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Abstract Structural reactive material (SRM) is consoli-
dated from amixture of micro- or nanometric reactive metals
and metal compounds to the mixture theoretical maximum
density. An SRM can thus possess a higher energy den-
sity, relying on various exothermic reactions, and higher
mechanical strength and heat resistance than that of con-
ventional CHNO explosives. Progress in SRM solid studies
is reviewed specifically as an energy source for air blast
through the reaction of fine SRM fragments under explo-
sive loading. This includes a baseline SRM solid explosion
characterization, material properties of an SRM solid, and its
dynamic fine fragmentation mechanisms and fragment reac-
tion mechanisms. The overview is portrayedmainly from the
author’s own experimental studies combinedwith theoretical
and numerical explanation. These advances have laid down
some fundamentals for the next stage of developments.

Keywords Structural reactive material · Reactive material ·
Intermetallics · Thermite · Metal combustion · Blast ·
Reactive fragment

1 Introduction

The possibility of shock-induced reaction in metal-based
reactive materials, in the form of a powder mixture, appeared
in 1956 in the Russian literature and gave rise to a large
body of work thereafter [1–4]. This has resulted in advances
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in solid-state chemistry under high-pressure shock loading
down to microscopic scales involving defect mechanisms.
As a new branch of reactive materials which emerged around
2000s, a structural reactive material (SRM) is defined to
be comprised of a mixture of micrometric or nanomet-
ric energetic metals and metal compounds, consolidated
to its theoretical maximum density (TMD). An SRM thus
bears both macroscale continuum solid properties (density,
energy, mechanical strength, etc.) and mesoscale properties
of reactivity and dissimilarity (e.g., interface discontinuities
in impedance, hardness, etc.), as shown in Fig. 1. Depend-
ing on component morphologies, an SRM solid structure can
adopt a granular, laminate, fiber, or other configurations [5–
16]. As a growing area for innovative materials, SRMs have
a wide application potential, including armament systems,
reactive armors, energy sources for outer space uses through
intermetallic reactions, and for air blast through oxidation of
fine fragments of an SRM solid under explosive loading. The
latter will be the main focus of the present paper.

Filler was perhaps the first to report the influence of a
reactive casing (prepared from a bulk zirconium solid) on
air blast under explosive loading in 1985 [17]. Studies on
air blast augmentation from an SRM casing were initiated
in the early 2000s, in which mechanical strength has been
considered as important as the energy supplemented from
the casing, see for example, [6,8,9,13–16].

One of the key parameters for an SRM-cased explosive
charge was the casing-to-explosive mass ratio, M/C [13].
As a baseline SRM solid, explosively loaded aluminum (Al)
casing delivered free-field blast enhancement onlywith small
M/C values, owing to their fine fragment combustion. Lit-
tle augmentation to air blast has been observed in the free
field for thick Al casings in which M/C ≥ 1.75, where the
majority of primary fragments were relatively large and thus
functioned as inert material only. Significant blast enhance-
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Fig. 1 Scanning electronicmicrograph for hot isostatic pressed 10Al+
MoO3 showing both bulk properties (TMD and strength) andmesoscale
dissimilarity. Al is in dark gray and MoO3 in light gray [16]

ment from thick casings was observed mostly in confined
environments through high-speed fragment impact on a tar-
get, in which resulting secondary or tertiary fine fragments
reacted with the detonation products and air. Additional
mechanisms must therefore be sought in order to create a
large number of primary fine fragments for more efficient
energy release from casings of large M/C values.

How fine the fragments should be for effective energy
release in detonation products or air largely depends onmate-
rials involved in an SRM solid. For anAl particle suspension,
its detonation in air requires particle sizes within a few
micrometers, and its rapid deflagration in detonation prod-
ucts and air needs particles within a few tens of micrometers
[18–22]. Regarding fragmentation mechanisms, the porosity
of a reactive material mixture does promote fine fragmen-
tation. Large porosity, however, results in a deficit in TMD,
thus leading to low mechanical strength [23], which is in
opposition with the definition of an SRM solid. Reactive
composites, made of reactive metal particles with a low
melting point or low yield strength binder such as polyte-
trafluoroethylene (PTFE) or casting resins (polyester, epoxy,
and polyurethane), generate grain-scale fine metal fragments
for effective fluoridation, oxidation, etc. [24–26]. This class
of composites, however, yields a low tensile strength in gen-
eral even when they are prepared to reach full TMD.

For a full TMD high-strength SRM solid, fine fragmenta-
tion mechanisms have been proposed based on the intrinsic
mesoscale properties of dissimilarity and reactivity. In a
structural discontinuity mechanism [6–9,12,14], the grain-
scale discontinuities in impedance mismatch, hardness, etc.,
dominate at dissimilar ingredient interfaces within an SRM
solid. Near the interfaces, shock dynamics results in local
high temperatures, normal/shear stresses and deformation
and, later, different accelerations from dissimilar inertia,

leading to fine fragments. In a reactive-hot-spot mecha-
nism [15,16], micrometric reactive material particles are
distributed in a fuel-rich SRM solid. Their intermetallic reac-
tions under explosive loading creates heat and gas products
to form mesoscale hot spots, which initiate local fractures
leading to fine SRM fragments.

A high detonation pressure increases the strain rate of
casing material under explosive loading, resulting in smaller
fragment sizes according to Grady’s dynamic fragmentation
theory [27,28]. In the case of an SRM solid casing, high
shock loading generates large discontinuities in strain and
strain rate at the grain interfaces, thus promoting fine frag-
mentation. As for intermetallic or thermite reaction within an
SRM solid, both shock initiation pressure and sufficient gas
products are necessary criteria in choosing a reactive mate-
rial which favors hot spot fine fragmentation. Gas products
can be estimated from thermochemical equilibrium calcula-
tions validated with experimental data [29,30]. The shock
initiation pressure can be determined by plate impact exper-
iments [31]. Ignition temperature is another key parameter
for intermetallic reaction within an SRM solid. In a vacuum
experimental study [32], ignition temperatures were found
to be similar for arrested-reactive-milled nanocomposites
2Al · 3CuO, 4Al · Fe2O3, 8Al · MoO3, and 2.35Al · Bi2O3

in the range of 800–950K, which is in the vicinity of the
Al melting point. The study also suggested the likelihood of
low-temperature redox reactions occurring prior to ignition
and prone to rapid decomposition upon further heating.

The reaction mechanisms of SRM fragments in air or
oxidizing gases depend not only on the composition but
also strongly on the fragment size distribution. From the
viewpoint of explosion performance, the SRM fragment
reaction mechanisms may be divided into two categories,
namely detonation shock-induced reaction (DSIR) and target
impact-induced reaction (IIR) [33–35]. IIR is dominant for a
fragment distribution with a considerable mass fraction com-
prising large sizes, whereby secondary fragmentation upon
impact on a hard target generates a large number of fine
fragments whose prompt reaction provides enhanced blast
loading near the target. For a distribution with a high mass
fraction of micrometric size fragments, reaction of the fine
primary fragments takes place promptly following explosive
detonation (i.e., DSIR). In this case, the expanding fragments
continuously react and supplement energy which enhances
the primary blast as it propagates. Hence, recovery of ini-
tial fragmentation characters before they have been altered
by early reaction or by subsequent impact is essential for a
better understanding of blast performance of an SRM solid.

This paper provides a reviewmainly from the author’s own
studies on the above-mentioned aspects with respect to the
heterogeneous blast from a high-strength SRM solid under
explosive loading. The paper first presents the basic SRM
blast characterizations using a baseline Al solid (Sect. 2),

123



Some issues for blast from a structural reactive material solid

followed by a description of the physical and chemical
properties required for a high-strength SRM solid made
of various metal elements and compounds (Sect. 3). Its
dynamic fine fragmentation mechanisms are then described
in order for prompt energy release from the solid to occur
(Sect. 4). Finally, the SRM fragment reaction mechanisms
are portrayed from the point of view of explosion and blast
performance (Sect. 5). In the paper, the properties are mostly
addressed with respect to SRM, instead of reactive material
in general. Over a hundred SRM samples have been tested
in the past years; only selected examples are reviewed in an
attempt to describe more fundamental issues observed from
the large number of tests. From the nature of the work, this
paper will touch on various different subject areas (shock
dynamics in microstructures, reaction in reactive materials,
fragmentation, dense reactive particle flow, heterogeneous
blast, confinement effects, etc.) and integrate them to explore
how an SRM solid can be used as an effective blast source. A
thorough treatise on these subject areas lies beyond the scope
of this paper; the reader is referred to more comprehensive
sources in the literature that may be consulted with respect
to the specific topics, for example, in [4,21,36–39].

2 Blast from a baseline SRM solid

2.1 Free-field blast

The 6061-T6Al has been selected to be the baseline SRM
solid, whose performance is comparable to a full TMD solid
made of micrometric Al particles. The blast wave structure
from the baseline SRM-cased explosive charge in the near
field is characterized by adouble-shock front structure,where
a precursor shock wave travels ahead of the primary blast
[13]. Figure 2 displays pressure histories along the radius
from a cylindrical Al-cased composition C4 charge (91wt%
RDX with a detonation velocity D = 8000m/s), detonated
from the charge top with the charge center 1.6m from the
ground. The cased charge has a casing-to-explosive mass
ratio of M/C = 1.75 and a ratio of casing length to inner
diameter: L/2RI = 1.6 (C = 2 kg, 2RI = 101.6mm). The
pressure transducers positioned at the radii of 2, 3, 4, and 5
meters are mounted on lollipop stands at the same height as
that of the charge center.

In Fig. 2, the precursor shock wave starts to emerge from
the primary shock front at 2m. In the subsequent prop-
agation, the precursor shock wave features a number of
pressure peaks associated with ballistic air shocks attached
to fragment clusters that traverse the primary blast front.
Note that in Fig. 2 the last wave front in each pressure his-
tory is from the ground-reflection. While the primary blast
wave expands and continuously decays, the precursor front
propagates with a very mild deceleration owing to the frag-

Fig. 2 Blast pressure histories along the radius from an M/C =
1.75Al-cased C4 charge with C = 2 kg [13]

ment inertialmotion. The fragment number density, however,
decreases following the expansion. As a result, the precur-
sor shock wave widens during the propagation, accompanied
with an increase in period between peaks and a decrease in
their amplitude. Noting that the precursor shock originates
in an assembly of bow shocks from the casing fragments
whose spatial distribution is stochastic, the precursor shock
shape and peaks vary in every direction and are not repeat-
able.

A maximum impulse, which includes both precursor
shock and primary blast loading, is integrated from the pre-
cursor shock front to the point before the ground-reflected
shock front in the pressure history. The maximum impulse
is used to evaluate an SRM-cased blast as shown in Fig. 3.
The results, in comparison with that from a steel-cased C4
charge of the sameM/C , indicate that themaximum impulse
from theAl-cased charge exhibits an increase only at the very
near fieldwithin a blast propagation distance of 40–50RI, and
thereafter becomes identical with that from the steel-cased
charge. This would suggest that the majority of primary Al
fragments are relatively large and thus functioned as inert
material.

A distribution of Al casing fragment sizes in mass and
number, recovered at 2m radius in an arena arrangement,
shifts toward smaller sizeswith a larger number densitywhen
comparedwith that of steel at the same ratio ofM/C = 1.75.
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Fig. 3 Maximum impulses including precursor shock and primary
blast for M/C = 1.75Al-cased and steel-cased C4 charge with
C = 2 kg

The fine Al fragments burned within 2m radius cannot be
detected in such a standard arena test.

Considering that the Al dynamic fragmentation bears
similarity to that from a ductile mild steel casing, Grady’s
energy-governed dynamic fragmentation theory for a nom-
inal fragment width, S, is applied to the Mott probability
curve [27,28,36,40]:

S = ψε̇−2/3, ψ =
(
12K 2

f /ρE
)1/3

, (1)

N (> m) = exp
[−(m/μ)λ

]
, (2)

which are closed by defining a strain rate [13]:

ε̇ = VG/Rf (3)

In (1)–(3), ε̇ is the circumferential strain rate and parameter
ψ is associated with the energy dissipated by tensile fracture.
Kf , ρ, and E are casing dynamic fracture toughness, material
density, and elastic modulus, respectively. N (> m) is the
cumulative number of fragments with a mass greater thanm,
where 2μ is a mean fragment mass 2μ = ρS3. In Mott’s
analysis, the statistical distribution parameter λ = 1/2 is
most appropriate for thin casings and λ = 1/3 is for thick
casings. VG is the Gurney velocity representing a maximum
cylindrical casing expansion velocity and Rf is casing failure
radius. Hutchinson’s improved fragment momentum is used
to obtain VG and Rf [13,41].

Figure 4 plots analytical fragment distributions from (1)–
(3) for the Al casing (M/C = 1), showing promise in
comparison with the experiment. It is noticeable that the
fragmentation described in equation (1) is based on tensile
fracture where failure proceeds by crack propagation. Alter-

Fig. 4 Analytical Al fragment distribution compared with the experi-
ment at M/C = 1 [13]

native equations must be used when the dynamic fracture
toughness is high or shear fracture becomes dominant.

2.2 Confined blast

Confined experiments have been conducted in a 23m3 cylin-
drical steel chamber, 3m internal diameter (ID) × 3.25m
length in a horizontal configuration [42]. An Al-cased cylin-
drical charge is suspended vertically in the chamber center
and detonated from the charge top.

Figure 5 gives examples of the long-time reverberating
pressure wave histories, due to shock-wall interactions, mea-
sured on the cylindrical wall, from 2 kgC4 charges with a
101.6mmcasing inner diameter at variousM/C .An increase
in M/C results in a decrease in initial explosion pressure
but an increase in the follow-on pressure. At M/C = 1.75,
within the first 10ms between the first and fourth reflec-
tions on the chamber wall, the pressure rise for the Al-cased
charge achieves a factor of 1.5 versus the bare charge and
a factor of 2.2 versus the steel-cased charge. This indicates
rapid combustion of a considerable amount of fine fragments
generated by secondary and tertiary fragmentation through
wall impact and aerodynamic breakup (stripping and shat-
tering) of molten fragments at high explosion temperature in
the chamber [43]. Finally, the pressure approaches a quasi-
static overpressure (QSP). At M/C = 1.75, the QSP for the
Al-cased charge reaches a factor of 1.9 versus the bare charge
and a factor of 2.4 over the steel-cased charge.

The QSP value is a long-time asymptotic solution of a
closed reactive system in a constant volume chamber (dv =
0). From the first law of thermodynamics, one obtains

�pex = pex − p0 = (γ − 1)mq/V (4)
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Fig. 5 Pressure histories from Al-cased 2 kgC4 charges at various
M/C in a 23m3 chamber, with the red curve for M/C = 1.75 steel-
cased charge [13]

under ideal gas conditions. In (4), pex, p0, γ , m, q, and V
are the explosion pressure, initial pressure, isentropic index,
total mass of the reactive system, heat release per mass of
the reactive system, and the chamber volume, respectively.
Thus, the explosion overpressure, �pex, is proportional to
the total explosion energy of the reactive system and there-
fore a quantity representing the magnitude of the explosion
energy of a reactive system in a closed volume.More accurate
theoretical explosion overpressure can be obtained from the
equilibrium constant volume combustion calculation under
the condition that a reactive system is perfectly mixed at the
molecular level. Experimentally, the explosion overpressure
is measured as a long-time QSP in a closed chamber. The
deviation of the QSP from the theoretical prediction reflects
the quality of mixing and the degree to which afterburning is
complete under the adiabatic condition.

The burntmass of a reactivematerial casing can be derived
from the equilibrium constant volume explosion calculations
by equaling the theoretical explosion overpressure with the
experimental QSP, η�pex = QSP, with a casing material
afterburning efficiency η ≤ 1. The afterburning efficiency
can also be examined in agreement with the mass of frag-
ments and solid products recovered from the closed chamber.
For the cylindrical cased charge testing configuration in the
23m3 chamber, η = 0.85. Figure 6 plots the obtained burnt
casing mass ratio MB/M , averaged over repeated tests, in
terms of M/C , explosive type (i.e., detonation mechanical
energy E0) and the explosive loading density in the chamber
ρ = C/V , where V is the chamber volume. The burnt cas-
ing mass ratio increases as the M/C decreases, or as E0 or
ρ increases.

A simple correlation of the experimental data in [13] fur-
ther expresses that the burnt casing mass is proportional to
the Gurney velocity and a square root of the loading density:

Fig. 6 Burnt casing mass fraction versus M/C and E0 at ρ =
86.96 g/m3 (a), and versus ρ at M/C = 1.75 and E0 = 5.74 kJ/g
(b)

MB/M = f (VG(M/C, E0), ρ) = σρ1/2VG (5)

with the cylindricalGurney velocity equation,where theGur-
ney energy EG ≈ E0. In (5), σ = 5.05×10−4 sm1/2 kg−1/2

is a fitting coefficient. The simple correlation equation (5)
gives remarkable agreement with complex experimental
results as indicated in Fig. 6.

Internal explosions of an Al-cased charge follow a scaling
rule. For two cylindrical explosion chambers with volumes
V1 and V2, the same QSP and the same scaled equilibrating
time, τE, required for approaching QSP hold:

QSP = QSP1 = QSP2, τE = tE1/V
1/3
1 = tE2/V

1/3
2 (6)

if

M/C = M1/C1 = M2/C2, ρ = C1/V1 = C2/V2 (7)

The scaling rule has been validated in a 3m ID, V1 =
23m3 and an 1.18 ID, V2 = 2.1m3 cylindrical steel
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Fig. 7 Cylindrically symmetric test configurations. a 1.18m ID,
2.1m3 chamber. b 3m ID, 23m3 chamber

chamber (Fig. 7), using cylindrical Al-cased C4 charges of
C1 = 1.2 kg, 2RI1 = 76.2mm; C2 = 0.11 kg, 2RI2 =
33.5mm in a cylindrical symmetry arrangement. This results
in ρ ≈ 52 g/m3 and M/C = 1.77 with the casing masses
used, and the explosion results displayed in Fig. 8 validates
(6). The internal explosion scaling rule provides a baseline in
designing subscale experiments before moving to large scale
testing.

3 Properties of an SRM solid

Physical and chemical properties of an SRM solid are largely
governed by composition,mesoscalemorphology, and amet-
allurgy consolidation approach.

The first step to construct an SRM may be to select a
mixture composition to achieve a specific TMD and theoret-
ical energy content. A large number of elemental metals in
the periodic table can be considered to be components of an
SRM solid, such as Li, Mg, B, Al, Ti, Zr, Zn,Mn, Fe, Nb, Ni,
Cu, Bi, Mo, Be, Hf, Ta, andW, with a density range between
0.534 and 19.25 kg/m3. Their exothermic reactionswith var-
ious substances can form oxides, fluorides, borides, carbides,

Fig. 8 Scaled pressure histories from two Al-cased 1.2 kgC4 charges
in a 23m3 chamber and two Al-cased 0.11 kgC4 in a 2.1m3 chamber,
with M/C = 1.77

metallic compounds, and so on. The elementalmetals have an
energy density range of 2–70 kJ/g or 15–165 kJ/cm3 when
released in oxidation [37,44]. Many reactions between met-
als and metal compounds, or thermite reactions provide an
energy release of 4–6 kJ/g [45]. For air blast, Al is often
designated as one of the components within an SRM solid.
Al has a large energy density, 32 kJ/g or 86 kJ/cm3 in oxi-
dation, but also functions as a binder in consolidation of a
multi-component granular mixture toward TMD, owing to
its high deformability and relatively low melting point.

The rate of energy release from an explosively loaded
SRM solid, with respect to augmentation to blast energy, is
mostly related to intermetallic reaction within the SRM solid
and SRM fragment reaction with oxidizing gases. The latter
is more significant and depends not only on the composition
but also strongly on the fragment sizes. Fine fragments of
an SRM solid can be obtained based on the intrinsic grain-
scale properties of dissimilarity and reactivity, forwhich both
composition and mesoscale morphology are important. The
selection of individual components includes but is not lim-
ited to properties of impedance, ductility, hardness, melting
point, particle size, particle shape, and structure as well as
reactive properties. If intermetallic reaction within an SRM
solid is desired under explosive loading, diffusivity must
be considered since intermetallic solid reactions are mostly
diffusion-dominant.

To consolidate a granular mixture to a reactive material
solid, a variety of techniques can be employed, including
mechanical milling [46], vacuum deposition [5], uniaxial
pressing, sintering, cold/hot forging and swaging [10,47],
cold/hot isostatic pressing (CIP/HIP) [6,8,9,16], high-speed
gasdynamic cold-spray deposition (CSD) [15], and explo-
sive forming [14,48]. An SRM solid, which features high
mechanical strength and high resistance in sustaining high
temperature andpressure environments, requires a consolida-
tion technique capable of achieving TMDwith little porosity.
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HIP, CSD, and highly compressive forging/swaging, for
example, would be appropriate approaches for this purpose
and also for large scale production. The final choice of a
consolidation technique also relies on its compatibility to the
properties of granular materials. For example, hard materi-
als, such asMoO3, or flakes are in general not well adaptable
in CSD [16].

Depending on a consolidation technique, the final com-
position of an SRM solid may be different from its initial
granular mixture. The HIP approach maintains the same
ratios of elements as that of the initial mixturewhich is sealed
in a HIP container. However, this is not the same in CSD
whereby high-speed particles in the post-nozzle flow par-
tially rebound from the deposition surface. The amount of
rebounding particles is different for each component of the
mixture, depending on the component properties. Hence, the
ratios of elements within the deposited SRM solid are not the
same as that in the initial mixture feedstock. It is therefore
necessary to quantify the percentage of each element within
a formed SRM solid after CSD, using image analysis, energy
disperse X-ray (EDX) analysis, etc.

The HIP consolidation employs vacuum degassing and
pressing material under conditions of an elevated tempera-
ture, at which intermetallic diffusive reaction may take place
for certain mixtures (e.g., see Fig. 9). For the same initial
mixture, the original species remain without intermetallic
reactions in the CSD approach, owing to spraying deposition
at cold temperature in the post-nozzle supersonic expansion
flow. Hence, examination of final components of a formed
SRM solid is needed such as with the help of X-Ray Diffrac-
tion (XRD) analysis.

The tensile strength is often more critical than compres-
sion strength in applications. Figure 10 provides an example
of a tensile curve for a cold-sprayed SRM solid (ρM =
5.5 g/cm3), where the tensile specimen design follows the
Metal Powder Industries Federation (MPIF) standard 10. The
SRM solid in Fig. 10, practically reaching 100%TMDwith a
< 1vol% porosity, shows an ultimate tensile strength (UTS)
of 200MPa. If the SRM solid is heat-treated after CDS,
UTS is reduced to 117MPa after a much greater elongation.
Diffusive intermetallic reactions result in chemical bonding

Fig. 9 SEM images for an Al–Zr solid. Left: HIP—degassing and
pressing at 500 ◦ C. Right: CSD

Fig. 10 Tensile curves for a cold spayed SRM solid without and with
heat treatment

between the microcomponents, which further improve the
tensile strength based on the mechanically bonded compo-
nents through large plastic strains.

Dynamic mechanical properties of an SRM solid can be
measured, for instance, using a Split Hopkinson Pressure
Bar or flying plate impact [31,49]. The dynamic compres-
sion and shock initiation behavior of an SRM solid can be
retrieved from a shock Hugoniot curve obtained from plate
impact experiments. Figure 11 displays the shock Hugoniot
curves inUs–Up and P–V diagrams (Us: shock velocity;Up:
particle velocity; P: shock pressure; V : shock specific vol-
ume), obtained for a cold-sprayed 6Al + CuO solid using a
60mm gas gun [31]. The SRM solid has a measured density
of 3.22 g/cm3 practically reaching the 100% TMD, with a
porositymeasured to be<1%, and anUTS in a range of 190–
220MPa [15]. In Fig. 11, a jump occurs nearUs = 5300m/s
and P = 18GPa, beyond which the Hugoniots shift toward
that of the products. It suggests a plausible reaction at this
shock pressure level beforewhich theSRMsolidwithstands a
high shock compression. It is noticed in [31] that the acquired
emission spectra has not seemed to support a thermite reac-
tion occurring within the shock front that could influence the
shock speed.

In the following sections, SRM solids have been mostly
made to hollow cylinders with L/2RI = 2.15, where the
inner diameter is 2RI = 33.5mm and 76.2mm to be tested in
a cylindrically axisymmetric configuration in the 1.18m ID,
2.1m3 and the 3m ID, 23m3 cylindrical chambers, respec-
tively (see Fig. 7). The SRM hollow cylinders are filled with
an explosive mass C = 0.1 and 1.2 kg, respectively, and
covered by lids, resulting in M/C = 1.75–1.78. In the ear-
lier tests, a 101.6-mm-inner-diameter SRM hollow cylinder
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Fig. 11 Hugoniot curves for a 6Al + CuO solid obtained from plate
impact tests using a 60mm gas gun [31]

was also tested in the 23m3 chamber. In order for compar-
ison, the baseline 6061-T6Al casings have been used. To
study the effect of detonation pressure on dynamic fragmen-
tation and blast from an SRM solid, two explosives used
are: RDX-based composition C4 (HE1: detonation velocity
DCJ = 8000m/s and detonation pressure PCJ = 25GPa)
and a HMX-based explosive (HE2 : DCJ = 8500m/s and
PCJ = 34GPa).

For blast experiments of an SRM solid in a chamber, it
is important to have pressure transducers to measure near-
field incident blast pressure in order to understand the energy
release from the primary SRM fragments. For this purpose,
a rigid gauge mount is necessary to record clear and mean-
ingful pressure signals. As shown in Fig. 7, an Endevco

piezo-resistive transducer E is set on an in-house designed
mount at a radius of R = 0.39m from the charge center
in the 2.1m3 chamber and a transducer F at R = 0.89m
in the 23m3 chamber. The wall-mounted transducers, B at
R = 0.59m in the 2.1m3 chamber and C3 at R = 1.5m in
the 23m3 chamber, are used to measure the normal-reflected
blast and QSP. The chamber is sealed at a local atmospheric
air pressure of 92.3–93.7 kPa.

4 Fine fragmentation mechanisms of an SRM solid

4.1 Porosity

High volumetric percentages of porosity provide a fine frag-
mentation mechanism. High-porosity thick-walled casings
have been manufactured from Ti and Zr powder using a
sintering technique, to a 73.5-mm-inner-diameter hollow
cylinder containing 1 kg of C4 explosive and covered with
lids at M/C = 1.85. Figure 12 provides high-speed pho-
tography results from the sintered Zr casing, with a bulk
density of 4.56 g/cm3 (70% TMD), under explosive loading
initiated from the charge top. Fine fragmentation takes place
incipiently upon explosive detonation and the resulting fine
fragments react promptly in the early phase and continuously
as they expand.

Few references from the literature have been found about
the effect of porosity on the reactionpropagation speedwithin
a reactive or thermite material [30,50,51]. Reference [30]
reported that the reaction propagation speed in a confined
nanoscale Al–MoO3 composite decreases from about 1000
to< 600m/s as the compacted sample density increases from
10 to 48% TMD. This low-density behavior has also been
observed in unconfined samples [51] and is consistent with
a mechanism dominated by convective flow of hot gas prod-
ucts. As the density increases toward full TMD, the reaction
propagation speed is dropped by an order of magnitude as
reported for a cold-sprayed microscale Al–CuO unconfined

Fig. 12 Prompt fragment reactions upon detonation from a cylindrical
1 kgC4 charge in a 73.5mm inner diameter, sintered Zr casing (M/C =
1.85)
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sample [50], suggesting a transition to conductive control at
vanishing porosities.

Prompt reaction of fragments from an explosively loaded
SRM solid will need mechanisms to generate fine fragments.
A high porosity helps fine fragmentation, however, porosity
results in a deficit in TMD, thus leading to a low mechanical
strength, in particular, to a low tensile strength, which con-
flicts with the definition of an SRM solid. In order to make a
casing possessing highmechanical tensile strength and shock
strength, the porosity must be eliminated or limited below a
threshold, for example, < 1–2vol%.

4.2 Structural discontinuity

Fine fragmentation mechanisms of an SRM solid can origi-
nate in its inherent mesoscale properties of dissimilarity and
reactivity. In a structural discontinuity mechanism [6,7,12,
14], the discontinuities in impedance (the product of den-
sity and sound speed), hardness, etc., exist at the interfaces
between dissimilar granular ingredientswithin anSRMsolid.
Near the interfaces, shock dynamics results in local high
temperatures, normal/shear stresses, deformation and, later,
different accelerations from dissimilar inertia, leading to fine
fragments.

The structural discontinuity mechanism is illustrated
using a laminate composite, made of 50µm nickel (Ni)
and 150µmAl layers in cycles, driven by C4 detonation
[14]. Nickel has a material density ρM = 8.86 g/cm3 and
a sound speed c = 4646m/s, while the values for Al are
ρM = 2.7 g/cm3 and c = 5350m/s. In this case, shock
dynamics at the interfaces of different impedance materials
results in non-uniform, high local temperatures and stresses
in the Ni–Al laminated layers, as displayed in the wave dia-
gram from a 1D planar simulation of hydrocode Chinook
(Martec Ltd.) shown in Fig. 13. As a result of shock reverber-
ating compression between the downstream and upstreamNi
layers, the Al peak temperature and pressure increase with
layer number as the detonation-induced shock front prop-
agates outwards; late in time, the dissimilar inertia leads
to different accelerations. These promote generation of fine
fragments whose rapid reaction with air would augment the
energy to the blast front. During the shock compression
process, in the 1D simulation, the shocked peak tempera-
ture in Al layers reaches 1200–1500K, much lower than
the Al melting point at the corresponding peak shock pres-
sures of 45–50GPa, that is, 2700–3000K obtained from the
high-pressure melting experiments and theory [52,53]. This
suggests no significant Ni–Al reaction within the laminate
solid during shock compression since the bimetallic diffu-
sion largely depends on Al melting.

A 101.6mm ID laminate SRM cylinder has been made
using explosively forming technique, one 50µm Ni and two
75µmAl layers in composite cycles [14]. The SRM casing

Fig. 13 Wave diagram with temperature (colors) and density (lines
from 2 to 11 g/cc) of the early shock reverberating process in 50µmNi
(blue) and 150µm Al (green) laminates driven by C4 detonation (left
red) [14]

Fig. 14 Normally reflected blast pressure fronts on thewall of a 3m ID,
23m3 cylindrical chamber from 2 kgC4 charges in Ni–Al and 75µm
Al laminate casings (M/C = 1.75), respectively

contains 2 kgC4 charge at M/C = 1.75, suspended ver-
tically in the center of the 23m3 cylindrical chamber and
detonated form the charge top. The results, given in Fig. 14,
indicate an enhanced blast front pressure in the near field, in
comparison with the results from 75µm Al laminated cas-
ings (see Fig. 7 for the normally reflected gauge position).
A precursor and primary two-shock front structure, as a typ-
ical near-field explosion phenomenon from an SRM-cased
charge, is observed for the Al casings and one of the Ni–
Al casings; in the latter case, the stronger primary shock is
overtaking the precursor.

An increase in density difference betweendissimilarmate-
rials intensifies mesoscale impedance mismatch within an
SRM solid. In a small-scale test configuration [7,8,12],
a consolidated 5 g ring from a granular composite of
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Fig. 15 Normally reflected blast pressure fronts on the wall of a 3m
ID, 23m3 cylindrical chamber from a 1.2 kgC4 charge in an Al–W and
a baseline Al casing (M/C = 1.75), respectively

4.5–7µmAl and < 44µm Tungsten (W: ρM = 19.3 g/cm3

and c = 4060m/s) has provided fragment sizes on the order
of a fewhundredmicrometers under explosive loading. In this
case, the 9–15% porosity in the prepared Al–W solids has
also helped fine fragmentation. A cold-sprayed 76.2-mm-
inner-diameter, thick-walled SRM hollow cylinder, made of
granular Al (d50 = 35µm) and W (< 53µm), achieves
100% TMDwith a porosity< 1%. The pressure results from
this SRM-cased charge (1.2 kgC4 at M/C = 1.75) display
an expressively enhanced blast front pressure in the near field,
compared to the results from the baselineAl casings (Fig. 15).

A higher detonation pressure leads to a stronger shock
loading within the SRM solid, thus promoting large discon-
tinuities in strain and strain rate at the grain interfaces and
subsequent fine fragmentation.

4.3 Reactive hot spots

In a reactive-hot-spot mechanism, micro- and nano-sized
reactivematerial particles are distributed in a base SRM solid
at a fuel-rich equivalence ratio [15,16]. Their intermetallic
reactions under explosive loading would create heat and gas
products to form mesoscale hot spots, which initiate local
fractures leading to fine fragments of the rest of the SRM
solid.

Both rapid intermetallic reaction rate and sufficient heat
and gas products are necessary for the choice of reactive
material in supporting hot spot fine fragmentation. The
reactive-hot-spot concept has been tested in blast experi-
ments through distributing micrometric copper oxide parti-
cles (CuO, ρM = 6.315 g/cm3) [15], or molybdenum oxide
particles (MoO3, ρM = 4.69 g/cm3) [16] in a particulate
Al base and consolidated to a fuel-rich SRM solid. In the
MoO3 example, powders selected are d50 = 35µm atom-
ized Al and ≤ 44µmMoO3, and the powder mixture are
consolidated by HIP to an SRM solid 10Al + MoO3. The

Fig. 16 SEM images for higher magnifications of HIPed 10Al +
MoO3: Al in dark gray and MoO3 in light gray [16]

SRM solid has a fuel richness r = 5 under a global reaction
assumption and a bulk density of 3.19 g/cm3, practically
reaching 100% TMD with a 1.46vol% porosity. It can be
seen from the SEM image in Fig. 1 that the MoO3 is well
distributed within the volume. The higher magnifications in
Fig. 16 show that theMoO3 is present in deformed nests with
fine Al insides or fine layers between the Al grain bound-
aries (both inherit from the initial MoO3 morphology). This
microstructure helps an intermetallic reaction controlled by
local diffusion between MoO3 and its neighboring Al, lead-
ing to the hot spots. The diffusion-dominant reaction is near
stoichiometric in an atomic ratio NAl/NMoO3 = 2, resulting
in a heat of reaction of 4.703 kJ/g within the hot spot vol-
ume and gas products O, O2, AlO, Al2O, MoO, MoO2, etc.
at 4600K, from an equilibrium constant volume explosion
calculation at TMD with all phase changes.

The shock initiation pressure for intermetallic reaction
within the SRM solid could be another parameter in choosing
hot spot reactive material. This initiation threshold in a full
TMDSRMsolid could be high, for example, 18GPa or above
as indicated in Fig. 11. Under the explosive detonation condi-
tions, the bulk shocked temperature of the SRMsolidmay not
reach the thermite ignition temperature. But shock dynamics
on dissimilar Al and MoO3, local structural discontinuities
and anymicrovoids, shear instability, and plastic deformation
can generate intense heat and local high temperatures beyond
the ignition threshold of the hot spot material [38,39]. The
intermetallic reaction has been confirmed from XRD anal-
ysis of the initial SRM fragments with new compounds as
the Al–MoO3 reaction products. Thus, a higher detonation
pressure is preferred to increase the hot spot reaction rate and
promote hot spot fine fragmentation.

Figure 17 provides both incident and normally reflected
pressure results from the explosively loaded 10Al + MoO3

casing (see Fig. 7 for the gauge positions). The SRM cas-
ing contains 100 gC4 explosive at M/C = 1.78, suspended
in the center of the 2.1m3 cylindrical chamber in a cylin-
drical symmetry configuration. The results clearly indicate
enhanced blast front pressure in the near field when com-
pared to that from the baseline Al casings. A further increase
in blast peaks is evident through more efficient reactive-
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Fig. 17 Blast pressure fronts in a 1.18m ID, 2.1m3 cylindrical cham-
ber from a 100 g charge in 10Al + MoO3 and baseline Al casings.
a At incident gauge E: R = 39 cm. b On the chamber wall gauge B:
R = 59 cm

hot-spot fine fragmentation using higher detonation-pressure
explosive HE2.

The QSP reached 420–432 kPa for both Al–MoO3 and
baseline Al casings using HE1, measured in late times at 50–
100ms. The same QSP value, together with the blast front
results in Fig. 17, indicates that under the same amount of
the total energy released (since QSP is proportional to the
total energy released in a closed volume), the part of the
energy promptly released to enhance the early blast front is
significantly more from the Al–MoO3 casing than that of the
Al casing. The QSP is increased to 490 kPa for the Al–MoO3

casing using HE2.

4.4 Primary fragmentation distribution

In order to optimize the augmentation of the primary and
near-field blast energy, a full understanding of the distribu-
tion of fine fragment sizes from an explosively loaded SRM
solid is important. The recovery of the initial fragments is
the key before they have been altered by early reaction or by
subsequent impact with surrounding structure.

The collection of fragmentation distribution from a thick
cylindrical SRM shell, with fragments including the sizes on

Fig. 18 SEM images for primary fragments of < 37, 37–74, 74–125,
and 125–420µm from SRM solid 10Al + MoO3 (#6035A) [16]

the order of 10–102 µm, has been investigated in the 1.18m
ID, 2.1m3 cylindrical chamber filledwith purified snowof an
about 0.4 g/cm3 packing density, to soft-catch the fragments
without secondary fragmentation [34,35]. In the chamber
center is an argon-filled charge cavity in a dimension of five
times charge diameter and length, which acts both to ensure
a full casing expansion and fragmentation at the local atmo-
sphere pressure and to quench any early reaction of SRM
fragments in packed snow. After each experiment, the snow
containing all fragments ismelted, filtered through a < 1µm
paper filter, and vacuum-dried in an oven. The sizes of dried
fragments are determined using sieves with a distribution
of < 37, 37–74, 74–125, 125–420, 420–1000, 1000–2000,
2000–4000, 4000–6300, 6300–9500, and > 9500µm. The
experiments are designed to collect the primary fragments
from an SRM cylindrical shell; its top and bottom planar lids
are therefore made of mild steel, whose fragments are easily
removed by a magnet after a test.

Figure 18 provides the examples of fine primary frag-
ments froma 33.5-mm-inner-diameter SRMhollow cylinder
10Al+MoO3 (described in Sect. 4.3) under the HE2 explo-
sive loading at M/C = 1.78. The fragments are in a size
range of< 37, 37–74, 74–125, and 125–420µm. Exception-
ally, XRD analysis has been employed for the fine fragments
and identified the composition of Al (dominant), MoO2,
Al2O3, Mo, AlMo3, Al3Mo, Al8Mo3, etc.. These intermetal-
lic compounds provide a clear evidence for the Al–MoO3

hot spot thermite reaction within the SRM solid during
the detonation shock loading followed by fine fragmenta-
tion. Structural discontinuities in impedance, hardness, etc.
betweenAl (ρM = 2.7 g/cm3) andMoO3 (ρM = 4.7 g/cm3)
plays a secondary role in fine fragmentation.

The purified snow technique provides a full-mass recovery
of all primary fragments from an entire cylindrical shell. The
obtained primary fragment size distributions are summarized
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Fig. 19 Primary fragment size distributions from 10Al + MoO3 and
6061-T6Al cylindrical shells [16]

in Fig. 19 for both SRM 10Al + MoO3 and baseline 6061-
T6Al cylindrical shell at M/C = 1.78. It indicates that the
primary fragments in a size range below 125µm constitute
more than 40% mass fraction of the SRM solid, three times
that from the pure Al solid.

5 SRM fragment reaction mechanisms

From the viewpoint of explosion performance, the fragment
reaction mechanisms can be divided into two categories,
namely target impact-induced reaction (IIR) and detonation
shock-induced reaction (DSIR) [33–35].

5.1 Target impact-induced reaction

For a primary fragment distribution with a considerable mass
fraction comprising large sizes such as fragments from the
baseline 6061-T6Al casing, IIR is dominant as revealed
from high-speed photography in Fig. 20. A 33.5-mm-inner-
diameter Al casing contains 100 g explosive atM/C = 1.78,
suspended horizontally in the center of the 2.1m3 chamber
in a cylindrical symmetry configuration and detonated from
the rear end of the charge. The reaction of fragments arises
primarily upon impact on the chamber cylindrical wall (see
the 5th image at 302ms), through secondary fragmentation
into fine sizes whose combustion significantly increases the
reflected blast near the wall. Before impact, only limited fine
fragments react after detonation, as shown in the first four
frames in Fig. 20 (the four jets at a 90◦ interval originate from
the four screw connections of end lids on the cylindrical cas-
ing). The high-speed photography results, together with the

Fig. 20 Al fragment reactions after explosive detonation and uponwall
impact from a 33.5mm inner diameter Al-cased 100 g HE1 charge
(M/C = 1.78) in the 1.18 ID, 2.1m3 chamber. Frames at 52, 105,
184, 289, 302, 315, 328, and 354µs (#5085) [35]

Al fragment size distribution shown in Fig. 19, further clarify
the reasons for the blast performance from the baseline Al
casings given in Sect. 2. In summary, little augmentation in
free-field primary blast is due to a very limited mass fraction
of ≤ 100µm fine primary fragments; a significant increase
in internal explosion pressure results mainly from the com-
bustion of the secondary and tertiary fine fragments induced
by wall impacts.

5.2 Detonation shock-induced reaction

For a primary fragment distribution with a high mass frac-
tion ofmicrometric sizes, reaction of these fine fragments can
take place promptly following explosive detonation, that is,
DSIR as depicted from high-speed photography in Fig. 21. A
33.5-mm-inner-diameter SRM solid casing contains 100 g
explosive at M/C = 1.78, suspended horizontally in the
center of the 2.1m3 chamber in a cylindrical symmetry con-
figuration and detonated from the rear end of the charge. The
fragments continuously react as the fragment cloud expands,
and therefore continuously augment the energy to the propa-
gating primary blast to enhance it in a coherent way. Shortly
before the 5th image at 289ms, the reacting fragments begin
to impact the cylindrical wall and rebound, distinguished by
an additional brightening boundary at the chamber circum-
ference. The brightening boundary initially moves inwards
slowly as the time proceeds from 289 to 368ms. It then
rapidly accelerates and reaches an inward moving speed of
1600m/s averagely between 368 and 433ms when crossing
the incident burning fragment flow.

A fragment reaction mode in a combination of DRIS
and IIR is observed for the 10Al + MoO3 SRM hollow
cylinder under explosive loading [53]. In that case, a consid-
erable incipient reaction of primary fine fragments appears
promptly following detonation before fragments impact the
chamber cylindrical wall. The reacting fragments travel and
expand faster than that from the baseline Al solid when com-
pared to Fig. 20. These results are consistent with the mass
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Fig. 21 SRM fragment reactions after explosive detonation from a
33.5-mm-inner-diameter SRM solid-cased 100 g HE2 charge (M/C =
1.78) in the 1.18 ID, 2.1m3 chamber. Frames at 52, 105, 184, 249, 289,
342, 368, and 420µs (#6347)

fraction of ≤ 100µm fine primary fragments for both cas-
ings given in Fig. 19. IIR takes place as the rest of the larger
fragments impact on the wall to generate secondary fine
fragments. The augmented primary blast and the secondary
fine fragment reactions near the wall together enhance the
reflected blast peak, as indicated in the blast pressure results
described in Sect. 4.3.

6 Conclusions

Structural reactive material, as one of the open areas in mate-
rial science, is consolidated from a mixture of micro- or
nanometric energetic metals and metal compounds to the
mixture TMD. An SRM therefore possesses both bulk con-
tinuumsolid properties (high energy, density, andmechanical
strength) and mesoscale properties of reactivity and dissimi-
larity (i.e., chemical, physical, and structural discontinuities
at particle interfaces). These properties may have a great
potential in various applications beyond current consider-
ations.

When SRM is applied to an explosive system, it supple-
ments both significant energy and high mechanical strength
and temperature sustenance. In order to promptly release
energy from an SRM solid to augment air blast, mechanisms
for generating fine primary fragments are needed particularly
from a thick SRM casing under explosive loading. High vol-
umetric porosity promotes fine fragmentation but results in a
deficit in TMD, thus leading to a low tensile strength, which
conflicts with the definition of an SRM solid. In order for
a high mechanical tensile strength and shock strength, the
density of an SRM solid must reach full TMD with porosity
to be excluded (< 1–2vol% in practice).

From the intrinsic mesostructure of dissimilarity and
reactivity of a full-TMD SRM solid, fine fragmentation
mechanisms have been proposed. One of the fine fragmen-
tation mechanisms uses mesoscale structural discontinuities
within an SRM solid that is comprised of multiple dissimi-

lar materials. Shock dynamics at the interfaces of different
impedance and hardness materials results in non-uniform,
high local temperatures, stresses, and deformation, and later
in time the dissimilar inertia causes different accelerations,
thus leading to local fracture and fine fragments. Another fine
fragmentation mechanism uses a reactive-hot-spot concept,
through distributing micro- or nano-sized reactive materials
in a fuel-rich SRM solid. Intermetallic or thermite reactions
of these fine materials under explosive loading create heat
and gas products to form mesoscale hot spots that initiate
local fractures leading to fine fragments of the rest of the
SRM solid.

Both fine fragmentation mechanisms have been success-
fully demonstrated through dynamic fragmentation and blast
performance experiments, using various SRM solids, made
of a variety of compositions, powder morphologies, and con-
solidation technologies essentially reaching full TMD with
little porosity. For both mechanisms, high detonation pres-
sures are critical in generating large discontinuities in strain
and strain rate at the grain interfaces. As for the reactive-
hot-spot fine fragmentation mechanism, the high detonation
shock also helps initiate intermetallic reactionwithin anSRM
solid. In addition, a high intermetallic reaction rate and suf-
ficient gas products are necessary for the choice of reactive
material in favoring hot spot fine fragmentation. A purified
snow techniquehas beendeveloped and facilitates a full-mass
recovery of all primary fragments, including the sizes on the
order of 10–102 µm, from an entire cylindrical shell. The
full-mass recovery of primary fragments before they have
been altered by early reaction or by subsequent impact with
surrounding structures is vital in deriving a complete frag-
ment size distribution for the understanding of energy release
processes from an explosively loaded SRM solid.

From the viewpoint of blast performance, the fragment
reaction mechanisms may be divided into two categories,
namely detonation shock-induced reaction (DSIR) and target
impact-induced reaction (IIR). Experiments indicate that for
a fragment distribution with a high mass fraction comprising
large sizes, IIR is dominant and the reaction of fragments
arises primarily upon impact on the chamber wall through
resulting secondary fine fragment combustion to enhance the
reflected blast near the wall. For a distribution with a large
mass fraction of micrometric size fragments, DSIR prevails
and the reaction of the primary fine fragments takes place
promptly following explosive detonation and continues as
the fragment cloud expands, thus continuously augmenting
the energy to the primary blast in the near field. Combination
between DSIR and IIR can be achieved through engineering
an SRM solid for an appropriate fragmentation distribution
in both fine and large sizes.

While the discussions have mostly been based on the
explosion and blast performance, more fundamental studies
would be required for full TMD SRM solids in the areas of
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shock dynamics in microstructures, intermetallic reaction,
fragmentation, dense reactive particle flow, heterogeneous
blast, and confinement effects. Studies on shock and impact
dynamic behavior and reaction of full TMD SRM solids are
necessary to understand the detailed mechanisms of SRM
fine fragmentation, initiation, and reaction under explosive
loading.
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