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A recently suggested melt-dispersion mechanism
(MDM) for fast reaction of aluminium (Al) nano- and
a few micrometre-scale particles during fast heating is
reviewed. Volume expansion of 6% during Al melting
produces pressure of several GPa in a core and tensile
hoop stresses of 10 GPa in an oxide shell. Such stresses
cause dynamic fracture and spallation of the shell.
After spallation, an unloading wave propagates to the
centre of the particle and creates a tensile pressure of
3–8 GPa. Such a tensile pressure exceeds the cavitation
strength of liquid Al and disperses the melt into small,
bare clusters (fragments) that fly at a high velocity.
Reaction of the clusters is not limited by diffusion
through a pre-existing oxide shell. Some theoretical
and experimental results related to the MDM are
presented. Various theoretical predictions based on
the MDM are in good qualitative and quantitative
agreement with experiments, which resolves some
basic puzzles in combustion of Al particles. Methods
to control and improve reactivity of Al particles are
formulated, which are exactly opposite to the current
trends based on diffusion mechanism. Some of these
suggestions have experimental confirmation.

1. Melt-dispersion mechanism
Aluminium (Al) particles are becoming integrated
into various energetic formulations, using the reaction
heat of Al oxidation. When the diameter of the
Al particle reduces to 20–120 nm (in contrast to
traditional 10–100 µm size), their reactivity drastically
increases. Thus, flame-propagation rates reach 1 km s−1
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for reactive nanocomposites (e.g. Al + MoO3 and Al + Fe2O3 nanopowder) in contrast to 1 m s−1

for micrometre-size Al particles [1,2], and ignition delay times are reduced by three orders
of magnitude [3]. That is why Al nanoparticles became the most popular representatives of
nanoenergetic materials. Because the Al particle is covered by an initial oxide shell of 2–7 nm
width, reaction is governed by diffusion of oxygen and Al towards each other through the
growing oxide shell [4,5]. However, there were a number of strong indications that the diffusion
mechanism is far too slow to support a flame rate of 1 km s−1. In particular, the diffusion length
for oxygen and Al during the estimated reaction time for nanoparticles of tr = 10 µs is five orders
of magnitude smaller than the initial shell thickness [6]. At the same time in experiments at 900◦C,
reaction time for even bare Al particles with a diameter d = 20 nm exceeds 1 s [7]. In addition, the
flame speed and ignition time delay became independent of particle size for d < 120 nm [1,3,8];
for the diffusion oxidation mechanism, they are a power function of the diameter [3,9].

Because of the aforementioned contradictions between the diffusion mechanism and
experimental data (as well as other ones that will be discussed below), the author suggested [6,10]
a new mechanochemical mechanism called the melt-dispersion mechanism (MDM; figure 1) that
explains the above puzzles and high reactivity of Al nanoparticles, as well as allows us to make
a number of predictions. Thus, melting of Al is accompanied by a 6% volume increase and
causes compressive pressure of several GPa in Al core and tensile hoop stresses of the order
of 10 GPa in the shell. Such high tensile stresses cause fast fracture and spallation of the shell.
Immediately after spallation, pressure inside the liquid Al particle remains the same (several
GPa), whereas at the bare Al surface, it drops down to 10 MPa owing to surface tension and
gas pressure [6]. The sudden pressure drop at the Al surface creates an unloading wave with a
tensile pressure in the range of 3–8 GPa, which disperses Al particles into a large number of small,
bare Al fragments (clusters). Oxidation of these clusters is not limited by diffusion through the
initial oxide shell. Thus, MDM transforms single particles covered by oxide shell into hundreds
or thousands smaller bare particles, which explains the drastic increase in particle reactivity.

In the paper, we review the current state of development of the MDM, related modelling,
experimental verification, as well as predictions for the improvement of reactivity of nano- and
micrometre Al particles. Owing to the short process time and small particle size, there are no
in situ experimental observations of the MDM. However, we developed a theory and made
various predictions, the majority of which are in good qualitative or even quantitative agreement
with experiments. In addition, because predictions based on the diffusion mechanism and MDM
are opposite, it is easy to determine which of them corresponds to experimental data.

2. Stress development and fracture in a core–shell system
A simple spherical model of an Al particle of radius R, covered by a shell of thickness δ,
is considered under action of gas pressure pg (figure 1). The core consists of a melt with
volume concentration f and solid with concentration 1 − f . Pressure in the Al core, p, and
maximum tensile hoop stresses in a shell at the interface with the Al sphere, σh, have been
found in [6,13]:

p = 12(m3 − 1)(εi
2 − εi

1)G2K1K2

H
+ 2K1(4G2 + 3m3K2)Γ1

RH
+ (2Γ2 + pgRm)m2K1(4G2 + 3K2)

RH
; (2.1)

and

σh = −6(m3 + 2)(εi
2 − εi

1)G2K1K2

H
+ 4(m3 + 2)G2K2Γ1

RH

+ (2Γ2 + pgRm)m2(−2G2K1 + 3(2G2 + K1)K2)
RH

, (2.2)

where H = 3m3K1K2 + 4G2(K1 + (m3 − 1)K2), subscripts 1 and 2 designate Al and alumina,
respectively, m = 1 + 1/M, M = R/δ, G and K are the shear and bulk moduli, K1 = fKm

1 + (1 − f )Ks
1
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Figure 1. (a) Scheme of oxidation of Almicrometre-scale particles by diffusion of atoms through an oxide shell, which fractures
before Al melting and then heals [5,11,12]. (b) Scheme of Al nanoparticle reaction by amelt-dispersionmechanism. Reproduced
from [6].

is the bulk modulus of Al liquid–solid mixture, subscripts s and m are for the solid and melt
phases, Γ1 and Γ2 are the surface energies at the core–shell and shell–gas interfaces. It is accepted
that tensile stress is negative and compressive stress is positive. Inelastic strain consists of thermal
and transformational parts:

εi
1 = −(αs(Tm − T0) + (1 − f )αs(T − Tm) + fαm(T − Tm) + fεm)

and εi
2 = −α2(T − T0),

⎫⎬
⎭ (2.3)

where α is the linear thermal expansion coefficient, T0 is the temperature at which internal thermal
stresses in the solid state are zero, and 3εm is the volumetric expansion during the melting of
Al. The shell fractures when the fracture criterion, −σh = σu, is met, where σu is the ultimate
strength of alumina. All material parameters are presented in reference [6]. With increasing
volume fraction of melt in a core, both pressure and hoop stress grow until the fracture criterion
is met and the shell fractures and spallates. Substituting equations (2.2)–(2.3) into the fracture
criterion and solving for the concentration of melt in the Al core necessary to fracture the oxide
shell at T = Tm = 933.67 K, we obtain [8,14]:

f =
(
−B +

√
B2 − 4AC

)
2A

, (2.4)

with A = 6δεm �K(2 + m3)MG2K2, B = �Km2(δ(1 + M)pg + 2Γ2)(2G2 − 3 K2) + 6δ(2 + m3)M(εm

Ks + �α�K�T)G2K2 − δ�KM(4G2 + 3m3K2)σu, C = 6δ(2 + m3)M�αKs�TG2K2 − 4(2 + m3)Γ1G2
K2 + m2(δ(1 + M)pg + 2Γ2)(2KsG2 − 3(Ks + 2G2)K2) − Mδσu(3 KsK2m3 + 4G2(Ks + (m3 − 1)K2)).

In this equation, �K = Km − Ks, �T = Tm − T0 and �α = αs − α2. Figure 2 represents
calculated relationships for f , necessary to induce fracture of the shell, versus relative particle size
M, for various oxide shell strengths (shown near the curves in terms of fractions of the estimated
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Figure 2. Relative flame speed versus M= R/δ [8,15]. For various oxide shell strengths (shown near the curves), the lines
correspond to the concentration of melt, f , necessary to fracture the oxide shell. Marked point is obtained for shell in γ -phase;
other points are for amorphous shell. Good correspondence between V/Vmax and f is observed. (Online version in colour.)

value of theoretical strength σth = E/30 = 11.33 GPa). We used T0 = 300 K and pg = 0. It can be
seen that at some value of M for each ultimate strength, f = 1; i.e. the shell fractures after melting
of the entire particle.

3. Relationship for the flame rate
When in experiment one fixes all parameters and reduces the particle size R or relative particle
size M only, the flame rate reaches its maximum value Vmax and does not change (figures 2 and 3).
It is natural to assume that the entire melt that causes fracture of the shell will be dispersed and
will participate in the MDM during time scales of approximately 10 µs, i.e. while the flame front
passes through. The remaining non-dispersed Al reacts over longer time scales and does not
contribute to the flame rate V. Then, the relative flame rate, V/Vmax, should be an increasing
function of the concentration of the melt in the particle, f , and the simplest linear relationship
V/Vmax = f is checked first. In figure 2, experimental data for V from figure 3 are presented
in the form V/Vmax versus M and superposed onto plot f (M). One can see practically perfect
coincidence, which results in the following relation [8]:

V
Vmax

= f = (−B +
√

B2 − 4AC)
2A

for 0 < f ≤ 1. (3.1)

It is clear that an unambiguous relationship between the flame-propagation rate and particle
size (which follows from the diffusion mechanism) does not exist, whereas the flame speed
is determined by M = R/δ. Equation (3.1) explains why the flame speed reaches its possible
maximum, which is difficult to understand within diffusion mechanism. For particles with d = 50
and 120 nm, increase in shell thickness increases flame speed. Note that ignition delay time is also
found to be independent of M below some critical M < 17, independent of specific R and δ [6].
In addition, results in reference [16] show that Al particles covered by an alumina shell have the
flame rate higher by a factor of 22–95 in comparison with the particles without shell. All of these
results contradict the diffusive mechanism but strongly support MDM.

Equation (3.1) implies that volume fraction of melt in a particle that causes fracture of the shell
and then participates in the MDM is a new physical parameter controlling relative flame rate.
It also suggests that other processes (melting, wave propagation, mixing with the oxidizer and
cavitation of the molten Al) are not the limiting ones in the considered range of parameters,
because the entire molten Al contributes to the oxidation reaction and flame rate V/Vmax.



5

rsta.royalsocietypublishing.org
PhilTransRSocA371:20120215

......................................................

1000

950

900

850

800

750

20 30 40 50

R (nm)

V
 (

m
 s

–1
)

g-alumina

d = 2 nm

d = 4 nm

d = 1 nm
d = 1.5 nm

Figure 3. Flame speed versus Al particle core radius for several oxide thicknesses [8,15]. It is evident that there is no relationship
between flame speed and particle size. The triangles (δ = 2 nm) and squares correspond to data from [1] and [8], respectively.
(Online version in colour.)

Equation (3.1) allows one to optimize flame speed for the chosen application. Because predictions
based on the MDM are exactly opposite to those based on the diffusion mechanism, the directions
in which the Al nanoparticle synthesis progresses are completely changed (see §9).

4. Tensile pressure wave, cavitation and the effect of heating rate
An aluminium sphere of radius R is considered, which is initially in equilibrium under an applied
external pressure p0, determined from equation (2.1). The pressure at the boundary r = R linearly
reduces in time from p0 to the final value pf = 2Γ2/R + pg during the oxide fracture time ts,
after which it does not change. Analytical solution of the wave propagation problem is found in
reference [6], including explicit expressions for maximum tensile pressure and particle velocity.
Let tp = R/c be an acoustic time during which the wave reaches the centre of the sphere, where c is
the sound velocity. As c = 4166 m s−1, tp = 10 ps for R = 41.66 nm. We found from phase-field [17]
and molecular-dynamic modelling [18] that cavitation starts in the reflected wave in the central
region of a particle. The maximum tensile (negative) pressure at the centre of the particle in the
reflecting wave, pmax, is

pmax = p0

(
1 − 2

1 − p̄f

t̄s

)
, (4.1)

and exceeds 8 GPa. The solution is confirmed by finite-element simulations [17]. The magnitude
of pmax increases in inverse proportion with the shell fracture time. It is accepted in reference [6]
that fracture occurs when negative pressure is smaller than the critical tensile pressure, pc: pmax ≤
pc < 0. Substituting equation (4.1) in the cavitation criterion results in the condition

t̄s ≤ 2
1 − pf/p0

1 − pc/p0
. (4.2)

The smaller t̄s = ts/tp, i.e. the oxide shell fracture time relative to acoustic time, the lower the
tensile pressure and, consequently, the initial compressive pressure that is required for cavitation.
Thus, for pf/p0 = 0.05 one obtains

−p0

pc
= 1 for ts ≤ 0.95; −p0

pc
= 0.25 for t̄s ≤ 0.38 and − p0

pc
= 0.1 for t̄s ≤ 0.18. (4.3)

Thus, even if initial compressive pressure in the melt at the instant of shell fracture is 10 times
smaller than the cavitation threshold, cavitation is still possible, provided that the fracture
time is five times shorter than the acoustic time. Such fast fracture can be caused by very fast
heating only and limits the range of parameters for which the MDM is active. Fast heating is
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also important for fast melting of the particle and for overloading the entire oxide shell, which
causes fast homogeneous fracture and spallation of the shell. This result allowed us to explain
in reference [19] a paradoxical effect of the heating rate on burn time of Al nanoparticles. Thus,
with a heating rate of the order of 103 K s−1, holding bare Al nanoparticles with d = 50 nm for
1 s at T = 1100◦C results in only 4% of the particles being completely oxidized [7]; holding bare
Al nanoparticles with d = 20 nm for 1 s at T = 900◦C resulted in 68% of completely oxidized
particles. The diffusive oxidation mechanism is confirmed by transmission electron microscopy
(TEM) and theoretical modelling in reference [5]. On the other hand, after fast heating (estimated
above 107 K s−1), the burn time of Al particles with d = 80 nm at 1100◦C was less than 500 µs
only [20,21]. These results have been explained by the MDM. Indeed, the MDM requires high
heating rates [6,19], and it cannot be activated at 103 K s−1; that is why slow diffusion-controlled
oxidation occurs. However, heating at 107 K s−1 is sufficient to activate the MDM, which
explains oxidation at 10–100 µs time scale.

An approximate estimate of the heating rate of 106 K s−1 necessary for activation of the MDM
was performed in reference [19]. This heating rate corresponds to the flame speed of 10 m s−1.
Note that in experiments [20,21], in which convective flow is absent and particles do not interact
with one another, one may expect higher heating rates for initiation of MDM. It follows also
from this result that owing to a change in mechanism, reactivity studies at small heating rates
(in situ TEM, differential scanning calorimetry and thermogravimetry) cannot be correlated with
burning in fast flame and under high heating rates. A rough estimate of the cluster size was made
in reference [19] and it is of the order of 5–10 nm.

Note that a very advanced MD simulations of oxidation of Al nanoparticles was presented in
reference [22] without and in reference [23] with initial oxide shell. However, these results cannot
be compared with MDM, because the time scale in the MD simulations was 200 ps, and to obtain
reaction during this time, both the concentration of oxygen and the temperature were increased
to values of 6000–9000 K, which is much higher than in experiments in a burn tube. These MD
simulations may be relevant for explanation of the experiments in references [24,25], in which
estimated temperature is in the range 4500–8000 K.

5. Melting and surface melting of nanoparticles
For slow heating rates typical of differential scanning calorimetry measurements, the melting
temperature of bare Al nanoparticles exhibits traditional depression proportional to 1/R [26,27].
However, it is relatively small: for example, it is 23 K for R = 10 nm. Melting within oxide
shell leads to generation of internal pressure [28,29], which increases melting temperature by
55 K per GPa [30]. In reference [28], equation (2.1) was used to evaluate pressure in melt and
its effect on the melting temperature versus experimental data. It was found that pressure
generated by a difference in thermal expansion coefficients relaxes, and only pressure owing to the
surface tensions at the Al–alumina and alumina–gas interfaces remains and increases the melting
temperature. Damage to the oxide shell reduces pressure in melt and corresponding increase
in melting temperature, which also allows one to quantify damage by the change in melting
temperature. The possible stress relaxation mechanisms may be related to diffusion of Al into the
shell, damage and diffusion-controlled creep of the oxide shell, and phase transformation from
amorphous to crystalline phases in the alumina. However, because even volume increase owing
to complete melting did not fracture the shell for particles with R = 8.5 nm [28], the relaxation of
thermal stress during heating below the melting temperature cannot be explained by damage
to the oxide shell. In addition, because the shell of these particles does not transform from
amorphous to γ -phase, phase transformation cannot be the only mechanism for stress relaxation.
Thus, diffusion and related creep are currently the most probable candidates for stress
relaxation mechanisms.

An additional reduction in melting temperature is related to the reduction in the total surface
energy during melting, which causes surface melting [31]. For bulk Al, surface melting starts 50 K
below the melting temperature [32], and the molten layer grows with increasing temperature.
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The lines are based on equation (3.1) for themelt concentration, f , necessary to fracture the shell for various oxide shell strengths
(shown near the curves). Adapted from [35]. Data forM< 35 are from [8]. (Online version in colour.)

An advanced phase-field model for melting coupled to mechanics was developed in references
[33,34]. It describes well experimental data on the temperature-dependence of the thickness of the
molten layer for a bulk sample and the melting temperature versus R for bare Al particles down
to R = 2 nm. This makes plausible the results obtained in references [33,34] for surface melting
of Al nanoparticles. Note that the results for slow heating are important for understanding and
optimizing processes relevant to synthesis of Al particles (see §8).

For fast heating rates of 106–108 K s−1 typical of MDM, the stress relaxation owing to diffusion
and creep may be neglected. In addition, phase transformation in the shell does not have
time to occur [15]. Based on a simple analytical model, it was found in reference [6] that
thermal conductivity is not a limiting process for MDM from the point of view of temperature
heterogeneity. Indeed, for the heating rate of 108 K s−1, the temperature at the surface is higher
than that at the centre by less than 1 K for R < 2.88 µm and less than 10 K for R < 9.12 µm. Melting
temperature increases at fast heating rates. Using phase-field model [34], it was obtained that
bare Al particle with R = 40 nm at a heating rate of 108 K s−1 starts pre-melting at 893 K, and the
interface propagates to the centre at T = 932 K.

In the analytical model for the prediction of the flame rate (see [6,15] and §3), all these details
are neglected, and melting is assumed at Tm = 933.67 K. However, understanding of melting may
lead to new ways to control the MDM. This is especially important for micrometre particles,
for which the shell fractures at partial melting of the core. Thus, melting temperature can be
reduced by reduction in pressure in an unloading wave. In addition, the solid–liquid interface is
the probable site for the heterogeneous nucleation of cavitation. The melting rate determines the
strain rate in the oxide shell [6], which is important for its fast fracture required for the MDM.
Thus, the hoop strain rate in the shell is estimated as 3 × 104 s−1 [6].

6. Melt-dispersion mechanism for micrometre-scale particles and fluorination
Extending plot f (M) for large M (figure 4), it is getting evident that if MDM is activated,
micrometre Al particles can produce a high flame rate of 0.5 Vmax. To check this prediction,
experiments have been performed [27,35] with either 50 nm Al powder or 1–3 µm Al particles
mixed with nanoscale MoO3 or teflon. The micrometre-scale Al particles had a very broad
size distribution and contained a number of Al nanoparticles, which may be important for the
activation of MDM (see below). Experimental results for Al + teflon are in good agreement with
the relationship f (M) in the range M = 312–438, which strongly supports the MDM for 1–3 µm
particles. This also means that the cavitation of molten Al is not a rate-limiting process even for



8

rsta.royalsocietypublishing.org
PhilTransRSocA371:20120215

......................................................

0 0.500 1.000 1.500

density (g cc–1)

% TMD

0 20 40 60 80

2.000 2.500 3.000

pr
op

ag
at

io
n 

sp
ee

d 
(m

 s
–1

)

1000
I II

nanometre
micrometre

III

100

10

1

0.1

Figure 5. Flame speed as a function of mass density and theoretical mass density (TMD) for nano- or micro-scale Al particles
mixedwith nano-MoO3. In regions I and II, the decrease in the flame rate is due to suppression of theMDMbecause of pressing-
induced damage. In region III, the flame speed for nanoparticles is smaller than for micrometre-scale particles because of
multiple barriers to diffusion due to multiple oxide shells along the diffusion path. Adapted with changes from [36,37]. (Online
version in colour.)

micrometre particles. At the same time, the flame rate for Al + MoO3 mixture is only 0.55 of the
prediction of equation (3.1), which was explained by lower gas generation in comparison with
teflon: the collision and reaction rates of Al fragments with gaseous oxygen may be a rate-limiting
process.

7. The effect of damage to the shell on flame propagation for nano-
and micrometre-scale composites

Paradoxical experimental results for Al + MoO3 composites have been obtained in reference [36]
and interpreted in references [6,37]. Reactive mixtures with micrometre-scale Al particles
demonstrate an increase in flame-propagation rate with increased bulk density, whereas
nanoparticles exhibit the opposite trend (figure 5). The dependence of the flame rate for
micrometre particles is consistent with the diffusive reaction mechanism and the conductive
flame-propagation mode. During pressing of the mixture to increase its density, the damage
occurs to the oxide shell that accelerates diffusion of oxygen and/or Al and, consequently, the
oxidation. In addition, the increase in contact area between the Al particles and the oxidizer also
accelerates diffusion, as well as increases the thermal diffusivity of the mixture, leading to the
faster conductive flame-propagation mode.

The results for nanoparticles are consistent with an MDM and convective mode [38] of flame
propagation. The damage to the shell and distortion of the shape of spherical particles during
compaction suppress the MDM. Reduced free space around Al nanoparticles suppresses both the
MDM and the convective mode of flame propagation. Damage to the shell reduces the strength
of the shell and, consequently, also decreases the pressure in a molten Al and volume fraction
of melt, f , which is required for fracture of oxide shell. This reduces flame velocity according
to equation (3.1) and figure 2. We found that compression and torsion of nanoparticles leads
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to the reduction in flame speed from 342 ± 11 to 174 ± 7 m s−1 for loose reactive mixture [6].
This supports our interpretation that deformation of nanoparticles, even without change in the
sample density, leads to a reduction in the flame-propagation rate. At the same time, vibrational
compaction should not damage the shell and suppress the MDM. Indeed, vibrational change in
density in the range of 5–10% of TMD did not change the flame speed essentially [1]. The results
related to the damage to the shell indirectly support the MDM versus the diffusional mechanism
because predictions based on the two mechanisms are opposite.

8. Recommendations for improving the reactivity of aluminium particles
Based on the above results for the MDM, our ultimate goal is to design and synthesize an optimal
micrometre-scale Al core–strong shell particle that transforms in flame into multiple nanoscale
bare fragments that react as the best nanoparticles. The cost of micrometre-scale particles is 30–50
times smaller than nanoparticles and they do not have safety and environmental issues typical of
nanoparticles. This goal and most of our predictions are opposite to the current trends based on
diffusion mechanism. Based on the developed models and hypotheses, the main conditions for
activation of the MDM were determined, and the controlling physical and geometric parameters
are found. The effect of each controlling parameter is analysed, and some of our predictions are
confirmed experimentally. Below, we enumerate our suggestions.

1. Recently [39], direct evidence of the MDM was proposed. After fast heating of Al
nanoparticles with a flash-pulse, TEM images of particles with ruptured shells as well
as small reacted clusters from the dispersion have been demonstrated.

2. According to equations (2.4)–(3.1) and figures 2 and 3, the ratio of particle radius to shell
thickness M = R/δ (rather than R and δ separately) affects the flame velocity. To maximize
flame rate, one has to choose M = 19. Decreasing M below 19 does not increase flame-
propagation speed but increases the percentage of alumina in a particle, i.e. dead weight.
It is reasonable to increase δ (and the particle radius) up to the maximum size for which
it still possesses theoretical strength, which is at least 7.7 nm according to experiments
and interpretation in references [3,6]. Then, the maximum value of R = 19 × 7.7 = 146 nm
was obtained, for which complete melting is expected before fracture of the oxide shell.
Conceptual experimental confirmation of this trend is presented in figures 2 and 3, in
which an increase in oxide width from 2 to 4 nm allowed us to increase the diameter of
the Al nanoparticle for which the V reached its maximum value from 80 to 120 nm.

3. For micrometre-size particles, starting with some M, flame velocity weakly depends
on M (figure 4), and for M → ∞ and all material constants used in the paper,
equations (2.4)–(3.1) transform to V/Vmax = f = −1.052 + 0.103 σu + 0.001127 T0. For the
chosen parameters σu and T0, flame rate cannot be increased, but by increasing M one
reduces the dead weight. The maximum value of M for which MDM can be activated
is limited by cavitation and the possibility of heating the particle quasi-homogeneously
with the required heating rate. The current maximum value reached experimentally for
which equation (3.1) works is M = 438 for d = 3 µm (see §6 and [15,16,35]).

4. Currently, the shell forms at room temperature Tr and the temperature at which particles
is stress-free, T0 = Tr. An increase in T0 creates initial tensile stresses in the core and
compressive stresses in the oxide shell, which should suppress the initiation of fracture
in the shell during heating and increase flame speed (see equations (2.1)–(3.1)). Our
calculations in reference [6] demonstrate the following increase in Mmax and Rmax with
the growth of T0 for δ = 7.7 nm:

T0 = 300 K → Mmax = 19 → Rmax = 146 nm; T0 = 450 K → Mmax = 29 → Rmax = 223 nm;

T0 = 600 K → Mmax = 52 → Rmax = 400 nm; T0 = 785 K → Mmax = ∞ → Rmax = ∞.

Thus, an increase in T0 is one of the promising ways to expand the MDM to larger Al
particles. The maximum T0 increase is limited by a decohesion of the shell from the
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Figure 6. (a–b) Relative flame velocity V/Vmax as a function of M for different values of the ultimate strength of the oxide
shell (as a fraction of σth) and temperature T0 (K), shown near the curves. Lines correspond to equations (2.4) and (3.1).
Squares designate the experimental values for Al nanoparticles (left) and micrometre-scale particles (right) at T0 = 298 K;
triangles designate the experimental values at T0 = 378 K. Quantitative agreement between theoretical predictions and
experiments is evident. Adapted from [13]. (Online version in colour.)

Al core during cooling. The proof of concept for the design of pre-stressed Al nano-
and micrometre particles was given in reference [13] for Al + MoO3 reactive mixture.
For the optimal pre-stressing conditions within the performed experiments, the flame
rate increased by 31% for nanoparticles and by 41% for micrometre particles, both in
quantitative agreement with theoretical predictions (figure 6). Further progress in this
direction is related to fundamental understanding of the stress relaxation mechanisms,
which includes both measurement and modelling of residual stresses.

5. Porosity of the Al core. A small degree of porosity within the core (1–4%, which is smaller
than the 6% volume expansion during melting) will reduce stresses during melting and
delay fracture of the shell. Equations (2.1) and (3.1) are applicable during the melting
with substitution of εm with εm − εv , where 3εv is the porosity concentration. Porosity can
be induced by using the Kirkendall effect during oxidation reaction [40,41]. Specifically,
Al atoms diffuse to the shell and produce vacancies in the core, which coalesce into
nanovoid. However, hollow Al particles were obtained for d ≤ 8 nm only [40], and
the it is not clear how to control void nucleation and growth in larger particles. A
mechanochemical model for nucleation and growth of a nanovoid was developed
in reference [42], where some ways to promote the growth of nanovoids have been
suggested. Alternatively, reduction in pressure in melt can be achieved by alloying Al
with some elements, which lead to reduction in εm.

6. According to equations (2.4) and (3.1), the increase in the strength of the shell increases
in the flame-propagation rate. To reduce damage to the shell during pressing to high
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density [37], one can reduce the loading force on individual particles. This could be
done, for example, by combining nanoparticles with a liquid teflon binder and mould-
casting the pellet, which is used by manufacturers of reactive materials (such as RM-4 by
GSI) [37].

Alternatively, one can substitute alumina shell with stronger material, for example
tungsten or tungsten oxides. In addition to an increase in σu, these materials may react
with Al at high temperature, and thus they will not be considered as dead weight. In
addition, tungsten as a heavy metal is important for reactive materials applications.
Substituting alumina shell with protecting metals [43] or polymers [44] is one of the
current trends in the development of nanoparticles. However, the shells were weaker than
aluminium oxide, which should reduce flame-propagation speed, as we demonstrated
for perfluoroalkyl carboxylic acid coating in reference [16]. For promoting the MDM, the
protecting shell should be stronger than alumina.

7. Mixing of nano- and micrometre-scale particles, or, more generally, exploring the particle
size distribution, may lead to improvement of the reactivity of a mixture. The heat
generated by nanoparticles reacting via the MDM can increase temperature and heating
rate for micrometre-scale particles and initiate the MDM in them. We believe that this was
the reason for the high flame rate in micrometre-scale particles in references [15,35] (see
§6). In addition, the pellets with 70% Al nanoparticles and 30% of 20 µm size particles, as
well as loose powder with 70% Al nanoparticles and 30% micrometre particles with d = 4
and 20 µm, exhibit the same flame-propagation rate as Al nanoparticles alone [45].

8. In order to promote heterogeneous bubble nucleation and reduce the critical cavitation
pressure, impurities should be added in the Al core. This recommendation is the opposite
to the current trend to use high-purity Al.

9. By controlling properties of the Al–alumina interface, one can control melting
temperature, strain rate in an oxide shell and the temperature at which the shell
spallates. Currently, an incoherent, Al–amorphous alumina interface reduces its energy
during melting, causing surface melting below Tm. In this case, melting occurs in some
temperature ranges, which reduces the melting rate and strain rate in an oxide shell. If
one can produce a low energy coherent interface between Al and crystalline alumina,
its energy will grow during melting, and surface melting will be suppressed. Then, the
fast heating may lead to significant (by several hundred degrees) overheating above
Tm before melting starts. The melting rate will be much faster because of the higher
temperature, which increases strain rate in a shell.

9. Conclusion
The main results in the development of the recently formulated MDM mechanism of reaction
of Al nano- and a few micrometre-scale particles are reviewed in the current paper. Numerous
non-trivial qualitative and quantitative confirmations of the predictions based on MDM strongly
support this mechanism. It follows from equations (2.1)–(3.1) and figures 2, 4 and 6 that relative
flame rate is equal to the concentration of the melt in a particle that is necessary for fracture of
the shell. That means that the entire available melt participates in oxidation while the flame front
passes through. This strongly supports the part of the MDM that involves equations (2.1)–(3.1).
MDM allows us to resolve numerous puzzles in combustion of Al nanoparticles. MDM has a
specific range of parameters and conditions for its activation, in particular some critical heating
rate and strong shell. Outside of these regions, other oxidation mechanisms operate. Because
currently these conditions are not strictly defined, lack of proof (or disproof) of MDM in some
experiments does not contradict its existence under proper conditions.

Current trends in the improvement of Al particles based on diffusion mechanism are (i) to
decrease the particle size; (ii) to reduce or completely eliminate the oxide shell; (iii) to damage
the oxide shell; (iv) to keep the Al content high; (v) to passivate particles at room temperature;
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(vi) to use high-purity Al; and (vii) to have narrow particle size distribution. Our results based on
MDM change the directions of development of the Al particle to the opposite ones. Thus, one has

— to increase the oxide shell thickness to the maximum value at which it still possesses the
maximum strength due to lack of defects;

— to increase the particle size up to the value M = R/δ, which gives the maximum flame
speed, or to the micrometre-scale size that has much lower cost than nanoparticles;

— to increase passivation temperature T0 to the value that maximizes flame speed;
— to increase shell strength by substituting alumina with stronger oxide or metal;
— to use a mixture of nano- and micrometre-scale particles;
— to reduce the purity of Al (or to add inclusions) to reduce cavitation pressure;
— to control strain rate in a shell and temperature, at which Al melts and the shell breaks,

by controlling the energy of the core–shell interface; and
— to reduce pressure in the molten core by introducing some porosity or by alloying Al with

some elements, which leads to reduction in volume expansion during melting.

Some conceptual confirmations of our recommendations are summarized in §8.
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