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The internal shape of planetary ball mill jars was modified to increase the efficiency of the milling pro-
cess. Four new jar designs are presented, where obstacles on the surface of a traditional cylindrical jar
modify the ratio of normal-to-tangential transferred mechanical action, thus improving the comminution
of the mill charge and reducing the process time. Multibody dynamics simulations, validated by operando
video recordings of the process, were employed to investigate modified ball motion regimes promoting
the increase of the number of high-energy impacts. Moreover, experimental grinding of calcium fluoride
powder was performed to assess the effect of milling time and jar-to-plate velocity ratio, through the
evaluation of size and microstrain of the end product deduced from X-ray diffraction line profile analysis.
� 2020 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Planetary ball mill is a widely used apparatus to process almost
any class of material, from metals and ceramics to organic com-
pounds and pharmaceuticals [1–6].

The geometry of the device and its working principle are rather
simple, with grinding occurring by impacts between milling media
(balls and jar) and mill charge (see e.g. [1,7]). Collisions intensity,
direction, frequency and, consequently, the characteristics of the
end product are determined by ball movements inside the jar,
which in turn depend on the setup of many milling parameters.
Optimization of these variables can be addressed experimentally
[8–10] and/or through analytical [8,11] and numerical [9,12] mod-
elling. While literature proposes several works analysing parame-
ters such as the number and dimension of balls [13–15], the
angular velocity of revolving parts [13,9,16,12], the balls filling
ratio [16] and friction [9], much less attention is deserved to the
shape of the jar, assumed generally to be cylindrical. This work
investigates instead the effect of re-designing the internal shape
of the jar, deemed as an alternative and advantageous way to per-
turb the milling media trajectories and enhance the process
efficiency.

Preliminary insights on the effectiveness of this variable are
reported in [17,18], where a jar with half-moon cross section
(HM) is proposed and compared with the standard cylindrical
one (CY). The present work extends the analysis to other 3 shapes
that break the cylindrical symmetry in different ways but pursue
the same goal of increasing the number of high-energy impacts.
Investigations are carried out through different approaches. In par-
ticular, multibody dynamics simulations of the process are
exploited to compute the ball trajectories and velocities and to pro-
vide estimates of average kinetic impact energy. Validation of
modelling predictions is then accomplished both directly by
operando video recordings of the grinding process and indirectly
by X-ray Powder Diffraction (XRPD) Line Profile Analysis (LPA) of
ground calcium fluoride (CaF2), employed to characterise the
structure and microstructure of the end product.
2. Planetary ball mill and new jar designs

In a planetary ball mill two or more rotating (with angular
velocity x) jars, containing the grinding balls and the mill charge,
are installed on a rotating (with angular velocity X) disk. The aris-
ing centrifugal and Coriolis forces drive ball motion, causing
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Fig. 1. Designs of the internal shape of the jar. Top, parasolid models for multibody dynamic simulations. Bottom, stainless steel jars.

Table 1
Geometrical and physical properties of jar and milling media and internal volume of
the jars.

Jars (AISI 304)

Internal radius 32.5 mm
External volume 80 cm3

Density 8.03 g/cm3

Young modulus 193 GPa
Poisson ratio 0.29

Spheres (AISI 1020)

Number 12
Radius 6 mm
Density 7.85 g/cm3

Young modulus 200 GPa
Poisson ratio 0.29

Jars Internal Volume

Cylindrical (CY) 72 cm3

Half Moon (HM) 60 cm3

1 Lifter (1L) 71 cm3

3 Lifters (3L) 69 cm3

Triangular (T) 51 cm3

2642 M. Broseghini et al. / Advanced Powder Technology 31 (2020) 2641–2649
impacts that transfer compressive and shear forces to the mill
charge. Generally speaking, while shear actions produce plastic
deformation, size reduction of powder particles (comminution) is
promoted by compressive forces [19–21], exchanged in the axial
direction with respect to the local impact reference frame, consist-
ing of two axes, one normal and one tangential to the contact
surface.

Trajectories of balls strictly relate to the setup of mill opera-
tional parameters, which determine whether they roll and slide
or swirly cross the grinding chamber. Different motion regimes
can therefore be recognized and, the more disordered they are,
the higher the number and the intensity of the impacts [22,16].
An alternative approach to modify – and possibly improve – the
milling process is to re-design the internal shape of the jar. Fig. 1
proposes 4 shapes that, in different ways, could enhance the
amount of impacts with high normal-relative-velocity component
and therefore improve the comminution of the mill charge. Partic-
ularly, the 1Lifter (1L) and the 3Lifters (3L) designs (Fig. 1c and 1d)
were inspired by the tumbling ball mills (presenting a cylindrical
lined shell) and introduce respectively 1 and 3 obstacles (lifters)
along the jar wall. These shoot balls in different directions-
depending on impact angles and velocities, therefore strongly dis-
ordering ball movements. The number of the lifters has to be prop-
erly planned: in fact, a high number of lifters enhances the ball
motion disorder and the amount of collisions but, at the same time,
it reduces the internal volume of the jar and, in turn, the maximum
flight length and the velocity of balls. Lifters shape and dimension
also deserves specific attention and, in particular, rounded profiles
have to be preferred over sharp edges to prevent the formation of
regions barely accessible by milling media where the powder could
accumulate and therefore would not be milled.

The Half-Moon (HM) shape (Fig. 1b) was inspired by the theo-
retical analysis of the ideal trajectory of a single ball in a standard
cylindrical jar (CY, Fig. 1a), proposed in literature [11]. Theory
indeed suggests that a ball should move as an integral whole with
a point on the vial circumference until, by a given composition of
the inertial forces, it is launched against the opposite point, per-
pendicularly to the jar surface. This results in a high velocity
impact, transferring a large amount of energy especially along
the axial direction. However, in a real scenario, due to the interac-
tions with many balls and the mill charge, this ideal trajectory
hardly takes place. Therefore, the HM shape introducing a flat sur-
face halfway between the curved wall and the axis of a CY jar was
designed so to drive the balls along the above-described ideal path.
Finally, the Triangular (T) jar (Fig. 1e) can be considered an ampli-
fication of the HM concept, as it presents 3 flat surfaces.
3. Methods

Newly designed jars were investigated through experiments
performed in a planetary ball mill Fritsch Pulverisette 4 (P4, [23])
and by numerical simulations. Jar (x) to plate (X) velocity ratio,
expressed as x=Xþ 1, was varied between 0.0 and �4.0 (with
fixed X and x counterrotating and increasing in magnitude) for
each set of analysis.

12 carbon steel balls were placed inside stainless steel jars (ge-
ometrical and physical properties of the milling media as well as
the internal volume of the jars are reported in Table 1).

For every jar, experiments were performed on calcium fluoride
(CaF2), grinding 2.1 g of powder under different velocity ratios for
32 h. Moreover, for the CY and HM jars, additional samples were
ground for different milling time (1 h, 4 h, 8 h, 16 h, 32 h and
64 h) so to assess also the effect of this variable.
3.1. Camera recordings

Ball motion inside the jars was monitored operando by means of
a high speed camera (Sony Action Cam HDR-AS200V, 240 fps,
1280X720 pixel resolution). As shown in Fig. 2, the camera was
directly installed on the jar through an expressly designed slot.



Fig. 2. Left, slot used for mounting the high speed camera directly on the jar equipped with a transparent lid. Right, the complete system mounted in the P4 planetary
ball mill.
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Therefore, the recorded ball- trajectories refer to the vial reference
frame. The visibility of milling media was allowed by a transparent
(policarbonate) lid and 50 LEDs mounted on a ring (i.e. an automo-
tive angel eye). A first group of recordings was taken without the
mill feed. Later, calcium fluoride was added and a new batch of
observations of the milling tests performed. In this way the effect
of the mill charge was clearly highlighted. Both qualitative and
quantitative information could in principle be extracted from cam-
era recordings [10] but in this work, only a qualitative analysis of
ball movements and their dependence on the jar shape and the
velocity ratio is considered.

3.2. Computer simulations

New designed jars were tested through a multibody dynamics
numerical model, developed within the framework of MSC.Adams
software [24,25]. Impacts among the milling media (treated as
rigid bodies) are the crucial ingredient of this model and were sim-
ulated by adding to the Lagrangian equations of motion a force–
displacement law, expressed as a combination of a non-linear
spring in parallel with a linear damper (hard-coded impact func-
tion [24]) [26,27].

Both for the ball-ball and the ball-jar impacts, the generalised
stiffness k and the exponent n, describing the elastic part of this
law, were deduced from the Hertz theory of contact [28]. For the
dissipative part, an upper bound value for the damping coefficient
cmax expressed as a function of compenetration of colliding bodies,
was provided by the classical solution of the damped vibration of a
mass-spring system [27]. The comparison between simulated and
experimental results of a sphere-on-plate drop test allowed to tune
the compenetration d at which cmax applies and to validate the reli-
ability of the modelled description of the impact event (more
details in [25,29]).

Friction at contact location was taken into account through the
hard-coded regularised formulation of the Coulomb model [24],
adopting a friction coefficient expressed as a function of the rela-
tive velocity of colliding bodies in tangential direction, smoothly
varying from the static ls to the dynamic ld value, deduced respec-
tively from literature and pin-on-disc tribological tests. As sug-
gested in [9], the mill charge (CaF2) was not explicitly modeled
but indirectly accounted for by a suitable selection of these param-
eters, estimated for two boundary cases i.e. the (i) steel-steel (no
mill charge) and the (ii) steel-fluorite interaction (i.e. jar or balls
surface completely covered by the mill charge), as real grinding
is expected to fall in-between these two extreme conditions. This
allowed a direct comparison between simulations and camera
movies of the steel-steel interaction and further speculations on
the effect of the powder. Adopted contact and friction parameters
are reported in [25].

The Hilbert-Hughes-Taylor (HHT, [30,31]) integrator with auto-
matic timestep tuning and maximum numerical error of 10�8 was
used to compute the solution of the equations of motion of the
milling media. Simulations lasted 24s but the first 4s were dis-
carded during data analysis so to disregard the motion homoge-
nization phase.

In addition to the quantities characterising the motion of each
body, also deducible from camera recordings, simulations output
provided the complete description of contact events, largely inac-
cessible to experiments and of utmost importance for properly
tuning the properties of the end product. In particular, in this work,
the relative velocity of colliding bodies, divided into normal (axial)
and tangential components with respect to the local impact refer-
ence frame, was exploited for the estimate of the average kinetic
energy available.

3.3. X-ray powder diffraction

The effect of grinding on the calcium fluoride powder was
assessed by X-ray Powder Diffraction Line Profile Analysis
(XRPD-LPA, [32,33]). Data were collected on a Rigaku PMG/VH
diffractometer, using CuKa radiation monochromatized by a pyro-
lytic graphite curved crystal in the diffracted beam (details on the
measurement parameters can be found in [34]). LPA was based on
the Whole Powder Pattern Modelling (WPPM) approach [35–37].
The analysis provided an average size hDi for the crystalline
domains, assumed to be spherical and dispersed according to a log-
normal distribution, and an average dislocation density q consider-
ing the primary slip system and the elastic constants of fluorite
[38–43,2]. The analysis was based on the presence of one or two
fractions of fluorite, depending on the efficiency of the specific
grinding vial and milling conditions. Particularly, a single fluorite
phase was considered when the milling product was a homoge-
neously fine powder, whereas an additional phase was introduced
to model a coarse (little or not ground) powder fraction, present in
varied percentages together with the fine fraction when the grind-
ing process was not efficient or sufficiently long. Differently from
our previous work on this subject, the WPPM model was included
in software macros running in the Rietveld refinement software
TOPAS (version 6, [44]), so to support the LPA by the structural
model of the present phases, which acts as a constraint adding
robustness and reliability to the analysis. In particular, besides
the one or two fractions of fluorite (respectively fine and coarse),
the analysis also considered a minor fraction of MgO (contaminant
phase in the starting powder, around 0.5%), and the amount of steel
contamination from the milling media, modelled as ferritic iron.

4. Results

In the first part of this section, the effect of re-designing the jar
shape is investigated in terms of ball motion, energy exchange and
grinding performance, together with its dependence on the jar-to-
plate velocity ratio (x=Xþ 1), through multibody dynamics simu-
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lations and XRPD-LPA performed on samples of ground calcium
fluoride. XRPD data are further exploited in the second part of
the section to analyse the effect of milling time and its connection
with the wear of milling media.
Fig. 3. Comparison of ball movements in the CY and 3L jars from simulations and
camera recordings for 3 different x=Xþ 1 (X = 50 rpm), pointing out the existence
of three different motion regimes. A good agreement between simulated and
recorded images can be appreciated.
4.1. Effect of jar shape on ball motion, impact energy and comminution

Several works in literature [8,9,12,10] pointed out that in a
planetary ball mill equipped with a standard cylindrical jar, 3 dif-
ferent ball motion regimes (cascading, cataracting, rolling) arise,
depending on the jar-to-plate velocity ratio (x=Xþ 1). Particularly,
in [25] multibody dynamics simulations of the milling process
(performed without mill feed, steel-steel interaction only) showed
that, for the selected mill configuration, at lower (in magnitude)
x=Xþ 1 balls move along jar wall as a compact group into cascad-
ing motion. Later, at increasing jar velocity, they detach from the
group and collide against other balls or the jar wall, gradually
enhancing the motion disorder up to x=Xþ 1 = �2.6, where it
reaches the maximum complexity (i.e. randomness, cataracting
regime). Above this threshold, a sharp change occurs and balls stick
to jar surface (rolling mode). Owing to the larger number of high-
velocity impacts, the cataracting mode was demonstrated to be the
most effective in transferring energy to the mill charge [25] and,
therefore, jars here presented (HM, 1L, 3L, T in Fig. 1 b, c, d, e) were
designed so to promote this kind of motion. Simulations of the pro-
cess and operando monitoring via camera recordings revealed that
the motion of the milling media circulating in the new profiles is
disordered already starting from lower values of x=Xþ 1. More
precisely, the beginning of the cataracting regime can be observed
at approximately x=Xþ 1 = �1.8 and it extends till �2.2, namely
over a wider range than in the CY. This suggests that the jar shape
has the strongest influence among the milling variables.

While the most significative movies can be found in Supple-
mentary Material, selected pictures giving insights on motion
modes detected for the CY and the 3L jars are reported in Fig. 3.
Camera recordings are in good agreement with simulations, both
in terms of motion regimes and their variation with x=Xþ 1, thus
validating the modelling results.

Simulations provided also the relative velocity of colliding bod-
ies. A simple parameter proposed by several authors [9,45,1] that
can be used to qualitatively compare the efficiency of the different
jar shapes is the so-called Stress Energy (SE). This quantity can be
calculated for each k-th collision and represents the maximum
kinetic energy that can be involved in it [9,45,1]

SEk ¼ 1
2

mimj

mi þmj
_u2; ð1Þ

being mi and mj the masses of the i-th and j-th impacting bodies
respectively (in ball-jar contacts mjar ¼ 1 as mjar � mball) and _u
their relative velocity at the beginning of the contact event, which
can also be decomposed into normal ( _un) and tangential ( _ut) compo-
nents with respect to the local impact reference frame.

Due to the complexity of phenomena taking place during the
ball milling process that can not be accounted for by the proposed
model – e.g. changes in powder structure and morphology, heat
transfer etc. –, the amount of energy effectively transferred to
the mill feed is hardly estimable. Consequently, as proposed in lit-
erature [9,45,1], as a first order approximation the Stress Energy
(Eq. (1)) is computed according to the stereomechanical law of
energy loss for the perfectly plastic collision and thus corresponds
to the maximum amount of energy that can be supplied to the mill
charge particles by each contact. This quantity represents therefore
the upper bound of the energy involved in an impact and it is not
directly comparable with energy transferred to the mill charge in a
real apparatus.
Furthermore it should be noticed that, within the proposed sim-
ulation framework, a continuous contact scheme is adopted to
describe the collisions – i.e. the duration of the impact is assumed
to be finite and not instantaneous – and therefore each contact is
sampled by a certain amount of calculation points. The amount
of points is however not known a priori but, at the aim of having
the most accurate description of the contact, it varies for each col-
lision depending on its complexity – i.e. impact angle and velocity,
number of bodies involved etc. – and integrator settings. Thus, to
compute Eq. (1), output data were filtered in order to account for
the initial relative velocity only. The filter was designed according
to the average duration of a two-body impact. Simulations of two
spheres impacting at different angles and velocities were per-
formed to estimate the reasonable maximum duration of a colli-
sion. Data time-wise shorter than this period were discarded
from calculation (more details in [29]).

For each tested x=Xþ 1 condition, the probability-weighted
average of the Stress Energy (Eq. (1)) was computed, both in nor-
mal and tangential direction, and normalised over the internal vol-
ume V of the jars (see Table 1), to account for the different
geometrical constraints in ball movements and velocity. This quan-
tity estimates the average kinetic energy density involved in an
impact and is reported in Fig. 4 both for the steel-steel (upper part)
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Fig. 4. Average stress energy density of impacts in normal (a, c) and tangential direction (b, d) for testedx=Xþ 1. These quantities are shown for the steel-steel (a, b) and for
the steel-fluorite interaction (c, d).
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and the steel-fluorite (lower part) interactions, since real grinding
conditions are expected to fall in between these two boundary
cases (modelled by suitably modifying the friction parameters ls

and ld, see Methods).
For the steel-steel case, both the normal and the tangential

average impact energy components present a maximum peaked
atx=Xþ 1 = �2.6 for the CY and a range of almost comparable val-
ues extended fromx=Xþ 1 = �1.8 to �2.2 for the other jars (Fig. 4,
a and b). These ranges of velocity ratios, optimal in terms of impact
kinetic energy density, nicely agree with the conditions of most
disordered ball motion revealed by camera recordings, thus evi-
dencing the close relation between ball motion and available
energy. Moreover, the reduced friction due to the presence of fluo-
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Fig. 5. Probability distributions of normal (left) and tangential (right) components of rela
the new jars exhibit a larger number of high-velocity impacts than the CY. In tangentia
rite, promotes an increase of the average energy density, especially
in tangential direction, and a shift to more negative x=Xþ 1 ratios
of maximum stress energy. These effects are much less evident for
the new design jars, thus confirming that the process is more
affected by the jar shape than by the other milling variables,
including the characteristics of the mill charge.

What is even more important to note is that the average energy
density in normal direction (Fig. 4, a and c) is larger for the new
design jars than for the CY, from the very low x=Xþ 1 and up to
approximately x=Xþ 1 = �2.6, when the rolling begins. This
relates to the greater disorder of ball movements that, as shown
in the left part of Fig. 5, particularly enhances the number of
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tive velocity of colliding bodies forx=Xþ 1 = �1 (X = 200 rpm). In normal direction,
l direction, instead, all the jars give comparable results.
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Fig. 7. Ratio of fine and coarse fractions of calcium fluoride ground for 32 h, under
different velocity ratios and X=200 rpm. The presence of the coarse fraction implies
incomplete/not efficient grinding, while a uniform end product indicates that
proper milling conditions were adopted. Best milling conditions range from
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jars.

2646 M. Broseghini et al. / Advanced Powder Technology 31 (2020) 2641–2649
impacts with high normal velocity component, which are the most
effective in the comminution of brittle materials.

Validation of these predictions was addressed by WPPM analy-
sis of experimental XRPD patterns collected for fluorite samples
ground for 32 h under different velocity ratios, suppling the
average crystallite dimensions hDi of the end-products. A selection
of representative XRPD patterns of fluorite ground with X =
200 rpm and x=Xþ 1 = �2.6 in different jars is shown in 6
together with the pattern from the pristine powder. As anticipated
in Section 3.3, in case of barely efficient grinding conditions the
resulting powder is not homogeneous, showing the coexistence
of a ground (fine) and a less-to-not ground (coarse) fractions, the
ratio of which was provided by the LPA and is reported in Fig. 7.
Interestingly and almost in line with simulations results, best
grinding performances – i.e. conditions providing with a homoge-
neous and finely ground end product which can be modelled by
a single distribution – range from approximately x=Xþ 1 = �1.8
to �3.0 for the CY, whereas correspond to lower velocity ratios
(from about �0.6 to �2.2) for the other jars. The 1L jar seems to
behave differently from the other new design jars since a larger
fraction of coarser powder can be detected for the lower velocity
ratios (from x=Xþ 1 = �0.6 to �1.4). However, LPA revealed that
this fraction can not be actually considered as coarse, exhibiting
smaller hDi (nanometer range) with respect to the coarse fraction
produced by the CY. It can therefore be deduced that, although a
slightly reduced homogeneity of the end product with respect to
the other new design jars is shown, at low velocity ratios also
the 1L performs well and, above all, better than the CY in terms
of comminution of the mill charge. Crystallite sizes for selected
x=Xþ 1 are reported in Table 2.
4.2. Effect of jar shape on milling time

Experimental data reported in Fig. 7 were produced from sam-
ples ground in the jars for 32 h, a milling time that previous studies
[18] demonstrated to be optimal to obtain a sufficiently homoge-
neous end product when using the CY jar. However, this time could
be an upper bound for the new design jars, showing higher effi-
ciency in comminution than the CY.

To validate this hypothesis, the CY and the HM jars (the latter
chosen as representative of all the new design jars) were exper-



Table 2
Average crystallite size hDi for the fine and coarse fractions. Selected x=Xþ 1 with X=200 rpm are reported.

hDi Fine, nm hDi Coarse, nm
x=Xþ 1 �1.0 �1.8 �2.6 �1.0 �1.8 �2.6

Cy 5.0 8.9 10.8 60.7 – –
Hm 10.5 8.5 3.8 – – 297.0
1l 12.4 11.7 10.0 20.4 – 28.3
3l 11.1 12.0 9.3 – – 242.3
t 11.2 11.2 9.6 – – 216.7
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Fig. 8. LPA data for calcium fluoride milled in the CY and the HM jars for different milling times and x=Xþ 1 = �1.0 (left), �2.6 (right) velocity ratios. Data reported as a
function of milling time are (a) the mean domain size hDi, (1 or 2 distinct distributions of sizes were necessary to properly model the data depending on the inhomogeneity of
the powders; particularly the HM produces a homogeneous fine fraction and therefore only this curve is reported), (b) percentage of fine fraction, (c) average dislocation
density q and (d) iron contamination percentage.
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imentally tested under six different milling times (1 h, 4 h, 8 h,
16 h, 32 h and 64 h). Experiments with fluorite were performed
for two velocity ratios, namely x=Xþ 1 = �1.0 and x=Xþ 1 =
�2.6, the former being within the range of ideal milling condi-
tions for the HM and the latter favourable to the CY. XRPD-
LPA results are reported in Fig. 8 in terms of (a) mean domain
size hDi (b) percentage of fine fluorite fraction, (c) average dislo-
cation density q and (d) iron contamination percentage.
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For the condition x=Xþ 1 = �1.0, Fig. 8 (a, b left) demonstrates
that for milling time shorter than or equal to 32 h, the CY jar gives a
non-homogeneous end product, with a relevant coarse fraction of
several hundred nanometres of mean domain size. On the contrary,
the HM jar produces a single fluorite phase, uniformly and finely
ground, even after short milling time (e.g. 1 h).

At x=Xþ 1 = �2.6 (Fig. 8, a, b right) the rolling regime estab-
lishes in the HM jar which is reflected in an end product with a
fraction of coarse grains persisting also for prolonged milling time
(e.g. 64 h). A more uniform fine powder is instead delivered by the
CY – operating under best milling conditions – although a grinding
time of at least 16 h is required.

Therefore it should be highlighted that, when operating under
favourable mill configuration, the HM jar (as well as the other
new design jars) needs much shorter milling time than the CY to
produce a well-ground end product. Jars with modified shape can
therefore shorten the overall duration of the grinding process, sav-
ing time and energy.

Besides size reduction, XRPD-LPA provided information on the
dislocation density q produced by the two jars, reported in
Fig. 8c. It can be seen that at x=Xþ 1 = �1.0, the HM jar immedi-
ately engenders a high dislocation density which is then constant
as a function of milling time, whereas for the CY it increases with
time. Forx=Xþ 1 =�2.6 instead, for both jars this quantity steeply
grows in the first 8 h.

Fig. 8d also highlights the influence of the milling time on the
iron contamination from the grinding media. This phenomenon
should be carefully considered since, during the grinding process,
wear of the milling media and/or the jar is inevitably engendered
by mutual friction and collisions. Debris are mixed with the charge,
leading to the contamination of the final product [1,22,46]. While
in a few cases wear has been demonstrated to play a positive role
by introducing reagents or catalysts [47,46], in general it deterio-
rates the quality of the end-product, to the point that sometimes
it must be removed in a post-process step [48,49]. Several strate-
gies have been proposed in literature to limit or even avoid this
side effect, the most immediate being the careful selection of jar
and balls materials [1,50] (e.g. using – when possible – the same
material for the milling media and the mill feed to eliminate
cross-contamination).

Wear is intuitively expected to increase with milling time and
Fig. 8c shows that for extended grinding the HM produces a larger
fraction of iron than the CY jar, most likely because of the corre-
spondingly larger fraction of normal impacts taking place in the
former jar shape. However, results evidence that the milling time
required to produce a finely ground powder is quite short when
HM operates at optimal velocity ratio (e.g. x=Xþ 1 = �1.0), and
in this condition contamination is almost absent or comparable
with that developed by grinding the same powder in a CY jar for
32 h. It can therefore be concluded that adopting the new design
jars is a viable solution to produce finely comminuted and homo-
geneous powders with limited contamination, with the advantage
of a process time much shorter than required by conventional ball
milling jars.
5. Conclusions

Four new designs of the internal shape of the planetary ball mill
jar were designed to enhance comminution efficiency of the grind-
ing process. This was achieved by introducing different obstacles
along the surface of the standard cylindrical vial. The new jars were
investigated by multibody dynamics simulations validated by
operando video recordings of the milling process for different
x=Xþ 1 velocity ratios. Simulations and camera movies showed
that the new designs promote the detachment of the balls from
the jar wall, increasing the disorder of ball motion with respect
to the trajectories in the traditional CY jar. This causes an increase
(i) of the number of high normal-velocity impacts, especially effec-
tive in the comminution of brittle materials, and (ii) of the average
normal impact energy available, from x=Xþ 1 = �0.0 to �2.6,
when balls start to roll along jar wall. XRPD-LPA, providing insights
on the average crystallite size of the end product, was performed
on ground calcium fluoride and validated simulation predictions.
Indeed, starting from low velocity ratios and for a broader range
of values than the standard CY, new design jars showed higher effi-
ciency, providing a finer and more homogeneous end product. The
analysis shows that jar shape also influences other characteristics
of the end product such as defect content and contamination.
Therefore the choice of the most suitable jar strictly depends on
the specific target of the milling process. For example, for a finely
ground and homogeneous end product presenting low contamina-
tion and defectivity, the HM jar operating at x=Xþ 1 = �1.0 and
X=200 rpm can be a proper choice.

Finally, the effect of milling time was investigated for the CY
and the HM jars, the latter chosen as representative of the new
design jars. LPA of calcium fluoride milled for different times
pointed out that the HM jar yields a well ground end product in
milling time as short as 1 h, whereas the traditional CY requires
at least 16 h to give a similar result, even when best operating con-
ditions are used. Jar shape is therefore a crucial variable for the
reduction of time and energy required by the milling process.
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