized spherical Ni + spherical Al mixture has less overall surface
area than the micron-sized flake Ni + spherical Al mixture, and quite obviously, the
nanometer-sized spherical Ni+Al mixture has the most surface area by far.
The process of void collapse, viscous flow into and around voids, and crushing
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Figure 2.6: Illustration of crush-up behavior of idealized powder mixture at low
stresses [33].

Figure 2.7: Crush-up behavior of three distinct Ni+Al powder configurations showing the effect of particle size and particle morphology (and consequently, particle
surface area) on the densification characteristics of a powder system [33].
and fracturing of the particles in the process of void annihilation gives rise to wave
propagation features that manifest as varying wave speeds [33]. As illustrated in the
plot of wave speed versus pressure in Figure 2.8, not only is the shock wave speed for
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a solid density material much higher than that in a porous material, but significant
increases in wave speed are expected with an increase in shock stress, while only slight
increases in wave speed are witnessed in solid-density materials [33]. Differences in

Figure 2.8: Schematic demonstrating the change in wave speed for solid and porous
materials as a function of pressure [33].
the shock compression of solid and porous materials in P -V space is demonstrated
in Figure 2.9. The solid material shows a consistent linear response in P -V space,
but as the porous material is compacted, void collapse induces severe plastic flow
and particle interactions, which dissipate energy [64]. The energy dissipiation results
in heating which causes an increase in volume seen at higher pressures (above ≈ 10
GPa) in the now fully-dense (originally-porous) material [51].
2.1.2

Response of Materials to High Pressure Shock Compression

Shock compression of materials can result in significantly complex interactions. It can
compress the lattice and move atoms closer together in ordered, as well as disordered
configurations. Pressure can change the electronic structure of atoms and result in a
completely altered set of material states and properties [65, 66]. Metastable phases
forming due to shock-initiated physical and chemical changes are governed by competing thermodynamic and kinetic mechanisms, which often produce crystallographic
changes.
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Figure 2.9: (a) Idealized shock pressure versus volume curve for 50 % porous material contrasted with solid line showing fully dense state. Note the expansion to larger
volumes of the porous curve at high pressures. (b) Rayleigh lines connecting the
initial state with the shock-pressure state. Slopes of Rayleigh lines are proportional
to wave velocity [64].
Structural phase changes due to shock-compression have been well-researched for
over 50 years [67, 68, 69, 6]. These include the bcc-to-hcp martensitic transformation
in iron [70, 71, 72, 73, 74] to the synthesis of metallic hydrogen [75]. Additionally, phase changes from high-to-low density states, such as crystalline-to-amorphous
phase transitions, have also been studied extensively [76, 77, 78, 5, 2, 4]. Structural
phase transformations can be considered either displacive or reconstructive in nature
[79]. Displacive (or diffusionless) transformations involve coordinated shifts of atoms
comprising of homogeneous strain and shuffle, which are favored under high pressure [33]. Reconstructive (diffusional) transformations are diffusion-based and not
likely to occur under high pressures due to the requirement of high atomic mobility,
which is not favored under high pressure and short time-scales [80]. It has been theorized previously that shock-initiated chemical reactions in powder mixtures are the
result of a series of mechanochemical events occurring via processes involving solidstate structural rearrangements of atomic constituents and forming compounds via
displacive-type processes [33, 81, 82, 16]. While it is evident that many materials may
exhibit unusual phenomena due to the propagation of a high-pressure shock wave, to
better understand and predict a material’s response, the mechanisms responsible for
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initiating phase changes and chemical reactions need to be identified.

2.2

Shock Compression of Reactive Mixtures

There exists considerable interest in studying the shock compression behavior of solid
and porous reactive mixtures. Reactive mixtures are highly-complex systems due to
the added effects of dissimilar constituent properties, especially when combined with
the presence of voids, as in the case of porous materials. The added hetereogeneity
of dissimilar yield strengths, mass densities, and sounds speeds play an important
role in how the shock energy dissipitation is partitioned and localized. These factors
ultimately result in spatially inhomogeneous states of stress, defect densities, and
microkinetic responses, and affect the extent of mixing between reactants during
crush up, which leads to very complex material flow behavior and highly-dispersed
wave fronts [33, 11].
Shock-initiated reactions in reactive powder mixtures can be better understood by
considering the individual contributions to free energy. The overall Gibbs free energy
is a function of a volumetric Gibbs energy term, a surface free energy term, and an
elastic strain energy component, as shown below [83].
G = f (GV , Aγ, Eel )

(2.14)

As Nadiv and Lin [84] discuss, under the action of the shock wave, the material
becomes highly activated due to lattice disorder, dislocations, and defects. This
raises the overall free energy by contribution from two different sources, the surface
free-energy term and the stored elastic strain energy term. The excited system now
has a higher free energy and can only lower its energy by dissipating it through phase
transitions such as amorphization, polymorphic changes, or chemical reactions [84].
This is a helpful construction for understanding what contributions are raising or
lowering the free energy and how mechanochemical reactions in powder mixtures can
be thermodynamically favorable.
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The severe plastic deformation and flow at particle interfaces will induce significant adiabatic, plastic-work-induced temperature, as well as steep thermal gradients
that are possible of extending into the particle interior [33]. At the time when the
material reaches full-density or some state along the crush-up curve, it is assumed
to be in mechanical equilibrium, which ceases any athermal mass mixing. However,
thermal equilibrium is not achieved until micro- or milliseconds afterwards [60]. Mixing over these timescales is only accomplished through atomic diffusion, which can
be expedited due to the enhanced temperatures and presence of defects, as will be
discussed further later. Since mass mixing may occur over a wide range of time-scales,
facilitated by either mechanical and/or thermal processes, it can lead to the triggering of a chemical reaction over an equally wide time-scale [33, 60]. Thus, reactions
in these mixtures can occur via shock loading in two fundamentally different and
distinct forms, as illustrated in Figure 2.10. The first type, termed ‘shock-assisted’
chemical reactions, involve thermochemical processes arising as a consequence of the
disturbed microstructure and elevated shock-generated bulk, residual temperatures.
As illustrated in Figure 2.10(a), shock-assisted reactions occur after the passage of
the shock wave and within the time-scale of thermal equilibration, which is on the
order of more than tens of microseconds. In these cases, shock compression of the material leads to constituent mixing, generation of defects, and elevated temperatures,
specifically at the interface, which promotes solid-state diffusion, causing reactions
to be more typically initiated by traditional diffusional mechanisms. Furthermore,
since the reaction is occurring at some time much later than the passage of the high
pressure shock front, this type of reaction is not experimentally evidenced through
in-situ time-resolved shock state measurements [33].
‘Shock-induced’ reactions involving mechanochemical processes occur in the high
pressure state during the propagation of a shock wave, as shown in Figure 2.10(b). Unlike shock-assisted reactions, the formation of reaction products occurs immediately
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Figure 2.10: Schematic of pressure and temperature profiles (and affect on microstructure) due to passage of shock wave demonstrating: (a) shock-assisted chemical reaction (b) shock-induced chemical reaction [25].
behind the shock front while still in the high-pressure state. The chemical reaction will
influence the equilibrium shock state of the material and the changes can be verified
through time-resolved experimental measurements [33, 60, 85, 86, 64, 87, 88, 63].
However, the precise mechanochemical transport mechanisms responsible for the
ultra-fast chemical reactions are not yet fully understood.
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2.2.1

Time-Resolved Measurements versus Recovered Sample Analysis

Shock compression experiments probe the response of materials under extreme conditions, and can be used to investigate the compressibility, thermodynamic equation-ofstate, and high-pressure stability of materials. Investigating a material’s response to a
radical increase in pressure allows for understanding the role of defect generation and
interaction with respect to plastic deformation and fracture during straining [33]. Experimental methods to investigate shock-initiated reactions are traditionally divided
into two techniques: observations utilizing time-resolved diagnostics that measure the
material’s response in-situ during a dynamic loading event and post-mortem analysis
of the recovered shocked material using various characterization methods [89].
Dynamic observations, via time-resolved diagnostics, are used to obtain measurements of material properties during the shock loading event and can directly observe
phenomena that take place during the ultrafast dynamic loading event [33]. Measurements of pressure and particle velocity are critical in understanding a material’s
response to the shock state. Since the entire shock-loading event (rise to peak pressure, equilibration, and release) occurs over only a few microseconds, there are only
a handful of diagnostics available to resolve phenomena with adequately high spatial
and temporal resolutions [89]. Currently, the commonly used time-resolved diagnostics are stress (PVDF and manganin) gauges [90, 91, 92], measurements of resistivity
[93, 94], optical pyrometry and spectroscopy [95, 96, 97, 98], as well as various velocity
interferometry techniques [99, 100]. Although temporal resolution is gained through
the use of time-resolved measurements, often spatial resolution is lost as a result. The
in-situ stress gauges and optical velocimeters only sample from a small, averaged volume. Thus, the resolution limit of a specific diagnostic can limit the detectability of a
certain process or feature. As discussed previously, shock waves traversing distended
solids can often give rise to structured shock fronts. Even with a high-resolution optical diagnostic, such as a multi-point laser velocimeter, information is only gathered
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from one plane (fixed rear surface) with an averaged response of the shock wave after
it has propagated through the material [33].
Recovering samples from time-resolved experiments is challenging because often
the projectiles/shock wave generators used in the experiments are massive and impart such a large amount of momentum that the target is destroyed/unrecoverable,
even though valid shock data is obtained. The solution to date has been to embed
the material of interest in a robust target chamber in order to ensure the specimen recovery. Experiments requiring robust target chambers can not however, be
used to obtain Hugoniot information as well because of complex wave propagation
effects, reflections, and radial convergence waves occur within the target material
and time-resolved shock information is only considered valid if one-dimensional wave
propagation is maintained. Additionally, the time at which the phases form in the
recovered sample is unknown, thus limiting the amount of useful information that
can be extracted.
Despite its limitations, post-mortem analysis incorporating numerous characterization methods can allow probing over a much wider range of spatial scales [33].
Exact phase composition, configuration, and distribution can be obtained through a
combination of metallography, light optical microscopy, x-ray diffraction (XRD), and
electron microscopy (SEM, TEM, STEM). Another benefit is the recovery of partiallyreacted specimens, where various phases during the reaction evolution can often be
quenched into the microstructure. Additionally, recovering a highly-activated/deformed
pre-reaction initiation microstructure can give insight into the state of the material
just prior to reaction. Thus, shock recovery analysis is especially useful to aid in
identifying deformation and reaction mechanisms by preserving the microstructure
and elevated material states preceding reaction initation or complete reaction.
Ultimately, with recovery experiments, analysis is limited by measurements that
only apply to the effects of the final shock state of the material, with no ability
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to differentiate between which phases formed in the high-pressure state and those
that formed upon unloading from high pressure, but within the time-scale of thermal
equilibration. While recovery techniques allow for very detailed, spatially-resolved
analysis of reaction products and give insight into the configuration of the reactants
just prior to the onset of reaction, it is not possible to specify the onset time of reaction, the pressure in the material, or to distinguish between products formed due to
shock-induced and shock-assisted reactions. With this in mind, experimental configurations for investigating shock-induced reaction mechanisms need to simultaneously
employ both recovery and time-resolved instrumentation.
2.2.2

Sample Recovery Techniques

Numerous studies have demonstrated the occurrence of shock-initiated chemical reactions on a range of reactive powder material systems using various shock recovery
techniques [101, 102, 103, 13, 104, 33, 85, 80, 105]. Researchers have used post-mortem
microstructural analysis to postulate the mechanisms of shock-initiated reactions, but
the difficulty is in discerning the time-scale in which product phases formed, and
thereby the inference of shock-assisted or shock-induced reaction [59, 50]. For example, in experiments performed by Royal et al. [103] on Ti+Al mixtures, the product
microstructure contained shrinkage pores and dendrites, indicating melting and resolidification processes. Meyers and coworkers [59] observed a series of microstructural
features from a recovered sample detailing the transition from unreacted regions to
fully reacted regions, as shown in Figure 2.11. The microstructures reveal the formation of niobium-silicide (product phase) nodules in a silicon matrix surrounded by
unmelted Nb-particles. They postulated that the microstructure suggests dissolution
of niobium into melted silicon, and precipitation of the product silicide phase.
Similarly, Vandersall and Thadhani [13, 104], in studies on Mo + 2Si micronsized powder mixtures shock-loaded in cylindrical implosion and planar pressure-wave
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Figure 2.11: SEM micrographs of recovered Nb+Si compacts showing (a) unreacted
microstructure, (b) transition microstructure between unreacted and partially-reacted
material, (c) partially-reacted microstructure, and (d) transition microstructure from
partially-reacted and fully-reacted material [59].
geometry, observed microstructures (Figure 2.12) with regions of partial reaction
where the silicon melted, and solid molybdenum dissolved into the silicon melt pools,
precipitating regions of MoSi2 . Other areas were indicative of complete reaction that
suggested both melting of silicon and, and resolidified alloy microstructure [13, 104].

While it is not possible to conclusively determine the time-scale of reaction initiation and/or product formation from shock recovery information, more valuable
information can be gained from experiments performed under conditions below the
onset of reaction initiation. The material system that perhaps has been most thoroughly investigated is Ni-Al. In 1985, Horie et al., were the first to publish the
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Figure 2.12: Micrographs showing (a) partially reacted and resolidified region, and
(b) precipitated MoSi2 nodules [13].
synthesis of nickel-aluminum intermetallics formed via shock-compression using the
‘Bear’-series of shock recovery fixtures developed at the Sandia National Laboratories
[3, 106, 107]. As shown in Figure 2.13, the powders embedded in a copper capsule are
subjected to an explosively-driven plane wave shock. Corresponding to the produc-

Figure 2.13: Schematic cross-section of the Sandia recovery fixture used with the
Momma Bear [107].
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tion of Ni3 Al, micron-scale powders were combined at a 7:3 Ni:Al volumetric ratio and
shock-compressed in Sandia’s Momma Bear recovery fixture. The resulting pressures
were calculated to be between 14-22 GPa and maximum mean bulk temperatures
around 600o C. Because of two-dimensional wave-focusing effects resulting from the
impedance difference between the powder and the surrounding solid confinement,
the peak pressures are observed along the central axis while peak temperatures are
observed along the outer peripheral regions on the back side of the compacts. The
results showed the formation of multiple Ni and Al intermetallics: AlNi3 , Al3 Ni2 ,
Al3 Ni, and NiAl. Figure 2.14 illustrates the arrangement of product phases observed
in the recovered Ni-Al specimen along with the calculated temperatures in specific
regions. The regions along the axis subjected to the highest pressures show formation
of NiAl and Ni2 Al3 phases while Ni-rich intermetallic formation, along with unreacted
Ni, is observed in regions subjected to the highest temperatures. Furthermore, there
is a large unreacted zone in the region between the axis and outside periphery of the
specimen. The lack of reaction within that zone, combined with clear correlation between temperature and product formation suggests various mechanisms contributing
to reactions occurring in the timescale of the high pressure state, as well as subsequent
to unloading and in the timescale of thermal equilibration [33, 3, 106].
Experiments performed on Ni-coated Al particles [108] using a similar configuration, showed much more localized reaction along with undeformed Al particle cores
in a Ni matrix with very little evidence of constituent melting. The recovered, unreacted microstructure exhibited a few areas of severe interfacial instabilities, jetting,
and inter-penetration of particles indicative of hydrodynamic flow, as shown in Figure
2.15 [108]. Royal [103] and Horie [109] performed similiar experiments on the Ti-Al
system using the Momma Bear recovery fixture. Similar to the Ni-Al system, reaction
products were observed to be localized to the edge and the axial regions which display
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Figure 2.14: Illustration of recovered sample cross-section emphasizing regions
where multiple Ni-Al intermetallics formed and the associated temperature contours
(calculated) suggesting regions with the most phase formation coincide with the greatest shock-generated temperatures [106].
the effects two-dimensional wave focusing. Shown in Figure 2.17(a), the product microstructure contained shrinkage pores and dendrites, indicating evidence of melting
and resolidification processes. Figure 2.17(b) shows the unreacted material consisting mostly of undeformed Ti particles embedded in an Al matrix. The preferential
deformation of the Al and lack of deformation of Ti due to its significantly higher
yield strength results in a lack of constituent mixing and inhibits reaction. Such microstructural observation obtained from experiments performed at conditions below
the threshold for reaction initiation provided valuable clues to processes leading to
shock-initiation of reactions.
The 12-capsule Sawaoka-type shock recovery fixture, shown in Figure 2.18 [110,
33, 111], provides even more extreme shock conditions. Song and Thadhani [112]
investigated the shock-initiated reaction of micron-sized Ni and Al powders (atomic
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Figure 2.15: Localized intermetallic reaction observed in Ni-coated Al particles from
recovery experiment [108].
ratio of 3:1) over a range of shock pressures. At ≈12 GPa, a microstructure containing the L12 (Ni3 Al) phase was recovered, while shock loading to ≈17 GPa showed
formation of the BCC B2 (NiAl) phase, but with a Ni-rich stoichiometry. The authors
postulated that due to the extreme conditions generated during the shock state, the
solubility range of the B2-NiAl phase was significantly increased to encompass the
Ni3 Al stoichiometry [33].
Numerous other recovery experiments have been employed using the Ni-Al system to investigate the effects of varying particle size [113, 114], particle shape [113,
114, 61, 115], and packing density [113, 115]. Using the Sawaoka 12-capsule recovery
fixture, Song and Thadhani [115] studied the varying response of a mixture containing both spherical Ni-Al consitutents and another mixture that contained spherical
Al, but flake Ni particles at a range of impact velocities and packing densities. The
results indicated that while at higher impact velocities and decreased packing densities, there was an increased extent of reaction in both powder configurations the
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Figure 2.16: Micrograph taken from the sample fixture periphery of the recovered
Ti-Al powder compact exhibiting multiple reaction products: (a) Ti3 Al, (b) Ti2 Al,
(c) TiAl, and (d) pure Ti [109].

Figure 2.17: Backscattered electron images from recovered Ti-Al mixture showing
(a) reacted microstructure containing shrinkage pores from resolidification and (b)
unreacted bulk Ti-Al material [103].
mixtures containing flake Ni exhibited reaction at lower velocities than the mixtures
with spherical Ni. This trend was attributed to the additional deformation modes
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Figure 2.18: Schematic cross-section of the Sawaoka 12-capsule Recovery Fixture
[111].
possible with flake Ni and the ability for increased mass mixing from the larger surface area [113, 61, 115]. Dunbar et al. [113] extended these recovery experiments to
further investigate the particle size and surface area effect. Three different powder
morphologies were investigated: fine spherical powders consisting of spherical Ni (3-7
µm) and spherical Al (10-20 µm), coarse spherical powders consisting of spherical Ni
(45-70 µm) and spherical Al (145-150 µm), and lastly, a flake mixture consisting of
flake Ni (-325 mesh) and spherical Al (10-20 µm). Multiple stoichiometries were also
mixed for each morphology and compacted using the Sandia recovery fixture. The
microstructures shown in Figure 2.19, reveal that the flake mixture exhibits much
more constituent deformation due to the initial morphology of the Ni. The morphology allows for both constituents to laterally deform simultaneously, leading to
more thorough mixing. In contrast, the spherical Ni particle configurations retain the
spherical nature and act as an anvil that the aluminum has to deform around [113].
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Figure 2.19: Micrographs of recovered compacted Ni-Al samples: (a) course spherical Ni-Al, (b) fine spherical Ni-Al, (c) flake Ni - spherical Al, (d) reacted powder
[113].
Krueger et al. [116, 117] performed experiments on Ni-Si powder using gas-gun
plate-impact setup. They used micron-sized Ni and Si particles mixed at a 1:1 ratio
in a 60% TMD porous compact which was contained in a steel fixture. The steel
fixture was impacted by a stainless steel flyer plate launched from a 35-mm diameter
gas gun. The experiments were carefully designed to avoid initial contact with the
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fixture, which enabled them to generate a highly-unidirectional shock wave in the NiSi mixture. The results showed significantly reduced two-dimensional wave focusing
effects [118, 119, 61]. They performed a series of experiments over a range of impact
velocities and initial porosities, from which the amount of shock energy (based on
contribution from P-V work) deposited into each powder configuration was computed.
Differential Thermal Analysis (DTA) was also used to measure the thermal energy
required for reaction and compared to the calculated input shock energy at which
recovered samples were observed to show formation of reaction products. Krueger et
al. [116, 117] concluded that there exists a critical shock energy threshold required
for reaction initiation.
While recovery experiments and subsequent post-mortem microstructural analysis
can be performed on a recovered material to identify whether reaction has occurred,
it often provides little insight into the reaction mechanisms or kinetics of the reaction.
Furthermore, it is not possible to determine from a recovered sample whether that
reaction occured in the time scale of the high pressure state from the shock pulse or
if it occurred following unloading, in the time scale of thermal equilibration. Lastly,
due to the highly exothermic nature of the reactions, there exists the possibility of an
evolution of multiple phases, further clouding any evidence of which phase initiated
first. Although significantly useful information concerning deformation and reaction
mechanisms has been obtained via post-shock microstructural analysis, it must be
carefully coupled and used concomitantly with in-situ experimental evidence to truly
identify the shock-induced reaction mechanisms.
2.2.3

Time-Resolved Diagnostics

Time-resolved measurements are essential to verify the occurrence of reaction during
the propagation of high-pressure shock wave, which can be quite challenging due to the
extremely short time-scale of the event. Since there exists no technique to perform
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direct time-resolved spectroscopic analysis, evidence of the shock-induced chemical
reactions has relied on determination of changes in shock-compressibility. Since reactions in intermetallic-forming energetic powder mixtures result in exothermic energy
release, a deviation from the Hugoniot leading to expanded states, manifested in P-V
space as a ballotechnic curve, has been used to provide an indication of shock-induced
reaction, as shown schematically in Figure 2.20 [64]. The extent of the volumetric
change at constant pressure is directly related to the exothermic energy contribution
due to the reaction. Such measured increases in shock velocity, and volume or pressure, can be considered as unambigious evidence of a shock-induced chemical reaction.

Figure 2.20: Pressure-volume curve illustrating effects of shock-induced reaction in
which the exothermic energy of transformation causes an expansion to larger volumes,
described by the ballotechnic [64].

Some of the first in-situ diagnostics utilized were based on gauges (e.g. piezoelectric or piezoresistive) designed to measure the stress profile at a given position and
relied on intimate coupling between the mechanical and electrical properties [120].
Bridgeman used piezoresistive manganin (an alloy consisting of 84% Cu, 12% Mn,
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and 4% Ni) gauges to measure static pressures up to 10 GPa [121, 122, 123, 124, 125].
Since then, manganin gauges have been the ideal choice for stresses up to 150 GPa
[126, 127, 128, 129]. More sensitive and accurate gauges tailored for the lower pressure
regime (< 5 GPa) have also been developed, typically utilizing carbon or ytterbium
[130, 131]. Various other gauges have been developed for in situ measurements, such
as quartz gauges, magnetic gauges, lithium niobate gauges, and PVDF gauges [120].
Advances in time-resolved instrumentation have also been made with the development
of non-invasive interferometry techniques (e.g. Fabry-Perot, ORVIS, VISAR, and
PDV) to monitor the velocity of the external free-surface of a sample [96, 100, 132].
One of the first to evidence shock-induced reactions utilizing stress gauges was
Batsanov et al. [85]. The initial and reflected shocks were measured using piezoresistive manganin pressure gauges in Sn+S mixtures at pressures up to 40 GPa. The
resulting experimental Hugoniot in P -V space is shown in Figure 2.21. Evidence of
reaction was based on observed differences between experimentally measured and calculated reflected shock amplitudes [25]. Using the Rankine-Hugoniot relationships,
the change in specific internal energy of the inert powder was compared to that of
the reactive mixture:
1
Einert − E00 = (Pinert + P0 )(V00 − V )
2

(2.15)

1
Ereaction − E00 = (Preaction + P0 )(V00 − V )
2

(2.16)

where E00 and V00 are the initial specific energy and volume of the starting powder.
The heat of complete reaction was then solved for by:
1
QV = Ereaction − Einert = (Preaction + Pinert )(V00 − V )
2

(2.17)

Additionally, Graham [134] suggested the change in volume from the reactants to
products could be calculated using:
∆V = (V00 − V ) +
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βQ
Cp

(2.18)

Figure 2.21: Shock Hugoniots for Sn+S mixture. Solid curve represents experimental shock Hugoniot. Dashed curves represent inert Sn+S mixture (1) and reaction
(2) [133].
where V00 is the specific volume of the unshocked powder, β is the coefficient of
thermal expansion, Cp is the specific heat at constant pressure and temperature, and
Q is the heat of reaction influencing the wave propagation. Graham found that the
deviation from the inert behavior is amplified with increased shock pressure [134, 25].
Based on the computed heat of reaction using Equation 2.17 and comparing it to the
enthalpy of formation for the SnS reaction, Batsanov et al. [133, 85] were able to
estimate the extent of reaction, which was between 10-30% at pressures > 15 GPa.
Bennett et al. [135, 136] performed experiments using manganin pressure gauges
with micron-sized powders of Ni (3-7 µm) and Al (20 µm), pressed to 55% TMD in
a stainless steel target assembly and impacted by a steel flyer using a gas gun. The
manganin gauge was positioned on the rear side of the powder compact. Recorded
pressure profiles of the transmitted shock pulse were compared to pressures estimated
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from the inert P-Up Hugoniot. Experiments were performed at impact velocities
between 900 and 1450 m/s. An excess pressure was recorded for experiments at and
above 1075 m/s, as shown in Figure 2.22, which was attributed to both the exothermic
heating effects as well as the volume change from reactants to products associated
with the shock-initiated reaction [33, 135].

Figure 2.22: Recorded manganin gauge pressure profiles showing pressure excess
above velocity threshold [135].
Yang et al. [137, 117] performed a series of experiments on the same system as
Bennett, with an Al layer of a few hundred micrometers deposited behind the powder
target. The reflected shock wave exhibited a stepped profile (due to the change in
shock impedance). Other experiments were performed without the layer to produce
a steep rise to peak pressure. Yang [137] observed the onset of reaction within 100 ns
of the shock front based on a measured excess pressure, in agreement with Bennett’s
[135, 136] work. However, reaction was not confirmed in experiments containing the
aluminum layer and the stepped shock wave profile, as shown in Figure 2.23. Thus,
while the total input energy was the same in both sets of experiments and exceeded
the supposed threshold energy for reaction developed by Krueger et al. [116, 117],
the powders subjected to a stepped shock remained unreacted. Yang’s [137] results
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suggest that an energy threshold for reaction may be too simplified a criterion and
that mechanochemical processes need to be considered.

Figure 2.23: Plot showing the peak transmitted pressures as a function of shock
energy. The solid line corresponds to inert behavior. Open circles correspond to
measured excess pressures and reaction. Shaded squares correspond to stepped shock
wave experiments and exhibited no signs of reaction [137].
The ballotechnic model, shown in Figure 2.20 and 2.21, was pioneered by Graham
et al. [134, 64] with their research on the Ni-Al and Ti-Si powder systems. By utilizing
Bauer piezoelectric polymer gauges [33, 25] placed in front and behind the sample,
they were able to directly measure the input shock pressure profile and shock velocity
for each experiment. Experiments were performed on 5Ti+3Si powder mixtures of
three different sizes coarse (> 100 µm), medium (≈ 50 µm), and fine (< 10 µm)
pressed into a Cu fixture. For the medium-sized powders, a measured increase in shock
velocity was observed as evidence of a shock-induced reaction, as shown in Figure
2.24 which illustrates the results in P -V/V0 space [64]. In contrast to the mediumsized powders, the coarse and fine powder mixtures demonstrate densification at low
pressures and follow the calculated inert Hugoniot of the solid mixture, suggesting
that no reaction occurred. However, the medium powder mixture displayed signatures
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of shock-induced reaction above 1.5 GPa, as indicated by the deviation from the inert
solid mixture Hugoniot towards higher volumes and increased shock velocity.

Figure 2.24: Time-resolved PVDF gauge experiments on mixtures of fine, medium,
and coarse Si-Ti particles, resulting in only the medium-sized configuration displaying
evidence of reaction via deviation from the inert Hugoniot towards higher volumes
[64].
Eakins et al. [63] also investigated the influence of particle morphology on shockinduced reactions in the Ni-Al system. Utilizing time-resolved diagnostics (PVDF
stress gauges), a series of gas-gun parallel plate impact experiments were performed on
powder mixture consisting of micron-sized spherical Ni and Al particles, and another
consisting of flake Ni and spherical Al. Both mixtures were prepared to the same
equivolumetric ratio and statically pressed to ≈ 45% TMD. The spherical powder
mixture followed the trend predicted for the inert Hugoniot response while the flake
mixture exhibited an increased shock-velocity above input stresses of 3.5 GPa, as
shown in Figure 2.25. Using two-dimensional simulations, Eakins was able to correlate
the increased propensity for reaction in the flake Ni mixture to an increase in lateral
deformation of the Al facilitated by simultaneous deformation of Ni, mirroring the
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Figure 2.25: Us -P curve showing ballotechnic behavior of 45% TMD Ni-Al mixture
consisting of flake Ni and spherical Al [63, 11].
results that Dunbar had observed [113].
Various laser interferometry techniques have also been developed that allow for
particle velocity measurements to be recorded with nanosecond time resolution [96,
100, 138], using single probe or multiple probes to obtain shock transit time for shock
velocity information [139, 140, 49, 11, 25, 141, 142].
2.2.4

Proposed Shock-Induced Reaction Mechanisms

The challenges of measuring shock-induced reactions in real-time and observing the
microstructure evolution during the short time-scale of the high-pressure shock wave
have been extensively covered in the literature. Measuring the in-situ ballotechnic
response of a reactive material allows for inferrence of shock-induced reactions. However, this technique does not provide much insight into the mechanisms responsible
for reaction. Likewise, recovered microstructures of fully-reacted states are not always
indicative of the microstructural state that existed prior to and during the onset of
reaction. Based on these studies employing both recovery analysis and time-resolved
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diagnostics, investigations of shock-induced chemical reactions have led to numerous conceptual models and hypotheses concerning the critical processes controlling
reaction initiation to be proposed.
In 1968, Dremin and Breusov [81] demonstrated that high pressure coupled with
shear deformation can accelerate physicochemical processes [143, 144, 145, 146, 147,
148, 149, 150, 151]. This notion gave rise to their ROLLER model [81], which is a
general conceptual mechanism describing the reaction process. The model considers
the formation of a new phase under shock-compression due to plastic deformation
[81], via mechanical transport of atoms to numerous nuclei at particle interfaces.
When two layers of a material are displaced relative to one another, a nucleus of a
new phase can be created and it will ‘roll’ between the adjacent surfaces, which then
allows individual atoms to attach to the nucleus, as shown schematically in Figure
2.26(a). As this process occurs, the new phase grows from the nucleation center.
As opposed to the typical diffusional growth of crystallization centers, in which each
atom diffuses through the solid to form the new phase, the formation of the new phase
according to the ROLLER model is due to the transport of the entire mass by plastic
flow. The required atoms combine selectively with the particles of the new phase,
undergoing a continuous growth process.
Graham [152] proposed the conceptual CONMAH model to describe the dominating processes leading to shock-induced reactions involving three distinct stages:
an initial configuration, the transition zone, and the final compressed configuration,
as shown in Figure 2.26(b). The initial configuration determines the critical processes due to its influence on the energy localization and subsequent mass mixing.
Material is brought to the high-pressure, compressed configuration in the transition
zone, which lasts for a few to hundred nanoseconds. The transition zone also sees
the reaction kinetics dominate as compared to the shock conditions. Once in the
final compressed configuration, the release zone undergoes a reduction in pressure.
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Figure 2.26: Schematic of (a) Dremin and Breusov’s ROLLER model [81], (b)
Graham’s CONMAH model [152].
The processes that occur in the transition zone are of the most interest, and consist
of CONfiguration change, Mixing, shock Activation, and Heating. Configuration
change refers to the deformation of the individual constituents, which is controlled by
powder morphology, starting porosity (i.e. void volume), as well as void shape. Mixing is the most crucial step for attaining a chemical reaction and consists mostly of
turbulent flow into void space caused by severe plastic deformation of the constituent
particles. Shock activation also occurs due to plastic deformation of particles and
their relative flow past each other, which results in cleansing of particle surfaces as
well as an increase in the concentration of defects. A high defect-density causes the
reactants to be in a highly excited state and thus, “activated” [153, 154, 155]. Lastly,
heating allows for the thermal processes required to initiate reaction if there is enough
mixing and activation to enhance the reaction kinetics. Although Graham’s CONMAH model outlines the processes that are occurring during the transition zone and
the importance of mixing and shock activation of the reactants, it does not specify
the precise mechanisms of mixing responsible for these reactions that proceed in the
shock front.
Batsanov et al. [85] attempted to explain the apparent high rates of diffusion

43

processes occurring during shock-compression of mixtures due to the constituent’s
different dynamic rigidities and, thus, a difference in mass velocities of the components. Depending on the components of the heterogeneous mixture, particle velocities
can be on the order of kilometers per second. With these large velocities, Batsanov
[85] suggested that one type of particle can be pressed through particles of the other
type, thus ensuring an ultrafast mixing of materials, as shown in Figure 2.27. The

Figure 2.27: Schematic of Batsanov’s proposed mixing mechanism between soft
(light) and hard (dark) particles: (a) the initial, undisturbed state, (b) corresponds
to the state at the shock front, and (c) the state behind the shock front [80].
model details that the threshold for reactions under shock compression is based on
the pressure for which the forced diffusion velocity is sufficient to penetrate through
a given particle size. The authors [85], citing experimental results, argue that using
a threshold diffusion velocity of 0.9 km/sec and the mean particle size of 10 µm, the
reaction would take place in 0.1 µsec. In a later paper, Batsanov [80] further quantified this relationship, and concluded that the threshold time, τ , for reaction can be
based on:
τ = r/∆u

(2.19)

where r is the size of the link (particle diameter) and ∆u is the difference in the mass
velocities of the mixture components. When τ > 10−6 sec, no reaction will occur,
but when τ < 10−6 sec, the materials should fully penetrate and reaction will initiate
[80]. According to Batsanov’s model [80], the smaller the mean particle size is, the
easier it should be to interpenetrate the particles and cause a subsequent reaction.
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Additionally, Batsanov’s [80] model suggests that reaction propensity is based
on the relative difference in sound velocity between constituent particles. Therefore,
powder mixtures with similar sound velocities should be more difficult to react under
shock compression, according to this model. However, it has been shown that a
mixture of W and Re powders, which have similar density, sound velocity, and melting
temperature, reacts readily [156]. The occurrence of the reactions in W-Re has been
attributed to the differences in high-strain-rate deformation behavior. Despite W
being harder than Re, extensive plastic flow of both constituents is observed which
results in intimate mechanical mixing of the powders, and consequent reaction. In a
more recent paper, Batsanov [133] clarified his approach and claimed that the mutual
penetration of particles is only possible after their fracture. It is assumed that the
larger grains fragment into domains of around 10 nanometers, which allows for a
larger interfacial area and hence helps induce the reaction.
Yano and Horie [157] performed discrete element numerical simulations to model
dynamic behavior of reactive powder mixtures under high-speed deformation in order to verify Batsanov’s approach. From their calculations, it was shown that the
reaction can proceed to completion for a time less than 1 µs, which gives credence
to the idea that sub-grain level mixing through particle velocity dispersion may be a
driving mechanism for shock-induced chemical reactions. Yano and Horie [157] are
realistic about their findings though, citing assumptions of neglecting shear resistance
and also admitting that the model calculations are based on a damping coefficient,
of which there is no definitive procedure for deriving and is in fact a function of pressure. Since a recurring mechanism for reaction in these mechanochemically reacting
systems is the degree of mixing of constituents, Tamura and Horie [35] quantified
this by using discrete element numerical simulations to model the Nb-Si system at
various void concentrations and simple shear thinning. As shown in Figure 2.28 (from
Nesterenko’s experiments [158]), it is evident and not surprising that by increasing
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the concentration of voids, the degree of mixing was also increased. More interestingly
though is the fact that simple shear thinning actually provided for the most mixing,
which further supports the observation that shear mixing of constituents plays a vital
role in the reaction of a powder mixture [35].
Iyer et al. [87] expanded on Batsanov’s particle velocity dispersion (PVD) mechanism by showing recovery experiments suggesting a component of inter-particle shear
associated with reaction. The inter-particle shear is due to the differences in the
velocities of each constituent. Furthermore, there was evidence that the relative particle velocity could be greatly increased during the reflected shock front because the
particles could be moving in opposite directions. The area of inter-particle shear is
more susceptible to reaction because this mechanism will rapidly expose fresh reaction
surfaces and cause extreme mixing. This suggests that there is a critical value of interparticle shear that must be overcome for ultrafast reactions and thus, the reaction
is controlled by varying impact velocities for different particle sizes and morphologies. Unlike Batsanov’s model [85, 80] for relative particle velocity, Iyer et al. [87] do
not consider particle inter-penetration, but assume a degree of plastic deformation
associated with the shear.
Nesterenko performed experiments using a cylindrically converging shock to produce localized shear in reactive powder mixtures (Nb+Si) [158]. Post-shock microstructural characterization showed that the shear bands formed an angle of 45o
with the radius, which is expected due to the direction of maximum shear. Shear
localization causes the partial melting of Si as well as the fracturing of the Nb from
44 µm down to 1-2 µm. Chemical reaction was only observed in these shear zones
and not outside of it. Hence, they proposed that a shear process consisting of particle
comminution and vortex formation is the responsible mechanism for reaction. Unstable material flow inside the shear band, as shown in Figure 2.28, results in vortex
formation, which greatly enhances heat and mass transfer. Vortices are indicative
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Figure 2.28: (a) Fracture patterning of Nb particle inside shear band. (b),(c) Vortex
formation inside shear bands (light material is Nb, dark material is Si) [158].
of variations in the flow stress due to inherent mixture heterogeneity. As shown
in Figure 2.29, Eakins [62] demonstrated through CTH [159] simulations that vortex formation and shear-induced deformation yield similar microstructures as those
shown by Nesterenko [158]. The relatively low strength and density of the Al particles lead to the preferential deformation and development of the hydrodynamic flow
events. Eakins observed that the ‘focused flow’ event occurs by the impingement of Al
against a restrictive Ni barrier, forcing material at enhanced velocities into the void
regions. The formation of directionally varied, focused flow into large void space has
a tendency to lead to a vortex. While both events lead to regions of enhanced flow
and high-temperature generation, the vortices consisted almost exlusively of the Al
constituent, and did little to deform or incoprorate any neighboring Ni, which limits
the mixing needed to initiate the reaction [160].
Increased activity of mechanochemical processes due to tribomechanical work in
solids is another possible mechanism that has been considered [161]. The study of
“activating” materials by mechanical deformation with the goal of making them more
susceptible to mechanochemical reactions is known as tribochemistry. Thiessen [154]
describes tribochemistry as a system changing reactivity due to the input of mechanical energy. Tribomechanical effects [154] can result in particle intermixing and allow
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Figure 2.29: (a) Focused flow and particulation, (b) vortex formation, (c) lateral
flattening and vortex formation [62].
for mechanical alloying. Nadiv and Lin [84] theorize that the material is highly activated after a tribomechanical process such as comminution-by-grinding due to the
increase in Gibbs free energy from two sources: a surface free energy term generated by the surface area increase during comminution and stored elastic strain energy
term due to the deformation of particles from a combination of hydrostatic and deviatoric (shear) components. The excited system can then dissipate this free energy
by processes such as amorphization, polymorphic transformations, and even chemical
reaction [83]. Lin and Nadiv [84] show evidence that shock-induced mechanochemical reactions exist, but they consider three-dimensional waves only, where reflection
and interference occur within the sample. The generation of defects in a crystalline
lattice due to the propagation of a high pressure shock wave is critical for understanding potential reaction mechanisms [83]. Under the action of a shock wave, the
solid lattice is disordered, dislocations are produced, and at higher concentrations of
defects, the crystalline compound can even transform to an amorphous (highly disordered) material [162]. Cordier et al. [77] have shown conclusive evidence that at
high enough defect concentrations, large amorphous regions can be produced in the
material. Much work has been done detailing the effect the shock wave has on the
crystallinity of a constituent particle [77, 133, 162, 59, 3, 163].
Meyers [59] highlights another example showing specific processes involved in a
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reaction shown in the schematic in Figure 2.30. The illustrative model attempts to
describe the individual processes that occur to yield the microstructures recovered
from experiments. The initial shock-compression of a Nb-Si system results in a liquid
silicon phase and a solid niobium phase (Figure 2.30(a)). At the interface between
the constituents, NbSi2 nodule nucleates as a thin layer in the pool of liquid silicon
(Figure 2.30(b-c)). As the nodule grows, interfacial energy generates spheroidization
of the nodule (Figure 2.30(d)) and front remains liquid while solidification initiates
from the interface leading to reduced reaction (Figure 2.30(e)). Newly exposed interfaces produced from the nodule growth and spheroidization lead to adjacent nodule
nucleation and reaction (Figure 2.30(f)). Lastly, the solid NbSi2 sphere is ejected into
the pool of liquid Si (Figure 2.30(h)) [59].

Figure 2.30: Events occurring in NbSi2 synthesis at Nb (solid) - Si (liquid) interface
under shock-compression: (a-c) nucleation and growth of thin layer, (d) interfacial
energy produces spheroidization, (e) solidification and reduced reaction, (f) newly
exposed interface allows for adjacent reactions, (h) final ejection of spherule into
liquid Si [59].
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2.3

Shock Wave Generating Techniques

2.3.1

Explosive Loading - Planar and Cylindrical

The initial technique employed to study shock-compression of powders relied on explosives in direct-contact with the material of interest. A major limitation of the
technique is that it leads to extremely complex material-wave interactions [50]. Low
pressure and unknown wave structures generated with this method gave rise to plate
impact techniques, which produce much greater and well-defined shock pressure pulses
[164]. A ‘cylindrical implosion geometry’, an example of which is shown in Figure
2.31, has also been developed. The material of interest is loaded into a steel cylinder
contained within a larger steel cylinder, with a small, finite air pocket between the two
[25, 164]. The entire assembly (both containers) is surrounded by high explosive, e.g.
ANFO (ammonium nitrate/fuel oil). Explosive detonation leads to the collapse of
the outer steel cylinder onto the inner cylinder, producing a cylindrically-converging
shock wave. A mandrel is often placed in the center to minimize the effects of a ‘mach
stem’ forming due to the extreme conditions generated along the cylinder [25].

Figure 2.31: Schematic of cylindrical implosion geometry demonstrating formation
of flyer plate from high explosive charge [25].
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Planar shock waves generated via explosive-detonation have also been employed
for performing shock recovery experiments, e.g. using the Sandia Bear Fixtures [106,
165], and the Sawaoka 12-capsule fixture [166]. Figure 2.32(a) and 2.32(b) show
schematic illustrations of the Sandia Momma Bear fixture and the Sawaoka 12-capsule
recovery fixture, respectively. The Momma Bear A Fixture, shown in Figure 2.32(a),

Figure 2.32: Schematic of (a) Sandia’s Momma Bear A fixture [165] and (b) example
of Sawaoka capsule fixture [166].
uses a point-detonation and a plane wave generator to initiate a disk of high explosive.
The shock wave generated by the high explosive is transmitted by a mild steel driver
plate into the sample assembly. The steel driver plate acts to shape the shock wave and
convert the exponentially-decaying pressure pulse into a wave with a pulse duration
controlled by the plate thickness [60]. The wave is transmitted into a single copper
capsule with a 56 mm diameter, which is embedded in a larger steel fixture. The
copper capsules contain 35 mm diameter samples. The Sawaoka 12-capsule recovery
fixture, shown in Figure 2.32(b), employs an explosively-driven flyer plate to impact
the sample material. In this system, the material is contained in 12 stainless steel
capsules that are 20 mm in diameter with 12 mm diameter samples. A conical planewave lens is used to generate the shock wave for planar flyer plate acceleration. It
consists of a detasheet with a high detonation velocity on the outside and an emulsion
explosive with a slower detonation velocity on the inside. The shock wave generated
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by the conical lens is used to initiate a main explosive pad, which accelerates the flyer
plate and impacts the capsules [166]. In an attempt to minimize unwanted shock
wave reflecting effects, a momentum trap is attached in 2.32(b) to absorb the reflected
tensile waves to preserve the samples for recovery analysis. A more exhausting list of
geometries and fixtures for generating planar shock waves via explosive-detonations
was assembled by Thadhani [165].
2.3.2

Gas Guns - Parallel-Plate Impact

A more popular technique for generating uniaxial shock waves is the parallel-plate
impact technique using a gas gun. A single-stage or a two-stage gun typically utilizes
pressurized light gas (helium/argon) to accelerate the projectile, which consists of a
sabot and flyer plate. Powder propellant breaches utilizing explosives can also be
used [167]. Single-stage gas guns employ a diaphragm, which upon bursting, rapidly
releases the high-pressure gas behind the projectile, accelerating it down the barrel.
Two-stage gas guns incorporate both powder propellant and high pressure gas [168].
Gun powder is typically ignited initially during firing which accelerates a piston that
compresses hydrogen inside a pump tube. The rapid compression of the hydrogen
consequently accelerates the projectile down the barrel and towards the target at
even higher velocities. For both techniques, barrels lengths can range anywhere from
3 to 40 feet [25, 11, 167] with bores typically between 20 and 100 mm in diameter.
In the gas-gun configuration, a flat and parallel flyer plate is attached to the front
of a sabot, which is accelerated down the barrel of the gun via expanding high-pressure
gas. The flyer plate impacts into an equally flat and parallel target plate, typically
with a planarity of 1 mrad or less. The flyer plate is usually backed by an air gap,
which allows for control over the generated shock wave duration through flyer plate
thickness. Magnitude of the shock wave peak pressure can also be controlled through
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the impact velocity and flyer plate material [25]. Figure 2.33 illustrates a typical crosssection for a gas gun experimenal chamber. The target is mounted inside a PMMA
target ring, which is attached to either the gun barrel or the target chamber. Crushpins are placed around the periphery of the target plate to record the time-of-arrival
and allow for a measurement of projectile tilt. The target plate is directly impacted
by the flyer plate on the front of the sabot which transmits the shock wave into the
sample material. The sample material is confined in intimate contact to the target
plate with a thin PVDF stress gauge sandwiched between to allow measurement of
the input stress profile. Additionally, a PVDF gauge measuring the propagated stress
profile is attached at the rear surface of the sample and confined by a transparent
backer window. While not shown in Figure 2.33, laser interferometry is also often
employed to measure the sample particle velocity by probing the rear surface of the
sample material through the transparent backer window.

Figure 2.33: Schematic illustrating single-stage gas gun flyer-target configuration
used in paralle-plate impact experiments [25].
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2.3.3

Laser-Generated Shock Compression

Laser systems have advanced in a relatively short time period and become highly
controllable and tunable for specific applications, allowing for more complex investigations. The initial, continuously-running low-power CW lasers gave rise to the
development of higher-energy pulsed lasers capable of nano- and femto-second pulse
durations. Pulsed laser development led to the direct advancement of a new technique for generating shock waves in materials: laser-generated shock compression.
In the 1960’s, Askaryon and Morez [169] initially demonstrated the ability of shock
pulse generation in metals from laser-induced surface vaporization. Despite the early
developments, it took numerous decades for these techniques to become universallyaccepted as shock-generating systems on par with the traditional methods [170, 169].
In these setups, the laser-pulse is applied directly to the material surface to generate the shock wave. In the last couple of decades, laser systems have become the
premier tool for generating the most extreme material conditions, as demonstrated
by the development of the National Ignition Facility, which utilizes a 192-beam, 1.8Megajoule, 500-Terawatt UV laser for fusion-research [171]. Murphy et al. [172] have
generated 100 GPa shock waves in single crystals of Cu by direct laser radiation and
Ravasio et al. [173] performed experiments investigating the effects of a single 100 J,
1-ps-duration laser shot on the dynamic density profile of various materials.
De Resseguier and co-workers [174, 175, 176, 177, 178] have studied the dynamic
fragmentation of laser shock-melted tin. In their experiments, a 260-µm-thick Sn
target is directly shock-loaded via a 1700-joule laser with a 5-ns pulse-width. The
laser-produced shock wave in tin is roughly 90 GPa on the incident side and 30 GPa
on the rear free surface, which produces high zones of tension within the material,
called spall zones. Spall zones act to essentially tear the material apart from the inside.
During the spallation experiments on tin, De Resseguier et al. [174, 175, 176, 177, 178]
observed a liquid layer ejected from the free-surface which manifested itself as an
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expanding cloud of sub-micron-sized droplets, moving at multiple km/sec. Figure
2.34 shows a schematic illustration of this process. Subsequently, the rest of the
melted target separates into large fragments and resolidifies. There are only a handful

Figure 2.34: Schematic illustration of proposed processes of tin spallation due to
direct laser-generated shock pulse [177].
of laser systems in the world powerful enough to produce direct-shocks of tens of
gigapascals and higher. Furthermore, it has been estimated that only around 4% of
the incident laser energy is coupled into the intended target. The high energy/power
laser pulses are necessary because of the poor optical coupling and/or impedance
mismatch between a vacuum or low-density gas and the surface of the condensed
matter to be shocked [179].
As technology has advanced, the versatility for powerful laser systems to be scaled
down to small lab-bench sizes has led to a range of material investigations utilizing
laser-generated shock waves [180, 181, 182, 174, 175, 176, 177, 178]. Yoh and Gojani
[180, 181, 182] used a 3-joule, commercially-available laser to investigate laser-induced
metal and polymer explosive jets. In this technique, the laser energy interacts directly
with the material and forms a point-source of energy release and the evolution of the
expanding plume and subsequent driving shock are used to investigate blast wave
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effects. Shadowgraph images of their results can be seen in Figure 2.35. These

Figure 2.35: Experimental shadowgraph images demonstrating the expanding metal
plume from direct laser impulse [181].
type of investigations give insight in the formation of laser-supported detonation and
combustion processes, especially the chemical reaction of an ablated aluminum plasma
and oxygen from the surrounding air. By directly shocking the material via a short,
high-energy laser pulse, the expanding aluminum mimics dispersion and oxidation
conditions seen in thermite munitions and furthers understanding [181, 180, 182].
Researchers have also studied the ablative capability of material due to interaction with a laser pulse and the consequent shock wave produced by the expanding
plasmas. The shock wave generating technique demonstrated by Askaryon [169] in
the 1960’s relied on laser-induced vaporization of a thin surface layer, which not only
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affected the properties of the material being studied, but the pressure-pulse that was
generated expanded indiscriminately in all directions and only a small fraction of the
generated pressure went into the material, as shown schematically in Figure 2.36(a).
Anderholm [183] improved on the initial technique and greatly increased the efficiency
of shock wave generation by using a transparent surface overlay to confine the vapor
products resulting in an increased peak pressure in the material [170]. By confining
the rapidly-expanding ablated material, the pressure generated from a laser pulse is
controlled and directed to the material of interest more efficiently, as illustrated in
Figure 2.36(b) [184]. Berthe et al. [185] investigated the generation of high-amplitude
shock waves in materials using a 40-J, pulsed 1064-nm laser, and the confined plasma
technique. When a metallic target is irradiated with a high-energy pulsed laser beam,
the laser energy is absorbed in a thin layer, which produces the high-pressure plasma.
Berthe and co-workers [185] discovered that confinement could be as simple as a water layer (i.e. water droplet). As the plasma is generated, the expansion is delayed
by the presence of the water, and it has been shown that the induced pressure is an
order of magnitude greater and the shock wave duration is two-to-three times longer
than with direct laser shock at the same power density [186, 187, 188, 189]. Other researchers have investigated laser-generated shock waves from confined-ablation using
other transparent materials, like glass or CH plastic, with identical results exhibiting
increased shock wave pressure upwards of an order of magnitude [170, 190].
The concepts and principles behind ablating a material via deposited laser energy has also been a thrust behind advances in shock-loading techniques. While
high-powered, direct-laser experiments are exceedingly useful for generating extreme
pressures in materials, they can also consequently lead to less-desirable laser-material
interactions, such as generation of high temperatures. Elevated, and often extreme,
temperatures can make it challenging to elucidate the true shock-related mechanisms
that may be observed in an experiment.
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Figure 2.36: Schematic illustration demonstrating indiscriminate expansion of
plasma in (a) unconfined, direct-laser technique and (b) confined laser-ablation technique [184].
Due to the inherent reflectivity of many metals and the consequent inefficient
absorption of irradiated laser energy, further attempts to improve the peak shock
wave pressures generated by implementing a highly absorptive layer in contact with
the material of interest have been investigated [191, 192, 193, 140, 194]. Fairand
and Clauer [194] found that the amplitude and duration of the laser-induced shockwave was enhanced when low thermal conductivity and low heat of vaporization
materials were used as ablative sources in the confined geometry. This method not
only increased the overall laser energy absorption and consequently, led to an increase
in generated pressures, but it also allowed for physical and thermal separation from
the laser pulse and the material of interest being studied. By initiating the shock wave
in a thin layer of a highly absorptive material, the material of interest can remain at
ambient conditions prior to the propagation of the high-pressure laser-generated shock
wave. The confined laser ablation technique for directly generating shock waves in
materials allowed for peak pressure amplitudes as large as those produced by explosive
or parallel-plate impact techniques. The amplitudes were comparable, but the directlaser ablation technique produced shock waves that exhibited only nanosecond pulsedurations [50]. While high-pressure shock pulses with ultrashort durations can lead
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to interesting material phenomena, the decay from high pressure within the material
is extremely rapid, thus propagating distance is reduced significantly, and the overall
material interaction is reduced [170].
The use of a rapidly-expanding ablated plasma as an acceleration source for
launching thin flyer plates for shock-loading experiments have also been thoroughly
investigated. With the direct-laser-based flyer launching technique, the drive laser ablates a thin layer of the flyer material, which rapidly expands and causes the thin flyer
plate to accelerate rapidly before impacting the target material of interest. This technique allows for physical separation of the target from the source of shock generation.
By loading the material using a thin flyer plate, as opposed to direct contact with
the ablating material, the shape of the propagating shock wave can be controlled as a
function of the flyer material, thickness, and impact velocity. The technique employing laser-driven mini-flyer plates for shock-loading also allows for the generation of
high pressures while ensuring the propagation of a uniaxial shock wave with a significant peak pressure duration, unlike the direction-ablation method. Ozaki et al. [195]
have published laser-driven flyer plate velocities as high as 70 km/sec and Robbins
et al. [196] observed strain-rates as high as 106 -107 s−1 . Sekine and co-workers [197]
used laser-driven flyer plates to transform a thin surface layer of normal diamond to
hexagonal diamond. Roybal et al. [198] were able to simulate hypervelocity impacts
on spacecraft materials, while Lagenhorst [199] experimentally measured the effects
of meteor impacts in olivine [200]. Others have studied mini-flyer plate impacts and
initiation of molecular explosives using time-resolved spectroscopic data [200, 201].

2.4

Laser-Driven Flyer Systems and Capabilities

Various researchers have demonstrated the versatility of laser-driven mini-flyer systems for generating valid shock EOS data using a multitude of experimental setups

59

[196, 201, 192, 184, 202, 193, 203]. A wide range of target-flyer configurations are possible with the laser-driven flyer system for performing impact experiments to obtain
Hugoniot information and study the dynamic high-strain-rate behavior of materials.
Robbins et al. [196] pioneered the laser-driven flyer plate impact system and
demonstrated the ability to produce copper and uranium spall data, which corresponds well with previously published data obtained from plate impacts using gas
guns. Using a well-characterized drive laser leading to a high-fidelity estimation of
impact velocity, Brown et al. [201] successfully measured the Hugoniot of PMMA
target coated with a thin Au layer followed by a transparent polymer (poly-vinyl
alcohol (PVA)) film and glass backer. The package was impacted by an Al flyer plate
and the particle velocity was measured via a single-beam PDV velocimeter. Brown’s
setup is shown in schematically in Figure 2.37(a) and the experimental results are
shown in Figure 2.37(b) clearly indicating good agreement to previously published
research.

Figure 2.37: (a) Schematic illustration of flyer-target setup used by Brown et al.
[201], (b) PMMA EOS results attained by laser-driven flyer setup compared to previously established gas-gun data showing good correlation.
In the case where an estimation of impact velocity is not sufficient, numerous other
researchers have demonstrated the ability to probe the laser-driven flyer material itself
using only a single velocimetry diagnostic in order to obtain EOS data [192, 184, 202].
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By measuring the acceleration of the flyer up to a terminal velocity and impacting
the target of known Hugoniot, EOS information can be ascertained for the flyer
material by observing the post-impact particle velocity at the interface between the
flyer and target material. This can be seen schematically in Figure 2.38(a) and the
experimentally-measured profile shown in Figure 2.38(b) [192, 184]. The agreement
between previously published data and the results from Swift [192] for copper using
this technique can be seen in Figure 2.39.

Figure 2.38: (a) Idealized illustration, and (b) experimentally-measured unknown
flyer-plate acceleration and impact velocity profiles with target of known Hugoniot
behavior [184].
Other experimental setups have also demonstrated the use of flyers of known
materials impacting targets of unknown Hugoniot behavior. McClellan [204], Swift
[193], and Paisley [203], among others, have demonstrated the versatility of the laserdriven setup by investigating various experimental configurations which allow for insitu velocity measurements of the flyer acceleration and impact, while simultaneously
measuring the response of the target materials using other velocity diagnostics. A
schematic illustration of some of the experimental configurations is shown in Figure
2.40. In the configuration shown in 2.40(a) and (b), by aligning the flyer impact
near the edge of the target, which has been attached to a transparent window, the
impact velocity of the flyer can be measured along with the response of the target
using separate velocity diagnostics. Since the target material is very thin, a valid
shock measurement can be obtained before any obfuscation by the releasing edge
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Figure 2.39: Copper Hugoniot data points showing good agreement between laserdriven flyer measurements and previously-published gas-gun data [192].
effects. The configuration shown in Figure 2.40(c) utilizes a base-plate to transfer
the shock generated from the flyer into the target, which allows for direct knowledge
of the shock wave interaction with the target through a separate measurement. The
validity of this technique has been demonstrated by obtaining Hugoniot data for
Cu, NiAl, and NiTi. Figure 2.41 shows the results obtained for NiAl single-crystals
compared to the as-predicted values [203, 193]. All of the techniques discussed above
exemplify the versatility of the possible flyer-target combinations, using a small-scale
laser-driven flyer setup. These have been shown to produce EOS information for
previously uncharacterized materials that is as accurate as that produced in gas gun
plate-impact studies.
Laser-launched flyer plates used in investigating the shock-compression behavior
of materials also has some other distinct advantages over other techniques, such as
propellant and gas guns, or explosive plane wave launchers. Since there is relatively
little momentum or energy associated with the acceleration process, the apparatus can
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Figure 2.40: Schematic target assembly for EOS measurements using laser-driven
flyer setup utilizing half-target impact technique. (a) Direct flyer velocity measurement and direct particle velocity measurement at target-window interface. (b) Identical setup as (a) but utilizes stepped backer window for better time of arrival information. (c) Measures time of arrival of shock from flyer impact with baseplate and
target’s particle velocity [204].
be significantly smaller, which makes the recovery of the impacted (shocked) sample
significantly easier [205]. The consequent lack of collateral damage also reduces the
cost per shot, in addition to the turn-around time for experiments. The timespan
over which the acceleration of the flyer occurs is however significantly shorter than
with a gas gun, thus diagnostic synchronization is also facilitated. Lastly, laser-flyer
impact experiments make it convenient when studying small samples, which is a
significant benefit when studying toxic, radioactive, or expensive materials. Another
major advantage of a laser-driven flyer plate setup is that it allows for addressing
one of the chronic problems associated with shock experiments, which is a sparsity of
repeat experiments and less than normal statistics [192].
2.4.1

Development and Evolution of the Laser-Driven Flyer System

2.4.1.1

Optical Fibers and Direct-Laser Interaction Method

The use of lasers for accelerating thin metallic flyers to generate shock waves in materials was first demonstrated by Trott and co-workers [206]. They achieved efficient
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Figure 2.41: Comparison of as-predicted NiAl EOS values with results obtained
from laser-driven flyers and impacting purposely misaligned target [193].
acceleration of aluminum flyers upwards of 3.5 km/sec using a commercially-available
laser and fused silica fibers to reliably transmit 1064-nm laser energy without any
bulk or surface damage. These preliminary experiments relied on aluminum layers
sputter-coated directly onto the tip of polished fiber optics. Although each fiber was
single-use, they were able to perform enough experiments to characterize the flyer performance as a function of laser energy, which showed that the flyer velocities exhibit
a square-root dependence on the driving energy and were found to have a conversion
efficiency of only ≈ 35% [207].
Paisley [179] was one of the first to use the laser-driven flyer plate impact system
to obtain high-fidelity shock Hugoniot information by performing fiber-launched miniflyer plate impact experiments to investigate spall behavior of Cu and Al. Figure 2.42
shows a free-surface velocity profile exhibiting pull-back signal characteristic of spall
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characteristic of spall behavior of aluminum. Sheffield et al. [208], also utilizing a

Figure 2.42: Free-surface velocity and spall signal from Al target [179].
fiber-coupled laser, demonstrated launching metallic flyers without coupling directly
to the fiber optic probe. In their technique, the transmitted laser pulse from the fiber
launched a 12-µm-thick foil that had been placed on the surface of the probe using
vacuum grease. The vacuum grease was a better impedance match for the material
being launched and also allowed for tamping of the laser-induced plasma.
2.4.1.2

Substrate Launching and Direct-Laser Interaction Method

While fiber-laser launching of thin flyer plates for studying shock waves in materials
was an improvement over gas guns in terms of the ease of achieving extremely high
velocity impacts, there were still significant drawbacks: inefficiencies in single-use
polished fiber optics, flyer size limited to the diameter of the fiber optic tip, and poor
understanding of ideal coupling (i.e. direct metal deposition versus grease/epoxy
attachment). To combat some of these problems, researchers began launching flyers
of metal foils that had been directly attached to large transparent substrates [191,
209, 195, 184, 210, 201].
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Greenaway and Field [209] achieved Al flyer velocities approaching 10 km/sec,
with dimensions of a few micrometers in thickness, and around a millimeter in diameter. As shown in the schematic in Figure 2.43, a smaller flyer was ‘punched
out’ from a larger Al sheet that had been sputter-coated onto a transparent substrate. The size of the flyer corresponded to the incident laser beam diameter. In this
scenerio, the key material properties influencing plasma formation included optical
absorption, reflectivity, vaporization energy, and thermal properties of the irradiated
material. The authors [201, 211] suggested that the laser energy was absorbed by
a few nanometers of the aluminum, which rapidly ablated some of the material in
the form of a high-temperature plasma around 1000 Kelvin. As the confined plasma
expands, it acts as the driving force behind the flyer and perforates it from the larger
aluminum film [209]. Also employing this technique, Valenzuela and co-workers [191]
observed velocities upwards of 7 km/s using titanium-coated transparent windows,
while Sekine and He [212] achieved velocities between 2-9 km/s using Au, Pt, and
Al flyers using the direct-laser ablation method. The confined, direct-laser ablation
and generation of the flyer material allowed for the acceleration to high velocities of
almost any material that could absorb some fraction of the incident laser energy.
Devaux and co-workers [210] simplified the flyer-generation process further by
eliminating the need for sputter-depositing the flyer material by firmly fixing the
metallic foil in contact with the transparent substrate using a holder and they were
still able to achieve extremely high pressures and velocities. Brown et al. [201] actually used aluminum foil that had been simply epoxied to a glass substrate and
observed velocities upwards of 4.5 km/s. They found that the ablation characteristics of the epoxy used in bonding was almost as efficient as the plasma generated at
the flyer-glass interface as Greenaway [209] and Devraux [210] had relied on. The
technique allowed for almost any metal foil combined with a transparent overlay to
act as a substrate from which a flyer could be launched. This improvement greatly
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Figure 2.43: Formation of laser-driven flyer plate by direct-laser ablation of flyer
material attached to transparent substrate [209].
reduced the time and cost per experiment compared to other methods. The directflyer generation and launch technique, however had some drawbacks as well. It added
the unknown effects of the flyer perforation process and any subsequent edge effects
that could alter the planarity of the accelerating flyer. Furthermore, since the flyer
material was launched from direct interaction with the laser energy and plasma formation, the mechanics behind the flyer launch process and the state of the flyer were
uncertain.
2.4.1.3

Ablation Layers and Indirect-Laser Interaction Method

The drawbacks associated with the direct-laser method of accelerating perforated flyer
plates led to the development of the layered substrate for mini-flyer plate launching,
which improved the efficiency of the laser-driven flyer acceleration system and eliminated any undesirable effects in the flyer material from the deposited laser energy.
The ablation layer is in direct contact with the transparent substrate and acts to absorb the incident laser energy, forming a rapidly expanding plasma. A thin material
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buffer layer can also be deposited on top of the ablation layer to physically separate
the flyer and the high temperature plasma. The thin flyer plate, attached to the other
surface of the buffer layer, is accelerated to high velocities while remaining inert and
separated from the laser energy and ablated material. This technique offers numerous
advantages over the direct laser-ablation and launching of metallic flyers. Significant
improvements in the peak shock pressures were observed when an ablative buffer material was used between the laser pulse and the material of interest attempting to be
shocked or accelerated [191, 192, 193, 140, 194]. When Brown et al. [201] accelerated
thin Al foils from the direct laser method, they estimated that only around 8% of
incident laser energy was being absorbed by the aluminum at the Al-glass interface
and the other 92% was reflected due to the nature of the aluminum surface. By
choosing a highly absorptive material as the ablation source, the laser energy can be
utilized more efficiently and consequently, higher pressures (and high velocities) can
be realized. Furthermore, by implementing a thin material layer between the incident
laser energy and the flyer, there was also the advantage of physical separation of the
flyer material from any undesirable heating that may occur during the formation of
the ablated plasma [213]. The temperatures generated in the plasma can be roughly
around 1000 K, as observed by Brown [201, 211]. However, the decay from the high
temperature state is ultrafast, thus the thickness of the material affected is very small
and should be wholly contained within the ablated layer material and not propagate
into the flyer. This allows for the state of the flyer material to be more accurately
known, which is vital for shock equation-of-state experiments. Additionally, the ablation layer can act to reduce any undesirable laser shine through (in case of bad
alignment) which can affect the target material [213]. Lastly, the ablation layer is
also thought to act as physical confinement for the plasma, reducing the amount of
pressure lost due to lateral effects [192].
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2.4.2

Characterization of Processes Resulting from Indirect-Laser Interactions

2.4.2.1

Substrate Coatings and Flyer Materials

While the advantages of the ablative buffer layer for launching thin metallic flyer
plates are evident, much research has been performed understanding which material(s) lead to the most efficient laser energy absorption. More efficient laser energy
absorption leads to a higher pressure generated behind the flyer plate and higher terminal velocities. To that end, various combinations of ablative material layers have
been investigated. Okada et al. [213, 195, 214] used a layered composite substrate
consisting of three thin layers: 2-µm aluminum, 90-µm polyimide, and 8-µm tantalum, sputter-deposited onto a transparent glass substrate. In this configuration,
aluminum acts as the ablating acceleration source while tantalum is the flyer plate
material. While Okada’s technique [213, 195, 214] sufficiently separates the flyer material from any undesirable laser-interaction or ablated plasma effects, the choice of
aluminum as the ablation source leads to a high amount of reflected laser energy and
does not use the available laser energy efficiently. Higher pressures and subsequently,
higher terminal flyer plate velocities can be realized with a more absorbing ablation
layer.
With this in mind, Stahl and co-workers [215] implemented a thin carbon layer,
which was thought to aid in homogenizing the drive laser beam and provide a greater
specific impulse than aluminum atoms since carbon atoms have less mass. Additionally, Greenaway et al. [216] implemented an energetic ablation layer of unspecified
composition that provided significant velocity increases, but only at fluences near 5
J/cm2 , while Bowden et al. [217] investigated the effects of launching flyers using C,
Ti, Mg, Ge, and Al ablation layers. Brown and Dlott [201] employed a carbon-black
nitrocellulose glue as well as chromium ablative layers due to the high absorption of
near-IR light, but saw no significant increase in velocities at higher laser fluences.
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Independent studies by Trott [218] and Hatt [219] have investigated the effects
of aluminum versus aluminum-oxide layers in the flyer launch process. Using 4-µmthick Al or Al/Al2 O3 layers, Trott [218] observed significant flyer velocity increases
at lower fluences for the composite-coated substrate, while the terminal velocities for
both configurations converged at fluences > 20 J/cm2 , as shown in Figure 2.44(a)
[218]. Hatt’s [219] results exhibited a similar trend with the Al/Al2 O3 configuration
achieving approximately a 17% higher velocity than single layers of Al, as shown in
Figure 2.44(b) [219]. The results are similar to those seen by Paisley [220] where a

Figure 2.44: Flyer velocity comparison for Al-only and Al/Al2 O3 substrates for (a)
Trott [218], and (b) Hatt [219].
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≈30% increase in energy conversion efficiency was measured. The improvement was
attributed to the increase in shear strength from the aluminum-oxide layer and the
generation of higher pressures prior to flyer plate acceleration.
Paisley [196, 192, 204] pioneered a slightly different composite-coated substrate
that has become widely accepted. In this configuration, 0.5-µm of carbon is coated
onto the substrate first (building upon Stahl’s work [215]), followed by 0.5-µm of
aluminum-oxide (Al2 O3 ), and finally 3-µm of aluminum. All of the coatings were
fabricated via sputter-deposition. The substrate package designed by Paisley et al.
[196, 192, 204], and validated repeatedly at LANL, was designed such that each layer
performed a critical role in the inert acceleration of a mini-flyer plate for obtaining
shock EOS information in high-velocity impact experiments [196, 192, 204]. The
carbon layer acts to efficiently absorb the drive laser energy, thus generating the
plasma and accelerating the flyer plate, as detailed previously. The properties of
carbon make it an ideal material as an ablative layer due to its absorption and heating
characteristics [196]. It is also thought to smooth out some heterogeneities occurring
within the spatial laser profile. The aluminum-oxide layer acts to provide a thermal
barrier between the plasma and the flyer plate, which prevents any significant flyer
heating that could occur from the carbon plasma. Lastly, the aluminum layer acts to
physically contain the plasma and prevent lateral expansion and pressure release at
the edges [192]. A schematic of this substrate package is shown in Figure 2.45.
While initially the aluminum layer had only been 0.5-µm-thick, it was seen that
moderate-to-high energy pulses would create plasmas capable of breaking through
the aluminum coating. These plasmas would expand past the flyer and impact the
target, creating a small movement in the target prior to flyer impact. The 3-µm
layer greatly improved the containment of the plasma while having a negligable effect
on the flyer plate velocity [196]. Rupp and co-workers [221] further investigated the
use of thicker aluminum layers. Using Al as thick as 5-µm, they saw no definitive

71

Figure 2.45: Multilayered composite substrate for efficient absorption and launching
of mini-flyer plates [192].
correlation between thick and thin Al layers in terms of peak flyer plate velocites
achieved.
2.4.2.2

Plasma Generation and Flyer Acceleration Process

The flyer acceleration process is best understood in terms of the mechanics behind the
plasma generation. In the direct ablation experiments mentioned earlier, the blow-off
of the high temperature plasma generated at the surface expands in all directions
indiscriminately. In the confined ablation method, where a transparent overlay is
utilized, the expansion of the plasma is delayed by the transparent material. In order
to fully understand the state of the flyer material accelerated from the plasma, the
stress-wave environments generated with a pulsed laser at a confined surface need to
be understood [190].
Fabbro et al. [190] have studied the laser-produced plasma from a confined geometry in great detail and suggested that there are three distinct steps in the process.
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The initial step is laser heating which occurs during the laser pulse duration. The
initial pressure generated by the plasma induces a shock wave which propagates into
the target and the confining material. The second step begins after the switch-off of
the laser is characterized by an adiabatic cooling of the plasma which maintains an
applied pressure over a time about twice the laser-pulse duration. Both of these steps
impart the target with an impulse momentum due to the induced shock wave. In the
third stage, the adiabatic cooling of the recombined plasma leads to a ‘canon-ball-like’
expansion of the heated gas inside the interface, which adds more momentum to the
target [190]. Although during this period the applied pressure is too small to realize any plastic deformation in the material, the majority of the impulse momentum
imparted into the flyer is generated during this third step.
Krehl, Schwirzke, and Cooper [222] give an even more detailed explanation of
the processes surrounding plasma formation for confined laser-ablated metals. They
describe the onset of formation when a hot dense plasma forms on the surface by the
initial ablation of the target material. Subsequently, there is ionization and heating
by laser radiation absorbed through the inverse bremstrahlung mechanisms in the
plasma layer once at a critical density. At plasma densities above critical, radiative
transport of laser energy is cut off, and heat conduction via electrons becomes the
principal mechanism of energy transport through the overdense plasma at the target.
Density and temperature gradients determine the dynamics of the expanding plasma,
which necessitates that not only are the interaction effects in the target dependent on
intensity, pulse duration, and wavelength of the laser, but also on the plasma parameters which determine the transport of energy and momentum to the surface [222].
Cogan [223] summarizes these steps in a simple manner and describes the complex
processes surrounding flyer acceleration as a sequence of different processes: initial
absorption of the laser energy by the substrate/target, followed by plasma generation
at the substrate/metal interface, leading to absorption of the laser irradiation by the
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plasma, and subsequent plasma heating and expansion, followed lastly by the flyer
release and free flight.
Once the thin flyer plate is released from the substrate, it has not immediately
reached a steady-state peak velocity. The flyer continues to be accelerated by the
expanding plasma for some time. While terminal velocity was initially thought to be
achieved within the time duration of a single laser pulse width, it has been determined
to be closer to three-to-five times the pulse width of the laser [202]. He, Kobayashi,
and Sekine [212] observed a similar trend, but also witnessed variation in acceleration
times as a function of flyer mass and incident laser fluence. Figure 2.46 demonstrates
five different flyer configurations and the associated experimentally-measured velocity versus times profiles. While in every case, the time-to-terminal-velocity is no
quicker than two-to-three times the duration of the laser pulse, many cases show a
much longer acceleration profile (using a 10-ns FWHM (Full-Width, Half-Max) pulse
width). The behavior has been attributed to two such effects: (a) the plasma pressure
release speed may be much slower than expected, providing a longer pushing time
on the foil acceleration and/or (b) because of the Gaussian temporal profile of the
driving laser, the real effective-time may be much wider than the FWHM, and the
energy outside the FWHM makes a greater contribution to the foil acceleration than
expected. From these experiments, it was concluded that the acceleration distance
is linearly dependent on the terminal velocity of the specific flyer. Thus, while the
time-to-terminal-velocity may be as little as two-to-four times the laser pulse width,
it can be much longer depending on the flyer and the incident laser energy.
Another critical factor that needs to be considered when designing laser-driven
flyer plate experiments is the ratio of laser pulse duration, tp , to shock wave duration,
τ [201]. When tp > τ , flyer plate is accelerated gradually, but when tp < τ , the
irradiated surface accelerates before the impact surface. In the second case, a shock
wave is launched into the flyer from the initial expansion of the plasma and the wave
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Figure 2.46: Velocity versus time profiles demonstrating differences in time to peak
velocity as a function of flyer configuration and fluence: (a) 10-µm Al 280 GW/cm2 ,
(b) 18-µm Al 104 GW/cm2 , (c) 5-µm Pt 273 GW/cm2 , (d) 10-µm Pt 377 GW/cm2
(e) 10-µm Au 356 GW/cm2 [212].
reverberates longitudinally between the two faces, creating a drumhead vibration, as
shown in Figure 2.47. In the presence of the ringing back-and-forth between surfaces,
it is difficult to know the state of the flyer plate face at the instant it impacts the
sample [192]. For the example of a 10 ns pulse, the gradual acceleration condition is
met when launching an Al flyer of 25-µm thickness or less. If launching a thicker flyer,
for example 50- or 75-µm, the reverberations will exist initially, but can be damped
out before impact with the target material if a long enough flight distance is built into
the experiment [201]. Shock compression measurements require the flyer to remain
at a constant particle velocity as the shock front propagates through the sample, thus
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Figure 2.47: Velocity profile of 250-µm-thick Al flyer exhibiting severe ringing due
to acceleration from 12-ns laser pulse.
any ringing seen within a flyer material suggests a disturbed, off-Hugoniot state and
can not be used in deducing shock EOS data.
To better predict the terminal flyer velocity as a function of pressure, researchers
have been attempting to calculate the total pressure generated during the ablation
process as a function of laser intensity. The fluence of a laser is given by the energy
(in Joules) per unit area (in cm2 ) for units of J/cm2 . The laser intensity is essentially
the fluence (in J/cm2 ) per unit time (in seconds) for units of W/cm2 , where W is
Watts. Numerous researchers [213] use the equation demonstrated by Benuzzi et al.
[224] to estimate the overall pressure induced as a function of laser wavelength and
incident laser intensity, as shown in Equation 2.20.
I 2
P = 0.86( ) 3
λ

(2.20)

In the above equation, I is the laser intensity in W/cm2 , P is the pressure in GPa, and
λ is the laser wavelength in µm [213]. The equation emphasizes that the total pressure
is only a function of the laser wavelength and the incident laser fluence, with some
small effective irradiation coefficient accounting for the fraction of the total power
that actually aids the pressure-generation. Benuzzi’s equation can be challenging to
correlate with experiments because the correction factor (as a function of specific
laser efficiency) can be difficult to ascertain for a given experimental condition and
varies depending on the materials being used.
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Equation 2.21 shows the model that Devaux and Fabbro [190, 210] developed
which ignored the wavelength of the laser, but included a term that described the
average shock impedance of the two materials at the interface the laser is incident to,
Z.
r
P = 0.1

α √ p
Z I0
2α + 3

(2.21)

In this equation, I0 is the incident laser intensity and α is a confinement correction
factor, which accounts for the properties of the transparent material being used in
the confinement process, varying between 0.1 and 0.3 typically. They use an α of 0.2
for water confinement and 0.15 for glass confinement. Since thresholds for dielectric
breakdown can greatly vary between transparent materials, this value needs to be incorporated to better predict the amount of laser fluence actually reaching the interface
for ablation. While this model is an improvement over Benuzzi’s [224], their experiments showed a heavy dependence on the power density and dielectric breakdown,
which increases the difficulty in experimentally-predicting the pressure generated at
the ablation interface since it is a function of the transparent confinement material.
2.4.2.3

Substrate Materials for Efficient Flyer Plate Acceleration

Transparent substrate materials and their effects on the efficiency of the laser-absorption
and flyer plate launch process have also been investigated [221, 196, 216, 192]. Stahl
and Robbins et al. [196] studied four different transparent window materials: sapphire, fused silica, laser-grade BK7, and commercial-grade BK7 (an amorphous,
borosilicate glass). All window materials are transparent to the driving-laser wavelength, but have different refractive indices (and thus, different reflectivities) and
different shock impedances. Sapphire has both the highest refractive index and the
highest shock impedance, while the BK7 and fused silica have a similar refractive
index and shock impedance well below that of sapphire. The velocity versus time profiles obtained from VISAR measurements for a typical set of experiments performed
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using different substrates is shown in Figure 2.48. The flyer material and incident
laser energy were kept constant in all four experiments, while the substrate material
was varied. It was repeatedly observed that the flyers launched from the sapphire

Figure 2.48: Velocity versus time profiles obtained from VISAR measurements
on flyers launched from four transparent substrate materials under identical laser
conditions [196].
generated slightly higher initial velocities than with the other windows, however, the
velocity also leveled out quicker, leading to comparable terminal velocities. The BK-7
window achieved the highest peak velocities by a small margin, but the accelerations
and impact velocities were so similar that the researchers suggested that the window
material had only a small effect on the terminal flyer velocity [196]. However, the
amplitude of the oscillations in the flyers were significantly more noticable in the
sapphire substrate than with other substa which was attributed to the higher shock
impedance of the sapphire. Additionally, a plot of the terminal flyer velocity versus
laser energy for all four transparent substrate materials using 0.5-µm and 5-µm Al
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layers is also shown in Figure 2.49 [196, 225]. From the results, it was concluded
that BK7 marginally performs better than other materials, but its low cost and low
amplitude oscillations make it the best choice for further studies [196]. Brown et al.

Figure 2.49: Flyer velocity versus drive-laser energy for (a) quartz and sapphire,
(b) Commercial- and laser-grade BK7 windows [196].
[201] extended this substrate investigation even further by measuring the velocity versus laser fluence profile of flyers launched from borosilicate glass windows of varying
thickness. They measured flyer velocities upwards of 2.5 km/sec at a laser fluence of
500 J/cm2 using 1.59-, 6.35-, and 15.9-mm thick glass substrates. Figure 4.22 shows
the relatively surprising results from their study. It is evident that the 6.35-mm thick
glass substrate significantly outperforms the other substrates, but an explanation was
not attempted and the exact reason was not ascertained.

79

Figure 2.50: Terminal velocities of 25 µm Al flyers as a function of laser fluence
accelerated from borosilicate glass substrates of varying thickness [201].
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CHAPTER III

NICKEL-ALUMINUM MATERIAL SYSTEM

This chapter begins by discussing the properties of nickel-aluminum intermetallics and
their application in the context of Structural Energetic Materials. The properties of
Ni and Al and characteristics of the alloy system are subsequently discussed. Lastly,
the specific Ni-Al reactant configurations (powders, laminates, and foils) utilized in
this work are detailed and their microstructures are quantified.

3.1

Nickel-Aluminum Intermetallics

Intermetallics have long been recognized as potential candidates for a variety of hightemperature structural applications, since they can operate well-beyond the operating
temperatures of conventional materials due to their excellent oxidation and corrosion
resistance. The last few decades have seen shifts in interest towards ordered intermetallics based on aluminides and transition metals, such as Ni. Ni-Al intermetallics
have excellent thermal and electrical conductivity, which is of considerable interest in
the metallization of integrated circuits using thin-film intermetallic compounds [30].
Additionally, Ni-Al intermetallics often contain sufficiently high concentrations of
aluminum, allowing for the formation of a continuous, fully adherent alumina surface
layer. The alumina layer is responsible for the superior oxidation, corrosion, and carburization resistance at 1000o C, and even higher temperatures. Ni-Al intermetallics
also posess relatively low densities, high melting temperatures, and exhibit interesting
mechanical properties partly due to the long-range ordered crystal structures [226].
They demonstrate high tensile and compressive yield strengths, even at temperatures
between 650-1100o C, and exhibit better fatigue resistance than other high temperature Ni-based superalloys since they do not require the addition of second-phase
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carbide particles. Lastly, they also achieve excellent wear resistance at high temperatures (> 600o C), which can actually increase with temperatures as much as a factor
of 1000 [226].

3.2

Ni-Al Structural Energetic Materials (SEMs)

While the attractive properties of the Ni-Al intermetallic compounds have certainly
been a focus for researchers, the properties of binary nickel and aluminum mixtures
and the high heats of reaction (exothermicity) associated with intermetallic-forming
reactions has attracted significant attention in the energetic/reactive materials communities. Ni-Al mixtures have relatively high yield strengths and low densities (Table
3.1). The high strength-to-weight ratio is ideal for certain ballistics and munitions
applications [227]. Furthermore, the reactions leading to formation of intermetallic
products are highly exothermic (large ∆Hf ), which result in a large amount of energy
release due to the chemical reaction and phase change. The heats of formation for
various Ni-Al intermetallic compounds are shown in Table 3.2. The large disparity in
Ni and Al mechanical properties is also responsible for the preferential deformation
of the softer Al phase relative to the harder Ni phase allowing control of reaction initiation conditions for safe handling and storage [160]. The combination of attractive
structural properties and favorable heat of reaction associated with the intermetallic
formation make the Ni-Al material system an ideal candidate and one of the most
studied SEMs.

3.3

Properties of Nickel-Aluminum System

The range of compositions over which particular phases are capable of forming is
best seen through the Ni-Al equilibrium phase diagram, shown in Figure 3.1. The
Ni-Al phase diagram has been confirmed both experimental and theoretically (under
ambient conditions), ensuring accurate compound stoichiometries [228].

The pure

materials themselves, though both face-centered cubic (FCC) crystal structures, are
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Table 3.1: Common Properties of Nickel and Aluminum
Property
Ni
Al
Density (g/cm3 )
8.9
2.7
Atomic Weight (g/mol)
58.69 26.98
Tm (o C)
1455
659
Atomic Radius (nm)
0.125 0.143
E (GPa)
210
67
G (GPa)
75
25
σy (MPa)
140
38
Poisson’s Ratio, ν
0.31 0.33
Long. Sound Speed, cL (m/s) 4700 6200

Figure 3.1: Nickel-aluminum phase diagram [228].
not all that similar. As shown in Table 3.1 [25, 226, 160], there are large differences between constituent density, atomic weight, elastic and shear moduli, and yield
strength, in addition to drastically different melting temperatures (aluminum melts
at 660o C and nickel melts at 1455o C) [229, 30]. Both materials demonstrate regular
Clausius-Clapeyron behavior, with their melting temperature drastically increasing
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with increases in pressure, as shown in Figure 3.2 [25, 230].

Figure 3.2: Nickel and aluminum Clausius-Clapeyron behavior [230, 25].
The equilibrium phase diagram shown in Figure 3.1 illustrates the phase stability
regions for the entire composition range. While starting composition is important
for dictating the phases formed, other effects can greatly control and influence the
sequence of phase formation during reaction. For example, the constituents have very
different maximum solubilities in each other. The solubility of Ni into Al is severely
limited at 0.11 at% at around 640o C as compared to the solubility of Al into Ni,
where it can be as high as 21% at around 1385o C [25]. There are several ordered
Nix Aly compounds capable of forming over a wide range of starting compositions,
from Al-rich (Al3 Ni) phase to the Ni-rich (Ni3 Al ) phase. Some of the common stable
intermetallics found under equilibrium conditions for the Ni-Al system as well as the
associated properties and heat of reactions (∆Hf ) are listed in Table 3.2.
Although the equilibrium phase diagram conveys information about which phases
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Table 3.2: Properties of Various Ni-Al Intermetallics [30, 25, 160, 226].
Ni-Al Compound ∆Hf (J/g) Tm (o C) Density (g/cm3 )
NiAl3
1080
854
3.983
Ni2 Al3
1440
1133
NiAl
1380
1638
5.949
Ni3 Al
800
1395
7.472
are likely to form at a specific stoichiometry under equilibrium conditions, local composition can vary greatly due to reactions occurring under non-equilibrium conditions
with continued evolution of compounds even after the formation of the initial phase.
This concept may be better understood by the plot of estimated free-energy of each
stable phase as a function of composition, as shown in Figure 3.3 [231, 25]. As dictated by thermodynamics, systems are constantly ‘trying’ to lower free energy, thus,
the most stable phase is the phase with the lowest Gibbs Free Energy, G. It should be
apparent that given the exothermicity of the Ni-Al intermetallic-forming reactions,
the phase that initially forms at the onset of reaction may not be the most energetically stable phase and by adding energy back into the system (via the heat of
reaction), it allows for the possibility to reach an even lower (stable) energy state
through subsequent phase transformations.
As shown in Figure 3.3, under ambient pressure and temperature conditions, the
phase with the lowest free-energy for the Ni-Al system is the B2 equiatomic NiAl
phase. The B2-NiAl compound is also one of the phases with the highest heat of
reaction, as shown in Table 3.2. It has a body-centered-cubic (BCC) crystal structure,
identical to that of CsCl [25]. This is interesting because the B2-phase is not a
close-packed atomic structure, unlike the high-density, FCC Ni3 Al which has been
postulated to be more favorable under high pressures [25, 232]. There has also been
some evidence indicating other metastable phases forming in the Ni-Al system [22].
It seems plausible then that the most stable phase at ambient, equilibrium conditions
may not be the same as the phase forming at high-pressure. Experimentally, this is
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Figure 3.3: Calculated free-energy diagram for common Ni-Al compounds capable
of forming in the Ni-Al system [231].
challenging to prove because upon unloading from the high pressure state, it is quite
likely that it would be more energetically favorable for the high-pressure phase to
revert back to the lower density, BCC-NiAl (B2) phase.

3.4

Nickel-Aluminum Reactant Configurations

Next-generation materials are being developed with intentionally-introduced heterogeneities at various length scales to control the bulk response of the material. Heterogeneities can consist of spatial variations in the physical, mechanical, or chemical
state. Precise mesocale effects induced by hetereogeneities are leading to challenging
and less accurate methods of prediction in the behavior of these materials. When
designing applications in which the materials are subjected to dynamic-loading and
high-strain-rates, understanding and predicting the influence of mesoscale heterogeneities on the bulk behavior/response is critical. In shock-compression experiments,
heterogeneities consisting of local fluctuations in chemistry or structure, can act to invalidate the one-dimensional uniaxial strain assumptions for the jump conditions that
connect the states ahead and behind the shock wave front [160]. Grain-boundaries
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in polycrystalline materials, phase boundaries in multi-component lamellar or layered systems, and particle surfaces, interfaces, and voids in porous solids, all act as
sources from which complex, non-uniform wave structures may originate. The influence of the heterogeneities on the overall shock-compression response of each reactive
material system depends largely upon the degrees-of-freedom in the system configuration [160], as described previously in Section 2.2.2. While many of these studies
focused on reactions in nickel and aluminum powders of various morphologies and
volume fractions, the aim of the present work is to investigate the shock-initiation of
intermetallic-forming reactions for various fully-dense Ni-Al reactant configurations,
such as sputter-deposited nanolayered foils, cold rolled laminates, and powder mixture
compacts.
There have been significant investigations into identifying reaction mechanisms in
distended solids, the proposed mechanisms (both quantitative and qualitative) typically rely on the presence of porosity. The co-evaporated (sputter-deposited) Ni-Al
foils and cold rolled Ni-Al laminates are both essentially fully dense, thus the characteristics of a propagating shock wave are significantly altered and the processes
leading to reaction initiation are likely to be different from those observed in NiAl powder mixture compacts or porous solids. In addition, co-evaporated foils and
cold rolled laminates exhibit a highly-directional, anisotropic microstructure with a
significant number of interfaces in one direction, but fewer interfaces in the perpendicular direction. Furthermore, the nearest-neighbor distance and the total surface
area between constituents varies widely across each configuration. The present study
investigated the shock-compression response of fully-dense, layered structures with
unique reactant configurations. By elucidating the details in the shock response of
an essentially uniform, heterogeneous microstructure (powder mixture) compared to
highly anistropic, heterogeneous microstructures (cold rolled laminates and sputterdeposited foils), mesoscale influence on the shock wave propagation and the overall
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bulk response can be better understood. The specific differences between each of the
three configurations are detailed in the following sections.
3.4.1

Ni-Al Powder Mixture Compacts

Heterogeneities in powder mixture compacts have been known to give rise to unusual
shock wave propagation effects. Xu and Thadhani [86] attributed features in the wave
propagation stemming from the processs of void collapse, viscous flow in and around
voids, and crushing of the powder particles during void annihilation. These contribute
to shock-front rise times and shock-wave speeds that are significantly different from
those observed in the same solid density materials. Microstructural artifacts that
alter the propagation of the shock wave also affect the dissipitation and dispersion
of shock energy, which in turn can control the bulk response of the material, particularly with respect to the densification and reaction initiation mechanisms. Eakins
and Thadhani [8] investigated three similar equivolumetric Ni-Al powder configurations that varied in particle size and shape to eludicate differences in the densification
response, and consequently, to understand the microstructural effects on shock wave
energy dissipation and densification behavior. The three configurations include: (a)
micron-sized spherical Ni-Al particles, (b) micron-sized flake Ni and spherical Al, (c)
and nano-sized spherical Ni-Al particles, as shown in the scanning electron micrographs in Figure 3.4. The shock densification response of the three powder mixture
configurations is shown in Figure 3.5, with the micron-sized spherical Ni + spherical
Al powder mixture requiring the lowest shock pressure for full consolidation, while the
nanometer-sized spherical Ni + spherical Al powder mixture densifies to full density
at the highest pressure. The large variations in densification response were attributed
to the complex interplay between particle mass flow and surface resistance to such
flow, which is a function of interfacial surface area. The larger micron-sized spherical
Ni-Al mixtures exhibit preferential deformation of the softer Al phase in the process
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Figure 3.4: Scanning electron micrographs of three distinctly different Ni-Al powder
mixtures: (a) micron-sized spherical Ni and spherical Al, (b) micron-sized flake Ni
and spherical Al, (c) nano-sized spherical Ni and spherical Al [8].

Figure 3.5: Densification response of three distinct Ni-Al powder mixtures subjected
to various shock wave pressure [8].
of void annihilation, while the densification response of Ni flake mixture is dominated
by the plastic flow of the Ni particles, which is restricted by the very high surface energies of the flakes. Similarly for the nano-sized mixture, the densification process is
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greatly hindered by the tremendous amount of inter-particle friction associated with
the high surface area, which is significant for both the soft (Al) and hard (Ni) nanoscale particles [8]. The results suggest that the large surface energy and surface area
of the nanometer-sized particles act to significantly dissipate the shock wave energy
that would otherwise normally go into the densification process.
In another study, Eakins and Thadhani [160] performed a series of meso-scale
simulations using real (imported) microstructures to model the character of the shock
wave front as a function of the density of Ni-Al powder compacts under identical
loading conditions, as shown in Figure 3.6 [8, 25]. It can be seen that the 80%

Figure 3.6: Shock wave front character for (a) 80% TMD spherical Ni + spherical
Al mixture, (b) 45% TMD spherical Ni + spherical Al mixture, and (c) 45% flake Ni
and spherical Al mixture [8, 25].
TMD spherical powder mixture compact (shown in Figure 3.6(a)), exhibit a very
thick elastic front and a sharp shock front. Since the microstructure is significantly
interconnected with relatively little porosity and many particles in contact, the elastic
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wave can move along these pathways immediately (shown in light blue), but the
system does not reach the peak high-pressure shock state until the collapse of voids
and full consolidation (shown in red). A significantly thick wave front suggests severe
energy dissipation by the microstructure that is essentially acting to resist the shock
wave propagation. In comparison, Figure 3.6(b), which corresponds to the same
particle shape/size but at 45% TMD does not exhibit a large elastic front and reaches
the peak-pressure state much quicker, albeit followed by many release pockets due to
the collapse of large pores. In contrast to these, the shock wave front profile observed
with the flake Ni + spherical Al configuration shown in Figure 3.6(c), reveals a very
narrow, and planar (almost steady-state) wave front. Shock densification resulting in
stacking of the flakes limits the spreading of the elastic wave front and the uniform
collapse of pores prevents formation of release pockets in the high pressure state [8].
From these results, it can be seen that the powder shape and the extent and nature
of the porosity present in the powder compacts influence the dispersion of the shock
front, densification behavior, and the dissipation of shock wave energy in the process
of void annihilation.
In the present work, the aluminum powder selected for the mixture was Valimet H5, which is pure (99.7%) spherical-shaped Al, with an average particle size of 4.5 - 7 µm
using a Fisher sieve. The nickel powder chosen was from Alfa Aesar, which consisted
of pure (99.9%) spherical-shaped Ni that had an average particle size between 2.2 3 µm. The powders were mixed to achieve an approximate equivolumetric ratio by
mixing 1g Al to every 3.3g Ni. Individual Ni and Al powders were placed in a PMMA
bottle with a single 1/4 inch diameter ceramic ball (added to breakup agglomeration)
and the sealed container was transferred to a V-blender and mixed for a minimum
of 8 hours, in order to ensure a homogenous mixture. Compacts of Ni-Al powder
mixtures are subsequently made using a quasi-static compression technique, involving
a Carver hydraulic press and a 1/8” punch-and-die set. The hydraulic press is capable
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of 50,000 lbf and the punch-and-die set is fabricated from high-strength M2 tool steel
and purchased from Porter Precision Products, Inc (Alpharetta, GA). The die is filled
such that a tap density results in a powder height of no more than 3-4 mm to minimize
any die-wall effects associated with variations in stress and density during the quasistatic compression [49]. A peak pressure (≈ 3200 lbs) and dwell time (30 seconds)
is set using the digital controls on the hydraulic press, which results in a compact
of desired theoretical maximum density (TMD). Prior to pressing, the TMD of the
mixture was calculated to be ≈ 5.76 g/cm3 using the simple volume-averaged rule of
mixtures method and the actual amount of massed powders, shown in Equation 3.1:
ρvolume =

XN i
ρN i

1
+

XAl
ρAl

(3.1)

where XAl and XN i correspond to the mass fraction of each constituent and were found
to be 0.238 and 0.762 respectively, while ρ designates the density of each constituent.
The values of 8.9 g/cm3 and 2.7 g/cm3 were used for Ni and Al, respectively. To
confirm the actual density, Archimedes density measurements were performed on pellets pressed to near-full density. The Archimedes density method essentially involves
measuring the mass of a solid object in air and the mass of the same object submerged in water of known density. The measurements were performed on numerous
samples and each sample was tested multiple times. The density of water was calculated based on the exact temperature to obtain a precise density. The density of the
Ni-Al powder mixture compacts was determined to be 5.694 ± 0.051 g/cm3 , which is
approximately 98-99% TMD. Powder mixture compacts of 85% TMD were also fabricated using a similar method. SEM micrographs of the fabricated 85% TMD (a, b)
and dense 98-99% TMD (c, d) Ni-Al powder mixture compacts are shown in Figure
3.7. The compacts show a Ni-Al configuration with a heteregeneous, but isotropic
microstructure on the micrometer-scale.
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Figure 3.7: SEM micrographs showing cross-sections from as-pressed (a),(b) porous
and (c),(d) dense powder mixtures
3.4.2

Sputter-Deposited Ni-Al Nanofoils

Sputter deposition or co-evaporation of Ni and Al results in nanofoils with a relatively novel Ni-Al configuration. The foils can be created using various physical
vapor deposition (PVD) methods, such as sputtering [233, 234, 235] or electron beam
evaporation [236, 237, 238, 239]. Since these materials are assembled layer by layer,
they are essentially fully dense multilayered composites that consist of alternating
Ni and Al layers. A high-resolution transmission electron microscope (TEM) image
showing the cross-section of a typical nanolayered foil used in the present work is
shown in Figure 3.8.
The thickness of a single Ni + Al pair is referred to as the bilayer thickness, λ. The
layer thickness is simply a function of the sputtering time for the particular elemental
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Figure 3.8: Micrograph taken via a high-resolution transmission electron microscope
of Ni-Al nanolayered foil cross-section with bilayer spacing (λ) of 50 nm. In TEM
mode, the dark phase corresponds to Ni and the light phase to Al.
target. Typically, the nanolayered Ni-Al foils are created by alternating power to each
element’s power supply, essentially turning it on and off depending on which layer is
meant to be deposited [240]. Ramos [240] found that for bilayer spacings between 4
and 40 nm, the rotation speed of the substrate could be adjusted so that both targets
could operate simultaneously and still result in a distinct Ni-Al bilayer configuration.
Since bilayer thickness is only a function of the deposition time, the foils are typically
made with bilayer spacings from 4 to 200 nm, but can be made thicker, if warranted.
Nanolayered foils using a dual-bilayer spacing, as shown in Figure 3.9, have also
been investigated [236]. It has been previously observed that each sputter-deposited
layer has an intermixed zone at the interface of some thickness. As the foil bilayer
spacing decreases in thickness, the overall fraction of the intermixed zone becomes
increasing larger and more significant and it has been shown that as the fraction of
intermixed region increases, the energy released from the heat of formation during
reaction actually decreases [236, 241, 242, 240, 20]. While the foils are extremely
reactive in all cases, the thinner bilayer-spacing has been shown to be the most
sensitive to reaction initiation. Hence, with dual-bilayer foils, the reactivity can be
controlled based on the preferred reaction response using smaller bi-layer spacings
while utilizing the full potential of the energy released during the reaction from larger

94

spacings as well.
It has also been established that the nanolayered foils exhibit self-propagating
reaction behavior. Once the reaction is initiated, thermally-induced atomic diffusion
can occur normal to the layering, which facilities even more atomic mixing and compound formation since the diffusion distances are on the nanometer scale [20, 242].
In microstructrures with micron-sized constituent spacings (or larger), localized reaction is often observed because the cooler, unreacted material surrounding the product
combined with the large diffusion distances acts to quench the reaction and it does
not self-propagate. The obvious drawback to the fabrication of the Ni-Al nanolayered

Figure 3.9: Scanning Electron Microscope (SEM) image demonstrating cross-section
of dual bi-layer spacing configuration [236].
structures is the significant time expended in the sputter-deposition process to build
reasonably thick foils. Because of that, the foils are traditionally only a few microns
to tens-of-microns thick. Indium Corp. commercially produces Ni-Al nanolayered
foils for welding applications which often requires significant thicknesses on the order of a few hundred microns. The aluminum target used in the sputter-deposition
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process is an 1100-series alloy, which is 99 wt% Al, with the remainder consisting of
trace amounts of Si/Fe and Cu. The nickel target consists of 93 wt% Ni and 7 wt%
V. Vanadium is added to the Ni sputter target to make it non-magnetic and allow
for faster and more stable deposition [236]. The traditional substrates used during
deposition are single-crystal Si and polished brass, which can be cooled in order to
suppress diffusional heating and prevent any reaction during the deposition process
[240, 236]. While these foils can be fabricated to any reactant ratio desired, the NiAl nanolayered foils are almost always deposited with the relative Al and Ni layer
thicknesses maintaining a 3-to-2 ratio to achieve foils with an approximate atomic
ratio of one Al to one Ni [236, 20]. The addition of the vanadium makes the average
stoichiometry closer to Al50 Ni46 V4 [236].
The vapor-deposited nanolayered foils purchased from Indium Corp., and used
predominantly in this work, were 150 µm thick with a 50 nm Ni+Al bilayer spacing.
A TEM micrograph of the microstructure was shown previously in Figure 3.8. The
relative thickness of the Al and Ni layers was maintained at a 3:2 ratio (volumetric
ratio) to obtain foils that were equistoichiometric, corresponding to NiAl product
material. The overall composition of the foils was found to be 65 wt% Ni, 30 wt% Al,
and 5 wt% V. Since the ratio of Ni to Al is not equivolumetric, the bilayer description
was employed for the total thickness of one Ni+Al pair. Thus, in the material studied
in this work which had a λ of 50 nm, each Al layer is about 30 nm thick and each Ni
layer only about 20 nm. The density was again measured using Archimedes density
method and found to be 5.208 ± 0.062 g/cm3 , which was in rough agreement with
the density calculations using the volume-averaged rule of mixtures.
It is obvious that the microstructure of the nanolayered foils is drastically different
than that of powder mixture compacts. There are several orders of magnitude differences in the size of the reactants. The uniform nanometer-thick alternating layers
of nickel and aluminum lead to a configuration with an extremely large interfacial
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contact area. It also leads to a very small mean-free-path between constituents. Furthermore the microstructure of the powder mixture compact is essentially the same in
all directions (isotropic); in contrast, the orientation of the interfaces in the nanolayered foil is highly directional (anisotropic) with respect to the shock wave propagation.
The lack of interfaces in one direction and the large number of interfaces in the other
direction can alter the shock wave propagation response.
Nanolayered Ni-Al foils have not been studied as extensively as other Ni-Al configurations due to their thin and extremely reactive nature. Thickness limitations
restrict the methods available for studying the shock-compression behavior of the
foils. Traditional plate-impact techniques using gas guns rely on both materials several millimeters thick and tens of millimeters in diameter. This allows for the shockresponse to be studied under significantly long (microseconds) duration and permits
high-resolution, steady-state velocity information concerning the shock behavior to
be measured. With very thin materials, this is a challenge because the bulk shock
speeds are in the km/sec regime, thus there is often not significant shock propagation
time to completely measure the material’s response prior to obfuscation of the true
behavior by the release wave. Thus, novel techniques to measure shock compression
response (including Hugoniot EOS) in extremely thin materials are constantly being
investigated.
3.4.3

Cold Rolled Laminates

Another Ni-Al configuration investigated in this work is the cold rolled laminate, made
by co-rolling two alternating stacks of metallic Ni and Al sheets together through multiple passes. The resulting laminates have a well-ordered meso-structure of alternating
Ni-Al layers, in which a tunable exothermic reaction can be achieved by manipulating the layer thicknesses [243]. The Ni-Al cold rolled laminates investigated in this
work were made by rolling individual foils of Ni-201 and Al-5052-H19. The Ni-201
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foil has a composition of 99.6% Ni with trace amounts of iron, manganese, carbon,
and silicon [11]. The Al-5052-H19 foil consists of 97-98% Al with trace amounts of
chromium, copper, and iron. The H19 designation indicates that the aluminum foil
is heat treated to increase its hardness. The heat treated Al foil is preferred over the
softer, pure Al foil because the cold-rolling process is found to be most effective when
the two constituents have similar hardnesses [11].
The fabrication process is shown schematically in Figure 3.10. Initially, individual foils that are a few hundred micrometers thick are stacked to achieve a specific
stoichiometry (Figure 3.10(a)) and are subsequently rolled to a 50% reduction in
thickness (Figure 3.10(b)). The rolled sheet is then cut in half, re-stacked on top of
each other to re-form the initial thickness (Figure 3.10(c)), and then rolled again to
another 50% reduction in thickness (Figure 3.10(d)). All four of the steps mentioned
are combined to form one rolling cycle. The resulting microstructure is a fully-dense
laminar composite with alternating Ni-Al layers that contain bilayer spacings on the
range of single-microns to tens-of-microns. The more rolling cycles a laminate undergoes, the larger is the deformation induced in the material, and the smaller is
the bilayer spacing, λ, of the microstructure. The cold-rolled laminates used in this
study were fabricated at Johns Hopkins University and consisted of Al and Ni foils
subjected to severe deformation in a rolling mill until fully dense. The initial Ni foil
thickness was 178 µm and 127 µm for the Al foil, and were stacked to achieve an equistoichiometric (1:1) ratio, thus 60% Al and 40% Ni by volume following 11 rolling
cycles. The density was measured using Archimedes method and found to be 5.189
± 0.055 g/cm3 [11].
SEM micrographs of two cold rolled laminates are shown in Figure 3.11, where in
both cases the brighter phase corresponds to the Ni and the darker phase corresponds
to the Al. Figure 3.11(a) and (b) show the microstructure in the longitudinal and
transverse directions for a sample that underwent three complete rolling passes [243],
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Figure 3.10: One pass in cold rolled Ni-Al laminate fabrication consists of (a) initial
stacking of Ni-Al foils, (b) rolling stack to 50% reduction, (c) cutting and re-stacking
of composite foils, and (d) rolling stack to another 50% reduction in thickness.
while Figure 3.11(c) and (d) show the longitudinal and transverse directions for a
sample that underwent 11 rolling passes. It should not be surprising that the laminate
rolled 11 times has a much thinner bilayer spacing ( ≈ 3 µm) compared to the laminate
rolled just three times (≈ 30 µm). Additionally, the transverse direction shows distinct
shear bands due to shear localization effects, which are common due to the high-strain
deformation induced during the cold-rolling process [243].
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Figure 3.11: SEM micrographs showing microstructures of cold rolled Ni-Al laminates in the longitudinal and transverse directions for sample rolled three times (a
and b, respectively) and 11-times (c and d, respectively), where the darker phase corresponds to the Al and the brighter phase corresponds to the Ni. The configuration
rolled three times has approximately a 30 µm bilayer spacing while the configuration
rolled 11 times has approximately a 3 µm bilayer spacing [243].
The cold rolled Ni-Al laminate, shown in Figure 3.11, are approximated as laminar materials, although the underlying arrangement is a highly-heterogeneous, threedimensional microstructure, containing non-uniform layers due to the intense amounts
of localized shear from the cold-rolling process. The microstructure is highly anistropic
since the layered foils lead to a majority of thin interfaces in the rolling direction.
The average distance between similar constituents (mean-free-path) in the cold rolled
laminates is much closer to that of the micron-sized powder particles. The laminates
also exhibit interconnected Al-regions essentially forming an aluminum matrix containing pockets of nickel which is due to the aluminum foil deforming preferentially
during the fabrication process. With increased rolling, the microstructure evolves
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into an aluminum matrix with nickel ‘islands’ remnant of the starting foil that have
been broken up during the cold rolling process. The cold rolled laminate is also fullydense, with a large number of interfaces approximately normal to the surface yielding
a highly anisotropic microstructure and additionally contains a significant (but drastically fewer) number of interfaces in the direction perpendicular to the surface due
to the high-strain deformation and shearing of the Ni layers during the fabrication
process.
Specht et al. [11] investigated the shock compression response of the cold rolled
Ni-Al laminates as a function of layer orientation with respect to the direction of
the shock front propagation. Using CTH, a Eulerian hydrocode, the impact of a
1000 m/s Cu flyer in the direction perpendicular to the Ni-Al layers as well as in
the direction parallel to the layers was simulated, as shown in Figure 3.12 [11]. The
simulations were performed using images of real microstructures of cold rolled laminates, imported into CTH code. The simulation in the case where the shock front

Figure 3.12: Illustration of shock wave propagation in respect to orientation used
in the CTH simulations which demonstrates (a) the shock propagating perpendicular
to layer direction and (b) parallel to the layer direction [11].
direction was oriented perpendicular to the layers, as shown in Figure 3.12(a), exhibited significant oscillations and non-uniformities which act to produce complex
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wave interactions, affecting the overall shock response. The oscillations are typical of
any shock-compressed material with numerous interfaces perpendicular to the shock
propagation direction.
A high-resolution snapshot of the temperature and strain profiles, shown in Figure
3.13, illustrate strain values that were only around 0.1 and localized exclusively to the
softer Al layers. While strong shear forces at the interface can lead to localized regions
of high temperature, there was actually very little shear observed along the interfaces
in the simulation, which suggests that compression was the only means of energy
dissipation with this orientation. From this simulation, Specht [11] concluded that
the behavior of the perpendicularly-oriented laminate is dominated by wave dispersion
phenomena, with little effect from the dissipative process. The simulation was again

Figure 3.13: High-resolution snapshot of CTH results for 1000 m/s Cu impact
generating shock wave propagation perpendicular to layer direction: (a) material
regions, (b) temperature profile, and (c) strain profile. Note the small amounts of
strain at the interfaces [11].
performed on the same microstructure, but oriented 90o in order to propagate the
shock front parallel to the Ni-Al layer directions, as shown in Figure 3.12(b). In this
scenerio, the shock wave propagates across each material independently, leading to an
initial shock front that is slowly attenuated and smeared out as it propagates. This
is a direct result of dissipative and dispersive wave phenomena stemming from the
mode of interactions associated with parallel interfaces. In such cases, the interfacial
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coherency causes extensive energy dissipation as a result of the disparity in particle
velocities (due to dissimilar shock properties). Furthermore, it was suggested that
the dissipation works concomitantly with the geometric dispersion caused by the nonuniformities in the cold rolled laminates, resulting in wave attenuation and dissipation
at an accelerated rate. The simulations also predict extremely large strains (≈ 4)
resulting from the coherency of the material interfaces and the large shearing forces,
as shown in Figure 3.14. The large strains act to further dissipate shock wave energy
as the particle velocities in each layer are brought to equilibrium. Hence, the parallel
configuration is significantly more dissipative than the perpendicular configuration
due to the large interfacial strains.

Figure 3.14: High-resolution snapshot of CTH results for 1000 m/s impact generating shock wave propagation parallel to layer direction: (a) material regions, (b)
pressure profile, and (c) strain profile. Note the significantly large amount of strain
at the interfaces [11].
Additionally, in order to fully understand the effect of the non-uniformities, Specht
[11] performed another simulation that contained idealized Ni-Al layers perpendicular to the shock wave propagation. This configuration is roughly similar to the Ni-Al
nanolayered foil microstructure in terms of the periodicity and uniformity, although
not the length-scale. From this simulation, a significant difference in the rise time
was observed, which was associated with a larger amount of attenuation and apparent viscosity. Thus, he concluded that the heterogeneities in the fully-dense cold
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rolled multilayer produced more geometric dispersion and dissipation than an idealized fully-dense multilayer composite [11]. The results suggest that the uniformity of
the interfaces (or lack-there-of) have a greater effect on the shock wave propagation
via dissipation and dispersion more so than simply the number of interfaces traversed
by the shock wave.
Specht [11] concluded that interface orientation with respect to the direction of
the propagating shock wave can have significant influence over the localized and bulk
shock compression response of the material. In the cold rolled laminate, interfaces
oriented parallel to the shock direction act to significantly resist the wave propagation
through large strains at the phase boundaries. With the powder compacts consisting
of an isotropic microstructure on the micron-scale and the nanolayered foil exhibiting
a highly anisotropic microstructure down to the nano-scale, the cold rolled laminate
is essentially a combination of features of both mixtures. Thus, these three distinct
microstructures with widely varying interfacial characteristics represent a range of
features and length scales in the Ni-Al system.
3.4.4

Quantitative Comparison of Ni-Al Configurations

The quantitative aspects of each of the three Ni-Al configurations detailed above will
be described next. In order to deduce mechanistic information based on observed
differences in the shock response for each type of Ni-Al configuration, stereological
measurements were performed on polished cross-sections of the microstructures. The
measurements allowed for a quantified understanding of the extent of microstructural
homogeneity (or lack-there-of) on a range of spatial scales, and the distances between
the reactants. Characterization of each microstructure was performed by measuring
the volume fraction (Vf ), mean-free-path (λ̄) between constituents, and surface area
per unit volume (Sv ) as a function of interface orientation to the surface. The Sv with
respect to layer orientation is essentially a measurement of directionally-dependent
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Table 3.3: Properties and Stereological Measurements of Three Ni-Al Configurations
Property

Powder Compact

Co-Rolled Laminate

Nanolayered Foil

Constituent Ratio

Equivolumetric

Equistoichiometric

Equistoichiometric

Volume Ratio

1:1 Al:Ni

3:2 Al:Ni

3:2 Al:Ni

5.694 ± 0.051

5.189 ± .055

5.208 ± .062

48.8 ± 1.1

40.8 ± 1.2

41.2 ± 0.7

196 ± 14

105 ± 26

≈0

215 ± 15

986 ± 36

78124 ± 1327

6.8 ± 0.4 µm
(random orientation)

2.4 ± 0.2 µm
(⊥ to layer direction)

30.1 ± 0.5 nm
(⊥ to lay direction)


Density, ρ

g
cm3



Vf , (% Ni phase)


k Sv

1
mm


⊥ Sv



1
mm



Mean-Free-Path, λ̄

surface area/interface. Table 3.3 shows the results from the stereology measurements
as well as the other properties for each Ni-Al configuration.
A more precise measurement of the volume fraction was performed using the
point-counting method on a series of micrographs of known magnification. Using a
transparent overlay with a 20-point grid, 5 fields were measured on each micrograph
for 20 different micrographs. By counting the number of grid intersections that fall
on the phase of interest (i.e. Ni, in this case) and dividing by the total number of
possible grid intersections, the phase volume fraction is calculated. As shown in Table
3.3, each configuration deviates slightly from the ideal composition. As expected, the
Vf of Ni for the powder compact configuration is the greatest (48.8 ± 1.1) since it
was mixed to an equivolumetric ratio. The volume fractions for the laminate and the
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nanolayered foils are a couple percent above ideal stoichiometry, with Vf (Ni) = 40.8
± 1.2 for the cold rolled laminate and Vf (Ni) = 41.2 ± 0.7 for the nanolayered foil.
One of the most important characteristics of the microstructure pertinent to this
present work is the directionally-dependent surface area per unit volume measurement
which is influenced by the effects of constituent size and morphology, and the porosity.
A key objective of the present work is to highlight and determine the effects that
arise from shock propagation through a highly heterogeneous microstructure. With
that in mind, surface area per unit volume measurements were performed using the
standard intersection counting method and a series of test lines of known-length on
a micrograph of known-magnification. To account for the huge number of interfaces
oriented perpendicular to the surface in the laminates and the nanolayered foils,
test lines were placed parallel to the surface as well as perpendicular to the surface in
order to elucidate and quantify the distinct microstructural anisotropy. By adding the
number of interfaces that intersect test lines over a large number of fields from various
parts of the microstructure, the average number of intersections per unit length, P̄L ,
can be calculated. The surface area per unit volume, Sv , can be calculated from the
P̄L via Equation 3.2:
Sv = 2[P̄L ]

(3.2)

It should be clarified that this method of intersection-counting is simply a pointcounting method and gives no information on the exact angle of orientation of the
interface being intersected. Thus, the surface area per unit volume calculation is
simply a function of the number of interfaces that are intersected in a particular
direction and allows for roughly quantifying the degree of anisotropy. In the case of
the isotropic powder mixture compacts, measurements were still performed on both
parallel-to-surface and perpendicular-to-surface directions, but not surprisingly, the
measurements resulted in a comparable number of interfaces and an Sv of ≈ 200/mm.
It should be noted that it was still important to perform measurements on the powder
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mixture using the surface as a reference, because the surface is the direction of wave
propagation. In the direction parallel to the layers in the cold rolled laminates,
the Sv was measured at around 100/mm because of the highly heterogeneous and
non-uniform nature of the layers resulting from the rolling process. In the direction
perpendicular to the layers, it exhibited 10x as many interfaces, yielding a surface
area of around 1000/mm.
Clearly, because of the nanometer-thick bilayer spacing of the nanolayered foil,
the surface area between constituents was considerably higher than the other configurations investigated, and was measured to be nearly 78,000/mm in the direction
perpendicular to the layers (that is, perpendicular to the shock direction). Conversely,
due to the uniformity of the layers, there were essentially a negligable number of interfaces parallel to the layer direction in this configuration. Table 3.3 displays the
surface area/interfacial intersections in the two different orientations to account for
the anisotropy in the heterogeneous microstructures. From these measurements, it
can be concluded that the powder compacts have the most interfaces oriented parallel
to the surface, while the nanolayered foil has essentially zero interfaces. Conversely,
in the direction perpendicular to the layers, the nanolayered foil has by far the most
interfaces and interfacial area, followed by the cold rolled laminate with two orders
of magnitude less, and lastly, by the powder mixture compact, with almost an order
of magnitude less than even the laminate.
The other vital stereological measurement performed was the mean-free-path, λ̄,
between Ni and Al constituents. Since Vf and Sv were already known, λ̄ can be
obtained from Equation 3.3:
λ̄ =

4(1 − Vf )
Sv

(3.3)

It is a measurement of the average distance between interfaces of similar phases and
for fully-dense materials, it conveys information concerning the length-scale of the
phase dispersion relative to each other, which is critical to understand when studying
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reactive mixtures. Since Vf and and Sv were calculated using the Ni phase as the
reference, the calculated mean-free-path is the average distance between the Ni phase
in each configuration. With the nanolayered foil, the mean-free-path, λ̄, in the parallel
direction is essentially infinite, thus it was disregarded. On the other hand, the λ̄
calculated in the perpendicular direction was found to be 30.1 ± 0.5 nm, which is
comparable to half of the bilayer spacing for the nanolayered foil. With the cold rolled
laminate, the parallel direction was also ignored and the average distance between
Ni-layers was found to be 2.4 ± 0.2 µm, which also agrees with the constituent
spacing measured from SEM micrographs. Since the powder compact was isotropic,
surface area measurements from both directions were utilized and the average distance
between the Ni phase was calculated to be 6.8 ± 0.4 µm. While the initial Al and Ni
powder particles were both of smaller size than the λ̄ value, the agglomeration of Ni
particles and Al particles deforming and creating an interconnected matrix leads to
slightly larger interphase distances than if these effects were not present.
The stereological measurements performed allow for quantitative evaluation of
the microstructural differences between the three fully-dense Ni-Al configurations.
By studying the effects of shock wave propagation on microstructures with such distinct differences, as well as similarities, the role of specific mesoscale features can be
deduced and correlated to reaction initiation mechanisms.
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CHAPTER IV

LASER-DRIVEN MINI-FLYER SYSTEM
4.1

Drive Laser Setup and Components

A laser-driven mini-flyer system has been built at Georgia Tech to perform smallscale plate-impact experiments. While this specific system differs slightly from setups
constructed at other facilities, it is closely patterned after the laser setup at the Air
Force Research Lab at Eglin Air Force Base [244]. The laser-driven mini-flyer system
consists of three main components: a drive laser, a target chamber (which contains
the acceleration source, mini-flyer plate, and target of interest), and lastly, various
diagnostics used to obtain in-situ information. A top-down schematic illustration of
the setup is shown in Figure 4.1, and an areal image of the table-top system is shown
in Figure 4.2.
The drive laser utilized is a Continuum Powerlite Precision II 9000 Plus injectionseed laser (Part (a) in Figure 4.1). It is a 3-Joule, Nd:YAG, 1064-nm (infrared),
Q-switched laser, operating at a repetition rate of 10 Hz. The drive laser emits a
12-mm diameter circular beam which has a specified temporal pulse-width of 8-12
ns FWHM (Full-Width, Half Maximum) and a super-Gaussian spatial profile. The
laser is based on a single oscillator head and two amplified heads chained together in
series which utilize Nd:YAG ceramic rods to achieve a maximum of 3 Joules per laser
pulse. Each laser head is of modular design which incorporates a ceramic Nd:YAG
rod, flashlamps, and a coupling medium. All heads contain linear flashlamps which
are in a close-coupled configuration surrounded by a high-brilliance magnesium-oxide
diffuser. This allows for a very high pumping efficiency that minimizes thermal loading
and reduces the overall power consumption. The components combine to generate
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Figure 4.1: Top-down schematic illustration of laser-driven mini-flyer setup corresponding to: (a) Continuum Powerlite II 9000 Plus, 3-Joule, 1064 nm drive laser, (b)
seed laser, (c) Faraday optical isolator, (d) 635 nm (red) alignment laser, (e) optical
turning mirror, (f) beam shaping optic, (g) focusing optic, (h) flyer-target/sample
chamber, (i) dielectric beam splitting lens, (j) VISAR interferometry probe, and (k)
PDV interferometry probe.

Figure 4.2: Laser-driven mini-flyer plate setup located in the High-Strain-Rate Lab
with red lines added to visualize laser beam path and propagation direction.
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homogeneous pumping which is necessary for producing high-gain, high-quality laser
beams [245]. While this work only focused on single-shot experiments, the laser is
also capable of being operated in a continuous mode, which allows up to 10 shots per
second (corresponding to the laser repetition rate). The drive laser was constructed
to work in conjunction with an SI-2000 seeder laser, also built by Continuum (Part
(b) in Figure 4.1).
The seeder laser is used to achieve a single longitudinal mode (SLM) by seeding
the host laser with a very narrow linewidth continuous wave fiber laser [245]. Optimum seeding conditions exist when the seed laser frequency overlaps with the host
laser’s longitudinal cavity mode and pulse build-up-time is minimized. A fiber seed
laser was chosen over a free-space solid state seed laser because fiber lasers are more
insensitive to outside vibrations and allow users an increase in flexibility in terms of
laser design. Single mode fibers at the seeder output also lead to an ideal transverse
mode profile and eliminates the need for mode matching to the host laser. Thus, a
very high frequency stability is achieved, allowing for long uninterrupted periods of
seeded operation in the continuous laser mode, if required [245]. Additionally, the
seeder laser acts to decrease the laser pulse width, smooth the temporal profile, and
increase the shot-to-shot consistency, which are more practical benefits to the work
performed here.
As the laser pulse is emitted from the drive laser, it immediately passes through
the Faraday optical isolator. Regardless of how efficient a component transmits a
given wavelength, most materials will reflect at least some percentage of the laser
light that is incident to the surface. At these high operating energies, even a fraction
of a percent of back-reflected light entering the drive laser cavity at an undesirable
angle can be devastating to the expensive optics and rods inside. To eliminate the risk
of this occurring, the system utilizes an external Faraday isolator (Part (c) in Figure
4.1) which was purchased from Electro-Optics Technology (Model: 110-10025-0001).
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The Faraday isolator is a cylindrically-shaped magneto-optic device used to alter the
polarization of light. It essentially acts as a one-way light valve, allowing radiation to
pass through only one direction, but not the other. The Continuum drive laser pulse
is linearly polarized in the horizontal position from inception. A schematic illustration
of this process is shown in Figure 4.3 [225]. Any directionally-polarized laser light that
is transmitted through the input polarizer on the Faraday Isolator passes unimpeded,
but has the polarization rotated 45o and exits through the 45o output polarizer. The
light reflected back after this point re-enters through the output polarizer at 45o and
becomes rotated by 45o to the original direction. The now-horizontally polarized light
is blocked as it attempts to pass out a vertically-polarized optic. While the Faraday
isolator is vital to the robustness and longevity of the drive laser, ≈ 8% of the incident
laser energy is lost during transmission.

Figure 4.3: Schematic illustration of Faraday optical isolator process [225].
After exiting the Faraday isolator, the beam from the 635 nm red alignment laser
(H-W Fairway International) is combined with the drive laser beam (Part (d) in Figure
4.1). Since the drive laser wavelength is 1064 nm and in the infrared regime, it is
invisible to the naked eye. The red alignment laser allows for precise alignment of the
drive laser beam with the experimental chamber and the diagnostics. The drive laser
beam is directed around the laser table using high-energy Nd:YAG mirrors (Part (e)
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Figure 4.1) that are fabricated out of UV-grade fused silica with ultra-hard dielectric
anti-reflective coatings for essentially loss-less reflecting of high-energy 1064 nm laser
light. These mirrors are purchased from Newport (Model: 10QM20HM.15) and have
a reflectivity of >99%. Since the laser is typically operated at 3 J per 12 ns pulse, the
optics require a very high damage threshold, thus the 12 mm beam diameter emitted
from the laser is unchanged in size until just prior to the final focusing at the target to
reduce any damage to the optics. Even at the 12-mm diameter, the fluence is about
1/4 of the damage threshold of the mirrors so care must be taken not to accidentally
focus prior to a turning mirror. Once the beam path has been redirected towards
the target chamber using the two turning mirrors, the beam is propagated through a
beam-shaping optical device (Part (f) in Figure 4.1), which acts to alter the spatial
uniformity of the energy deposition over the full beam diameter. A more detailed
description of beam shaping methods will be given subsequently in Section 4.2.3.
Once the spatial beam profile has been adequately shaped, the beam is focused
down to the final spot size corresponding to the same diameter of the flyer to be
accelerated in the impact experiment. Since the Continuum drive laser emits a 12mm (1/e2 -value) diameter beam and the flyer plates used are typically between 2and 5-mm diameter, a plano-convex, 1064-nm V-coated (anti-reflective coating) lens
(Part (g) in Figure 4.1) purchased from Thor Labs (Model: LA1708-YAG) with a
250-mm focal length is used to focus the 12-mm diameter beam down to the spot
size desired at the target assembly. The 250-mm focal length allows for gradual
focusing which increases the accuracy of the final spot size. While the anti-reflective
coating is necessary to minimize any energy loss due to transmission through the
lens interfaces, ≈ 2% is still reflected and lost. The focusing lens position relative
to the other components is shown in Figure 4.1. All the components are fixed to a
Newport optical laser table (RPR Reliance Series: RPR-58-18), which consists of a
grid of threaded 1/4-20 holes for versatile equipment placement. The distance from
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the focusing lens to the plane where the flyer is located is easily adjustable. Laser
burn paper (Kodak 1895 Linagraph Paper) contained in a plastic bag (to confine
debris) is used to measure the laser beam spot size at the plane corresponding to the
flyer prior to the experiment.
The target chamber (Part (h) in Figure 4.1) is located in the beam path after
the focusing lens. The chamber consists of the flyer-target assembly (substrate with
attached mini-flyer plate, target material of interest, and/or a protective window)
and is attached to a quick-mount linear stage with XY travel (Newport Model: 460A
Series) that is fixed to an aluminum post and mounted at the base to the laser table. This allows for easy alignment of the target assembly with the drive laser beam.
Since the focusing lens is more easily adjusted, the target chamber and the associated
diagnostics are in fixed locations. The focusing lens can easily be moved closer to the
target chamber or further away depending on the required final laser beam spot size,
corresponding to the flyer diameter to be accelerated. A more detailed explanation
of the target chamber is provided in Section 4.6. On the rear-surface of the target
chamber (in reference to the beam propagation direction), a high-energy Nd:YAG harmonic beamsplitter (Newport Model: 10QM20HB.21)(Part (i) in Figure 4.1) is used
to allow for simultaneous measurements using two laser interfometery diagnostics of
different wavelengths. The 1-inch diameter beam-splitting lens reflects 532 nm laser
light, corresponding to the VISAR (velocity interferometer) laser wavelength, while
it transmits any light over 1064 nm, allowing for complete transmission of the PDV
(displacement interferometer) laser light at 1550 nm. Since the focusing interferometry probes are between 10 and 20 mm in diameter and necessitate perpendicularity
from the measured target, they can not be simply placed next to each other. Furthmore, since a high-fidelity measurement is dependent on the amount of light reflected
back into the probe, the distance of the focusing probe from the measured surface is
critical and often requires adjustment before each experiment. To aid in this process,

114

the probes are mounted to precision tilt stages as well as XY linear stages to allow
for complete adjustment and control. The PDV (Part (k) in Figure 4.1) and VISAR
(Part (j) in Figure 4.1) velocimetry diagnostics will be described further in Section
4.3.2 and Section 4.3.1, respectively.
Since the Continuum drive laser has a wavelength of 1064 nm, it is considered in
the low-end of the infrared regime of the electromagnetic radiation spectrum, thus, it
is invisible to the naked eye. The high power output of the laser beam is dangerous
and can cause serious burns and/or blindness, which makes it vital to understand the
beam path and beam reflections at all times. To aid in this process, early on in the
beam path as the laser exits the cavity, a 635 nm (red) alignment laser is combined inline with the drive laser beam path so that both beam paths are coincident. This not
only leads to safer operation of the high-energy laser, but the visible beam allows for
knowledge of any stray reflections and for precise alignment of the drive laser beam
spot with the center of the mini-flyer plate attempting to be launched. Centered
alignment is also critical for planar flyer-plate launching and, consequently, planar
flyer-plate impacts. Flyer-plate planarity will be discussed in greater detail in Section
4.2.3. The procedure used for accurate alignment of the laser beam is described in
detail in Appendix A. Additionally, the procedure used to operate the laser and
perform the experiments are described in detail in Appendix A, along with notes on
safety and precision measurements.

4.2

Drive Laser Characterization

Since the performance and characteristics of individual lasers can vary greatly, and
thus significantly affect the launching of the mini-flyer plate and consequently, the
shock impact experiment, it was critical to characterize specific features of the laser
pulse produced with the use of the laser-driven flyer setup. For the drive laser,
commercially acquired from Continuum, some of the most important parameters were
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already known based on factory settings. However, small changes in the positions of
any optics in the internal cavity resulting from shipping and/or table vibrations can
lead to significant undesirable effects on the emitted laser pulse. Therefore, it was
necessary to be able to measure and verify certain laser beam features in the lab
in case any vital parameters were altered over time and use. The temporal profile is
important in terms of the deposition rate of the laser pulse energy. The deposition rate
dictates the overall incident laser power (W = J/s), which has been shown to greatly
affect the shock pulse generation and the flyer acceleration process. Controlling and
measuring the output energy of a laser pulse and the shot-to-shot energy variability is
critical when precise control of the impact velocity for a shock experiment is required.
The spatial beam profile is a measurement of laser energy distribution within the
beam diameter, which has a direct affect on the plasma formation and flyer launch
process. The temporal profile (shape & width), the spatial pulse-shape, and the
control of output laser energy were all directly measured using various diagnostic
devices allowing for a more complete understanding of the characteristics of the output
laser beam pulse used in the subsequent experiments.
4.2.1

Temporal Pulse Shape and Width

Knowledge of the temporal pulse-width and pulse-shape of the laser beam are important factors when designing experiments utilizing laser-accelerated thin flyers. As a
function of the specific laser, the time-scale over which energy is deposited from a single pulse is typically controllable anywhere from femtoseconds (10−12 ) to milliseconds
(10−3 ), which will result in dramatically different effects on the material of incidence.
To account for variations in the pulse-shape, laser pulse-widths are typically described
in terms of the FWHM value, which is schematically detailed in Figure 4.4. The laser
pulse-width is critical because in addition to the peak energy, an accurate understanding of laser power (and intensity, when accounting for area) is dependent on
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knowledge concerning the time over which the laser beam energy is deposited. The
significance of laser power on the acceleration and peak velocity of a flyer plate have
already been discussed in great detail in Section 2.4.2.3. Likewise, as discussed in
Section 2.3.3, Brown et al. [201] observed substantial ringing effects in the flyer plate
as a function of the laser pulse duration and shock pulse duration, with respect to
flyer plate thickness. Thus, the laser beam pulse-width not only controls the overall
laser power, but also significantly affects the time-scale and state of the flyer during the acceleration process. Precise measurements of the pulse width are therefore
necessary to accurately predict the incident laser power and also to aid in the design
of shock experiments. The temporal pulse-shape is also relevent when accelerating a

Figure 4.4: Illustration of temporal profile and Full-Width, Half-Maximum
(FWHM) calculation.
mini-flyer plate. A smooth pulse shape is necessary for gradual energy deposition and
absorption by the ablation layers. If the temporal pulse shape has significant structure, it will produce a shock wave with significant structure, which can have severe
effects on the flyer plate acceleration and impact. As mentioned in Section 4.1, the
laser system employed in the experiments utilizes a seed laser to ensure generation of
a pulse with a smooth temporal shape to eliminate any detrimental effects resulting
from an irregular temporal pulse-shape. By directly measuring the pulse, it can be
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verified that the seeding process is optimized and performing as intended.
Characterization of the temporal profile is performed by direct measurements
using a silicon-biased photodetector (Electro-Optics Technology, Model: ET-2000)
and recording on a digitizing oscilloscope. Since the photodetector has a sensor with
a very low damage threshold and saturates easily, only a small portion of the laser
beam pulse is required for the measurement. Typically, a beam block was used
as the incident material and the photodetector was placed out of the beam path
some distance nearby (≈ 2 inches), to measure the temporal beam characteristics
by reflection off of the beam block. This method does not alter the structure of
the profile, but allows for a low energy measurement based off a small amount of
reflected laser light. While the photodetector was initially used to verify Continuum’s
factory settings of the temporal profile, it was eventually implemented permanently
behind the first turning mirror on the laser table allowing for in-situ measurements
of the pulse for each experiment. Since the turning mirrors reflect all but < 1% of
the laser energy and the photodetector was extremely sensitive to small amounts of
laser light, it could be placed at a fixed position on the laser table for quick and
easy measurements of the pulse by sampling a small portion of laser light that is
transmitted through the turning mirror. In the rare case of measuring an unseeded
pulse during a flyer impact experiment, the immediate knowledge of the temporal
profile allowed for the experiment to be disregarded.
Seeded and unseeded temporal profiles emitted by the Continuum drive laser is
shown in Figure 4.5(a) and 4.5(b), respectively. From Figure 4.5(a) it is apparent
the seeded pulse leads to a very smooth Gaussian-shaped profile which has a FWHM
pulse-width around 10 ns, corresponding to the factory specifications of the laser.
In Figure 4.5(b), a distinct, irregular structure in the temporal profile is shown,
typically indicative of an unseeded pulse, which is not ideal for flyer plate acceleration.
Over time, it is possible that precision components inside the laser cavity can shift
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Figure 4.5: Temporal profiles from emitted laser pulse showing (a) seeded and (b)
unseeded behavior.
their positions slightly and the system can become de-optimized, which among other
detrimental effects, can lead to a pulse-width elongation and misalignment of the
seed laser. By measuring the temporal profile in each experiment, any deviation from
optimum laser performance can be noticed immediately and remedied.
4.2.2

Tuning Laser Energy

Since the terminal flyer velocity and, consequently, the flyer impact velocity, is a direct
function of the incident laser energy, its precise measurement and control is absolutely
critical. As knowledge about the FWHM-value of the temporal profile was important
in understanding the effective incident power, the pulse energy is equally as important
in that manner. The Continuum laser specifies a 3 Joule maximum energy but every
interface that the laser beam is reflected from or transmitted through will result in a
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small loss of energy. Simply measuring the pulse energy directly after emission from
the laser cavity is insufficient, and it needs to be measured at a point close to the
intended target after any lenses or mirrors. Thus, any laser-driven mini-flyer setup
must utilize a technique for measuring power before or during the experiment for an
accurate prediction of the flyer velocity or incident power at the target. The power
supply cabinet associated with the Powerlite II 9000 Plus laser contains controls that
can actively change the amplifier timing delays for the two amplifier heads. Using
these controls to adjust each head independently, the overall output energy per laser
pulse is tuned. It is adjustable anywhere from ≈ 10 mJ per pulse to ≈ 3000 mJ
(corresponding to the full 3 J energy, as specified). The minimum power can be set
by positioning both delays to around 225 µsec and the maximum power can be set by
selecting the fastest timing of 50 µsec on both amplifier delays. While the extremes
are known, any two arbitrary timing delay values set in between do little to specify
the actual laser energy. To obtain exact laser energy measurements in single-shot or
continuous (F/1) lasing mode, a calibrated power meter must be used by placing it
directly in the beam path (or by splitting off a known portion of laser energy at a
lens for an in situ measurement).
For the present work, an Ophir Laser Thermal Power Sensor (Model: 30(150)AHE-DIF) was used in combination with an Ophir Nova II Laser Energy and Power
Meter (Model: 7Z01550) that allowed for a wide range of statistical data to be generated from large series of laser pulses. Due to the energy densities achievable with the
highly-concentrated, Q-switched laser, the power meter also utilized a diffuser head
to spread the beam slightly before the sensor in order to avoid any damage. The
diffuser and active sensor area were both 17 mm diameter, which allowed for measurements from any position in the laser beam path, although care had to be taken
to not exceed the damage threshold. The maximum energy density that the component can withstand without damage was 5 J/cm2 (at 10 Hz, 1064 nm, and < 100
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ns pulse widths). At the as-emitted beam size (≈ 12 mm diameter), the maximum
achievable fluence was around 2.65 J/cm2 for a 3 Joule pulse, thus measuring the
energy from a focused beam could only be performed at much lower energies. When
adjusting the laser energy (via adjustment of the amplifier timing delays), multiple
Q-switched shots had to be performed at each new setting before the laser energy
reached an ‘equilibrium’ position. Thus, the first few shots at a new setting would
vary relatively largely and not necessarily give a decent average of the energy at the
new timing delays. Even once it had stabilized at a specific timing delay setting, there
was always some shot-to-shot variability in the pulse energy produced. At the higher
laser energies, the variability increased due to the large amounts of gain required in
the amplification process. It was eventually established that the shot-to-shot variability was between 2 - 3% of the average laser energy at a particular setting. Prior to
a laser-accelerated flyer-plate impact experiment, the energy would be measured and
averaged over 5 to 10 single shots without changing the amplifier timing delays. This
allowed for practical knowledge of the laser pulse energy being used for each specific
experiment and was vital for accurately predicting terminal flyer plate velocities.
4.2.3

Spatial Pulse Shape and Laser Beam Shaping

As covered in great detail in Section 2.3, flyer plate planarity is of the utmost importance for performing shock-compression experiments, which require uniaxial-strain
loading conditions, for obtaining accurate shock EOS (Hugoniot) information. With
this in mind, it is critical to control and characterize the flyer plate planarity due
to the thin and malleable nature of the foil material. Since the state of the accelerating flyer plate is a direct function of the ablating plasma source, which in turn
is a function of the drive laser pulse characteristics, it is obvious that the charactistics of the laser pulse directly influences the planarity of the flyer plate. The spatial
profile of the laser beam is of equal importance as the temporal profile for designing

121

a laser-driven flyer system since uniform energy distribution is desired for a smooth
and planar flyer launch. To measure the spatial energy profile of the emitted beam,
a Laser Beam Profiler (Coherent, Model: Lasercam HR 1098577) was utilized. The
diagnostic allowed for direct measurement of the as-emitted beam and the effects of
any beam shaping methods investigated.
The pressure generated by an ablating material for thin flyer plate launching is
a direct function of the amount of laser energy absorbed at a particular location.
Therefore, a homogeneous energy distribution over the flyer plate area is ideal for a
simultaneous, even and steady acceleration of the flyer plate. The Continuum drive
laser emits a super-Gaussian energy profile, as shown in Figure 4.6(a). The spatial
energy profile leads to a significantly larger amount of energy concentrated in the
center of the beam than the edges, which can lead to a higher ablation pressure at
the center. In such a case, the flyer plate would assume a non-uniform pressure profile
of the ablated plasma and become significantly bowed as it is accelerated, as shown
schematically in Figure 4.6(b).

Figure 4.6: (a) Super-Gaussian spatial energy distribution as-emitted from Continuum drive laser, and (b) schematic illustration of Gaussian beam shape leading to
flyer plate curvature.
For idealized, perfectly-planar flyer acceleration and flight, the spatial energy
profile would contain sharp rising edges and a uniform flat-top, which has been
come to known as the ‘top-hat’ profile. To avoid any unnecessary flyer curvature,
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a beam-shaping optic is placed in the beam path to convert a Gaussian-shaped profile into a top-hat profile with a homogeneous spatial energy distribution. An idealized
schematic illustration of this conversion is shown in Figure 4.7(a) [246]. Figure 4.7(b)
schematically illustrates the planar flyer launch achieved using a flat-top energy profile.

Figure 4.7: (a) Idealized schematic illustration of Gaussian-to-top-hat conversion
[246], and (b) illustration of planar flyer launch achieved via flat-top energy distribution.

4.2.3.1

Beam Shaping Background

In the last few decades, lasers have quickly become an important tool for a large
number of fields due to low cost, ease of implementation and maintenance, and flexible
applications and customizations. With a huge number of industrial, military, and
medical applications requiring a beam with a specific irradiance distribution, beam
shaping techniques have long been investigated for an array of fields utilizing high and
low power systems. Even for applications involving laser-flyer acceleration, a range of
shaping techniques have been investigated [247, 201, 193, 192, 173, 196]. Regardless
of the specific application, converting heterogeneous, Gaussian energy profiles into
top-hat-shaped, homogeneous energy distributions is a significant challenge. Most
laser beam shaping techniques can be separated into three areas: apertured beams,
field mappers (refractive method), and multi-aperture beam integrators (diffractive
method) [247]. Apodication and truncation is the most straightforward and trivial
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approach, but often avoided due to the low transfer efficiency of laser energy. For
high-energy efficiency, optical-phase filters that are refractive, reflective, or diffractive
are used. Reflective and refractive surfaces are usually in the form of aspherical lenses,
which requires difficult fabrication and limits their applications, but they exhibit some
advantages such as high throughput efficiency, simple structure, and less wavelengthdependence, making them attractive for high powered lasers [248]. In comparison
to the other methods, diffractive techniques are considered more generalized and
practical for beam shaping [249]. While there are many techniques that result in
very high quality flat-top beam profiles, not all options were found suitable for the
present investigations. Regardless, it was necessary to understand the advantages
and disadvantages of each beam shaping technique in order to decide which would be
ideal for implementation with the laser-driven flyer setup.

Aperture Method Operationally, one of the simplest and most-implemented techniques is to truncate the Gaussian beam using an aperture. In this technique, a beam
is directed through an aperture that is considerably smaller than the beam diameter,
allowing for selection of a suitable flat portion of the beam, as demonstrated in Figure
4.8 [247, 250]. Aperture beams are by far the easiest technique for shaping, but the
glaring disadvantage is the inefficient use of laser energy due to the large loss incurred
at the aperture. On the other hand, since the beam does not have to transmit through
any material, such as a glass window or lens, damage thresholds on the device are not
a concern. Thus, in a system that has much more available laser energy than required
for a given application, the aperture and truncation method of producing a top-hat
profile is quite attractive. Aleksoff et al. [251] measured the trade-off between energy
from a truncated Gaussian beam compared to the peak-to-peak variations within the
boundaries of the profile, as shown in Figure 4.9. For example, at a maximum conversion efficiency of 10%, the intensity variation is about 8% for a square aperture
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Figure 4.8: Schematic illustration demonstrating aperture shaping process (a) [247],
(b) [250].
and 10% for a circular aperture. It should be quite obvious that while the shaping is
significant, the amount of energy sacrificed is severe.

Absorptive Beam Shapers Absorptive beam shaping is another rather straightforward flat-top shaping technique that functions by weighting the non-truncated portion of the Gaussian profile with a neutral density filter having the proper amplitude
transmittance profile for flattening the Gaussian beam [251]. Ih et al. [252] demonstrated this technique utilizing a plano-convex absorbing lens, which is schematically
shown in Figure 4.10. While adequate at shaping, the absorptive schemes are limited
to relatively modest efficiencies, sensitive to manufacturing tolerances of the element,
and restricted to fairly low laser power [252]. While the maximum theoretical conversion efficiency using this technique is only about 31% according to Aleksoff [251], Ih
[252] has produced a nearly ideally uniform laser beam with the technique utilizing
upwards of 37%. The energy restrictions and the amount of energy sacrificed are not
ideal for laser-driven flyer plate applications.

Field Mapping Methods Field mapping (beam mapping) is a more sophisticated
and popular shaping technique, which is accomplished by transforming the input field
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Figure 4.9: Trade-off between energy from a truncated Gaussian beam compared
to the peak-to-peak variations [251].

Figure 4.10: Schematic illustration of Ih’s technique for flat-top producting via
absorptive lens [252].
into the desired field in a controlled manner for mapping a single-mode Gaussian beam
into a beam with a uniform irradiance (essentially, into a top-hat profile), as shown
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schematically in Figure 4.11 [247, 173]. With this technique, Gaussian-distributed

Figure 4.11: Schematic of field mapping concept [247].
profiles are bent using an optic in a way such that they are uniformly distributed
at the output plane. The major advantage of this method is that field mappers can
be made effectively loss-less, as long as the material can withstand the laser fluence
without accruing damage [247]. Field mapping lends itself best to applications with
a well-defined single-mode laser beam.
Another form of field mapping utilizes refractive aspheric beam shapers which
are commercially available and able to convert most of the energy from a Gaussian
beam profile into a flat-top beam [250, 253, 254]. Refractive beam shapers produce
a collimated flat top beam by point-to-point mapping of the Gaussian input rays to
redistribute the intensity to a flat top output. A ray diagram showing a two-lens
field mapper (i.e. refractive beam shaper) can be seen in Figure 4.12 [250]. These

Figure 4.12: Schematic ray-diagram of refractive beam shaping [250].
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are essentially multi-lens approaches to field mapping. An aspheric lens pair transforms the amplitude and the phase of the incident beam in a deterministic fashion,
defined by the shape of the refractive surfaces. This type of beam shaper works
the same as single-lens field-mappers in theory, but as the number of transmitting
surfaces increases, so does the inherent amount of energy lost. Although a considerable improvement in energy efficiency compared to that from the aperture technique,
Hoffnagle [253] cites around 22% energy loss even with a refractive beam shaper.
Unfortunately, these systems are best for very-Gaussian beams and do not work as
efficiently on beams that are near-Gaussian [201]. Historically, they have very limited
power-handling capabilities and the optics involved exhibit low damage thresholds.

Diffractive Beam Shapers and Homogenizers There is another class of beam
shapers called beam integrators, also known as beam homogenizers [247]. With this
method, the input beam is broken up into beamlets by a lenslet array and then superimposed onto the output plane by the primary lens. This is schematically demonstrated in Figure 4.13. It is referred to as an integrator due to the fact that the

Figure 4.13: Multi-aperture beam integrator for beam shaping [247].
output pattern is a sum of diffraction patterns determined by the lenslet apertures.
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The technique usually lends itself best for multimode lasers with a relatively low degree of spatial coherence. These beamlets, when combined, usually lead to an array of
micrometer-sized hot spots, which is undesirable at first glance, but it is thought that
the plasma generated during the launch process actually helps smooth out the effects
of the very small hot spots [211, 255]. Diffractive elements have the disadvantage
of being inherently wavelength sensitive and often exhibit relatively low efficiency
and ultra-tight alignment tolerances. Additionally, these phase plates can be readily
damaged, require close proximity to the target, and in some cases can be incredibly
inefficient, as low as 25% according to Brown [201, 195]. Paisley et al. [204] used a
holographic optical element to spatially shape their Gaussian drive laser beam into
a top-hat shape with mini hotspots. The hotspots, with 100 µm spacing and 30 µm
Gaussian radius, form a two-dimensional grid, but still allow for planar stress waves
to be generated. Tanaka and Kiriyama et al. [256, 257] used a diffractive homogenizer
created by Silios Technologies that contained 300 sub-cells roughly 3 µm in width.
There was still about 30% energy loss from this shaping technique.
Many high-energy laser setups similar to the one constructed in our lab employ
Random Phase Plates (RPP’s), also known as Fresnel Zone Plates, to smooth out
long wavelength spatial variations in the beam [193, 173]. The two-dimensional array
of transmitting areas that are randomly chosen to apply a phase delay of either 0 or
pi radians. Each point on the array acts as a diffracting aperture that splits the beam
into beamlets. The far-field profile is largely independent of the near-field laser-beam
quality and the interference produces more high spatial frequency components than
would otherwise exist without the RPP [255]. Because the target plane is typically in
the far-field with characteristic Fraunhofer diffraction, many researchers have deemed
RPP’s relatively ineffective for the generation of a flat-top intensity profile.
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Reflectivity Technique There are other techniques that are gaining popularity in
many research settings around the scientific community. Dlott and Fujiwara [258],
specifically studying shaping for use in laser-accelerated flyers, demonstrated the use
of a variable reflectivity mirror (VRM) with a Gaussian reflectivity profile [258]. A
schematic can be seen in Figure 4.14(a) and the subsequent change in spatial profiles
is shown in Figure 4.14(b).

Figure 4.14: (a) Schematic of Gaussian-mirror technique for flat-top shaping, and
(b) illustrative comparison of input and output beam profiles [258].

Figure 4.15: (a) Actual as-emitted and (b) shaped beam profile using Gaussianmirror technique [258].
An example of a starting profile and a shaped profile are shown in Figure 4.15.
Figure 4.15(a) demonstrates the profile at a 1 m distance from the laser, and Figure
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4.15(b) shows improved profile after Gaussian mirror and aperture. Unfortunately
with this technique, beam shaping is again achieved only by sacrificing significant energy. Using the optimal VRM and ideal aperture configurations results in a maximum
of 37% energy efficiency [258]. There is also a limitation due to the damage threshold
of the mirror, since they are typically made from evaporated aluminum and can be
easily ablated from a high laser intensity. As with most beam shaping methods, the
flat-top is not perfect and there exists a trade-off between flatness and efficiency.
4.2.3.2

Investigating Optimal Beam Shaping Techniques

The necessity of a homogeneous energy distribution and the multitude of shaping
techniques available have been discussed. Since the ideal beam shaping optic is dictated by a combination of maximum achievable laser energy, the as-emitted spatial
energy profile, and experimental objectives, the best solution for our setup can not be
deduced purely from a review of the literature. There are advantages and disadvantages to each method and investigations with multiple methods are required to decide
on the optimal technique for the specific laser setup in terms of maximum laser energy
throughput and beam profile improvement. There typically exists a trade-off between
outbeam profile quality and the amount of transmitted laser energy. While planar flyers are essential in these experiments, achieving a large amount of transmitted laser
energy is nearly as important, since it directly controls the terminal flyer velocity
and the impact velocity. Therefore, one of the goals of the present investigation was
to maximize the available laser energy and realize the highest flyer plate velocities
possible while also achieving the best beam profile to ensure planar launching.
The easiest beam shaping device that was implemented initially was the aperture.
Based on the 12 mm diameter beam emitted from the Continuum drive laser, an 8
mm diameter aperture was selected. This size was chosen because it was the largest
size (allowing for greater energy transmission) that lead to significant beam profile
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improvement. Figure 4.16(a) shows the same as-emitted, 12 mm diameter beam
exhibiting a near-Gaussian spatial energy distribution, and Figure 4.16(b) shows the
output beam profile generated using the 8 mm diameter aperture. While diffraction

Figure 4.16: (a) As-emitted, 12 mm diameter beam, demonstrating near-Gaussian
spatial energy distribution and (b) output beam profile generated using an 8 mm
diameter aperture.
rings still exist as a result of propagation through the aperture, the beam profile
quality improvement is distinct and significant. The oscillations from the diffraction
are not considered detrimental since previous studies have shown that they may be
damped out by the expanding plasma. Furthermore, since there is no optical lens or
window, the maximum laser energy can be used without concern of exceeding any
damage thresholds. Unfortunately, this beam profile improvement corresponds to
around 50% input energy loss. The advantages of this technique include the simple
alignment and implementation, and no optical damage threshold, while the main
drawbacks are the highly inefficient use of available laser energy and relatively minimal
beam quality improvement. Larger sized apertures were experimented with as well,
which allowed for more energy throughput, but the overall beam profile improvement
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from the as-emitted pulse profile was minimal and other options were explored.
A diffractive beam shaping technique, described in the previous section, was also
investigated as a means of creating a homogeneous energy distribution. A diffractive
optical element (DOE) purchased from HoloOR (Model: TH-102-I-Y-A) was implemented which initially created a 12 mm diameter output beam profile that was very
speckled with little improvement over the as-emitted beam profile, as shown in Figure
4.17(a). The entire diffractive element was a single lens which had the lenslet array

Figure 4.17: Spatial beam profile from HoloOR diffractive optical element showing
(a) unfocused and (b) focused distribution.
etched on one surface and the converging element on the other surface. A focusing
lens was subsequently used in attempt to reduce the beam down to the size of the
flyer diameter. Focusing down to the desired spot size corresponding to that of the
flyer size, initially resulted in the same speckled pattern, but at an optimum distance
from the focusing lens, the beam profile edges became very crisp and the energy
distribution profile extremely uniform, as shown in Figure 4.17(b). The diffractive
element generated a highly uniform energy distribution with sharp rising edges, which
is an ideal top-hat profile. In addition to relatively trivial alignment, the component
consisted of a single optic with two interfaces and was highly efficient at transmitting
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laser energy. Thus, nearly 80% of the maximum available energy could be utilized.
The drawback was that the diameter was still ≈ 6 mm diameter, which is larger than
desirable flyer size. It was discovered that the focal distance was a function of the
of the converging lens in the element itself and that the only method for producing
a flat-top profile at 3 mm diameter would be to reduce the input beam size down
to 6 mm, which required either truncating (aperture) or focusing, prior to the DOE.
Truncating the beam was not desirable because it would lead to large energy losses
as shown previously. Since the lens was made of fused silica, focusing prior to the
DOE was not an option either because the damage threshold would be exceeded at
relatively minimal input laser energies. The other unforeseen drawback was that ≈
12% of the energy was scattered around the outside of the focused top-hat position.
In many laser applications, this may not be an issue, but due to the ablative coatings
on the launching substrate, even small amounts of absorbed energy outside of the
flyer diameter lead to material ejecta and was detrimental to the experiment. Thus,
while the diffractive element resulted in the most improved profile with significant
energy throughput, other options were further explored due to the relatively large
amount of energy scattered around the periphery and inability to achieve a 3 mm
diameter focused spot.
A refractive field mapper was investigated in terms of overall energy throughput
and beam profile improvement. As mentioned, the refractive shaping optics perform
point-to-point mapping of the Gaussian input rays and redistribute the intensity to
create a flat top output energy profile. A refractive Pi-Shaper by Molecular Technologies (Model: PiShaper-12-12-1064) was obtained and implemented into the laser
path. Initially there was significant effort to perfectly align the robust beam shaper
colinearly to the drive laser beam path. Since the beam shaper is 13 inches long
and contains a significant number of lenses to perform the shaping, fine adjustment
using an X-Y translation and tilt stage were required. An example of the resulting
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beam profile using the Pi-Shaper Refractive Optic, shown in Figure 4.18, illustrates
the shaped beam profile from a (a) low-energy laser pulse, and (b) high-energy energy pulse. It is apparent that the beam profile is significantly improved compared
to the as-emitted near-Gaussian profile and exhibits sharp rising edges and a relatively uniform top-hat with slight undulations. The device also contains a large input
area which corresponded to a slightly smaller diameter than the 12 mm diameter
emitted beam. This allowed for direct input without much truncating or focusing.
The improvement in beam quality was significant, but due to the slight truncation at
the input lens, only around 75% of the energy was transmitted. Additionally, lenses
exhibited damage after only a few experiments at the highest laser energy setting.
The Pi-Shaper was also eventually available in a high-power (Model: PiShaper-1212-1064-HP) version that contained a larger input diameter and optics with higher
damage tolerances, which allowed for the entire available 3 J to be utilized with only a
slightly diminished beam quality. Additionally, the optic was also incredibly efficient
and loss-less. Measured input and output laser energies resulted in average energy
losses of only 3-6%. The Pi-Shaper was eventually chosen as the preferred method of

Figure 4.18: Spatial energy distribution resulting from Pi-Shaper Refractive Optic
at (a) low-energy, and (b) high-energy.
beam shaping for the laser-driven flyer setup based on the high-quality spatial energy
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distribution required for launching planar flyers and the high-efficiency throughput
which allowed for achieving the highest flyer velocities of any of the configurations
investigated.
4.2.4

In-situ Flyer Planarity Measurements

Once the ideal beam shaping technique was chosen and implemented, it was necessary
to measure the planarity of the accelerated flyer plates in-situ. Using a DRS Imacon
200 Ultra High Speed Camera, it was possible to observe the flyer launch process with
high temporal and spatial resolution. The framing camera is capable of 16 images
with 150 ns interframe time and 10 ns integration times, which allows for very little
object blur. Since the target chamber is opaque and the target is typically located
only a few hundred microns away from the flyer plate and substrate, a temporary experimental configuration was designed and implemented which allowed the flyer plate
launch to be viewed perpendicular to the flight direction and the flyer was allowed to
essentially travel an infinite distance relative to an actual impact experiment. During the launch process and free-flight, the Imacon camera was meticulously timed to
trigger and record images of the flyer for subsequent flyer planarity measurements.
Figure 4.19 demonstrates the launch of a 3 mm diameter, 25 µm thick Al flyer accelerated using the laser-driven flyer plate system. In an actual shock-compression
experiment, since the target is typically positioned a distance corresponding to 3-5x
the thickness of the flyer plate, impact would occur between frame 4 and 8. Thus,
all planarity measurements were performed at or before these frames since that is the
most applicable region for actual shock experiments.
From the series of planarity measurement experiments, it was established that
while there is significant bowing at the edges, the center portion of the flyer is relatively flat. For a 3 mm diameter flyer, it was measured that the central 2.5 mm is flat
to within an average 12 µm. Similar to the observations by Brown et al. [201], the
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Figure 4.19: High-speed camera images demonstrating planarity of 25 µm thick Al
flyer accelerated using the HSRL laser-driven flyer plate system.
periphery of the accelerating flyer plate can exhibit severe bowing resulting from the
escaping plasma at unconfined edges and air friction from the acceleration process at
greater flight distances. This result reinforces the need for accurate alignment of the
drive laser and the interferometry lasers to the center of the flyer plate. Since the flyer
has a large aspect ratio (diameter >> thickness), as long as the laser interferometry
diagnostics are probing the center-most region of the flyer impact, there should be
ample time for an accurate measurement of the target’s shock response before any
disruptive edge effects obfuscate the true signal. The planarity measured over the
centermost region was determined by averaging the results of 18 flyer experiments.
It was calculated by calibrating the image with an object of a known distance. Since
the number of pixels in the frame were known, the precise length corresponding to a
pixel could be determined. The variation in the number of pixels on the leading edge
of the flyer plate was measured, allowing for an average planarity to be calculated
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over the entire series of experiments.

4.3

Laser Interferometry Diagnostics

The use of various time-resolved diagnostics in shock compression experiments is detailed in Section 2.2.3. The ideal time-resolved diagnostics for implementation into
an experimental setup can vary greatly depending on a number of constraints such
as sample size and thickness, target chamber configuration, and pressure range of experiment. While stress (PVDF, mangagin) gauges and shorting pins have historically
been used in gas-gun experimental setups to obtain shock velocity and pressure information, laser-driven thin flyer plate impact experiments do not have the luxury of
using a robust flyer plate/sabot or large sample area. With that in mind, laser interferometry was the diagnostic of choice for obtaining the shock response of a target in
laser-driven flyer plate experiments by direct measurement of free-surface velocities.
The small sample sizes and transparent target chamber windows lend well to optical
techniques that employ sub-millimeter probe spot sizes.
Laser interferometry relies on the Doppler phenomena, which essentially describes
how the frequency of waves (sound or light) are affected by a moving or stationary
source, as well as the medium through which the wave is carried [259]. Thus, by
precisely measuring frequency changes, acceleration and velocity information can be
deduced. The original interferometer was a wide-angled Michelson interferometer
(WAMI), which operated on the principal of combining Doppler-shifted light from
a moving surface and as-emitted reference laser light to deduce the velocity history.
Some of the most popular velocimetry methods (VISAR & PDV) in use today are
fundamentally based on that same design. Other interferometers, such as the FabryPerot system, involve direct measurement of the change in wavelength of laser light
off of a moving surface using a high-quality glass etalon. For the laser-driven flyer experiments Photonic-Doppler Velocimetry (PDV) and Velocity Interferometry System
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for Any Reflector (VISAR) systems were utilized, which will be subsequently detailed
in the following sections.
4.3.1

Velocity Interferometry System for Any Reflector (VISAR)

The VISAR system used for the present laser-driven flyer plate experiments employs
a 532 nm (Coherent Verdi) laser. A more detailed background of VISAR is given in
Appendix D. The system is capable of operating 4-channels simultaneously, although
these experiments only utilized one channel. The fiber optic cable directing the laser
light to the probe consists of a 50/125 µm diameter core/cladding input and a 300/330
µm core/cladding return fiber. The probe has a focused spot size of < 1 mm at a
focal distance of 30 mm and a lens for light collection mounted to the tip. The probes
used in these experiments were fabricated by VALYN International and were specified
to have 3 - 5% light return. The velocity-per-fringe constants for backer materials
were established for air (no window), as well as for the other four main window
materials previously listed. Depending on the expected velocity of the measured
surface, anywhere between zero and all four etalons were inserted into the beam path
and optimized. At lower measured velocities, a larger light path delay was desired such
that more etalons were used, and at higher velocities, fewer etalons were required.
Changing the etalons requires re-positioning and re-optimizing some of the optics
and mirrors inside the VISAR cavity, but by tailoring the VPF correction factor
for the specific experimental velocity, signal noise, uncertainty, and error could be
minimized. The data was captured using 1 GHz Tektronix oscilloscopes and analyzed
using PlotData to extract the velocity profiles. An example of data obtained using
the HSRL VISAR system is shown in Figure 4.20. The raw frequency signal (in
amplitude versus time) acquired during the experiment is shown in Figure 4.20(a).
The frequency shown in phase-space represented by a lissajous is shown in Figure
4.20(b). Lastly, the velocity versus time profile of an accelerating flyer plate is shown
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in Figure 4.20(c).

Figure 4.20: (a) Frequency signal recorded from surface of laser-driven flyer plate
acceleration, (b) experimentally-obtained lissajous recorded from experiment, and (c)
extracted velocity vs. time profile of laser-driven flyer plate.

4.3.2

Photonic Doppler Velocimetry (PDV)

Photonic Doppler Velocimetry (PDV) is the other interferometry technique employed
in this work. As the name suggests, it is also dependent on the Doppler phenomena
for operation. The PDV system is essentially a fiber-based Michelson interferometer
in concept, but centered around emerging technologies from the telecommunications
industry [260, 261]. Considered a heterodyne technique, it combines Doppler-shifted
light from a moving surface with unshifted reference light to generate a beat frequency
that is proportional to the velocity [261]. Using a laser with a wavelength of 1550
nm, a beat frequency of 1.29 GHz is produced for a surface moving at 1000 m/s.
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Using a single PDV probe, it is possible to record velocities of particulate ejecta or a
fracturing surface, without any signal loss. While VISAR is very sensitive to changes
in surface (reflectivity) and the signal can be lost easily, PDV is extremely robust and
can record the velocity of an object with a very poor surface. It also allows for a large
depth-of-field, upwards of 15 mm, to be measured [262]. The drawback to the PDV
system is the poor resolution at quick, small changes in velocity [138]. The accuracy
of PDV at large velocities (multiple GHz frequencies) has been measured to be around
0.1 while in the lower frequency regime (< 1 GHz) the accuracy is significantly worse
[261]. Precision can be increased on measurements less than 1 km/sec by using an
‘up-shifted’ PDV system, in which the baseline for the recorded frequency has been
shifted upwards by 1 GHz (or more) [261]. This allows for much higher resolution
at lower velocities, but limits the maximum velocity that the system is capable of
measuring (since oscilloscopes have finite bandwidth).
The specific PDV system used in the present work was not up-shifted and the
majority of the measurements were performed at less than 1 km/sec, therefore the
velocity error can be significant in some experiments. The 4-channel PDV system is
composed primarily of an IPG Photonics 1550 nm host laser capable of measuring
4 independent signals simultaneously. Since it is an entirely fiber-coupled laser, the
1550 nm laser is directed into the PDV probe and back into the detector without
any open-air travel, which makes it an extremely robust system compared to the
VISAR. The non-Doppler shifted light is generated in this system by using a retroreflector split off from the fiber-optic feed on the way to the probe. The probe used
in the experiments was a 48 mm focusing probe, which produced a micron-sized spot.
The exact distance from the target surface was adjusted prior to each experiment to
establish the optimal distance for focused light return. To record the data in these
experiments, a 4-channel Tektronic digitizer with an 8 GHz bandwidth was used,
which was capable of sampling at 20 GSamples/s, and enough memory to record for
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1.6 ms at the fastest rate. The digitizer allows for velocities to be measured in the
many km/s regime, which is more than sufficient for the needs of these experiments.
While the PDV system allowed for 4 channels to be recorded simultaneously, each
channel recorded a ‘high’ and a ‘low’ signal. Since the digitizer only allowed for
4 signals to be measured in a single experiment, only two PDV channels could be
measured on the oscilloscope in a given experiment. The PDV system includes data
analysis software, which allows for easy FFT and velocity calculations. The user
simply has to input the laser wavelength, number of time points for the Fourier
window size, and the number of points per shift. An example of a beat frequency
and the resolved velocity profile obtained using the HSRL’s PDV system is shown in
Figure 4.21. In this example, the velocity is calculated using a window size of 1500
and a shift size of 10. Figure 4.21(a) shows the raw voltage versus time (frequency)
data recorded in the experiment. The resulting velocity versus time profile after
performing the FFT on the raw experimental data is shown in Figure 4.21(b). In
Figure 4.21(c), the velocity profile is outlined and an average intensity is determined,
generating a single velocity point for a given time step. The averaged velocity versus
time profile is shown in Figure 4.21(d).

4.4

Substrate and Mini-Flyer Plate Assembly

4.4.1

Substrate Window and Coatings

As covered in Section 2.4.2.1, a wide variety of substrates and thin film ablative
coatings used as acceleration sources have been investigated previously [213, 195, 214,
215, 201, 218, 219, 196, 192, 204]. Based on the seminal work pioneered by Robbins
et al. [196, 192], the laser-driven flyer experiments performed in this work employed
a substrate and thin-film composite-coating design. The glass substrate used in these
experiments was a commercial-grade BK-7 (borosilicate) glass, purchased from Esco
Products.
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Figure 4.21: (a) Generated beat frequency from laser-driven flyer plate, (b) velocity
profile generated (Window Size = 1500, Shift Size = 10), (c) velocity profile by
averaged intensity, (d) output velocity profile.
Large coated-glass substrates fixed to a motorized stage allowing for an array of
shots to be performed on a single glass window with small distances between flyers are
sometimes used. While this is an appealing option for experiments with lower laser
energies, the majority of the experiments performed in the present work generated
very high laser intensities at the glass interface, which most often exceeded the damage
threshold of the material and led to cracking. Brown et al. [201] investigated the effect
of the BK-7 glass thickness in terms of terminal peak flyer velocity. The velocity
versus time plot as a function of substrate thickness is shown in Figure 4.22. The
maximum velocity achievable with the 1.59 mm thick substrate was slightly above
1 km/sec and around 2 km/sec with the 16 mm thick substrate. Surprisingly, the
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Figure 4.22: Peak-velocity versus time data as a function of BK-7 glass substrate
thicknesses [201].
authors observed a peak velocity of 2.6 km/sec for the 6.35 mm thick BK-7 substrate,
although they made no effort to explain the phenomena. In order to achieve the
highest flyer plate velocities possible with the available laser energy, the laser setup
used in the present work also utilized commercial-grade BK-7 substrates that are 6.35
mm thick. In addition, the substrates were 19 mm diameter to allow for a range of
flyer diameters to be used, if warranted. The substrates were sputter-deposited with
the composite-coatings by Spectrum Thin Films (Hauppauge, NY). Similar to the
LANL substrate package, they were coated first with a 0.5 µm thick layer of carbon,
followed by a 0.5 µm thick layer of Al2 O3 , and lastly by a 1.5 µm thick layer of
aluminum. As discussed previously, the carbon layer acts as laser light absorber and
ablative material, leading to the rapidly expanding plasma, which is the source of flyer
acceleration. The aluminum-oxide layer thermally insulates the flyer material from
the hot plasma and the aluminum layer physically contains the expanding plasma,
creating a more efficient flyer launch.
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4.4.2

Mini-Flyer Plate Mounting

Prior to mounting, the mini-flyer plates were fabricated from foil sheets using a commercially available metal punch set. Flyer materials typically consisted of Al, Cu, or
Ni and varied anywhere between 20 µm and 250 µm in thickness, depending on the
experimental objectives. The circular flyers were most often made as 3 mm or 5 mm
diameter discs. Since a flat, uniform surface is ideal for laser interferometry measurements and also for planar impacts, the foil sheets were initially slightly ‘polished’
using high-grit grinding paper in order to remove any machine marks and create a
homogeneously diffuse surface. The punched-out flyers were subsequently rolled with
a small amount of weight to eliminate any edge kerf that may alter the shape of
the flyer and the planarity during launch. A low-viscosity (thin-film), 24-hour curing, two-part epoxy (Loctite Hysol, Model: RE2038/HD3475) was used to attach the
flyers to the substrate surface, with a very thin bond (a few µm) between the flyer
and aluminum-coated substrate surface. Once the epoxy was mixed, it was degassed
for 10 minutes to reduce any air bubbles which have been shown to have significant
effects on the launch process [201]. A tiny droplet of glue (about the size of the pin
tip) was placed onto the substrate surface and the flyer was placed on top and pressed
firm. During the epoxy curing process, a weight of roughly 15 lbs was placed on top
of a lapped flyer plate which is placed directly on top of the foils to ensure a thin glue
layer that is homogeneous and even. Any excess epoxy on the surface of the flyers was
carefully removed using a small amount of acetone and a cotton-tipped applicator.
The last step before the substrates and flyers are ready for experimental use is
to mark the laser-incident side corresponding to the center of the flyer plate. As
mentioned before, since the substrates are coated and opaque, it is not trivial to
align the drive laser to the precise center of the flyer since the flyer is never glued in
the same position on a substrate each time. To accomplish this, a substrate holder
was designed from PMMA to precisely align the flyer to the center of an ultrasonic
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TEM cutter (Gatan, Model: 601 Ultrasonic Cutter). Figure 4.23(a) shows the PMMA
substrate holder and 4.23(b) shows the ultrasonic cutter. The PMMA substrate holder
consists of a center peg (≈ 3 mm diameter) and three turning screws perpendicular
in direction to the center peg. Two of the screws are positioned perpendicular to
each other to allow for X-Y movement of the substrate, while the third screw acts
as a locking mechanism. The substrate is placed flyer-side down and aligned to the
center flat peg using the X and Y screws by viewing from below. Once centered,
the third screw locks the substrate in place for the marking process. The holder is
tightly attached to the ultrasonic cutter by aligning two base holes in the holder with
two metal stubs on the cutter. When attached, the fixture is very snug, which allows
for repeatable alignment. The 3 mm diameter hollow tip on the TEM cutter is now
aligned with the center stub which is consequently aligned to the center of the flyer
plate. Using a pipette to place a small amount of 1 µm alumina polishing agent on
the uncoated substrate side (side to be marked), the ultrasonic cutter is turned on
and gently lowered in contact with the rear (laser-incident side) of the glass substrate
until a 3 mm diameter circular mark is created. The circular mark corresponds very
accurately to the flyer on the other surface. The red alignment laser (corresponding
to the center of the drive laser) can then be positioned on the center of the circular
mark for alignment with the center of the mini-flyer plate. A completed substrate
with attached Cu flyer and marked rear (laser-incident side) surface is shown in Figure
4.24.

4.5

Characterizing and Modeling Flyer Velocity

4.5.1

Laser Energy versus Flyer Velocity

To further characterize the performance of the laser-driven mini-flyer plate system
and the chosen composite-coated substrate package, peak flyer plate velocity as a
function of incident laser pulse energy was measured for copper and aluminum flyer
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Figure 4.23: Images of (a) the flyer substrate holder and (b) Gatan ultrasonic TEM
cutter used to mark flyer positions
plates of 3 and 5 mm diameter, and 25-to-250 µm thickness. Knowledge of the flyer
velocity as a function of incident laser energy allows for accurately designing shock
experiments that generate precise pressures in the target material. Since there is only
≈ 2700 mJ of laser energy available for flyer launch after the beam propagates to the
target chamber, it is vital to understand the maximum achievable impact velocity
possible for a certain flyer plate configuration (material + dimensions). Figure 4.25
shows the peak flyer plate velocity versus incident laser energy for 3 mm diameter
copper flyer experiments over a range of relevant thicknesses [225]. Since Cu is denser
than Al, the overall achievable peak Cu flyer velocities are lower than for Al flyers, but
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Figure 4.24: (a) 3 mm diameter Cu flyer attached to composite-coated-side (Al
surface) of BK-7 glass substrate, and (b) rear surface (laser-incident side) showing
circular mark corresponding to flyer position on the front. Note that a reflection of
the circular mark can be seen through the BK-7 glass (at the carbon-coated/glass
interface).

Figure 4.25: Peak flyer plate velocity versus incident laser energy for 3 mm diameter
Cu flyer of various thicknesses [225]
the higher density increases robustness and results in higher pressures generated in
the target materials. Figure 4.26 shows the peak flyer plate velocity versus incident
laser energy for the 3 and 5 mm diameter aluminum flyers. The larger Al flyer
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Figure 4.26: Peak flyer plate velocity versus incident laser energy for (a) 3 and (b)
5 mm diameter Al flyer of various thicknesses
plates were occasionally used in experiments where laser interferometry alignment was
difficult and a larger surface area for measurement was required. Several experiments
were performed to understand how the peak flyer velocity scaled with the incident
laser energy for various flyer configurations in order to find the ideal flyer dimension
(diameter + thickness) and flyer material for generating the highest pressure in the
target. The pressure generated in target materials is a function of the density and
the incident velocity of the impactor.
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4.5.2

HYADES Simulation and Modeling of Flyer Acceleration

HYADES (Cascade Applied Sciences), a one-dimensional radiation hydrodynamics
simulation code, was used to model laser-material interactions and predict the flyer
velocity profile as a function of material, thickness, and laser energy for any substrate
and flyer package. The properties of each individual layer of the substrate package
(carbon, alumina, and aluminum), as well as the flyer plate, are implemented. The
modeling allows for insight into pressures generated in the ablating materials, as well
as the pressures and particle velocities in various target-flyer configurations. Figure
4.27 shows an example of the velocity versus time profile for a 25 µm thick Cu
flyer accelerated from 1200 mJ laser pulse, comparing the experimentally measured
trace using PDV with the as-predicted trace using HYADES. Table 4.1 compares the

Figure 4.27: Comparison of HYADES (simulated) and PDV (measured experimentally) velocity versus time profiles for laser-accelerated 25 µm thick Cu flyer plate
from an incident laser energy of 1200 mJ.
HYADES simulated peak flyer plate velocity as a function of incident laser energy
compared to various experimentally-measured flyer plate velocities. By validating the
model predictions with the experimentally-obtained laser energy versus flyer velocity
profiles, the flyer material, thickness, and incident laser energy were adjusted for a
variety of experimental configurations, and for extraction of an approximate peak
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Table 4.1: Comparison between HYADES-predicted and PDV-measured flyer plate
velocities at various incident laser energies for 25 µm thick Cu flyer plate.
Laser Energy HYADES Simulated PDV Measured
(mJ)
Velocity (m/s)
Velocity (m/s)
500
450
455
700
550
555
1000
675
670
1200
725
720
flyer velocity, as well as a multitude of other variables such as temperature, pressure,
and density changes. Appendix E contains an example of the HYADES input file
used in a substrate-flyer simulation.

4.6

Sample Chamber and Target-Flyer Configurations

As previously discussed in Section 2.3.3, one of the more attractive attributes of
laser-driven flyer systems is the versatility of the flyer-target configuration. With the
gas gun experimental set up, the sabot and projectile are required to be massive,
which imparts a large amount of kinetic energy and momentum at impact which
needs to be trapped/dissipated, requiring robust samples and target configurations.
Conversely, the relatively low mass and momentum associated with laser acceleration
of the mini-flyer allows for ease of control of flyer plate impact and target loading
conditions over a wide range of experimental configurations. The small-scale impact
events and recovery target chamber design allows for recovering shocked materials for
post-mortem metallographic analysis and, additionally, performing multiple in-situ
measurements of the impact conditions. Performing time-resolved, in-situ measurements are however, a challenge due to the smaller area available for probing. In the
present work, a variety of flyer-target configurations were explored with two goals
in mind: (a) measuring parameters using VISAR and PDV interferometry to obtain
the Us -Up equation-of-state of various Ni-Al configurations, and (b) recovering the
impacted/shocked materials for post-mortem microstructural analysis.
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4.6.1

Direct Shock-Loading of Ni-Al Targets

As shown schematically in Figure 4.28, the laser beam interacting with the carbon
coating on the substrate produces a triangularly-shaped shock wave that propagates
into the target material that is pressed tightly to the substrate in the target chamber. The peak pressure generated from the laser pulse interacting with the carbon
coating is delivered directly into the target material; however, it is a rapidly decaying
pressure wave. While the particle velocity profile of the rapidly decaying wave can
be measured using VISAR/PDV diagnostics, the data obtained is not useful for determining the Hugoniot of the target material. However, the configuration is useful
for performing recovery experiments to determine the effects of wave attenuation on
the microstructure of the target material.

Figure 4.28: Schematic cross-section of target chamber demonstrating direct pressure into Ni-Al target for recovery analysis.
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4.6.2

Measurement of Flyer Plate Velocity

A schematic showing the cross-section of the target chamber arrangement for the
flyer-only configuration is shown in Figure 4.29. In this illustration, the flyer plate
is a thin Cu or Al foil, which is accelerated towards a transparent PMMA window,
and the flyer acceleration, free-flight, and steady-state velocity until impact at the
transparent target window are recorded using velocimetry (PDV and VISAR). While
not shown in the diagram, there is also a small port that allows for evacuation, if
necessary. The distance the flyer plate travels prior to impact with the target sample
(i.e. the protective window, in this case) is dictated by thin steel spacing rings
(spacers) that physically separate the flyer and target. The entire chamber is held
tightly together from the backside using a threaded steel plug. An image of the target
chamber assembly mounted in the beam path is shown in Figure 4.30, with the inset
illustration of the disassembled set-up. Extra spacers between the target/window
and the threaded plug can be used to ensure that the chamber contents are held in
intimate contact. The configuration shown in Figure 4.29 was utilized to characterize
the terminal flyer plate velocity as a function of incident laser energy, where the
experimental objective was to measure the flyer plate velocity during acceleration and
free-flight up until impact with the window. In this configuration, the transparent
PMMA window acts more as a protective window for the VISAR and PDV probes
than as a target material of interest.
4.6.3

Known Flyer Impacting Unknown Target

The set-up employed for a more traditional uniaxial-strain plate-impact experiment
is shown in Figure 4.31. In this arrangement, the flyer plate of known material (e.g.
Cu or Al) is accelerated over a short a distance allowing for the steady-state velocity
to be achieved prior to impacting into the target of interest (Ni-Al in the present
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Figure 4.29: Cross-sectional schematic of the target chamber used in laser-driven
mini-flyer plate experiments. Note that the illustration is not to scale.
work). VISAR and PDV interferometers are focused at the interface of the rearsurface of the opaque target and the transparent backer/protective window. With
the VISAR/PDV measuring the particle velocity, Up , of the target material (at the
PMMA/target interface) resulting from the flyer plate impact, the Us -Up Hugoniot
information can be obtained if the impact velocity is also known. While accurate
approximations of the flyer plate velocity at impact can be made using the measured
laser pulse energy, a direct measure of the flyer plate impact speed is not possible
with the set-up shown in Figure 4.31. Although this configuration may not be ideal
for obtaining Hugoniot data, it is useful for performing recovery experiments for postmortem microstructural analysis of impacted target materials.
The set-up shown in Figure 4.31 was however modified in the present work to allow
for Hugoniot measurements of an opaque target with an uncharacterized Hugoniot
impacted by a flyer plate of known Hugoniot. To allow for a direct measurement
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Figure 4.30: Actual image of opened target chamber and chamber mounted in beam
path on X-Y and tilt stages [225].
of the flyer plate velocity at time of impact with the target material, the flyer plate
was purposely made a larger diameter than the Ni-Al target, as illustrated in the
configuration shown in Figure 4.32. This enables the PDV laser to measure the flyer
velocity profile, while the VISAR laser measures the particle velocity of the target
in response to the flyer impact. The large aspect ratio of the targets and small
interferometry probe spots, experiments using the laser setup allowed for measuring
valid shock data well-before any of the radial reflection and focusing effects disrupt
the signal. The interferometry probe was positioned at least a millimeter from the
edge of the target. Since the target is only 100 - 200 µm thick in the largest case, there
is ample time for measuring the propagated wave from the impact prior to any edge
effects invalidating the data. The flyer-target arrangement illustrated in Figure 4.32
allows for simultaneous, direct measurement of two independent variables, Up and
Vi , from which the Us -Up Hugoniot constants for the unknown Ni-Al target material
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Figure 4.31: Schematic of target chamber used for small-scale uniaxial-strain plateimpact experiments with flyer of known Hugoniot impacting material with uncharactized Hugoniot behavior.

Figure 4.32: Schematic of dual-measurement configuration showing (a) cross-section
of target chamber from top with larger flyer (measured via PDV) and smaller target
(measured by VISAR), and (b) probe-side head-on view of the target chamber showing
relative positions of flyer and target materials, as well as probe spots.
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can be determined. Obtaining data with this method is however still challenging for
various reasons which will be discussed later along with methods employed for the
precise setup and improved results.
4.6.4

Spall Experiment Configuration

Laser-accelerated flyer-target impact experiments can also be used to study material
spallation. The spall experiment can be designed such that the target thickness being
greater than that of the flyer of similar materials, as shown schematically in Figure
4.33. During an impact event, a shock wave is propagated in both the target and
flyer plate material originating from the impact interface. These waves will reflect off
the rear-surfaces and eventually interfere with each other creating a zone of tension,
which acts to spall the material apart by creating large voids that coalesce into cracks.
With the target being thicker than the flyer, and having similar sound speeds (or,
in most cases, are identical materials), the zone of tension will occur within the
target and laser interferometry can be used to measure the particle velocity profile to
reveal the spall pull-back signal, from which the spall strength of the material can be
calculated. In the present work, the flyer-target configuration was designed such as to
not encounter spallation of the target materials which was done by typically placing
a window material behind the target to minimize generation of reflected (release)
waves. In some experiments, the target was free-standing (no backer window), which
allowed for material spallation investigations.
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Figure 4.33: Target chamber schematic demonstrating spall experimental configuration.
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CHAPTER V

RESULTS OF LASER SHOCK EXPERIMENTS

In this chapter, laser-driven flyer plate-impact experiments performed to validate the
system for investigating various dynamic loading conditions in materials via sample
recovery and post-mortem analysis are presented first. The experiments include investigations into material spallation and thin flyer impact loading of porous Ni-Al
compacts. Next, experiments aimed at measuring the shock EOS (Hugoniot) using
in-situ velocimetry are detailed. Also, recovery experiments investigating the processes leading to reaction initiation in the nanolayered via post-mortem analysis are
discussed. Lastly, the effects of laser-generated shock waves propagating directly into
porous and fully-dense Ni-Al materials are described.

5.1

Validation Experiments for Laser-Accelerated Thin Foil
Impact

The laser-driven flyer plate system was constructed for using time-resolved instrumentation to obtain in-situ measurements of the material’s response to shock loading
while also recovering the samples for post-mortem analysis. While in-situ measurements are a major challenge, information concerning the material’s response to shock
loading and reaction mechanisms can be further ascertained from experiments involving sample recovery and post-mortem microstructural analysis. Thus, recovery
and post-mortem analysis of shocked Ni-Al mixtures was performed to gain insight
into the effect of microstructure on the propagating shock wave and, consequently,
improve the understanding of the mechanisms leading to reaction initiation.
It was also important to demonstrate and validate the capabilities of the laserdriven flyer system to conduct shock-compression experiments using a wide range of
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experimental techniques. With that in mind, experimental configurations generating spall within the target materials were performed to validate configurations for
experiments emphasizing recovery analysis. Additionally, recovery experiments were
performed to investigate shock-loading of a single Ni-Al interface and welding characteristics, as well as the densification response of porous powder compacts. While
various setups were tested, not every experimental configuration was successful in
providing the sufficient impulse to severely deform and mix the constituents leading to reaction. Such experiments, nevertheless, provided important information for
improving future experiments and understanding the limitations of the laser-driven
mini-flyer system.
5.1.1

Validation Based on Spall Experiments

The laser-driven flyer system allows for small-scale spall experiments to be performed
on thin samples. With the quick experimental turn around afforded by the laser setup,
investigating spall in this manner is ideal for performing a large number of experiments
to determine the set-up that is most appropriate for the materials of interest. Laserdriven thin flyer, plate-impact spall experiments were first conducted to validate
the technique and recover the impacted materials for post-mortem microstructural
analysis.
Spall experiments were performed utilizing both Ni and Al constituents to not
only investigate the spall phenomenon using the laser setup, but to also study the
material interaction and deformation mechanisms that result from a high-velocity
impact event generating a shock that propagates perpendicular to the constituent
interface. A 25 µm thick, 3 mm diameter Al flyer plate was accelerated to ≈ 1400
m/s before impacting a 50 µm thick Ni target. A schematic illustration of the targetflyer configuration is shown in Figure 5.1(a). Upon impact, the Ni target spalled and
a 3 mm diameter disk was perforated from the bulk target. A magnified illustration

160

of the recovered spalled material separated from the bulk foil is shown in Figure
5.1(b). SEM images of the recovered nickel foil cross-section are shown in Figure

Figure 5.1: Schematic illustration of spall experiment conducted using a 25 µm
thick, 3 mm diameter Al flyer plate and 50 µm thick Ni target showing recovered
spalled and perforated Ni disk.
5.2. The image in Figure 5.2(a) shows the entire disk of ejected Ni material that was
recovered. As expected, based on the target-flyer thicknesses, the spall plane occurs
approximately in the center of the target material. Although the entire recovered disk
is bowed following impact, it is apparent that the rough surface on the opposite face
is indicative of a fracture surface corresponding to spall failure. Figure 5.2(c) and (d)
shows the 50 µm thick edges of the recovered Ni where complete spall fracture did
not occur.
In another experiment, a 25 µm thick, 3 mm diameter Cu flyer was accelerated
to ≈ 1000 m/s before impact with a 350 µm thick Cu target (18 mm diameter).
A schematic representation of the target-flyer configuration for these experiments is
shown in Figure 5.3. The copper target was designed to be significantly thick and
robust, which allowed for a free-standing configuration. A transparent protective
window was positioned behind the rear-surface to contain any debris generated and
protect the interferometry probes. Since the target is opaque, the laser interferometer
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Figure 5.2: SEM images of the recovered nickel material cross-section showing (a)
entire spalled and perforated Ni layer, (b) impact surface and fracture surface in the
center, (c) and (d) left and right edge where incomplete spall occurred.
was focused on the rear free-surface of the Cu target, and the Cu flyer impact velocity
was estimated based on previous experiments performed using the same laser energy
and flyer material. An image of the recovered Cu target (and embedded flyer) is
shown in Figure 5.4. The impact surface is shown in (a), with the Cu flyer plate
welded to the target from impact, Figure 5.4(b) shows the well-defined flyer impact
area on the rear surface (probe-side). It is apparent that the impact from the flyer
was severe enough to deform the material and create an outward bulge. The recovered
target and attached flyer plate were subsequently mounted, ground, and polished to
observe the cross-section for evidence of spall. Figure 5.5 shows a cross-section of
the recovered Cu target and flyer using light optical microscopy. While the spall
plane is not present throughout the entire region of the flyer impact due to radial
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Figure 5.3: Schematic cross-section of target-flyer arrangement for spall experimental setup utilizing free-standing Cu target.

Figure 5.4: Images showing (a) recovered Cu target with attached Cu flyer to impact
surface and (b) distinct bulge and deformed region at impact on rear-surface.
effects, regions indicating spall are obvious. Figure 5.5(a) shows a spalled layer where
the initial voids created by the spall coalesced into a complete fracture plane. The
thickness of the spalled layer (≈ 25 µm) and location of the spall plane correlates well
with the expected spall depth based on a symmetric Cu impact from a 25 µm thick
flyer plate, shown at the top of the figure. The image shown in Figure 5.5(b) reveals
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Figure 5.5: Images (light optical) of polished cross-section of Cu target showing
localized regions of void formation, coalescence, and spall formation.
a region in the target exhibiting incomplete spall, where significant void growth has
occurred across a plane (or multiple planes, in this case), but not enough for void
coalescence and full crack formation. While the recovered Cu target exhibited clear
signs of localized spall, the interferometers did not capture a free surface velocity
trace with a distinct spall signal.
In another experiment, a 50 µm thick Cu flyer was accelerated into a 100 µm thick
Cu target at ≈ 700 m/s, using the schematic shown in Figure 5.6(a). In Figure 5.6(b),
the rear-surface of the recovered target with clearly protruding flyer plate is shownn
and the spalled disk is shown in Figure 5.6(c). The dull finish of the spalled fracture
surface is apparent in contrast to the lustrous surface material. Shown in the SEM
images of the fracture surface of the spalled region in Figure 5.7 is the dimpled surface
indicative of a ductile material (i.e. Cu). With the laser-driven flyer experiments,
the nanosecond time-scale of the pulse duration results in an extremely short spall
pull-back signal due to the small thickness of the flyer plate. Hence, the PDV and
VISAR interferometers were unable to measure the clear spall signal occurring within
the nanoscale. Warnes et al. [179] have employed ultra high-resolution VISAR system
to measure a spall signal with the laser-driven flyer setup. Their customized setup
employed multiple VISAR-based systems and streak cameras allowing for 10x better

164

Figure 5.6: (a) Schematic illustration of processes occurring during spall experiment.
Images showing recovered material from spall experiment: (b) recovered Cu target
showing punch-through of Cu flyer plate and (c) recovered material showing fracture
surface of spall plane.

Figure 5.7: SEM images of fracture surface recovered from spalled Cu material
exhibiting dimpled failure as expected from a ductile material such as copper.
resolution. While a thicker flyer plate can be attempted to generate a longer duration
shock pulse, the consequent impact velocities would be too low to generate the spall
and measure the signal. Spall signals have been successfully measured in other laser
setups without sub-nanosecond resolution interferometry, but typically these systems
rely on lasers with significantly higher pulse energy. The higher laser energy enables
higher velocity impacts using thicker flyer plates, which leads to longer duration shock
waves.
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5.1.2

Validation Based on Recovery Experiments and Post-Mortem Analysis

Recovery experiments solely focusing on post-mortem microstructural analysis were
performed using thin Cu and Al flyers impacting thick Ni-Al powder compacts. The
target samples were quasi-statically pressed to 85% TMD using a precision punchand-die set. Aluminum and copper flyers of 3-mm diameter and various thicknesses
were employed to impart the greatest kinetic energy (momentum) at impact and, consequently, the maximum effects of shock-compression in the Ni-Al powder mixture
compacts (≈ 500 µm thick and ≈ 6.25 mm diameter). The target chamber configuration is the same as described in Section 4.6 (Figure 4.31). The Ni-Al powder targets
are epoxied to a PMMA window for mechanical support and alignment with the flyer
impact. Impact of the 3-mm diameter flyer on the 6.25 mm diameter Ni-Al compact
target, although being off-axial, resulted in an impact crater. A schematic illustration
and polished cross-section is shown in Figure 5.8. Figure 5.8(a) illustrates the crosssection of the Ni-Al powder compact and impact zone, and identifies the positions
shown in (b) and (c). Figure 5.8(b) displays the left-hand boundary of the impact
crater and (c) shows the edge on the right-hand boundary. There was little-to-no deformation or densification seen in the underlying microstructure, directly below the
impact crater where the material is subjected to the highest pressures. Although this
experiment allowed for the highest achievable impact velocity by utilizing 25 µm thick
Al flyers and the maximum available laser energy, the short loading pulse generated
by the thin flyer impact likely attenuates very quickly, within a few particle layers,
and does not significantly propagate and result in densification of the bulk powder
compact.
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Figure 5.8: (a) Schematic illustration of impact zone and locations of impact zone
edges, and (b)-(c) polished cross-section of impact crater in 85% TMD Ni-Al powder compact from 25 µm thick Al flyer impact, showing left-hand and right-hand
boundary of the impact using light optical microscopy.
5.1.3

Validation Based on Time-Resolved Hugoniot Measurements

Understanding the shock-compression response of thin films is gaining importance
because of novel methods being employed to synthesize materials with unique microstructures. Examples of such materials include sputter-deposited or cold rolled
multilayers [236] and melt-spun ribbons of amorphous or nanostructured materials
[263], for which it is difficult to employ gas-gun-based setups to obtain their Hugoniot EOS.
The versatility of the laser-driven flyer plate setup enables various methods for
Hugoniot determination of uncharacterized materials. The target and flyer material are easily interchangable depending on the experimental objectives and available
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diagnostics. By employing a transparent target of known Hugoniot, thin foils of uncharacterized Hugoniot can be used as flyer plates to impact the transparent target
and obtain Us -Up EOS information for the unknown flyer. A schematic cross-section
of the target-flyer arrangement (‘known’ flyer impacting ‘unknown’ target) is shown in
Figure 4.31 in Section 4.6.3. In traditional uniaxial strain impact experiments, a flyer
plate of known material impacts an unknown target material and various diagnostics
(shorting pins, stress gages, laser interferometry) are used to measure the impact and
particle velocities or pressure to generate the EOS of the unknown material [201].
Because of certain physical constraints associated with using the laser-driven flyer
setup, it is not trivial to measure the impact velocity of a flyer plate impacting an
opaque target. Alternatively, the flyer plate of unknown material can be accelerated
to impact a transparent target of known Hugoniot. Measuring the impact velocity
and particle velocity at the impact interface, a Hugoniot data point can be deduced
for the unknown flyer material. The only significant pre-requisite with this method is
that the material can be fabricated into disks that are appreciably thin, smooth, and
low in mass which is necessary to achieve high velocity, planar impacts. The flyer
plate must also exhibit considerable mechanical integrity such that it can survive the
launch process. The technique is attractive for studying materials that are extremely
thin, precious, or hazardous, since these have been challenging to study previously
using gas gun setups.
Prior to conducting experiments using the unknown flyer Hugoniot technique, it
was necessary to validate the method using materials with well-characterized shock
behavior. Hence, for the validation experiment, a thin-foil Al flyer (representing an
unknown material) was accelerated at a steady-state velocity to impact a transparent
target of known Hugoniot. VISAR interferometry was used to measure the incident
velocity and the consequent particle velocity as it equilibrates upon impact with the
transparent target material. The technique has been successfully employed by other
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researchers using laser-driven flyer impact systems [202, 201, 184, 192, 204].
The validation experiments were performed using 1100-series aluminum foil flyer
plates. The foils were cut from shim stock ≈ 100 and 250 µm thick using a hole
punch to attain the desired foil diameter (3 or 5 mm) and subsequently rolled flat, if
necessary. The two flyer thicknesses were employed to investigate any possible effects
on the loading conditions, while the different diameters were used to detect any effect
from the planarity of the probed region on the validity of the measured data. Since
the as-received aluminum surface finish was not uniformly diffuse, the foils/flyers
were slightly ground and polished until a highly diffuse surface was obtained, which
is preferred for VISAR experiments where consistent light return is vital for the
success of the experiment. The transparent targets of known Hugoniot used included
PMMA (obtained from McMaster-Carr) and sapphire (obtained from Esco Corp).
As previously mentioned, the flight distance was typically 2-4x the thickness of the
flyer (foil) being launched in order to allow it to equilibrate and reach a steadystate peak velocity prior to impact. This distance was controlled by using thin metal
spacers inside the experiment chamber between the flyer plate and target. The VISAR
probe was optimized to focus at the impact surface of the aluminum flyer, and was
used to capture the acceleration and steady-state velocity of the foil prior to impact.
With the nanosecond time response of the VISAR, the interferometer was capable
of obtaining high-resolution data from an event that typically lasted less than a
microsecond. The particle velocity of the flyer after impact and equilibration with
the window was determined by measuring the decrease from the steady-state velocity.
The particle velocity measured using the VISAR and known properties of the window
material define a point on the Hugoniot of the flyer material in P -Up and Us -Up spaces.
Thus, VISAR interferometry enabled measurement of the flyer impact velocity (Vi ),
as well as the equilibrated interface particle velocity (Up ), which yields a point for
the Hugoniot of the unknown flyer material. The P -Up point on the Hugoniot was
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calculated using impedance matching based on the P -Up behavior of the known target
material. Thus, utilizing the impedance matching technique the Hugoniot for the Al
flyer (representing unknown material) was determined by directly measuring only
the particle velocity. Impedance matching is based on the assumption that under
steady state conditions all material interfaces initially acheive continuity in pressure
and particle velocity. The assumption allows for the known response of a material
to be utilized to determine the response of an unknown material by substituting the
impact velocity, Vi , as one of the necessary measured variables. Hence, if the impact
velocity is known, direct measurement of only one other material variable is required
to calculate all the Hugoniot constants for an unknown material [49, 11].
Representative flyer velocity profiles recorded by VISAR from three different experiments are shown in Figure 5.9: (a) 5 mm diameter flyer impacting a PMMA
target at ≈ 420 m/s, (b) 3 mm diameter flyer impacting a PMMA target at ≈ 790
m/s, and (c) 3 mm diameter flyer impacting a sapphire target at ≈ 775 m/s. In each
case, the flyer thickness was 100 µm. It should be noted that the velocity determined
from the VISAR signal is sensitive to the type of window material coming in contact
with the reflective surface. A window correction factor must be applied, as a change
in Velocity-per-Fringe (VPF), if the window has a non-zero particle velocity. Before
impact, no correction is necessary because the window is undisturbed. The profiles
in Figure 5.9 are based on the VPF adjusted for the change in the surface conditions,
thereby giving a corrected velocity profile. While some small ringing is still observed
in the profiles from the 100 µm foil flyers, it is damped out prior to impact by a significantly long free-flight distance, as controlled by the spacers. As observed by Brown
and Dlott [201], this step is critical for ensuring that the flyer material data is located
on the Hugoniot and not at some elevated state prior to impact since this can have
dramatic effects on the measured particle velocities. The ringing is exacerbated in
the thicker 250 µm configuration. Figure 5.10 demonstrates a VISAR velocity profile
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Figure 5.9: Representative velocity profiles from three different experimental configurations as measured by VISAR interferometry: (a) 5 mm diameter flyer impacting
PMMA target, (b) 3 mm diameter flyer impacting PMMA target, and (c) 3 mm diameter flyer impacting sapphire target. In each case, the Al flyer thickness was a 100
µm.
exhibiting severe flyer ringing at the time of impact. While a distinct step from the
impact velocity, Vi , to the equilibrated window particle velocity, Up , is recorded, the
data from this experiment could not be used since the flyer (or at least part of the
flyer) was at an elevated stress prior to impact. Since the 100 µm Al foils were sufficiently thick allowing enough time for an equilibrated particle velocity measurement
at the target interface, they were used in the majority of experiments to reduce the
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risk of severe ringing invalidating an experiment.

Figure 5.10: VISAR velocity profile of 250 µm thick Al flyer exhibiting severe
ringing at the time of impact.
Using the impact velocity, Vi , and the particle velocity at the flyer-target interface,
Up , a Hugoniot point for the ‘unknown’ flyer material (Al 1100 in the present case)
was calculated using impedance matching and the known Hugoniot of the transparent
target. Figure 5.11 schematically illustrates the method using the measured Vi and
Up and the Hugoniot in P -Up space to calculate the unknown Hugoniot point. Based

Figure 5.11: Schematic representation showing determination of Hugoniot data for
flyer material using known target (PMMA) material in P -Up space.
on the impact velocity and the change in particle velocity immediately after impact
with the window, the intersection of the flyer and window Hugoniot can be found.
Subsequently, using the Rayleigh line connecting the two points, the shock velocity,
Us (=ρ0 /slope), can be calculated from the slope. Since the flyer material is assumed
to start at zero pressure, the Up in the flyer material is only the difference between
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the velocity at impact and the equilibrated interfacial particle velocity. Thus, the
range over which the flyer material can be characterized is dependent on how large
this ‘step’ in particle velocities can be made. The step can be adjusted two ways:
controlling the peak impact velocity (via adjusting flyer dimensions/mass or laser
energy) or changing the shock impedance of the transparent target material (PMMA
vs. sapphire).
Figure 5.12(a) shows the experimental data points in Us -Up space obtained from
experiments performed in the present work compared with previously published data
for 1100-series aluminum from Marsh [264] and Figure 5.12(b) shows the same data
and comparison in P -Up space. Fitting a linear relationship to the experimental data
in Figure 5.12(a) leads to values of a zero-pressure sound velocity (C0 ) and S constant
of 5.33 km/s and 1.69, respectively, for particle velocities up to the range of around 550
m/s. The propagated error was calculated based on the instrumental error (2% of a
fringe) as well as the amount of noise in the signal where the Vi and Up were measured.
Since Us was calculated based on those two measured values, the propagated error
was significantly higher as there were multiple components to account for. A more
detailed explanation of the error analysis is covered in Section 5.2.2. Using the entire
range of available 1100-series aluminum data from Marsh (Up < 1.8 km/sec), the
linear Us -Up relationship yields values of C0 and S constants of 5.35 km/s and 1.34,
respectively. The Marsh data for the same range as the experiments performed in the
present work provided C0 and S values of 5.20 km/s and 1.74, respectively. It can be
seen that the overall comparison of the measured data with the results from published
data by Marsh reveal good correlation, thereby providing validation for the use of the
laser accelerated flyer setup for obtaining Hugoniot information of uncharacterized
thin foil samples.
While the technique for obtaining Hugoniot data for thin foil samples has been
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Figure 5.12: (a) Us -Up plot and (b) P -Up plot showing experimentally determined
data points using unknown Al flyer technique compared to published data (solid line)
for 1100-series aluminum [264].
validated using a laser-driven mini-flyer system and a single laser-interferometry diagnostic, one of the disadvantages of this method is the limited particle velocity range
over which the experiments can be performed. The maximum measurable particle
velocity for the unknown material (shown as ∆Up in Figure 5.11) is a function of
the peak impact velocity, which in turn, is a dictated by the density and mass of the
flyer. Thus, it is difficult to measure a wide range of flyer particle velocities using
this method. Increasing the impact velocity by many hundreds of meters per second
may only lead to an increase in the ∆Up value by tens of meters per second, which
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is not significant. Thus, the technique as-established, is found to be proficient for
determining the Hugoniot constants for unknown (flyer) materials mainly in the low
particle velocity regime (typically below 1 km/s).

5.2

Time-Resolved and Recovery Experiments on Nanolayered Ni-Al Foils

5.2.1

Ni-Al Mixture Flyer Impact Experiments

Having validated the technique for obtaining Hugoniot data using thin foil materials
as flyers with the laser-driven flyer system, experiments were conducted to characterize the shock-compression response of the various Ni-Al mixtures (including nanolayered foils and powder compacts). Similar to the approach described above, samples
of various Ni-Al mixtures were made as thin-foil flyers and accelerated to a peak,
steady-state velocity prior to impact on a known transparent target, while employing time-resolved interferometry to measure the particle velocities and determine the
Hugoniot EOS. Experiments performed on disks of vapor-deposited Ni-Al nanolayered foils resulted in their simply breaking up during launch and acceleration. The
majority of the experiments, regardless of Ni-Al flyer diameter, resulted in almost
immediate loss of probe laser light and VISAR and PDV signals. The target chamber contained significant debris from the flyer impact with some fragments appearing
reacted. Immediate loss of interferometry signal suggests that the nanolayered Ni-Al
foil flyers are breaking up during flight and prior to impact with the target. However,
it is not obvious if the fragments react during flight or upon subsequent impact.
Some experiments were performed using the Imacon high-speed framing camera
to view the nanolayered foil flyer launch process. A representative series of images
captured by the high-speed framing camera is shown in Figure 5.13. The first image
(top-left frame) shows the initial position of the foil flyer. The light observed in frames
2 - 8 is the result of the laser-carbon interaction creating a plasma, some of which
escapes around the edges of the flyer prior to and during launch. It is evident from
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subsequent images that the Ni-Al foil flyer immediately fragments at the onset of
the acceleration process following the expansion from the plasma. The more ductile
Al and Cu foil flyers are able to retain their integrity during launch, however the
more brittle Ni-Al foil flyers fragment which makes use of this approach difficult for
determining their EOS.

Figure 5.13: Images taken using the high-speed framing camera showing vapordeposited Ni-Al nanolayered flyer during acceleration process. The initial frame (topleft in image) shows initial position of foil flyer prior to experiment. In frames 2 - 8,
the carbon plasma generated from the laser-carbon interaction can be seen escaping
from behind the foil flyer during the initial acceleration. Within the first few frames,
it is apparent that the foil fragments and disintegrates from the laser-accelerated
launch process.
Similar experiments were also conducted using flyers fabricated from quasi-statically
pressed Ni-Al powder mixture compacts, fabricated as 3 mm diameter disks with a
thickness of 1-2 mm. The powder compacts were ground and polished to 90 µm
thickness. The procedure is covered in detail in Appendix F. A polished cross-section
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Figure 5.14: A polished cross-section of (a) an initial, as-pressed 85% TMD Ni-Al
compact (light microscopy), and (b) the ground and polished, 90 µm thick, 85% TMD
Ni-Al flyer (electron microscopy); bright phase is Ni and dark phase is Al.
of an initial, as-pressed 85% TMD Ni-Al compact is shown in Figure 5.14(a) and
a higher magnification SEM image of the surface after ground and polished to 90
µm thick is shown in Figure 5.14(b). The 90 µm thick Ni-Al powder compact flyers
were accelerated to impact PMMA and sapphire targets, at the maximum available
laser energy. Figure 5.15 shows an example of a recovered Ni-Al powder compact
flyer after impact with (a) PMMA and (b) sapphire targets at ≈ 600 m/s impact
velocity. Unlike the sputter-deposited nanolayered foils, the powder compact flyers
exhibit sufficient mechanical integrity to survive the launch and impact processes.
The representative PDV-measured velocity profile from the Ni-Al pressed-powder
flyer impacting the sapphire window is shown in Figure 5.16. The velocity profile
demonstrates a relatively smooth rise-to-peak velocity and distinct step at impact
with the transparent sapphire window, as expected. However, a relatively low value
of the equilibrated particle velocity was measured at the interface, which limits the
range over which the Us -Up data can be obtained in the experiments. Since sapphire
has the greatest shock impedance of the two transparent target materials employed
and the flyer impacted the window at the maximum achievable velocity, it yielded the
largest possible ‘step’ in the velocity profile at impact using this configuration. Unlike
the case where the relatively low density Al flyer impacted the sapphire and PMMA
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Figure 5.15: 90 µm Ni-Al pressed-powder flyers recovered after 600 m/s impact
with (a) PMMA and (b) sapphire targets.
targets as mentioned above, the Ni-Al powder mixture has a much higher density
(and consequently, shock impedance), which results in a less significant change in
particle velocity at impact with the window material. The experiments performed
on the PMMA targets exhibited similar results despite the lower density material.
Experiments were also performed using 30 µm thick Ni-Al powder mixture compact
flyers to a maximum velocity of 800 m/s. However, the available range of particle
velocities was not significantly improved. Hence, the configuration employing flyers of
unknown material impacting a known target material was found to be not applicable
to these materials that are fragile and easily fragment, as well as those with small
impedance differences between the target and the flyer.
Despite the difficulties with the time-resolved measurements, the impacted samples were recovered for microstructure characterization. X-ray diffraction (XRD)
performed on each recovered powder compact flyer showed retention of nickel and
aluminum, and no indication of reaction regardless of the target material used. SEM
micrographs showing the cross-sections of the 90 µm thick powder compacts in Figure 5.17 from the impact into (a) PMMA and (b) sapphire, reveal very similar microstructures with porosity eliminated as a result of the impact-induced densification,
but again, with no evidence of local or bulk reaction. Based on the measured density
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Figure 5.16: PDV-measured velocity profile from the 90 µm Ni-Al flyer impacting
the sapphire window at around 575 m/s.

Figure 5.17: SEM micrographs showing cross-section of the 90 µm thick Ni-Al
powder flyer experiments recovered after impact with (a) PMMA and (b) sapphire
windows.
of the Ni-Al powder mixture, the approximate shock impedance, and measured impact velocity, the pressure generated from the impact with the PMMA and sapphire
targets was determined using a calculated Hugoniot, and found to be ≈ 1.8 GPa and
7.5 GPa, respectively, for PMMA and sapphire targets.
Recovery experiments performed on 30 µm thick Ni-Al powder flyers showed similar microstructures with full densification and no evidence of reaction, as shown in
Figure 5.18 for impact on a PMMA window at 800 m/s (≈ 2.6 GPa) and in Figure
5.19 for impact on sapphire (≈ 11 GPa). Figure 5.18 and 5.19 also show multiple
cracks at approximately 45o , revealing greater evidence of constituent deformation
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Figure 5.18: SEM micrographs of a polished cross-section from the 30 µm thick
Ni-Al flyer that impacted a PMMA window at 800 m/s.
than that observed in previous experiments.

Figure 5.19: SEM micrographs of a polished cross-section from the 30 µm thick
Ni-Al flyer impact with a sapphire window at 800 m/s.
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5.2.2

Hugoniot Measurements on Nanolayered Ni-Al Foils

A major goal of the work presented here is to utilize the laser-driven flyer setup to
establish the Hugoniot equation of state for thin and highly reactive nanolayered
Ni-Al foils with novel and unique microstructures. Fully-dense, nanolayered Ni-Al
thin-film foils exhibit drastically different microstructural features compared to powder mixture compacts, which is expected to influence their shock-compression and
reaction initiation response. While the processes leading to reaction initiation in
porous reactive mixtures rely on the presence of porosity to aid in severe constituent
deformation and mixing leading to reaction initiation, the modes and mechanics of
processes leading to reaction in Ni-Al nanolayered foils with no porosity remain to be
determined. Time-resolved Hugoniot measurements were performed using the laserdriven flyer system to generate the equation of state and determine any evidence of
shock-induced chemical reaction. Since the nanolayered foils cannot be accelerated
to impact the target (due to their fragmentation during flight), a new configuration
was designed in which the nanolayered foils were used as free-standing targets.
Ni-Al nanolayered foils of 150 µm thickness were purchased from Indium Corporation. The bilayer spacing (1 Ni+Al pair) of the foil was 50 nm and the samples
in the form of strips were used with a new experimental configuration. The material
had sufficient mechanical integrity to be used as a free-standing sample without the
need of a transparent backer material. A window was however placed a few millimeters behind the Ni-Al target to protect the interferometry probes from any debris
generated during the impact.
A cross-section of the experimental configuration is illustrated in the schematic
shown in Figure 5.20(a) demonstrating the transparent protective window offset from
Ni-Al target. Figure 5.20(b) shows the head-on view of the target chamber and
velocimetry probe spot positions. The steel spacers allowed for the substrate, target,
and transparent protective window, to be held tightly within the target chamber.
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Aluminum flyers were used in the experiments to achieve the highest impact velocities
possible. The VISAR and PDV interferometry probes were aligned using the red
alignment laser as a reference point, but both were offset from each other to ensure
that the PDV observed the Al flyer plate velocity and the VISAR measured the rear
free-surface velocity of the Ni-Al foil. The PDV probe was aligned to measure as
close to the center of the flyer plate as possible and the VISAR probe was positioned
about a millimeter in from the edge of the Ni-Al foil target to avoid any immediate
edge effects, while still probing close to the center of the flyer plate impact. PDV
measures the Al flyer plate velocity at impact with the Ni-Al target and VISAR
records the free-surface particle velocity of the Ni-Al target in response to the flyer
plate impact. Using impedance matching and the established Hugoniot of the Al flyer
plate, a single point that falls on the unknown Hugoniot of the Ni-Al nanolayered foil
can be calculated from an individual experiment.

Figure 5.20: Schematic of target-flyer experimental configuration showing (a) crosssection showing off-set protective window and (b) head-on view demonstrating probe
spot locations.
The laser energy was adjusted for each experiment to enable a range of impact
velocities, resulting in a wide range of shock states to be generated (pressures, particle
velocities) in the Ni-Al nanolayered foil target. To avoid some of the challenges arising
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from use of thin flyers, Al flyers of 100 µm thickness and 5 mm diameter diameter
were employed to allow for easier alignment and a larger planar impact area for
valid measurements. Prior to the experiment, the focusing lens was positioned such
that the spot size at the plane of the flyer corresponds to the same diameter as the
flyer plate itself. Additionally, a flight distance was set using steel spacing rings to
ensure ample distance for flyer ringing to dampen out prior to impact. Representative
PDV and VISAR velocity profiles are shown in Figure 5.21. The velocity of the
flyer plate at impact, Vi (measured with the PDV), and the resulting free-surface
velocity, Uf s (obtained from VISAR trace), of Ni-Al foil target are the two critical
values extracted from these measurements. The impact velocity of the flyer plate is

Figure 5.21: Representative PDV and VISAR velocity versus time profiles from
experiments employing known flyer material impacting unknown target.
determined from the PDV velocity profile based on the time of shock arrival observed
in VISAR profile and the thickness of the target foil. The particle velocity, Up , is
related to the measured free-surface velocity (Up ≈

1
2

Uf s ) of the target.

Figure 5.22 schematically illustrates the impedance matching method utilized in
which the measured impact velocity, Vi , particle velocity, Up , and the inverted Al
flyer Hugoniot curve in P -Up space is used to calculate the Hugoniot point for the
nanolayered Ni-Al foil target. Figure 5.22(a) demonstrates the positioning of the
inverted Al flyer Hugoniot curve based on the PDV-measured impact velocity, Vi .
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The point at (Up , P ) is established from measured value of the particle velocity
which is equivalent to the particle velocity of Al at impact. The impact velocity, Vi ,
establishes the positioning of the inverted Al flyer Hugoniot curve and the measured
Up value determines the point on the Al-flyer Hugoniot, thereby yielding the pressure
and particle velocity in the target and flyer materials for the given impact velocity.
Considering the Rayleigh line from the point (0, 0) to the (Up , P ) point on the Al
flyer Hugoniot, gives the value of the shock velocity, Us , which is related to the slope
of the Rayleigh line. Performing experiments for a range of impact velocities, the
corresponding P, Up states can be determined for construction of the entire Hugoniot
in P -Up space, as shown schematically in Figure 5.22(b). The shock velocity, Us
(obtained from the slope of the Rayleigh line), can also be used to generate the Us Up linear plot, for obtaining the C0 and S constants. The Rankine-Hugoniot jump
conditions can then be used to obtain other Hugoniot parameters, such as specific
relative volume,

V
V0

( = (Us - Up )/Us ) to generate the pressure-volume Hugoniot.

Figure 5.22: Schematic illustration of Hugoniot determination using measured flyer
plate impact velocity and target particle velocity: (a) Inverted Al flyer Hugoniot used
in establishing equilibrated pressure in target-flyer materials due to impact velocity,
Vi and Rayleigh line construction with shock velocity calculation, (b) Illustration
demonstrating specific impedance matching technique employed for experiment series
over range of impact velocities to build entire Hugoniot curve for unknown material.
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The results from the series of experiments performed on the nanolayered Ni-Al
foil targets, plotted in Us -Up , P -Up , and P - VV0 space are shown in Figures 5.23, 5.24,
5.25, respectively. The error bars corresponding to each data point were determined
based on the analysis described below.

Figure 5.23: Experimental results with data points showing associated error bars
for Ni-Al nanolayered foils shown in Us -Up space.
Error Propagation and Analysis
Errors in any measurement can be broken down into two distinct categories: systematic and experimental [265, 266]. Systematic error is the error that propagates
through the calculations and the results. Experimental errors stem directly from the
measurement such as that due to the signal noise and instrumentation. The VISAR
interferometer directly measures the free-surface velocity at the Ni-Al foil target back
surface, which allows for minimal error since it does not have to propagate through
the impedance matching equations. The particle velocity error was dominated mainly
by the inherent error in the recorded VISAR signal which is 2% of the selected fringe
constant. Additionally, the particle velocity extracted from the measured free-surface
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Figure 5.24: Experimental results with data points showing associated error bars
for Ni-Al nanolayered foils shown in P -Up space.
velocity profile was based on an average velocity over a certain length of time, usually
just a few nanoseconds near the peak. While this allowed for an accurate average
particle velocity measurement, the overall noise in the signal had to be included in
the error analysis and propagated through any subsequent equations. This was a
significant source of the error. PDV interferometry was used to measure the impact
velocity, which was subsequently used for the impedance matching calculations. The
analysis of the PDV velocity profile results in an experimental error as well, which
can be directly extracted from software analysis. This can be minimized by tailoring
the window size and shift time to increase the velocity resolution locally in the signal.
Since the extracted velocities and associated errors are used to calculate other
Hugoniot parameters through impedance matching, the error propagates in a systematic manner through the equations. The propagated error is calculated differently depending on how the individual measurements are combined in the result.
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Figure 5.25: Experimental results with data points showing associated error bars
for Ni-Al nanolayered foils shown in P - VV0 space.
Although each individual direct measurement is associated with some experimental
error, as multiple measurements are combined or the same measurement is used multiple times, the error will compound and significantly increase. The equations utilized
for calculation of the propagating error of measured quantities using addition or substraction are shown in Equation 5.1 and 5.2 [266]. It is assumed that T is the sum of
three independently-measured quantities A, B, and C, each with error δA, δB, and
δC, and δT is the total combined error from the three independent measurements.
T =A+B+C
δT =

√

δA2 + δB 2 + δC 3

(5.1)
(5.2)

The propagated error analysis used for multiplying and dividing measurement error
is given by Equation 5.3 and 5.4 [266]:
T =

A·B
C
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(5.3)
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(5.4)

Lastly, multiplying a measured value with associated error through a constant requires
further consideration, which is given by Equation 5.5 and 5.6 [266].
T =X ·A

(5.5)

δT =| X | ·δA

(5.6)

In these equations, X is a constant not dependent on the measured quantity. In addition to the in-situ velocity measurement errors, there is also error from the measured
density of the flyer plate and target materials that needs to be incorporated. Thus,
the total error calculated for each experimental data point is a function of both the
experimental error based directly from the measurement and the systematic error,
which is a function of the analysis technique and number of propagation steps necessary in calculating the Hugoniot variable of interest. For example, the measured
particle velocity of the Ni-Al target was used to determine the corresponding pressure
using the aluminum Hugoniot curve, which was modeled as a polynomial equation:
P = A(Up )2 + B(Up ) + C

(5.7)

where A, B, and C are constants. Therefore, using the experimentally-measured Up
to calculate the pressure at the interface required calculating the propagated error
through the product terms and through the constants, as described by Equations
5.4 and 5.6, respectively. Additionally, the pressure and particle velocity were subsequently used to establish the Rayleigh line and the shock velocity, Us , which further
compounded the propagated error.
The PDV and VISAR velocity profiles shown in Figure 5.21 are representative of
data obtained in the experiments aimed at measuring a Hugoniot data point. While
the entire profiles are shown for demonstration purposes, only a small portion of
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the data is analyzed for a higher-resolution determination of the flyer plate velocity
at impact and resulting free surface velocity of the target. This process acts to
reduce the overall noise seen in the signal and helps minimize the error. Due to
the extremely fast changes in velocity recorded and the resolution limit of our VISAR
system, there is often insufficient time for an entire lissajous to be recorded, even when
the fastest velocity-per-fringe (VPF) constants are set. Insufficient time to measure a
full lissajous manifests itself in the velocity versus time data in terms of lost fringes,
which need to be added in manually. While it can add to extra uncertainty in the
analysis and larger error, it is typically apparent where a lost fringe occurred and
can be added back without any detriment to the validity of the data. Many of the
experiments performed here resulted in lost fringes, which, along with the inherent
signal noise, led to the relatively large experimental error.
5.2.3

Recovery Experiments on Nanolayered Ni-Al Foil

A series of recovery experiments were separately performed using the similar Al-flyer
set-up. The set-up shown schematically in Figure 5.26 allowed for safe recovery of
impacted samples for post-mortem microstructural analysis of unreacted and reacted
states. Post-mortem analysis of the shocked Ni-Al foils was used to determine the
state of the material immediately prior to the onset of the self-sustained reaction, as
well as to identify the products forming due to shock-induced reaction.
Recovery experiments were performed using the laser-driven flyer system in which
5 mm diameter, 100 µm thick Al flyers were accelerated to impact Ni-Al nanolayered
foil targets of 150 µm thickness and approximately half the diameter as the flyer,
as shown in the schematic cross-section of the target chamber shown in Figure 5.26.
Since the flyer plate was significantly larger than the Ni-Al target, PDV interferometry
was used to measure the Al flyer impact velocity. The Ni-Al foil targets were epoxied
directly on to the sapphire window to allow for safe recovery of the samples.
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Figure 5.26: Schematic cross-section showing target chamber arrangement used for
Ni-Al foil recovery experiments.
The experiments were performed over a range of flyer plate impact velocities to
isolate the reaction initiation threshold for the nanolayered Ni-Al foil targets, as evidenced based on post-mortem analysis. Table 5.1 lists the laser energy (based on
a 10 shot average taken prior to the experiment), the PDV-measured mean impact
velocity of the Al flyer plate, and the observed reaction state of Ni-Al foil target. Additionally, the calculated pressure generated at the Al flyer/nanolayered foil interface,
estimated using the known Al Hugoniot and the Ni-Al foil Hugoniot using GTShock
[25] is also listed. It can be seen that the reaction is observed in the recovered foils
for each experiment at and above 374 m/s. Examples of the recovered Ni-Al targets
attached to the Al flyer plates are shown in Figure 5.27, where (a) corresponds to
the unreacted sample and (b) the reacted foil, where an obvious difference in surface
texture and color are apparent. The smooth, specular, and lustrous surface of the
unreacted sample shown in Figure 5.27(a) is similar to that of the as-received Ni-Al
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Table 5.1:
Experiment Average Laser
Number
Energy (mJ)
1
1252
2
1150
3
1042
4
958
5
873
6
808
7
763
8
712
9
668
10
612
11
608
12
556
13
505

Measured Mean
Estimated
Impact Velocity (m/s) Pressure (GPa)
496
4.68
479
4.51
466
4.37
446
4.18
429
4.01
418
3.90
403
3.75
389
3.62
374
3.47
366
3.39
363
3.36
340
3.14
326
3.00

Observed Reaction
State
Reacted
Reacted
Reacted
Reacted
Reacted
Reacted
Reacted
Reacted
Reacted
No Reaction
No Reaction
No Reaction
No Reaction

Figure 5.27: Ni-Al foil target with attached Al flyer plate recovered from experiments where (a) sample is unreacted and (b) sample is fully reacted.
foil. The recovered fully reacted foil shown in Figure 5.27(b) exhibits a dark-colored,
diffuse, and irregular surface finish.
XRD analysis was performed on the unreacted and fully reacted recovered sample.
The resulting spectrum corresponding to the shocked, but unreacted sample is shown
in Figure 5.28(a) and the diffraction profile from the as-received, virgin material is
shown in Figure 5.28(b). The XRD profile of the shocked (unreacted) foil (Figure
5.28(a)) exhibits clear peaks corresponding to Ni and Al, which coincide with the
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spectrum from the as-received nanolayered foil in Figure 5.28(b). The diffraction
spectrum from the shocked but unreacted sample appears noisier and measured less
overall counts because of the small volume of material employed and recovered from
the shock experiment, where as the as-received diffraction spectrum was performed
using a significantly larger nanolayered Ni-Al foil. The XRD profile corresponding
to the shocked and fully-reacted sample is shown in Figure 5.29(a). Figure 5.29(b)
displays the spectrum from a Ni-Al nanolayered foil that underwent a thermallyinitiated reaction. Both profiles indicate the formation of the B2-NiAl intermetallic
phase and exhibit almost identical XRD profiles.
High-resolution transmission electron microscopy (HRTEM) was performed on
unshocked, shocked and unreacted, and shocked and fully-reacted samples. Crosssections of the various nanolayered foil samples for HRTEM analysis were prepared by
attaching two 500 µm thick silicon wafers to both foil surfaces via a high-temperature
epoxy that can withstand the intensity of the electron beam in the TEM. The sides
were gently ground such that the diameter of the sample was < 3 mm and could
fit on a Cu grid to be placed on the TEM sample holder. Since the sample was
multiple millimeters tall, it had to be meticulously and carefully ground by hand to
approximately 70 µm. A Gatan Dimple Grinder was then used to thin the center of
the sample down to 20 µm while keeping the periphery intact. Lastly, the sample was
carefully epoxied to the Cu grid and ion milling was used for further thinning. To allow
observing the nanostructure of the material with the Tecnai F30 TEM. Images taken
using the TEM mode are shown for the as-received, unshocked Ni-Al foil, shocked
but unreacted Ni-Al foil, and the shocked and reacted foil in Figures 5.30, 5.31, 5.32,
respectively. In the unshocked and shocked-but-unreacted samples, the lighter phase
corresponds to aluminum and the darker phase to nickel. The microstructure of the
reacted foil reveals equiaxed grain structure of the B2-NiAl phase. Further details of
the unreacted and reacted structure will be discussed in the next chapter.
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Figure 5.28: XRD profiles corresponding to: (a) shocked, but unreacted Ni-Al foil
and (b) as-received, unshocked Ni-Al foil. It is apparent that the material remains
unchanged. The significantly larger counts measured from the as-received sample
is due to the relatively large volume of material probed in comparison to the small
sample used in the shock experiment.

5.3

Direct Laser Shock Experiments on Ni-Al Mixtures

In addition to the laser-accelerated Al-flyer impact experiments detailed in the previous section, direct laser shock experiments on the various Ni-Al materials were
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Figure 5.29: XRD profiles corresponding to (a) shocked and reacted sample and
(b) thermally-initiated nanolayered foil. Both profiles exhibit peaks indicative of the
B2-NiAl intermetallic crystal structure.
also performed. The samples were held in intimate contact with the glass substrate
composite package. The shock pulse generated from the ablated carbon plasma was
directly transmitted into the Ni-Al target mixtures. As shown schematically in Figure
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Figure 5.30: TEM images showing nanostructure of as-received, unshocked Ni-Al
foil, where aluminum layers are the lighter phase and the nickel layers are the darker
phase.

Figure 5.31: TEM images representing nanostructure of shocked, but unreacted
Ni-Al foil, where aluminum layers are the lighter phase and the nickel layers are
the darker phase. Distinct differences in comparison to the as-received material are
evident.
4.28, the experimental configuration consisted of a target fixed in place and backed
by a rigid protective window (sapphire or PMMA), which holds the mixture tightly
against the front surface of the composite-coated glass substrate. The laser spot size
was reduced to attain the highest energy density and generate a high peak pressure
state in the Ni-Al mixtures. It should be noted that the shape of the wave resulting
from carbon-laser interaction is typically a ramp (or saw-tooth) wave, similar to that
generated from an explosive detonated in contact with a material. Such a wave decays
rapidly upon propagating through the heterogeneous material system.
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Figure 5.32: TEM images representative of shocked and reacted foil exhibiting a
drastically different microstructure than unreacted material. Homogeneous elemental
contrast and large equiaxed grains replaces distinctly-separated nanolayered Ni and
Al layers.
5.3.1

Laser-Shock Densification of Ni-Al Powder Mixture

Experiments performed on Ni-Al powder mixtures initially employed 85% TMD compacts, 3.2 mm in diameter and approximately 1.5 mm tall. Using the maximum laser
energy available (≈ 2.7 J), the spot size at the target was easily adjustable between 3,
2, and 1 mm diameter by precisely setting the separation distance between the final
focusing lens and the target chamber. Focusing the laser to a smaller spot size results
in an increased fluence and a significantly higher pressure generated from the carbon ablation. This allows for producing and transmitting a much greater magnitude
shock wave into the Ni-Al target. Heating of the Ni-Al target is insignificant since the
elevated temperature of the carbon plasma decays very rapidly, and additionally, the
Al and Al2 O3 layers act as thermal and mechanical buffers. The recovered, shocked
Ni-Al targets were subsequently mounted and cross-sectioned to observe the effects
of shock-compression.
The cross-section of an as-pressed 85% TMD Ni-Al powder pellet is shown in
Figure 5.33. Electon micrographs of the microstructure of the Ni-Al compact after
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the experiment utilizing a 3 mm diameter laser spot size is shown in Figure 5.34. In
the images, the lighter phase corresponds to the Ni particles and the darker phase
to the Al matrix. Based on an approximate laser energy of 2.7 J and a beam diameter of 3 mm, the fluence at the carbon-glass interface was ≈ 38 J/cm2 . Using
the Fabbro equation introduced previously in Section 2.4.2.2, the fluence corresponds
to a pressure generated at the interface of 3.1 GPa.

The macroscopic view of the

Figure 5.33: SEM images of virgin, as-pressed 85% TMD Ni-Al powder compact.
cross-section of the recovered pellet shown in Figure 5.34(a), illustrates large cracks
originating from the shocked surface. As shown in Figure 5.34(b), the region directly
beneath the shocked surface appears to be entirely consolidated, with lack of any
observed porosity. The region of complete densification extends about 300 µm into
the material from the shocked surface before transitioning into a more porous area,
as shown in Figure 5.34(c). The rear surface of the pellet, shown in Figure 5.34(d),
is considerably more porous and in fact correlates with the porosity observed in the
as-pressed, virgin sample shown previously in Figure 5.33. This illustrates that the
shock wave pressure is severely diminishing during propagation through the powder
compact. The initial shock pressure was enough to consolidate the initial 300 µm
thick layer of Ni-Al powder, but was significantly attenuated resulting in no further
densification of the powder mixture. The transition from the fully-dense to porous
region is further highlighted in the images in Figure 5.35, indicating that the peak
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Figure 5.34: Recovered microstructure from experiment utilizing 3 mm diameter
laser beam at maximum laser energy (fluence = 38 J/cm2 ). SEM images showing (a)
macroscopic view of recovered pellet exhibiting evidence of cracks originating from
shock direction, (b) fully-dense region directly beneath shocked surface, (c) transition
region, and (d) highly porous rear surface.
shock pressure was only enough to densify a small portion of the Ni-Al powder compact with no evidence of severe constituent deformation or reaction initiation.
In a separate experiment, the laser beam diameter was focused down to a 2 mm
diameter spot size, which results in a laser fluence of ≈ 86 J/cm2 using a single
shot pulse energy of 2.7 J. Based on the calculated fluence, the approximate pressure
generated at the carbon-glass interface is 5.5 GPa. Scanning electron micrographs
displaying the cross-sectioned Ni-Al target after the experiment is shown in Figure
5.36(a). Slight cracking originating at the shocked surface is also observed, in addition
to a minor depression at the shocked surface. Figure 5.36(b) shows the densified region
directly beneath the shocked surface, with almost no residual porosity. At a depth of
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Figure 5.35: SEM images showing distinct transition region from full density to
porous region at around 300 µm deep into the Ni-Al powder compact from 3 mm
diameter laser spot experiment.
approximately 450 µm into the powder, the fully-dense region transitions into a zone
with a significant retained porosity, as shown in Figure 5.36(c). Lastly, Figure 5.36(d)
shows the highly porous region closest to the rear surface of the target, resembling the
porosity in the as-pressed porous microstructure. The distinct transition zone from
fully-dense material to porous region, approximately 450 µm beneath the shocked
surface, is highlighted in Figure 5.37. The overall behavior is very similar to the
microstructure produced from the 3 mm diameter laser spot size, but the depth of
the fully-consolidated region is greater due to higher laser fluence.

199

Figure 5.36: Recovered microstructure from experiment utilizing 2 mm diameter
laser beam at maximum laser energy (fluence = 86 J/cm2 ). SEM images showing
(a) macroscopic view of entire Ni-Al target cross-section, (b) ≈ 450 µm deep, fullydense region beneath shocked surface, (c) transition region from full-density to slightly
porous, and (d) significantly porous rear surface.
A third shock experiment was performed using the porous Ni-Al targets which
employed a 1 mm diameter laser spot and a 2.7 J laser pulse. The shock pressure
generated using this spot size resulted in a fluence of approximately 345 J/cm2 . The
significantly higher fluence results in a drastic pressure increase, calculated to be 10
GPa. Figure 5.38(a) displays SEM images of the cross-section from the recovered
powder target, showing a slight depression on the shocked surface of the recovered
compact. Images from the front surface, middle region, and rear surface displayed
in Figure 5.38(b), (c), and (d), respectively, exhibit little-to-no porosity anywhere
within the entire thickness of the Ni-Al target, indicating sufficiently high shock
pressure propagating through the entire sample thickness.
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Figure 5.37: SEM images showing distinct transition region from full density to
porous region at around 450 µm deep into the Ni-Al powder compact, resulting from
laser experiment utilizing 2 mm diameter spot and 2.7 J.
While each of these experiments produce microstructures that show consolidation
to varying degrees, there does not appear to be any evidence of significant deformation
or constituent mixing needed for reaction initiation in the powder mixture compacts.
Based on the differences observed in the recovered microstructures, the influence of
the shock wave magnitude on the densification of the Ni-Al powder target is apparent.
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Figure 5.38: SEM micrographs of the recovered microstructure from experiment
utilizing 1 mm diameter laser beam at maximum laser energy (fluence = 345 J/cm2 ):
(a) cross-section of entire recovered Ni-Al compact, (b)-(d) fully-consolidated material
observed at front, middle, and rear regions of recovered target.
5.3.2

Laser Shock Compression of Fully Density Ni-Al Configurations

Using the same configuration as detailed in Section 5.3, experiments were performed
using fully-dense Ni-Al configurations exhibiting microstructures with widely varying length scales and constituent arrangements. To produce near full-density Ni-Al
powder mixture compact, the loose powders were quasi-statically loaded to 3200 lbs
and held at the stress for 60 seconds, yielding compacts of ≈ 98% TMD. Figure 5.39
shows the as-pressed microstructure of the 98% TMD powder compact. The directlaser shock experiment utilized a 1 mm diameter laser spot and the maximum energy
available. Focusing to any smaller diameter laser spot was not attempted since the
fluence produced would be greater than the optical damage threshold of the BK-7
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Figure 5.39: Scanning electron micrographs showing as-pressed, 98% TMD Ni-Al
powder compact exhibiting very little porosity.
glass substrate.
The near fully dense powder mixtures were subjected to a shock pressure of approximately 10 GPa, using an incident laser fluence of ≈ 345 J/cm2 at the carbon-glass
substrate interface. A cross-section of the recovered Ni-Al powder microstructure is
shown in Figure 5.40(a)-(d). A thin layer of nickel-aluminide reaction product is
apparent on ≈ 1 mm diameter wide region of the surface of the powder mixture
compact, as evidenced by the change in contrast and morphology. Energy dispersive
spectroscopy (EDS) analysis confirmed the formation of a Ni-Al compound in ≈ 10-20
µm thick region. Some regions exhibiting severe mixing of the Ni and Al phases can
also be seen in Figure 5.40(c) and (d).
Direct laser shock compression of a fully-dense, cold rolled Ni-Al laminate, described in Section 3.4.3, was also utilized using the same experimental configuration
and conditions employed for the solid powder. The as-received, virgin laminate microstructure is shown in Figure 5.41. The recovered, shocked cold rolled laminate
was mounted and cross-sectioned through the middle of the incident laser spot and
is shown in the SEM micrographs in Figure 5.42. The direction of shock wave propagation and the shocked surface are labeled in the images. A highly disturbed layer
with regions of partially-reacted and fully-reacted areas is evident from the images.

203

Figure 5.40: SEM images of surface from recovered microstructure after 10 GPa
shock pulse showing thin surface layer of product material roughly 10-20 µm deep.

Figure 5.41: SEM micrographs of as-recieved, cold rolled Ni-Al (R11) laminate.
The heterogeneous, but layered, microstructure resulting from the 11 rolling cycles is
evident.
EDS was utilized to confirm the formation of Ni-Al reaction product. From the images, regions where significant layer intermixing occurred are seen adjacent to zones
of reacted material, in addition to areas indicating melted and resolidified material.
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Figure 5.42: SEM micrographs showing recovered cold rolled laminate after 10 GPa
shock pulse exhibiting clear evidence of reaction initiation as deep as 60 µm into the
target.
Similar to the recovered mixture from the solid powder experiment, the thin layer of
reacted product material is observed only on the surface, suggesting the peak shock
wave pressure exceeded the reaction initiation threshold. The depth of reaction in
the laminate is ≈ 60 µm, which is significantly greater than that observed for the
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powder compacts.
Since the incident pressure for both the powder compact and the cold rolled laminates was identical, the differences in reaction layer depth suggest a substantial disparity in the dissipated shock energy and attenuation as a result of the widely varying
microstructural characteristics. An additional experiment was also performed using
the vapor-deposited Ni-Al nanolayered foil, which resulted in complete reaction. Reaction initiating at any point in the nanolayered Ni-Al foil propagates throughout the
entire foil, due to the self-sustained nature of the reaction. Shock recovery experiments on each Ni-Al configuration reveal clear differences between powder compacts
and laminate microstructures in terms of shock propagation, attenuation, and resulting reaction behavior.
5.3.3

Analysis of Shock Energy Dissipation

The direct-laser shock experiments, described in the previous section, performed on
the various fully-dense Ni-Al mixtures resulted in drastically different responses in
terms of degrees of constituent deformation and depth of the reaction layer. Since
the magnitude of the shock wave was identical in each experiment, the differences in
various features amongst mixtures suggests that the shock wave was diminished more
abruptly in particular configurations and there was less shock wave energy available at
greater depths for eventual constituent mixing leading to reaction. To understand the
influence of each mixture configuration on the propagating shock wave, an analysis
of the dissipated shock wave energy was performed. Additionally, hydrodynamic
simulations conducted using real microstructures were used to aid in elucidating the
precise mesoscale effects leading to varied observed reaction responses.
The dissipated shock wave energy of a mixture under shock compression can be
determined analytically through knowledge of the Hugoniot. As previously mentioned, the Hugoniot of a material represents the locus of end states achieved during
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shock compression, but the loading path is governed by the Rayleigh line. When a
material is loaded to point (µ,P) on the Hugoniot in pressure-compressibility space,
the area under the Rayleigh line is the total shock energy deposited into the system,
as shown schematically in Figure 5.43(a). Since the material unloads from the high
pressure state via the isentrope, the area below the curve is the recovered energy, as
illustrated in Figure 5.43(b). Thus, the dissipated energy from shock loading is the
area below the Rayleigh line, but above the Hugoniot curve, as indicated in Figure
5.43(b). The illustration aids in understanding the method employed to obtain an

Figure 5.43: Schematic illustrating (a) total energy deposited from shock loading
and (b) deposited energy separated into dissipated and recovered shock energy.
analytical solution for the dissipated shock energy using the established material EOS
approximations. CTH simulations, similar to those described previously in Section
6.3 [11], were employed to estimate the EOS parameters for the three different Ni-Al
mixtures investigated in this work. The fully-dense powder mixture compact, cold
rolled laminate microstructure, and vapor-deposited nanolayered foil were scaled to
the same size as the experimental microstructures and were then used in the simulations to estimate the EOS parameters. Table 5.2 shows the Hugoniot constants
(C0 and S ) derived for each Ni-Al mixture employed in the shock energy analysis.
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Table 5.2: CTH -estimated Hugoniot EOS parameters
Configuration
C0 (km/s)
Nanolayered Foil
4.318
Cold Rolled Laminate
4.491
Powder Compact
4.483

for Ni-Al microstructures.
S
1.448
1.572
1.606

Compressibility, µ, is a function of the specific volume ratio, given by 1 -

V
,
V0

which

related with the conservation of momentum equation (Equation 5.8), was used to
expression the Hugoniot in P-µ space.
P =

ρ 0 C0 2 µ
(1 − Sµ)2

(5.8)

An analytical solution for the area between the Rayleigh line and the Hugoniot curve
was then determined, to yield the total dissipated shock energy. Normalizing the
calculated energy by the initial density results in the specific energy dissipated. For
equal comparison between each Ni-Al mixture, a shock pressure of 10 GPa was used
in the calculation. The total shock energy deposited, R , was then calculated using
Equation 5.9:
C 0 2 µ2
1 Pµ
=
R =
2 ρ0
2(1 − Sµ)2

(5.9)

The specific recovered shock energy, H , was also numerically found by integrating
the Hugoniot expression described in Equation 5.8:
Zµ
H =

C02 µ
(1 − Sµ)2

(5.10)

µ=0

Therefore, the energy dissipated during shock wave propagation, D , is the difference
between the total deposited shock energy, R , and the recovered energy, H [267, 50,
11]:
The analytical results suggest that solely based on the Rankine-Hugoniot equations and estimated EOS constants, the nanolayered foil dissipates the most energy
with 6.1 J/g, and the powder mixture dissipates the least amount of energy with
5.1 J/g. The nanolayered foil has a slightly slower bulk sound speed (C0 ) than the
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Table 5.3: Calculated deposited (R ), recovered (H ), and dissipated (D ) shock
energy for each Ni-Al configuration.
Configuration
R (J/g) H (J/g) D (J/g)
Nanolayered Foil
80.1
74.0
6.1
Cold Rolled Laminate
72.2
66.4
5.8
Powder Compact
64.8
59.7
5.1
other configurations, which indicates a higher impedance, and consequently, a slightly
larger amount of dissipated energy. The P-µ Hugoniot plots corresponding to dissipated shock energy for each Ni-Al configuration, are shown in Figure 5.44. The plots
suggest little difference in dissipated shock energy between the various Ni-Al configurations, at least over the chosen pressure range of 10 GPa. Table 5.3 shows the
calculated values based on the integrated areas from the plots [267, 50, 11].

Figure 5.44: Rayleigh line and Hugoniot in P-µ space exhibiting area corresponding
to shock energy dissipated calculated for each Ni-Al configuration.
The small differences in the specific energy dissipated across the three Ni-Al mixtures is not surprising since each configuration has similar Hugoniot, comparable
constituent fractions, and densities. However, the same trend is not observed in
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the experiments since the effects of the specific microstructures are not captured in
the analytical calculations. Meso-scale simulations were therefore used with real microstructures, to determine the effects of specific microstructural heterogeneities on
shock energy dissipation and subsequent effects.
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CHAPTER VI

MESO-SCALE SIMULATIONS
6.1

Simulations of Shock Propagation in Ni-Al Mixtures

Hydrodynamic simulations using real microstructures of various Ni-Al configurations
were performed under identical shock loading conditions to investigate the effects of
the constituents on the propagating shock wave to aid in understanding the results
from the direct-laser shock experiments. Images of actual microstructures corresponding to each experimental Ni-Al mixture were binarized and imported into the
multi-material, Eulerian, finite-volume hydrocode, CTH, developed by Sandia National Laboratories. The importation process relied on a MATLAB code developed
by Specht [11] to incorporate the real, heterogeneous microstructures into a platform
suitable for simulations. The method of microstructure importation has been shown
to be very reliable and efficient for clearly capturing the heterogeneous nature of
the individual layers, while simultaneously maintaining the area fraction of the constituents. A more detailed description of the binarization and importation process is
described in Specht’s dissertation [11].
In addition to the microstructures of the nanolayered Ni-Al foils, images of microstructures of a cold rolled laminate and near full-density, shock-consolidated Ni-Al
powder mixture were employed [11]. The dimensions of the microstructures were
adjusted and scaled to closely match the spatial constituent distribution of the microstructures used in the actual experiments described previously in Section 5.3.2.
Figure 6.1 shows examples of each initial microstructure. For each mixture, the blue
phase corresponds to nickel and gold phase to aluminum. Additionally, each phase
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Figure 6.1: Real, imported microstructures used in CTH shock simulations corresponding to: (a) vapor-deposited nanolayered foil, (b) cold rolled laminate, and (c)
powder compact. Note the shock wave propagation direction during a simulation is
from left-to-right. The gold phase is aluminum and the blue phase is nickel.
was modeled using the Mie-Grüneisen EOS. The constituents were modeled as 1100series Al and pure Ni, and the rate-independent Steinberg-Guinan-Lund model was
used to represent their constitutive behavior [11, 268]. The simulation employed a
Cu driver plate to generate the shock wave and it was modeled using the EOS for
pure Cu. The Cu driver impacted each microstructure from the negative X direction
(left-to-right propagation in Figure 6.1) and generated a pressure of ≈ 10 GPa in each
simulation to coincide with the approximate pressure of the shock wave produced in
the direct-laser shock experiments. The constitutive behavior of the Cu was modeled
using the Johnson-Cook method and assumed an essentially infinite yield strength
[11, 40]. This ensured a rigid impactor and provided a smooth impact surface without generating any unrealistic wave phenomena. Additionally, the driver plate was
assumed to be infinitely thick to avoid any release wave effects, since the objective
of the simulation was to qualitatively determine the effects of shock wave propagation on the microstructure. The other boundary in the X direction was modeled as
semi-infinite and the Y directions were modeled with periodic boundary conditions.
Two-dimensional strain maps at various time steps during shock wave propagation
were generated and output as images.
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Table 6.1: Dimensions and resolutions for each Ni-Al microstructure used in CTH
mesh simulations.
Configuration
Width (µm) Height (µm) Resolution (nm/cell)
Nanolayered Foil
0.6
0.9
2
Cold Rolled Laminate
100
100
88
Powder Compact
1100
900
750
The areal dimensions of each simulated microstructure were adjusted to allow
for sufficient detail into each mixture despite drastically different microstructural
length scales. Based on prior CTH simulations and convergence studies [11], each
microstructure was modeled with a layer mesh resolution corresponding to 17 cells
per constituent layer to ensure valid comparison of results across the simulations. In
the case of the powder, a ‘layer’ was approximated by the nearest-neighbor distance,
which is essentially a function of the average distance between like-phases. While the
discrete area of each simulation was different in order to highlight the shock wave
effects on the appropriate microstructural length scale, the results are self-consistent
based on the same ratio of cells-to-constituent spacing. Table 6.1 lists the width,
height, and resolution for each of the three microstructural configurations used in the
mesh simulations, which correspond with the images shown in Figure 6.1. Figure
6.2 displays a snapshot of the simulated strain response for each microstructure as a
result of the propagating shock wave. Mapping the localized strain was the focus of
the investigation since it aptly captures the influence of the heterogeneous, fully-dense
microstructures on the propagating shock wave.
To allow for even greater detail into the qualitative microstructural effects occurring at the constituent interfaces, higher-resolution simulations probing a smaller area
of the mesh were also performed. These simulations provide more insight and further
understanding into the effects of interfaces and orientation on the propagating shock
wave. The computations were performed using adaptive mesh refinement (AMR) to
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Figure 6.2: Example of CTH simulation result of the full microstructure (in terms
of strain response) showing 10 GPa shock wave propagating through different NiAl microstructures: (a) nanolayered foil, (b) cold rolled laminate, and (c) powder
compact.
resolve a small area near the center of each mesh microstructures. Figure 6.3 displays the microstructures employed in the AMR simulations and Table 6.2 details
the width, height, and resolution for each of the three microstructures [11]. Figure

Figure 6.3: Microstructures from high-resolution AMR simulations for (a) nanolayered foil, (b) cold rolled laminate, and (c) powder compact.
6.4 displays a snapshot of the AMR-simulated strain response for each microstructure
as a result of the propagating shock wave.

6.2

Meso-Scale Simulations of Particle Level Effects

Mesoscale simulations allow for observing the shock response of each Ni-Al microstructure under identical loading conditions and realizing the effects of specific constituent
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Table 6.2: Dimensions and resolutions for each Ni-Al microstructure used in CTH
AMR simulations.
Configuration
Width (µm) Height (µm) Resolution (nm/cell)
Nanolayered Foil
0.2
0.2
0.52
Cold Rolled Laminate
20
20
22
Powder Compact
50
50
52

Figure 6.4: Example of high-resolution AMR CTH simulation result (in terms of
strain response) showing 10 GPa shock wave propagating through different Ni-Al microstructures: (a) nanolayered foil, (b) cold rolled laminate, and (c) powder compact.
arrangement on shock wave propagation. The AMR simulations grant a high level of
detail concerning the localized dissipated shock wave energy as a function of specific
microstructural features, such as interfacial orientation and density. Shock energy is
dissipated in the system mainly through strain, often as a result of shear which is
typically observed at interfacial boundaries. By mapping the highly strained regions
during shock propagation, the two-dimensional simulations allow for observing the effect of various microstructural features on localized strain and, consequently, energy
dissipation.
Strain maps generated from the mesh and high-resolution AMR simulations performed on the nanolayered Ni-Al foil are shown in Figure 6.5 and Figure 6.6, respectively. The Cu driver plate (orange region) generating the 10 GPa shock is shown
on the left side of each image and the color map corresponding to the strain scale
for all images on the right.

It can be seen that the strain is localized mostly in

the aluminum layers, due to differences in the shock velocity of each material in the
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Figure 6.5: Map showing strain profiles generated from nanolayered Ni-Al foil microstructure subjected to 10 GPa shock. Relatively little strain is observed throughout
the microstructure.
layers. Additionally, it is apparent that the regions of greatest strain exist at nickel
and aluminum boundaries and the interfaces that are nearly-perpendicular to the direction of shock propagation show less strain than interfaces oriented slightly askew
to the wave direction. The maximum localized strain is as high as ≈ 0.25 and the
bulk of the material shows strain < 0.1. An idealized, uniformly-layered simulation of
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Figure 6.6: Map showing strain profiles generated from high-resolution AMR simulations on nanolayered foil. Relatively little strain is observed at the constituent
boundaries, but slightly moreso at the interfaces oriented askew with respect to the
shock wave propagation direction.
similar scale as the nanolayered foils was performed to investigate the effect of angled
interfaces and the results are shown in Figure 6.7. It is apparent that the idealized
layered microstructure exhibited localized strain does not exceed ≈ 0.1, under similar
loading condition.
The mesh and AMR simulations for the cold rolled laminate microstructure under identical loading conditions, (Figure 6.8 and Figure 6.9, respectively), reveal
maximum strains corresponding to ≈ 0.3, which are isolated to areas where nickel
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Figure 6.7: Map showing strain profiles generated from idealized, perfectly-planar
nanolayered foil microstructure subjected to 10 GPa shock. Little-to-no strain or
localized strain is observed anywhere in the simulation at the specified driver pressure.
is pinched between adjacent aluminum layers. The maximum strain is only slightly
higher than in the nanolayered microstructure.
Full mesh and AMR CTH shock simulations were also performed on the fully consolidated powder mixture using identical loading conditions as the other simulations.
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Figure 6.8: Map showing strain profiles generated from shock simulation performed
on cold rolled laminate microstructure due to 10 GPa shock. Significantly higher
strains are observed in the Al layers in this Ni-Al configuration than the nanolayered
foil.
Figure 6.10 displays images from the simulated response of the powder mesh. Unlike
the nanolayered foil and cold rolled laminate, the phase distribution in the powder microstructure is much more randomly isotropic and AMR simulations were performed
on two different areas inside the mesh microstructure to ensure a representative region
was highlighted and that no important effects were overlooked. The results from the
high resolution AMR simulations are shown in Figure 6.11 and 6.12. It is apparent
from the simulation the powder mixture results in a significantly greater fraction of

219

Figure 6.9: Map showing strain profiles generated from the high-resolution AMR
simulations for the laminate microstructure. Localized zones of relatively large strains
are observed at interface heterogeneities, such as boundaries oriented parallel or askew
to the propagating shock.
strained material overall and the magnitude of the localized strains is also greater
than that in the other Ni-Al mixture microstructures. While the full mesh simulation
performed on the powder microstructure clearly exhibits strains > 0.3 throughout the
majority of the map, the high resolution AMR simulations reveal regions of localized
strain > 0.4 in the Al matrix and interfacial strains at constituent boundaries 
1. It can be seen in the images that the areas of highest strain occur preferentially
at interfaces positioned parallel or askew to the direction of the propagating shock
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Figure 6.10: Map showing strain profiles generated from CTH shock simulation
performed on Ni-Al powder microstructure subjected to 10 GPa shock. A significantly
higher strain response is observed throughout the entire microstructure relative to the
other Ni-Al configurations.
wave. It is also observed that the Ni particles act to impede the transmission of the
shock wave through the heterogeneous microstructure which leads to localized energy
dissipation through large interfacial shear strains.
The mesh and AMR simulations demonstrate that the Ni-Al powder compact
microstructure results in the greatest amount of overall strain, suggesting the shock
wave energy is dissipated the most during propagation through the powder mixture
compact than in other microstructures. The particle shape and constituent arrangement of the powder mixture are responsible for higher degree of strain localization due
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Figure 6.11: Map showing strain profiles generated from the high-resolution AMR
shock simulations performed on the powder microstructure subjected to 10 GPa
shock. The simulation shows much greater strains than the previous AMR simulations emphasizing interfacial orientation effects. Strains saturating at 1 are observed
at many interfaces oriented parallel or askew to the direction of the shock propagation.
to the nature and significantly larger interfacial area oriented askew or perpendicular
to the shock wave direction than the other Ni-Al microstructures.
The experimental, analytical, and meso-scale simulation investigations for the
three Ni-Al mixtures were performed to obtain a more detailed understanding of the
influence of constituent arrangement and interface orientation on a shock wave propagating through a highly heterogeneous and non-uniform mixture. The experimental
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Figure 6.12: Map showing strain profiles generated from the high-resolution AMR
shock simulations performed on a separate region in the powder microstructure emphasizing significant interfacial orientation effects.
results established from the post-mortem analysis of the recovered Ni-Al microstructures after propagation of ≈ 10 GPa shock pulse displayed microstructures exhibiting
dissimilar behaviors. While both the cold rolled laminate and powder mixture exhibited layers of reacted material, the depth of the reaction zone observed appreciably
differed. Since the depth of reaction product in the powder mixture compact is considerably less than the cold rolled laminate, this difference suggests a higher rate of
energy dissipation in the powder, leading to quicker wave attenuation below the critical threshold for reaction. While the calculation showed little differences in effects of
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microstructure on total energy dissipation, the effects of differences were more obvious
from CTH mesco-scale simulations employing real microstructres.
The powder microstructure showed significantly more localized strain regions and
higher maximum strain than the cold rolled laminate and sputter-deposited nanolayered Ni-Al foils. The large fraction of interfacial boundaries oriented parallel or askew
to the shock wave direction in the powder microstructure gives rise to the elevated
strains and results in a significantly larger amount of dissipated or wasted shock energy. Consequently, there is less available shock energy for phase mixing and reaction
initiation.

6.3

CTH-Predicted Us -Up Correlation for Nanolayered NiAl Foils

Predicting the Us -Up shock EOS for the sputter-coated Ni-Al nanolayered foils through
CTH hydrodynamic simulations required utilizing the real, heterogeneous microstructure obtained from a high-resolution TEM micrograph, similar to that shown in Figure 3.8. To accurately model the shock propagation response in the simulations, each
material was assigned representative properties, with aluminum modeled as 1100series Al and the nickel region modeled as pure Ni (ignoring V content). An 1100series Al flyer plate was used to generate the shock wave in the Ni-Al foil simulation.
The shock propagation was tracked to determine the Us -Up EOS and each material
region was modeled using the Mie-Grüneisen EOS and the Steinberg-Guinan-Lund
rate-independent constitutive model similar to the simulation in the previous case. In
addition, material failure was modeled with a simple stress-based fracture routine and
the heat conduction through each material was modeled using tabular data. Lastly,
the simulations utilized a resolution corresponding to a square mesh of 2 nm/cell
[269].
The Al flyer impacted the Ni-Al nanolayered microstructure at three different
simulated velocities: 370, 700, and 1000 m/s. The boundary conditions parallel to the
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propagation of the shock wave were set to periodic, while the boundary perpendicular
to the shock direction was modeled as semi-infinite. The shock wave was tracked every
0.01 ns as it propagated through the material. A MatLab script written by Specht
[11] was used to extract the pertinent data from the results. An average pressure trace
was generated at each time step yielding a 1D view of the shock wave as it propagated
through the microstructure. The peak in the shock wave and the impact plane were
subsequently located. The steady-state pressure of the shock pulse was determined
by averaging the pressure values between the shock peak and impact plane, excluding
the first and last 15% of the interval in order to remove any possible wave reverbations
at those locations. Points in the rise of the shock wave corresponding to 25%, 50%,
and 75% of the steady-state pressure value were tracked at each time step to obtain
three measurements of the shock velocity. The three shock velocity measurements
were subsequently averaged to obtain the shock velocity for the nanolayered foil at
the given impact velocities. To deduce the particle velocity response, 10 Lagrangian
tracer points were positioned 50 nm into the material. The velocity components in
the shock direction as a function of time were averaged to obtain the particle velocity
at each impact velocity. The initial 0.02 ns were excluded in these calculations since
the shock wave would not have reached the tracer points yet [269]. Thus, the Us
and Up EOS of the Ni-Al nanolayered microstructure was established, as shown in
Figure 6.13, through the simulations performed for the different impact velocities
which allowed for extracting approximate Hugoniot constants, C0 and S. The results
were consistent with the simulations performed by Specht [11] on cold rolled Ni-Al
laminates.
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Figure 6.13: Nanolayered foil Us and Up trend as-predicted by CTH simulations.
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CHAPTER VII

SHOCK-INDUCED EFFECTS IN NANOLAYERED NI-AL
FOILS

The overall results based on the time-resolved measurements performed on nanolayered Ni-Al foils, combined with those of post-mortem microstructure analysis of recovered materials. Detailed analysis of the Us -Up Hugoniot shows evidence of reaction,
while TEM/STEM analysis of recovered, unreacted samples provides clues for possible reaction processes.

7.1

Shock-Induced Effects Based on Measured Hugoniot of
Ni-Al Nanolayered Foils

The Hugoniot equation-of-state obtained from laser flyer impact experiments performed on Ni-Al foils illustrated in Us -Up , P -Up , and P - VV0 planes shown in Figures
5.23,5.24, and 5.25, respectively, demonstrate no obvious trends, particularly considering the large error bars. To get further insight into the measured response,
CTH simulations using real microstructures, described in the previous chapter, were
used to predict the Hugoniot assuming an inert response, as shown in the Us -Up
plot in Figure 6.13. The Us -Up response was also predicted using the Mie-Grüneisen
equation-of-state for an inert mixture of Ni-Al.
Figure 7.1 shows the experimentally-measured Hugoniot displayed in Us -Up space
alongside the predicted Hugoniot of the nanolayered foils as approximated using two
distinctly-different methods. The Hugoniot curve predicted using the Mie-Grüneisen
EOS (via McQueen’s mixture theory) is shown as the dashed line and the dotted line
represents the Hugoniot behavior predicted from the CTH simulations performed
using the binarized, real microstructures. While the Mie-Grüneisen EOS overpredicts
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the measured trend, the CTH -based simulation appears to illustrate a better fit at
least for lower particle velocity regime. Prior simulations by Specht [11] have also
revealed similar discrepancy between Mie-Grüneisen prediction and CTH simulations
based on real microstructures, and their correlation with measured trends for cold
rolled laminates. The measured trends along with the CTH predictions are re-plotted
in Us -Up , P -Up , and P - VV0 space in Figures 7.2, 7.3, and 7.4, respectively.

Figure 7.1: Comparison of experimentally-determined Us -Up behavior established
for the Ni-Al nanolayered foils and trends predicted by McQueens mixture theory
and CTH simulations.
For the time-resolved laser-flyer experiments performed on the Ni-Al nanolayered
foils, the recovered impacted targets showed noticable and distinct differences in the
state of the recovered foils. Figure 7.5 shows the recovered nanolayered foil fragments
representative of targets from experiments corresponding to particle velocities < 150
m/s. The smooth, lustrous, and specular surface is similar to the as-received material,
shown in Figure 7.6. The fragments were then characterized via XRD analysis and
found to have peaks corresponding to the starting Ni and Al reactants.
Fragments recovered from experiments performed at particle velocities in the range
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Figure 7.2: CTH-simulated and experimentally-measured Us -Up trend for nanolayered Ni-Al foil.

Figure 7.3: CTH-simulated and experimentally-measured P -Up trend for nanolayered Ni-Al foil.
of ≈ 150-200 m/s showed mixed characteristics as illustrated in Figure 7.7. Some
of the recovered fragments show characteristics of unreacted material, while others
exhibit a surface hue, dull finish, and tortuous shape, characteristic of material that
underwent a self-sustained intermetallic reaction. The change in color and surface
finish is a result of the reaction to nickel-aluminide and the twisted shape is due to

229

Figure 7.4: CTH-simulated and experimentally-measured P - VV0 trend for nanolayered Ni-Al foil.

Figure 7.5: Recovered Ni-Al nanolayered foil targets from three separate experiments where the particle velocity generated in the Ni-Al target was < 150 m/s.
the residual internal stresses remnant from the thin-film deposition process which
are relieved during melting and resolidification as a result of the chemical reaction.
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Figure 7.6: As-received 150 µm thick, sputter-deposited Ni-Al nanolayered foil
exhibiting flat, lustrous, and specular surface finish.

Figure 7.7: Recovered foil targets from experiments where particle velocities between 150 - 200 m/s were realized, resulting in bulk target fracture and some fragment
reaction.
The recovered, reacted fragments were confirmed via XRD analysis to be the B2NiAl phase. For experiments corresponding to particle velocities > 200 m/s, the
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recovered fragments, shown in Figure 7.8, are mainly continuous and intact, but
exhibit a discoloration effect characteristic of fully reacted material. Their appearance
is different from that of the fragments recovered from experiments in the 150-200 m/s
particle velocity range (Figure 7.7).

Figure 7.8: Continuous and intact foil targets recovered from experiments which
generated particle velocities > 200 m/s exhibiting complete reaction to NiAl.
Based on the states of the recovered materials from laser-driven flyer impact experiments performed at particle velocities up to 400 m/s, it appears that nanolayered
Ni-Al foils undergo no reaction at particle velocities below 150 m/s and complete
reaction above 200 m/s. The range of particle velocities between 150-200 m/s corresponds either to limited reaction or post-impact reaction of some of the fragments.
A similar scenerio of limited reaction was also observed in separate experiments performed using an infrared video camera. Figure 7.9 shows a series of still images from
the rear-side of the target chamber on the down-range side from the flyer impact. The
initial image at t = 0 shown in Figure 7.9 is the frame immediately before the flyer
impact and outlines the position of the nanolayered Ni-Al foil target. In this configuration, a 25 µm Cu flyer plate (not visible) was accelerated into the 20 µm thick
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Figure 7.9: Series of images from infrared thermal video camera demonstrating
two-stage foil fracture and reaction process observed in experiment utilizing Cu flyer
plate impact and Ni-Al foil target. Approximately 5 ms occurs between each frame.
Ni-Al nanolayered foil (approximately 20 mm by 10 mm) pressed in contact with a
transparent sapphire window. The frames from t=1 to t=5 exhibit reaction (via the
infrared signature) only in the left half of the frame. While the infrared signature is
an obvious indication of reaction, it is not certain why only half the target section
reacted and underwent reaction. It is also possible that the reaction occurred only in
the half of the sample following fragmentation during impact.
In light of the observations of the recovered fragments indicating reaction occurrence in experiments corresponding to particle velocities > 200 m/s, the experimental
Us -Up data was fitted with separate linear trend lines below and above this threshold
velocity. The resulting Us -Up plot shown in Figure 7.10 reveals inert response correlating quite well with CTH prediction for particle velocities up to 200 m/s. The best
fit trend line for the data above the 200 m/s threshold velocity shows clear deviation
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from the inert trend and CTH prediction. The deviation is even more clearly seen in
the P - VV0 plot shown in Figure 7.11. Deviations in Hugoniot are indicative of shockinduced physical or chemical changes, which in the case of the nanolayered Ni-Al
foils is clearly related to shock-induced chemical reactions resulting in intermetallic
formation. The linear fits to the trend lines in the two regimes in the Us -Up plot
(Figure 7.10) yield the following Us -Up relationships:
Inert trend at Up < 200 m/s: Us = 4.33 + 2.19Up
Reaction trend at Up > 200 m/s: Us = 4.19 + 2.70Up
The CTH-predicted linear trend, Us = 4.32 + 1.45Up , is quite similar to the
experimentally-determined trend for the inert regime. The increase in Us -Up slope
corresponding to an increase in shock velocity due to reaction is consistent with
the formation of Ni-Al intermetallic compound of higher modulus. Likewise, an expanded P - VV0 state shown in Figure 7.11) associated with the release of heat due
to the highly exothermic intermetallic reaction is also charactistic of shock-induced
reactions. Generation of an expanded P - VV0 state has often been referred to as a ‘ballotechnic’ reaction. Prediction of the ‘ballotechnic’ state for reaction products formed
upon complete shock-induced reaction can be performed by accounting for the heat
of reaction associated with the Ni+Al = NiAl reaction (∆HR = 1.4 kJ/mol). A signifcantly greater expansion is predicted based on the calculation than the deviation
exhibited by the measured shock data for the nanolayered Ni-Al foils. It is possible
that although there is clear indication of shock-induced reaction based on changes observed in measured Hugoniot foils, the extent of reaction occurring in the time scale
of the high pressure state may be only partial, with the remaining occurring as a
self-sustaining reaction phenomenon, albeit in longer time scales, following unloading
from the high pressure state. Post-mortem TEM analysis of the recovered targets
confirms the reaction occurrence at the particle velocity range closely matching the
trends observed from the time-resolved Hugoniot measurement experiments.
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Figure 7.10: Experimental Hugoniot data for Ni-Al nanolayered foil shown in Us -Up
space with trend lines exhibiting inert and reacted behavior evidenced by significant
change in slope.

Figure 7.11: Experimental Hugoniot data for Ni-Al nanolayered foil shown in P V
space with CTH-predicted Hugoniot and trend line exhibiting deviation towards
V0
larger volumes.
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7.2

Shock-Induced Effects Based on Electron Microscopy
Characterization

An important objective of this work is to identify the processes of deformation and
mixing of constituents leading to reaction initiation in fully-dense reactive materials.
While the mechanisms for shock-induced reactions have been characterized for porous
reactive mixtures where the void space enables deformation and mixing, the mechanisms associated with the reaction behavior of fully-dense solids (such as nanolayered
foils or powder compacts) have not been studied.
Three samples of nanolayered Ni-Al foils were analyzed in detail using the Tecnai F30 High-Resolution TEM. The samples are referred to as virgin, shocked, and
reacted for the remainder of the discussion. The virgin sample corresponds to the
unshocked, as-received Ni-Al nanolayered foils used as a baseline for comparison with
the other samples. The shocked sample refers to the foil target impacted just below the threshold velocity for reaction initiation. Lastly, the reacted sample is the
nanolayered target that underwent a complete shock-initiated chemical reaction.
The Tecnai F30 TEM is capable of high-resolution TEM mode imaging as well as
Scanning Transmission Electron Microscope (STEM) mode operation. All of the TEM
images were taken in bright field mode. Thus, brighter areas in the image indicate
greater electronic transmission and collection through the material (less scattering),
which in turn suggests a less massive element (i.e. low atomic number). A more
massive element (high Z) or phase leads to significantly more scattered electrons
away from the detector and, consequently, a darker area on the image. Therefore, it
is important to note that the brighter phase in TEM mode images corresponds to the
aluminum layer and the darker phase corresponds to the nickel. Conversely, in STEM
mode operation, the electron beam is rastered across the surface of the sample in the
same way a scanning electron microscope operates. The image is constructed by
detection of scattered electrons off the surface. Similar to the SEM, the more massive

236

elements or phases appear brighter in this operating mode since more electrons are
scattered towards, and collected by, the detector located above the sample. Thus, in
the STEM mode images shown here, the phase contrast is reversed from TEM mode,
which results in nickel corresponding to the bright phase and aluminum corresponding
to the dark phase.
7.2.1

Characteristics of Virgin Ni-Al Nanolayered Foil

A TEM image of the virgin Ni-Al foil sample shown in Figure 7.12, clearly demonstrates the uniform, periodic, alternating Ni-Al layer structure with numerous individual grains comprising each layer (in (a) and (b)). While the layers are mainly uniform,
the undulations observed are a result of the dendritic growth during the deposition
process. The aluminum layers (lighter phase) exhibit regions of darker contrast due
to a combination of Moiré fringes (resulting from overlapping grains) and grains that
are oriented such that the Bragg diffraction condition is fulfilled. Similar features can
be seen in the nickel layers, but they are not as easily observed due to the overall
darker contrast. The diffraction pattern from an area encompassing multiple Ni-Al

Figure 7.12: TEM images showing virgin Ni-Al foil sample exhibiting uniform microstructure consisting of alternating, periodic, and distinctly-separated elemental
layers.
layers shown in Figure 7.13, shows distinctly banded rings, observed in the pattern
corresponding to nickel and aluminum polycrystalline material.
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Figure 7.13: Diffraction pattern of virgin sample probing numerous Ni-Al layers.
Distinctly banded rings are indicative of a polycrystalline material.
An important characteristic of the nanolayered Ni-Al foils [236, 242, 240, 241,
243] is that the respective layers are deposited and grown forming a columnar grain
structure, which leads to perturbations perpendicular to the layer direction. The
material state and the precise atomic arrangement between the column boundaries
within each layer is more ambiguous. Figure 7.14(a) shows a high-resolution TEM
image illustrating an Al layer where atomic planes from large, individual grains are
clearly evident and Figure 7.14(b) shows the same image where the atomic planes
and columns are specifically highlighted. While there are numerous grains at various
orientations through the layer thickness, the majority of the crystalline grains span
from one nickel layer edge to the other. Thus, the Al layers in the virgin material
consist mainly of relatively large grains that span the entire layer thickness.
Figure 7.15(a) shows a STEM mode image of the virgin sample layers and Figure
7.15(b)-(c) show the EDX results from corresponding Ni and Al regions, respectively.
The EDX analysis from location (b) shown in Figure 7.15(b), exhibits strong peaks
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Figure 7.14: (a) High-resolution TEM image of aluminum region in virgin NiAl material demonstrating relatively large Al grains spanning entire layer thickness
between Ni boundaries, and (b) showing same image with hightlighted large Al grain.
corresponding to only Ni and V. In contrast, the EDX point-scan from location (c),
shown in Figure 7.15(c), illustrates a strong Al peak, but also detects a signal from
the adjacent Ni layer since the signal from the lighter aluminum region is weaker.
The STEM/EDX analysis confirms that the brighter phase corresponds to the more
massive Ni (+V) layer, and the darker phase is associated with the Al region.

Figure 7.15: (a) STEM image from virgin sample showing periodic Ni and Al layers,
(b) EDX spectrum verifying Ni layer, and (c) EDX spectrum verifying Al layer.
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Figure 7.16 and 7.17 demonstrate the compositional variation along a line in the
STEM image for a region in the virgin Ni-Al sample. Figure 7.17 displays the composition profiles along the line that runs perpendicular to the layer direction (in Figure
7.16), with the total detector counts versus position plot in (a) showing peaks corresponding to the Ni layers. Figure 7.17(b) shows the elemental profile for Al counts
versus position, while (c) and (d) show the same for the Ni and V, respectively. As expected, nickel and vanadium are from the brighter regions and the aluminum is from
in the darker layers. The sharp interfaces and the line scans indicate that there exist

Figure 7.16: STEM mode image of virgin Ni-Al foil sample with line perpendicular
to layer direction indicating position of EDX line scan.
very little intermixing between layers in the virgin sample [236, 241, 242, 240, 20].
Two-dimensional elemental mapping shown in Figure 7.18 and 7.19 further demonstrate the homogeneity of the layers in the virgin sample. Figure 7.18 shows the area
where the elemental mapping was performed. The orange box indicates the precise
region that was mapped. The mapping is quite time-intensive, thus the actual area
must be kept small to be performed in a reasonable amount of time (< 4 hours). The
yellow box shown in the figure corresponds to the drift correction. Room vibrations
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Figure 7.17: EDX profiles from Figure 7.16 image showing (a) total detector counts
versus position, (b) presence of Al element, (c) presence of Ni element, and (d) presence of V element.
or small temperature gradients can cause the sample to drift significant amounts during the measurement at these high magnifications and the drift-correction allows for
a constant reference point. Figure 7.19(a) displays the elemental map corresponding
to the presence of purely aluminum, which coincides with the dark phase shown in
Figure 7.18. Figure 7.19(b) and (c) show the elemental distribution of purely nickel
and vanadium, respectively, which again correlate with the brighter phase shown in
Figure 7.18.
7.2.2

Characteristics of Shocked and Reacted Ni-Al Nanolayered Foil

TEM characterization was performed on the fully reacted Ni-Al nanolayered foils (confirmed via XRD) to observe the microstructure of the reaction products. Figure 7.20
shows STEM mode images of the reacted sample exhibiting a relatively homogeneous
and large-grained microstructure. No contrast variation, aside from some apparent
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Figure 7.18: STEM mode image of virgin microstructure showing location of zone
mapped for two-dimensional elemental analysis.
porosity forming preferentially at the grain boundaries is observed. Numerous EDX
line scans were performed which confirmed the uniform composition of the Ni and Al
components. The presence of the pores is due to the shrinkage associated with the
volume change from the highly-exothermic chemical reaction. The micron-scale grain
size of the reacted microstructure is a result of product formation via equilibrium
solidification processes. Images taken in TEM mode also reveal the nickel-aluminide
microstructure with micron-sized grains, as shown in Figure 7.21. In the TEM mode
images, contrast variation observed between and within grains is apparent due to the
specific crystallographic orientation with respect to the electron beam. The fringes
seen at the sample edge are thickness fringes and are common electron diffraction
effects. The sample holder was tilted along two axes (α & β) towards the zone axis
to obtain the single-crystal diffraction pattern, shown in Figure 7.22, which reveals a
body-centered cubic structure and four-fold symmetry due to the grains being viewed
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Figure 7.19: Elemental map of virgin sample showing (a) aluminum, (b) nickel, and
(c) vanadium distribution.
along the [001] zone axis. The crystal structure observed in the electron diffraction
pattern and measured lattice spacing from the XRD analysis (shown previously in
Figure 5.29) confirm that the reacted sample consists of the BCC B2-NiAl phase.
The lattice parameter obtained from the XRD pattern for the B2-NiAl phase in the
shocked and fully reacted material is 0.291 nm. The lattice parameter is exactly the
same (to 3 significant digits) to that obtained from an XRD scan from nanolayered
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Figure 7.20: STEM mode images of the reacted sample exhibiting relatively-large
equiaxed grains and homogeneous microstructure with pores visible, mainly at the
grain boundaries, indicative of a resolidified material.

Figure 7.21: TEM mode images of the reacted sample exhibiting (a) large grains
with thickness fringes and (b) single grain oriented near zone axis.
Ni-Al foils reacted via thermal ignition (0.291 nm). These values are slightly different
from the lattice parameter from the standard B2-NiAl phase (0.289 nm) reported
in the literature [270], possible due to the presence of V in the reaction product.
The similarity of the lattice parameters between the shocked- and thermally-reacted
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Figure 7.22: Single-crystal diffraction pattern from reacted sample showing four-fold
symmetry and body-centered cubic crystal structure indicative of the B2-NiAl phase.
The results coincide with the XRD spectrum initially obtained from the recovered
reacted material.
samples illustrate possible similar mechanisms of reaction product formation.
7.2.3

Characteristics of Shocked and Unreacted Ni-Al Nanolayered Foil

The TEM and STEM images obtained from the shocked, but unreacted sample
demonstrate drastic differences in microstructure compared to that seen in the virgin nanolayered foil.Figure 7.23 shows TEM mode images demonstrating disturbed
constituent layers and apparent penetration from the neighboring phases. There are
many areas where the Ni and Al layers have formed a ‘jet’, particularly in perturbed
regions of close proximity. This is possibly due to increased localized shear around microstructural heterogeneities. Figure 7.24 shows a similar higher-magnification region
observed in STEM mode demonstrating the same layer deformation and penetration
witnessed in the TEM images. The extent of disturbance and jetting is much more
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Figure 7.23: TEM mode images detailing disturbed constituent layers and severe
elemental penetration from adjacent layer phase. In the image, the lighter phase is
aluminum and the darker phase is nickel.

Figure 7.24: STEM mode images showing disturbed region and mixing of elemental
layers. Lighter phase is nickel and dark phase is aluminum
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significant compared to the perturbations seen in the virgin material. It appears that
the pre-existing perturbations act as localized regions for preferential deformation and
subsequently lead to greater constituent penetration and mixing. Figure 7.25 shows
a STEM mode image where two elemental line scans were performed using EDX to
observe compositional differences in the disturbed region compared to the pristine,
uniform region located adjacent to it. The original, unmarked image is shown on the

Figure 7.25: STEM mode image showing positions of EDX line scans probing compositional differences between pristine and disturbed region.
left and the approximate locations where the EDX line scan probed are marked on
the right-hand-side image. The line marked (a) signifies the scan performed in the
pristine, undisturbed region (EDX profile shown in Figure 7.26a) and (b) designates
the position of the line scan performed in the disturbed region (EDX profile shown
in Figure 7.26b). Note that the line scans begin in different layers.
As expected, the elemental scan in the pristine region shows peaks in the Al counts
corresponding to the dark phases (Al layers) and peaks in the Ni counts corresponding to the lighter phases (Ni layers). At the central core of each trough, there are
essentially no elemental counts, which indicates that each layer is homogeneous and
unadultered from the adjacent layer. The elemental scans shown in Figure 7.26(b)
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Figure 7.26: EDX elemental profiles separated into Ni and Al for both the (a) pristine region measurement and (b) the disturbed region measurement. The significant
elemental mixing in the disturbed, jetted region is reflected by the non-zero EDX
profile troughs.
corresponding to the disturbed layers illustrate that while the periodic layers are still
clearly evident, the troughs of each elemental scan do not reach zero, suggesting a
significant number of neighboring atoms present and intermixed in each layer.
The STEM mode image shown in Figure 7.27 further illustrates the severity of the
elemental mixing in these disturbed regions. The lines added to the image in Figure
7.27(a) indicate the position where the EDX scans were performed. The result of the
scan at position 1 is shown in Figure 7.27(b) in total counts versus position. Although
it is not separated into individual elements, it is clear that the peak counts in the
profile are associated with Ni regions and troughs with the Al regions. The alternating
and periodic behavior of the pristine area is confirmed by the EDX elemental scan and
it is evident that there is very little constituent intermixing given the distinct regions
of Ni and Al. In contrast, the scan performed at position 2 in the disturbed region
shows a much more homogeneous and even elemental distribution, as shown in Figure
7.27(c). It is apparent from the lack of periodic structure exhibited by the profile
that there exists a significant amount of neighboring layer atoms in each adjacent
layer. This illustrates that the layers are not just simply deformed and displaced
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Figure 7.27: (a) STEM mode image of disturbed area probed, (b)-(c) associated
EDX line scans showing lack of periodic and homogeneous elemental layers in disturbed region.
uniformly, but that there is severe constituent intermixing occurring in these regions
such that the periodicity of the elemental distribution is nearly entirely lost. The
effect of mixing in the disturbed regions is even more clearly revealed by using twodimensional elemental mapping analysis. Figure 7.28(a) shows a STEM mode image
demonstrating the entire disturbed zone and the red box indicates approximately the
area that was mapped. The elemental map showing the presence of aluminum is
shown in Figure 7.28(b) while the nickel and vanadium elemental maps are shown
in (c) and (d), respectively. It can be seen that there is nearly equal amount of
Ni and Al throughout the thickness of each adjacent layer in the region. Based on
the microscopic analysis of the disturbed regions, it is clear that there exists severe
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Figure 7.28: STEM mode image showing (a) two-dimensional mapped area and
elemental map corresponding to (b) aluminum, (c) nickel, and (d) vanadium. The
result conclusively shows the extent of elemental intermixing in the region.
constituent elemental mixing in these localized areas.
Regions exhibiting uniform layer penetration and mixing on larger scales than the
disturbed regions analyzed and discussed previously are also evident in the microstructure, as shown in TEM micrographs representative of the intermixed microstructural
regions in Figure 7.29. It is apparent from the images that large regions encompassing many constituent layers show extensive blurring indicating mixed states resulting
from shock loading. To further probe the constituent penetration and mixing extent,
electron diffraction patterns were obtained from the intermixed region (position 2)
and an adjacent, uniform region (position 1) in the TEM image in Figure 7.30(a).
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Figure 7.29: TEM mode images from shocked sample showing microstructural regions exhibiting severely mixed layers.
The diffraction patterns from position 1 (same as that from virgin sample, Figure
7.13), and from position 2 (in Figure 7.30(b)), however, did not reveal significant
differences. The results indicate that there is no obvious alloying in these mixed
interlayers resulting in either crystalline or amorphous phase formation.

Figure 7.30: (a) TEM mode image of shocked sample identifying region where
diffraction pattern was obtained and (b) resulting polycrystalline diffraction pattern
from mixed region.
A STEM image shown in Figure 7.31(a) displays the probed intermixed region,
with the position and length of the elemental line scans. The profile from the line scan
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at position 1 shown in Figure 7.31(b) shows uniform and periodic structure, indicating
clearly distinguished and largely separated Ni (peaks) and Al (troughs) layers, similar
to the example shown in Figure 7.27. The EDX profile shown in Figure 7.31(c) from
position 2 corresponding to the heavily mixed region, illustrates a distinctly different
structure. The periodic Ni peaks and Al troughs are entirely lost and the elemental
distribution is much more uniform with very little elemental variation at all.

Figure 7.31: (a) STEM mode image showing positions of EDX line scans, (b) EDX
scan corresponding to position 1 in the pristine material demonstrating clearly defined
Ni peaks and Al troughs, (c) EDX scan corresponding to position 2 in the heavily
mixed region demonstrating lack of periodic nature and flat elemental profile.
Two-dimensional elemental mapping was also performed at the boundary of an interdispersed region. Figure 7.32(a) shows a STEM image highlighting the disturbed
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region, with the box designating the actual mapped area. The compositional elemental maps shown in 7.32(b), 7.32(c), and 7.32(d) corresponding to the presence
of aluminum, nickel, and vanadium, respectively, demonstrate the significant amount
of elemental mixing occurring in the intermixed regions compared to the adjacent
pristine regions.

Figure 7.32: (a) STEM mode image showing large region around mapping location
with box indicating actual mapped area, (b) Elemental map showing presence of Al,
(c) Elemental map showing presence of Ni, (c) Elemental map showing presence of
V. The homogeneous contrast observed in the mixed region in each elemental map
confirms the significant phase penetrating occurring locally.
While the TEM images from as-received, virgin sample, exhibited large, continuous Al grains that span the entire layer thickness, the shocked-but-unreacted sample
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shows most of the Al layers exhibiting many small crystalline regions at various orientations between the Ni layers. Figure 7.33(a) shows an Al layer illustrating the small
(5-10 nm) crystalline Al grains, which are hightlighted in Figure 7.33(b).

Figure 7.33: (a) TEM mode images from shocked sample showing Al layer exhibiting
small crystalline regions, and (b) shown again with highlighted crystalline regions.
The TEM and STEM/EDX analysis of the shocked-but-unreacted sample shows
significant features that are characteristic of processes for eventual shock-induced
reaction initiation in the Ni-Al nanolayered foils. The disturbed regions show severe
constituent penetration which result in significant elemental infiltration. The highly
mixed regions exhibit an essentially homogeneous and uniform elemental distribution
across numerous layers, although such regions are highly localized and appear to be
in the proximity of pre-existing heterogeneities present in the starting materials. The
features identified indicate the regions where a shock-induced chemical reaction are
most likely to initiate, based on the severe constituent mixing observed in these zones.

7.3

Shock-Induced Effects in Fully-Dense Ni-Al Mixtures

Through comparison of the shock-induced effects in various fully-dense Ni-Al mixtures described in Chapter 5 and 6, and based on the more in-depth time-resolved
and recovery experiment results described in Chapter 7, the role of interfaces on
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shock-energy dissipation and reactions is illustrated. While interfaces provide the
heterogeneous sites for strain localization, which can be the trigger for subsequent
reaction, they are also the sources for shock energy dissipation. Compacts of powder
mixtures have interfaces uniformly distributed in all orientations, and lead to shock
energy being distributed across all such interfaces, thereby resulting in increased energy dissipation. Laminates with parallel layers oriented parallel to the shock propagation direction provide limited energy dissipation as well as strain localization. The
nanolayered mixtures studied in this work contain parallel Ni and Al layers, but with
wavy structures, which provide orientations for excessive strain localization. Irregularities in the waviness further enhance strain localization and promote constituent
dispersion and mixing. Consequently, the nanolayered Ni-Al mixture exhibits the
most favorable characteristics for shock-induced reactions. Time-resolved and recovery experiments performed on the nanolayered Ni-Al foils, shows clear evidence of
shock-induced chemical reaction and processes leading to reaction initiation. The
laser-driven thin foil impact experiments performed to determine the Us -Up EOS,
matches well with the CTH -predicted Hugoniot at particle velocities < 200 m/s.
Under such conditions the recovered nanolayered Ni-Al targets were fragmented, but
unreacted. At particle velocities > 200 m/s, a deviation from the measured behavior towards slightly higher shock speeds in Us -Up space and expanded in P - VV0 space
are observed, although the change in shock speed and expansion is not as much as
that of a fully-reacted material. Recovered nanolayered foil targets remain intact,
but are fully-reacted to the B2-NiAl intermetallic phase, providing evidence of the
occurrence of a shock-induced chemical reaction. The recovered nanolayered Ni-Al
foils shocked at a velocity just below the reaction initiation threshold, show evidence
of distinct constituent mixing features, including jetted layers, intermixed regions,
and elemental penetration. The recovered fully-reacted materials exhibit a B2-NiAl
crystal structure, with a lattice parameter closely matching that of thermally-reacted
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Ni-Al nanolayered foil. The small deviation in Us -Up and P - VV0 Hugoniot, and the
similarity in the lattice parameters, suggest that under the condition of the laser shock
experiments, only a limited reaction is observed, which however is enough to trigger
a self-sustained reaction causing the entire sample to react, forming an equilibrium
B2-phase alloy. It is not certain if the limited extent of reaction is due to the shock
duration of the shock pulse or the peak pressure achieved with the loading conditions,
which will be the subject of future work. Nevertheless, the present results provide
the first clear evidence of shock-initiated reaction in nanolayered Ni-Al foils.
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CHAPTER VIII

CONCLUSIONS AND PROPOSED FUTURE WORK
8.1

Summary of Results and Conclusions

A laser-driven flyer plate system was constructed, characterized, and validated for
investigating the shock-compression response and reaction initiation behavior of thin,
fully-dense Ni-Al nanolayered foils. Time-resolved, instrumented plate-impact experiments were performed to establish the Us -Up Hugoniot and observe indication of
shock-induced chemical reaction. Recovery experiments and post-mortem analysis
were performed on recovered shocked materials to identify constituent interactions
and processes leading to reaction initiation. Direct-laser shock experiments on Ni-Al
mixtures with highly heterogeneous microstructures and widely varying length scales
were also conducted and the results were coupled with hydrodynamic simulations to
determine the mesoscale effects of the phase arrangement on the propagating shock
wave and vice versa.
Using the unique laser-accelerated thin-foil experimental technique, plate-impact
experiments were performed on the Ni-Al foils over a range of 2 - 11 GPa. Timeresolved measurements were performed using two laser interferometry techniques
(PDV and VISAR) simultaneously and impedance matching allowed for determining
the Hugoniot of the Ni-Al foil target based on impact from an aluminum flyer plate.
The experimental results have relatively large error bars due to a combination of systematic and experimental error, but clear trends were evident. CTH hydrodynamic
simulations performed using a real nanolayered microstructure allowed for predicting
the Hugoniot for correlation with experimental trends. At particle velocities < 200
m/s, it was observed that the CTH -predicted and experimentally-determined trends
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matched well. The recovered Ni-Al targets from this velocity regime exhibited inert
behavior. At particle velocities > 200 m/s, the experimentally-determined Hugoniot
data deviates slightly to higher shock velocities in Us -Up space and larger volumes in
P - VV0 space. The targets recovered from this regime showed complete reaction to the
B2-NiAl phase, indicating the occurrence of a shock-induced chemical reaction.
Ni-Al nanolayered foils shocked at a velocity just below the reaction initiation
threshold recovered for post-mortem high-resolution TEM/STEM microscopy showed
that while the as-received, unshocked Ni-Al nanolayered material contain highly uniform, periodic, and distinctly separated nickel and aluminum layers with little-to-no
mixing between adjacent layers, the shocked (but unreacted) nanolayered material
exhibited a microstructure containing two distinct features of phase mixing: jetted
layers and intermixed regions. Elemental analysis performed on the jetted layers confirmed that the elements from the Ni and Al layers are significantly mixed and are
not simply uniformly displaced. Likewise, the intermixed regions show a relatively
homogeneous and uniform distribution of Ni and Al, indicating constituent penetration and elemental infiltration. Additionally, the aluminum layers in the unshocked,
virgin Ni-Al nanolayered foil consisted mostly of relatively large Al grains spanning
the entire width between Ni boundaries (≈ 25 nm), while the Al layers from the
shocked but unreacted material exhibited mainly smaller crystalline regions less than
10 nm in diameter. It is possible that the fracture and fragmenting of large Al grains
into much smaller zones is enabling the Ni and Al layer penetration and mixing observed. Shocked and reacted Ni-Al foils were observed to completely react and form
the B2-NiAl phase, with a lattice parameter closely matching that observed from
thermally-initiated Ni-Al nanolayered foils. The similar diffraction peaks and lattice
spacings indicate the same equilibrium phase regardless of iniation conditions.
The direct-laser shock experiments on various fully-dense Ni-Al mixtures showed
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the cold rolled laminate exhibiting a significantly deeper zone of reaction in comparison to the pressed powder compact. While an analytical solution based on the
mixture properties and EOS constants indicated very comparable dissipated shock
wave energies in each mixture, CTH hydrodynamic simulations on real, imported
microstructures provided clear evidence of distinctly more strain (both by magnitude
and by area) in the powder microstructure. It was apparent that the largest strains
occurred preferentially at particle-matrix boundaries (phase interfaces) which were
oriented askew or parallel to the direction of the shock wave propagation. This is
due to the shock wave imparting different particle velocities on each constituent (due
to disparity in Ni and Al shock properties) leading to significant shear at the interfaces. The cold rolled laminate and nanolayered foil mostly consisted of interfaces
oriented perpendicular to the shock wave direction and thus, the strain in these microstructures was less significant. The greater overall strain in the powder compacts
is due to the large interfacial density oriented askew or parallel to the shock direction,
which results in smaller product layer due to less available shock energy for reaction
initiation (via constituent deformation) at greater depths into the sample.

8.2

Proposed Future Work

The work presented here focused mainly on characterizing the shock-compression behavior of a thin Ni-Al nanolayered mixture and identifying the reaction processes
leading to initiation. The specific results established for the Ni-Al material system
are a function of the properties of the nickel and aluminum constituents. The vapordeposited nanolayered foils can be fabricated from a variety of phase combinations
with reactive properties, such as Al-Ta, Ti-B, Co-Al, Al-PTFE, and Cu-Nb, and each
system will exhibit a specific combination of intrinsic material properties. Shockinduced reactions in other metal-metal, metal-polymer, or metal/metal-oxide systems
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will yield different reaction responses and initiation mechanisms. Future investigations should include a fully-dense material system using constituents with very similar
properties, as well as a system with constituents that have even greater property differences. By studying both extremes, this would improve the overall understanding
of the influence of the combination of constituent properties on the reaction behavior.
Since the results from this work suggest that processes leading to reaction initiation may rely on heterogeneities in the nanolayers of the foil, investigating intentionally produced uniform heterogenities of various sizes and shapes would improve
this understanding. Nanolayered foils with periodic undulations across a variety separation distances (peak-to-peak distances parallel to layer) and undulation height
(peak-to-trough distances perpendicular to layer) would lead to an improved understanding of the effects of the undulations on shock and reaction response could be
developed. Additionally, the curvature or sharpness of the undulation may also have
a pronounced affect on the propagating shock and would be valuable to study in
terms of the effect on the reaction initiation behavior. By thoroughly investigating
the role of heterogeneities in the reactive mixtures, a tunable and controlled reaction
initiation behavior can be obtained.
It would also be valuable to study similar vapor-deposited microstructures with
different length scales than the ones studied here. The Ni-Al nanolayered foils can be
fabricated with a wide range of bilayer spacings as well as dual-bi-layer spacings and
the resulting affect on the shock-compression and reaction initiation response would
be a worthwhile undertaking.
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APPENDIX A

LASER BEAM ALIGNMENT

To ensure accurate alignment and coincidence of the lasers, the drive laser beam is
measured at various locations around the beam path and red alignment laser is verified
to be centered on the beam at each location. After the beam-shaping optic, two
adjustable iris diaphragms (Edmund Industrial Optics, Model: 32622) are inserted
into the beam path to reduce the 2 mm red laser spot to a pinhole-sized laser spot
for more precise final alignment with the target chamber. The irises can be closed
to create a spot <1 mm diameter, but are fully opened to 20 mm diameter during
the experiment so as to not alter the shape of the larger drive laser beam. The
alignment of the red laser and the drive laser spot at the focal plane corresponding
to the location of the flyer plate is the most critical. By ensuring that the red laser
is precisely centered on the drive beam laser at this point, the diagnostics probe
spots can be centered to the drive beam as well by aligning to the red laser. Prior
to inserting the target chamber into the beam path, it is necessary to align the
interferometry (PDV and VISAR) lasers with the drive laser to ensure that the area
being probed is identical to the center of the impact area where the shock wave
will be generated. This is vital to obtaining accurate diagnostic information. Since
the VISAR laser is visible (532-nm, verdi), it is aligned to the centers of the closed
irises. The VISAR laser is considered adequately aligned if the spot passes through
the center of both closed irises, since the drive laser and red alignment laser are
also centered at those points. If aligned to the initial diaphragm (in the direction of
VISAR laser propagation), but not to the center of the subsequent diaphragm, the
spot will appear somewhere around the periphery of the iris, as shown schematically
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in Figure A.1(a). The PDV laser is infrared since it has a wavelength of 1550 nm and
requires use of an IR-Viewing Card (Thorlabs, Model: VRC4) for alignment. The
visible viewing range near the focal point is only a few millimeters, thus coincidence
between the drive laser/red alignment laser and the PDV laser is ensured simply by
moving the card and the probe together over an appreciable distance and verifying
that the spots stay centered on one another.

Figure A.1: VISAR alignment procedure using apertures for (a) misaligned and (b)
well-aligned laser.
Since the red alignment laser was already carefully aligned coincident to the drive
laser beam path, aligning both the VISAR and PDV lasers to the red alignment laser
necessitates that all four lasers (drive, alignment, VISAR, and PDV) are coincident
to each other. These preliminary steps are required for accurate aligning of the
drive laser and the diagnostics to the flyer and target of interest in the shock impact
experiment. Since the substrate with attached flyer plate is loaded into an opaque
chamber, alignment with the drive laser to the center of the flight plate is non-trivial.
To overcome the issue, once the flyer plate has been fixed to a substrate, an alignment
fixture is used to mark a circle, corresponding to the size of the flyer plate diameter
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on the laser-incident side of the substrate. The mark corresponds to the center of the
flyer plate that is fixed to the down-range side of the substrate in the target chamber.
The red alignment laser is centered on the marked circle, which adequately aligns the
drive laser beam to the center of the mini-flyer plate, as well as aligning the laser
interferometry to the center of the flyer plate further on the down-range side. As
mentioned previously, the target chamber is attached to an X-Y stage which allows
for an adequate amount of travel in each direction and precision alignment controls.
In addition to the X-Y alignment, the tilt of the target chamber (and associated flyer
and substrate) with respect to the incident laser beam are of significant importance.
A planar flyer launch requires that the propagating drive laser beam is perpendicular
to the substrate. To verify that the substrate and flyer plate are normal to the drive
laser direction, the alginment laser spots that are reflected from the glass substrate
are inspected. The process of verifying perpendicularity by the reflected spots is
shown schematically in Figure A.2. This simple technique requires using a white

Figure A.2: Schematic illustrating process of tilt-correction for flyer/substrate and
drive laser demonstrating (a) tilted target, and (b) ideally perpendicular target.
paper card (index card) that has a small hole corresponding roughly to the diameter
of the alignment laser spot. By centering the hole on the propagating red alignment
laser, any reflected spot that appears on the card is indicative of some tilt angle.

263

The target chamber is not only mounted to an X-Y stage, but also a precision tilt
stage, similar to the laser interferometry probes. A spot reflected at an angle can be
eliminated by adjusting the tilt of the target chamber. If no other spot is seen, then
the reflected spot is co-linear to the incident red laser and there is no significant tilt.
Final alignment to the center of the flyer should take place after the elimination of
the tilt.
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APPENDIX B

LASER OPERATION AND EXPERIMENTAL
PROCEDURE

The procedures used to operate the drive laser and perform the laser-driven mini-flyer
plate experiments are described in detail in the following sections. Notes on safety
and care to ensure precision measurements are also provided as appropriate.

B.1

Laser Start-Up

(1) The city water and drain source should be connected to the laser system and
flowing. The water is always left open and is located on the back-right wall. The
DI-water and DI-filter require changing about every 6 months, but there will be a
notification by the system on the control box when this is necessary.
(2) The circuit breaker on the right wall should be to switched ON. It is typically
left in this position unless performing maintenance inside the laser cavity.
(3) The electronics rack circuit breaker should be switched ON, which is located
on the front upper right hand side of the cabinet. This will turn on the CG604C
pump and water should be heard flowing.
(4) The key on the front panel of the CU601C should be turned counter-clockwise
to the ON position.
(5) The key on the front left of the seeder laser should be turned to the ON
position. The seeder is located nder the laser table against the back wall.
(6) About 15 seconds after turning the key on the front of the cabinet, the control
unit should complete the system check and countdown. The remote box display
should read MANUAL MODE and the total shot count of the laser system. The
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total shot count should be recorded in the laser logbook. The logbook contains the
number of cycles the system recorded when particular flashlamps were last changed,
thus allows for a quick reminder on useful flashlamp life and the time until flashlamps
will require changing.
(7) The laser is started by pressing the AUTO/MANUAL button on the RB601
remote control box. It will then display PGM1 FLASH ONLY. Pressing the START
button will then begin flashing the laser heads at the standard repition rate of 10 Hz.
(8) Allow the system to flash for between 15-30 minutes prior to Q-switching to
ensure a thermally stabilized system.

B.2

Laser Operation and Firing

(1) The correct protective eyewear needs to be worn any time either shutter is opened.
Since there are many lasers in the lab with various protective eyewear at a range of
Optical Densities (OD), care should be taken in selecting a pair that is rated for
1064 nm and the highest OD number available. Three sets of (green) OD 9+ glasses
specifically for operating the drive laser are located in the laser room and these should
be utilized. The door to the room should be closed and the red laser safety sign should
also be turned on to alert anyone in the adjacent rooms to not enter.
(2) The desired laser program mode can be selected by pressing the PROGRAM
UP key on the RB601 control box. Selecting PROGRAM UP once will bring up the
program name, pressing PROGRAM UP a second time will select that program. The
selection can be locked in by pressing the ACTIVATE button within 5 seconds. The
system will beep once and the SELECT label will become ACTIVE.
(3) At this point in operation, both physical shutters on the front of the laser
cavity, as well as the shutter controlled by the remote control and the Q-switch are
all closed or off. To emit a laser pulse from the cavity, the port/shutter on the very
front of the Nd:YAG laser must be opened. The other physical shutter can be opened
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by lifting the knob on the top of the laser that is closest to the room entrance as well.
This shutter to the 1064 nm shutter. While the system is single wavelength, some
lasers can built that allow for lasing in other wavelengths, which would be emitted
from those ports.
(4) Of the four LEDs on the front of the remote box, only the CHARGING and
END OF CHARGE buttons will be flashing as the host laser flashes.
(5) The last shutter is opened by pressing the SHUTTER buttom. This shutter
is located inside the laser cavity between the oscillator and amplifier heads. This
will turn on the red SHUTTER OPEN led light indicating that is it now possible for
laser energy to be emitted. Since the seeder laser is constantly emitted from the laser
cavity at this point, an IR-viewing card could be used to locate the beam path, even
without the Q-switch operational.
(6) Regardless of what mode the system is in, the laser should not be emitting
significant laser energy at this point, but, due to the high gain of the system, small
amounts of laser energy can be leaked and amplified, especially by any focusing optics.
Thus great care must be taken any time the internal cavity shutter is open, even with
the Q-switch disabled.
(7) The Q-SWITCH ON/OFF button can be pressed which will turn on the QSWITCH light on the remote box and Q-switching will be active. In single-shot
mode, pressing the FIRE button will result in emission of a single laser pulse. If in
F/1 (Continuous) mode, as soon as the Q-SWITCH and SHUTTER are open, a laser
beam will be emitted in a continuous manner.

B.3

Notes on Performing Laser Experiments

(1) Once the flashlamps have been flashing for approximately 15 minutes and the
system is ‘warmed up’, an accurate energy measurement should to be taken prior to
any experiment. The Ophir Power Meter should be inserted into the beam path after
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the beam-shaping optic and record the average of 5 shots, including the standard
deviation from the software. Measurments after the beam shaping optic will give the
most accurate measurement of the energy incident onto the target.
(2) The power meter is also helpful for determining the useful life of the flashlamps. While the manufacturer suggests changing each flashlamp after 15-20 million
cycles, removing each laser head and replacing the flashlamp is time consuming and
requires re-alignment and re-optimization of the optics. Thus it is preferred to not
change the flashlamps earlier than is absolutely necessary. It is apparent that flashlamps are reaching their useful lifetime when the energy emitted as a specific setting
is appreciably lower than the energy produced at the same setting using new flashlamps. Therefore, with fresh flashlamps, the average peak laser energy should be
accurately measured at a range of amplifier timing delays and these values can be
used as reference if the output laser energy is ever measured that varies significantly
from these.
(3) Although the majority of the experiments performed with the laser required
single 12 ns laser pulses, occasionally experiments were performed using the continuous lasing (F/1) mode which cycles at 10 Hz. Thus, if the single-shot energy was set
to 100 mJ, a single second in the continuous mode would result in 1000 mJ. Laser
energy as a function of time is more aptly described in terms power (measured in
J/s). Therefore, in the example, the total laser output power was 1 Watt. These
experiments sometimes required lasing at powers lower than the minimum possible.
In these cases, Neutral Density Filters (Thor Labs) were used to attenuate by only
transmitting a small, predefined percentage of the laser energy and could be implemented anywhere in the beam path. The ND filters would reflect as well as absorb
laser energy, thus, it was critical to note the beam path of any potential high-energy
reflections and position a beam block, especially in the cases if using low-transmission
filters since they lead to more powerful reflections.
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(4) Adjust the laser energy via the Amplifier 1 and Amplifier 2 Timing Delay dials
(two bottom-most dials on the laser cabinet). Once timing delays have been changed,
the new energy position may be stabilized by switching into F/1 (Continuous) mode
and firing a few seconds of the laser into a beam dump (black acrylic). This will lead
to quicker Q-switch stabilization.
(5) If it has been some time since the last experiment, it is suggested to doublecheck the drive laser and red laser alignment, since things can shift and become loose
over time. This step is performed quickly by using a piece of burn paper (contained
in a clear plastic bag to contain debris) and performing a single burn-shot in singleshot mode and ensuring the red alignment dot is centered to the burn spot. The
transparent bag is critical to contain the plume of fine particle ejecta that is created
and quite undesirable for a laser table with high energy optics. The ejecta will
deposit itself onto lenses and mirrors and can destory them by becoming fused when
high energy laser light comes into contact. The burn paper and bag are best used
in a fixed position in order to accurately observe where the red alignment laser is
with respect to the burn spot. At the same time, if any of the laser interferometry
diagnostics are required for the experiment, their alignment with respect to the red
laser should be confirmed and adjusted as necessary.
(6) Once the output laser energy has been tuned and alignment has been confirmed, the target chamber should be assembled. Locate the laser-incident side of the
target chamber and load the substrate. Depending on the thickness of the flyer, select
stainless steel spacers of significant distance to account for the height of the flyer and
the amount of travel necessary before impact. The optimal free-flight distance of the
flyer (in order to reach peak, steady-state velocity) is typically 3-5x the thickness
of the flyer. For example, if the flyer is 100 µm thick, and 400 µm of free-flight is
desired, a total of 500 µm spacers should be used before inserting the target sample.
To hold the target and substrate tight together, fill up the rest of the chamber with
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3 mm thick steel spacers and/or protective window if necessary. The target chamber
should then be loaded into the beam path and aligned to the red-alignment laser via
the X-Y and tilt stage controls.
(7) Depending on the specific experiment and the configuration of the flyer plate
and the target within the chamber, the procedure for using PDV and VISAR may
vary. Assuming that both probes are colinear to the same point on the rear surface
of the target, each probe has a different optimal distance due to independent focal
lengths built into the probe. Each diagnostic should be aligned already at the optimal
focusing distance for light return dependent on the specific probe.
(8) With the PDV system, the channel being used should be around -12 dBm prior
to adding in any unshifted light. Depending on the surface being probed, the light
return will begin anywhere between -35 and -50 dBm with the PDV laser on without
increasing the energy. The PDV probe should be moved closer and further away until
the position that reads closest to -12 dBm is found. Since the PDV channel displays
are in the control room, it is easier to use a BNC cable connected to the specific
channel of interest in the back of the box and run it into the laser room connected
to the power meter. The BNC connects to the power meter via an alligator clip
splitter where each alligator clip connects to a positive and negative probe on the
power meter, thus allowing for direct viewing of the signal value while positioning
the probe. Most of the time, even on very specular surfaces (best light return), it
is only possible to achieve a signal around -20 dBm. At this point, using the digital
controls on the PDV laser itself, the laser power should be increased. Start with a
few hundred mW until it reads around -12 dBm. The unshifted light needs to be
added to bring the signal to around 0 or -3 dBm. This is accomplished by adjusting
the screw located directly beneath the dBm channel display. If the screw is entirely
open and the dBm is not optimal, the PDV laser power may need to be increased
until the optimal value is achieved (0 or -3 dBm). For recording the signal during an
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experiment, both connections emanating from the specific channel being used need
to connect to the 4-channel, 8-GHz Tektronix oscilloscope located to the lower-right
of the PDV laser. The two channels allow for dual-coverage of the measurement
even though only one signal is required for a complete velocity measurement during
analysis.
(9) The 8GHz (PDV) oscilliscope is triggered from the AUX BNC connection that
leads to the SYNC OUT on the back of the drive laser with a 500 mV falling edge
signal. Once the oscilloscope is armed, the next FIRE signal recorded (accomplished
by pressing FIRE on the remote box attached to the drive laser), will cause a trigger
event and the data will be recorded however long the horizontal scale is setup for.
Since the majority of these shock experiments are only a few microseconds in duration,
1.2 µsec/division (over a total of 10 divisions) is usually ample, but a longer recording
window could be used without any loss in resolution, if necessary.
(10) The VISAR measurement is performed similarly to the PDV but typically
using the older 4-channel, 1 GHz Tektronix scopes in the cabinet directly below PDV
laser. The same trigger signal used for the PDV oscillscope can be used here by using
a BNC splitter and attached another BNC cable from the front of the PDV scope to
any channel on the front of the VISAR oscilloscope, usually Ch4. Again, the channel
should be triggering from a 500 mV falling signal. Ch1 and Ch2 on the scope should
be connected to the VISAR box corresponding to the channel being used. Similar
to the PDV optimization, the precise distance of the VISAR probe from the target
surface being measured may need to be adjusted to find the optimal amount of light
return. An ideal lissajous would be a concentric circle with a 100mV radius. Each
recording channel on the VISAR oscilloscope should then be set to around 50mV/div
corresponding to a lissajous of this size. If the light return increases dramatically
during the experiment, the signal may clip if the mV/div are too low, therefore it is
always preferred to choose a mV/div setting that errors on the higher side, although
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it will lead to a decrease in resolution and an increase in noise. The horizontal scale
should be set up to record the time-scale of the event of interest, which again is
typically only 10-12 µsec. The VISAR oscilloscope should be armed similarly to the
PDV oscilloscope and both should trigger when the next FIRE signal is received.
(11) Once the experiment has been performed, press STOP on the control box
for the drive laser and close the ports. In the control room, close the shutter on the
VISAR laser. Turn off the PDV laser emission by pressing the EMISSION button.
The PDV laser power should be set back to 0 and the unshifted light screw should
be returned all the way back in to the starting position. Each channels data signal
recorded on the PDV oscilloscope (8 GHz scope) should be saved as a .wfm file for
analysis using the pTool software. MagPlot needs to be used first to convert the .wfm
into a DigSys (.dig) file prior to analysis in pTool.
(12) The VISAR data can be saved by using the control room computer and
imported by the PlotData software. The computer is connected to the oscilloscope
via a GPIB connection. In the PlotData program, under Acquisition, the data from
each channel can be imported, saved, and analyzed. The fringe constant (VPF)
corresponding to the number of the etalons in the beam path needs to be input
during the analysis for accurate velocity interpretation.

B.4

Laser Shutdown Procedure

(1) To shut down the laser, the STOP key should be pressed on the control box.
(2) The port on the front of the laser and the knob port above should both be
closed.
(3) The key on the front panel of the CU601C should be turned clockwise to the
OFF position.
(4) The seeder laser key should be turned from ON to STBY until next use, but
the power can be left on.

272

(5) The electronics rack circuit breaker located on the front right hand side of the
cabinet should be switched off last.
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APPENDIX C

VISAR BACKGROUND

The Velocity Interferometry System for Any Reflector (VISAR) technique was pioneered back in the 1960’s by Barker [96, 100]. VISAR measures the difference in the
Doppler shift between two relatively Doppler-shifted, reflected light beams. Therefore, it is actually a measure of the acceleration of a surface as a function of time
and the velocity profiles represent an integration of the many individual acceleration
measurements [259]. Essentially, the incident VISAR laser probes a surface and the
reflected light is collected. If the surface of incidence moves, there is a change in the
Doppler-shift of the laser light with respect to some reference light, which allows for
deducing the velocity of the moving surface being probed.
The basic VISAR concept is based on an unbalanced interferometer, shown schematically in Figure C.1, where one arm of the interferometer is longer than the other.
This allows for interference between ‘early-time’ reflected light with ‘late-time’ reflected light. When the Doppler-shifted light is recombined with the reference light, a
time-dependent interference signal is generated, and each cycle from fully-constructive
to fully-destructive interference is a ‘fringe’ [271]. In a simplified conceptual manner,
the detector amplitude measurements are made in quadrature. The wave amplitude
measurements repesent the sine and cosine of the detected amplitude at the last beamsplitter. The sine or cosine is then plotted versus the cosine or sine of the measured
light intensity (amplitude), which is essentially the phase angle between the ‘earlytime’ and ‘late-time’ reflected light. Polarizers and waveplates are implemented to
ascertain the direction of the surface movement (positive or negative sense) and the
velocity is determined by integrating the number of fringes that spin by [259]. If light
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Figure C.1: Schematic description of the VISAR technique [259].
intensity, I, is plotted versus fringe count, F, a sine wave is formed. At the maxima
and minima, dI/dF = 0 which results in poor resolution, but since the beam is split
into two out-of-phase components, a signal with high resolution will always exist as
long as there is ample light return [100]. According to Barker and Hollenbach [100],
the equation for deducing the particle velocity at time, t, is given by:
u(t) =

λ
F (t)
2τ (1 + ∆v/v0 )

(C.1)

where u(t) is the particle velocity at time t, F(t) is the fringe count as a function
of time, λ is the wavelength of the laser light, τ is the time required for light to
transverse the delay leg, and ∆v/v0 is an experimentally-determined function that
accounts for the change in index of refraction with the stress wave in the window
material [100].
Initially, laser light is collected off a moving, reflective surface by a lens and
directed back into the interferometer, where the quadrature beam splitting occurs via
a polarizer and a 1/4 wave plate. The light is further split and sent through two legs.
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The first leg contains a moving mirror used for fringe generation and the second leg
is the delay leg (leading to the unbalanced interferometer), which uses high-quality
glass etalons of various thicknesses. Barker [100] implemented the etalons to cause
the light to travel slightly slower through the higher-density medium than the light
traveling in a path through air. The time-delayed reference light is an improvement
over the Michelson interferometer because large accelerations and velocities created
too many fringes, too quickly to be counted by the available equipment. By using a
time-delayed signal as the reference light in the VISAR system, if the velocity changed
very quickly, the time delay could be shortened such that over each time delay, only
a fraction of a fringe occurs. Consequently, if the velocity changed more slowly, the
time delay could be lengthened to allow enough of a fringe to form so that an accurate
velocity/acceleration measurement could be ascertained. The two legs are eventually
recombined and measured using photomultiplier tubes. While the functionality and
the accuracy of the VISAR system depends on laser intensity, collected light, surface
tilt, and window material, they are usually accurate to less than 1%.
Interferometry can not only be used to measure free surface velocity profiles, but
also the velocity history at an interface between a shocked, reflective material and a
transparent window material. However, since the interface motion is influenced by
both the specimen and the window material, the dynamic mechanical properties of
the window material must be characterized [100]. To account for this, velocity-perfringe (VPF) constants have been developed for the most common window materials
which allow for deducing the true particle velocity of the material of interest by
multiplication with a correction factor. While PMMA, sapphire, lithium fluoride,
and fused silica are highly-characterized and common, other window materials with
uncertain velocity corrections can lead to a significant source of error. The main
drawback of the VISAR system is the ease at which the entire signal can be lost due
to the surface tilt or change in sufrace finish. Furthermore, for extremely fast changes
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in motion, there would often not be enough time for an entire fringe to be resolved,
leading to ‘lost’ fringes, which decreases the derived velocity by the magnitude of
the VPF. The fringes can be added back manually, which adds uncertainty about
accurate positioning and timing of these fringes.
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APPENDIX D

PDV BACKGROUND

Recently, advances in the telecommunications industry have encouraged the development of various products that have allowed for the PDV method to be implemented
relatively easily in experiments for velocities up to several kilometers per second
[261]. Since it is essentially a fiber-based system, multiple channels measuring several
surfaces simultaneously is quite simplified. The PDV laser light is positioned perpendicular and incident onto the surface of interest via a probe that typically contains a
lens to collect some of the light reflected or scattered from the surface as it moves,
which is schematically shown in Figure D.1 [261]. The collected Doppler-shifted light
is then transported back to the detector via the same fiber. This is in contrast to the
VISAR system which relies on two separate fiber optic cables for input and return
of light. A fraction of PDV light emitted by the laser is directed to the detector
without being Doppler-shifted, which is used as the reference signal. In Figure D.1,

Figure D.1: Schematic of PDV method for combining unshifted and Doppler-shifted
light to form a beat frequency [261].
the frequency of the as-emitted laser light is given by f0 , while the Doppler-shifted
returned light is fd . The beat signal is generated with a frequency fb that is equal
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to the difference between the unshifted light frequency and the Doppler-shifted light
frequency, as given by:
v 
fb
fb = fd − f0 = 2
c

(D.1)

In Equation D.1, c is the speed of light given by f0 λ0 and λ0 is the initial laser light
wavelength. Using this relation, the velocity of the surface can be calculated by:
v=

λ 
0

2

fb

(D.2)

Therefore, using a laser with a wavelength of 1550 nm, the velocity (in m/s) is directly
known from the frequency (in GHz) of the beat pattern such that [261]:
v = 775fb

(D.3)

The PDV system is built primarily around the 1550 nm wavelength laser. While
not an ideal wavelength for experiments since it is not in the visible spectrum, the
specific wavelength was dictated by commercially-available equipment. As mentioned,
the commercialization of high-bandwidth electrical components by the telecommunications industry is truly what allowed for the development of the PDV system and
many of these electrical components rely on single-mode fiber-optics operating at 1550
nm [261]. The entire PDV process relies on the advent of the 3-port circulator, as
shown in Figure D.2 [261]. The circulator allows for light injected into port 1 to be
emitted out port 2, and the light injected into port 2 to be emitted out of port 3. This
mechanism is directly responsible for easy separation and partitioning of any incident
and reflected light. Since practically no unshifted light can directly travel from port 1
to the detector at port 3, back reflection from the fiber surface inside the probe is required to obtain some of the unshifted, reference light. The reference light, combined
with the reflected signal from the moving surface, form the fringe pattern [261]. A
separate reference signal can also be used to generate the beat frequency [260]. Often,
both methods are utilized with the reference signal being slowly added until the desired contrast is reached. The best beat amplitude is generated when the intensity of
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Figure D.2: Schematic of three-port circulator function used for PDV: Light injected
into port 1 to be emitted out port 2, and the light injected into port 2 to be emitted
out of port 3 [261].
the Doppler-shifted light and the intensity of the unshifted light are nearly equal. The
resulting beat frequency is analyzed using a sliding fast-Fourier transform (FFT). An
example of beat frequency data and extrapolated velocity versus time profile is shown
in Figure D.3. The time response of the final velocity versus time profile greatly de-

Figure D.3: (a) Beat frequency versus time (raw data) and (b) velocity vs. time
profile analyzed using FFT method [261].
pends on the length of the window chosen for each FT. Shorter windows yield higher
temporal resolution, but noisier velocity data. Longer windows yield lower temporal resolution, but cleaner velocity data. The main advantages of the PDV system
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are the ease of assembly and use of commercially-available components. In addition,
since PDV tracks motion in a frequency encoded temporal electro-optical signal, velocity information is preserved, which allows for multiple velocity components to be
recorded simultaneously [191].
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APPENDIX E

HYADES MODEL CODE

Below is an example of the HYADES program used for a 25 µm thick Cu flyer and
1200 mJ laser pulse. Descriptions of each section can be found in the manuals. The
letter ‘c’ begins a comment line:
Substrate Model – 1200mJ with Radiation and Strength Models
c Carbon Layer Model – Starting on Left Hand Side
GEOMETRY 1 0
MESH 1 21 -.00025 -.0002 1.1
REGION 1 20 1 2.2
MATERIAL 1 c
EOS \HYADES\DATA\EOS\SESAME\EOS 344.dat 1
IONIZ 1 3 1.e-5 1.e-6
EOS \HYADES\DATA\EOS\opacity\opc 1344.dat 1
c Alumina Layer Model
MESH 21 101 -.0002 -.00015
REGION 21 100 2 3.97
MATERIAL 2 13 26.97 2
MATERIAL 2 8 16 3
EOS \HYADES\DATA\EOS\SESAME\EOS 161.dat 2
IONIZ 2 3 1.e-5 1.e-6
EOS \HYADES\DATA\EOS\OPACITY\opc 1161.dat 2
STRENGTH 2 1 1
DATA shear 1.24e+12
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DATA yield 1.54e+11
c Aluminum Layer Model
MESH 101 201 -.00015 0 1.02
REGION 101 200 3 2.7
MATERIAL 3 Al
EOS \HYADES\DATA\EOS\SESAME\EOS 44.dat 3
IONIZ 3 3 1.e-5 1.e-6
EOS \HYADES\DATA\EOS\OPACITY\opc 1041.dat 3
STRENGTH 3 1 1
DATA shear 3 2.6e+11
DATA yield 3 2.5e+8
c 25 Micron Copper Flyer Model
MESH 201 251 0 0.00125 1.1
MESH 251 301 0.00125 0.0025 0.9
REGION 201 300 4 8.93
MATERIAL 4 Cu
EOS \HYADES\DATA\EOS\QEOS\QEOS 115.dat 4
IONIZ 4 3 1.-5 1.e-6
EOS \HYADES\DATA\EOS\OPACITY\opc 1111.dat 4
STRENGTH 4 2 1
DATA shear 4 4.77e+11 2.83e-12 4.38e+3
DATA yield 4 1.2e+9
c Define Laser Pulse – Gaussian Shaped
c Using 1064 nm laser, incident to first mesh position. Must convert to ergs.
SOURCE laser 1.064 1
GAUSS 12.e-9 2.1e+16 8.e-9
c Define Min and Max Thresholds for Various Parameters
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PARM xlabth 1.00000e+12
PARM xldump 0.6
PARM flxlem 0.05
PARM temin 2.5e-5
PARM timin 2.5e-5
PARM trmin 2.5e-5
PARM qstimx 3.e-5
PARM alvism 2.5
c Dictates Columns in Output File – in Addition to the standard 9
EDCOL 10 xlsint
EDCOL 11 deplas
EDCOL 12 dene
PPARRAY PRES R RCM RHO QTOT TE TI U
c Timing and Cycle Information
PARM tstop 5.e-7
PARM postdt 1.e-9
PARM nstop 1000000
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APPENDIX F

FABRICATION OF THIN NI-AL POWDER FLYERS

Using a 1/2” punch-and-die set, the punch is placed on a hot plate until the low
melting temperature wax (QuickStick 135 Mounting Wax from Electronic Microscopy
Sciences) melts on contact to form a thin, fluid layer. The powder mixture compact
is placed on the wax pool, and the punch is removed from the hot plate and cooled
to room temperature on a flat surface. While cooling, the sample is gently pressed
down to get minimum wax layer thickness and ensure flatness and planarity to the
punch. Thin, sacrificial metal foils matching the desired target thickness for the final
Ni-Al mixture can be placed around the center. The foils act as markers indicating
planarity and depth during grinding and polishing. Figure F.1 shows the punch-anddie set in (a), the hot plate setup in (b), and a schematic of the punch arrangement in
(c). Once the punch is cool to the touch and the wax is solidified, it is inserted back
into the die. The die is held flat against the grinding paper and the punch is gently
lowered in contact. Small amounts of pressure were carefully added to the punch
during grinding. Polishing the sample using both the punch and die ensures flatness
during the material removal process while thinning the Ni-Al mixture. If too much
pressure is applied or the grit of the grinding paper is too low (too rough), the sample
can be pulled out of the wax. The grinding paper is placed on a clean, flat surface
with small amounts of water and grinding/polishing is performed by hand using a
figure-eight path. Once grinding marks are visible evenly across all the sacrificial foil
markers surrounding the Ni-Al mixture, the height of the powder compact can be
known. To remove the compact from the punch, the assembly is brought back to an
elevated temperatured using the hot plate and removed from the punch once the wax
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Figure F.1: (a) Precision punch-and-die used in thinning process, (b) hot plate and
punch heating, and (c) illustration of sample embedded in wax mounted to punch
with marker foils.
becomes fluid enough. Any residual wax can be removed from the sample mixture by
placing in acetone for a couple minutes. The precise thickness of the thinned powder
compact flyer is then carefully measured using a digital micrometer.
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