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 Shock induced reaction synthesis is a complex, scientifically rich field with the potentially 

to produce novel materials with unique properties.  This work seeks to understand the processes 

governing shock induced reaction synthesis.  Particular emphasis is placed on the reaction kinetics 

of condensed phase reactives under various mechanical and thermal heating rates.  This 

understanding was then applied to the synthesis of cubic boron nitride through shock induced 

reaction synthesis. 

 Mechanical initiation of reactions in powder systems involve complex interactions that can 

yield unexpected results. Two materials that exhibit similar thermal responses can behave very 

differently under the same loading conditions due to differences in their mechanical properties. 

Reactive composite powders with small characteristic dimensions can exhibit short ignition delays 

and reduced thermal ignition thresholds; however, a full understanding of the response of these 

powders to rapid mechanical loading is still unclear. This work seeks to clarify the role of 

mechanical properties in impact induced ignition by considering the response of nanolaminate (NL) 

powders and high energy ball milled (HEBM) Ni-Al powders subjected to impact loading.  The 

powders were placed into a windowed enclosure and mechanically loaded using a light gas gun, 

which allowed the resulting reactions to be observed using high-speed imaging. Even though the 

thermal ignition temperatures for the two powders are within 30 °C of each other, it was observed 

that the NL powders reacted on the microsecond timescale, immediately following the compaction 

wave for a short distance before decoupling from the compaction front. In contrast, the HEBM 

powders reacted after a several millisecond delay and clearly propagated as a deflagration front. 

Microindentation showed that the HEBM powders are much more ductile than those of NL. This 

suggests that the primary difference between the behavior of these materials on impact results from 

the ability and degree of the material to fracture, illustrating that the mechanical properties of a 

reactive material can have a dramatic effect on ignition during impact loading. 
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 By using the jump equations to understand compaction events, it is easy to think about the 

compaction wave as a discontinuity, with no structure.  In practice this is not the case.  Both shock 

waves and compaction events have been observed to have a structure with a finite thickness.  

Studies of the propagation of shocks through monolithic solids have shown that the strain rate, 

which is directly related to the shock width, scales with the pressure rise to the fourth power.  

Studies of dynamic compaction of porous materials have shown that this relationship is closer to 

linear.  This work seeks to study the effect that increasing the crush strength of the compact has 

on the width of the compaction wave.  Ball milling is used to produce strain hardened powders 

that are then pressed to form a porous compact.  Plate impact experiments are performed to 

evaluate the equation of state and measure the shock width of both milled and unmilled powders.  

The results show that a Mie-Gruneisen equation of state accurately predicts the response of all 

materials tested; however, the compaction width is found to change with milling condition.  For 

all materials tested, the compaction width is found to decrease with increase pressure rise; however, 

the unmilled material is found to have a longer rise time compared to the ball milled material.  This 

results in a reduction in apparent viscosity with increased crush strength.  It is suggested that stress 

waves percolating ahead of the compaction front (since the velocity of the compaction wave is 

below the acoustic velocity of the parent material) and their interaction defines the compaction 

width.  In a weaker material, a weaker stress is required to begin compaction, resulting in a broader 

front compared to a stronger material and an increased viscosity. 

 Despite their widespread use, the reaction pathways of thermite (reduction-oxidation) 

reactions are relatively unknown.  Multilayer thin films produced through magnetron sputtering 

provide a highly controlled geometry and direct contact between reactives, making them an ideal 

platform to study atomic-scale processes underlying thermite reactions.  This work utilizes the 

multilayer thin film geometry to study the combustion and reaction pathway of equimolar Al-NiO.  

The low heating rate kinetics and product phase growth are studied through hot-stage X-ray 

diffraction and differential scanning calorimetry.  The results indicate significant product 

formation beginning as low as 180°C, and results in the formation of nickel aluminum intermetallic 

phases.  Hot-plate ignition experiments show that ignition occurs in the solid state for fine bilayer 

thicknesses, with a transition to melt dependent reaction for multilayers with larger bilayer 

thicknesses.  Laser ignition and self-propagating reactions are observed to exhibit a similar length 

scale dependence in reaction behavior.  The activation energy determined from the hot-plate 
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ignition experiments was found to be less than that for the laser ignition experiments, indicating a 

heating rate dependent response. 

 This work culminates with the direct synthesis of cubic boron nitride through shock loading 

of 3B+TiN composite particles.  It was found that reduction of the diffusion distance through high 

energy ball milling before loading was critical for success, with unmilled powders showing no 

evidence of reaction after recovery.  The results show the possibility of rapid reaction occurring in 

a condensed phase system at microsecond timescales.  As a results, optimization of this process 

may provide a route for the fabrication and discovery of other advanced compounds.
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 INTRODUCTION 

 Objective and Motivation 

The overarching objective of this work was to advance the current understanding of 

processes governing shock induced reaction synthesis.  Specifically, this work sought to 

understanding the kinetics of condensed phase reactives at various mechanical and thermal 

heating rates in order to reduce the reaction timescale to a length relevant for reaction to occur 

under shock loading.  This was accomplished through studies on the mechanical compaction of 

porous materials, the behavior of different nanolaminate reactive materials to weak mechanical 

loading, the kinetics of reaction in reactive multilayer thin films at varying heating rates, and 

application of shock induced reaction synthesis utilizing a condensed phase reactive to produce a 

metastable product phase.   

The synthesis of these studies provides a view of the dynamic compaction of 

heterogeneous condensed phase reactives where different heating mechanisms are at play.  It is 

often thought that condensed phase reaction is too slow to effect the propagation of a shock 

wave, and that the reaction timescale for a condensed phase reactive is on the ms timescale.  This 

work addresses this misconception through a series of studies.  Given sufficient length scale 

reduction, achieved through high energy ball milling or physical vapor deposition, it is shown 

that the reaction timescale can be varied from the ms timescale down to the µs timescale.  

Through low velocity impact experiments it is shown that the mechanical properties can 

dominate the reaction behavior of a condensed phase reactive, and dictate the intensity and type 

of hot-spots generated.  Ultimately it is shown that a condensed phase reaction can occur on the 

time-scale of a shock by the recovery of a high pressure product phase resulting from a 

condensed phase reaction. 
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 Organization 

This work begins with an introduction describing the motivation and objectives of this 

work.  Chapter 1 concludes with a brief description of the contents of each chapter and an 

explanation of the chapters place in the work.   

A review of the relevant literature on dynamic compaction and shock induced reaction 

synthesis is provided in Chapter 2.  This chapter reviews the necessary theory behind the jump 

equations and basic constitutive models relevant to powder compaction.  It then discusses 

mechanisms of energy deposition during dynamic compaction.  This is followed by a review of 

experimental techniques utilized in shock synthesis and a review of impact initiation of 

intermetallic reactives.  This chapter concludes with a review of studies investigating the shock 

synthesis of metastable high pressure phases. 

Chapter 3 investigates the behavior of different Ni-Al reactive composites to weak impact.  

This work contrasts two nano-scaled reactive composites composed of Ni-Al with comparable 

thermal ignition temperatures.  One is produced through high energy ball milling, resulting in a 

tortuous microstructure lacking long range order.  The other is produced by comminuting 

laminate materials produced through physical vapor deposition.  The resulting powder maintains 

the periodic microstructure of the parent laminates.  The resulting powders are found to react on 

different timescales when impacted under the same conditions.  The high energy ball milled Ni-

Al deflagrates long after pressure release.  The nanolaminate powder is found to initial react with 

the propagation of the compaction front, travelling with a fixed delay behind the leading edge of 

the wave.  These results are interpreted in light of the differing mechanical properties of the 

specific powders with general conclusions being presented. 

The effect of the crush-strength of a powder on the structure and viscosity of a compaction 

wave is investigated in Chapter 4.  By cold-pressing high energy ball milled Al, a series of Al 

green bodies are produced with varying crush-strengths.  The equation of state and shock 

structure of this material is investigated through plate impact experiments and photonic Doppler 

velocimetry (PDV).  The results show that while the equation of state of the porous compacts are 

unaffected by the strength of the parent material, the rise time of the compaction wave is 

dependent on the milling process with the ball milled powders propagating narrow compaction 

waves compared to the unmilled powders.  An interpretation of the results is then presented. 
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An in depth study of the reaction kinetics of the Al-NiO system at varying heating rates is 

given in Chapter 5.  The thin film geometry is utilized in order to directly control the 

microstructure being studied.  The deposited material is examined to verify the stoichiometry and 

crystallinity of the produced material with particular attention paid to the composition and 

structure of the composition and structure at the material interfaces.  Studies related to the 

reaction of the Al-NiO are then presented.  Hot-stage X-ray diffraction (HS-XRD) is used to 

investigate the sequence of phase formation at heating rates relevant to differential scanning 

calorimetry (DSC) performed on the deposited films.  This is followed by ignition studies at two 

different heating rates and observations about self-propagating reactions in free-standing foils.  

Activation energies are determined for the low rate experiments and the ignition experiments.  

The behavior of the system is then discussed as a function of diffusion length scale and heating 

rate. 

Shock induced reaction synthesis is applied to the synthesis of cubic boron nitride (c-BN) 

in Chapter 6.  Nano-scaled reactive composites composed of B and TiN are produced through 

high -energy ball milling.  These powders are loaded to high pressures (20-25 GPa) through an 

explosive compaction experiment designed specifically for this work.  A physical mixture of 

micron scale powder is found to not react under this mechanical loading; however, the ball 

milled B-TiN composites do react.  Examination of the product phase through XRD and high 

resolution transmission electron microscopy (HRTEM) show that a high pressure polymorph of 

BN, c-BN, is formed as a product phase.  The implications of the formation of c-BN under shock 

loading are discussed. 

The work is summarized in Chapter 7.  The results from each chapter are discussed in light 

of their role in shock induced reaction synthesis.  Following this, paths for future work stemming 

from this research are suggested.   
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 BACKGROUND 

 The Jump Equations 

The jump equations can be used to describe the propagation of steady planar one-

dimensional pressure waves, as seen in Figure 2.1.  These equations are derived from the 

conservation of mass, momentum and energy (see Davison [1] for a full derivation) and in 

Eulerian form are given by: 

 

Figure 2.1. One-dimensional hydrodynamic flow [2]. 

 

 
ρ0Us = ρ(Us − Up) (2.1) 

 
t11

+ − t11
− = −ρ0UsUp (2.2)  

 

E − E0 = −
1

2
(t11

+ − t11
− ) (

1

ρ0
−

1

ρ
), 

(2.3) 

where t11 is the component of the Cauchy Stress in the direction of propagation, ρ is the density, 

Us is the velocity of the shockwave, Up is the particle velocity and E is the internal energy with 

the subscript 0 representing the initial state.  Since these equations (2.1-2.3) are derived directly 

from the conservation equations they have no dependency on the medium under question (i.e. 

there has been no constitutive response assumed) and are often used to interpret experimental 

results. 

The pressure experienced by a material is given by the trace of the Cauchy stress tensor, 
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p =  −tii. (2.4) 

 The stress tensor can then be decomposed into the deviatoric stress, tij’, and the pressure in the 

form: 

 
tij =  tij

′ − pδij, (2.5) 

where δ is the kronecker delta. The deviatoric stress in real materials is limited by the shear 

strength, τmax, of the material.  Since the pressure achievable is not limited in compression, 

eventually a state will be reached where |p| >> τmax.  In this regime the deviatoric component of 

the Cauchy stress can be neglected [3] and the jump equations become: 

 

 
ρ0Us = ρ(Us − Up) (2.6) 

 
p − p0 = ρ0UsUp (2.7) 

 

E − E0 = −
1

2
(p − p0) (

1

ρ0
−

1

ρ
), 

(2.8) 

Equations 6-8 are most accurately applied in high shock or in materials with very low shear 

strength (fluids) when in a state of uniaxial strain. 
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 Powder Behavior 

 

Figure 2.2. (a) P-V Hugoniot of a solid material.  (b) Comparison of the Hugoniot of a powder 

with negligible compaction strength compared to the principal Hugoniot of the solid matrix[4]. 

The principal Hugoniot of material is the collection of states that can be achieved behind 

a shockwave passing through a material initially at atmospheric pressure and temperature, an 

example of which can be seen in figure 2.2(a).  The line connecting the initial state to the final 

state in P-V space is called the Rayleigh line, The slope of which is proportional to -(ρ0Us)
2.  

This relationship is interesting when comparing the response of a solid to a powder.  The 

Hugoniot of a powder differs from a solid due to the increased specific volume at its initial state.  

This results in an increased amount of energy necessary to reach the same pressure as the solid, 

as evidenced by the shaded area in figure 2.2(b), as well as a reduced shock velocity compared to 

the a solid brought to the same pressure state, as evidenced by the slope of the respective 

Rayleigh lines. 

The increased absorption capabilities of powders compared to solids results in 

compaction waves being attenuated while they propagate more rapidly than the equivalent solid.  

As a result, they can be used to attenuate unsupported shocks.  A simple model describing the 

attenuation process for situations where the matrix material has negligible strength is given in 

section 2.2.1.  Modelling the behavior of material where the matrix material is relatively strong is 
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more complicated.  The most common method is outlined in section 2.2.2.  The analysis in both 

2.2.1 and 2.2.2 follows both Forbes [2] and Davison [1]. 

 Snow Plow Model 

The simplest model to understand powder compaction is the Snow Plow model.  This 

model is non-physically, but it does provide several rules-of-thumb, with regard to shock 

attenuation in particular, that have correlated well with experiments [2].  To proceed, the 

Hugoniot of the porous material is idealized as a vertical and horizontal line as seen in Fig. 2.3.  

This assumes that the powder has no strength during crush-up, immediately compacting to full 

density at which point it is infinitely stiff.  While there are occasions where the powder can be 

assumed to have negligible strength, the second assumption is never justifiable.  This assumption 

results in an infinite sound speed in the material behind the compaction wave.  The consequences 

of this will be seen later. 

 

Figure 2.3. Comparison of a typical Hugoniot to the assumed Hugoniot in the snowplow model. 

Combining equations 6 and 7 gives the following equation for the shock velocity and particle 

velocity, 
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Us = v1 (
P

(v1 − v2)
)

1
2

, (2.9) 

 

Up = (P(v1 − v2))
1
2. (2.10) 

  Considering a material with the Hugoniot represented in Fig. 2.3 being shocked from v1 = v00 to 

a solid density of v2 = vSR, or from α1 = v00/vSR to α2 = 1, the peak shock and particle velocities 

are 

 

Us = v00 (
P

(v00 − vSR)
)

1
2

= (
Pα2v0

α − 1
)

1
2

 , (2.11) 

 

Up = (P(v00 − vSR))
1
2 = (Pv0(α − 1))

1
2. (2.12) 

A square pulse traveling into the material of width x = Usdt will provide an initial impulse  

 

I0 =
1

v00
xUp =

xUp

αv0
. (2.13) 

The total combining equations 11-13 it can be shown that 

 

P ∝
1

x2
∝

1

t
. (2.14) 

Since the sound speed behind the compaction front is infinite and the total impulse, I = ∫p(x)dx, 

is conserved, the waveform becomes a triangular pulse with the leading edge connected to the 

origin as seen in at three different times in Fig 2.4. 
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Figure 2.4. Predicted structure of a square input into a porous material with negligible strength 

analyzed with the Snowplow model.[5] 

The key result from this analysis is equation 14.  This proportionality shows that 

compaction wave’s decay with distance travelled, and provides a comparison for experimental 

measurements.  It is important to note that this analysis is for an unsupported square wave.  

 P-α Model 

The P-α model is a constitutive law for powders that was originally proposed by 

Hermann [6] in 1969.  In this model the internal energy of the parent material is given by 

 
E = Es(v, s), (2.15) 

where s is the specific entropy of the parent material.  The key assumption of the model is that 

the internal energy of the parent material at a given specific volume and entropy is unchanged by 

converting it into a porous material.  The internal energy of the porous material can then be 

expressed as 

 
E = E(v, s, α) = Es (

v

α
, s), (2.16) 

where α = v00/v0 is the porosity of the material.  This allows the pressure and temperature 

equations of state to be derived from the internal energy: 
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P = −
∂E(v, s, α)

∂v
=  −

∂Es (
v
α , s)

∂v
=  −

∂Es

∂vs
|s

∂vs

∂v
= −

1

α

∂Es

∂vs
|s =

1

α
ps(vs, s), (2.17) 

 

T(v, s, α) =
∂E(v, s, α)

∂s
=  

∂Es (
v
α , s)

∂s
= Ts (

v

α
, s). (2.18) 

The porosity can be defined to be a function of the internal energy and pressure 

 
α = α(P, E), (2.19) 

and would be evaluated through a series of plate impact experiments at increasing initial 

temperature; however, it is often assumed that α is only a function of initial pressure due to the 

difficulty of these experiments.  A full thermodynamic description is found from a suitable 

equation of state for the solid (i.e. Mie-Gruneisen) and an evolutionary equation for the solid. 

There have been many proposed forms for equation 19.  Hollow sphere models typically use a 

logarithmic relation between critical pressure and the porosity resulting in an exponential form 

for the evolution equation [7–9] that is a function of the matrix yield strength and the pressure, 

such as 

 

α = {

α0  if P < Pcrit

1 −
1

e−
3P
2Y

 if P > Pcrit
 , (2.20) 

where Pcrit is a function of the initial porosity.  It is often enough to fit experimental data in the 

region of incomplete compaction to a polynomial relating the final pressure and porosity [5,7].  

The most common form is  

 

α = 1 + (αp − 1) (
Ps − P

Ps − Pe
), (2.21) 

where αp is the porosity at the porous materials elastic limit, Pe, and Ps is the crush strength of the 

powder. 

 Mechanisms for Energy Deposition and Localization in powder Compaction 

Understanding the mechanisms through which energy is deposited into a heterogeneous 

material through the passage of a shockwave and how that results in the initiation of reaction is 
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the primary goal in Hot-Spot theory [10–12].  It can be seen that if the energy deposited into a 

porous material was to be averaged over the entire volume of the material, the impact condition 

required to initiate reaction would be much greater than what is experimentally observed [10].  In 

order to understand the results and conclusions given later in this work a brief review of energy 

localization in powder compaction is given in this section. 

  

Figure 2.5. Energy deposition mechanisms during shock compaction [13]. 

Figure 2.5 graphically illustrates the most common mechanisms of energy deposition and 

localization in powder compaction.  A brief description is given below: 

a) Plastic deformation:  For void collapse and consolidation to occur, significant plastic 

deformation must occur.  Where greater deformation occurs, more energy will be 

deposited. 

b) Microkinetic energy:  Any kinetic energy that is beyond what is necessary for void 

collapse.  Standard examples are viscous heating such as jetting and vorticity between 

particle surfaces. 

c) Melting:  At high enough shock pressures, it is known that a material can melt.  

Additionally, since the majority of energy deposited through rearrangement is localized 
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to the particle surface or ‘skin’ localized regions can experience melting [14].  This acts 

as an energy sink due to the latent heat of melting. 

d) Defect energy:  The passage of a shockwave introduces a significant number of point, 

line, and interfacial defects.   

e) Interparticle friction:  As the powders rearrange and deform, significant friction occurs 

between the particle surfaces.  

f) Fracture:  In brittle materials, it is likely that the particles fracture during rearrangement.  

This can rapidly release strain energy in a local region. 

g) Adiabatic gas compression:  If a gas phase fills the powder voidspace, it may become 

trapped.  This results in adiabatic compression of the gas to very high pressure.  At 

timescales conducive to heat transfer, this energy is then deposited into the matrix 

material and can result in poorly formed final materials [15]. 

An understanding of these mechanisms is critical to interpret impact experiments and know 

what physics are necessary for any modelling effort. 

 Experimental Techniques Relevant to Shock Synthesis 

In order to study the behavior of materials under shock loading, methods had to be 

developed to controllably generate a shockwave and measure the response.  Early work in shock 

synthesis relied on recovery experiments to infer whether reaction occurred as a result of shock 

loading [16].  However, this method does not indicate whether reaction occurs on the timescale 

of the shockwave or long after the passage of the shock as a result of residual heating.  As a 

result time-resolved experiments were designed in order to measure the influence of reaction of 

the propagation of a shockwave.  This is done by examining the powders Hugoniot response and 

comparing it to an inert powders response. 

This section covers the experimental methods relevant to the proposed work.  Section 2.4.1 

details explosive compaction experiments that have been used to reach the pressures from 3-85 

GPa [17].  Due to their simplicity and cost, these experiments can be used as a screening test to 

determine if synthesis of a high pressure phases is possible with the given reactive system.  

Additionally, this method would be used to produce greater quantities of material if this were to 

be scaled. 
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Section 2.4.2 details the methodology behind measuring an unknown materials Hugoniot 

through plate impact experiments.  From this a material equation of state can be determined as 

well as inference of reaction.  Light gas guns are typically used for these experiments; however, 

in the last 20 years laser driven flyer plate technology has matured to the point of being useful 

for shock physics [18,19].  The methodology described can be applied to all plate impact 

experiments and will be applied in the proposed experiments. 

 Explosive Compaction 

 

Figure 2.6 Cylindrical assembly for explosive compaction of powders with (A) single and (B) 

double wall configurations; 1) detonator, 2) explosive, 3) flyer, 4) air gap, 5) confiner, 6) 

powder.[20] 

Figure 2.6. shows typical configurations for cylindrical compaction experiments.  In both 

configurations an explosive is used to generate a shockwave that converges radially, compacting 

the powder.  The powder can then be recovered in the capped assembly.  Typically, low 

performance explosives provide better results.  The lower shock velocity results in a longer push 

and higher velocity explosives can damage the recovery capsule. 

The single walled configuration is simple to design, but delivers a triangular pulse.  The 

peak pressure experienced by the powder can be increased by using a larger amount of 

explosives or an explosive with a higher detonation velocity [20].  Increasing the shock velocity 
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can result damage to the final compact and more pronounced Mach stem formation, seen in 

figure 2.7 (b)  [21]. 

 

 

Figure 2.7. (a) Diagram showing deformation in single walled explosive compaction.  (b) 

Diagram showing the formation of the Mach stem and velocity gradient in single walled 

experiment.  (c) Deformation induced in double walled configuration [21].  

Increased pressures can be achieved without the formation of a Mach stem with the 

double walled configuration seen in Fig 2.7 (c) [17,20,21].  The angle α seen in figure 2.7 (b) is 

correlated with the formation of the Mach stem.  Smaller angle α results in a more pronounced 

Mach stem.  The double cylinder experiment results in a more planar compaction since the 

detonation velocity will be much higher than the velocity that the of the flyer tube.  It is 

important to note that the double walled experiment produces a square pulse of a controlled 

width, which may result in a longer duration at pressure when compared to the single walled 

experiment.  Additionally, the double cylinder experiment was shown to generate much higher 

pressures than single wall experiments when used to compact Inconel 718 powders [21]. 

 Plate Impact 

The development of the light gas gun allowed high precision measurement of materials 

equations of state.  In combination with two-stage and powder gas guns, impacting at predefined 

flyer velocities ranging from 30 m s-1 to 6 km s-1 allows investigations of material response up to 

100’s of GPa [17]. 
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Figure 2.8 shows a standard configuration for plate impact of a thin specimen.  In this 

configuration, a sample is mounted in electrical potting (epoxy) and lapped to a high level of 

parallelism.  This is then directly mounted to the barrel of the gas gun in order to minimize tilt 

between the flyer plate and the target.  The impact velocity is measured through either an 

electrical short or a break line (optical or thin wire).  Flyer velocities have also been measured by 

using a magnetic flyer to induce a current in a coil around the barrel.  A state of uniaxial strain is 

generated through inertial confinement.  By maintaining a high diameter to thickness ratio 

(typically d/t = 5-10, but this can also be experimentally determined) release waves cannot reach 

the centerline of the sample.  This maintains a state of uniaxial strain on the central axis, where 

all state measurements must be taken [17]. 

 

 

Figure 2.8. Standard experimental arrangement for plate impact experiment using a gas gun. 

To set the state of the impacted material, it is necessary to measure two variables while 

under uniaxial strain.  While this can be any pair of shock velocity, particle velocity, pressure, 

temperature, or density, there are many complications with measuring temperature and 

measurement of density would require a synchrotron x-ray source and phase contrast imaging.  

As a result, particle velocity, shock velocity and pressure are the most common measurements 

taken. 

Time resolved measurement of the particle velocity can be achieved using laser 

diagnostics such as velocity interferometry for any reflective surface (VISAR) or photonic 
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Doppler velocimetry (PDV), these diagnostics require expensive equipment and are not 

necessary to measure a materials Hugoniot.  Due to the geometry of the experiment, if the flyer 

plate is made from a well characterized material (copper for example) the flyer plate velocity can 

be used to determine the particle velocity in the sample through impedance matching.  An 

example of this can be seen in Fig. 2.9 where material A is the donor (flyer) and material B is the 

accepter (target).  The backward facing Hugoniot of the flyer would be centered at the point 

(uflyer = u0A, P = 0) in P-up space.  The Rayleigh line for the target material is centered at the 

origin with a slope of ρ0Us.  If the shock velocity is measured experimentally, the intersection of 

the target materials Rayleigh line and the flyer materials Hugoniot in P-up space gives the 

particle velocity and pressure, setting a single point on the target materials Hugoniot.  Repeated 

experiments at different flyer velocities allow the target materials Hugoniot to be fully 

characterized. 

 

Figure 2.9. Impedance matching diagram for plate impact experiments with donor material A 

and target material B [22]. 

Conversely, pressure gauges can be used to establish pressure on the front or back surface.  

It is evident from Fig 2.9 that a similar method as what was used to determine the pressure with 

measurement of flyer velocity and shock velocity could be used to determine the shock velocity 

from measured values of pressure and flyer velocity.  A more interesting approach is to provide 

pressure gauges on the front and back surfaces of the target material while measuring the flyer 

velocity.  With a known distance between the pressure gauges, the shock velocity, pressure and 
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flyer plate velocity could be independently measured.  Impedance matching would then provide 

multiple ways of validating the measurements taken.  

 Impact Initiation of Intermetallic Reaction 

The first time resolved evidence of reaction on the timescale of a shockwave was done by 

Batsanov et al. [23] in 1987.  In this work, powders of Sn and S with particle sizes of 5-10 µm 

were mixed at an equimolar ratio and compared to SnS powders.  The samples were explosively 

loaded and manganin pressure gauges were used to determine the shock pressures. The key 

results from this experiment is shown in Fig. 2.10.  The shocked Sn+S exhibits a deviation from 

the calculated inert Hugoniot. 

 

Figure 2.10. Shock Hugoniot measured by manganin pressure gauges for 1) SnS, 2) physically 

mixed Sn+S, and 3) calculated inert mixture of Sn and S.  Note the deviation in the physically 

mixed Sn+S above 15 GPa. 

 

The work on Sn+S illustrates the primary method of inferring reaction on the timescale of 

a shockwave.  Since the reactions observed are highly exothermic (∆H0 = 727 kJ/kg in the case 

of Sn+S), there is an increase in specific volume due to a thermal back pressure when reaction 

occurs.  Divergence of this kind in P-v space can be indicative of many different first order phase 

transitions [3,24].  Particularly, polymorphic phase transformations exhibit a volume contraction 
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deviate to a lower volume point (left on P-v plot above).  It is important to note that this behavior 

has been observed in several binary intermetallic systems at pressures where there are no first 

order phase transitions present [23,25,26]. 

This particular discovery led researchers to distinguish two separate modes of reaction for 

shock loaded metallothermic reactions [4,16].  When a reaction occurs as a result of impact on 

the timescale of pressure equilibration (the ns-µs timescale) or exhibits a response similar to 

figure 2.10, the reaction is referred to as being ‘shock induced.’  If an impacted material reacts 

after pressure equilibration (on the order of several ms) as a result of thermal heating from 

compaction it is referred to as having been ‘shock assisted.’   

A general theory explaining why a material reacts in either mode is yet to be discovered; 

however, Graham’s CONMAH model (CONfiguration, Mixing, Activation, and Heating) [27] 

conceptually details the necessary steps that are required for shock induced reaction to occur. 

The description is divided into 3 separate stages:  the initial configuration, the transition or 

compaction zone (shock rise), and the compressed configuration after release.  The initial 

configuration greatly effects energy localization through the particle morphology and peak shock 

pressure due to initial density; however, the CONMAH model deals primarily with what occurs 

during the transition zone.  During the transition zone the configuration of the material is 

drastically altered through plastic flow and mixing through vorticity and jetting in the powder 

voidspace during pore collapse.  Further plastic deformation at interfacial regions results in 

generation of large defect densities as well as introducing fresh material contact, activating the 

material.  The bulk heating generated during this process and the mechanisms by which they are 

localized may then be sufficient to ignite the material.  The degree by which these processes 

occur are thought to govern the mode by which reaction occurs. 
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Figure 2.11. Schematic representation of Graham's CONMAH model [28]. 

Due to the difficulty of studying the transition region experimentally, shock induced 

reactions have been primarily studied by varying the initial configuration.  There have been a 

significant number of papers that study the effect of particle morphology on shock induced 

reactions [29–31].  Work on the titanium-silicon system (Fig 2.12) was the first to show the 

effect of particle size on shock induced reaction.  In this work, coarse (Si = 45-149 µm, Ti = 105-

149 µm), medium (Si, Ti = 10-44 µm) and fine (Si < 10 µm, Ti = 1-3 µm) physical mixtures of 

powder where shocked using an explosively driven flyer and manganin pressure gauges.  As it 

can be seen, the medium sized powders appear to exhibit a shock induced reaction at pressures 

above 1.5 GPa.  This work clearly illustrate that the material response cannot be predetermined 

by thermochemical behavior alone and that the behavior is highly dependent on the crush-up 

response of the powders.  It has been observed that reduced diffusion distances increase the 

likelihood of shock induced reactions.  Reeves et al. [31] showed that nanoparticle mixtures of 

Ni and Al exhibited reaction on the timescale of compaction. 
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Figure 2.12. Effect of particle size on the impact response of the 5Ti+3Si system.  Note that all 

particle sizes are 1-200 µm, so the effect of oxide thickness on all particles should be 

comparable. 

Several papers have shown that by altering the aspect ratio (such as using flake Al instead 

of spherical Al) of the constituents in the Ni-Al system can result in shock induced reactions at 

lower pressures [30,32,33].  This supports the intuitive conclusion that promoting mixing due to 

deformation results in reaction on a shorter timescale. 

The observation that reduced diffusion distances increased the likelihood of shock 

induced reaction led to the investigation of composite particles to study shock initiation 

[26,31,34–36].  This work has led to mixed results.  The work by Xu and Thadhani [26] 

indicated that increased milling results in a loss of exothermicity, resulting in a less pronounced 

shock induced response in the ball milled Ni-Ti system.  The loss in exothermicity suggests 

prereaction during milling; however, it was also suggested that the significant strain hardening 

resulting from milling altered the crush-up response of the powder.  Anvil-on-rod impact of ball 

milled Ni-Al performed in the same research group showed that HEBM resulted in a minimum 

impact velocity for ignition at an intermediate milling time, with higher thresholds at longer and 

shorter milling durations. 

Work on HEBM Ni-Al using the Asay shear test [35,36] has suggested that HEBM may 

inhibit shock induced reactions, but promotes shock assisted reaction.  It has been seen that 

nanopowder mixtures of Ni-Al begin to exhibit rapid reaction at impact velocities near 800 m s-1, 

while HEBM powders are not seen to exhibit this behavior at impact velocities up to 1000 m s-1 

[35].  Work at lower impact velocities showed that HEBM powders reacted with a shorter 

ignition delay with increased ball milling times [36]. 
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 Shock Synthesis of High Pressure Phases 

Shock synthesis is the process by which a material is impacted at high velocity resulting in 

chemical reaction and synthesis of a desired product phase [16].  This method of synthesis can 

result in fully dense compacts of high hardness materials (metals and ceramics) as well as 

potentially create novel materials through chemical reactions at extreme pressure and 

temperature.  The previous section (2.7) discussed research on the mechanisms of shock induced 

reaction.  This section discusses the application of shock induced reactions to synthesize 

materials. 

The most common application of shock synthesis is production of fully dense binary 

intermetallics.  Many efforts have led to the synthesis of carbides, borides, aluminides and 

silicides [16]; however, there have not been a significant number of works that produce novel 

materials or methods of synthesis.  Efforts to synthesize novel materials have focused on 

producing materials that are incredibly hard, such as cubic boron nitride (c-BN) or the suspected 

β-carbonitride (β-C3N4). 

Shock induced polymorphic phase transformations can be utilized to recover a metastable 

material that has unique or desirable material properties, such as high hardness.  The most 

commercially successful examples of this are the explosive synthesis of diamond [37] and c-BN 

[38,39].  By explosively shocking graphite, the hexagonal form of carbon, nano-diamond can be 

recovered.  This process has been used extensively to produce commercial abrasives.  A similar 

process can result in the formation of high pressure phases of BN; however, it is not as straight 

forward as diamond synthesis. 

BN is isoelectronic with C, meaning that they share valency and bonding structures (i.e. it 

forms the same crystal structures).  Several of the more common polymorphs of BN are 

presented in Fig. 2.13.  There is some debate as to whether the most stable form of BN at 

atmospheric conditions is h-BN, the graphite like phase, or c-BN, which is the diamond-like 

phase [40]; however, bulk synthesis techniques under atmospheric conditions are most likely to 

produce h-BN.  The phase diagram in Fig. 2.14 shows the high pressure behavior of BN.  At high 

pressure and temperature the c-BN phase becomes the preferable phase.  Additionally, the 

wurtzitic phase of BN (w-BN) forms preferentially at high pressure and lower temperatures [39] 

and is structurally similar to lonsdaleite.  Both c-BN and w-BN exhibit sp3 bonding, which 

contributes to the predicted hardness of both phases.   
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Figure 2.13. Several common BN crystal structures:  (a) h-BN; (b) r-BN; (c) w-BN; (d) c-BN. 

 

Figure 2.14. The boron nitride P-T phase diagram [39]. Line B-W represents the Bundy-Wentorf 

equilibrium line [41], while B-R is the equilibrium line as corrected by Rapoport [42]. 

A significant amount of research has been done in Japan on the behavior of BN under 

explosive loading [14,43–47].  Single shock loading of h-BN was shown to result in the 

formation of w-BN in Soma et al. at pressures up to 55 GPa [44] without formation of c-BN.  

Contrary to this, plate impact experiments by Coleburn and Forbes [48] measured a discontinuity 

in the P-v Hugoniot for h-BN near 12 GPa, and were able to recover a mixture of c-BN and w-

BN.  Unfortunately, Soma et al. did not reconcile their results with Coleburn and Forbes.  From 
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reading their papers, the samples used by Soma et al. were hot pressed to near full density at a 

1:20 ratio of h-BN to Cu in an effort to rapidly quench the shocked BN while Coleburn and 

Forbes used nearly fully dense pure h-BN.  It is suggested that the material used by Soma et al. 

did not reach as high of a temperature state when compared to Coleburn and Forbes. 

Further work from the Japanese group showed that under multiple shock loadings, h-BN 

can be driven from purely h-BN, seen in Fig. 2.15 (A), to a mixture of h-BN and w-BN, seen in 

Fig. 2.15 (B), and finally a mixture of phases including w-BN and c-BN, Fig. 2.15 (C, D).  The 

XRD traces in Fig. 2.15 (C, D) shows peaks that are labelled with a ‘u.’  These peaks are 

suggested to be the so called explosive or E-phase of BN.  The structure and existence of this 

phase is still debated [49–52].  Some researchers have even suggested that E-BN is of a 

fullerene-like structure [50].  While this structure was first reported through explosive 

compaction of h-BN [53], hence its designation as the explosive phase, it is not currently thought 

to be a high-pressure phase, since it has been produced by several different methods at 

atmospheric pressure [52,54].  This phase illustrates the complexity of BN and the difficulty in 

identifying its structure. 

 

 

Figure 2.15. XRD of multiple shock loading of BN, with A being the initial material and B-D 

measurements taken after succesive shock loading. g: h-BN; w: w-BN; z: c-BN; u: unknown. 

Shock synthesis of c-BN is not straightforward.  Typically, the conversion is low and the use 

of a quench material (Cu) is required [44,48]; however, the fact that it is a commercially relevant 
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high pressure phase makes it an interesting candidate for shock induced reaction synthesis.  

There have been few attempts to directly synthesize high pressure polymorphs through reactive 

synthesis [55,56].  Liepins et al. [55] reports direct synthesis of a thin sheet of c-BN by 

explosively shocking ammonia borane (NH3BH3).  The paper is limited in details, with only a 

small amount of material recovered and an X-ray microprobe diffraction measurement showing a 

lattice spacing of 3.655 Å compared to the 3.616 Å standard as the only justification of c-BN 

being synthesized.  Forward referencing of this work shows no evidence of further work.  Collins 

et al. [56] attempted synthesis of beta carbonitride (β-C3N4), a hypothetical phase of carbonitride 

predicted have hardness comparable to diamond, via shock loading of a mixture sodium 

dicyanamide (NaN(CN)2), carbon tetra-iodide (CI4) and sodium azide (NaN3).  IR spectra and 

TEM characterization was used to show that sp3 bonding was present and the atomic ratios were 

appropriate for carbonitride formation; however, it was not conclusive that β-C3N4 was formed. 
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 THE ROLE OF FRACTURE IN THE IMPACT 

INITIATION OF NI-AL INTERMETALLIC COMPOSITE REACTIVES 

DURING DYNAMIC LOADING 

 Introduction 

A complete understanding of the initiation of intermetallic reactions under impact loading is 

lacking.  These materials are often highly heterogeneous, with length scales relevant to initiation 

spanning from millimeters to nanometers.  Specifically, the microstructure of composite particles 

affects the mechanical response as well as the timescale for atomic diffusion.  Under identical 

loading, reactions can be initiated on the µs timescale or not at all due solely to the microstructure 

[25,30,31,35,57–59].  Likewise, the difference in mechanical properties could possibly result in 

two materials with identical compositions and thermal ignition temperatures responding 

differently to impact.  This has not been fully explored in past work. 

The Ni-Al system has been used extensively to study metallothermic reactions under impact 

loading as well as for use as a structural energetic material [16,31,33,36,60,61].  By reducing the 

characteristic diffusion length, intermetallic reactions can occur on the timescale of a shockwave 

[31].  The current understanding is that prompt reactions on the µs timescale result primarily from 

mechanical mixing [4,16].  Additionally, understanding of reactions under high-rate loading could 

lead to new methods of materials synthesis by utilizing reactive pathways at high pressure to avoid 

energy barriers present in different methods of synthesis [4].  Since the Ni-Al system is well 

characterized, it provides an ideal system to study the effect of mechanical properties and 

microstructure on impact initiation. 

High energy ball milling (HEBM), a process by which lamellar composite particles can be 

produced from ductile powder mixtures, has been used to create composite Ni-Al particles with 

significantly lower thermal ignition temperatures (230°C) than microscale powder mixtures 

(660°C) [62].  Efforts to use HEBM to increase the sensitivity of the Ni-Al system to impact has 

yielded mixed results.  It has been suggested that producing composite particles through HEBM 

induces significant strain hardening, resulting in a higher impact velocity necessary for initiation 

[26,34].  Reeves et al. [35] showed that under identical impact loading, a physical mixture of 

nanopowder Ni-Al reacted on the µs timescale while similar HEBM Ni-Al composites reacted on 
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the ms timescale.  Other work suggests that HEBM can reduce the ignition delay of the Ni-Al 

system in response to impact when reaction occurs long after pressure relaxation [36].  These 

studies suggest that composite particles inhibit prompt reaction under impact loading, even though 

they have lower thermal ignition temperatures. 

Alternatively, magnetron sputtering has become a useful method to produce and study 

intermetallic reactives and thermites [63].  By alternating sputtering targets, this method can yield 

Ni-Al nanolaminate (NL) materials with a highly controlled microstructure compared to HEBM 

composites.  As such, the mechanical hardness of the NL reactive composite can be controlled by 

altering the layer thickness due in part to the Hall-Petch effect [64], limiting the amount of plastic 

deformation during fracture and significantly reducing fracture toughness.  This method can be 

utilized to produce NL composite powders with a propensity to fracture and ignition temperatures 

matched to an equivalent HEBM system, allowing investigation of the role fracture plays in impact 

initiation.  Further, they are an attractive system for simulation or experimentation because the 

nanostructured laminate is uniform compared to HEBM composites.   

The objective of this study is to experimentally investigate the role of fracture as a 

mechanism for impact driven reaction.  This was done by comparing the ignition of chemically 

similar systems of HEBM and NL Ni-Al powders via impact.  The thermal and mechanical 

properties of both powders are characterized in order to explain why the NL Ni-Al powder reacts 

on the µs timescale while the HEBM Ni-Al powder reacts on the ms timescale.  It is suggested that 

fracture and interparticle friction are key to understanding not only the difference between these 

two materials, but initiation due to impact. 

 Experimental Methods 

Multilayer Ni-Al nanolaminates were purchased from Indium Corporation with an average 

composition of Al50Ni46V4.  The materials were ordered to not contain the typical InCuSil brazing 

layer and were received in 23 x 19 cm sheets with an 80 µm thickness and 50 nm bilayer spacing 

(total thickness of 1 layer of Al and 1 layer of Ni).  The sheets were cut into pieces of approximately 

0.25 g and ground into millimeter scale particles using a mortar and pestle.  The material was then 

milled for 20 hours (h) on a roller mill using 6.35 mm diameter 440C steel balls.  The milling 

container was 50 mm in length, 25 mm in diameter and capped with PTFE.  A ball to powder mass 
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ratio of 50:1 was used at a speed of 300 revolutions per minute (rpm).  After the initial 20 h milling 

increment, the NL particles were sieved into separate batches of particle diameter, d>53 µm and 

d<53 µm.  The larger particles were placed back in the mill and milled for additional periods of 5 

h at the same crash ratio and rate.  This process was repeated for up to 3 additional 5 h increments 

or an additional 15 h of milling.   

Equimolar Ni-Al milled composite particles were produced using a Retsch PM100 

planetary ball mill.  Nickel (3-7 µm, 99.9% metals basis, Alfa Aesar) and aluminum (-325 mesh, 

99.5% metals basis, Alfa Aesar) powders were milled in a two-stage process.  In the first stage, 

the materials were dry milled in three 5 min increments with 15 min rest times followed by a 2 

min increment resulting in a total milling time of 17 min.  This is the critical milling time, where 

any further milling resulted in reactions during milling.  In the second stage, the material was wet 

milled in 20 ml of hexanes for a total milling time of 10 min in 5 min increments with 15 min rest 

times in order to reduce the particle size.  The milling media was 440C steel balls with a diameter 

of 9.5 mm at a 5:1 ball to powder mass ratio.  After milling, the powders were allowed to dry for 

20 h at near vacuum conditions.  The powders were sieved into two separate batches, 25<d<53 µm 

and d<25 µm, and mixed at a 7:3 mass ratio respectively to match the as sieved mass distribution 

of the NL powder.   

Powder morphologies and microstructures were characterized scanning electron 

microscopy (SEM, FEI NOVA nanoSEM) and scanning transmission electron microscopy (STEM, 

FEI Magellan 400).  Additionally, x-ray diffraction (XRD) was performed using a Bruker D8 

diffractometer to evaluate whether significant reaction occurred as a result of milling and to 

determine final product formation after impact 

The effect of milling on the heat release of the HEBM and NL Ni-Al powders was 

investigated through differential scanning calorimetry (DSC, TA Instruments Q600).  

Approximately 15 mg samples were placed in alumina pans and heated at 10°C/min from 50-

1000°C in a 100 ml/min flow of ultra-high purity argon. 

The Asay shear experiment as presented in Fig. 3.1 has been used to study impact initiation 

of several energetic formulations [31,35,36,65].  For each trial, 1.75 g of powder was poured into 

an assembled sample holder with a 2 mm by 20 mm cross sectional area and quartz viewing 

window.  A steel plunger was then inserted into the holder and the powder was tapped to a final 

density.  A light gas gun was then used to launch a steel flyer plate backed by a Delrin® sabot at 
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approximately 130 m s-1, impacting the plunger and transmitting a planar compaction wave into 

the powder. 

The impact event was monitored using a Phantom v7.3 high speed camera at approximately 50000 

and 220000 frames per second (fps) with an exposure of 1 µs, while the target was illuminated by 

a xenon arc lamp.  Streak image analysis of the captured images allowed measurement of the 

compaction wave and particle velocities as well as the reaction front propagation rate. 

 

Figure 3.1. Diagram of Asay shear experiment.  Top:  Full assembly with quartz window and 

Turcite® retainer.  Bottom:  Assembly with window removed showing square powder compact 

in contact with plunger. 

 

The sensitivity of the powders to friction was measured using a BAM friction tester.  In the 

BAM apparatus, a sample is ground between a ceramic pin and disc.  The normal force is adjusted 

by varying the weight applied.  This provided the 50% probability threshold for reaction with a 

90% confidence interval as evaluated using Neyer statistics [66].  Microindentation was performed 

on individual particles suspended in an acrylic based epoxy in order to measure composite 

hardness. The samples were polished up to a 0.05 µm diamond solution to provide an even surface 

for indentation.   
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 Results and Discussion 

 Morphology and Microstructure 

SEM illustrating representative particle morphology for both HEBM and NL Ni-Al can be 

seen in Fig. 3.2(a,b) with Fig. 3.2(c,d) showing unique morphology indicative of brittle failure 

found in the NL material.  The overall shape of both powders were plate-like with the NL Ni-Al 

having sharper features compared to the HEBM Ni-Al.  The microstructures of both powders 

imaged using SEM and STEM are presented in Fig. 3.3.  A detailed characterization of the 

microstructure of the HEBM Ni-Al can also be found in Manukyan et al. [62] as well as a similar 

system characterized through nanotomagraphy [67].  It is evident from Fig. 3 that both powders 

have nano-scale features.  The HEBM Ni-Al is composed of a lamellar microstructure, with typical 

individual phase layer thicknesses varying from 30-200 nm throughout the particle.  SEM of the 

NL powder indicates that the milling process did not appreciably alter the microstructure from the 

original material.  The microstructure remains highly ordered with an average bilayer thickness of 

approximately 50 nm.  Both systems have intimate contact between the Ni and Al layers without 

the diffusion barriers present in physical mixtures of discrete particle mixtures (e.g. oxide layers 

and voids).  XRD performed on both the NL and HEBM milled powders indicated no evidence of 

pre-reaction, as presented in Fig. 3.4. 

For the Ni-Al system, it is unknown whether the impact driven initiation is governed by 

the smallest length scales or the average diffusion distance.  Previous work on solid explosives 

suggest that for impact initiation, hot spot sizes on the order of 10’s to 100’s of µm [12] are needed 

to sustain a reaction.  While the properties and behavior of intermetallic composites differ greatly 

from explosives, it would be reasonable to expect the critical hot spot sizes to be comparable.  If 

the critical hot spot size for ignition in an intermetallic system is significantly larger than the 

minimum length scales, then initiation would be expected to be governed by the average atomic 

diffusion distance.  This would suggest that the HEBM and NL Ni-Al could behave differently 

solely as a result of the microstructure.  
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Figure 3.2. SEM images showing typical particles for a) HEBM Ni-Al and b) NL Ni-Al.  (c,d) 

Unique features indicative of brittle failure in the NL Ni-Al after milling. 

 

 

Figure 3.3. a) STEM of HEBM Ni-Al b) SEM of FIB cross-section of milled NL tilted at 45° 

with respect to the horizontal. 
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Figure 3.4. Only Ni and Al peaks observed in XRD of the NL and HEBM Ni-Al powders. 

 Impact Experiment 

To study the response of the powders to high-rate impact loading, impact experiments were 

performed using the Asay shear experiment with a flat faced plunger.  A summary of the 

experimental trials and values of impact velocity, relative density, shock velocity, particle velocity, 

burning rate and ignition delay is presented in Table 3.1.  The reported pressure was estimated 

from the measured compaction wave speed and particle velocities using the Rankine-Hugoniot 

jump relations.  It should be noted that the burning rate was reported relative to the particle velocity 

and is not an absolute velocity. 

Select frames of the high-speed imaging at 50000 fps of the NL and HEBM Ni-Al powders 

in response to the impact stimulus of the Asay shear test is presented in Fig. 3.5.  The difference 

in the response of the two materials to identical loading conditions is distinct, and the large 

difference in the timescales of reaction should be noted.  In the HEBM material, the compaction 

progresses through the sample without any evidence of significant reaction occurring near the 

compaction front; however, an initial bright zone was observed near the plunger face.  
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Approximately 12 ms after impact, a low luminosity reaction wave propagates through the sample 

from the bright zone at a velocity of approximately 20 cm s-1.  This result is similar to previous 

studies of HEBM Ni-Al impacted at higher initial density [36], as well as propagating at a similar 

velocity to compacts ignited thermally [68].  XRD performed on the recovered compacts, 

presented in Fig. 3.7, indicate complete conversion to NiAl and was found to be independent of 

location within the compact. 

When the experiment was conducted without external illumination a separate reaction front was 

observed preceding the reaction wave previously noted.  This wave traveled at the same speed as 

the previously observed reaction front.  It is unlikely that the second front is due to oxidation since 

there were no oxide peaks present in post-impact XRD.  It is suggested that the two fronts could 

indicate a two-step reaction process as proposed in Gunduz et al. [69] and Justice et al. [70]. 

Table 3.1. Summary of impact experiments.  

 Material 

Impact 

Velocity 

(m/s) 

%TMD 

Wave 

Velocity 

(m/s) 

Particle 

Velocity 

(m/s) 

Estimated 

Pressure 

(MPa) 

Burn 

Rate 

(cm/s) 

Ignition 

Delay 

(ms) 

1 HEBM 133 41% 266 --- --- 18 12 

2 HEBM 135 38% 257 --- --- 23 5 

3 HEBM 127 44% 264 --- --- 16 8 

4 NL 130 40% 263 78 43 1.8×104,* 

20-50** 

0.017 

5 HEBM 132 45% 260 80 43 23 12 

6 NL 128 49% 250 78 50 1.7×104 * 0.018 

*Burning rate measured relative to plunger velocity. 

**Burning rate varies over hot spots. 
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Figure 3.5. Image sequences comparing the impact response of the a) HEBM and b) NL Ni-Al 

powders with the plunger, compaction front and reaction front traced out by the solid, dotted, and 

dashed lines respectively at 50000 fps.  Note the difference in the reaction timescale.  The BM 

powder reacts on the ms timescale through a thermal propagation while the NL powder reacts on 

the µs timescale before transitioning to a similar thermal propagation. 

Streak imaging analysis, taken at 220000 fps, was used to further study the behavior of the 

initial compaction, and selected results for the HEBM and NL Ni-Al are presented in Fig. 3.6.  The 

compaction wave propagates from the plane of impact at a constant velocity until it reflects from 

the back of the sample holder which is obscured by a shadow.  The particle velocities were 

measured by tracking speckles in the compacted material.  As presented in Fig. 3.6, it is evident 

that both the compaction wave and particle velocity were constant, indicating steady and uniform 

loading. 
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Figure 3.6. This pair of streak images taken at 220000 fps presents the reaction process in much 

more detail.  The plunger, compaction front and reaction front traced out by the solid, dotted, and 

dashed lines respectively.  a) HEBM powder is observed to briefly react when the compaction 

wave reflects off of the back of the sample holder and then off the plunger.  b) The NL powder 

reacts and travels with the initial passage of the compaction wave.  c) The schematic shows 

where the compaction wave velocity (Us) and particle velocity (Up) were measured as well as the 

zone where reaction is observed. 

From the streak imaging analysis, the velocity of the compaction wave in the HEBM 

powder was measured to be approximately 260 m s-1 for a nominal impact velocity of 130 m s-1.  

A bright zone of reaction was observed in the material near the plunger face after the reflected 

compaction wave reached the plunger.  This reaction was limited to a small region near the plunger 

face and appeared to quench.  It should be noted that this reaction was not the result of the initial 

passage of the compaction wave, but due to the reflected leading wave off of the plunger face.  It 

is suggested that the initial compaction wave preheats the HEBM Ni-Al such that the additional 

plastic deformation caused by the returning wave is enough to initiate reaction locally.  This 

reaction was short lived, and stalled for 12 ms before the slow reaction mode propagated from that 

point. 

In contrast to the HEBM Ni-Al, the response of the NL Ni-Al to the compaction front was 

immediate.  As presented in the second frame of Fig. 3.5(b), the reaction front was observed to 
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follow the compaction front.  The delay between the passage of the compaction wave and visible 

reaction was 17 µs.  This ignition delay is 3 orders of magnitude lower in the NL Ni-Al as 

compared to the HEBM Ni-Al.  The reaction front follows the compaction wave for approximately 

1 cm at which point the reaction front decouples from the compaction wave, slowing to a 

propagation rate that is on the order of 20-50 cm/s.  After the experiment, it was observed that the 

quartz window had melted near the region where the prompt reaction occurred.  This was not 

observed in the HEBM powders, or where low speed reactions were observed. 

 

Figure 3.7. XRD of the post-impact material shows complete conversion to NiAl without the 

presence of oxides. 

The streak imaging analysis of the NL material as presented in Fig. 3.6(b) indicates that 

the compaction wave and particle velocities were nearly identical to what was measured in the 

HEBM material.  Initially the indicated reaction front propagated in the prompt reaction mode at 

a velocity equal to that of the compaction wave, but then transitioned to the slow reaction mode, 

decoupling from the compaction wave. 

The response observed in the NL Ni-Al under impact is similar to observations of 

nanoparticle mixtures of Ni-Al [57].  Two distinct reaction modes are reported in such a system, a 
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prompt reaction mode and a slow reaction mode.  The prompt reaction mode was observed in the 

nanoparticle mixtures at impact velocities no lower than 840 m s-1 and not observed in for the 

HEBM powders used in that study at velocities up to 940 m s-1 [35].  Comparatively, for the NL 

Ni-Al used in this study, the prompt reaction mode was observed at the far lower impact velocity 

of 130 m s-1.  Reeves et al. [35] suggested that the key difference between HEBM Ni-Al and 

nanopowder Ni-Al was the distribution of porosity in the two systems.  Since the HEBM and NL 

powders are of equal size distributions with intimate contact between the reactants, this is not the 

case in this work. 

The transition from the prompt reaction mode to the slow reaction mode is not well 

understood.  In an ideal configuration the peak pressure would decay with the square of the 

distance travelled [5].  If the compaction wave were to broaden, then this could alter the heating 

rate and result in the observed transition in reaction rate.  However, the constant particle and 

compaction wave velocities indicates that the compaction was fully supported and is supported by 

the observed movement of the plunger.  This result suggests that the pressure is constant until the 

wave is reflected back.  However, it’s also possible that the leading edge of the front remains 

approximately the same while the remaining part of the wave evolves, which is consistent with the 

constant wave and particle speeds. 

The Asay shear test as used in this study restricts motion perpendicular to the plunger and 

compaction wave through the use of a window.  However, the window was observed to move once 

a significant load was placed upon it via the compaction wave, allowing the Ni-Al material to 

expand in the trans-axial direction.  This phenomenon allows the reactive powder to rearrange 

without fracture or significant plastic deformation, and would mitigate the µs timescale reaction.  

The constant particle velocity measured is not readily explained through this suggestion; however, 

it appears to be the most likely cause for the transition from the rapid microsecond timescale 

reaction after initiation was observed in the NL Ni-Al system. 

The results in Figures 5 and 6 clearly indicate that the NL and HEBM Ni-Al reactive systems 

with similar particle morphology and size distribution can react in highly disparate timescales 

under identical impact loading.  It is suggested that the ability of the NL Ni-Al ability to fracture 

on impact is a key mechanism governing the microsecond timescale reaction.  The ability to highly 

concentrate energy through fracture and friction on newly formed interfaces is not expected to be 

as dominant in the more ductile HEBM Ni-Al as compared to the NL Ni-Al.  Deposition of enough 
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energy through fracture and friction at freshly formed interfaces would induce a thermal explosion 

at the locations of concentrated heating.  In the bulk material, this mechanism would appear as a 

travelling reaction front occurring immediately behind the compaction wave.  

 Thermal Analysis 

DSC was performed on the powders to investigate the effects of milling time on the NL Ni-

Al.  The representative heat release curves for 3 separate milling times can be presented in Figure 

8(a).  The results indicate no significant change in onset temperature or peak broadening with 

increased milling time; however, the heat of reaction was reduced from 120 J/g to 107 J/g with 

increased milling time.  The microstructure of the milled NL Ni-Al as evaluated with SEM as well 

as the measured thermal response indicate the properties of the original foil were maintained 

throughout the milling process. 

A comparison of the measured heat release of HEBM and NL Ni-Al powders as evaluated 

through DSC, presented in Fig. 8(b), shows that the NL Ni-Al had three distinct reaction peaks 

with an onset temperature of approximately 460 K, while the HEBM Ni-Al has three reaction 

peaks with the second and third overlapping and an onset temperature of approximately 450 K.  

Additionally, the ignition temperatures of the HEBM and NL Ni-Al were measured through hot 

plate ignition experiments to be approximately 555 K [62] and 525 K [71] respectively.  The 

similarity in the ignition temperatures indicate that if the same temperature was reached on impact 

the materials would behave similarly. 

The energy deposited through compaction (P-V work) as calculated from the initial and final 

states would lead to a temperature rise of only 25 K over the compact volume.  Additionally, due 

to the low pressure induced via the impact, the majority of densification was likely a result of 

rearrangement, suggesting that the volume change of the solid is low.  Consequently the average 

temperature rise of the compact should be insufficient to ignite the compact.   

Due to the highly heterogeneous nature of the composite powders it is expected that many 

mechanical processes act to concentrate the energy to specific locations through the impact 

processes [10,11].  If the ignition temperature is conservatively assumed to be on the order of 

250°C (this value would increase with heating rate [72]) the required heating rate to reach this 
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temperature in 1-10 µs would be 107-108 K s-1.  Heating rates of this order are achievable through 

dynamic friction and fracture [73]. 

 

Figure 3.8. a) DSC traces of heat flow in neat (top), 20 h milled (middle), and 35 h milled 

(bottom) foils.  b) DSC traces of HEBM and NL powders at 10°C/min heating rate. 

  Mechanical Characterization 

To evaluate the mechanical properties of the composite particles, microindentation was 

performed on the HEBM and NL Ni-Al powders.  The HEBM Ni-Al and NL Ni-Al had measured 

hardnesses of 2.2 ± 0.2 GPa and 4.3 ± 0.9 GPa respectively.  Tabor’s relation H ~ 3Y, where H is 

the Vickers hardness and Y is the materials yield strength, allows estimation of a metals yield 

strength from indentation hardness [74].  The yield strength of the particles can be approximated 

as 0.7 GPa and 1.4 GPa for the HEBM and NL Ni-Al powders respectively.   

The maximum contact pressure, p, experienced between two particles as approximated using 

assuming Hertzian contact is, 
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where E is the elastic modulus, υ  is Poisson’s ratio, F is the applied load, and R is the radius of 

the two particles.  Using a volume averaged elastic modulus and 50 µm particles, the peak pressure 

experienced during impact would be significantly greater than the local yield strength of either the 

NL or HEBM material.  Comparing the yield strength of the HEBM and NL Ni-Al composite 

particles with the estimated bulk pressure suggests that there was limited bulk plastic deformation 

during compaction; however, localized deformation is still expected at particle contacts. 

It was observed that the HEBM Ni-Al could be statically pressed to form a compact, while 

the NL Ni-AL powders fell apart after compaction. The ability to form a compact from the HEBM 

indicates that it is much easier to deform HEBM Ni-Al at particle junctions than the NL Ni-Al.  

This suggests the possibility of the HEBM Ni-Al yielding locally to reach the increased density 

during impact.  Studies have shown that Ni-Al NL exhibit minimal plastic deformation [75].  

Additionally, the increased hardness of the NL Ni-Al as compared to the HEBM Ni-Al would 

result in the NL Ni-Al having a reduced fracture toughness.  Due to the limited amount of 

deformation in the NL powders, the heating resulting from plastic deformation would be minimal 

and the particles would likely fracture during rearrangement. This would increase the total area 

experiencing frictional loading and rapidly releasing energy in highly localized spots.   

Considering that interparticle friction is a likely source of heating during the compaction 

process, the friction sensitivities of the powders were evaluated using a BAM friction apparatus.  

The HEBM Ni-Al powder did not react under the highest load possible (360 N); however, the NL 

Ni-Al had a 50% probability of reacting at 60 ± 5 N.  Flash heating at point contacts during loading 

would cause rapid local temperature rises which can be approximated by  

 ∆𝑇 = 2𝑞 (
𝑡

𝜋𝜌𝐶𝑘
)

1

2
, (3.3) 

where q is the heat flux, t is the time duration, ρ is the density, C is the specific heat, and k is 

thermal conductivity [76].  For frictional heating the flux is given by q = µσv where µ is the friction 
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coefficient, σ is the applied stress, and v is the slip velocity.  The frictional stress is limited by the 

shear strength of the material which is estimated to be τ = 0.577Y, based on von Mises yield 

criterion.  Given µ = 1, v = up, t = D/up (particle diameter, D) and volume averaged properties for 

the material constants, results in contact surface temperature rises in excess of 1000 K for both 

materials; however, it is unlikely that frictional loading would result in a temperature rise 

exceeding the melting point of Al.  Once Al melts, the material would no longer be able to sustain 

a significant frictional load.  Taking an Arrhenius form for the diffusion of Ni-Al with prefactor 

D0 = 2.18×10-6 m2/s and activation energy EA = 137 kJ/mol [77], the diffusivity at 660°C is on the 

order of 10-13 m2/s.  The relevant distance for diffusion in 17 µs is given by x~((10-13 m2/s)(17*10-

6))1/2 ~ 1 nm which would result in an insignificant amount of energy release due to reaction. 

The bulk heating averaged over an individual particle due to friction can be approximated 

by 

 ∆𝑇 =
µ𝜎𝑣

𝜌𝐶
𝐴𝐻𝑁𝑐𝑡, (3.4) 

given, 

 𝐴ℎ = (
3𝐹𝑅

8𝐸′ )

1

3
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where Ah and Nc are the Hertz contact area and packing coordination number.  Conservatively 

assuming a coordination number of 12 and 1 µs for rearrangement to occur during compaction, a 

temperature rise of 50 K and 100 K can be found for the HEBM Ni-Al and NL Ni-Al respectively.  

This indicates that while friction is a significant source of bulk heating, alone it is not enough to 

explain the difference in the behavior of the NL and HEBM Ni-Al. 

For large propagation velocities, the maximum temperature rise at the crack tip is given by, 

 ∆𝑇 = √2
((1−𝜐2)𝐾𝑌√𝑢)

𝐸√𝜌𝐶𝑘
, (3.6) 

where K is the fracture toughness and u is the crack velocity [78,79].  Assuming a K ~ 10 MPa/m1/2 

and u ~ 500 m/s, the temperature rise would be on the order of 130 K for the NL Ni-Al, which is 

significantly lower than the flash rise associated with heating due to friction.  The conclusion is 

that neither frictional heating nor fracture are enough to solely explain the rapid initiation and 

reaction observed in the NL Ni-Al; however, the NL powders do have a propensity to fracture as 

indicated by the fracture surfaces observed in Figure 1.  Once the particles fracture, a significant 
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amount of surface area will experience frictional loading.  Additionally, the smaller particles would 

result in a larger temperature rise within individual particles. 

It is evident that the difference in the sensitivities of the HEBM and NL Ni-Al composite 

powders to mechanical stimulus is a result of the increased hardness and brittle behavior of the 

sputtered NL Ni-Al.  The increased impact and friction sensitivity of the NL powder is readily 

explained by the increased hardness of the NL Ni-Al.  Interparticle friction contributes to the 

sensitivity of the NL material, but neither friction nor fracture contribute enough to be solely 

responsible for the prompt reactions observed in the NL powders.  This suggests that understanding 

and accurately modelling fracture may be key to understanding impact initiation of not only Ni-Al 

materials, but other brittle energetic systems as well. 

 Conclusions 

The response of both HEBM and NL Ni-Al composite powders to impact loading are 

presented.  The results indicate that fracture and interparticle friction are the dominant mechanisms 

governing the µs timescale reaction in NL Ni-Al powders.  Two chemically equivalent powders 

with similar ignition temperatures were produced through HEBM and ball milling of magnetron 

sputtered NL Ni-Al.  Having been produced through DC magnetron sputtering, the NL Ni-Al 

would be brittle as a result of porosity near the Ni grain boundaries [80], while the HEBM Ni-Al 

would remain ductile.  The NL Ni-Al powders reacted on the µs timescale before transitioning to 

a slower reaction mode when impacted in the Asay shear experiment.  The prompt reaction mode 

was observed at 130 m s-1 and 40 MPa, which is significantly lower than what has been previously 

reported in literature.   In contrast, the HEBM Ni-Al powder reacted on the ms timescale. 

The estimated impact pressure was significantly lower than the hardness of either powder, 

indicating that limited plastic deformation occurs during the initial passage of the compaction wave.  

Additionally, SEM imaging of the NL Ni-Al showed evidence of brittle failure that was not present 

in the HEBM Ni-Al.  Together these results suggest that the three order magnitude difference in 

the ignition delay between the HEBM and NL Ni-Al may result from the NL Ni-Al powders 

fracturing during rearrangement, introducing a rapid local heating mechanism as well as greatly 

increasing the surface area experiencing friction which is not present in the HEBM Ni-Al.  This 
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results in a reaction front that travels at the same velocity as the compaction front in the NL Ni-Al 

powder. 

The observed influence of fracture in the impact initiation of NL Ni-Al composite particles 

suggests that formulation and production processes that result in a more brittle material may 

actively increase the sensitivity of the material to impact.  Under weak loadings, where the impact 

pressure is lower than the bulk strength of the powder, reaction can still occur on the µs timescale.  

This implies that accurate modeling of the ignition of energetic materials at low impact velocities 

should include physics that detail and account for intraparticle fracture and associated heat 

generation mechanisms. 
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 DYNAMIC COMPACTION OF BALL MILLED AL 

GREEN BODIES 

 Introduction 

Historically, interest in the dynamic compaction of porous solids has been used to 

investigate the behavior of the Mie-Gruneisen parameter (γ) at high pressures for solids as well 

as producing fully dense samples of high strength materials [16,81,82].  By shocking to the same 

pressure from different initial densities, evaluation of the relationship between the change in 

internal energy and the volume change allows measurement of γ.  More recently, interest in 

porous materials and granular compaction stems from their application in blast attenuation 

[83,84] and understanding the behavior of granular explosives [85]. 

In a steadily propagating shock, the width of the shock wave is experimentally determined 

by the product of the shock velocity, Us, and the time it takes for the pressure to rise from 10% 

to 90% of the peak pressure, Δt.  Grady observed that measurements on monolithic solids results 

in a fourth-power relationship between the strain rate (calculated as up/ UsΔt) and the pressure 

rise in a shock, or εt ∝ σ4 [86,87].  Work since has shown that porous materials deviate from this 

behavior, and that the relationship between strain rate and driving pressure rise is nearly linear, 

or εt ∝ σ.  While discussing this behavior in powders, Grady suggested a dimensionally based 

dependence of the shock viscosity, η, related to the ratio of the density of the distended powder, 

ρ0, and crystal density ρt, the crush strength of the powder, σc, and the particle size, a.  From this 

Grady constructed the proportionality 

 𝜂 ~ (
𝜌0

𝜌𝑡
)

𝑚

√𝜌𝑠𝑎2𝜎𝑐, (4.1) 

where m is a unitless exponent.  Since the crush strength of a powder is necessarily a function of 

the strength of the parent material [8,82,88], the shock viscosity and shock width must also be a 

function of the strength of the parent material.  As a result, equation (4.1) would indicate an 

increase in apparent viscosity with increasing crush strength. 

This work seeks to investigate the effect of grain size refinement (ball milling) on the 

structure of propagating shock waves through porous Al and the characteristic time of pore 

collapse.  It is generally known that the strength and viscosity of a material has little effect on the 
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state achieved following a supported shock or compaction wave in the hydrodynamic limit, 

where the pressure is approximately an order of magnitude higher than the yield strength.  

However, a heuristic argument would suggest that an increase in crush strength would be 

expected to result in a broadening of the compaction front when the pressure is low enough that 

the compaction time is not dominated by inertial effects. 

The results presented in this work indicate that the argument in the previous paragraph is 

incorrect.  While the Mie-Gruneisen equation of state is found to accurately predict the response 

of all porous materials tested, the strain hardening resulting from the ball milling process is 

found to result in a reduced Δt and reduced η compared to the unmilled Al.  The rise time is 

found to decrease with increasing pressure for all conditions.  It is proposed that the rise time is 

the result of the stress percolating ahead of the compaction front and interacting.  Observations 

of the rise time as a function of sample thickness found the wave to be broadening at a rate close 

to the rate an elastic precursor would lead the wave front velocity, supporting the above 

interpretation of front width. 

 Experimental Methods 

Three different initial powders were used in this work.  Al powder with an initial size 

range of 44-420 µm (99.8% purity, metals basis) was purchased and sieved to a range of 106-355 

µm over a 24 hour period.  This powder is referred to as the unmilled (UM) powder.  Al powder 

with an initial size range of less than 44 µm (99.5% purity, metals basis) with a listed average 

particle size between 7-15 µm was used as a precursor for the two milled Al powders used in this 

work.  This powder was milled in a PM100 planetary ball mill (Retsch) at a ball to powder mass 

ratio of 10:1.  The 9.5 mm 440C stainless steel milling media was used with a total mass of 

between 172-173 g.  A process control agent (PCA), 20 ml Hexane, was added during the 

milling process to reduce cold welding.  The powder was milled in an argon environment at 650 

RPM for either 3 min (3WG) or 10 min (10WG).  The powder was then dried for 24 hours before 

being sieved to the same 106-355 µm range over a 24 hour period. 

The milled powders were then cold-pressed to a set height at densities from 80%-90% 

relative density (ρ/ρt).  The pressed diameter was 12.7 mm with heights varying from 0.8-1.4 

mm. All pellets used to measure Hugoniot points were taken at a minimum of a 12:1 diameter to 
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thickness ratio in order to achieve uniaxial strain.  Micro computed tomography (CT) was 

performed on pressed pellets using a Skyscan 1272 X-ray Micro-CT (Bruker) with a 

reconstructed voxel having a side length of 12.7 µm.  This allowed reasonable reconstruction of 

pore structures with effective diameters larger than 30 µm.  Reconstruction from the 

tomographic imaging was performed using the CTan software.  Thresholding was performed so 

that the average density of the reconstructed pellet matched the macroscopically observed 

density. 

Plate impact experiments were performed in the transmission geometry.  A copper flyer 

was launched using a single stage light gas gun at velocities between 250 and 800 m-s.  This 

struck a copper base plate which then transmitted a shock into the Al pellets.  The pellets were 

backed with a 9 µm Al mirror attached to an acrylic (PMMA) window.  The flyer plate tilt and 

impact velocity was measured using an array of 12 shorting pins as well as a single photonic 

Doppler velocimetry (PDV) probe.  The target arrangement is shown schematically in Figure 

(4.1).  Three pellets were arranged in an equilateral triangle centered on the target and tested 

simultaneously.  The tilt and arrival time of the incoming shock transmitted from the Cu base 

plate into the Al powder compacts was measured by 3 PDV probes arranged in an identical 

triangle rotated 60° to the sample orientation.  The Al-PMMA interface velocity was monitored 

on the centerline of each sample by a single PDV probe.  The known shock response of Cu and 

PMMA allowed the shocked state of the Al compacts to be calculated using impedance 

matching.  The PDV signals were analyzed using Matlab and SIRHEN (Sandia InfraRed 

HEtrodyne aNalysis). 

 

Figure 4.1. Up barrel and section view of target plate.  Three Al compacts are mounted on a 

copper driving plate and held in place by PMMA.  The windows are press fit to secure the pellet 

and sealed on the back surface with epoxy. 
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 Results and Discussion 

 Compact Morphology 

Analysis of the pore geometry is presented in Figure (4.2).  The values plotted are the 

diameter of the pore for an equivalent sphere with the same volume (DV) and surface area (DA).  

Additionally, the sphericity is defined as the ratio of the surface area of a sphere with the same 

volume as the given pore to the measured surface area of the particle.  As a result, the sphericity 

is a measure of the compactness of the pore, with larger values approaching a sphere in geometry 

and smaller values becoming more elongated and distorted.  The results presented in Figure (4.2) 

show that the pore geometry does not vary significantly between the UM, 3WG, and 10WG Al 

compacts at a fixed density and height.  At all densities, it was found that a logarithmically 

increasing bin size results in a constant rate of occurrence up to a certain size.  At that point, the 

rate of occurrence rolls over, then decays as a power law.  For the major diameter, this roll over 

occurs between 200-300 µm for the UM and 10WG and 300-400 µm in the 3WG.  The 

sphericity for pore diameters above 100 µm is preferentially distributed between 0.4 and 0.8, 

with pore diameters below 100 µm the sphericity is biased towards lower values.  This indicates 

that smaller pores are more distended and larger pores more compact. 
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Figure 4.2.  Pore diameter and sphericity as a function of pore dimater for a. UM, b. 3WG, and c. 

10WG Al compacts pressed to 85% relative density.  The results indicate a similar distribution of 

pore size and geometry for the UM and 10WG, with the 3WG having a larger fraction of pores 

larger than 200 µm in comparison.  The shading indicates the frequency of occurance. 

 A reconstruction of the pore geometry is presented in Figure (4.3).  The pores are colored 

based on their volume equivalent diameter.  The results show a radial gradient with a preferential 

distribution of larger pores to one side of the pellet.  This is indicative of an observed density 

gradient as a result of pressing, with the density varying from 85% to 95% moving across the 
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pellet diameter.  The density in the region of interest for the PDV probe (a central cylinder with a 

diameter of approximately 3 mm) has increased uncertainty in density.  For a pellet pressed to 

90% this amounted to an uncertainty in density of 2%.  This uncertainty is apparent in the 

observations made about the equation of state in the following sections and contributes to the 

uncertainty in the observed rise time, as a larger average pore size would be expected to result in 

an increased rise time. 

 

Figure 4.3.  Image of the reconstructed pore space for a sample of 3WG Al pressed to 90% 

density.  The pores are color coded by DV, with blue pores being < 100 µm, yellow 100-200 µm, 

orange 200-400 µm and red >400 µm. 

 Plate Impact Experiments 

4.3.2.1 Impedance Matching 

An x-t diagram is presented in Figure (4.2) illustrating the position of the leading edge of 

the shock throughout the experiment.  The flyer plate initial impacts the sample at impact 

velocity (vf).  This transmits a shock into the copper base plate travelling at Us
Cu.  The wave is 

then transmitted into the Al compact, driving the compact from the resting state, S0, to the 

shocked state, S1.  Once the wave interacts with the Al-PMMA interface, a release wave is 

reflected into the Al (since the impedance Al is larger than that of PMMA) sending the 

aluminum from S1 to S2.   

The impact experiments directly measured the impact velocity (vf), tilt, velocity of the Al-

PMMA interface (up
int), and arrival time at the front and back face of every sample.  This allows 

three methods of impedance matching using a combination of the impact velocity, interface 

particle velocity, and the average shock velocity (Us) determined by the differences in the time of 
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arrival and the sample thickness.  These methods are presented schematically in Figure (4.3).  

Method 1 utilizes the Rayleigh line of the impacted material and the reflected Hugoniot of the 

flyer plate to solve for S1.  The Rayleigh line in P-up space is given by the pressure jump, 

equation (2.7).  Since the P0 is negligible compared to the peak pressure, the Rayleigh line is the 

straight line intercepting the origin with a slope of ρ0Us.  The condition reflected into the driving 

plate is given by a left facing Cu Hugoniot centered at the flyer velocity.  The intersection of 

these two curves sets the pressure and particle velocity at S1. 

Since the shock is fully supported throughout the duration of the test, the flyer plate 

velocity and particle velocity at the Al-PMMA interface can be used to solve for S1 assuming the 

release path can be approximated by the left facing Hugoniot of Al.  This assumption has been 

shown to be reasonable in previous work on sintered Al at similar densities [84] and the error 

introduced is expected to be small relative to the error observed.  The pressure at S2 can be found 

using the principal Hugoniot of PMMA centered at the origin.  Conservation of momentum 

requires that the pressure at the Al-PMMA interface be equal in both materials.  As a result, the 

left facing Hugoniot of Al passing through S2 (up
int, Pint) approximates a release path.  The 

intersection of this release path with both the flyer plate Hugoniot and Rayleigh line described in 

Method 1 provide separate measures of S1 and constitute Method 2 and Method 3 respectively.  

A summary of the plate impact experiments is presented in Table 6.1 with up, Us, and P being 

averages of the resulting impedance matching and Δt being the measured 10%-90% rise time.  

Reference Hugoniot data for Cu, PMMA, and Al 1100 was taken from either Cooper [22] or 

Marsh [89]. 
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Figure 4.4. x-t diagram of the Al plate impact experiments.  Dashed lines indicate interfaces with 

the sample being driven from the resting state (S0), to the shocked state (S1), and finally the state 

after the wave transmits into the PMMA (S2). 

 

 

Figure 4.5. Impedance matching used to determine average shock parameters. 
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Table 4.1. Summary of impact experiments with calculated shock parameters. 

 vf (km/s) Sample Material t (mm) ρ0/ρt Δt (ns) up (km/s) Us (km/s) P (GPa) 

1 0.254 19 UM 1.00 0.91 36 0.22 ± 0.01 1.96 ± 0.08 1.08 ± 0.04 
 

 20 10WG 1.00 0.89 18 0.20 ± 0.01 4.07 ± 0.42 1.97 ± 0.15 
 

 21 3WG 1.00 0.89 20 0.22 ± 0.02 1.83 ± 0.74 0.96 ± 0.35 

2 0.485 1 UM 1.00 0.89 14 0.40 ± 0.01 3.31 ± 0.17 3.19 ± 0.12 
 

 2 10WG 1.00 0.90 10 0.41 ± 0.03 2.90 ± 0.67 2.89 ± 0.51 
 

 3 3WG 1.00 0.90 10 0.38 ± 0.01 4.09 ± 0.37 3.75 ± 0.25 

3 0.710 4 UM 1.00 0.91 25 0.60 ± 0.04 3.27 ± 0.76 4.74 ± 0.82 
 

 5 10WG 1.00 0.89 12 0.58 ± 0.02 3.77 ± 0.46 5.76 ± 0.47 
 

 6 3WG 1.00 0.90 26 0.56 ± 0.01 3.97 ± 0.09 5.41 ± 0.09 

4 0.817 7 UM 1.00 0.90 15 0.66 ± 0.02 3.73 ± 0.40 6.02 ± 0.47 
 

 8 10WG 1.00 0.89 8 0.65 ± 0.02 4.14 ± 0.43 6.49 ± 0.49 
 

 9 3WG 1.00 0.90 11 0.62 ± 0.01 5.02 ± 0.16 7.57 ± 0.17 

5 0.707 10 UM 1.00 0.80 7 0.63 ± 0.01 1.95 ± 0.03 2.67 ± 0.04 
 

 11 10WG 1.00 0.81 32 0.63 ± 0.02 2.31 ± 0.33 3.16 ± 0.37 
 

 12 3WG 1.00 0.81 32 0.63 ± 0.04 2.53 ± 0.83 3.43 ± 0.90 

6 0.705 13 UM 1.00 0.85 35 0.60 ± 0.01 2.75 ± 0.03 3.79 ± 0.03 
 

 14 10WG 1.00 0.86 18 0.61 ± 0.03 2.94 ± 0.61 4.11 ± 0.66 
 

 15 3WG 1.00 0.86 11 0.59 ± 0.01 3.05 ± 0.27 4.13 ± 0.29 

7 0.710 16 10WG 1.40 0.90 18 0.57 ± 0.01 3.76 ± 0.31 5.58 ± 0.32 
 

 17 10WG 1.21 0.90 21 0.51 ± 0.05 4.44 ± 0.31 5.55 ± 0.97 

  18 10WG 0.80 0.90 7 0.59 ± 0.04 3.61 ± 0.75 5.96 ± 0.77 
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4.3.2.2 Hugoniot Measurements and Equation of State 

Shots 1-4 were performed in order to measure the P-up Hugoniot for all material samples 

as well as study the effect of increasing pressure on the structure of the wave front.  The resulting 

P-up Hugoniots are presented in Figure (4.4).  The data shows no significant trend between the 

milling condition and the shocked state.  This is expected since the crush strength for the UM 

and 10WG powder pressed to 90% relative density was found to be no more than 160 MPa and 

260 MPa respectively at strain rates from 1000-2500 s-1 [90].  The pressures observed in the 

plate impact experiments are approximately an order of magnitude greater than this, which 

would indicate a state of hydrodynamic flow with strength effects being negligible. 

 

Figure 4.6. P-up Hugoniots at different milling conditions.  Error bars represent the scatter 

resulting from the methods of impedance matching. 

 

A number of previous works have shown that the P-v Hugoniot a porous material 

composed of a ductile parent material with a linear Us-up relationship can be predicted using a 

Mie-Gruneisen equation of state and the shock conservation relations [1,5].  In this case, the P-v 

Hugoniot of the porous material is given by 

 𝑃 =
[2𝑣−𝛾0(𝑣0−𝑣)] 𝑐0

2(𝑣0− 𝑣)

[2𝑣−𝛾0(𝑣00−𝑣)][𝑣0−𝑠(𝑣0−𝑣)]2
 , (4.2) 

where γ0 is the reference state Gruneisen parameter, v0 and v00 are the reference specific volume 

of the parent material and the specific density of the distended powder, and c0 and s are the 

intercept and slope of the linear Us-up relationship for the parent material.  Parameters for Al 
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1100 were used to solve for P-v states and then the jump equations were then used to convert to 

P-up Hugoniots at various densities.  The resulting curves are compared to the experimental 

results from this work as well as results from the literature in Figure (4.5) and Figure (4.6).  It 

can be observed that the relationship in equation (4.2) accurately predicts the pressure response 

of a diverse set of materials (sintered and cold-pressed) over a broad density range (60-90% 

relative density).  A closer view of the Hugoniot measurements from this work, shown in Figure 

(4.6), indicates that all data points, excluding the lowest point corresponding to 10WG, fall 

within the 85% and 95% relative density Hugoniots.  

                

Figure 4.7. P-up Hugoniots for various porous Al experiments at relative densities from 60% to 

90%.  Data on sintered Al at 86% relative density was taken from Kraus et al [84] and hot 

pressed  Al 1100 at 60% relative density was taken from Asay [91].  Curves at various starting 

densities were determined using equation (4.2). 
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Figure 4.8.  View of the Hugoniot measurements taken at an initial relative density of 90% 

performed in this work.  The results are reasonable represented by a Mie-Gruneisen equation of 

state with deviations likely stemming from the initial sample preparation. 

4.3.2.3 Wave Structure and Shock Rise time 

Time resolved measurement of the Al-PMMA interface velocity through PDV allows 

inference of the shape of the shock wave.  Particularly, the 10%-90% rise time in interface 

particle velocity corresponds to a temporal measurement of the shock width.  Figure (4.7) 

presents the measured interface velocity for samples 2, 5, 8, and 20.  In all experiments 

performed, the particle velocity rose to a maximum value in under 50 ns.  This state was held for 

approximately 200 ns.  All state measurements were made during this steady state. 

 

Figure 4.9. Pressure traces for samples 2, 5, 8, and 20.  Notice the decreasing rise time with 

increased peak pressure. 

-0.05 0 0.05 0.1 0.15
0

0.2

0.4

0.6

0.8

1

Time (µs)

u
pin

t  (
k

m
/s

)

 

 



55 

 

A plot of rise time as function of peak pressure is presented in Figure (4.8).  In general, it 

can be observed that the rise time decreases with increasing pressure and that the UM material 

has a longer rise times at all pressures compared to the 10WG material.  The STFT performed to 

analyze the PDV frequency spectrum resulted in a temporal uncertainty of 2 ns.  Assuming a 

steady shock velocity, the shock width is given by the product of the rise time and shock velocity 

and is found to be between 30-150 µm.  Quantitatively there appears to be no significant 

difference between the 3WG and 10WG milled materials excluding the point at 5.4 GPa for the 

3WG material. 

 

Figure 4.10. Shock width as a function of input pressure for 90% relative density compacts. 

The strain going from S0 to S1 is equal to the ratio of the steady particle velocity (up) and 

the wave speed (Us).  Assuming a reasonably steady wave speed over the thickness of the pellet 

and a linearized pressure rise, the strain rate experienced in the shock rise is given by 

 휀𝑡 =
𝑢𝑝

𝑈𝑠∆𝑡
. (4.3) 

Figure 6.9 plots the strain rate as a function of the peak pressure.  Uncertainty in the shock 

velocity and rise time results in large error bars on the strain rate; however, an overall trends can 

still be observed.  The UM and 10WG materials have a reasonably linear response between peak 

pressure and strain rate.  Scatter in the 3WG response prevented a meaningful fit for viscosity.  

The apparent shock viscosity is given by the slope of the lines of best fit represent with values 

from 300-600 Pa·s. 
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Figure 4.11. Plot of pressure rise as a function of strain rate.  Uncertainty in the strain rate is 

large; however, the results indicate a reasonable linear dependence between pressure rise and 

strain rate for the UM and 10WG compacts. 

The trends indicate approximately a two-fold reduction in effective viscosity with an 

increase in crush strength.   This result runs contrary to equation (4.1), which would indicate an 

increase in viscosity with increasing crush strength.  However, this result may stem from the 

increased strength of the ball milled material.  Since the wave speed for all but one impact 

condition was below the sound speed of bulk aluminum (c0 = 5.38 km/s), the wave front travels 

slower than an elastic wave travelling the shortest distance between two points.  In a porous 

material, the shortest distance between points is frustrated by the pore structure and stress waves 

are require to percolate through points of contact before crush-up.  The interaction of stress 

percolating through different paths results in the compaction wave and defines its width.  In a 

matrix composed of a stiffer material, a larger number of wave interactions and peak stress is 

necessary for the front of the wave to be resolved and crush-up to begin.  As a result, a material 

with a lower crush-strength would appear to have a broader wave and the resulting linearized 

strain rate would be lower at the same pressure compared to a stiffer material. 

4.3.2.4 Shock Width as a Function of Propagation Distance 

To further validate the above interpretation of the shock width in the 90% relative density 

compacts of Al, an experiment was performed with 3 samples with different thicknesses (shot 7, 

y = 0.60x + 0.21
R² = 0.81

y = 0.32x + 0.82
R² = 0.84

0

1

2

3

4

5

6

7

8

0 5 10 15 20 25

P
 (

G
P

a)

εt (µs-1)

UM

10WG



57 

 

samples 16-18).  A comparison of the peak pressure as a function of sample thickness (x) is 

given in Figure (4.10).  It is apparent that the peak pressure is within the experimental error for 

all samples.  The plateaued state achieved for all 4 samples is constant to within reason, with all 

samples having a wave speed of approximately 4.6 km/s except sample 17 which was 4.9 km/s.  

A plot of the observed rise times is presented in Figure (4.11).  In the event that the interpretation 

presented in the preceding subsection is accurate and that the wave is dispersive, the leading 

edge would be travelling at approximately c0 and the peak would be assumed to travel at Us.  In 

this case, an upper limit for the wave thickness, w, as a function of position would be given by 

 𝑤 = (𝑐0 − 𝑈𝑠)
𝑥

𝑈𝑠
, (4.4) 

where x is the distance from the point at which the waves overlapped.  The derivative of equation 

(4.3) with respect to x gives the rate at which the wave broadens.  For c0 = 5.38 km/s and Us = 

4.6 km/s, 
𝑑𝑤

𝑑𝑥
= 0.17.  The observed increase in thickness with position is (21.23·10-3 

µs/mm)·(4.6 mm/µs) = 0.10.  The observed value is reasonably close to the predicted value 

considering the simple nature of the analysis with no attempt being made to account for the 

increased percolation path length.  If the measured value for 
𝑑𝑤

𝑑𝑥
 is used to solve for an effective 

sound speed in the porous material, the result is found to be 1.1Us = 5.06 km/s. 

 

Figure 4.12. Peak pressure as a function of propagation distance for 90% relative density 10WG 

Al compacts.  The result indicates that the pressure is constant within error for the propagation 

distances considered. 
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Figure 4.13. Rise time as a function of sample thickness.  Note the nearly linear increase in rise 

time with propagation distance. 

 

 Conclusion 

Grain size reduction through ball milling of Al was found to have no effect on the equation 

of state of Al.  The shocked state of the porous material was reasonably predicted by a Mie-

Gruneisen equation of state for all conditions evaluated in this work.  This result is expected 

considering the stresses observed for all but the lowest impact velocity are an order of magnitude 

greater than the crush strength of the hardest compact (260 MPa, [90]). 

The structure of the compaction front was found to vary with milling condition and peak 

stress.  The rise time was found to decrease with increasing peak stress for all milling conditions.  

This result is in line with what has been generally observed in other dynamic compaction studies 

[82].  Furthermore, a linear relationship between peak stress and strain rate was observed in the 

UM and 10WG materials, as had been previously observed in the compaction of other powder 

systems [87].  Previously, this relationship had been observed in highly distended powders 

(granular compaction).  This study showed that this behavior persists in porous materials with 

relative densities as high as 90%. 

Interestingly, ball milling and the associated increase in crush strength was found to result 

in a reduction in apparent viscosity and rise time as a function of pressure.  This is contrary to the 

expected behavior indicated by equation (4.1), where increasing the crush strength would be 

expected to result in an increase in the apparent viscosity.  This result is attributed to the porous 

nature of the sample, with the shock width resulting from stress percolation.  Since the wave 
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front travels at a velocity lower than the acoustic velocity of the parent material, stress waves 

percolate ahead of the compaction front.  In this case, the width of the compaction front is 

determined by the point at which the leading stress begins to compact the material.  This would 

explain the reduction in compaction width with increasing strength of the parent material, as a 

greater stress would need to be reached for compaction to begin.  As a result, the width of the 

compaction front and apparent viscosity would reduce with increasing crush strength.  The 

variation in rise time with propagated distance results in a rate of broadening at the same order of 

magnitude as what would be predicted by a leading edge propagating at c0 for the parent material 

and a peak travelling at the observed wave speed.  This further serves to validate the 

interpretation of the compaction front thickness. 
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 THE IGNITION KINETICS AND SELF-PROPAGATING 

REACTION OF 2AL+3NIO REACTIVE MULTILAYER THIN FILMS 

 

 Introduction 

While the capacity for aluminum to reduce metal oxides has been known for over 150 

years [92,93], the fundamental reactions occurring in the ignition and propagation of thermite 

reactives are not well understood.  Commercially, thermite reactions have been critical in the 

recovery of many metals from their oxides through combustion synthesis, as well as a means for 

large scale welding of railroad ties [94].  Despite the high energy density of these materials the 

reaction and energy release rate is limited, to the point that many micron-scale powder mixtures 

require significant preheating to initiate and often are not self-sustaining [95].  The development 

of reactive multilayer thin films (RMTF) [63] and nanoscale powders [96,97] have reduced the 

diffusion length-scale to 10s of nm resulting in a significant increase in the rate of energy 

release.  This has resulted in thermites being used as localized heat sources for bonding 

electronic components [98–100], to eliminate biological agents [101], as well as microthrusters 

in microelectromechanical systems [102,103] making it more important than ever to understand 

the reaction pathways of thermites. 

RMTF provide an ideal geometry for studying reaction mechanisms of condensed phase 

reactives.  In the most common form, RMTF are produced through magnetron sputtering by 

alternating between sputtering targets.  Control of individual layer thicknesses is approximately 

1-10 Å, allowing the diffusion distances to be tailored throughout the RMTF.  In a binary system 

with a periodic geometry, the stoichiometry is set by the thickness ratio of the two components.  

Additionally, since RMTF are produced under high vacuum, the materials deposited are in direct 

and intimate contact without the complication of native oxide layers acting as diffusion barriers.  

This has been shown to increase the ignition sensitivity of reactive materials resulting in ignition 

occurring well below any known melt temperature or eutectic temperature (Ni-Al for example) 

[62,104,105]. 

The vast majority of studies utilizing RMTF have focused on binary formation reactions 

(alloying reactions) [63].  This is in part due to the difficulty in depositing stoichiometric oxides 
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in addition to the sensitivity of nanoscale thermites, resulting in films that react during deposition 

or handling [103].  Studies on thermite RMTF have primarily focused on the Al-CuOx system 

due to its high exothermicity (4.08 kJ/g [106]) and rapid propagation velocity (over 70 m/s) 

[99,103,107–111].  Additionally, propagation velocities from 40-60 m-s have been reported for 

films on substrate [109,111].  Differential thermal analysis (DTA) with rapid quench has been 

used to show that oxygen migration from CuOx is the limiting process in Al/CuOx, forming a 

diffusion barrier composed of alumina with a copper rich region on the CuOx side [107].    It is 

yet to be seen if these properties are representative of thermites as a whole outside of the Al-

CuOx system. 

Al/NiO thermites have similar exothermicity to Al/CuO (3.44 kJ/g versus 4.08 kJ/g 

respectively [106], but have an increased adiabatic flame temperature being limited by the 

vaporization temperature of Ni (3187 K) as opposed to Cu (2843 K).  Furthermore, it has been 

suggested that the reaction temperature may not exceed the vaporization point of Cu2O (2070 K) 

due to gas generation resulting in the disintegration of the multilayer.  The lowest vaporization 

point expected in the Al-NiO system corresponds to Al at 2790 K [112].  However, nickel and 

aluminum are known to form several intermetallic phases, which may provide intermediate 

reaction steps in the thermite reaction and result in significant diffusion barriers.  Previous work 

to create dense Al/NiO composites through deposition of Al around oxidized Ni nanowire 

resulted in a composite with a DTA onset temperature of approximately 400°C and a 2200 kJ/g 

heat of reaction [113].  The low heat of reaction was attributed to oxygen contamination as well 

as a nonstoichiometric ratio of Al to NiO. 

In this paper, we explore the deposition and reaction of Al-NiO RMTF.  The first section 

details the characterization of the as deposited RMTF.  It is shown that stoichiometric, crystalline 

NiO is deposited through magnetron direct current (DC) sputtering using a NiO target.  

Examination of the Al and NiO interface with transmission electron microscopy (TEM) and 

electron dispersive spectroscopy (EDS) shows a complex intermixed zone, with Ni rich regions 

on either sized of a zone composed of Al and O.  The second section addresses phase 

transformations occurring in the thermite at low heating rates through differential scanning 

calorimetry (DSC) and hot-stage X-ray diffraction (HS-XRD).  DSC shows that at bilayer 

thicknesses above 300 nm the reaction is reliant on the Al melt for the majority of reaction to 

occur, while at lower bilayer thicknesses significant reaction occurs in the solid state, similar to 
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what has been observed in RMTF and mechanically activated Ni-Al [31,62].  HS-XRD shows 

the formation of NiAl3 at temperatures as low as 180°C, which corresponds to the onset 

temperature for the 125 nm bilayer thickness.  The final section examines the combustion of the 

Al-NiO RMTF.  The observed self-propagating exothermic reactions are characterized as a 

function of bilayer thickness, and preheat temperature.  Additionally, the ignition characteristics 

of the RMTF are examined through hot plate ignition and laser ignition delay with activation 

energies for ignition being determined.  

 Experimental Methods 

Al/NiO multilayers were deposited by DC magnetron sputtering at a 2:3 molar ratio onto 

25.4 mm NaCl windows purchased from Edmund Scientific, Si wafers thermally oxidized to 

have a 400 nm layer of SiO2 and 5 mm diameter fused silica discs purchased from ESCO.  Table 

5.1 presents a summary of the deposition parameters.  The deposition chamber was evacuated to 

a pressure of 10-7 Torr before being backfilled to 10 mTorr with ultra-high purity Ar.  

Multilayers were grown by alternating between sputtering of Al and NiO targets at a rate of 35 

nm/min.  The NiO target was turned off during Al deposition in order to avoid cross 

contamination.  Deposition of stoichiometric, crystalline NiO was verified through wavelength 

dispersive X-ray spectroscopy (WDS) as well as X-ray diffraction (XRD).  A constant bilayer 

thickness (λ, the combined thickness of one Al layer and one NiO layer) was maintained 

throughout deposition to a total film thickness of 4 µm, with Al being the initial layer and ending 

with NiO.  The overall temperature remained below 50°C throughout the deposition process.  

Freestanding films were recovered from the NaCl by soaking in water. 

Table 5.1.  Deposition parameters. 

 Al NiO 

Working distance (mm) 10.16 10.16 

Base pressure (Torr) 10-7 10-7 

Sputtering pressure (Torr) 10-2 10-2 

Deposition rate (nm/min) 13.5 10 
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As-deposited multilayers and one reacted film were evaluated using cross-section TEM.  

Cross section TEM samples were prepared in a FEI Co. DB-235 dual beam scanning electron 

microscope/focused ion beam system.   TEM and EDS were performed with a FEI Co. Titan G2 

80-200 transmission electron microscope, which was operated at 200 kV. Unreacted samples 

were loaded into the microscope to examine the structure and composition of the reactant 

interfaces.   Full-thickness images of the as-deposited multilayers were taken through scanning 

transmission electron microscopy (STEM) using a FEI Helios 3B scanning electron microscope 

operated at 30 kV, and included EDS elemental mapping of the multilayer structure. 

DSC was used to characterize the heat release characteristics and thermal response of the 

RMTF using a DSC-8500 differential scanning calorimeter (PerkinElmer).  Samples deposited 

on 6 mm fused silica discs were placed, sample side down, in copper crucibles with copper lids 

crimped to the pan and heated from 50°C to approximately 750°C at 40°C/min.  After the initial 

heating ramp, the sample was allowed to cool and then reheated in order to subtract the baseline 

response.  A N2 gas flow at 20 ml/min maintained an inert environment throughout the 

experiment.  Additionally, hot stage x-ray diffraction (HS-XRD) was performed using a Scintag 

PAD X diffractometer equipped with a Peltier-cooled Ge solid state detector and a Buehler Pt/Rh 

hot stage.  The temperature was ramped from 25°C to 500°C a heating rate of 40°C/min with 

scans being taken at 20°C increments from 40°C to 500°C.  Each scan was taken over a range of 

10-65° 2θ with a 32 minute duration and 0.04° 2θ step size.  During heating, the sample was held 

at a 0.02 mTorr vacuum. 

The thermal ignition temperature was measured through hot plate ignition experiments.  

In these experiments, a steel plate brought to a steady temperature using an IKA C-Mag HS 7 hot 

plate monitored with a K-type thermocouple.  For temperatures above 450°C, a steel hot knife 

was used in place of the hot plate to reach temperatures up to 800°C.  Small foils, approximately 

9-25 mm2 in area, were then rapidly dropped from approximately 1-2 cm onto the hot plate, 

making sure not to linger in the hot convective region above the plate.  Ignition was evident, 

resulting in a bright flash and the foil disintegrating.  Failure to ignite resulted in curling and 

discoloration of the multilayer foil.  A series of measurements were taken allowing a 50% 

probability of ignition threshold to be determined with a 95% confidence interval as determined 

using Neyer statistics [66].  The experiments were repeated in an argon environment and found 

to be within the margin of experimental error. 
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Laser ignition of the RMTF was performed using a Northrop-Grumman eDriveTM laser 

controller driving a 20 W 1-bar diode laser array in continuous wave mode at an 810 nm 

wavelength and a flat top spatial distribution, as presented in Figure 5.1.  A 70R:30T beam 

splitter divided the beam into two paths such that the free standing multilayer foils could be laser 

preheated with the 30 percent of the beam transmitted.  A 40 cm PCX lens reduced the other 

beam to a 5 mm spot size and preheated the film.  The preheat temperature was measured using a 

FLIR SC7650 observing the Al side of the foil.  The foils were ignited with a 500 µm FWHM 

beam focused onto the NiO side of the foil by a Mitutoyo 5x objective.  A hot plate allowed 

calibration of the emissivity of the deposited Al and transmittance of the cold mirror up to 

500°C.  The propagation was imaged using a Phantom® v12 high-speed camera.  Experiments 

were completed in air and argon. 

 

Figure 5.1.  Laser line used to simultaneously preheat and ignite RMTF. 1) Beam separated for 

ignition. 2) Beam separated for preheat. 

Freestanding RMTF with areas of approximately 5 mm by 5 mm were tested.  The 

multilayers were mounted in the center of washers using polyimide tape, in a manner similar to 

Reeves et al [114].  The preheat beam was centered on the multilayer and provided even heating 

(±7°C) across the entire sample.  The ignition beam was focused on one side of the film to allow 

sufficient propagation distance at a steady velocity.  Heating was performed in two cycles, the 

first allowed measurement of the steady state temperature using the FLIR and lasted no more 

than 30 s.  The Phantom and ignition beam shutter were all triggered simultaneously using a 
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Berkley Nucleonics Corporation Model 575 pulse/delay generator.  Absorbing neutral density 

filters purchased from Newport Corporation were used to vary the preheat temperature from 

50°C to 125°C without varying the ignition beam power. 

 

 Results 

 Microstructure and Composition 

It is well known that the propagation and ignition of RMTF are dependent on the degree 

of premixing at the reactant interfaces as well as overall stoichiometry [63].  To evaluate the 

degree of premixing, the Al/NiO interface was investigated using STEM-EDS, which is 

presented along with images of the multilayer cross-section in Figure 5.2.  Since the intermixed 

zone is an order of magnitude less than the finest bilayer thickness considered and all films were 

deposited at the same nominal temperature it is expected that this interface is independent of 

bilayer thickness.  It is evident from the composition maps that cross contamination between the 

NiO and Al is insignificant, with oxygen confined to regions containing NiO, excluding the 

interfacial region.  Close examination of the interface between the Al and NiO reveals a layered 

intermixed region approximately 8-9 nm in thickness.  Line profile measurements of this region 

presented in Figure 3 show Ni rich regions on either side of a region composed primarily of Al 

and O.  Additionally, the Ni(111) lattice spacing is observable through TEM.  Trace Ni was also 

detected in the as deposited multilayers through XRD.  When taken with the EDS line profile in 

Figure 5.3, this suggests that the interface transitions from NiO (region 1), to metallic Ni with 

some aluminum and oxygen (region 2), a layer of mostly aluminum oxide (region 3), a layer that 

contains a nickel aluminum solid solution with dissolved oxygen (region 4) and finally the 

aluminum layer (region 5).  This interfacial structure is similar to that observed in Al/CuO 

bilayers produced through atomic layer deposition [115]. 

WDS and XRD were used to verify that stoichiometric, crystalline NiO was deposited.  A 

separate 2 µm-thick NiO layer deposited on a Si wafer was examined through WDS and found to 

have a 1:1 molar ratio of Ni:O.  Additionally, XRD confirmed that NiO layers, both monolithic 

and those in the multilayer, were single phase NiO with a NaCl structure (bunsenite).  Al had a 
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face centered cubic structure.  This confirms that the as deposited laminates consist of crystalline 

NiO and Al except for the intermixed region. 

 

Figure 5.2. Top: Annular dark field image of STEM-EDS of a multilayer cross-section.  Bottom:  

STEM-EDS of the Al-NiO interface taken through high-angle annular dark-field imaging with 

the dashed white line representing the location corresponding to the line trace in the following 

figure.  Colored images are elemental maps of Al (green), Ni (red) and O (blue). 

 

 

Figure 5.3. EDS line scan of interface between Al and NiO obtained in the transmission electron 

microscope.  Regions transition from:  1. NiO, 2. Ni with O and Al, 3. AlxOy, 4. Al-Ni solid 

solution with O, to 5. Al with the boundaries approximately labelled by the vertical lines. 
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 Thermal Analysis 

In order to accurately interpret the ignition and propagation kinetics of these RMTF, the 

thermodynamics of the system must be understood.  The behavior of the Al-NiO system at low 

heating rates was examined through a combination of calorimetry and HS-XRD.  In order to 

evaluate the exothermicity of the deposited films and investigate the low heating rate reaction 

pathway, DSC was performed on multilayers with 125 nm, 666 nm, and 800 nm bilayer 

thicknesses and is presented in Figure 5.4.  The thermograms of the multilayers with 666 nm and 

800 nm bilayer thicknesses have a similar structure with an initial exothermic peak near 570°C.  

This is followed by the Al melt endotherm at approximately 660°C and a series of exothermic 

reactions, with the most notable exotherm being between 720-750°C.  In comparison, the 125 nm 

film exhibits a broad exotherm starting at approximately 230°C that extends to nearly 400°C.  

This is followed by a small exotherm at 560°C and one at 680°C.  Interestingly, there is not a 

significant Al melt endotherm in the finest bilayer thickness, which indicates that Al has largely 

reacted before 660°C.  Integration of the response curves yield exothermicities between 0.7-1.0 

kJ/g, which is significantly lower than the theoretical value of 3.14 kJ/g (3.44 kJ/g for 2Al+3NiO 

[106]).  This result suggests that significant exotherms occur above 750°C, which is consistent 

with Zhang et al [113]. 

 

Figure 5.4. DSC thermograms of Al-NiO RMTF as a function of bilayer thickness. Plotted 

exotherm down. 

 

As indicated by the DSC measurements, reaction proceeds at temperatures much lower 

than the melting point of Al when utilizing finer bilayer thicknesses.  HS-XRD was performed at 
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similar heating rates to probe the reaction process that leads to these low temperature reactions, a 

representative case (125 nm bilayer thickness) is presented in Figure 5.5 with experiments being 

performed on designs with 125 nm, 167 nm, 333 nm, and 667 nm bilayer thicknesses and 

schematically represented in Figure 5.6.  The 25°C scan further confirms that the RMTF is 

initially composed of crystalline Al and NiO.   

In general, the first product phase (NiAl3) is observed to form as low as 180°C.  The 667 

nm bilayer thickness Al/NiO shows limited reduction in Al or NiO peak intensity below 500°C; 

however, evidence of NiAl3 appears at 300°C with Ni formation at 380°C.  The increase in the 

onset temperature for NiAl3 in this bilayer thickness is expected to result from the reduced 

number of interfaces in the 667 nm design and detectability limits of the HS-XRD given the 

consistency in observation temperatures in the 3 finer designs.  The 125 nm bilayer thickness 

Al/NiO shows evidence of reaction at 200°C with the appearance of peaks corresponding to 

NiAl3 and the onset of crystalline Ni formation at 240°C.  As the sample is heated further, the Ni 

and NiAl3 peak intensity increases as Al and NiO peaks weaken.  At 440°C an additional 

transition occurs in the 125 nm bilayer thickness.  The Al peaks are no longer measurable and the 

NiAl3 has been consumed in the formation of Ni2Al3.  At 500°C, NiO is still present, albeit with 

reduced intensity, as well as Ni2Al3 and Ni.  A similar process occurs in the other designs; 

however, Al is not completely consumed and NiAl3 persists up to 500°C as well as the first 

appearance of Ni being shifted to between 340°C and 380°C.  The lack of cracking or crazing 

suggest that there was not outgassing, as a result it is expected that the oxygen liberated from the 

Ni forming NiAl3 has reacted with Al.  It is suspected that amorphous aluminum oxide forms 

during the initial reaction in all bilayer thicknesses and continues to grow throughout the 

experiment.  This would be consistent with previous work on the Al-CuOx system did not 

observe diffraction peaks through broad-beam XRD, but did observe an alumina growth layer 

forming at the Al-CuOx interface through TEM [107].  
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Figure 5.5. HS-XRD of 125 nm Al-NiO deposited on silicon substrate. 

 

Figure 5.6. Schematic representation of phase formation in HS-XRD. 

 

 Characterization of Ignition Temperature and Self-Propagating Reaction 

The ignition behavior of the Al/NiO multilayer foils was evaluated through hot-plate 

ignition experiments with the results presented in Figure 5.7.  Ignition temperatures were found 

to vary from 260°C to greater than the melting point of Al.  It is interesting to note that this is 
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commonly observed in Al based reactives, and has been observed also in Al-CuO nanothermites 

[103].  The sharp change in ignition temperature (~300°C) between 305 nm and 333 nm bilayer 

thicknesses indicates a change in reaction mechanism with melting being required for ignition at 

larger bilayer thicknesses.  The error bars are representative of the 95% confidence interval for a 

50% probability of ignition.  The associated uncertainty in the temperature was accounted for in 

determining this value.  Samples with bilayer thicknesses 500 nm and above did not ignite below 

800°C. 

 

Figure 5.7. Ignition temperature of Al-NiO as a function of bilayer thickness.  Bilayer 

thicknesses tested at or above 330 nm reacted have ignition temperatures greater than the melting 

point of Al.  Error bars represent the 95% confidence interval for a 50% probability of ignition. 

A representative laser-stimulated ignition and propagation event is presented in Figure 

5.8 where the laser preheat line presented in Figure 1 was utilized.  It is apparent from the images 

in Figure 5.8a and quantifiably evident in Figure 5.8b that the preheating is even and a steady, 

stable propagation is observed.  Figure 8b plots the wave front position versus time within the 

ignition beam, freely propagating through the preheated foil, and into the mounting Kapton tape.  

The steadily propagating front releases a large amount of gas, which leads the reaction front.  

The bright front eventually propagates past the end of the un-taped edge of the foil, verifying that 

it is a gas phase and not a separate reaction front.  Since testing of the samples occurred in a 

vertical orientation, it is important to note that the propagation front traveled at a constant 

velocity in all directions, indicating that any effect of buoyancy on preheating was negligible for 

the results in question.  Molten droplets track with the reaction front with a large amount of gas 

emission trailing the steady propagation.  The emitted gas is thought to be either vaporized Ni or 

a finely distributed aerosol of condensed phase products. 
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The measured effect of preheat on 125-667 nm bilayer thicknesses propagation velocity 

is shown in Figure 5.9.  As expected, the propagation velocity is found to increase with preheat 

temperature for all bilayer thicknesses.  All reactions propagated stably and steadily after 

propagating over one beam diameter from the point of first light.  Thermal gradients through the 

film thickness are expected to be negligible, since the Biot number (Bi = hLc/k, where h is the 

heat transfer coefficient for free convection, Lc is the film thickness, 4 µm, and k is the mass 

averaged thermal conductivity, 135 W/m2K) is expected to be several orders of magnitude less 

than 1.   Initial tests run in an argon environment propagated within 5% of the velocity observed 

in air for preheats below 125°C.  The effect of preheat temperature were not investigated at 

higher temperatures to avoid effects of prereaction as indicated in the HS-XRD.  The ignition 

delays trend as expected with increasing time to first light with increasing bilayer thickness.  

Preheat temperature has little effect on the ignition delay at bilayer thicknesses below 400 nm, 

with a significant increase in delay effects at higher bilayer thicknesses.  

 

 

Figure 5.8. a) Reaction front propagation in λ = 571 nm Al-NiO at 80°C preheat temperature. 

Ignition occurred after an 8 ms delay and the propagation is indicated by the bright leading edge 
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and is followed by hot gas. b) Plot showing the reaction front transitioning from the zone 

affected by the ignition beam to a steady propagation front, then encountering substrate. 

 

Figure 5.9. (Left) Propagation velocity and (right) time to first light as a function of preheat 

temperature for bilayer thicknesses ranging from 125-667 nm.  Note how the ignition delays at 

bilayer thicknesses below 400 nm are less dependent on preheating. 

Material that reacted under vacuum during deposition was evaluated using cross-section 

TEM.  A focused ion beam (FIB) was used to create a thin specimen that allowed the final 

product phase to be identified.  Figure 5.10 shows the observed elemental maps and indicates 

that oxygen is mixed primarily with Al as well as large areas that are primarily Ni.  Voids also 

indicate that a gas phase formed during reaction.  STEM selected area diffraction (Appendix A) 

indicates that Al2O3 and Ni are the final products of this reaction, with the measured lattice 

parameters corresponding to a cubic alumina phase, either η or γ. 

 

 

Figure 5.10. STEM and elemental maps of Al/NiO multilayer that reacted during deposition.  Al 

(green) and O (blue) appear to occupy the same regions with Ni (red) in separate locations.  

Voids are present in products, indicating that a gas phase formed during product formation. 
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 Discussion 

 Phase Evolution Subject to Low Heating Rates 

The effect of varying heating rate on the reaction kinetics of thermite RMTF is currently 

unknown.  As such, this discussion seeks to address the behavior of the Al-NiO system at a wide 

range of heating rates.  In this section, we begin with a limiting case where slow growth of 

product phases passivates the interface.  Following the discussion of the kinetics of interface 

growth, we discuss the kinetics of ignition at two different heating rates (~102 K/s and 105 K/s). 

We then conclude with observations about the behavior of self-propagating reactions (~107-108 

K/s) and a general discussion about the reaction behavior of the Al-NiO system at heating rates 

spanning at least 8 orders of magnitude. 

The formation of nickel aluminides during HS-XRD suggests that Ni diffusion outpaces 

oxygen diffusion, as it is unlikely that Ni would reduce aluminum oxide.  This is similar to what 

has been observed in the Al-CuOx system [107].  The formation of intermetallics, particularly 

NiAl3 at 200°C as observed through HS-XRD of the 125 nm Al/NiO, indicates that reactions 

observed in the solid state through DSC are the result of Al reducing NiO to form AlxOy and Ni 

with diffusion of Ni into the Al matrix, as commonly observed in the Ni-Al system [116,117].  It 

is well known that in the initial stages of  aluminum oxidation the oxide is amorphous, and 

transitions through a series of metastable phases to form α-Al2O3 at higher temperatures [118].  

As a result, the lack of peaks for any oxides along with the sample remaining intact throughout 

the experiment suggests growth of an amorphous aluminum oxide, denoted AlxOy.  The lack of 

exotherms at low temperatures in the 666 and 800 nm bilayer materials, as well as the Al 

reflection persisting to 500°C in the HS-XRD (excluding the 125 nm bilayer thickness), suggests 

that the initial reaction forming NiAl3 for all bilayer thicknesses (as seen in Figure 5.6) is the 

result of a diffusion limited reaction confined to a region near Al/NiO interfaces. 

Previously, DSC and XRD of quenched samples have been used in conjunction to infer 

phase formation related to sharp exotherms (particularly in binary systems) [116].  However, the 

DSC response of the Al/NiO RMTF appear to be more complex, with broad exotherms 

corresponding to the formation of several phases including nickel aluminides, metallic Ni, and 

aluminum oxides.  By plotting the normalized integrated intensity of the NiO (111) reflection for 

different multilayer designs (Figure 5.11), it becomes apparent that reaction occurs in 3 separate 

stages, schematically presented in Figure 5.12.  Stage 1 (Figure 5.12a) is an incubation period 
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with little change in peak intensity up to approximately 200°C.  After this, stage 2 (Figure 5.12b) 

is characterized by the formation of NiAl3 reflections at the expense of NiO and Al.    This is 

then followed by stage 3 (Figure 5.12c), were a rapid decay in the intensity of the (111) peak 

correlates with the appearance of peaks for metallic Ni as well as the formation of Ni2Al3 in the 

125 nm and 167 nm bilayer thickness multilayers (Figure 5.12c).  In the 125 nm bilayer 

thickness, crystalline Al reflections are longer observed by 440°C, suggesting that it has been 

completely converted into intermetallic or oxide phases.  It is impossible to tell from the results 

what side of the interface the metallic Ni forms on during stage 3. However, given the increase in 

the Ni2Al3 reflections at the expense of NiAl3 in the finer bilayer thicknesses it is reasonable to 

suggest that Ni is ‘piling up’ on the NiO side of the interface with transport limited by an 

aluminum oxide product layer, since Ni transported to the Al layer forms nickel aluminide. 

The presence of an exotherm at 560°C for all bilayer thicknesses (as observed in Figure 

5.4) suggests a process that is independent of bilayer thickness.  This temperature corresponds 

reasonably to the transition temperature of a-Al2O3 to γ-Al2O3 observed in thermogravimetric 

analysis (TGA) of aluminum powders [118].  In this previous work, an increase in mass gain was 

observed at 550°C which correlated with recovery XRD showing the formation of γ-Al2O3.  It 

was suggested that the volume reduction (3.05 g/cm3 to 3.6 g/cm3) [119] could result in cracks 

forming in the passivating oxide shell, exposing fresh Al to the oxidizing atmosphere.  It is 

suggested that the exotherm observed at 560°C is the result of a similar process, where AlxOy 

transitions to γ-Al2O3 and the corresponding volume reduction results in the formation of 

diffusion paths that have a smaller barrier to diffusion, enabling transport of Ni and O to the Al 

layer.  Unfortunately, the peak temperature in the HS-XRD setup was limited to 500°C. 

The strong endotherm observed in DSC of the 667 nm and 800 nm bilayer thickness 

multilayers corresponds to the melting of Al.  The lack of this endotherm in the 125 nm design 

further confirms the observation from HS-XRD that Al has been completely consumed through 

solid state reactions in this multilayer design.  Above the melting point of Al, there is a series of 

exotherms of unknown origin followed by a strong exotherm above 700°C in the 667 nm and 

800 nm bilayer thickness designs.  The lack of this exotherm in the 125 nm design suggests that 

it may result from the formation of nickel aluminum intermetallics; however, further verification 

of this is required. 
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Figure 5.11. Plot of the ratio of the normalized NiO (111) integrated reflection intensity for the 

bilayer thicknesses examined through HSXRD.  Intensities have been shifted vertically in 

increments of -0.2 for viewing.  The gray lines are intended as visual aids. 
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Figure 5.12. Schematic representation of 1D phase evolution expected at the Al/NiO interface for 

large bilayer thicknesses at low heating rates up to 500°C. 
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 Low Heating Rate Activation Energy 

During XRD, the diffracting volume is proportional to the integrated peak intensity, VNiO 

∝ [NiO].  In a multilayer system, assuming planar, one dimensional, diffusional limited reaction, 

VNiO ∝ tNiO.  Since the initial NiO layer thickness is known, the data presented in Figure 10 can 

be used to determine the NiO layer thickness at a given temperature observed during heating 

through the following equation, 

 [𝑁𝑖𝑂]

[𝑁𝑖𝑂]0
=

𝑉𝑁𝑖𝑂

𝑉0,𝑁𝑖𝑂
=

𝑡𝑁𝑖𝑂

𝑡0,𝑁𝑖𝑂
. 

 

(5.1) 

Since there was no evidence of outgassing or crazing during the HS-XRD, it is safe to 

assume that there is negligible loss of oxygen to the surroundings.  As a result, the reduction in 

the thickness of the NiO layer with temperature, combined with the conservation of mass, can be 

used to determine the growth of an AlxOy product layer.  Assuming that the product phase is a-

Al2O3 with a density of 3.05 g/cm3 [119], and a 3:1 ratio of oxygen atoms to moles AlxOy the 

thickness of the oxide layer is given by 

 
𝑡𝐴𝑙𝑥𝑂𝑦 = 𝑡0

𝐴𝑙𝑥𝑂𝑦 +
1

3

𝜌𝑁𝑖𝑂

𝜌𝐴𝑙𝑥𝑂𝑦

𝑀𝑊𝐴𝑙2𝑂3

𝑀𝑊𝑁𝑖𝑂
𝑡0

𝐴𝑙𝑥𝑂𝑦 (1 −
[𝑁𝑖𝑂]

[𝑁𝑖𝑂]0
). 

 

(5.2) 

with ρ and MW being density and molecular weight respectively.  The initial thickness of the 

oxide layer is taken from the EDS trace presented in Figure 3 to be 5 nm, and assumed to be 

representative of the interface for all bilayer thicknesses.  The calculated oxide thicknesses are 

presented in Figure 5.13.  As can be seen, the independence of the calculated oxide thickness 

with bilayer thickness is physically consistent with a diffusion limited reaction mechanism and 

serves to justify some of the assumptions made in equations (1) and (2), as well as the 

observations in the previous section being limited to the reaction interface. 
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Figure 5.13. Calculated oxide thickness as a function of temperature. 

Given that the hold time during each scan is 32 minutes and the step size is 20°C, it is expected 

that a steady state is reached at each step and the HS-XRD data represents a limiting case for the 

given temperature with the oxide layer self-passivating as observed in gas phase oxidation of 

aluminum [120].  Several works have indicated that thermite multilayers are limited by the 

diffusion of oxygen from the oxide into the Al [107,121].  In this case, the growth of the oxide 

layer, w, is described by a parabolic growth law given by 

 𝑑𝑤

𝑑𝑡
= 𝜎𝐴𝑙2𝑂3

[𝑂]

𝑤
𝐷0 exp (−

𝐸𝑎

𝑅𝑇
), (5.3) 

where 𝜎𝐴𝑙2𝑂3
, [𝑂], 𝐷0, 𝐸𝑎, and 𝑅 are the volume growth of Al2O3 per O ion, the initial O 

concentration gradient (assumed to be linear), mass diffusivity, activation energy, and ideal gas 

constant.  Defining limiting thickness, wlim, as the point where the growth rate at the limited 

thickness, 
𝑑𝑤

𝑑𝑡
, is equal to 10−15 𝑚

𝑠

̇
 as in Juergens et al. [120] the following equation can be 

derived 

 
ln 𝑤𝑙𝑖𝑚 = −

𝐸𝑎

𝑅𝑇
+ ln (

10−15𝑚

𝑠

𝜎𝐴𝑙2𝑂3[𝑂]𝐷0
) . 

(5.4) 

As indicated by equation (5.4), a linear relation is predicted between the natural log of the 

limiting oxide thickness and the inverse of the temperature, with the slope of the curve being the 

ratio of the activation energy to the universal gas constant.  Taking the growth rate as 10-15 m/s is 

the same as assuming that the growth at the interface is independent of bilayer thickness at these 
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heating rates, which is justified up to the point that a reactant layer is fully consumed.  A plot of 

the ln(wlim) vs 1/Tig for the 125 nm bilayer thickness is presented in Figure 5.14. 

 

Figure 5.14. Plot of the natural log of the limiting oxide thickness versus temperature.  The plot 

shows a bilinear response with a discontinuity at approximately 320°C. 

As can be seen in Figure 5.14, the ln(w) for the 125 nm bilayer thickness is bilinear when 

plotted against inverse temperature.  This response is observed in the 166 nm and 667 nm bilayer 

thicknesses as well, while the response of the 333 nm bilayer thickness was too noisy at lower 

temperatures to accurately evaluate a slope.  Table 5.2 presents the activation energies 

determined from the slopes fitted to the low temperature region (200°C to 320°C) and the high 

temperature region (340°C to 500°C). 

Table 5.2. Activation energies fit to HSXRD data. The uncertainty, σ, is determined from the 

standard deviation in the slope. 

 

λ (nm) 

200-320°C 340-500°C 

Ea 

(kJ/mol) 

σ 

(kJ/mol) 

Ea 

(kJ/mol) 

σ 

(kJ/mol) 

125 nm 18.8 3.0 10.4 1.1 

166 nm 16.9 6.8 14.3 1.5 

333 nm ---------- ---------- 17.6 3.1 

667 nm 24.4 4.4 20.2 3.5 

Average 20.0 6.1 15.6 4.8 
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The transition in slope observed in Figure 5.14 corresponds to the transition from stage 2 

to stage 3 in the HS-XRD.  It is interesting to note that both the onset of reaction and the 

transition point at 320°C correlate with the measured DSC onsets for the formation of NiAl3 

(near 200°C) and Ni2Al3 (near 330°C) for Ni/Al multilayers with bilayer thicknesses of 23 nm 

and 58 nm [122]. 

 Activation Energy for Hot-plate Ignition 

While the HS-XRD and DSC heating was dictated by the experimental setup at all stages, 

the hot-plate experiments are not.  The initial heating rate is determined by the temperature of the 

hot plate; however, after ignition it is governed by self-heating.  The hot plate ignition 

experiments showed a bilayer thickness dependence on whether ignition is dependent on the 

melting of Al.  The HS-XRD and DSC showed that this system forms product phases in the solid 

state given sufficient time for reaction, and suggest the formation of AlxOy and NiAl3 

independent of Al melting at the lowest heating rates.  However, the exact phase formation 

sequence is expected to be heating rate dependent [123,124].  While solid state reaction has been 

observed through calorimetric studies for thermites previously [103,107,113], none of these 

previous studies investigated the ignition of the thermites in question.  The examination of hot 

plate ignition temperatures allows a distinction between a region where melting of Al is required 

for ignition to occur and a region where ignition occurs in the solid state.  This is analogous to 

what has been termed as a ‘micro-scale’ and ‘nano-scale’ response in powder systems and other 

RMTF [95,103].  Since reaction is diffusion limited, the amount of reacting material is limited to 

that within a characteristic diffusion length from an Al/NiO interface.  In the case of large bilayer 

thicknesses, the specific interfacial surface area (interfaces per unit volume) are limited.  As the 

bilayer thickness decreases, the specific interfacial surfaces area increases, allowing a larger 

fraction of the volume to react before a passivating boundary can form at the interface.  In the 

case of large bilayer thicknesses, the heating rate is not sufficient to result in thermal runaway 

before a diffusion limiting layer can form, preventing further reaction.  In hot plate ignition of 

Al/NiO RMTF this transition occurs between the 306 and 333 nm bilayer thicknesses. 

The dependence of ignition temperature on bilayer thickness allows determination of an 

effective activation energy corresponding to solid state mixing. The following is identical to the 
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derivation from Fritz et al. [71] except for the use of a different growth law for the product phase 

formed.  The energy equation gives the following 

 𝐶�̇� =  �̇�𝑠 + �̇�𝑅𝑋𝑁 − �̇�𝐿, 

 

(5.5) 

where C is the laminate heat capacity, and the right side of the equation consists of the heat input 

from the laser (�̇�𝑠) and reaction (�̇�𝑅𝑋𝑁) and a loss term (�̇�𝐿). As in Fritz et al. [71], we define Tig 

as the point at which the temperature increases without any contribution from an external source.  

This results in an inflection point where the foil has equilibrated to the temperature of the source 

(i.e.  �̇�𝑠 = 0) and the heating rate is momentarily zero.  At this instant, equation (5.5) reduces to 

 �̇�𝑅𝑋𝑁 = �̇�𝐿. 

 

(5.6) 

The thermal losses (�̇�𝐿) can be modelled as a combination of conductive (Cond) and convective 

(Conv) losses and is given as the following equations for a hot plate experiencing unforced 

convection 

 
�̇�𝐶𝑜𝑛𝑑 =

𝑘

𝑡

∆𝑇

∆𝑥
=

1

𝑡𝑅𝐶𝑜𝑛𝑑
∆𝑇 

�̇�𝐶𝑜𝑛𝑣 =
1.32

𝑡𝐿
1
4

∆𝑇
5
4 =

1

𝑡𝑅𝐶𝑜𝑛𝑣
∆𝑇

5
4 

�̇�𝐿 =  
1

𝑡𝑅𝑐𝑜𝑛𝑑
∆𝑇 +

1

𝑡𝑅𝐶𝑜𝑛𝑣
∆𝑇

5

4 =
1

𝑡𝑅𝑡
∆𝑇𝑚, 

 

 

 

 

(5.7) 

 where 𝑘, 𝑡, ℎ, ∆𝑇, ∆𝑥, and 𝐿 are the thermal conductivity, sample thickness, convective heat 

transfer coefficient, temperature difference with the local surroundings, thickness of the thermal 

interface, and characteristic length scale such as the ratio of perimeter to area.  The 𝑅 terms are 

thermal resistance with 𝑅𝑡 being the combined resistance resulting from convective and diffusive 

losses. The exponent 𝑚 varies from 1.0 for purely conductive losses to 1.25 for purely 

convective losses. 

The reaction term in equation (5.8) takes the form 

 �̇�𝑅𝑋𝑁 =
𝑑𝑤

𝑑𝑡

∆𝐻𝑅𝑋𝑁
𝜆

2

, 

 

(5.8) 
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where 𝑤 is the thickness of the product phase formed and ΔHRXN is the heat of reaction.  The 

growth of the product phase thickness is assumed to follow a parabolic growth law limited by 

thermal diffusion of oxygen ions through an Al2O3 product phase and is given by equation (5.3).  

Substituting equations (5.3), (5.7), and (5.8) into equation (5.6) and evaluating at Tig can be 

shown to result in the following equations, 

 exp (−
𝐸𝑎

𝑅𝑇𝑖𝑔
) =

𝑤

2∆𝐻𝑅𝑋𝑁𝜎𝐴𝑙2𝑂3𝐶𝑂𝐷0
 

1

𝑡𝑅𝑡
(𝜆∆𝑇𝑖𝑔

𝑚). 

𝑙𝑛(𝜆∆𝑇𝑖𝑔
𝑚) = −ln (

𝑤

2∆𝐻𝑅𝑋𝑁𝜎𝐴𝑙2𝑂3
𝐶𝑂𝐷0

 
1

𝑡𝑅𝑡
) −

𝐸𝑎

𝑅𝑇𝑖𝑔
. 

 

(5.9) 

(5.10) 

 

It can be seen that equation (5.11) represents a linear relation between 𝑙𝑛(𝜆∆𝑇𝑖𝑔
𝑚) and 1/𝑇𝑖𝑔 with 

the slope being -𝐸𝑎/𝑅and that this value is independent from the intercept.  Figure 5.15 shows 

the results of this analysis performed on the measured values of hot plate ignition temperature.  

The activation energy, 𝐸𝑎, resulting from this analysis is calculated to be 36-38 kJ/mol with R 

being 8.314 J/mol-K. 

 

Figure 5.15. Fits for activation energy based on ignition temperature as a function of bilayer 

thickness.  Note that only the three points to the right (with Tig below the melting point of Al) are 

used in the analysis with the left point being included to emphasize the change in reaction 

mechanism. 

 Activation Energy for Laser Ignition 

Laser heating provides a controlled way to probe the reaction kinetics that govern 

ignition at characteristic heating rates of approximately 105 K/s. The plot in Figure 5.15 indicates 

a discontinuity between the lower bilayer thicknesses and the highest bilayer thickness that 

ignited (333 nm).  Since all bilayer thicknesses tested were found to be self-propagating, this 
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indicates that the ignition temperatures were in excess of the highest temperature tested (800°C).  

It is possible to estimate the difference in the ignition temperatures at varying bilayer thicknesses 

from the observed ignition delays presented in Figure 5.9.  Starting from equation (5.5), it is 

assumed that negligible reaction occurs before ignition (�̇�𝑅𝑋𝑁 = 0).  The length scale for thermal 

diffusion is given by x ∝ (αt)1/2 by a mass averaged thermal diffusivity for Al/NiO (42 mm2/s) 

and a time on the order of the measured ignition delays (1-10 ms).  This gives 0.2-0.6 mm, which 

is on the order of the beam diameter.  As a result, at the center of the beam diameter it is 

expected that the temperature gradient is small compared to the source term due to the small Biot 

number and assuming a limited degree of thermal and chemical diffusion.  Additional losses due 

to free convection are assumed to be small as well.  Assuming that reaction is negligible before 

ignition, equation (5.5) can be simplified to the following form, 

 𝐶(𝑇)�̇� = 휀𝑃𝑙, (5.11) 

where ε and Pl are the NiO emissivity and laser irradiance respectively.  Assuming variations in 

the heat capacity is small up to the melting point of NiO (1966°C), equation (5.11) can be 

integrated assuming a constant emissivity, resulting in 

 (𝑇𝑖𝑔𝑛 − 𝑇0) =
𝐶

𝑃𝑙𝑡𝑑. (5.12) 

By dividing equation (5.12) by a reference condition, the following ratio allows determination of 

the change in Tign as a function of ignition delay (Td): 

 𝑇𝑖𝑔𝑛 − 𝑇0

(𝑇𝑖𝑔𝑛 − 𝑇0)
𝑟𝑒𝑓

=
𝑃𝑙𝑡𝑑

(𝑃𝑙𝑡𝑑)𝑟𝑒𝑓
    

(5.13) 

At the point of ignition, heating due to the runaway reaction should overwhelm heating from the 

laser, with negligible conductive losses as in equation (5.12) and ignoring the laser heating 

source term, equation (5.5) becomes 

 

 

 

𝐶�̇� =  �̇�𝑅𝑋𝑁 =
∆𝐻𝑅𝑋𝑁

𝜆

2

 𝜎𝐴𝑙2𝑂3

[𝑂]

𝑤
𝐷0 exp (−

𝐸𝑎

𝑅𝑇
). 

 

(5.14) 

For a non-reacting heating at a constant laser intensity, the heating rate leading into ignition is a 

constant for all bilayer thicknesses.  In this case, equation (5.15) can be rearranged to show 

 

 

ln(𝜆) = ln (
∆𝐻𝑅𝑋𝑁

𝐶�̇�
 𝜎𝐴𝑙2𝑂3

[𝑂]

𝑤
𝐷0) −

𝐸𝑎

𝑅𝑇𝑖𝑔𝑛
. (5.15) 
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The assumption of negligible reaction before ignition results in all terms in the above equation 

being constants except for Tign and λ.  Substitution of the ratio in equation (5.14) into equation 

(5.16) allows the activation energy to be determined directly from ignition delays, as follows 

 

 

 

ln(𝜆) = ln (
∆𝐻𝑅𝑋𝑁

𝐶�̇�
 𝜎𝐴𝑙2𝑂3

[𝑂]

𝑤
𝐷0) −

𝐸𝑎

𝑅
(

1

𝑇0+(𝑇𝑖𝑔𝑛−𝑇0)
𝑟𝑒𝑓

𝑃𝑙𝑡𝑑
(𝑃𝑙𝑡𝑑)𝑟𝑒𝑓

). 
(5.16) 

Since ignition temperatures were not directly measured, a reference Tign was assumed for 

the 125 nm bilayer thickness and the analysis was carried out for ignition temperatures between 

the hot plate ignition temperature, 550 K, and 1200 K.  It will be shown that reasonable assumed 

values of this initial ignition temperature results in small changes in the calculated activation 

energies.  Temperatures above 1060 K were found to result in predicted ignition temperatures for 

the larger bilayer thicknesses approaching the vaporization temperature of Al, which represents a 

reasonable upper limit, as vaporization of Al was not observed during ignition.  Figure 5.16 

presents this analysis performed with initial temperatures of 550 K, 800 K, and 1060 K.  First, it 

is apparent that two reaction regimes exist with the 125-333 nm bilayer thickness designs 

reacting through one mechanism and the 500-671 nm designs reacting through another.  Second, 

the activation energy for the mechanism governing the lower bilayer thicknesses is greater than 

that governing the larger bilayer thicknesses.  The activation energy of the lower bilayer 

thicknesses is bound between 46 and 51 kJ/mol as calculated assuming reference ignition 

temperatures of 550 K and 1060 K respectively.  The activation energy governing the ignition of 

the larger bilayer thicknesses under these same conditions is between 26 and 33 kJ/mol.  It is 

interesting to note that the activation energy governing the ignition kinetics of Al-CuO 

nanolaminates through laser ignition was iteratively determined to be approximately 49 kJ/mol at 

a heating rate of 105 K/s, indicating that the low activation energies observed here are consistent 

with previous work on thermites [121]. 
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 Self-Propagating Reactions in Multilayer Thermites and a Length Scale Dependence in 

Behavior 

Whether the reaction kinetics observed at different heating rates relate to the high heating 

rates observed in a self-propagating reaction front has been a long-standing question in the field 

of condensed phase reactives.  The processes governing ignition and propagation in a condensed 

phase reaction can rarely be attributed to a single reaction mechanism and are a combination of 

fundamental reaction processes and phase transformations (i.e. melting, solid-solid 

transformations).  As a result the activation energy measured for a given condensed phase 

reaction event is effective in nature, spanning a series of processes that occur at their individual 

rates.  Therefore, it is possible that the activation energy for a rate limiting process is very much 

dependent on the heating rate in RMTF.  This section seeks to evaluate the capability of the 

current analytical theory for condensed phase RMTF to predict the behavior of multilayer 

thermites as well as address what behaviors observed at intermediate heating rates (heating rates 

observed in hot-plate and laser ignition) translate to the behavior of self-propagating reactions. 

In Armstrong and Koszykowski [125], the following quadratic relationship between 

propagation velocity and bilayer thickness is given as: 

 

𝑢2 =
3𝐴𝑒

−
𝐸𝑎

𝑅𝑇𝑓  
(𝑅𝑇𝑓)

𝐸𝑎
𝛼2

𝛿2
(𝑇𝑓−𝑇0)

𝑇𝑓

, 

(5.17) 
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Figure 5.16. Analysis of activation energy for various assumed reference ignition temperatures 

showing a delineation between two reaction mechanisms where designs with bilayer thicknesses 

greater 333 nm reacting with one mechanism and designs with bilayer thicknesses equal to or 

less than 333 nm reaction in another. 
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where the inverse Lewis number, Le-1, has been assumed to follow an Arrhenius dependence 

 

 
𝐿𝑒−1 =

𝐷

𝛼
= 𝐴e

−
𝐸𝑎

𝑅𝑇𝑓, 
(5.18) 

with propagation velocity, 𝑢, Arrhenius prefactor, 𝐴, initial temperature 𝑇0, flame temperature 

𝑇𝑓, thermal diffusivity, 𝛼, mass diffusivity, 𝐷, and quarter bilayer thickness, 𝛿 = 𝜆/4.  While 

subsequent studies have illustrated the need to account for the intermixed zone formed during 

deposition [126,127], this relationship has been shown to reasonably predict the propagation 

velocity in metallic RMTF at bilayer thicknesses much larger than the premixed zone.  

Considering that the ratio of all bilayer thicknesses to the intermixed region observed in Figure 

5.3 are above 10, the effect of premixing was expected to be negligible.  

For a fixed bilayer thickness and mixing mechanism, all terms in equation (5.15) are 

constant except 𝑇𝑓 and 𝑇0.  As a result, the ratio of the propagation velocity at an elevated 

temperature to the propagation velocity at room temperature is found to be 

 𝑢2

𝑢𝑅𝑇
2 = 𝑒−

𝐸𝑎
𝑅

(𝑇𝑓
−1−𝑇𝑓,𝑅𝑇

−1 ) 𝑇𝑓
2

𝑇𝑓,𝑅𝑇
2  

(𝑇𝑓−𝑇0)
𝑅𝑇

(𝑇𝑓−𝑇0)
, 

(5.19) 

where the subscript RT has been used to refer to the values for a propagation foil with T0 = 296 

K.  Recent work has shown that Al-CuO thermites can be numerically modelled through the 

utilization of a ‘ceiling’ temperature referencing the vaporization temperature of Cu2O as a 

cutoff point, at which energy is lost to the environment through disintegration of the multilayer 

[128].  The model was shown to reasonably match experimental propagation velocities and 

ignition delays. 

If a ceiling temperature (𝑇𝑐) is utilized with Armstrong’s solution, equation (5.17) reduces 

to 

 𝑢2

𝑢𝑅𝑇
2 =

(𝑇𝑐−𝑇0)𝑅𝑇

(𝑇𝑐−𝑇0)
. (5.20) 

Solving for 𝑇𝑐 with the measured values from Figure 5.9 results in unreasonably low 

values for 𝑇𝑐 (below 700 °C) for all bilayer thicknesses.  Setting 𝑇𝑐 to the vaporization 

temperature of Al (2790 K) in equation (5.18) predicts changes in propagation velocity with 

initial temperatures of 75°C and 125°C compared to 23°C of only 1-2%, which is, at minimum, 
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an order of magnitude lower than what is observed in Figure 5.8.  This difference is only made 

worse by using the vaporization temperature of Ni (3187 K).  Furthermore, given the small 

change in initial temperature compared to expected flame temperatures, the expected flame 

temperature would be expected to be on the same order of magnitude as the   As a result, current 

analytical methods of evaluating the propagation velocity of condensed phase RMTF appear to 

be inadequate to describe the propagation of thermite multilayers, particularly the temperature 

dependence.   

An important characteristic of equation (5.15) is that is that 𝑢2 is inversely related to 𝛿2.  

Figure 5.17 presents 𝑢2 as a function of 1/𝛿2.  It is evident from this plot that the propagation 

velocity scales with reducing bilayer thickness; however, the relationship is bilinear for 25° and 

75°C preheat temperatures, with a change in slope between the 333 nm and 500 nm bilayer 

thicknesses with the larger bilayer thickness region enclosed by the dashed line in Figure 5.17.  

The slope of the higher bilayer thicknesses is greater compared to the slope for the region of 

finer bilayer thicknesses.  Additionally, a fit curve to both regions have non-negligible intercepts.  

At a preheat temperature of 125°C, the bilinear behavior is not as apparent; however, this may be 

a result of the uncertainty in the initial temperature coupled with the sensitivity in propagation 

velocity with preheat temperature.  The characteristic reaction time for a propagating front can 

be approximated as the ratio of the thermal diffusivity to the squared propagation velocity, or Δt 

~ 𝛼/𝑢2.  Taking a change in temperature across the front to be between 2600-2800 K with an in 

plane thermal diffusivity based on a rule of mixtures of 42 mm2/s, the characteristic heating rate 

is found to be between 107 and 108 K/s for these propagating thermite reactions. 
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Figure 5.17 Plot of squared propagation velocity (u) versus the inverse of the squared quarter 

bilayer thickness (δ) showing that bilayer thicknesses suggesting that reaction velocity is again 

divided into two regimes.  The lower propagation regime, indicated by the dashed box, exhibits a 

different scaling with δ than that of bilayer thicknesses of the higher regime, suggesting a change 

in mixing mechanisms.  The values for preheat temperatures of 75°C and 125°C have been offset 

for clarity. 

 Reaction Behavior at Different Heating Rates 

A summary of the measured activation energies as a function of the source heating rate is 

presented in Table 3.  It is included here for interest and summary; however, the activation 

energies determined at low heating rates corresponding to the growth of an AlxOy should not be 

directly compared to the activation energies determined for ignition, as the energy jumps 

associated are not necessarily for the same process.   

For both the hot plate ignition experiments and the laser ignition experiments, the ignition 

behavior is separated into two separate regimes.  In the hot plate ignition experiments, the 

division results from multilayers with bilayer thicknesses below 333 nm having a large enough 

number of interfaces that reaction occurring through solid state diffusion mechanisms is enough 

to induce ignition below the melting point of Al and those that require the increased mobility 

resulting from the melting of Al for ignition to occur.  The characteristic heating rate of hot plate 

ignition is approximately 102 K/s, and this results in an activation energy for the processes 

governing solid state ignition of 37.4 kJ/mol for bilayer thicknesses 306 nm and below.  If the 

heating rate is increased to approximately 105 K/s, the characteristic heating rate of the ignition 
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experiments, the reactions governing ignition for bilayer thicknesses below 333 nm has increased 

to 48.5 kJ/mol.  If the same mechanism limited the reactions at higher rate as at lower heating 

rates, the activation energy would be identical; however, given how low the activation energy is 

for the hot plate experiments, a significant shift in peak temperature would be expected with a 

change in heating rate of 3 orders of magnitude.  Kissinger’s analysis [129] relating heating rate 

and activation energy can be used to estimate a shift in ignition temperature with heating rate 

through the following relation, 

 𝑑(
𝜑

𝑇2)

𝑑(
1

𝑇
)

= −
𝐸𝑎

𝑅𝑇
, 

(5.21) 

where 𝜑 is the heating rate. A reaction occurring at 275°C at 102 K/s with an activation energy 

of 37 kJ/mol would shift to approximately 1370°C at a heating rate of 105 K/s.  Comparably, a 

reaction pathway independent of the previously discussed reaction occurring at a higher 

temperature at lower heating rates, but with a higher activation energy would shift less with 

heating rate and could become dominant.  As a result, at higher heating rates, higher activation 

energy mechanisms may become limiting. 

Additionally, the activation energy decreasing with an increase in bilayer thickness can be 

explained by a transition from a solid state ignition mechanism to a melt dependent mechanism, 

a reduced activation energy would be expected as a result of the increased mobility of a liquid 

compared to a crystalline phase.  

Table 5.3 Summary of measured Ea. 

 

 

Ea 

(kJ/mol) 

 

σ 

(kJ/mol) 

HS-XRD  

200-320°C 
20.0 6.1 

HS-XRD  

340-500°C 
15.6 4.8 

Hot Plate 37.4 1.5 

Laser  

125-333 nm 
48.5 2.5 

Laser  

500-671 nm 
29.5 3.5 

While the results indicate that even a change from 102 K/s (hot-plate) to 105 K/s (laser) 

resulted in a 60% increase in activation energy, a length scale dependency is observed across all 
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heating rates beyond the self-limiting case (HS-XRD).  For the hot-plate ignition experiments, 

Figures 7 and 15 show that reaction occurs under a solid-state reaction mechanism for bilayer 

thicknesses below 333 nm with melt dependent reaction for laminates with a thickness 333 nm 

and above.  Increasing the heating rate to 105 K/s results in RMTF with bilayer thicknesses 333 

nm and below to react through the same mechanism with an increased activation energy 

compared to that observed in the hot-plate experiments.  Figure 16 would indicate that the 

activation energy of the process limiting ignition is observed to decrease with increased bilayer 

thicknesses.  This suggests a process occurring (a phase transformation, such as melting in the 

case of the hot-plate experiments) that provides a reaction pathway with a reduced energy barrier 

for ignition to occur at larger bilayer thicknesses.  This transition is found to occur at a bilayer 

thickness between 333 nm and 500 nm at heating rates on the order of 105 K/s.  This behavior 

appears in the propagation velocity as well, persisting up to heating rates of approximately 107-

108 K/s.  While the exact nature of the change in reaction mechanism cannot be determined at 

this time for the higher heating rate conditions, it is interesting to note the correlation between 

the length scale where the transition occurs and the heating rate. 

 Conclusions 

The reaction mechanism, ignition behavior and self-propagating reaction of Al-NiO RMTF 

have been examined.  The results show two regions of behavior as a function of bilayer 

thickness.  At larger bilayer thicknesses ignition and exothermic release occur above the melting 

point of Al and propagation velocities having little dependence on the bilayer thickness, similar 

to micron-scale reactives.  Finer bilayer thicknesses exhibit ignition and substantial exothermic 

release below the melting point of Al.  The transition point between these two regions is heating 

rate dependent and occurs between 300-500 nm at the heating rates studied in this work. 

Examination of the phase evolution and heat release at low heating rates through HS-XRD 

and DSC revealed that formation and growth of nickel aluminides and AlxOy result in significant 

exothermicity below the melting point of Al.  The first crystalline phase to form is NiAl3 at 

180°C with AlxOy expected to form as well.  This initial phase of reaction continues until 

approximately 320°C at which point crystalline Ni is observed in all examined designs and 

Ni2Al3 all but the thickest bilayer thicknesses examined.  These reactions result in a drawn out 

exotherm observed in DSC of the 125 nm bilayer thickness with an onset temperature of 200°C.  
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Analysis of the integrated peak intensity of the NiO(111) reflection in HS-XRD indicated a 

multi-stage reaction with incubation up to approximately 200°C, followed by a region 

characterized by the formation of NiAl3 with an activation energy of approximately 20 kJ/mol.  

At approximately 320°C, the reaction transitions to a region characterized by the formation of Ni 

as well as Ni2Al3 with an activation energy of approximately 16 kJ/mol.  In the 667 nm and 800 

nm bilayer thicknesses, a significant melt endotherm was observed corresponding to the melting 

of Al.  This was followed by a strong exotherm at approximately 700 °C.  In the finest bilayer 

thickness examined, Al was completely consumed by 500°C in the HS-XRD, which was 

corroborated by a lack of an endotherm at 660°C in DSC and a lack of the strong exotherm 

observed at 700°C.  This suggests that, in larger bilayer thicknesses and low heating rates, Ni 

reduced from the thermite reaction rapidly diffuses into the molten Al layer at 700°C.  

Significant solid state reaction in DSC and the formation of NiAl3 correlates with a 

significant reduction (300°C) in the hot plate ignition temperature to well below the melting 

point of Al.  It is within reason to state that solid state reactions resulting the formation of NiAl3 

and AlxOy are what govern the ignition of Al-NiO RMTF with bilayer thicknesses below 300 

nm.  The activation energy for multilayers igniting below the melting point of Al (660°C) was 

found to be 37 kJ/mol.  Laser ignition of the Al-NiO RMTF indicated a similar behavior with 

two regions of response as a function of bilayer thickness.  The RMTF with finer bilayer 

thicknesses (those 333 nm and below) where found to have an activation energy of 

approximately 48.5 kJ/mol with a heating rate on the order of 105 K/s.  The results indicate an 

increase in activation energy with heating rate. 

Attempts to model the propagation of Al/NiO RMTF as a condensed phase propagation 

represented by Armstrong’s solution at a far field temperature equal to a ceiling temperature set 

by the lowest vaporization point in the system is shown to not accurately predict the variation in 

propagation velocity with the initial temperature.  This is taken as an indication of the 

inadequacy of Armstrong’s equation to predict the behavior of thermite reactions, and points to 

the need for more sophisticated modelling to understand the propagation of these reactions 

[128,130].  However, the propagation velocity is observed to have a length scale dependence 

with two regions of reaction with RMTF with bilayer thicknesses 500 nm and above having a 

linear scaling between the squared bilayer thickness and squared propagation velocity and those 
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333 nm having a similar, but reduced scaling indicating a length scale dependent rate limiting 

step that spans a range of heating rates. 
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 SHOCK-INDUCED REACTION:  DIRECT SYNTHESIS 

OF CUBIC BORON NITRIDE FROM A CONDENSED PHASE 

REACTION 

 

A shockwave passing through a porous material results in a drastic increase in both 

pressure and temperature, which can induce solid-state polymorphic phase transformations [3], 

as well as shock-induced chemistry [4].  Detonation of a solid explosive is the most common 

example of shock induced chemistry, where, a shock wave propagates at a steady velocity and 

reaction travelling a short distance behind the shock sustains the propagation though acoustic 

feedback from the gas phase products. This rapid reaction is typically only possible in gas 

producing systems of energetic compounds; however, there has long been interest in whether a 

reaction can occur within a shockwave for a condensed phase reaction and form useful solid 

products [4,16].  

Shock-induced reaction synthesis (SRS), which involves a combination of self-sustained, 

high-temperature (2000-3000 K) reactions and a shock wave, represents a unique method to 

produce advanced materials. SRS has been applied to many reactive systems resulting in the 

synthesis of a significant number of solid compounds including carbides [16,131],  borides [132], 

silicides [133], and aluminides [35].  

However, fundamentally there are two distinguishing cases for SRS [28]. In the first case, 

the shock wave heats the material enough that, after pressure release, the material reacts through 

a deflagration combustion wave with a characteristic reaction time on the order of several 

milliseconds.  Numerous works have demonstrated the existence of such a route, through 

recovery experiments showing product formation after shock loading [31,32,36,134,135]. In the 

second case, a gasless reaction takes place directly in the shockwave within several 

microseconds [35,136].  In general, two methods have been suggested to prove the existence of 

such ultra-fast gasless reaction [137]. The more common approach involves in-situ measurement 

and comparison of the shock Hugoniot for reactive and inert mixtures that allows an inference of 

reaction occurring on the timescale of the shockwave [23,26,29,138,139]. The second approach 

is through the synthesis and recovery of a metastable phase, which can form only under high-

pressure conditions.  Throughout the history of SRS studies, this second approach has not been 

applied. The precise reaction conditions becomes even more intriguing for reactive systems with 
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an adiabatic combustion temperature (Tad) below the melting points of all precursors, 

intermediates, and final products; a class of reaction known as the solid flame [140,141]. For 

such systems, solid-state mechanisms of mass transport govern the reaction process. The boron 

(B)-titanium nitride (TiN) system, investigated in this work, leads to the formation of boron 

nitride and adheres to the prerequisites for the solid flame class of reactions. 

 The high pressure behavior of boron nitride (BN) has fascinated researchers since the 

middle of the last century [53,142]. Being the second hardest known material, cubic BN (c-BN) 

possesses superior chemical and thermal stability (stable up to 1650 K), as compared to diamond 

(stable up to 950 K) [143], is rarely found in nature [144], and forms only under high-pressure and 

high-temperature (high P/T) conditions [142]. As a result, c-BN does not form below 6 GPa in 

quasistatic conditions [39] and is not expected below 12 GPa under shock loading [3]. It is 

important to note that a single shock loading of the hexagonal phase of BN (h-BN) results in a 

martensitic transformation to wurtzitic BN (w-BN) and not c-BN [43]. The thermal stability of c-

BN makes it less susceptible to reversion to the graphitic form due to residual heat upon unloading 

as compared to diamond. This feature makes it a promising phase to use as an indicator to 

determine if reaction and product phase formation occurs during the shock. 

 In this work we provide direct evidence for the formation of the super hard c-BN as a 

result of shock-induced reactions using TiN as the nitrogen source for B. By this observation and 

taking into account that c-BN can be formed only at high P/T, we prove that under certain 

conditions condensed phase reactions may occur at ultra-fast rates in the time span 0.1-5 s.   

  The reactive mixture of B and TiN at a 3:1 molar ratio was selected to synthesize c-BN 

under shock loading. Thermodynamic calculations show that BN and titanium diboride (TiB2) 

are the equilibrium products for this exothermic reaction: 

 3B + TiN → BN + TiB2. (6.1) 

The calculated Tad for the system is 1903 K, which is lower than the melting points of B (2353 

K), TiN (3203 K), and TiB2 (3503 K), as well as the dissociation temperature of BN (3246 K). 

This suggests that the considered 3B+TiN mixture is a solid flame system.  Studies of this 

system have shown that, under locally initiated impulse heating, reaction front exhibits 

oscillatory propagation, and analysis of the product phase through XRD shows h-BN and TiB2 to 

be the reaction products [145]. 
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 It was previously shown that direct SRS of BN from a virgin mixture of commercially 

available micron size beta-rhombohedral (β-r) B and TiN powders is essentially impossible, due 

to the high effective activation energy associated with mass diffusion kinetics for this solid-state 

reaction [145]. To overcome these difficulties, the reactivity was enhanced by the preparation of 

nanostructured composites through high-energy ball milling (HEBM) (see supporting 

information for material preparation). 

 XRD performed on the powder produced by this intensive mechanical treatment (Fig. 

6.1a) reveals only TiN and β-r B phases, indicating that no other crystalline phases formed 

during the HEBM process. Electron micrographs show that the produced powder consists of 

micron scale composite particles (Fig. 6.1b), which consist of nanoscale (5-500 nm) crystallites 

of B suspended in a fine (10-100 nm) TiN matrix (Fig. 6.1c). These nanostructured B/TiN 

composite particles are highly reactive due to the significant increase in interfacial contact area 

and reduced diffusion distance as a result of the milling process (Fig. 6.1d). The parameters for 

the HEBM process as well as characteristics of initial reactants are listed in Table B.1.  

 

Figure 6.1. XRD data (a) and micrographs (b-d) for the initial HEBM material. SEM and STEM 

images of a composite particle (b) and particle cross-sections (c & d) in which the dark phase is 

B while the lighter phase is TiN. 

 The reactive nanocomposite powder was loaded into a recovery capsule (Fig. A.1) at a 

relative density of 50-55% and was shocked using approximately 25 g of PrimaSheet 1000 (a 

PETN based plastic explosive) to drive an outer copper shell at high velocities into a concentric 

copper tube that contained the powder. This method of powder compaction has been performed 
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in several configurations [5] and the particular design used was modeled after Meyers and Wang 

[21]. The capsule was selected to sustain the high pressure from the shockwave for a longer 

duration as compared to direct contact with an explosive [21].  After compaction, the diameter of 

the shocked portion of the capsule remained constant along the entire length, suggesting that the 

sample was loaded evenly (Fig. A.1). Simulations of the experiment were performed using a 

mixture equation of state developed using McQueen’s mixture theory [81] from Hugoniot data 

for B [89] and TiN [146] in CTH [147] and are described in the supplemental material.  The 

results indicate that the peak pressure achieved in the experiments is in the range of 15-20 GPa 

(Fig. A.2).  A release time constant (τ) is taken for a shock to transit the thickness of the flyer 

twice.  For a shock velocity between 4-6 km/s and a 2 mm flyer thickness, the time constant 

would be τ ~ 0.8-1.0 µs.  The pulse width Δt is estimated to be 5τ = 4-5 µs.  This result is in line 

with the 1-2 µs pulse width observed in the simulations (Fig. A.2). 

Both XRD and SEM/TEM data confirm the formation of c-BN as a result of SRS. We 

examined the crystallographic parameters (d-spacing, Miller indices, reflection angles and 

relative intensities) of the initial compounds (β-r B, TiN) and possible phases (TiB2, TiB, h-BN, 

c-BN) resulting from the reaction in equation (4.1) (Table B.3). The detected strong TiB2 peaks 

indicate that reaction occurred as a result of the shockwave. In addition to TiB2 peaks, there are 

two peaks that can be attributed to the formation of BN phases, including c-BN (insert Fig. 6.2a).  

These peaks were found within samples taken from multiple cross-sections across several 

experiments at locations along the length of the recovery capsule, indicating repeatable 

formation of c-BN. However, due to the low intensities of the BN peaks, further characterization 

was required to verify the formation of c-BN. It should be noted that the low intensities of B and 

BN peaks are associated with their low scattering factors and weight fractions as compared to the 

Ti-based phases, as well as the small size of the synthesized crystals.  As can be seen in the XRD 

of the initial material, despite the large volume fraction, the B peaks are substantially weaker 

than TiN peaks (Fig. 6.1a).  As a result, detailed structure and composition analyses of the 

materials were performed by electron microscopy based methods to verify the composition of the 

recovered material. 
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Figure 6.2. XRD (a) and micrograph (b-d) data for the shocked materials. SEM and STEM 

images of a composite particle (b) and particle cross-sections (c & d) in which the dark phase is 

BN with the lighter phase of TiB2, some small regions consist of unreacted B surrounded by TiN. 

 

 Figure 4.2 shows typical SEM (b, c) and STEM (d) images of a reacted particle. The 

particle has been cross-sectioned using the focused ion beam (FIB) slice and view technique to 

observe its structure in reflection mode. Based on the SEM contrast, one can suggest the 

presence of four phases in the product material where light phases (B, BN) appeared with darker 

contrasts, while the phases with higher average atomic mass (e.g. TiN, TiB2) have lighter 

contrasts. EDS analysis with nm scale spatial resolution in STEM mode (Fig. A.4) confirmed the 

elemental composition of the phases (Table B.4).  

 To analyze the morphology at the atomic level and crystal structure of the synthesized 

phases, high-resolution TEM (HRTEM) has been employed. Typical TEM images of a sample 

that has been subjected to the shock wave are shown in Figure 3. Analysis of over ten regions, 

where complete reaction occurred, reveals that all consist of the three phases:  TiB2, h-BN and c-

BN. The h-BN nano-sheets are present in between the randomly oriented TiB2 crystallites, while 

c-BN nano-crystals are primarily observed on the surface of the TiB2 crystallites (see insert in 

Fig. 6.3a and Fig. 6.3b).  
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Figure 6.3. (a) TEM images of typical particles formed in Ti-B-N system after shock. Relatively 

large TiB2 and h-BN crystallites are dominant within the field of view. Inset is a magnified TEM 

image of the surface area of large TiB2 crystallite (70-100 nm in diameter) that has a thin layer of 

the c-BN phase.  (b) Magnified area of c-BN crystal phase at the interface with TiB2 crystalline 

particle. 

 During TEM imaging, the TiB2 crystallite has been placed in low index orientation, e.g. 

close to <001> zone. This low zone orientation has been critical for reliable identification of c-

BN, since other possible phases in the sample have d-spacings that are close (within 4%). 

HRTEM images have been used to identify the d-spacing with the required accuracy (down to 

1%). It can be seen from Fig. 6.3(b) that 4-fold symmetry is recognizable. 

It is known that the lattice parameters (d-spacing) of unstrained (perfect) crystals can be 

determined from HRTEM images with a relatively high accuracy of 0.2%.[148] The procedure 

typically involves analysis of intensity profiles taken from HRTEM images of the crystal 

structures. However, the accuracy of this method decreases in the case of nano-crystals. Figure 4 

shows an HRTEM image of a nano-crystal in a low zone crystallographic orientation. The 

averaged intensity profiles were used to measure the d-spacing in both horizontal and vertical 

directions to increase the signal-to-noise ratio. To exclude the systematic error associated with 

some minor variations in magnification, the magnification for a particular HRTEM image with 

one of the nano-crystals in question was corrected by the measurements of the d-spacings of 

known crystal structures. In this work, h-BN and/or TiB2 were used as reference crystals to 

determine the correction factor. For example, the (0002) d-spacing of h-BN crystallites, 

measured on the same HRTEM image for calibration, appeared to be 0.345 +/- 0.039 nm, instead 

of 0.333 nm (the database value) yielding a calibration factor of 0.96. The corrected d-spacing 
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value for this nano-crystal was estimated to be 0.183 +/- 0.014 nm, which fits within 1% 

accuracy of 0.181 nm, the (200) d-spacing of the c-BN crystal structure.  

 

Figure 6.4. Intensity distribution on the magnified fragment of HRTEM image of c-BN phase 

from Fig. 3 in vertical (a) and horizontal (b) directions showing that d-spacings in both directions 

are close to 0.18 nm. 

In order to provide further confirmation that the crystallites are the c-BN phase, we used 

JEMS[149] to simulate a HRTEM image and atomic model of c-BN crystallites oriented in the 

<001> zone (Fig. A.5a). The simulated atomic columns of B atoms (Fig. A.5b), which 

correspond to the white contrast on the HRTEM image taken at Scherzer focus (Fig. A.5c), fit 

well with the c-BN structure. 

 Thus it is clearly shown through XRD, HRTEM and TEM modeling that c-BN has been 

formed through reaction between B and TiN after the shockwave (15-20 GPa) was applied to the 

initial reactive nanostructured media. Since the formation of c-BN requires high P/T, there is no 

doubt that we have observed shock-induced reaction, i.e. the products were formed in the time 



100 

 

span of several s. The maximum reaction temperature (~1900 K) in the considered system is 

well below melting and dissociation points for precursors and all possible product phases. An 

upper limit for the shock temperature at pressure can be estimated by calculating the energy 

deposited through shock loading, Δe = ½ PΔV [1], and finding the temperature through 

integration of non-constant specific heats.  Using data for β-B and TiN from the NIST Webbook 

[150] and a rule of mixtures, the temperature rise from a shock compressing the mixture to full 

density at 20 GPa would result in a temperature at pressure of approximately 2250 K. The lowest 

melting point in the B-TiN system is for B at 2350 K, which increases to approximately 2500 K 

at 20 GPa, as calculated using the Lindemann melting criteria [151,152]. This indicates that the 

equilibrium shock temperature would be insufficient to melt B. Additionally, the recovered 

powder, while having been fully compacted, maintained the overall morphology of the initial 

powder, and specifically showed no indication of melting. Furthermore, experiments performed 

on powder mixtures of 3B-TiN at identical initial densities showed that reaction did not occur 

(Fig. A.3).  If the temperatures were sufficient to melt B, significant reaction would be expected 

to take place.   

Cylindrical shock loading is known to be conducive to shear instabilities in the deformed 

mixture [153], this may result in the formation of c-BN from h-BN due to localized shearing; 

however, since BN is not present in any form in the initial material (as determined through high 

resolution TEM and XRD), reaction would need to have already rapidly occurred for any 

polymorph of BN to be converted into c-BN. Any residual stress would not exceed the shear 

strength of TiN, which can be estimated from the shear modulus to be τmax = G/30 [154].  Taking 

the elastic modulus and Poisson’s ratio for TiN to be 251 GPa and 0.25, the shear modulus, G, is 

found to be approximately 100 GPa, giving a maximum shear strength of 3.3 GPa for a perfect 

TiN crystal.  This suggests that any residual stress would be below the necessary 6 GPa to drive 

formation of c-BN. These results imply that mechanical stimulation permits the occurrence of 

ultra-fast chemical reaction, which may take place through solid-state mass transfer mechanisms.       
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 CONCLUSIONS 

 

The results presented in this work show shock induced reaction synthesis to be a complex 

and highly coupled phenomenon.  From nano-scale diffusion processes to meso-scale hot-spot 

generation and macro-scale wave propagation, every length scale is relevant in understanding 

and optimizing the synthesis process.  This complexity makes it a scientifically rich field with 

the potential to produce novel materials, ensuring its continued relevance. 

The importance of the mechanical properties of the powder being compacted was highlighted 

in both Chapter 3 and Chapter 4.  In Chapter 3, two Ni-Al composite powders with nearly 

identical ignition temperatures were found to react on entirely different timescales as a result of a 

difference in mechanical properties.  This is attributable to the intensity of hot-spots generated 

resulting from an increased hardness and brittleness of the Ni-Al nanolaminates compared to the 

HEBM Ni-Al.  Additionally, it was shown that these hot-spots result in a phase-wave where 

reaction travels at a fixed delay behind a compaction front, with reaction occurring within 20 µs. 

Chapter 4 showed that the rise time of a compaction front can be adjusted through ball 

milling.  By increasing the strength of the parent material, the rise time of a compaction wave 

travelling through an Al compact was shortened without altering the final state achieved.  The 

results show that a Mie-Gruneisen equation of state accurately predicts the response of all 

materials tested; however, the compaction width is found to change with milling condition.  For 

all materials tested, the compaction width is found to decrease with increase pressure rise; 

however, the unmilled material is found to have a longer rise time compared to the ball milled 

material.  This results in a reduction in apparent viscosity with increased crush strength.  It is 

suggested that stress waves percolating ahead of the compaction front (since the velocity of the 

compaction wave is below the acoustic velocity of the parent material) and their interaction 

defines the compaction width.  In a weaker material, a weaker stress is required to begin 

compaction, resulting in a broader front compared to a stronger material and an increased 

viscosity. 

Chapter 5 addressed how the kinetics of a condensed phase reactive, Al-NiO specifically, 

varies with heating rate and diffusion length scale.  The deposited material was found to have a 

complex intermixed zone after deposition, going from the NiO layer, to a metallic Ni phase, to 

an aluminum oxide phase, an intermetallic phase and finally the Al layer.  At low heating rates, 
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reaction is found to occur at the layer interface and be diffusion limited, with a length scale 

independent growth rate of the product phase.  Hot-plate ignition experiments began to show a 

distinct length scale dependence, with multilayers with finer thicknesses igniting below the 

melting point of Al.  A similar response was observed at increased heating rates through laser 

ignition and in self-propagating reactions.  With increased heating rate the observed activation 

energy corresponding to ignition was found to increase. 

Chapter 6 applied shock induced reaction synthesis to the direct synthesis of c-BN.  A limited 

conversion rate was observed; however, the results confirm the possibility of producing c-BN 

using the B-TiN system under shock loading.  This result presents the first observation of a high-

pressure polymorph being recovered as a product of a shock induced condensed phase reaction.  

The most important conclusion that can be drawn from the recovery of c-BN is that reaction and 

product phase formation must have occurred within the initial shock pulse, since c-BN is formed 

at pressures above 6 GPa.  Simulation of the experimental apparatus and estimations based on 

the thickness of the flyer tube thickness show that the initial pulse is between 1 and 5 µs in 

duration.  A physical mixture of B-TiN powders packed to the same density and loaded in the 

same manner did not react.  The result shows that pretreatment through HEBM was necessary for 

reaction to occur.  However, HEBM and diffusion distance reduction is not a panacea.  During 

compaction of a heterogeneous mixture, energy is preferentially deposited on material interfaces 

[82].  As a result, further reduction of the diffusion distance results in an increase in the 

interfacial surface area.  This results in a reduction in the peak temperature observed, with many 

hot-spots of lower intensity generated as opposed to a fewer number of higher temperature hot-

spots.  This may be remedied by loading to higher peak pressures, but there are practical 

limitations to this approach.  This presents an optimization problem, where reduction in B 

crystallite size is necessary for reaction to occur, but simultaneously reduces the temperature 

observed at a given shock pressure. 
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APPENDIX A. AL/NIO PRODUCT PHASE ANALYSIS 

Table A.1. Product phase lattice parameters measured through STEM selected area diffraction 

with candidate phases.  The results indicate Ni and Al2O3 as the primary product phases. 

d(Å) Al NiO Ni 
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APPENDIX B. SUPPLEMENTAL INFORMATION ON SHOCK 

SYNTHESIS OF CUBIC BORON NITRIDE 

Materials and Methods 

Material Preparation 

High-energy ball milling (HEBM) was used to produce composite B-TiN particles. A 

summary of relevant milling parameters may be found in Table B.1.  The B (98% purity, < 44 

µm, Alfa Aesar) and TiN (99.5% purity, < 44 µm, Alfa Aesar) were mixed at a 3:1 molar ratio, 

respectively, using a planetary ball mill (Retsch PM 100) with a 500 mL steel milling jar. The 

milling media was 440C stainless steel balls of diameter 4.75 mm with a 40:1 media to powder 

mass ratio. The jar was purged of air with argon gas. No process control agent was used. The 

milling was performed in 5 min increments of active milling with 15 min rest periods between to 

prevent reactions during milling. This was repeated for 12 periods resulting in a total active 

milling time of 60 min. 

 

Explosive Compaction 

A double walled cylindrical compaction experiment (Fig. A.1) was used to explosively load 

the milled powders.  The configuration used was based on Meyers and Wang [35]. Copper tubes 

were closed with mild steel caps and wrapped by 3-4 mm thick Primasheet 1000. The inner copper 

tube had an inner diameter, thickness and height of 10 mm, 1 mm and 40 mm respectively. The 

outer copper tube had an inner diameter, thickness and height of 20 mm, 2 mm and 46 mm 

respectively. Both the HEBM powder and a physical mixture of the initial powder were hand 

packed into their respective capsules resulting in relative densities of 50% ± 3%. 

The explosive was initiated by a detonator placed coaxially with the cylinder, initiating a 

detonation front that travels from top to bottom.  This drives the outer copper tube inward, 

collapsing on the inner cylinder that contains the powder, generating a cylindrically convergent 

shock that travels the length of the sample. The entire recovery capsule was recovered intact 

containing the powder. The material was then recovered using a diamond saw. 

The compaction process was simulated for an inert powder using CTH, a shock physics 

hydrocode developed by Sandia National Laboratories [35].  McQueen’s mixture theory [32] was 
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used to construct an equation of state for the ball milled powder using experimental data for B [33] 

and TiN [34].  In McQueen’s mixture theory, the mixture Hugoniot is constructed by first 

determining the zero Kelvin isotherms of the individual constituents from Hugoniot data.  The 

specific volume and energy are then mixed on a mass fraction basis to create the mixture zero 

Kelvin isotherm.  This is then used to determine the shock response of the mixture.  A full 

description of this process may be found in McQueen et al [32].  A linear relation between shock 

and particle velocities was fit and implemented as a Mie-Gruneisen EOS within CTH (see Table 

B.2).  The mixture was assumed to have a crush strength on the order of 5 GPa with the porous 

response being represented with a 2nd order P-α relation.  Primasheet 1000 was modelled using a 

programmed burn with JWL equation of state with parameters taken from Kittel et al [43].  The 

Steinberg Guinan Lund constitutive model [44] was chosen to model the strain rate dependent 

behavior of the steel caps and copper tubes.  The results of these simulations show a Mach stem 

forming as the wave propagates the length of the tube with peak pressures on the order of 15-20 

GPa (Fig. A.2). 

 

Phase Identification 

X-ray diffraction (XRD) was performed on the recovered material using a Bruker D8 

diffractometer to identify crystalline reaction products. A step size of 0.02 degrees with a scan rate 

of 0.5 degrees per minute was used. The recovered material was crushed into a powder and 

mounted on a Si zero diffraction plate (MTI Corp).  The peaks observed were compared to a 

diffraction database, with the most important possible products presented in Table B.3.  Traces 

from experiments performed on a physical mixture of 3B-TiN and the HEBM 3B-TiN are 

presented in Fig. A.3. 

Scanning electron microscopy (SEM) imaging, Energy-Dispersive X-ray Spectroscopy 

(EDS) analysis of the initial and product material, and preparation of cross-sections of composite 

particles by Focus Ion Beam (FIB), have been performed using a FEI Helios SEM/FIB NanoLab. 

A FEI TITAN 80-300 transmission electron microscope (TEM) has been employed for high-

resolution imaging in both TEM and Scanning TEM modes as well for EDS analysis with 1 nm 

spatial resolution. The resolution of TITAN is 0.2 nm (point-to-point) and 0.134 nm in TEM and 

STEM modes, respectively. The Java Electron Microscopy Software, or JEMS [37], is used to 

simulate the contrast in high-resolution TEM images. 
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Ignition Temperature  

A thin disc was pressed from the 3B/TiN composite powder with a C-type thermocouple 

inserted into the center of the disc. The test material was placed on a graphite strip. An electrical 

current is passed through the graphite to rapidly heat the surface to 1800 C. The temperature rise 

of the test material is recorded via the thermocouple and the ignition temperature is calculated 

from this data as seen in Fig. A.6. 

Supplementary Text 

Confidence in Phase Identification 

Samples potentially containing c-BN, as determined through XRD, were further analyzed 

using SEM, TEM and EDS. EDS was used to identify the compositions of individual regions 

within Fig. A.4.  Compositions within these regions were identified as B, TiB2, TiN, and BN as 

presented in Table B.3.  

Once a candidate crystal was identified, intensity distributions were measured to obtain 

precise measurements of the observed lattice fringes as shown in Figure 4.  Fig. A.5 shows the 

results of simulated TEM images of c-BN using JEMS.  The crystal structure of c-BN was input 

into the software. Image contrast and lattice fringes within the simulated image compare favorably 

with those obtained experimentally. The results of XRD combined with TEM imaging provide 

high confidence that this phase is c-BN. 
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Figure A.1. Concentric cylinder powder compaction experiment as well as an image of the 

capsule before and after shock. 
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Figure A.2. a) Still frame taken at 19 µs after initiation of explosive at the top showing the 

generation of a mach stem geometry with peak pressure occurring on the centerline.  b) Pressure 

trace taken along the centerline of the presented frame.  Note that the peak pressure is 

approximately 20 GPa with a width of approximately 5 mm.  This wave travels at the detonation 

velocity of the explosive (7.1 km/s). 
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Figure A.3. XRD showing that shock loading of a physical mixture of B and TiN powders does 

not react, while the HEBM powders show strong peaks for TiB2, indicating reaction. 

  



123 

 

 

Figure A.4. EDS Analysis for TiB2, TiN, B, and BN regions. 
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Figure A.5. Caption: L-R:  Atomic model of c-BN in the <001> zone, simulated HRTEM image 

of c-BN in the <001> zone, and magnified fragment of TEM image of c-BN phase (see Figure 3) 

which is in the <001> crystallographic zone. In the atomic model, B atoms are light blue and N 

atoms are dark grey.  White contrast in both experimental and simulated HRTEM images is 

associated with B atomic columns. 
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Figure A.6. Thermal ignition temperature of 3B+TiN composite powder prepared using the 

Retsch PM 100 planetary mill.  
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Table B.1. Milling conditions used with Retsch PM 100 planetary mill for production of 3B+TiN 

composite powders.   

 

Parameter Value 

Boron Particle Size < 44 µm 

TiN Particle Size < 44 µm 

Ball-Powder Ratio 40:1 

Media Diameter 4.75 mm 

Media Type 440C SS 

Media Mass 175 g 

Milling Rate 650 RPM 

Period 20 min 

Duty Cycle 25% 

Periods Run 12 
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Table B.2. Material parameters used for 3B+TiN composites with Mie-Gruneisen EOS in CTH. 

Cs and S are the intercept and slope of a linear shock velocity versus particle velocity Hugoniot.  

Cv and Γ0 are the reference heat capacity and Gruneisen parameter determined from a rule of 

mixtures.  Ps and Pe are the assumed crush strength and elastic limit of the powder composites. 

Parameter Value 

Cs(km/s) 7.91 

S 0.465 

Cv(J/g K) 0.884 

Γ0 0.726 

Ps(GPa) 5 

Pe(GPa) 1 
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Table B.3. Powder diffraction standards for initial and product phases (3-4 highest intensity 

reflections).   

Compound 

(PDF #) 

(hkl) d-spacing 

(nm) 

2θ 

(degrees) 

Relative 

Intensity 

β r-B 

(04-007-2390) 

003 0.7938 11.137 61 

104 0.5039 17.587 100 

021 0.4640 19.112 59 

113 0.4500 19.712 26 

TiN 

(00-038-1420) 

111 0.2449 36.6621 72 

200 0.2121 42.5959 100 

220 0.1500 61.8123 45 

TiB2 

(00-035-0741) 

001 0.3230 27.5973 22 

100 0.2625 34.1322 55 

101 0.2037 44.4269 100 

110 0.1515 61.1042 27 

c-BN 

(00-035-1365) 

111 0.2087 43.3140 100 

200 0.1808 50.4300 5 

220 0.1278 74.0897 24 

311 0.1090 89.9307 8 

h-BN 

(00-034-0421) 

002 0.3328 26.7644 100 

100 0.2169 41.5970 15 

102 0.1818 50.1487 9 
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Table B.4. Atomic composition as measured through EDS of regions presented in Figure A.4. 

Phase B (atomic %) N (atomic %) Ti (atomic %) 

TiN 6.4 47.1 41.1 

B 99.8 0.0 0.2 

TiB2 28.3 0.0 71.7 

BN 61.1 38.9 0.0 
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