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Abstract

Modeling of Mechanical Alloying (MA), which is a solid-state powder processing technique, is car-
ried out by examining one widely used laboratory scale milling device, the SPEX 8000 shaker mill. It
is a vibratory mill; its vial is agitated at a high frequency in a complex cycle that involves motion in
three orthogonal directions. In this work, a popular dynamic simulation technique, Discrete Ele-
ment Modeling, is applied to examine dynamics of a SPEX 8000 shaker ball mill based on the move-
ment of milling balls. The computational results for energy dissipation rate inside the mill are
calculated for different ball sizes and varied total ball to powder mass ratios (charge ratios). The
computational results are well correlated with the experimental results tracking milling dose (used
to define the degree of milling) as a function of ball sizes and charge ratios. Moreover, the numerical
(theoretical) milling dose that correlates well with its experimental analog was found to depend on
the energy dissipation rate of the head-on ball collisions. The numerical simulations also indicated
that the milling progress is most significantly affected by milling media collisions with the energy
within a specific threshold, while the collisions with smaller and greater energies are less effective.
Finally, discussion shows how this novel approach of correlating specific scaling terms between

experiments and simulations can be applied to other powder processing equipment.
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1. Introduction

Mechanical Alloying (MA) is a solid-state, high-
energy ball milling technique used to produce powders
with unique microstructures. Mechanical Alloying
process has been widely employed in industry to syn-
thesize a variety of commercially useful and scientifi-
cally interesting materials®. Generally, in MA process,
a mixture of powder is loaded into a high-energy mill
along with a suitable grinding medium (milling balls).
Powder particles trapped between colliding media are
constantly subjected to deformation, resulting particle
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flattening, coalescence (cold welding) and/or frag-
mentation.

MA is a complex process. Aspects of the events that
occur in MA process have been described qualita-
tively?. However, modeling the MA process is a diffi-
cult task, since a large number of variables need to be
considered. Despite its complexity, modeling of the
process has been actively pursued during the last
10 — 15 years, e.g.,®. In general, modeling of MA
approaches can be classified in either local or global
terms. Local modeling describes effects (thermal
and mechanical) and events (deformation, fracture
and welding) when powder particles are entrapped
between colliding or sliding media surfaces*®, while
global modeling considers aspects such as distribu-
tion of impact velocity, impact angles as well as het-
erogeneity of powder within the mill”. Attempt has
been made to incorporate local and global approaches
to examine mechanics of MA process®. While mod-
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erate success has been achieved in modeling the
mechanics of the MA process based on a simplified
mill, the mechanics of MA remain incompletely
understood. In the present work, a novel approach is
considered where a parametric description of the
milling progress of mechanical alloying in SPEX 8000
shaker mill is investigated in a manner such that
experimental and theoretical results can be corre-
lated. This paper describes the numerical modeling
method used to develop theoretical description of the
milling progress.

The SPEX 8000 series shaker mill is widely used
in laboratories throughout the world. It allows rela-
tively rapid milling of small (<20 g) quantities of
material, and has become a de-facto standard piece of
equipment. Focusing on this type of mill will enable
subsequent comparison of the computations with
experimental results published by other researchers.
Validation of the numerical approach for this type of
mill is the first step required for transition to larger-
scale industrial equipment.

The SPEX 8000 shaker mill is a vibratory mill,
where its vial is agitated at a high frequency in a com-
plex cycle that involves motion in three orthogonal
directions. Fig. 1 shows the schematic of a SPEX
8000 mill device that is used in our lab. The center of
vial vibrates in two-dimensional mode with the same
frequency and different amplitude, and its slanted axis
rotates around the third direction. The movement of
rotation and vibration has the same frequency. In this
paper, a popular dynamic simulation technique, Dis-
crete Element Modeling, is applied to 3D simulation
of the SPEX 8000 shaker ball mill based on the inter-
actions of balls with other balls as well as the vial
boundaries. The purpose of the study is to examine
dynamic impact inside this milling device and develop
a correlation between the numerical results and the
experimental data. As it is known, the driving force
for the milling process is the countless impacts
between ball and ball and ball and vial. Energy dissi-
pation during the impact directly contributes to any
changes in the milled powder, as powder is trapped
between impacting surfaces. The cumulative work
performed on the powder is described by the milling
dose Dy, quantified later in the paper. Therefore,
through detailed simulations, energy dissipation rate
inside the system is calculated and based upon that a
numerical (i.e., theoretical) milling dose is defined.
Calculations are carried out for different ball sizes
and total ball-to-powder mass ratios (ball mass, m,, to
powder mass, my, the ratio is also called the charge
ratio, Cgr). This numerical milling dose is correlated
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with a suitably determined experimental milling dose
to evaluate the milling progress.

Fig. 1 Schematic of SPEX 8000 mill.

2. Description of the Numerical Model

Most particle dynamic simulations use the Discrete
Element Method (DEM). The term “discrete ele-
ment” refers to the fact that the simulation models the
particles as a system of individual element (called
discrete elements)?. In other words, this technique
simulates systems consisting of discrete particles in
which motion of each individual particle is controlled
by its interactions with other particles and with the
system boundaries, which are also treated as dis-
crete elements. Therefore, in a DEM simulation, dis-
crete elements include particles and boundaries. For
numerical simulation of the SPEX 8000 system by
DEM, the boundary of the system is disassembled
into three elements; one is represented as cylindri-
cal boundary and the other two are represented as
bounded top and bottom flat surfaces. In the modeling,
the movements of boundary elements are described
according to the actual motion of the SPEX 8000
vibrating mill during the experiments. Referring to
Fig. 1, these include rotation of the vial, which is
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itself tilted around z-axis, and linear vibratory motion
of vial center in x and y directions. As per its design
and subsequent operating conditions, the value of
rotation frequency is the same as that of vibration.
Hence, the vibration movement in x and y directions
can be expressed by the following simple equations,

x=A, sin wt
y=A, cos wt

(€)

where, A, and A, are the amplitudes of motion in x
and y directions respectively, and w is the frequency
of vibratory motion.

For dynamic simulation of a particulate system by
DEM technique, the computation time is a critical
issue, which is governed by the number of particles
and size of the smallest particle in the system. In a
given experiment, the physical size of powder to be
mechanically alloyed is very small, and the size varies
significantly, while the number of particles is very
large. This poses a formidable computational chal-
lenge, and hence it is impractical to include individual
powder particles in the modeling. The main purpose
of this work is to compute useful information based
on ball-ball and ball-boundary interactions in order to
understand the mechanics of the SPEX 8000 mill.
Therefore, it is not necessary to exactly model all the
powder particles which are being milled, and only the
milling media balls along with the vial motion are mod-
eled. Although this is a standard practice as reported
in the literature, e.g.57, there is always some effect of
powder on ball-ball and ball-boundary interactions,
and therefore it is taken into consideration by allow-
ing a change in certain properties of the ball parti-
cles. This is done based on the strategy suggested by
Kano et al., through proper selection of restitution
coefficient!®. Moreover, previous systematic study
has shown that the impact velocity, thickness and
strength of the powder layer coating the balls and the
ball size contribute to the variation in restitution coef-
ficient!D. The trends reported earlier were supported
by our experimental evaluation of restitution coeffi-
cient between the ball and vial surface for a clean ball
versus a milled powder coated ball*®. Therefore, in
our study (here as well as in Ref.!?), it is assumed
that under the same amount of powder loading, resti-
tution coefficient is inversely proportional to surface
coverage of milling balls and changes within the
range of 0.5 — 0.8 under different operating condi-
tions. In our numerical simulation, Walton-Braun soft
sphere model®'® is applied to ball-ball and ball-
boundary interactions. The detailed description of the
force model and the numerical implementation can be
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found in®®,

The time step, At, is an important quantity that
affects the total computational time required for the
simulation, and is calculated by the following expres-
Si0n13'15),

At= eV mi/ZK]_
n

2
where e is the restitution coefficient of the milling
balls, m; is the mass of one ball, K; is the spring stiff-
ness during the loading (i.e., approach during the
contact) and n is the desired number of time steps for
one contact. This number is typically chosen to be
between 20 and 60, and for this simulation n=40.
Equation (2) shows that the time step of the calcula-
tion is proportional to the ball mass.

The normal stiffness of the milling balls K; has
been estimated to fall within the recommended guide-
lines'*®, allowing for a maximum deformation of 1 %
of the ball diameter during a collision. The normal
stiffness has thus been calculated using the following
equation,

K,=0.017E r; ©)

where E is Young’s modulus and r; is the ball radius.

3. Simulation Approach

As mentioned before, because of the large differ-
ence between the particle size of the powder being
milled and the size of the milling balls, only milling
balls were considered. This simplification is reason-
able; it allows focusing on the high-energy interac-
tions between milling balls as well as milling ball and
milling vial walls, which are responsible for mechani-
cal alloying in a ball mill. During the simulation,
energy dissipation in the system, which arises from
ball-ball and ball-wall collisions, is calculated in the
term of the energy dissipation rate by the following
equation,

£= 3 A8y BBk (@)

k=1 s k=1 ts
where E; and E; are the energies of a binary impact-
ing system before and after a collision, respectively; k
is the collision index, and N, represents the total num-
ber of collisions during the time interval t,. For a ball-
ball collision, the energy of the impacting system is
calculated by:

1, 1 1,1 5
E1,2=Emivi+E|iwi+EPi+EmJVJ+EIin'+EPj 5)
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where subscripts 1, 2 refer to the impact energy
before (E;) and after the collision (E,), respectively; i,
j are indices of two colliding balls, v is the transla-
tional velocity, and @ is the rotational speed of each
impacting ball; m is the mass and | is the moment of
inertia of the ball; and E, is the potential energy of the
ball under gravity (E,=mgh, where h is height of
mass center, and g is the gravitational acceleration);
and for a ball-boundary interaction,

1 1
E1,2=EmiAvi2+Eliwi2+Epi (6)

where Av; is the relative impact velocity between the
ball i and the boundary it is colliding with.

Table 1 lists the parameters and their values or
variation ranges used in the simulation and in the
corresponding experimental study*?. The parameters
related to the milling vial geometry and movement
come from empirical measurements for a specific
SPEX 8000 series shaker mill used in experiments!? 17,
Milling ball sizes and loadings are also the same as
for the corresponding experimental investigation.
Milling balls used in the study are made of hardened
steel (density, p=7.86g/cm?®) with four different sizes.

Table 1 Input parameters of simulation

Size of vial (mm) $38x57
Angle of vial axis with rotating axis (°) 15
Rotation speed (rpm) 1054
Vibration frequency (Hz) 17.6
Vibration amplitude A,, Ay (mm) 25,6

Diameter of milling ball (mm) 2.36, 3.16, 4.76, 9.52

Total mass of milling balls (g) 12.5, 25, 50
Young Modulus of steel (GPa) 200
Friction coefficient 0.4
Restitution coefficient 05-0.38

4. Numerical Results

Numerical simulations are carried out to represent
closely the experimental studies of the effect of milling
ball size and ball loading, represented by Cx (total ball
mass to powder mass, termed as the charge ratio), on
the milling time. According to the experimental study,
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three values of Cg, i.e., Ck=2.5, 5 and 10 are used for
each ball size. As stated in the previous sections,
because of the computational limitation, powder par ti-
cles are not considered directly in the numerical
analysis. However, the effect of powder to ball-ball
and ball-wall interactions is taken into consideration
by the appropriate selection of the restitution coeffi-
cient. It is assumed that under the same powder load-
ing, the restitution coefficient is inversely proportional
to the surface coverage of the milling balls, varying in
the range of 0.5 — 0.8. For the milling process, the
required milling time is correlated with the impact
energy consumption rate, i.e., the energy dissipation
rate. The larger the energy consumption rate, the
shorter will be the milling time required to achieve
the same state in the milled powder. The dynamics of
the SPEX 8000 shaker mill is studied in detail in
terms of the distribution of energy dissipation per
impact and the impact angle. Fig. 2 represents the
histograms of impact energy dissipation inside the
system corresponding to four different ball sizes with
Cr=5.0, and my=2 g. The vertical scale is the fraction
of all impacts occurring at a given energy dissipation
level. For the system loaded with the smallest balls
considered (d=2.36 mm), the value of energy dis-
sipation for most impacts is less than 10e-5 J. For the
two ball diameters, d=3.16 mm and d=4.76 m, most
impacts involve energy dissipation at the similar
energy levels that do not exceed 10e-2 J. For the sys-
tem loaded with the largest ball size (d=9.52 mm),
some impacts involve the energy levels exceeding
10e-2 J. Fig. 3 illustrates distribution of the dissipated
energy as a function of collision angles for the sys-
tems with different milling ball sizes. Generally, for all
ball sizes, most collisions occur at an angle that is in
range 80 — 90°. Such impacts can be classified as
oblique or glancing impacts. However, a trend can be
noticed that with the increased ball size, the fraction
of the energy dissipated in the collisions occurring
at smaller angles increases. For the largest milling
balls (d=9.52 mm), the fraction of the energy dissipa-
tion from the collisions occurring at the angles less
than 30° (which can be called head-on collisions)
approaches 10%. These observations made through
numerical simulations show that the processing of
powder in a SPEX 8000 mill involves a large fraction
of glancing impacts. Relatively few impacts are accom-
panied with high levels of energy dissipation. These
conclusions are in good agreement with previously
observed experimental results?, suggesting that this
numerical simulation strategy can capture the experi-
mental phenomena reasonably well.
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Fig. 2  Histograms of the fraction of energy dissipation per impact for different impact energies for the systems with different ball diameters, d:

a.d=2.36 mm; b. d=3.16 mm; c. d=4.76 mm, and d. d=9.52 mm.

Discussing further the results of the numerical sim-
ulations, one can consider the frequency of collisions
as a function of the number of balls loaded in the
milling vial for different ball sizes. The results are
plotted in Fig. 4. It is observed that the collision fre-
quency inside the SPEX 8000 mill is approximately
proportional to the number of balls. This trend re-
mains valid for different ball sizes, allowing some gen-
eralization of this result followed from the numerical
modeling. Fig. 4 also shows that the number of colli-
sions per second is quite large, and that the collision
frequency remains linearly related to the number of
balls while the number of balls increases in a wide
range, as illustrated by the log-log plot. Although it is
not shown explicitly, the number of collisions per ball
increases dramatically as the total number of balls
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within a system increases. While this is a useful
result, it is unclear whether an increase in the num-
ber of balls within the same size milling vial would be
advantageous for the milling progress. Hence, there
is a need to develop parametric information that can
allow generalization as well as consolidation of the
results for different operating parameters such as ball
size and number of balls, and can allow for an easy
comparison with the experimental results.

One such function that can be formulated and sub-
sequently studied through simulations is proposed in
terms of the energy dissipation rate, E4, and the
charge ratio, Cg, of the system, and is expressed as
Cr-my/E4'?. The powder mass, m, is incorporated in
the function as a scaling factor to correlate with the
experimental study and characterize the energy dissi-
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Fig. 3 Distribution of the fraction of energy dissipation per impact as a function of the collision angle for the systems with different ball sizes:

a.d=2.36 mm; b. d=3.16 mm; c. d=4.76 mm, and d. d=9.52 mm.

pation per unit mass of powder. Fig. 5 shows that the
function Cg-m,/E, is almost constant for four differ-
ent ball sizes and three charge ratios with two differ-
ent powder loadings. Noting that Cx, is the ratio of the
total ball mass to the powder mass, the function can
be expressed as, Cg-my/Eq=my/Ey, so that the result
shown in Fig. 5 can be interpreted as m,/E;=const.
This means that the collision energy dissipation rate
Eq is proportional to the total ball mass m,, and is
nearly independent of the ball size. This result is fur-
ther supported by our simulation data shown in
Fig. 6.
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Fig. 4 Collision frequency (1/s) in the system as a function of
number of milling balls for different ball sizes.
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Fig. 6 Simulation results showing the energy dissipation rate as a
function of the ball mass for different ball sizes.

5. Parametric Investigation of Mechanical
Alloying

Recent experimental studies® ') on reactive milling
using a SPEX 8000 mill suggested that the milling
progress can be described using the specific milling
dose, D, given by:

Dn=— (7)

158

where W is the work performed on the powder, and
m, is the powder mass.

The studies involved milling of reactive materials
such as thermites, where a self-sustaining reaction is
triggered after a certain period of milling. For the pur-
pose of the comparison of experimental and numeri-
cal results, it was assumed that the self-sustaining
reaction is triggered when a specific degree of refine-
ment of the powder components was achieved. The
work performed on the powder in the milling system
can be expressed through the energy dissipation rate,
Eq, i.e., W=Egtini, Where tii; is the milling time
required to initiate (or trigger) the reaction'? ). This
leads to,

_ W _ Edlinit
m, M

D )]

From DEM simulations, it was observed that Eg is
proportional to the mass of the milling balls m,, hence,

Eqtinit  Mptini
— d linit o blinit =CRtinit (9)
mp mp

Dnm

This equation provides an easy method for experi-
mental measurements of the milling dose for a specific
milled material. Based on the experimental results for
milling of 2Al+Fe,0; thermite!> 1, the product of the
measured milling time (leading to initiation of the self-
sustained reaction) and the charge ratio, D, =Crtinjt,
is plotted in Fig. 7 as a function of the ball size for dif-
ferent charge ratios. The plots of Cgtjyi; for different
Ck values are similar to one another, especially for the
intermediate ball sizes, and the overall value of D,
does not change significantly. Therefore, the experi-
mentally determined milling dose shows the behavior
that is qualitatively similar to its numerically calcu-
lated equivalent, cf. Fig. 5.

However, the experimentally determined milling
dose is not always constant, particularly for smaller
and larger ball sizes. While the deviations may be
explained qualitatively by collective ball motions or
vial size limitations, further details could be deter-
mined from the numerical simulations. For instance,
in the numerical simulation, the effect of the collision
impact angle on the milling progress can be readily
examined. Following the initial analysis presented in
Fig. 3, the collisions occurring at different impact
angles can be classified, in the first approximation, as
head-on impacts (the impact angle is less than 30°)
and glancing impacts (the impact angle is greater
than 30°). Therefore, the energy dissipation rates for
each type of collisions can be computed and respec-
tive milling progress functions can be considered and
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Fig. 7 Experimental data on reactive milling of 2Al+Fe,O3; composition presented as the product of the charge ratio and milling time plotted

versus ball size for different charge ratios.

compared to the experimental data shown in Fig. 7.
The sum of the head-on and glancing energy dissipa-
tion rates is the total energy dissipation rate, shown in
Figs. 5 and 6. In contrast, Fig. 8 illustrates numeri-
cal milling dose, D'\, based on the energy dissipation
rate from the head-on collisions only as a function of
ball sizes for a series of charge ratios corresponding
to the experimental data in Fig. 7. For comparison, a
similar plot for the numerical milling dose based on
energy dissipation rate in glancing impacts only is
shown in Fig. 9.

The numerical milling corresponding to the total
Eq, shown in Fig. 5, reveals a relatively constant mil-
ling dose as a function of ball size, while the milling
dose based on the head-on energy dissipation rate
shows a different trend which correlates better with
the experimental milling dose as shown in Fig. 7.
Conversely, the calculation based on the glancing
energy dissipation reveals different value of milling
dose upon different powder loading, where larger
loading results in smaller milling dose, which is not
supported by the experimental results. The numerical
milling dose based on the head-on dissipation energy
rate has a divergence similar to the experimental
milling dose for small diameter balls, but demon-
strates a less efficient milling (shown as larger aver-
age milling dose value) for Cr=10 rather than Cg=2.5
as the experimental results. For the intermediate ball
sizes (d=3.16 mm and d=4.76 mm), which generate
collisions with very similar levels of energy dissipa-
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tion (c.f. discussion in section 4 for Fig. 2), the nume-
rical milling dose agrees well with the experimental
milling dose. This may imply that the specific range
of dissipation energies is critical for reactive milling
and, by implication, for the progress in mechanical
alloying.

The validity of experimental milling dose and nu-
merical milling dose based on the energy dissipation
rate for the head-on collisions is also well represented
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Fig. 8 Theoretical/numerical milling dose Dy, based on the head-
on energy dissipation rate as a function of ball size.
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Fig. 9 Theoretical/numerical milling dose based on the glancing
energy dissipation rate as a function of ball size.

in the DEM results with a near constant milling dose
for 4.76 mm balls among all charge ratios. This inter-
section point represents the most efficient milling
condition for the examined charge ratios. Therefore,
head-on collisions are found to be more significant in
defining the milling progress. This finding agrees
with reports stating that the glancing impacts do not
contribute significantly to the deformation, coales-
cence, and fragmentation* 7,

The results shown so far indicate that this method-
ology of combined numerical and experimental study
can be used for the analysis of mechanical alloying
suitable for the further process development and
scale-up. The numerical (or theoretical) milling dose,
although expressed in terms of energy, behaves
similarly to the experimental milling dose which is
expressed in terms of time. This demonstrates the
DEM methodology’s ability to capture the physical
interactions during milling. In a scaled up operation,
the optimal conditions, observed here for 4.76 mm
balls, may actually occur at a different ball size, but in
general, numerical modeling can be expected to iden-
tify the optimal ball size and help identify the addi-
tional parameters required for successful production.
The same idea could be applied to the analysis of
other dynamic systems, such as mechanofusion, where
a parameter similar to milling dose can be used to
evaluate the coating degree. That topic will be dis-
cussed in a future paper.
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6. Conclusions

The numerical study of the mechanical alloying in a
SPEX 8000 shaker mill is carried out by DEM tech-
nique. The movement of the vial is implemented into
the modeling according to the experimental measure-
ments. During the simulation, the energy dissipation
rate of the system is calculated for four different ball
sizes and three charge ratios. The numerical milling
dose is thereafter constructed based on the energy
dissipation rate and correlated with the experimental
milling dose, which is a useful indicator of the milling
progress for reactive milling. There is a good agree-
ment between numerical simulation and experimental
data indicating a trend for a constant milling dose for
a specific material. Furthermore, the numerical milling
dose based on the energy dissipation rate from head-
on impacts demonstrates a better correlation with the
experimental milling dose than the similarly defined
milling dose calculated considering the energy dissi-
pation rates for all or only glancing impacts. This clas-
sification of the energy dissipation rate according to
head-on and glancing impacts can only be accom-
plished by numerical simulation, emphasizing its
importance for the analysis of the actual milling
mechanism. Particularly good description of the
milling progress by both the experimental milling
dose and its numerical analog is found for intermedi-
ate ball sizes, which result in collisions within a spe-
cific range of energies. The collisions with energies
which are higher or lower than the observed thresh-
old, and which occur when larger or smaller balls are
used, appear to be less effective in achieving the
milling progress. Because the numerical simulation
successfully predicts the trends observed in the
experiments, it is suggested that the model can accu-
rately describe the progress of mechanical alloying
and reactive milling, and is useful for further scale-up
studies.
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