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A B S T R A C T

In this paper we clarify some concepts related to heat transfer to the reaction front in composite burning. Here,
2.5 wt% carbon fiber (CF) is added to various thermite compositions to assess the effect of thermal conductivity
on burn rate. We observe that in some cases the burn rate is enhanced and in others decreased. Upon further
analysis we find that this behavior depends on the phase of the reaction product (dispersed vs. continuous).
Adding carbon fiber increases the burn rate of composites with a dispersed phase product, which includes Al/
MnO2, Ti/MnO2 and B/Bi2O3. However, CF added to composites with continuous phase product like B/MnO2, B/
Fe2O3 and B/Fe3O4, the burn rate is reduced. A simple thermal analysis shows that for solid composites with
continuous product, increase in thermal conductivity should actually lead to a decrease in burn rate, as any
mechanism that bleads energy away for the reaction front will decrease overall reaction velocity. In contrast, for
cases where the products are dispersed aerosol droplets, the fibers serve to capture the droplets as they lift off the
surface, and thus offers an additional heat feedback mechanism that enhances the burn rate. This study shows
that micro-engineering methods to couple heat to the reaction front with minimal loss of heat to the pre-heat
zone will result in an increase in power.

1. Introduction

Thermites, typically made from well mixed metals and metal oxides,
are a subclass of energetic materials that undergo highly exothermic
redox reaction [1]. Compared to the traditional CHNO energetics,
thermites have the advantages of higher energy density and higher
tunability [2-4]. Despite these advantages, conventional thermites suffer
from relatively slow kinetics due to relatively large diffusion length
scales between micron scale fuel and oxidizer [3]. Modern formulations
utilize nanoscale fuel and oxidizer to increase specific surface area and
decrease diffusion length scale for enhanced reactivity [5,6]. Never-
theless, the enhancement in combustion rates is lower than the theo-
retical prediction and is partially attributed to the loss of nanostructures
prior to and during combustion [7-9]. Agglomeration has been
commonly observed and studied in energetic composites of different
metal fuels [10-15], and various methods have been explored to
improve the composite combustion performance by reducing the
agglomeration [12,16-20].

Like any self-propagating reacting system, heat feedback, is expected

to play a critical role on the reaction velocity [12,19,21-24]. In partic-
ular in “pre-mixed systems” heat feedback delivers thermal energy to the
reaction front, which serves in some sense as a continuous ignition
source for steady propagation. Thus higher levels of heat feedback have
been demonstrated to improve burn rate and energy release rate
[21-27]. Thermal theories of pre-mixed laminar flame argue that the
controlling mechanism of flame propagation is the heat feedback
through layers of gas, as heat conducted from reaction zone is necessary
to raise temperature of unburned gas to the ignition temperature [27].
From this thinking phenomenological based theories have been derived
for the steady-state propagation velocity represented by Eqn. 1, where v
is the propagation rate, α is the thermal diffusivity, and ω̇˙ is the reaction
rate [27]. Eqn. 1 suggests that the propagation rate is dependent on how
quickly heat is released from the reaction (ω̇˙) and how quickly heat can
be transported to the unburnt region (α).

v ∼
̅̅̅̅̅̅̅̅
α⋅ω̇˙

√
(1)

While Eqn. 1 was originally derived for gas phase combustion,
research on solid-state systems have concluded similar formulations
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[28-30]. One of the considerations is how one should manipulate the
formulation to enhance the power delivered in the context of Eq. (1).
One approach has been applied to manipulate the transport rate (rep-
resented by α in Eq. (1)). Embedding materials with high thermal
diffusivity into solid propellants for modulating combustion perfor-
mance has had long history [31]. Caveny et al. first reported significant
increases in burn rate of a solid propellant with the addition of metal
wires with high thermal diffusivity [28]. Since then, metal wires have
been widely utilized to tailor burn rate of solid propellant [32-34].

Recent studies, however, demonstrate an opposite phenomenon: the
embedding of materials with low thermal diffusivity improves burn rate
of solid energetic composites [31,35,36]. Furthermore, modeling in-
vestigations in solid-solid combustion show that a higher thermal
diffusivity in a composite lead to a lower burn rate [37,38]. This can be
attributed to the concentration of heat generated during the reaction in
the adjacent reactants, which allows most of the heat to be utilized to
ignite the adjacent reactants rather than being diffused far ahead into
the unreacted zone [37]. These studies suggest further consideration of
heat transport effects on propagation of composites is warranted.

In this study, carbon fiber was used as an additive to enhance thermal
conductivity of nanothermite composites of Al/MnO2, Ti/MnO2, B/
Bi2O3, B/MnO2, B/Fe2O3 and B/Fe3O4. The burn rate of these compos-
ites was tested by high-speed macroscopic and microscopic imaging.
Through the course of this work we found it beneficial to define a new
classification for nanothermite composites based on the physical state of
the product phase. Composites which generate a “dispersed phase
product”: are those that produce aerosolized droplets leaving the
burning surface. While composites with “continuous phase product”
generate solid continuum material during combustion. Adding carbon
fiber into composites with a dispersed phase product enhanced the burn
rate by trapping particles near the burning interface thus providing more
heat feedback to the unburnt sample. However, carbon fiber also
showed a negative effect in composites with continuous phase product
which was attributed to the increased thermal conductivity in the
unreacted region. This presumably led to more rapid energy loss to the
unburnt sample and resulted in reduced burn rate. In this paper we
explain this behavior in the context of heat-feedback.

2. Experimental section

2.1. Materials

Aluminum nanoparticles (Al, 100 nm, 92 wt% active), titanium
nanoparticles (Ti, 30–50 nm, 75 wt% active), boron nanoparticles (B,
100 nm, 85 wt% active), manganese dioxide nanoparticles (MnO2, 50
nm) and bismuth oxide nanoparticles (Bi2O3, 80 nm) were purchased
from US research nanomaterials. Iron (III) oxide nanoparticles (Fe2O3,
<50 nm) and iron (II, III) oxide nanoparticles (Fe3O4, <50 nm) were
obtained from Sigma-Aldrich. Carbon fiber (CF) was purchased from
Composite Envisions (diameter: 7 μm, length: 3 mm). METHOCEL™
F4M hydroxypropyl methylcellulose (HPMC) and Poly(vinylidene fluo-
ride) (PVDF) were purchased from Dow Chemical Co. and Sigma-
Aldrich, respectively. N,N-Dimethylformamide (DMF, 99.8 %) was ob-
tained from Fisher Scientific. The active contents of metal nanoparticles
were determined by thermogravimetric analysis (STA 449 F3 Jupiter,
NETZCSH). All materials were used as received.

2.2. High loading ink preparation and sample fabrication

Al/MnO2, Ti/MnO2, B/Bi2O3, B/MnO2, B/Fe2O3 and B/Fe3O4
nanothermite samples and samples with CF were tested in 90 wt%
loading nanocomposites fabricated by direct writing process [39]. The
direct writing inks were prepared by first dissolving 50 mg PVDF and 75
mg HPMC into 4 mL DMF. Then a total of 1125 mg of fuel and oxidizer
nanoparticles were added into the solution (Table S1). The fuel and
oxidizer were at stoichiometric ratio (Φ = 1) determined by the

following equation (Eqn. 2–7).

4Al+ 3MnO2 = 2Al2O3 + 3Mn (2)

Ti+MnO2 = TiO2 +Mn (3)

B+ Bi2O3 = B2O3 + 2Bi (4)

4B+ 3MnO2 = 2B2O3 + 3Mn (5)

2B+ Fe2O3 = B2O3 + 2Fe (6)

8B+ 3Fe3O4 = 4B2O3 + 9Fe (7)

For samples with CF, an additional 28 mg (~2.5 wt% of nano-
thermite) of CF were added into the inks. All inks were sonicated for 30
min after adding each component and magnetically stirred for at least 12
h before printing.

The direct writing processes were performed on Hyrel 30 M printer.
The inks were transferred to a 10 mL syringe with an 18-gauge needle
and printed on a heated glass plate (~75 ◦C). 15 layers of ink were
printed, and samples were dried at ~75 ◦C for 30 min after printing
followed by 12 h drying at ambient temperature to remove solvent. The
printed samples were cut into ~20 mm free-standing sticks for com-
bustion experiments.

2.3. Experiment setup

The samples were taped on the mount inside the testing chamber
(Fig. S1). The samples were ignited on the other end by a resistive heated
nichrome wire. All samples were tested in argon environment except B/
Fe3O4 and B/Fe3O4/CF samples that were tested in air.

2.4. High speed color camera imaging and burn rate calculation

Macroscopic imaging (Miro M110, Vision Research, resolution ~35
μm per pixel) was used to record the combustion process of all nano-
thermite samples with and without CF. Microscopic imaging (VEO710L,
Vision Research, coupled with Infinity Photo-Optical Model K2 Dis-
taMax, resolution ~1.7 μm per pixel) were performed on samples with
dispersed phase product. The exposure time and frame rate were
adjusted for each sample individually to ensure that the maximum light
intensity was within the detector limit.

The burn rate of each sample was calculated from dividing the burn
distance by the burn time from the macroscopic imaging video. Only the
center of the samples (~15 mm in length) were used for these calcula-
tions to eliminate edge effects.

2.5. Nanocomposites characterization

The cross-sections of the printed nanocomposites were characterized
by scanning electron microscope (SEM, Thermo-Fisher scientific
NNS450). The porosity of samples was calculated from the sample
density (ρsample) and theoretical density (ρtheoretical) by Eqn. 8.

porosity = 1 −
ρsample

ρtheoretical
(8)

3. Results and discussion

3.1. Classification of nanothermite composites by product phases

In the course of this study it became apparent that to understand and
explain the observed effects, a classification of the materials based on
the type of product phase was highly useful. In particular we observed
that the burn rate of different nanothermite composites showed opposite
trends upon carbon fiber addition, and that upon further reflection,
realized that this behavior appeared to be highly correlated to the nature
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of the product phase. In particular we saw during imaging of propaga-
tion, systems with either 1) a dispersed phase (i.e. aerosol) product
(Fig. 1a), or 2) a continuous phase (solid-like) product (Fig. 1b).

For composites with dispersed phase product, spherical droplets or
fractal-shaped agglomerates form and eject from the burning surface.
Typical formulations in this class include Al/MnO2, Ti/MnO2, B/Bi2O3
and Al/CuO [39]. Adding 2.5 wt% CF into these samples increases the
burn rate of the composites. Composites with continuous phase product
refers to the composites whose products remain on the unburnt sample
(non-aerosol). B/MnO2, B/Fe2O3 and B/Fe3O4 composites belong to this
class. The addition of 2.5 wt% of CF into these samples has opposite
effect as reduced burn rates are observed.

3.2. Carbon fiber enhances the burn rate of composites with dispersed
phase product

The combustion of Al/CuO composites with CF has been studied by
Wang et al. [39], who observed a ~2.3 × enhancement in burn rate by
adding 2.5 wt% CF. Imaging showed that the CF protruding from the
burn front intercepted the ejected particles from the burning surface,
thus providing more heat feedback to the unburnt sample. To explore
the generic nature of this, other chemical formulations were explored in
this paper leading to the classification of product phases (dispersed or
continuous phase).

Al/CuO nanothermite are composites that can be classified as having
a dispersed phased product. Representative images of the combustion of
Al/MnO2 and Al/MnO2/CF composites are shown in Fig. 2(a) and (d),
respectively. Clearly, Al/MnO2 composites also have dispersed phased
products, and the addition of CF serves to intercept the droplets (Fig. 2b
and e). Agglomerate residence time on the burning surface is estimated
by tracking the time span from the emerging of the agglomerate to the
detachment (Fig. S2). The average residence time of the droplets on the
burning surface of Al/MnO2 is found to be ~8 ms (Fig. 2c), while with
CF, the average residence time increases significantly to ~26 ms
(Fig. 2f). The increased residence time of droplets provides more heat
feedback to the unburnt composites and enhances the burn rate. The
higher amount of heat feedback results in the burn rate increase from
~41 mm/s to ~57 mm/s (~1.4 × increase) with CF addition.

Other composites with dispersed phase products all showed
increased burn rate with CF addition. This includes Ti/MnO2 and B/
Bi2O3. Combustion of Ti/MnO2 composites shows fractal-shaped ag-
glomerates form which are then ejected from the burning surface
(Fig. 3a and microscopic image in Fig. S3a). With CF addition, no
agglomerate ejection is observed (Fig. 3b and microscopic image in
Fig. S3b). Instead, agglomerates attached to the burning surface by the
interception of CF. This leads to a longer surface residence time of the
agglomerates and a higher amount of conductive heat feedback to the
unburnt material, with a ~1.9 × increase in burn rate with CF addition.
B/Bi2O3 composites also form a dispersed phased product (Fig. 3c and
Fig. S3c) with a burn rate of ~9 mm/s. With 2.5 wt% CF additive, the
burn rate increases to ~12 mm/s (Fig. 3d and Fig. S3d). The B/Bi2O3
composite displays similar combustion characteristics to the Ti/MnO2
composite despite the smaller size of agglomerates. The addition of CF

increases the burn rate ~1.3 × by enhancing heat feedback from the
increased agglomerate residence time. This concept has also been
applied to a solid propellant where CF has been added into aluminized
AP/HTPB propellant, and the burn rate was seen to be enhanced [24].

3.3. Carbon fiber reduces the burn rate of composites with continuous
phase product

In contrast to the systems above, here CF addition demonstrates an
opposite effect: a decrease in burn rate. These systems all comprise a
continuous phase product. Fig. 4a shows that the combustion of B/MnO2
composites have a continuous phase product with a burn rate of ~10
mm/s (Fig 4a). However, adding CF decrease the burn rate ~0.5 × to ~5
mm/s (Fig. 4b).

More examples with continuous phase product are demonstrated in
Fig. 5. The addition of CF to the composites of B/Fe2O3 reduces the burn
rate from ~7 mm/s to ~6 mm/s, (0.85 × decrease, Fig. 5a and b). For
the composite of B/Fe3O4, the burn rate decreases ~0.15 ×, from ~7
mm/s to ~1 mm/s with CF addition (Fig. 5c and d). Although all of the
nanothermite composites with condensed phase products tested in this
study involve boron as the fuel, the B/Bi2O3 composites generate
dispersed phased product (Fig. 3c), which suggests that phase of the
products is also dependent on the oxidizer. The mechanism of the
morphology of the product still requires further investigation.

3.4. Proposed mechanism and thermal analysis

We begin our discussion by referring back to a 1-D laminar defla-
gration, and consider that the temperature profile of nanothermite
composites can be divided into three zones by temperature (Fig. 6). First
is the pre-heating zone where composites temperature rises from
ambient temperature (T0) to ignition temperature (Ti), and it is assumed
that no chemical reaction occurs in this zone. Second is the reaction zone
in which temperature increases from Ti to the flame temperature (Tf)
and all of the chemical reaction take place in the reaction zone. The
product zone follows the reaction zone, and in this zone the product
temperature starts to cool down from flame temperature (Tf).

We begin with a simple heat balance. The heat flux balance of the
reaction zone can be expressed by Eqn. 9.

qrxn = qr + qp (9)

The heat flux by convection and radiation from flame to burning
surface in composites with dispersed phase product are assumed to be
small and ignored. Where qrxn is the heat release at the reaction zone and
can be expressed in Eqn. 10, where Q̇rxn is the heat release by chemical
reaction per unit volume. v0Tn represents the heat release rate, where v0
is the intrinsic burn rate of thermite composites, and Tn accounts for how
the intrinsic burn rate changes with preheat temperature. We are
assuming CF at such low loadings has no impact on chemistry as pre-
viously been shown [39].

qrxn = Q̇rxnv0Tn (10)

Fig. 1. Examples of the two classes of systems considered (a) combustion of composite with dispersed phase product. (b) combustion of composite with continuous
phase product. (scale bar: 1 mm, flames propagate from right to left).
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Fig. 2. Combustion of (a) Al/MnO2 and (c) Al/MnO2/CF composites (Video S1). Microscopic view of (b) agglomerates ejecting from the burning surface of Al/MnO2,
and (e) agglomerates intercepted by the CF in Al/MnO2/CF composites. Agglomerate residence time on the burning surface of (c) Al/MnO2 and (f) Al/MnO2/CF
composites. (flames propagate from right to left).
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Fig. 3. Combustion of (a) Ti/MnO2, (b) Ti/MnO2/CF, (c) B/Bi2O3 and (d) B/Bi2O3/CF composites. (scale bar: 1 mm, flames propagate from right to left).

Fig. 4. Combustion of (a) B/MnO2 and (c) B/MnO2/CF composites. (scale bar: 1 mm, flames propagate from right to left, video S2).

Fig. 5. Combustion of (a) B/Fe2O3, (b) B/Fe2O3/CF, (c) B/Fe3O4 and (d) B/Fe3O4/CF composites. (scale bar: 1 mm, flames propagate from right to left).
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qp is the heat flux from reaction zone to the product zone represented by
Eqn. 11.

qp = uρpcpTf (11)

Where u and ρp is the velocity and mass density of the product phase
respectively. cp is the specific heat capacity of the product. At steady-
state, mass continuity gives (Eq. (12)).

ρrv = ρpu (12)

Where ρr is the density of the reactants (composites). Combining Eq.
(11) and 12 gives:

qp = vρrcpTf (13)

qr represents the heat flux from the reaction zone to the pre-heating zone
by conduction. With Eqs. (9), (10), and (13) the burn rate of the nano-
thermite composites is:.

v =
Q̇rxnv0Tn − qr

ρrcpTf
(14)

Eq. (14) suggests that an increase in qr as for example by increasing
thermal conductivity of the composite, results in a decreased burn rate,
assuming other parameters remain constant. In other words any changes
to a composite which increases heat loss to the unreacted material
actually diminishes the burn rate, assuming chemistry is constant.

These results do not account for any changes in porosity which can
play a significant role in influencing the burn rate and a higher porosity
leads to an enhanced burn rate [11,40]. However, our measurements in
the current study reveal that the addition of CF has minimal effect on the
porosity of the composites as listed in Table S2 (SEM images of
cross-section of composites in Fig. S4). And adding such a small amount
of CF cannot change the chemical reaction between thermites [39].
Therefore, the observed composite burn rate change with CF addition
should be closely related to the thermal conductivity increase.

As discussed earlier, according to thermal theories of pre-mixed
flames increasing the thermal diffusivity of reaction zone increases the
flame propagation rate by facilitating heat transfer rate from the reac-
tion to the unburnt region (see Eq. (1)), while Eq. (14) implies that
increasing the thermal diffusivity of the pre-heating zone should
decrease the flame velocity. The first thing to note is that application of
Eq. (1), is derived assuming that heat flux into the pre-heat zone occurs
from the reaction zone so that increasing heat transfer enhances burn.

But in the case of composites, where the flame zone and surface are
probably indistinguishable any transport mechanism that draws heat
away from the surface should lower the reaction front temperature, and
thus the reaction rate, leading to a decrease in burn rate. This is one way
that solid-composites differ from a traditional view of a laminar gas-
phase flame.

Adding CF presumably increases the thermal conductivity of the
composite and in the context of Eq. (15) should actually decrease the
burn rate. And in fact, we do observe this when we have a continuous
phase product. A higher thermal conductivity of the composite broadens
the thermal wave thickness of the localized pre-heating zone immedi-
ately adjacent to the combustion zone, leading to a higher heat loss rate.
This results in a reduced burn rate, as illustrated in the right column of
Fig. 7. This observation is consistent with the simulation study from
Ballas et al. that demonstrates burn rate decreases with increasing
thermal conductivity in the unburnt region of a solid-state energetic
composite [37]. However, adding CF to the composite with dispersed
phase product actually increases the burn rate. This is attributed to the
more significant influence of heat feedback on the burn rate, in addition
to thermal conductivity of composites. The residence time of the ag-
glomerates on the burning surface is increased by CF which leading to a
decrease in qp. Although, adding CF also increase the thermal conduc-
tivity of the composites (qr term in Eqn. 9), the increased heat feedback
outweighs the effect of increased thermal conductivity of the compos-
ites, thereby leading to a higher burn rate (left column in Fig. 7). The
observed opposite influence of CF to nanothermite composites implies
that pre-mixed laminar flame theories cannot be directly applied to the
solid-state energetic composite. Future research will focus on obtaining
the entire temperature profile during combustion and developing
models to quantify the burn rate and thermal property relationship. In
principle, the thermal properties of the composites from the reaction
zone to the pre-heating zone can be evaluated from the temperature
profile and related to the burn rate change in nanothermite composites.

4. Conclusion

In this work, 2.5 wt% carbon fiber is added to various thermite
compositions to assess the effect of thermal conductivity on burn rate.
We observe that in some cases the burn rate is enhanced and in others
decreased. Upon further analysis we find that this behavior depends on
the phase of the reaction product (dispersed vs. continuous). Adding
carbon fiber increases the burn rate of composites with dispersed phased
product including Al/MnO2, Ti/MnO2 and B/Bi2O3. However, when
added to the composites with a continuous phase product like B/MnO2,
B/Fe2O3 and B/Fe3O4, the burn rate is reduced. A simple thermal theory
shows that for solid-composites, an increase in thermal conductivity
should actually lead to a decrease in burn rate, as any mechanism that
bleads energy away for the reaction front will decrease overall reaction
velocity. In contrast for cases where the products are dispersed aerosol
droplets, the fibers capture the droplets as they lift off the surface and
thus offers an additional heat feedback mechanism that enhances the
burn rate. This study shows that micro-engineering methods to couple
heat to the reaction front with minimal loss of heat to the pre-heat zone
will result in an increase in power.
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