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metallic binder in energy
generating composites†

Kelsey Meeks,ab Dylan K. Smith,a Billy Clarkc and Michelle L. Pantoya *a

Indium is introduced here as a metallic binder in energetic composites as an approach for consolidating the

media and providing a highly conductive percolating scaffold for enhancing energy transport. Indium can

replace traditional polymer binders and provide an approach for not only binding composites but also

enhancing energy transport. For energy generation applications, a commonly used formulation in thermal

batteries is investigated and comprised of magnesium (Mg) and manganese dioxide (MnO2) powders mixed

with varying indium (In) concentrations and pressed into thin sheets. Scanning electron microscopy (SEM)

images indicated that during compression In flows through voids in the composite, resulting in a connected

network of highly conductive filler. This network produces self-adhered composites that do not require

additional binders. The thin sheets are ignited, flame speeds are measured, and specific energy ranged from

2000–5000 kJ kg�1 depending on the In concentration. Energy liberation is maximized for Mg + MnO2

mixed with 19 vol% In. Laser flash analyzer (LFA) thermal conductivity measurements demonstrate a good

correlation between high energy propagation rates and optimal thermal conductivity. However, increased

thermal conductivity is balanced by decreased heat production, and energy propagation decreased beyond

19 vol% In. Comparison of thermal conductivity measurements with predictions from classical and more

recent percolation theories show that percolation in composites most closely aligns with the assumptions of

the lattice percolation theory.
1. Introduction

Composites consisting of a reacting metal and metal oxide pair
can produce reactions characterized by a high exothermicity, good
energy density, and low to moderate gas generation. Under-
standing ignition and propagation of these reactions is important
for their optimization in energy generating applications.1 Mecha-
nisms such as randomwalk of hot particles,2 convective ow of hot
gasses,3,4 and thermal conduction5,6 have been demonstrated to
have varying degrees of importance in different composites. For
composites of aluminum and copper oxide (Al + CuO), increasing
composite density resulted in a shi from convection dominated
ame propagation to conduction dominated ame propagation.7

Sullivan et al. proposed that the advection of hot particles played
a key role in the energy transport of nanocomposite thermites and
increasing composite thickness resulted in a transition of the
energy transport mechanism from conduction to hot particle
advection.8 Several studies highlight the importance of intimate
contact between the fuel and the oxidizer (e.g., small mass diffu-
sion distances) for efficient propagation of energetic reactions.6,9–12
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These ndings are interesting and reveal that propagation of
energy through an energetic composite is dependent not only on
reaction kinetics, but also on the composite morphology and
packing density and even composite thickness can affect reaction
mechanisms. Previous research on Mg–MnO2 added llers to
generate well adhered coatings with ame speeds on the order of
100 cm s�1 for thermal battery applications.13,14 These studies also
found a decrease in the ame speed with increasing binder
concentration, attributed to decreased thermal transport proper-
ties from a low binder thermal conductivity.14

Indium (In) is a ductile, post transition metal with a low
melting point (157 �C), high thermal conductivity (81.8 W m�1

K�1 (ref. 15)) and low electrical resistivity (8.1 mU cm (ref. 16)).
These properties have led to use of In (oen in the form of
indium tin oxide) in a variety of applications, including organic
light emitting devices,17 semiconductors,18 soldering,19 and
microelectronics.20 Indium is also notable for its ductility, and
eutectic alloys containing indium have been shown to behave as
an elastic material until subjected to a threshold surface stress,
aer which In ows like a liquid.21 Here, the malleability and
high thermal conductivity make In a feasible alternative to
traditional polymer binders and an ideal ller for controlling
thermal properties.

Although the practice of adding a ller or interstitial phase
material to energetic composites has been of general interest for
some time, it has been the subject of focused study for energetic
This journal is © The Royal Society of Chemistry 2017
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composites for the past several decades. Fluoropolymer binders
(or llers) have been added to many composites to improve
their mechanical properties.22 Recently, binders such as poly-
tetrauoroethylene (PTFE or Teon™),23 paraffin,24 Viton®
uoroelastomers,25,26 and polyvinylidene uoride (PVDF)27 have
been added to energetic materials to create well-adhered coat-
ings with reasonable ame speeds and energy densities. In
some deposition methods, such as those introduced by Clark
et al., these binders can be used to create free standing lms of
exible energetic materials.23 These efforts could also advance
the development of 3D printing of energetic materials. Other
work focused on using llers to improve the ESD sensitivity,28

microwave energy absorption29 or thermal transport properties
of energetic material composites.30,31 A key to understanding the
mechanical and heat transport properties of these composites
lies in the analysis of particle connectivity within these
matrices.

Although a robust analysis of particle connectivity in real
composite materials has historically proven difficult due to the
highly variable structure ofmost powder composites, the study of
particle connectivity has a rich history in the analysis of idealized
systems. The work of Scher and Zallen in the 1970s postulated
the existence of an invariant percolation threshold for two-
dimensional lattices occupied by disks of uniform radius, inde-
pendent of the disk radius or specic lattice geometry.32 Further
work found similar invariants for spheres in three dimensional
systems. With the implementation of Monte Carlo simulations,
prediction of percolation thresholds for a variety of different
particle shapes in two and three dimensional continuums was
made possible with increasing accuracy.33Many current efforts in
this area focus on the prediction of percolation thresholds for
systems more authentic to real world systems, including factors
such as polydispersity and interpenetration.

Classical percolation theory describes the effective bulk
connectivity of the ller material as a binary, wherein below the
percolation threshold bulk connectivity across the matrix does not
exist, and above the percolation threshold connectivity spanning
the system is a near statistical certainty. These models describe
two distinct macroscopic composite states – below or above the
percolation threshold – with little to no transition. For many real
systems, these models can be used to accurately describe the bulk
composite behavior. For example, in electrically insulating epoxy
matrices, the addition of an electrically conductive ller results in
a rapid transition from bulk isolation to conduction at the
percolation threshold.28,34,35

However, as noted by several researchers31,36,37 in the case of
thermal conductivity, although classical percolation models are
helpful in the prediction of behavior, they do not fully describe
the observed results. These studies have also noted that the
thermal conductivity in composites is oen more complex than
a simple weighted average model would suggest,36 although
a more complex model was presented by Nielsen et al.38 Here,
we will show that the behavior of thermal conductivity in
composites falls somewhere between percolation theory and the
weighted average model.

The goal is to introduce a highly conductive liquid metal
ller as a reactant in the energetic formulation to serve multiple
This journal is © The Royal Society of Chemistry 2017
purposes: (1) act as a binder facilitating consolidation of powder
media; and (2) enhance energy transport and reactivity. The
objective is to determine the effect of a thermally conductive In
ller on the reactivity of Mg–MnO2. To that end, powders of Mg
and MnO2 were mixed with varying In powder concentrations
and pressed into self-adhered thin sheets. These composites
were pressed to high bulk densities and, due to the unique
properties of In, pressing resulted in thin sheets that maintain
their shape without requiring the addition of a supplemental
ller material (i.e., no additional binder is needed to consolidate
the composite). The thin sheets were investigated to assess their
ame speed and thermal properties. Concepts from percolation
theory were applied to the results to determine how predictions
of behavior could be extended to energetic material composite
systems.

2. Experimental procedure

Magnesium and manganese dioxide powders were prepared
stoichiometrically with varied concentrations of indium powder
to form composites (Mg–MnO2–In). The Mg–MnO2 reaction –

shown in reaction (1) – is a theoretically moderately gas gener-
ating reaction with a high ame temperature and high energy
density (i.e., gas generation is 0.41 mg per mg reactant; the
ame temperature without phase change is 5209 K and the heat
of combustion is 5531 J g�1 from ref. 39).

2Mg + MnO2 / 2MgO + Mn (1)

The experimental procedure for each tested sample con-
sisted of a mixing step and a pressing/assembly step. Pressing
was followed by ame speed measurements or thermal
conductivity measurements, depending on the type of sample
produced.

2.1 Materials and mixing

Magnesium and manganese dioxide were obtained from Alfa
Aesar as micron sized particles and sieved through a �325
mesh, and indium was obtained from Sigma Aldrich and sieved
through a �100 mesh. These meshes lter out particles larger
than 44 and 140 microns, respectively. As such, the mesh size
provides an indication of the largest potential particle size in
the powder, but not the average or range of particle sizes. In
order to better characterize the particle size distributions of the
powders, a particle size analyzer was used (Particle Sizing
Systems Model number 780V SIS Sensor mode Summation).
The particle analyzer determined the size of each particle in
a powder sample using a light obscuration sensor and reported
the mean and standard deviation based on a population
differential distribution. Statistics on particle sizes are reported
in Table 1, and the particle sizes determined by the analyzer for
each powder sample are listed in the ESI.† The powders were
suspended in ltered water (approximately 1mg powder per 100
mL of water) and sonicated for 2 minutes with a 50% duty cycle
to break up agglomerates. The resultant mixture was then
pulled using a syringe pump into the size analyzer. The length
of each particle was measured to a resolution of 10 nm, and
J. Mater. Chem. A, 2017, 5, 7200–7209 | 7201



Table 1 Particle size diameter summary

Mean (mm) Mode (mm) Median (mm)
Std deviation
(mm) Range

In 2.7 1.5 2.1 1.9 0.5–500
MnO2 4.1 4.1 3.6 2.3 0.5–500
Mg 8.9 8.6 7.1 6.9 0.5–500

Journal of Materials Chemistry A Paper
statistics were reported using a count based averaging. All
powders had a mean particle diameter in the micrometer range,
and no measured particle exceeded 130 mm in diameter.

The Mg and MnO2 powders were measured to a stoichio-
metric ratio of one and mixed with the specied mass of In
powder. Isopropanol was then added such that the nal slurry
was 30% solids by volume. This slurry was mixed in a centrip-
etal planetary mixer (AR250, Thinky, Japan) at 1500 rpm for four
minutes. Aer mixing, the slurry was ushed from the mixing
container using excess isopropanol and dried in a Pyrex dish in
a vacuum oven set to 110 �C for at least 30 minutes. The
powders were then scraped in a fume hood using a ground razor
blade and reclaimed for further experimentation.
2.2 Pressing and processing

Thin sheets and pellets were prepared by pressing in two
different dies using a hydraulic press and an applied pressure of
7000 kPa. For ame speed measurements, thin sheets were
prepared using a custom stainless steel press, as shown in
Fig. 1. This press produced thin sheets 0.635 cm wide and 6.985
cm in total length, and shimmed to a height of 0.889 cm. The
resultant thin sheets were free standing, and mechanically
stable enough to be moved and tested without the need for an
additional binder. However, the thin sheets were somewhat
brittle, and careful handling was required.

Samples pressed for laser ash analyzer (LFA) thermal
conductivity measurements were prepared using a cylindrical
die to produce pellets with a diameter of 12.5 mm and a thick-
ness of 1.7 mm.

Indium concentration varied from 9 to 38 vol% of the mixed
powder. For all samples, powder was added such that the
Fig. 1 Photograph of the stainless steel press used to form energetic
thin sheets.
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consolidated sample had a TMD of 70% and an In concentra-
tion between 6 and 27 vol%. Detailed discussion of TMD
calculation and bulk density determination is provided in the
ESI† section of this paper. The appropriate mass of powder was
added to the press and gently leveled with a metal spatula.
Shims were applied and the material was pressed until the
plunger head of the pellet press and shims were ush. The base
plunger of the pellet press was removed, and the sample was
ejected from the press. The nal sample was massed and
measured, the resultant density recorded, and % TMD calcu-
lated. The LFA samples were coated with a dry graphite lm
lubricant to facilitate absorption of incident radiation.
2.3 Flame speed measurements

Flame speeds were measured using a high speed Photron Fast-
cam camera. Samples were placed in the ring chamber onto
a highly thermally insulating brick at ambient pressure and
temperature. Ignition was achieved by a small gage nichrome hot
wire. The camera was positioned perpendicular to the direction
of ame propagation and set to record at a frame rate of 1000 fps,
an f-stop of 32 and an exposure of 7 microseconds. Neutral
density lters were placed on the camera lens so that the resul-
tant images could be processed without sensor saturation. Cali-
bration shots were taken before and aer ring, and post-
processing was completed using the Photron soware.
2.4 Thermal conductivity measurements

The thermal conductivity, k, is calculated using eqn (2),
assuming that the thermal diffusivity, a, specic heat capacity,
Cp, and the density, r, are known.

k ¼ aCpr (2)

The density of each sample was calculated aer pressing,
and thermal diffusivity and the specic heat capacity were
measured using a Netzsch LFA 447 Nanoash Laser Flash
Analyzer (LFA). The LFA measures thermal properties using the
ash diffusivity method, wherein samples are heated by using
a xenon ash lamp in a parabolic mirror. This ash lamp emits
a 115 or 230 V, 10 A, 50/60 Hz light pulse directed at the sample.
The temperature of the sample is measured by using a liquid-
nitrogen cooled indium antimonide infrared detector. The time
elapsed for the sample to reach 50% of its target value, t50, is
reported and used to calculate the thermal diffusivity as shown
in eqn (3) with l dened as the thickness of the sample.40

a ¼ 13:88
l2

t50
(3)

The specic heat capacity of the sample is determined
simultaneously using eqn (4) by comparing the heat rise of the
sample to the heat rise of a Pyroceram™ reference sample with
a known specic heat capacity.

Cpsample
¼

�
mCpDT

�
ref

ðmDTÞsample

(4)
This journal is © The Royal Society of Chemistry 2017
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Eqn (3) and (4) enabled calculation of the thermal conduc-
tivity, as given in eqn (2). For each In concentration, two to three
samples were prepared, and each thermal diffusivity and
specic heat capacity measurement was repeated ve times and
averaged for a nal reported value consisting of 10 to 15 data
points. Analysis and determination of the thermal conductivity
was aided by the Netzsch Proteus soware.
3. Results
3.1 Composite morphology

The morphology of the Mg–MnO2–In composites was examined
in an SEM in order to characterize the microstructure. The SEM
images were captured for batches of powder containing 15 vol%
In in the loose powder (10 vol% when pressed to 70% TMD)
before and aer pressing, as shown in Fig. 2. These images are
of the top surface of the powder or thin sheet, and indicate good
dispersions and mixing of Mg–MnO2–In.

There are a few interesting observations from these images.
The most gripping is the radical morphology change undergone
by the In during pressing. Although indium is a roughly
spherical powder prior to pressing, as shown in Fig. 2a, during
pressing it is deformed into large, contiguous agglomerates, as
depicted in Fig. 2b. This is consistent with the unique proper-
ties of sometals such as indium and gallium, where materials
behave like an elastic material until a critical surface stress is
exceeded, at which point they display properties of a liquid.21

Fig. 2b shows the stress from pressing “ows” In throughmicro-
channels in the Mg–MnO2 matrix, and achieves not only a new
structure, which binds the composite into thin sheets, but may
achieve a better dispersion of In in the system. This has some
interesting implications on the thermal conductivity of the
resultant mixture, as shall be discussed shortly.
3.2 Flame speed measurements

Fig. 3 shows the ame speed measurement as a function of the
In concentration. Each In concentration was tested with at least
two and a maximum of six samples. All samples were mixed to
a solid concentration of 30 vol% and an equivalence ratio of one
Fig. 2 Backscatter SEM images of Mg–MnO2 containing 15 vol% In (a)
before pressing and (b) after pressing. The low Z-number indium
appears as the brighter particles in these images, and clearly
undergoes plastic deformation consistent with “flowing” during the
pressing process.

This journal is © The Royal Society of Chemistry 2017
for the Mg–MnO2 reactants. These samples were shimmed
before pressing to a height of 0.889 cm and pressed to 70%
TMD. Two different ring conditions were used for this study
(approximately a third of the shots were red on a stainless steel
block instead of on a thermal brick). The high thermal
conductivity of the stainless steel relative to the thermal brick
resulted in differing values of the ame speeds: the stainless
steel block effectively wicked heat away from the reaction,
resulting in slower ame speeds. However, both ring cong-
urations exhibited distinctly similar trends. From Fig. 3, the
ame speeds are maximized for pressed thin sheets containing
14 vol% In, and the ame speed decreases away from this
threshold.
3.3 Thermochemical calculations

Fig. 4 shows the theoretical heat of combustion and the adia-
batic ame temperature as a function of In concentration as
determined by the thermochemical equilibrium code REAL
(Timetec L.L.C.).41 Heat of combustion simulations assume
a constant specic volume of 0.01 m3 kg�1 and a specic
internal energy of zero. The adiabatic ame temperature was
calculated assuming a constant pressure of 101.325 kPa and
a specic enthalpy of zero. These calculations assume that the
reaction is complete and adiabatic with no energy loss and
represents an ideal upper limit of the heat of combustion for the
simulated reaction. This soware has previously demonstrated
good agreement between the simulated and the experimentally
measured adiabatic ame temperature.4

From the thermochemical equilibrium simulations pre-
sented in Fig. 4, as the In concentration increases, the theo-
retical heat of combustion and adiabatic ame temperature
decrease, exhibiting a very different trend than that seen in
Fig. 3. In general, the principal reaction products are MgO and
Mn, with small quantities of various indium oxides. This indi-
cates that In did not substantially participate in the reaction,
although it constituted a parasitic load resulting in decreased
heat production and ame temperature. The increase in the
Fig. 3 Flame speeds of Mg–MnO2–In thin sheets as a function of
varying In concentration. Open circles denote samples fired on
a thermal brick, and closed diamonds denote samples fired on the
stainless steel substrate. An In concentration of 14 vol% results in the
highest flame speeds.

J. Mater. Chem. A, 2017, 5, 7200–7209 | 7203



Fig. 4 Theoretical heat of combustion (open circles) and adiabatic
flame temperature (closed diamonds) from REAL code simulations.
These simulations show a decrease in the heat of combustion with an
increased In concentration, and a general decrease in the adiabatic
flame speed.
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simulated adiabatic ame temperature from 19 to 27 vol% In is
likely due to a decrease in predicted vapor phase indium.
3.4 Thermal conductivity and diffusivity

Fig. 3 naturally raises some questions about how the thermal
transport properties of the composite change with varying In
concentration. In order to better characterize the thermal
transport properties of the composite, thermal conductivity was
measured using the LFA as described above. All results repre-
sent the average of three samples, except the 14 vol% In, for
which only two samples were tested. Fig. 5 shows the resultant
thermal conductivity measurements, as a function of varying In
concentration in the nal mixture by volume. All pellets were
prepared to an equivalence ratio of one for the Mg–MnO2

powder, and shimmed to a height of 1.7 mm resulting in pellets
with bulk densities of 70% TMD.

From Fig. 5, it can be seen that higher In concentration
results in higher thermal conductivities – unsurprising given
the high thermal conductivity of In (81.8 W m�1 K�1 from ref.
15) relative to the xed concentration and thermal conductivi-
ties of manganese dioxide (4.0 W m�1 K�1 from ref. 44) and
Fig. 5 Thermal conductivity as a function of In concentration in the
Mg–MnO2–In composite. The shape of this graph is consistent with
percolating thermal conductivity models in the literature.31,42,43 The
error bars represent the standard deviations from repeatability of 2–3
samples, and represent the highest uncertainty in the data.
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magnesium oxide (30–60 W m�1 K�1),45 which likely constitute
the passivated outer shell of the magnesium particles and
magnesium (156 W m�1 K�1).15 The rate of this rise increases
rapidly between 10 and 14 vol% In concentration.

The measured thermal conductivity of the Mg–MnO2–In
composite (Fig. 5) can be compared to the effective thermal
conductivity model for composites, previously applied by Smith
et al.31 and Vargas et al.29 to energetic materials, wherein the
Hashin–Shtrikman (HS)42,43 model is used to predict the upper
and lower bounds of thermal conductivity for a two phase
matrix with no porosity. The upper bound, HS+, describes
a composite consisting of a high thermal conductivity matrix
with a thermal conductivity of kH and a low thermal conduc-
tivity ller with thermal conductivity given by kL, and is given in
ref. 46 and in eqn (5).

HSþ ¼ kH
2kH þ kL � 2XLðkH � kLÞ
2kH þ kL þ XLðkH � kLÞ (5)

The corollary lower bound, HS�, describes a composite
consisting of a low thermal conductivity matrix, (kL), with a high
thermal conductivity ller (kH), and is given by eqn (6).

HS� ¼ kL
2kL þ kH � 2XHðkL � kHÞ
2kL þ kH þ XHðkL � kHÞ (6)

where X is the volume fraction of the high thermal conductivity
material (XH) or low thermal conductivity material (XL).

For a given ratio of high and low thermally conducting
materials, a value of interconnectivity can be calculated from
the Hashin–Shtrikman upper and lower bounds using
a method described by Schilling and Partzsch47 given in eqn
(7), where kmeasured is the experimentally measured thermal
conductivity.

Xinterconnected ¼ kmeasured � kHS�

kHSþ � kHS� (7)

Although the composite is Mg, MnO2, In, and air, for this
analysis the matrix is treated as a two phase composite with the
thermal conductivities of Mg, MnO2 and air comprising the rst
phase (the lower thermal conductivity matrix) and the thermal
conductivity of In is the second phase (the higher thermal
conductivity ller). By taking the measured thermal conduc-
tivity of a pellet with no added In (i.e., 1.8 W m�1 K�1 from
Fig. 5) as kL and the thermal conductivity of In (81.8 W m�1 K�1

from ref. 15) as kH, the upper and lower bounds of the thermal
conductivity per eqn (5) and (6) are calculated and plotted with
the measured thermal conductivity as a function of the volume
concentration of In to generate Fig. 6.

In Fig. 6 the experimentally measured thermal conductivity
of Mg–MnO2–In lies between the upper and lower Hashin–
Shtrikman bounds, in keeping with the theory. Additionally, the
thermal conductivity of the measured composite is fairly close
to the HS� lower bound until around 14 vol% In, and grows
much closer to the HS+ upper bound near 19 vol%. To further
illustrate this, the interconnectivity of In in the matrix was
approximated using eqn (7), and plotted in Fig. 7.
This journal is © The Royal Society of Chemistry 2017



Fig. 6 Experimentally measured thermal conductivity of Mg–MnO2–
In pellets as a function of In concentration, as well as the upper and
lower bounds of the thermal conductivity predicted by eqn (5) and (6).

Paper Journal of Materials Chemistry A
From Fig. 7, the interconnectivity of In substantially
increases aer 14 vol%. It is difficult to say exactly when
percolation of In within the composite occurs. From the high
value of thermal conductivity and interconnectivity, bulk con-
nected components of In likely exist within the composite at 19
vol% In, although from the data and trends it is unclear
whether percolation of In has occurred at 14 vol%, and this
volume loading may be near the percolation threshold for this
composite. The value of interconnectivity given in Fig. 7 is an
approximation of the particle connectivity in the composite
derived from the theoretical bounds given by the HSmodel. The
apparent slight dip in interconnectivity between 6 and 10 vol%
is most likely due to complexities in the multiphase composite
not captured by the HS model.

Fig. 7 taken together with Fig. 3 and 5 indicates that the
highest ame speeds occur very close to the onset of percolation
of In in the composite, but not at the highest interconnectivities
of In. This can be compared to the predictions of the percola-
tion threshold from classical theory and recent advances.
3.5 Comparison of experimental results to percolation
theory

From classical lattice percolation theory, the percolation
threshold for spheres in a lattice (no interpenetration) is 16 vol%
for a square lattice.48 For continuum systems of interpenetrating
Fig. 7 Interconnectivity of indium in the Mg–MnO2 matrix. Inter-
connectivity of indium increases sharply between 14 and 19 vol% In.

This journal is © The Royal Society of Chemistry 2017
disks of a single radius, the total volume fraction is 0.3418, and
the covered volume fraction is 0.2895 (or 28.95 vol%).33,49,50 It has
been postulated that for monodisperse systems of particles with
an arbitrary shape, the percolation threshold in the three
dimensional continuum is governed by a constant excluded area
fraction of between 0.7 and 2.8.51 Meeks et al. extended this
concept to polydisperse systems, and proposed that the pairwise
excluded volume is a constant for two and three dimensional
systems at percolation.52 Their main hypothesis is represented by
eqn (8), where nc is the number density of the objects at perco-
lation, f is the probability of occurrence for an object of the ith

type, Vij is the pairwise excluded volume of objects i and j, and
hex,c is the constant excluded volume, a quantity given by hex,c ¼
8hc,3 ¼ 8 � 0.2895.

hex,c ¼ nc
P

fifjVij (8)

For three dimensional spheres, the quantity Vij is given by
eqn (9)

Vij ¼ 4

3
p
�
Ri þ Rj

�3
(9)

For particles with a known size distribution, such as the size
distribution of the powdered In used in this study given in the
ESI,† nc can be calculated from eqn (8) and (9). This can then be
used to calculate the ller fraction at percolation by eqn (10),
where Veff is the average volume of a particle, given by eqn (11).

hc ¼ ncVeff (10)

Veff ¼
X
i

fiVi (11)

This theory was shown to capture some trends of two disk
systems; however, Meeks et al.,52 suggested that the percolation
of such systems could more accurately be predicted if the
volume fraction, v, was used in lieu of the probability f to
calculate nc. For three dimensional spheres, the volume fraction
is given by eqn (12).

vi ¼ Ri
3fiP

j

Rj
3fj

(12)

By subsisting v into eqn (8) and (11) in place of f, the number
density of objects at percolation can be calculated by eqn (13),
and then the percolation threshold by eqn (9) and (10).

hex,c ¼ nc
P

vivjVij (13)

In a subsequent study, Meeks et al.53 suggested that the
predictions of percolation thresholds could be further rened
by including a size correction factor and a density correction
factor. For binary disk dispersions in two dimensions, they
suggested a size correction factor given by eqn (14) and a density
correction factor by eqn (15).
J. Mater. Chem. A, 2017, 5, 7200–7209 | 7205
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bi ¼
�

Ri

Rmax

�2=3

(14)

gi ¼
fi

�
Ri

Rmax

�2

f

�
Ri

Rmax

�2

þ ð1� f Þ32
(15)

These correction factors show very good agreement with the
Monte Carlo results for two dimensional binary disk disper-
sions. These correlations can be extended to the system dis-
cussed here, where the size correction factor is implemented in
the calculation of the average excluded area, given by eqn (16).

Vij

�
bi; bj

� ¼ 4

3
p
�
biRi þ bjRj

�3
(16)

The density correction factor is substituted in place of f in
eqn (8) and (11). The critical number density at percolation is
then given by eqn (17).

hex,c ¼ nc
P

gigjVij(bi, bj) (17)

Taking the size distribution given for indium particles in
Table S1 in the ESI,† the critical number of disks can be
calculated by eqn (8), (13), or (17), and the percolation threshold
for each method by eqn (9)–(11). The results of these calcula-
tions and the predictions for monodisperse spheres in the
lattice and continuum systems are listed in Table 2. The
calculations listed in Table 2 exclude any particle size found by
the particle size analyzer with fewer than ten particles reported.

From these results, the prediction of the percolation
threshold from lattice theory is most consistent with the
behavior of In in these systems. However, both the lattice and
continuum percolation theory contain assumptions which may
or may not be accurate for this system. The values of the
percolation threshold reported in Table 2 for both the lattice
Table 2 Percolation threshold of In distribution as predicted by
multiple theories. The quantity hc represents the critical total volume
of all objects, and fc the critical volume fraction

Percolation result Source hc fc

Measured indium
percolation

Fig. 7 0.14–0.19 0.14–0.19

Percolation
prediction method Source hc fc

Monodisperse disks Lattice theory 0.16 0.16
Monodisperse disks Continuum

theory
0.3418 0.2895

Meeks method Eqn (8) 0.55 0.42
Meeks modied
method

Eqn (13) 0.43 0.35

Meeks Tencer
method

Eqn (17) 0.66 0.48
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and continuum percolation assume monodisperse, perfectly
spherical objects dispersed completely at random. Although the
In particles are assumed to be roughly spherical prior to
pressing, slightly oblong objects would have lowered percola-
tion thresholds. Additionally, neither theory accounts for
settling, deformation during pressing, or other mixing effects.
Lattice percolation assumes that only some positions are
available for occupancy, and the percolation value reported in
Table 2 assumes that these lattices are regular. Continuum
percolation assumes that the dispersed objects would be able to
interpenetrate, which would not be possible for hard-shelled
objects such as In. This can be somewhat accounted for by
considering the covered area fraction, fc, in lieu of the total
volume fraction, hc, but from Table 2 it is clear that even these
values are biased high. Therefore, it seems likely that the
underlying assumption of continuum systems – that any point
is available for occupancy in the system – is less consistent with
the observed behavior of mixed, hard shelled particles than the
assumptions of lattice percolation.

We additionally note that although eqn (8) and (13) do not
correlate with the observed experimental results, they produce
plausible values of fc and hc, indicating that the theory put forth
by Meeks et al. in ref. 53 may be extended to polydisperse three
dimensional systems. However, the percolation threshold pre-
dicted by eqn (17) seems implausibly high, indicating that the
correction to the theory suggested in ref. 53 cannot be extended
to three dimensional systems.
4. Discussion

The results show that ame speeds for energetic material
reactions can be increased by the addition of In powder. Flame
speeds are increased by 35% by increasing the In concentration
from 6 to 14 vol% (Fig. 1). This increase in reactivity follows
a trend of increasing thermal transport properties (Fig. 5), but
a trend of decreased theoretical heat production and adiabatic
ame temperature (Fig. 4). This indicates that thermal
conduction plays a key role in energy transport through the
reacting composite, and that increasing thermal conduction of
the composite increases ame speeds, even in the face of
decreased overall heat production.

However, it is clear that there is a limit to this benet,
because the ame speed decreases rapidly for In concentrations
in excess of 14 vol%. The increase in thermal transport prop-
erties (Fig. 5) is balanced by the reduced overall energy of the
reaction (Fig. 4). In addition to the decreased available thermal
energy, participation of In in the reaction is likely parasitic.
Many studies have shown that good mixing of the fuel and
oxidizer (short mass diffusion distances) is critical to reaction
propagation for energetic materials.6,9–11 As the volume of In in
the energetic composite is increased, In will begin to inhibit
contact between the fuel and oxidizer particles which will
decrease reactivity by increasing mass diffusion distances. Here
the effect of this interference may increase sharply shortly aer
In achieves percolation, at this threshold large connected
components of In are prevalent within the matrix.
This journal is © The Royal Society of Chemistry 2017
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This supposition is consistent with the results of this study,
because an In concentration of 19 vol% is consistent with the
approximate onset of percolation of In in these materials (Fig. 5
and 6) and also produces the highest ame speeds (Fig. 3). Taken
with the ame speeds shown in Fig. 3, the results indicate
a distinct advantage to thermal transport in the composite,
which translates to increased ame speeds. Once percolation is
achieved, the benet of the added thermal conductivity is greatly
reduced when weighed against the reaction load of the increased
parasitic material, in spite of increases in thermal conductivity.

Although there is a correlation between high thermal
conductivities and ame speeds for Mg–MnO2, other energetic
composites may demonstrate different behaviors. Studies have
shown that increasing the compaction density leads to decreased
reaction rates for compositions with relatively high gas genera-
tion, suggesting a shi in the heat propagation mechanism from
convection to conduction.8,54 For such composites, the benets of
increased thermal conductivity provided by the indium ller will
be balanced by the effect of compaction on reaction propagation,
as the resultant high bulk densities inhibit convective energy
transport. Intermetallic reactions, however, generate very little
gas during reaction,39 and represent an interesting, gasless
alternative to the thermite composition studied here. Increasing
the compaction density and thermal conductivity of such reac-
tions may demonstrate even greater increases in ame speeds
than those reported here.

We also note how the morphology changes in Fig. 2 imply
changes in thermal conductivity observed in Fig. 5. Several studies
have shown that thermal conductivities of composite materials –
particularly those composed of compacted particles – oen have
lowered thermal conductivity due to the contact resistance
between interfacial materials.30,55–57 However, due to the morpho-
logical change in the In during the pressing process, the In
particles appear less consistent with a series of small, contacting
particles, and more consistent with a single percolating mono-
crystal. This suggests that the heat wave may propagate more
efficiently though the percolating In matrix partly because the
unique liquid-like structure greatly reduces the adverse effects of
contact resistance between particles, in addition to the high
thermal conductivity of In. It is difficult to determine how the
morphology of In affects the thermal conductivity of the composite
compared to its relatively high thermal conductivity with respect to
the rest of the composite materials; however, it is probable that
both of these factors affect the observed increase in conductivity,
particularly given that the values of interconnectivity demon-
strated in this paper are unusually high. Published results from
similar studies have reported values of interconnectivity closer to
0.015–0.3, compared to 0.66 from this work, for similar volume
concentrations (�14–19 vol%).31,46,58,59 The high values of inter-
connectivity are likely due to the unique structure of the deformed
In (Fig. 2b).

5. Conclusions

A liquid metal binder is introduced to improve the thermal
properties of powdered energetic materials in the form of
indium (In), a highly thermally conductive metal which deforms
This journal is © The Royal Society of Chemistry 2017
easily with the application of pressure. Pressing powdered
reactants also forces In to “ow” through the powder and
consolidate the media into free standing thin sheets. Increasing
In concentration results in increasing thermal conductivity of
the composite. The jump in thermal conductivity around 14
vol% In indicates percolation in the composite near or aer this
concentration. This percolation threshold is consistent with the
predictions for In obtained by the application of traditional
lattice percolation theory. Measurements showed increases in
the ame speed up to this percolation threshold and decreases
aer percolation was achieved. Optimized In concentrations
have energy densities on average of 3500 kJ kg�1. This demon-
strates that ame speeds for powdered energetic materials can
be improved by the addition of highly thermally conductive
llers, and further suggests that this benet is balanced by the
increase of material parasitic to the reaction. It is supposed, but
not conclusively proven, that the optimal balance of ller
concentration will be the point at which percolation of the
thermally conductive ller is achieved.
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