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)is work focuses on the propagation of mechanically activated self-sustaining reactions during the mechanical processing of
powder in ball mills. We use a numerical model to reconstruct the dynamics of a single ball and powder particles inside the reactor
of a SPEX Mixer/Mill 8000 under operational conditions. Taking advantage of the analytical description of the reactor swing, the
equations of motion of ball and powder particles are solved numerically.)e discrete element method is used to describe contacts.
Reaction is ignited in an individual particle randomly selected among those compressed during an impact between ball and
reactor. A simple kinetic law and a set of rules involving degree of chemical conversion and distance between particles are used to
obtain a phenomenological description of the reaction propagation. We show that the propagation is significantly affected by
reaction rate in individual particles, with other factors being less influential. We observe a strong coupling between the dynamics
of powder particles and the reaction propagation.

1. Introduction

Mechanical processing by ball milling (BM) is a powder
metallurgy methodology that uses collisions between milling
tools to induce physical and chemical changes in granular
bodies confined inside a reactor [1, 2]. When the milling
tools collide, their surfaces trap a small fraction of the
powder charge, thus subjecting it to mechanical loading
[3, 4]. Nonhydrostatic mechanical stresses arise across the
network of contacts between the powder particles, giving rise
to a disordered network of mechanical forces acting on the
level of individual particles [4]. Local particle configurations
influence the way local stresses distribute. )us, individual
particles can experience loading conditions differing in
nature, rate, and intensity. Correspondingly, the loaded
material can exhibit different local physical and chemical
responses. Frictional heat production, cold-welding, frac-
turing, plastic deformation, and work-hardening processes
that take place on the macroscopic scale [1, 3, 5] can be
accompanied, on the microscopic one, by the forced mixing

of chemical species and the activation of physical and
chemical transformations [6–16].

Although such transformations typically have gradual
kinetics, often extending over long processing times
[1, 2, 17–19], highly exothermic systems can undergo self-
sustaining high-temperature reactions [1, 2, 17, 20]. )ese
are characterized by a two-stage kinetics, with the initial
microstructural refinement promoted by BM suddenly
replaced by a chemical transformation able to proceed
autonomously without any further input of mechanical
energy due to the fast liberation of the reaction heat [20].
Ignition marks the discontinuity between the two stages and
makes mechanically activated self-sustaining high-temper-
ature reactions (MSRs) a special case of self-propagating
high-temperature synthesis [21–25].

Ignition represents a crucial aspect of MSRs and, thus,
significant attention has been paid to its study [20, 26–35]. In
particular, systematic experimental investigation aimed at
measuring the activation time preceding the ignition of the
MSR, commonly referred to as the ignition time, which has
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been shown to depend on several factors including chemical
composition, impact energy, amount of reactants, and
temperature [20, 26–35].

In contrast, much less attention has been devoted to the
mechanisms governing the MSR propagation inside the
mechanochemical reactor under operational conditions. In
principle, it is quite reasonable to expect that the dynamics of
milling tools and powder particles can affect the degree of
chemical conversion and the nature of final products.
Nevertheless, the direct experimental investigation of the
propagation process raises considerable difficulties due to
the rapid motion of the reactor, the violent stirring of the
powder charge, the scarcely predictable ignition time, and
the high rate of chemical conversion. Overall, such factors
translate into fragmentary and contradictory empirical ev-
idence simply suggesting that MRSs do not result necessarily
in the complete conversion of reactants to products and that
the variation of BM conditions can even determine the
suppression of MRSs [20, 26–35]. Nevertheless, detailed
information on the way milling dynamics can affect MSRs is
highly desirable in view of a reliable exploitation of MRSs in
materials manufacturing contexts.

Based on the considerations above, the present study
aims at throwing light on the wayMSRs propagate across the
powder charge under operational conditions. To this aim, we
use numerical simulations to investigate the dynamics of a
granular body inside the reactor of a SPEX Mixer/Mill 8000
ball mill in the presence of a single milling ball. )e reactor
swing gives rise to a granular flow with internal dynamics
determined by the milling frequency. Ignition is simply
modelled by activating the chemical conversion in a single
powder particle and describing the reaction propagation to
other particles via a phenomenological set of rules. We show
that different propagation modes can exist depending on the
milling frequency and the propagation rate.

Details of numerical methods are given in the following.

1.1. Numerical Methods. Numerical simulations take ad-
vantage of the mathematical description of the reactor
motion in a SPEX Mixer/Mill 8000. Manufactured by SPEX
SamplePrep, LLC, the ball mill is equipped with a
230V–50Hz motor that rotates at 1425 rpm and activates an
eccentric fulcrum through a pulley system. )e fulcrum is
rigidly connected with a mechanical arm that has a clamp
assembly to secure the reactor at the end. A recall spring
moderates the arm swing. )e reactor consists of a cylin-
drical container with inner height and diameter equal to
about 5.8 and 3.8 cm, respectively. Once the reactor is
clamped to themechanical arm, its geometrical centre lies on
the axis of the mechanical arm at about 10 cm from the
fulcrum axis. )e reactor undergoes an angular harmonic
displacement on the vertical plane and a synchronous ro-
tation around the axis of the mechanical arm at a frequency.
)e angular swings on the vertical horizontal planes have
amplitudes, respectively, θ0 and α0, equal to 15°. Full details
can be found elsewhere [36, 37].

An inertial Cartesian reference frame centred on the
eccentric fulcrum can be used to describe the trajectory of

any point of the reactor [36, 37]. )e dynamics of balls and
powder particle inside the reactor can be conveniently de-
scribed with reference to a noninertial Cartesian frame
moving with the reactor and with the origin at its centre
[36, 37]. )e inertial and noninertial Cartesian reference
frames are shown in Figure 1 for illustrative purpose. Since
acceleration components along inertial Cartesian axes take
values about 20 times larger than gravity, we neglect them.

Calculations were performed considering a cylindrical
reactor approximately 5.8 cm in height and 1.9 cm in radius.
)e reactor contained 5000 spherical particles with mass of
0.7mg and diameter of 0.3mm. A single milling ball with
mass and diameter equal to 8 g and 1.24 cm, respectively, was
considered. Powder particles and milling ball occupy, ap-
proximately, 0.11% and 1.52% of the reactor volume, re-
spectively. )e ball-to-powder mass ratio is equal to about
2.28. )is value is well within the range of ball-to-powder
mass ratios typically utilized in milling experiments, which
can usually be as small as 0.5 and as large as 24 [1, 2, 17].

In the absence of contacts with each other or with the
reactor wall and bases, ball and powder particles undergo
uniform rectilinear motion. Contacts between balls, powder
particles, and reactor walls are described using the discrete
element method [38, 39]. Accordingly, the effects of normal
and tangential forces on the colliding bodies are evaluated
using a combination of springs and dashpots [38, 39]. Since
accurate calculations indicate that tangential forces typically
are much smaller than normal ones, in this study, they have
been neglected. Normal forces are expressed as

N � −κ ε − c
dε
dt

. (1)

)is equation describes the force of a damped harmonic
oscillator with repulsion and dissipation terms that allow
modelling partially elastic collisions. )us, κ is Hooke’s con-
stant, c is a damping coefficient, ε is the deformation undergone
by the colliding surfaces, and t is time [38, 39]. Force parameters
are 4.14×106 kg·s−2 and 5.5452×101 kg·s−1 for collisions with
the reactor wall and 3.622×102 kg·s−2 and 4.85×10−3 kg·s−1 for
collisions among particles andmilling ball. Equations ofmotion
were integrated using the Verlet algorithm with a time step of
5μs [39, 40].)emilling frequency, ], was varied in the interval
between 11.6 and 21.6Hz.

For convenience, the initial configuration of powder
particles and ball consisted of an ordered array not in contact
with reactor wall and bases. Order is lost very quickly once
ball and powder particles collide with each other and with
the reactor wall and bases. Ball and powder particle dy-
namics have fully relaxed after two complete reactor swings
and the resulting disordered dynamics were no longer af-
fected by initial conditions.

Once the dynamics have suitably relaxed, a powder
particle randomly selected among those compressed by the
ball against one of the reactor bases during an impact is
ignited. )e reaction in individual particles is given a
phenomenological description using the Johnson-Mehl-
Avrami kinetics [39]. Accordingly, the conversion degree is
related to time by the expression
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α � 1 − exp −k t
n

( , (2)

where k is the rate constant, t is time, and n is the Avrami
exponent. Based on available literature [41], n was given the
value of 1.649.

Reaction propagation from a given particle to a neigh-
bouring one is modelled by two simple phenomenological
rules that must be satisfied simultaneously. First, a non-
reacting particle can be ignited by a reacting one if it is
distant from the latter less than a selected distance, dig.
Second, a reacting particle can ignite a nonreacting particle
only if its conversion degree α is between two suitably
chosen set values αmin and αmax. For convenience, αmax was
set equal to 1 − αmin.

)ese rules undeniably provide only an oversimplified
description of the reaction propagation. At the same time,
however, they make the simulation of the ignition and
propagation processes affordable. In this regard, it is worth
noting that a rigorous description of the mechanically ac-
tivated ignition, and of the subsequent propagation, is not
only out of the scope of the present work but also, presently,
out of reach of routine scientific computation. )e physics
and chemistry involved render the problem highly complex.
On the one hand, simulations have to properly describe the
mechanics of impacts and the associated dissipation of
mechanical energy of ball and powder particles. On the other
hand, they have to account for the thermodynamics and
kinetics of a rapid chemical transformation taking place out
of equilibrium in an ever-changing environment. )e
chemical transformation involves individual particles, which
are also the primary heat sources due to the liberation of the
latent heat of reaction. Any given particle is a world of its
own that exchanges heat with a turbulent gaseous atmo-
sphere and, during impacts, with other particles by direct
contact.

It is not easy to combine the discrete dynamics of in-
dividual particles with the continuum of atmosphere while

describing the underlying heat transfer processes. However,
it is not difficult to identify the most important factors
determining the ignition and the propagation of the
chemical reaction. First, the higher the chemical transfor-
mation rate, the higher the rate of temperature increase in
individual particles, which results in a more efficient heat
transfer. Second, the shorter the distance between two
particles, the more intense and the easier the heat exchange
between them.

It is precisely from these two considerations that the
phenomenological rules used in simulations are derived.)e
choice of a minimum distance to allow ignition reminds of
the description of an effective heat transport inside a
granular flow. )e choice of a conversion degree interval
relates to the description of the heat generation rate. )is
latter typically involves a maximum, being limited by a low
temperature initially and by the progressive depletion of
reactants subsequently. Using these two criteria allows
avoiding the rigorous approach based on the combination of
heat generation rate inside each particle with the thermal
conduction and radiation between particles, reactor walls,
and milling ball. Simultaneously, it allows capturing the
fundamental features of the heat transfer processes, making
simulations feasible.

Simulations were performed varying the frequency of the
reactor swing, ], the reaction constant, k, the ignition dis-
tance, dig, and the lower threshold of conversion degree,
αmin. Parameter values were combined as summarized in
Table 1 to explore the effect of BM conditions on the reaction
propagation. In particular, the reactor swing frequency ]was
varied between 11.6 and 21.6Hz, the rate constant k between
6.845×10−2 and 6.845×102 s−1, and the ignition distance dig
between 7×10−5 and 7×10−4m. Similarly, αmin was varied
between 0.05 and 0.30.

2. Results and Discussion

)e initial configuration used to start simulations has been
suitably chosen to make relaxation as faster as possible. )e
positions of ball and powder particles inside the reactor are
shown in Figure 2(a). )e reactor is at the inversion point of
its swing. While ball and powder particles are at rest, the
reactor base accelerates toward ball and powder particles.
)e first contacts between the reactor base and cylindrical
wall, on the one hand, and the ball and powder particles, on
the other hand, trigger the disordered dynamics of the
granular system. )is is entirely involved within a quarter of
the reactor swing period. Information about starting con-
ditions is lost within two cycles of the reactor swing, almost
independent of the milling frequency. Once relaxed, the
system reaches steady-state dynamics characterized by the
displacement of ball and powder particles between the
opposite reactor bases.

)e simple visualization of the system evolution in time
allows capturing the crucial features of granular flow (see
Supplementary Information—video_propagation.avi avail-
able here). A suitably chosen system configuration is shown
in Figure 2(b) for illustrative purposes. It can be seen that
powder particles do not scatter throughout all the available
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Figure 1: Inertial and noninertial Cartesian reference frames used
to describe the reactor swing and the dynamics of ball and powder
particles inside the reactor.
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reactor volume but rather occupy a relatively small portion
of it. )e continuous energy exchange within the granular
flow and between powder particles and milling tools makes
the dynamics strongly dissipative. Accordingly, it never
results in particle configurations spreading across the entire
reactor volume. Although individual powder particles un-
dergo intrinsically disordered dynamics, the granular body
remains quite compact in its whole. Accelerations due to the
synchronous reactor rotations and oscillations tend to push
the powder particles against the reactor walls. At any time,
only a few powder particles can be found to be moving freely
across the reactor volume along trajectories diverging from
the mass of the granular body, mostly caused by energetic
rebounds within the granular flow. )e vast majority of
powder particles simply remain in contact with the reactor
walls or quite close to them.

Consequent to the dissipative dynamics experienced by
the powder particles, the granular flow couples its dynamics

with the reactor movement. Accordingly, the displacement
of the granular body in its whole between the opposite
reactor bases is definitely periodic.)is clearly emerges from
the numerical analysis of the granular flow with reference to
the noninertial Cartesian frame, which has the x-axis co-
incident with the main axis of the cylindrical reactor. )e
quantity that allows a suitable insight into the dynamics of
individual powder particles is their x coordinate. Its varia-
tion in time provides a reliable description of the main
displacements undergone by each particle. In turn, the
statistical distribution of the x coordinate of powder particles
gives a relatively clear idea of the movement undergone by
the granular body.

)e statistical distributions of the x coordinate obtained
at different points along the reactor cycle are shown in
Figure 3. Distribution curves are quite different from each
other and suggest the occurrence of contractions and ex-
pansions of the granular body in response to the mechanical
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Figure 2: (a) Initial and (b) relaxed configurations of ball and powder particles. Data refer to the case of a reactor swung at 14.6Hz. Inside
the reactor, an MSR is propagating. )e colour of individual powder particles measures the degree of chemical conversion (blue—low
conversion degrees; red—high conversion degrees).

Table 1: Parameter values utilized to carry out numerical simulations. Data refer to variable parameters, namely, the frequency ] (Hz) of the
reactor swing, the rate constant k (s−1) of the Johnson-Mehl-Avrami kinetic law, the ignition distance dig (m), and the lower ignition
threshold of conversion degree αmin.

Simulation run ] k dig αmin

1 14.6 6.845×102 7×10−4 0.3
2 21.6 6.845×102 7×10−4 0.3
3 21.6 6.845×102 7×10−5 0.3
4 14.6 6.845×102 7×10−5 0.3
5 14.6 6.845×101 7×10−4 0.3
6 14.6 6.845×101 7×10−5 0.3
7 21.6 6.845×101 7×10−4 0.3
8 21.6 6.845×101 7×10−5 0.3
9 14.6 6.845×100 7×10−4 0.3
10 14.6 6.845×100 7×10−5 0.3
11 21.6 6.845×100 7×10−4 0.3
12 21.6 6.845×100 7×10−5 0.3
13 14.6 6.845×10−1 7×10−5 0.3
14 14.6 6.845×10−2 7×10−5 0.3
15 14.6 6.845×10−2 7×10−5 0.05
16 11.6 6.845×102 7×10−4 0.3
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forces acting during the reactor cycle. At the lowest time
considered, the reactor has just passed the point of maxi-
mum velocity in the inertial Cartesian frame. As it decel-
erates, powder particles start detaching from the reactor base
and begin traveling across the reactor from one base to the
other. Correspondingly, the granular body undergoes the
first expansion stages along the main axis of the cylindrical
reactor. While powder particles move toward the opposite
base, mostly close to the cylindrical wall, the reactor keeps
decelerating. At the intermediate time considered, the re-
actor is between the point of maximum velocity and the
inversion point of its motion. )e granular body has fully
expanded under the effect of accelerations due to oscillations
and rotations and the corresponding distribution curve of x
coordinate appears quite broad. Shortly after the reactor has
started moving in the opposite direction, the first powder
particles come into contact with the reactor base and the
granular body progressively undergoes a contraction. Re-
actor and granular body have opposite movement and the
powder particles regroup on the reactor base. A new ex-
pansion stage of the granular body takes place when the
reactor reaches the point of maximum velocity. )e cycle is
repeated and the granular flow exhibits periodicity syn-
chronous to the reactor swing.

)e ball has a disordering effect on the dissipative dy-
namics of the granular body. Due to its significantly larger
mass and size, it easily pushes away any powder particle that
comes into contact with it. )erefore, at least on the average,
contacts between ball and granular body result in the
scattering of powder particles along different directions.
Vice versa, powder particles have an ordering effect on the
ball dynamics. At any given close approach between ball and
reactor wall and bases, a certain number of powder particles
are trapped. Compressed between the surfaces of ball and
reactor, they absorb part of the mechanical energy of the
impact, thus softening the collision elasticity. A certain
amount of the ball energy at impact is dissipated in the

deformation work of powder particles and another amount
is spent in the scattering of powder particles away from the
impact point. It follows that the ball undergoes partially
elastic impacts that can be approximately described by a
restitution coefficient of about 0.5. On the average, the ball
undergoes two main impacts with the reactor bases per cycle
of the reactor swing. )erefore, ball impact frequency is
twice the frequency of the reactor swing, in agreement with
previous studies [36, 37].

Since the compression of powder particles and the
consequent deformation processes are accompanied by local
temperature rises [1, 2, 17, 20], the MSR was initiated during
impacts. In particular, one of the powder particles under-
going compression was randomly selected and its chemical
conversion was allowed to change, from that moment,
according to equation (2).

Once ignited, the reaction proceeds in individual par-
ticles at a rate determined by the selected Johnson-Mehl-
Avrami kinetics. For the sake of illustration, let us consider
three powder particles close to each other in the initial
ordered configuration. )ese powder particles ignite at
different times during the simulation run with the first
parameters listed in Table 1. )eir degrees of chemical
conversion, α, are shown in Figure 4(a) as a function of time,
t. First, it can be seen that the reaction takes place on a time
scale comparable with the period of the reactor swing,
reaching completion in about 6×10−2 s. Second, although
the powder particles were initially nearest neighbours, their
ignition times are different. )is is a clear result of the ef-
fective disordering dynamics governing ball and granular
body inside the moving reactor.Whereas the reaction rate in
individual particles is determined exclusively by the John-
son-Mehl-Avrami kinetics and is, thus, independent of
external factors, reaction propagation from one particle to
the other can be expected to depend on the dynamics of the
granular body. In this regard, it is useful to refer to the
cumulative chemical conversion degree.

αcum(t) �
1

Np



Nig(t)

i�1
αi(t), (3)

which represents the overall conversion degree averaged
over the total number of powder particles, Np. In particular,
the cumulative conversion degree αcum(t) at time t is ob-
tained by summing the conversion degrees αi(t) at time t of
every reacting particle. Of course, the number of reacting
particles, Nig(t), varies with time t. It follows that αcum(t)

equals 1 only when all of theNp powder particles forming the
granular body have reacted completely.

)e cumulative conversion degree αcum(t) for the
simulation run with the first parameters listed in Table 1 is
shown in Figure 4(b) as a function of time t. )e curve
exhibits sigmoidal shape. Although apparently smooth, it
presents several slope variations that appear as small ir-
regularities and shoulders. )is clearly suggests that the
reaction does not propagate steadily across the granular
body. Rather, we can expect that it is affected by the granular
flow dynamics.
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Figure 3: Distributions f(x) of the x coordinates of powder
particles. Data refer to three different times during a simulation run
investigating the ball and powder particle dynamics inside a reactor
swung at 14.6Hz. )e bin size is equal to 0.002m.
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)e irregular progress of the MSR can be suitably
pointed out taking into due account the ignition time, tig, of
individual powder particles. Ignition times, indeed, reveal
when individual particles get involved in the reaction. )e
cumulative distribution of tig over the entire set of powder
particles is shown in Figure 5. )eir first derivatives are also
shown to highlight irregularities. Data refer to four repre-
sentative case studies that differ from each other for the value
of the rate constant k of the Johnson-Mehl-Avrami reaction
kinetics. Specifically, we reduced the k value from 6.845×102
to 6.845×10−1 s−1, with the other parameters being the same.

According to general expectations, reaction propagation
undergoes a corresponding deceleration. In all the cases,
cumulative distributions clearly reveal irregular propagation
processes characterized by sudden rises in the number of
reacting particles followed by shoulders and even plateaus
extending over time intervals of variable length. )e first
derivative of cumulative distributions shows that the
number of reacting particles changes discontinuously. In
particular, data show that a significant number of new
particles are ignited in correspondence of the inversion
points of the reactor swing, marked by the vertical-dotted
lines in Figure 5, or close to them. Accordingly, we can
readily infer that ignition of individual particles takes place
in bursts, mostly related to the contractions that the granular
body undergoes periodically as a result of the reactor swing.
It is during contraction stages that powder particles come

into closer contact, thus fulfilling the ignition condition
governed by ignition distance dig. )e comparison between
plots in Figure 5 indicates that the smaller the rate constant
k, the more evident the above-mentioned behaviour. )e
first derivative of the cumulative distribution of ignition
times for the simulation run with the smaller k value exhibits
distinct peaks of propagation in correspondence of the
contractions of granular flow caused by the impingement of
powder particles on the reactor base. Further reduction of
the k value can be expected to make the effect even more
evident on longer simulation times.

)e variation of simulation parameters affects reaction
propagation and, then, cumulative conversion degree
αcum(t) as shown in Figure 6. Most evident effects stem from
the variation of the rate constant k accounting for the re-
action rate in individual powder particles. Data in
Figure 6(a) show that reaction propagation significantly
accelerates as k increases. )is can be ascribed to the rapid
attainment in reacting powder particles of conversion de-
grees higher than the minimum threshold αmin required to
activate the reaction in nonreacting powder particles distant
less than dig. Once a certain number of powder particles start
reacting, reaction propagation to nonreacting particles
during contractions of the granular body can be very fast. In
most favourable cases, even a single contraction can be
sufficient to obtain complete conversion within a single
reactor swing.

)e frequencies of the reactor swing, ], and the ignition
distance, dig, are much less influential than the minimum
threshold for individual particle ignition, αmin. It can be seen
from Figures 6(b) and 6(c) that reaction propagation ac-
celerates only slightly as ] and dig increase. In the former
case, acceleration is ascribable to the direct relationship
existing between the frequency of the reactor swing and the
frequency of contractions in the granular flow. Contractions
favour the reaction propagation across the granular body as
a consequence of the reduced distances between loose
powder particles. )us, any ] increase determines a corre-
sponding increase of the reaction propagation once a suf-
ficient number of particles have conversion degree higher
than αmin. Similarly, an increase of the minimum distance
required for a reacting particle to activate the reaction in a
neighbouring, nonreacting particle favours reaction prop-
agation. In particular, the longer dig, the higher the prob-
ability of propagating the MSR in the granular body when its
contraction is not maximum.

Numerical findings indicate that the propagation of
MSRs in a SPEX Mixer/Mill 8000 ball mill depends on
factors related to the reactor swing and the intrinsic re-
action rate in individual powder particles. )e numerical
model takes advantage of the accurate description of the
ball and powder particle dynamics inside the moving
reactor, based, in turn, on a reliable reconstruction of
contact dynamics. Numerical simulations clearly show
that powder particles form a granular body governed by
strongly dissipative dynamics. )e fast energy redistri-
bution among powder particles allows the granular flow to
exhibit a periodic behaviour. Despite the disordered
trajectories of individual powder particles, the granular
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Figure 4: (a) )e degree of chemical conversion, α(t), for three
particles that are nearest neighbours in the initial configuration and
(b) the cumulative degree of chemical conversion, αcum(t), as a
function of time, t. Data refer to the first simulation described in
Table 1.
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body undergoes quite regular displacements between the
two opposite reactor bases. Overall, the granular flow is
characterized by alternating contraction and expansion
stages. Contractions take place when the granular body
moving in a certain direction impacts the reactor base
moving in the opposite direction, whereas expansion
starts when the reactor has reached the point of maximum
velocity. Two contraction and two expansion stages occur
per cycle of the reactor swing.

)e granular flow is disordered by the ball. Much bigger
than powder particles, the ball is able to push them away.
Accordingly, the powder particles are scattered across the
reactor volume. Every time the ball impacts the reactor wall
or bases, it compresses a relatively small number of powder
particles. )is results in a significant dissipation of the ball
mechanical energy during the impact, which allows the
establishment of a partially inelastic impact regime. As a
consequence, the ball undergoes two main impacts per cycle
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Figure 5: Cumulative distributions of ignition times (upper panel) and their first derivative (lower panel) over the whole set of powder
particles for the fourth (a), sixth (b), tenth (c), and thirteenth (d) simulations described in Table 1. Vertical-dashed lines correspond to the
inversion points of the reactor swing. )e bin size varies from 3.5×10−4 to 1.4×10−3 s.
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of the reactor swing within the whole range of reactor swing
frequency explored. )us, the results obtained satisfactorily
agree with experimental and numerical evidence from
previous studies.

We have used the numerical reconstruction of ball and
powder particles trajectories to investigate the relationship
between the granular flow dynamics and the propagation of
MSRs inside a moving reactor. To this aim, we have chosen
to describe the reaction of a single powder particle according
to a Johnson-Mehl-Avrami kinetics. Although phenome-
nological, this description is sufficient to enable the evalu-
ation of factors potentially affecting the MSR propagation.
Reaction was first ignited in a single particle randomly
chosen among those compressed by the ball during an
impact with the reactor base. We observe that the propa-
gation strongly depends on the rate constant of the phe-
nomenological kinetic law. In particular, propagation is
favoured by large values of the rate constant. Less influential
factors are the distance at which a reacting particle can ignite
the MSR in a nonreacting particle and the frequency of the
reactor swing. In any case, numerical findings clearly show
that the MSR proceeds via an irregular, discontinuous
propagation process. Specifically, bursts in the reaction ig-
nition in individual powder particles occur approximately in
correspondence of the contractions undergone by the
granular flow as a result of the intrinsic dynamics of the
granular body.

Our results allow deeper insight into the dynamics
governing the motion of ball and powder particles inside a

moving reactor of the SPEX Mixer/Mill 8000 and helps in
clarifying the conditions under which MSRs propagate.
Further work is needed to perform a systematic exploration
of the parameter space.
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Figure 6: )e cumulative degree of chemical conversion, αcum(t), as a function of time, t, obtained from simulation runs with different
values of (a) rate constant of the Johnson-Mehl-Avrami kinetics, (b) frequency of the reactor swing, and (c) ignition distance. Parameter
values are shown.
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Supplementary Materials

System evolution in time of granular flow in the noninertial
Cartesian framemoving with the reactor: trajectories of 5000
particles and a milling ball. )e colour of individual powder
particles measures the degree of chemical conversion (blue,
low conversion degrees; red, high conversion degrees). Data
refer to the case of a reactor swung at 14.6Hz (i.e., RUN 1 in
Table 1). (Supplementary Materials)
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