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a b s t r a c t

Prediction based on the recently developed melt-dispersion mechanism of reaction for nanometric (nano)
and micrometer (micron) scale aluminum (Al) particles suggests a possible increase in particle reactivity
if the alumina shell is pre-compressed and the Al core is pre-expanded. This prediction was checked
experimentally by measuring the flame speed for Al and molybdenum trioxide (MoO3) thermites in a
semi-confined tube. Pre-stressing was produced by heating particles to several elevated temperatures,
holding them at a temperature for 10 min to relax thermal stresses, and cooling them at several rates
to room temperature. For the optimal thermal treatment conditions (heating to 105 �C and cooling at
0.13 �C/s), flame propagation speed increased by 31% for nanoparticles and for 41% for micron particles.
Cooling at 0.06 �C/s after heating to 105 �C and cooling at 0.06 �C/s and 0.13 �C/s after heating to 170 �C
either did not change the flame speed or increased it significantly less. Results are quantitatively consis-
tent with the theoretical predictions based on the melt-dispersion mechanism.

� 2010 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Aluminum nanoparticles are the most well-known representa-
tives of a class of materials called nanoenergetic materials. They
are being considered for overlapping technologies such as: materi-
als synthesis application, explosive additives, and propellant rate
modifiers; MEMS energy sources, as well as thermites, nanobarics,
and reactive materials for ordnance applications [1,2]. Al particles
are usually covered by a thin alumina (Al2O3) shell. For Al particles
with the size greater than 20 lm and for nanoparticles at slow
heating rates (less than 106 K/s), oxidation is controlled by diffu-
sion of oxygen to the Al core and/or from the Al core toward the
oxidizer, through a growing oxide shell [3–5]. However, for faster
heating and when the initial external radius R of the Al particle re-
duces to 40–100 nm, reaction rates drastically increase. Flame
propagation rates reach 1 km/s for loose, low density Al + MoO3

and Al + Fe2O3 nano-powders in contrast to 1 m/s for micron size
Al particles [6]; ignition delay times are reduced by up to three or-
ders of magnitude [7]. To explain such drastic increase in reactiv-
ity, we recently developed new mechanochemical reaction
mechanism for Al nanoparticles called the melt-dispersion mecha-
nism [8–10]. We demonstrated that at fast heating rates the

alumina shell does not fracture until the Al core melts. Aluminum
melting is accompanied by a 6% volumetric expansion strain. Such
a strain during fast heating produces high dynamic pressures in the
range of 1–3 GPa in the molten core and tensile hoop stresses rh in
the alumina shell that exceed the ultimate strength of alumina ru.
This leads the dynamic fracture and spallation of the oxide shell.
After shell spallation, pressure within the molten particle remains
unchanged while at the bare Al surface the pressure drops down to
about 10 MPa (pressure caused by surface tension and pressure of
surrounding gas). Such a pressure difference causes an unloading
wave that propagates to the center of the particle and creates a
tensile pressure at the center of molten particle in the range of
3–8 GPa. Such a high tensile pressure exceeds the cavitation limit
of liquid Al and disperses the molten Al into small bare clusters
that fly at a high velocity of 100–250 m/s. Oxidation of these bare
clusters is not limited by diffusion through the oxide shell, which
may explain several orders of magnitude increase in reaction rate
and flame speed.

Recently, this mechanism was expended to micron-scale parti-
cles in the diameter range of 1–3 lm [11,12]. Various predictions
based on the melt-dispersion mechanism are confirmed experi-
mentally [9–15]. According to the theory of elasticity, the main
geometric parameter that determines stresses (and consequently
fracture) in a core–shell system is the ratio of Al core radius R to
shell thickness d(M = R/d). All our experimental data for the relative
flame speed (i.e. flame speed V normalized by the maximum
possible flame speed Vmax in the given set-up) for nanoparticles
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and micron particles with diameter of 1–3 lm are located at the
single curve V/Vmax = f(M) predicted theoretically [10–12] (for fixed
ultimate strength of shell and temperature of shell formation, see
below). Here f is the volume fraction of melt in a particle required
to fracture of the oxide shell. The melt-dispersion mechanism
leads to some counterintuitive conclusions (however, confirmed
experimentally) that are exactly opposite to the conclusions based
on the diffusion-controlled mechanism. Thus, increase in the shell
thickness (while suppressing the diffusion) promotes the melt-
dispersion mechanism and increases flame speed [10]. Along the
same line, complete removal of the oxide shell leads to more than
order of magnitude lower flame rate [13]. The melt-dispersion
mechanism also explains the effect of the heating rate [14] and
compaction [15] on the flame rate.

This new mechanism leads to new parameters that control par-
ticle reactivity [9]. In this paper we will focus on the idea of creating
pre-stressed particles to increase particle reactivity and flame speed.
The idea is based on the relationship V/Vmax = f(M, ru, T0), where
the volume fraction of melt required to fracture of the oxide shell,
f, is determined using the solution of an elastic problem and frac-
ture criterion for the oxide shell; ru is the ultimate strength of alu-
mina shell; and, T0 is the temperature at which the oxide shell was
formed around the Al core. During heating, the temperature in-
crease T � T0 creates thermal stresses and volume change during
melting adds transformational stresses. Increasing the concentra-
tion of melt within the particle core prior to shell fracture corre-
spondingly increases the amount of melt that will participate in
the melt-dispersion mechanism and reaction. It was found [8–10]
that for M < 19, the entire Al particle melts before oxide fracture
and participates in reaction, that is why f = 1, V = Vmax, and flame
velocity reaches its maximum possible value and is independent
of relative particle size M. For larger M, concentration of melt
and flame velocity decrease with growing M. In this region, f and
flame speed can be increased by reducing pressure in the core and
tensile stresses in the shell and delaying fracture of the shell to higher
values of f. This can be done by reducing thermal stresses due to
reduction in difference T � T0, i.e. by increasing temperature at
which initial oxide shell is formed. Currently, T0 coincides with the
room temperature. However, increasing T0 will result in tensile
pressure within the core and compressive stresses in the shell at
room temperature. In this way, particles were manipulated to be
pre-stressed with initial stresses opposite to those that appear
due to heating and melting. Systematic experimental study of the
effect of pre-heating and cooling with different rates was per-
formed in [16]. Here we will use some of experimental results from
[16] combined with the theory based on the melt-dispersion
mechanism [9] to prove the concept of producing pre-stressed
nano and micron-scale Al particles and to demonstrate their in-
creased flame rate.

2. Producing and testing pre-stressed aluminum particles

Since passivation of commercially available Al particles occurs
at room temperature, i.e. T0 = Tr, we suggest the following way to
restructure of the oxide shell to change T0. From the mechanical
point of view, T0 is the temperature at which particle is stress-free.
When particles are heated to some temperature T, thermal stresses
appear due to difference in thermal expansion coefficients of Al

and alumina (compressive in a core and tensile in a shell) that
are proportional to T � T0. Holding particles for some time at
temperature Th will lead to stress relaxation due to inelastic relax-
ation processes in the oxide shell. Complete stress relaxation at
temperature Th effectively change temperature T0 from T0 = Tr to
T0 = Th. During cooling particles down to the room temperature,
internal stresses of the opposite sign appear (i.e. tensile in a core
and compressive in a shell) that are proportional to T � Th. To avoid
internal stress relaxation during cooling, the cooling rate must be
high enough to reduce the duration particles are at elevated tem-
perature. Thus, heating particles to and holding them at tempera-
ture Th until complete stress relaxation following fast cooling to
avoid stress relaxation results in pre-stressed particle with the
stress-free temperature T0 = Th. Holding particles at elevated tem-
perature may lead also to evaporating water and some other inclu-
sions, healing possible damage, and removing aging effects. Stress
relaxation in Al core–alumina shell system is in agreement with re-
sults in [16], stated that the change in lattice parameter of Al dur-
ing heating of Al nanoparticles is almost independent of the size of
particle and does not differ appreciably from that for bulk Al.

Details of experimental study are given in [17] but will be sum-
marized here. Spherical nano- and micron-scale Al particles were
studied (Table 1). Each type of Al was combined with nano-scale
rod-like MoO3. A loose powder Al–MoO3 mixture with a density
of 8% of the theoretical maximum density and an equivalence ratio
of 1.2 was studied. Test conditions and results are summarized in
Table 2 [17]. To characterize the mixtures, standard tests at room
temperature without heat treatment were performed. It is noted
that the experimentally measured flame rate for the nanoparticle
mixtures is 627 m/s and lower than 950 m/s reported earlier for
similar particles in a similar set-up [6,10]. Also, the flame rate of
205 m/s was also lower than 244 m/s for 1–3 lm particles reported
earlier [11,12]. This difference may be related to change in passiv-
ation technology by the manufacturer. It is noted that further
investigations related to the influence of passivation environment
on particle reactivity are ongoing and will be reported by the
authors in the near future.

After heating to 105 �C, holding for 10 min and cooling to room
temperature at 0.13 �C/s (regime "105-10 min-;0.13 �C/s), flame
speed was significantly increased to 820 m/s for nanoparticles
and 290 m/s for micron particles. At the same time, after heating
to 105 �C, holding for 10 min and cooling to room temperature at
0.06 �C/s (regime "105-10 min-;0.06 �C/s), flame speed practically
did not change in comparison with non-heat-treated samples: it

Table 1
Parameters of aluminum particles.

Material Manufacturer Particle diameter Oxide thickness (nm) Relative particle diameter, M

Al-nano NovaCentrix 80 nm 4 9
Al-micron Alfa Aesar 3–4.5 lm 2 750–1125

Table 2
Summary of flame propagation results [17].

Test
temperature (�C)

Regime Flame propagation speed (m/s)

Micron Nano

25 205 ± 6 627 ± 19
25 "105-10 min-;0.06 �C/s 223 ± 11 631 ± 32
25 "105-10 min-;0.13 �C/s 290 ± 6 820 ± 32

105 "105-10 min 343 ± 3 909 ± 45
105 "105 330 ± 17 1002 ± 60

25 "170-10 min-;0.06 �C/s 226 ± 7 641 ± 32
25 "170-10 min-;0.13 �C/s 214 ± 11 737 ± 37

170 "170-10 min 347 ± 10 948 ± 47
170 "170 315 ± 16 960 ± 67

1414 V.I. Levitas et al. / Combustion and Flame 158 (2011) 1413–1417



Author's personal copy

was 631 m/s for nanoparticles and 223 m/s for micron particles.
Thus, if a holding time of 10 min was sufficient for increasing T0

to 105 �C and this temperature (at which system is stress-free)
did not change during cooling at 0.13 �C/s due to stress relaxation,
then pre-stressing indeed lead to a significant increase in flame
rate. However, cooling at 0.06 �C/s was not fast enough and inter-
nal stresses relaxed, which is consistent with lack of change in the
flame rate after such a heat treatment.

For comparison, Al particles were tested at 105 �C, after 10 min of
holding (regime "105-10 min) and immediately after reaching this
temperature (regime "105). For micron-scale particles, flame rate
for both conditions was approximately the same (343 and 330 m/
s, respectively). For nanoparticles, flame speed was 909 m/s with
holding and 1002 m/s without holding. Increase in flame speed with
increasing temperature of experiment is expected because elevated
temperature increases enthalpy of reactants, adiabatic flame tem-
perature and reduces ignition time. The reason why holding the
nanoparticle mixture at 105 �C reduced flame speed in comparison
with the case without holding is not clear. Elevated initial tempera-
ture may lead to shorter ignition time for particles with non-relaxed
thermal stresses (without holding, T0 = 25 �C) than with relaxed
thermal stresses after holding and T0 = 105 �C.

The same set of experiments was performed with maximum
pre-heating temperature of 170 �C. The flame speed for regime
"170-10 min-;0.06 �C/s is practically the same as for particles
without heat treatment and for the regime "105-10 min-;0.06 �C/
s, both for nano- and micron particles. That means that such a heat
treatment does not pre-stress particles, presumably due to low
cooling rate.

For the regime with higher cooling rate, "170-10 min-;0.13 �C/
s, flame speed for micron particles was also the same as for non-
heat-treated particles and much lower than for the regime "105-
10 min-;0.13 �C/s with lower heating temperature and the same
cooling rate. For the regime "170-10 min-;0.13 �C/s, flame speed
for nanoparticles was somewhat higher than for non-heat-treated
particles and much lower than for the regime "105-10 min-
;0.13 �C/s with lower heating temperature and the same cooling
rate. It looks like some undesirable processes occur at 170 �C in
comparison with 105 �C.

For comparison, for the regime "170-10 min, flame rate for mi-
cron-scale particles is the same as for regime "105-10 min, while
for nanoparticles it is slightly higher. At the same time, for the re-
gime "170, flame rate for both nano- and micron-scale particles are
slightly lower than for regime "105. While it is expected that in-
crease in initial temperature of reactant will increase the flame
rate, this is not the case. This also confirms that some undesirable
processes occur at 170 �C. They may be related to agglomeration of
particles. In future, we will try to increase cooling rate to study
whether it will increase the flame speed, because at higher temper-
ature, higher cooling rate is required to avoid stress relaxation.

3. Theoretical estimates and discussion

Pressure in the Al sphere, p, and maximum tensile hoop stresses
in aluminum oxide shell at the interface with the Al sphere, rh, are
found in [9]:

p ¼ 12ðm3 � 1Þðei
2 � ei

1ÞG2K1K2

H
þ 2K1ð4G2 þ 3m3K2ÞC1

RH

þ
ð2C2 þ pgRmÞm2K1ð4G2 þ 3K2Þ

RH
ð1Þ

rh ¼ �
6ðm3 þ 2Þðei

2 � ei
1ÞG2K1K2

H
þ 4ðm3 þ 2ÞG2K2C1

RH

þ
ð2C2 þ pgRmÞm2ð�2G2K1 þ 3ð2G2 þ K1ÞK2Þ

RH
ð2Þ

where m = 1 + 1/M, subscript 1 is for Al and 2 is for alumina, G and K
are the shear and bulk moduli, K1 ¼ fKm

1 þ ð1� f ÞKs
1 is the bulk

modulus of Al melt–solid mixture, subscripts s and m are for the so-
lid and melt phases, pg is the pressure of the gas, C1 and C2 are the
surface tensions at the aluminum–alumina interface and alumina–
gas interface, and H = 3m3K1K2 + 4G2(K1 + (m3 � 1)K2). Inelastic
strain is give by equations

ei
1 ¼ �ðaS

1ðTm � T0Þ þ ð1� f ÞaS
1ðT � TmÞ þ fam

1 ðT � TmÞ þ f emÞ
ei

2 ¼ �a2ðT � T0Þ
ð3Þ

where a is the linear thermal expansion coefficients, T0 is the tem-
perature at which the initial oxide shell was formed on the Al par-
ticle (i.e. temperature at which internal thermal stresses are zero),
and 3em the volumetric expansion during melting of Al.

In [10], the following equation for the flame propagation rate V
was derived

V=Vmax ¼ f for 0 < f 6 1 ð4Þ

f ¼ ð�Bþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2 � 4AC

p
Þ=2A ð5Þ

where Vmax is the maximum velocity that can be achieved for rela-
tively small M (Fig. 1) in the same experimental set-up, for the same
mass density of the powder, and for the same oxidizer, f is the vol-
ume fraction of melt in Al core necessary to fracture of the oxide
shell,

A ¼ 6demDKð2þm3ÞMG2K2

B ¼ Dkm2ðdð1þMÞpg þ 2C2Þð2G2 � 3K2Þ þ 6dð2þm3ÞMðemKS

þ DaDKDTÞG2K2 � dDKMð4G2 þ 3m3K2Þru

C ¼ 6dð2þm3ÞMDaKSDTG2K2 � 4ð2þm3ÞC1G2K2 þm2ðdð1
þMÞpg þ 2C2Þð2KSG2 � 3ðKS þ 2G2ÞK2Þ �Mdruð3KSK2m3

þ 4G2ðKs þ ðm3 � 1ÞK2ÞÞ

In this equation, DK is the difference in bulk moduli between li-
quid and solid Al, DT is the difference between the melting temper-
ature and the passivation temperature, T0, at which the initial
oxide shell was formed, ru is the ultimate strength of alumina,
and Da is the difference in linear thermal expansion coefficients
between solid Al and alumina. All parameters in Eq. (5) can be
found in [9].

Proportionality of V/Vmax and f was obtained empirically
[10,11]. Eq. (5) for f was obtained analytically from the fracture
criterion for oxide shell, i.e. from the condition that the magnitude

Fig. 1. Relative flame velocity V/Vmax versus relative particle size M = R/d for various
values of the ultimate strength of the oxide shell (as fraction of rth) and passivation
temperature T0 (K), shown near the curves. Lines are calculated using Eqs. (4) and
(5). Square is for the experimental value for Al nanoparticles at T0 = 298 K, while
triangle is for the experimental value at T0 = 378 K.
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of hoop stresses rh (Eq. (2)) reaches the ultimate strength of alu-
mina, �rh = ru. Physically, Eq. (4) means that the entire molten
Al which induced fracture of the oxide shell, participates in the
melt-dispersion mechanism during time scales of �10 ls (i.e.,
while the flame front passes through). The remaining non-dis-
persed Al reacts over longer time scales and does not contribute
to the flame rate V. Solid lines in Fig. 1 are calculations of f versus
M for d = 4 nm ( f very weakly depends on d) and several values of
the ultimate strength of alumina ru expressed in terms of esti-
mated value of theoretical strength rth = E/30 = 11.33 GPa, and
for two values of T0. In Fig. 1, experimental data for Al nanoparti-
cles with T0 = 298 K and T0 = 378 K are superposed to the theoret-
ical curves obtained with the help of Eqs. (4) and (5). Maximum
flame velocity Vmax is chosen to be 950 m/s, like in our previous
studies [6,10], because the same set-up was used. For nanoparti-
cles with T0 = 298 K, V/Vmax = 0.66, which is much below than the
value 1 obtained for M < 19 in previous studies [11,12]. The only
possible reason based on Eqs. (4) and (5) may be related to the re-
duced values of the ultimate strength of the shell ru in comparison
with the theoretical strength rth used to fit experimental data in
[7,8]. Ultimate strength for brittle materials has significant scatter
and reduction for the nanoparticles studied here in comparison
with nanoparticles studied in [8–12] may be related to change in
passivation technology, e.g. using air mixture of nitrogen with oxy-
gen rather than mixture of inert gas with oxygen. Various impuri-
ties can reduce strength of the shell. Thus, experimental value V/
Vmax = 0.66 for T0 = 298 K and M = 9 can be obtained using Eqs.
(4) and (5) for ru = rth/1.542. Then for the same ru for T0 = 378 K
Eqs. (4) and (5) give V/Vmax = 0.80, which is close to the experimen-
tal value of 0.863. For comparison, for T0 = 378 K Eqs. (4) and (5)
give the experimental value V/Vmax = 0.863 for ru = rth/1.50, i.e.
for increase in ultimate strength just by 3%.

In Fig. 2, similar experimental and theoretical results are pre-
sented for Al micron-scale particles with the same maximum flame
propagation speed Vmax = 950 m/s. In the range of the experimental
values of M, 750–1125, calculated relative flame rate weakly de-
pends on M, so we chose M = 1000. The experimental value V/
Vmax = 0.215 for T0 = 298 K can be obtained using Eqs. (4) and (5)
for ru = rth/1.261. Then for the same ru for T0 = 378 K Eqs. (4)
and (5) give V/Vmax = 0.305, which coincides with the experimental
value.

Thus, our theoretical prediction that the increase of flame speed
after subjecting Al nano- and micron particles by heating to 105 �C,
holding for 10 min and cooling with the rate of 0.13 K/s is due to
change in the temperature T0 at which particle is stress-free from
25 �C to 105 �C, is in quantitative correspondence with experiment.
There is no any evidence that such a treatment changes the ulti-
mate strength of alumina shell.

Let us estimate pressure in Al core and hoop stress in alumina
shell using Eqs. (1) and (2) with volume fraction of melt f = 0, first
for nanoparticles. For T0 = T = 298 K, one has compressive pressure
p = �0.08 GPa in Al and the compressive hoop stress rh =
�0.19 GPa due to surface tension at the Al–alumina and
alumina–gas interfaces. Heating to T = 378 K leads to p = �0.20 GPa
and rh = 0.37 GPa, while heating to T = 443 K leads to p = �0.30
GPa and rh = 0.82 GPa. If we change T0 to any current temperature,
T0 = T, we obtain the same stresses due to surface tension, i.e.
p = �0.08 GPa in Al and rh = �0.19 GPa in alumina. Changing T0

to 378 K induces at room temperature p = 0.04 GPa in Al and
rh = �0.74 GPa in alumina.

Consequently, our optimal heat treatment added tensile pres-
sure 0.12 GPa in Al and compressive stress 0.55 GPa in alumina.
Changing T0 to 443 K would create at room temperature
p = 0.14 GPa in Al and rh = �1.20 GPa in alumina.

For micron-scale particles, for T0 = T = 298 K, one obtains com-
pressive pressure p = �0.0021 GPa in Al and the compressive hoop
stress rh = �0.0051 GPa due to surface, both significantly lower
than for nanoparticles. Heating to T = 378 K produces pressure
p = �0.0038 GPa and hoop stress rh = 0.865 GPa, while heating to
T = 443 K gives p = �0.0052 GPa and rh = 1.573 GPa. Changing T0

to 378 K produces at room temperature p = 0.0004 GPa in Al and
rh = �0.876 GPa in alumina. Consequently, our optimal heat treat-
ment added tensile pressure 0.0017 GPa in Al and compressive
stress 0.871 GPa in alumina. Since our goal is to delay fracture of
oxide shell, change in hoop stress in shell is of most importance.
Note that changing T0 to 443 K would create at room temperature
p = 0.0011 GPa in Al and rh = �1.583 GPa in alumina.

4. Concluding remarks

In the paper, we presented proof of concept for the design of
pre-stressed Al nano- and micron size particles for energetic appli-
cations, which was predicted theoretically. It was demonstrated
that flame rate can be essentially increased (by 30–40%) by special
thermal treatment of the particles. Thus, to create preliminary
compressive stresses in an alumina shell (and, consequently, ten-
sile pressure in a core), particles were heated to several different
temperatures, held at this temperature for 10 min to relax thermal
stresses, and cooled with several rates to room temperature. Opti-
mal (within our testing matrix) thermal treatment conditions were
found, and they are the same for nano- and micron-scale particles.
Experimental results are found to be quantitatively consistent with
the theoretical predictions based on the melt-dispersion mecha-
nism. This also serves as a strong confirmation for the melt-disper-
sion mechanism.

While the above experiments were performed for Al particles
combined with a metal oxide (MoO3), the acceleration of Al oxida-
tion is expected for other systems that employ nanometric and
micrometric Al particles, provided that the conditions for operation
of the melt-dispersion mechanism are satisfied. In particular, (a)
the heating rate should exceed 106 K/s [14]; (b) relative particle
size M should not significantly exceed 1000, see Fig. 2; (c) the shell
must be relatively free of imperfections such that the shell strength
of alumina approaches the theoretical maximum [9,14]. If these
conditions of operation for the melt-dispersion mechanism are
met, then the results shown here for a thermite system should
transcend to other formulations that include nano- and micron-
scale Al, such as propellants, explosives and pyrotechnics. Also heat
treating Al particles can enable the melt-dispersion mechanism
when otherwise not applicable.

In future research, stresses in Al core will be measured using
X-rays and results will be compared to theoretical predictions.
Determination of stress relaxation mechanism and its temperature

Fig. 2. Relative flame velocity V/Vmax versus relative particle size M = R/d for various
values of the ultimate strength of the oxide shell (as fraction of rth) and passivation
temperature T0 (K), shown near the curves. Lines are calculated using Eqs. (4) and
(5). Square is for the experimental value for Al micron-scale particles at T0 = 298 K,
while triangle is for the experimental value at T0 = 378 K.
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dependence is of fundamental and applied interest. This mecha-
nism also controls the melting temperature via reducing the pres-
sure build-up in Al nanoparticles [18]. Identifying the reasons that
prevent increases in particle reactivity with further increases in the
temperature of the thermal treatment will allow us to reduce or
eliminate them. Further progress may be obtained if the oxide shell
is initially produced at high temperature rather than restructured
by heat treatment.
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