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Abstract

The ignition time (tig) of the mechanically induced self-sustaining reaction (MSR)

process involving the formation of TiB2 from Ti/2B elemental mixtures was used to

study the influence of the ratio (k ¼ -uv/ud) between the rotational speed of the

supporting disc (ud) and vials (uv) on the milling efficiency of a Pulverisette 4

planetary mill. The variation of the inverse of the ignition time (1/tig), which is

directly related to the milling power provided by the planetary mill, with the

process conditions has shown that it is not possible to find a single k value as

optimal independently of the experimental conditions used (ud and the ball-to-

powder ratio, BPR). Moreover, it was observed that the lowest milling efficiency

(longer tig values) was found for k ¼ 1, which is the usual value employed in

routine laboratory works. The best efficiencies were found for the larger k values

(2.5 or 3). At lower ud, the shortest tig was obtained for k ¼ 2.5 and at higher

ud for k ¼ 3, independently of BPR.

Keyword: Materials science

1. Introduction

Planetary ball mills provide high energy density due to the superimposed effect of

two centrifugal fields produced by the rotation of the supporting disc and the rotation

of the vials around its own axis in the opposite direction [1]. During operation, the

grinding balls execute motion paths that result in frictional and impact effects. These

high-energy ball mills are suitable to induce mechanochemical reactions and develop
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a wide range of new technological materials from powder mixtures [2]. Due to their

scientific relevance, an increasing number of works are trying to model their opera-

tional mechanism, i.e., how the mechanical energy is transferred to powders and its

quantification and dependence on the operating parameters. This is essential to pro-

pose the optimal milling conditions and compare the results obtained from different

experimental devices.

Early models were based on kinematic equations describing the trajectory and veloc-

ity of balls inside the vial. For these models, the impacts between the balls and the

inner walls of vials were the primary event in the energy transfer [3, 4, 5, 6]. How-

ever, in-situ observations have not shown signs of balls leaving the vial surface to

make clear single collisions; the actual situation is much more complex with multiple

types of ball-ball and ball-vial interactions [7, 8, 9]. Nowadays, most of the studies

use numerical simulations of the collective three-dimensional ball motion based on

the Discrete Element Model (DEM) [10, 11, 12], since it is possible to quantify in a

more precise way the effects of successive small collisions between balls, the lack of

single ball-wall collisions and the slipping and rolling of balls, situations that occur

in real milling conditions [11, 13].

In all these studies, the key role played by the rotational speed of the planetary mill

and the number and nature of balls (and indirectly the ball-to-powder ratio, BPR)

have always been highlighted since these parameters determine greatly the rate of

the energy transfer to the powder material. Nevertheless, the influence of the ratio

(k) between the rotational speed of the supporting disc (ud) and vials (uv), (k ¼
-uv/ud), on the milling efficiency has not been frequently addressed [5, 6, 7, 8, 9,

10, 11, 14, 15, 16, 17]. The main reason is that most commercial planetary mills,

especially at a laboratory scale, are characterised by a fixed transmission ratio that

sets this k parameter to a value of approximately 1. However, it has been shown

that the motion path of balls is greatly influenced by k and, therefore, this parameter

also has a significant influence on the energy transferred to the powders.

Based on kinematic models, Le Brun et al [7] determined three different types of ball

trajectories in function of k that can be defined as cascading, cataracting and rolling.

The critical k values defining the cataracting domain, the optimum regime, were

approximately between 1.3 and 3.1. Chattopadhyay et al [5] calculated that the effec-

tiveness of impacts was enhanced for k� 1 and that the total impact power increased

with increasing k, but not any optimal value was proposed. Kakuk et al [6] determined

that the greatest impact energy is achieved at approximately k ¼ 2.5, but the greatest

milling power (that includes also the impact frequency) is reached around k ¼ 2.96.

Based on DEM simulation, Mio et al [10] also distinguished between the three

abovementioned ball movement regimes, but with really close transitional k values.

They determined that the specific impact energy of balls increases with increasing k

up to a critical value, which depends on the size of the planetary mill, from which the
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energy began to fall. Zhang et al [14] determined also by DEM that the highest en-

ergy utilisation in a horizontal planetary mill was acquired for k ¼ 1.5. However,

Rosenkranz et al [8] showed by both DEM and in situ-observations that k had no

considerable influence on the ball motion pattern in the range 1< k< 3. A cascading

motion pattern was always observed in the absence of mill feed and with a typical

ball filling ratio of 0.3. Nevertheless, by increasing the ball filling ratio or the friction

conditions, due to the presence of the mill feed, the dynamics of balls changed to a

cataracting regime.

Finally, by in-situ observations and using an image processing program, Rogachev

et al [9] observed different types of ball movement depending on k. At k < 1.7, the

rolling of the balls primarily took place and some free fly trajectories were detected.

An important proportion of stagnant balls (making small oscillations around a steady

position) were also observed. At k¼ 1.8e1.9, the free fly type of ball motion became

dominant and at k� 2.0, a circular motion of balls formed a rotating layer on the wall

of the vial.

Some other works have also tried to study the effects of k on the milling efficiency

from experimental observations. For example, Le Brun et al [7] observed based on

microhardness values that a higher milling efficiency was achieved during milling

Cu powders for a k value of 1. However, Schilz et al [15] found during the formation

of the Si-Ge solid solution and the Mg2Si intermetallic that the shortest alloying time

(based on X-ray diffraction (XRD) results) was observed for k ¼ 2.5 and 3, respec-

tively. Ghayour et al [16], using the ignition time (tig) of the mechanically induced

self-sustaining reaction (MSR) process involving Al, B2O3 and TiO2, determined

that the optimum k value was between 1.2 and 1.4 depending on the BPR value. Ro-

gachev et al [9] determined from the increase of the reactivity of highly exothermic

mixtures (Ni-Al, Ti-Si and Si-C) that the most efficient milling regime was achieved

when k ¼ 1.5. Boytsov et al [17], studying the microstructure evolution of Cu pow-

ders by XRD, claimed that it is rather difficult to select an optimal value due to a non-

linear dependence of the milling parameters with k.

The contradictory results of these experimental studies, which often also contradict

the theoretical predictions, can originate from the way of measuring the milling ef-

ficiency, which is carried out indirectly from changes in composition, morphology,

structure or crystallinity in the powder charge at increasing milling time. Frequently,

it is difficult to correlate the sample property analysed with the mechanical energy

involved in the process and its dependence on the milling conditions. However, in

MSR processes, a direct relationship between 1/tig and the mechanical dose rate pro-

vided by a mill has been established [18], since ignition occurs when the milling de-

vice has provided a specific amount of energy (per unit mass) to the reactant mixture.

Several studies have already shown that variations of tig with different milling pa-

rameters can be used as a fingerprint of the milling efficiency [18, 19, 20, 21, 22,
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23, 24, 25,25,26]. Moreover, tig is a reproducible parameter that can be measured in

real-time during milling by recording the temperature and/or the pressure inside the

vial, since both signals show a sudden increase at ignition due to the heat released by

the highly exothermic reaction. It has been observed in solid-solid reactions, in

which no gaseous reactants or products are involved, that the pressure signal is

more sensitive to self-sustaining processes than temperature [27].

In this work, the MSR process involving the formation of TiB2 from the stoichio-

metric elemental mixture was selected as a model system to study the influence of

k on tig and, therefore, on the milling efficiency. TiB2 is a stoichiometric compound

with high adiabatic temperature (Tad), which has already been obtained by MSR

[28]. The high Tad ensures the occurrence of the MSR process in a wide range of

different milling conditions without the interference of competitive side reactions.

With this study, we tried to shed some light on the contradictory results found in

the literature, both from experimental and theoretical approaches.
2. Experimental

Titanium powder (99% purity, < 325 mesh, Strem Chemicals), boron powder

(95e97% purity, amorphous, Fluka) and high-purity argon gas (H2O and O2 < 3

ppm, Linde) were used in this work. All milling experiments were conducted under

an Ar atmosphere using a Ti/B mixture with an atomic ratio of 1/2, a 60 mL

tempered steel vial (inner diameter ¼ 45 mm) and WC-Co (d ¼ 15 mm and m ¼
26.4 g) balls. The powder mixtures were ball-milled in a modified Pulverisette 4

(Fritsch) planetary mill able to detect tig in MSR processes by measuring the pressure

inside the vial during milling. This was possible by means of a vial with a special lid

that was continuously connected to the gas cylinder at a pressure of 5 bar by a

rotating union (model 1005-163-038, Deublin) and a semi-rigid polyamide tube (Le-

gris). During milling, the gas pressure was monitored by a pressure transducer (AKS,

Danfoss) connected to a paperless recorder (Ecograph T RSG35, EndressþHauser).

When ignition occurred, the heat released produced a sharp peak in the pressure-time

record, from which tig was accurately determined.

To explore the dependence of tig on the milling conditions, different milling exper-

iments were carried out by modifying the following parameters: ud from 250 to 400

rpm, k from 1 to 3 and BPR from 24 to 46. These values were within the range nor-

mally used by the milling practitioners and in the studies mentioned in the introduc-

tion section. In this work, the absolute k ratio (k ¼ -uv/ud) was employed, i.e., if the

supporting disc rotates at 400 rpm and the vial rotates around its own axis at the same

speed but in the opposite direction (-400 rpm), the k value is 1. Note that some man-

ufacturers use the relative speed ratio in their technical data. For the example

mentioned, the relative ratio would be -2. Moreover, the BPR value was adjusted

by changing both the powder charge and/or the number of balls to ensure the correct
on.2019.e01227
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filling of the vial. A BPR value of 46 was achieved with 7 WC-Co balls and 4 g of

charge, a value of 33 with 5 WC-Co balls and 4 g of charge and, finally, a value of 24

with 5 WC-Co balls and 5.5 g of charge. The conversion of the elemental mixtures

into TiB2 after the MSR process was ascertained by XRD. The XRD patterns were

obtained on a X’Pert Pro MPD diffractometer (PANalytical) equipped with a

graphite-diffracted beam monochromator and a solid-state detector (X’Cellerator)

using Cu Ka radiation over a 2q-range of 20� to 80� with a step size of 0.05� and
a counting time of 300 s/step.
3. Results and discussion

Fig. 1 shows as an example the pressure-time record corresponding to a milling

experiment performed using the following experimental conditions: ud ¼ 250

rpm, k ¼ 1.5 and BPR ¼ 24, from which a tig value of 110 min and 22 s was deter-

mined. As can be seen, the pressure spike at ignition is very intense and the tig value

can be determined accurately. Similar records were always obtained for the different

milling experiments performed in this work. Each milling experiment was repeated

at least three times and the tig value obtained was always found within a range of� 5

%. Fig. 2 presents the XRD pattern of this sample collected a few minutes after igni-

tion that clearly demonstrates the conversion of reactants into TiB2 during the MSR

process. In this same figure, the XRD pattern corresponding to another milling

experiment with a significantly shorter tig value is also shown (experimental condi-

tions: ud ¼ 350 rpm, k ¼ 1 and BPR ¼ 46). For all milling experiments, the final

phase obtained after ignition was always TiB2 regardless of the experimental condi-

tions used and tig values found. These results confirmed that the Ti/2B system chosen

is appropriate to study the influence of milling parameters on the energy supplied by

the planetary mill.
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Fig. 1. A plot of the pressure-time record during the MSR process, from which tig can be properly deter-

mined. Milling experimental conditions: ud ¼ 250 rpm, k ¼ 1.5 and BPR ¼ 24.
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Fig. 3 shows the results of the full set of experiments from which the dependence of

tig on k can be inferred for different ud and BPR values. For a given k value, Fig. 3

shows the expected behaviour (frequently observed in the literature) of an increase in

the milling efficiency, i.e., reduction of tig, as ud and BPR increase. It is clear that

when ud is larger, both the frequency and the energy of impacts increase, which pro-

duce the shortening of tig. On the other hand, for the milling experiments with a BPR

of 46, seven balls were employed instead of five and, hence, the number of collisions

per unit of time was greater, inducing a shorter tig. In the case of the milling exper-

iments with a BPR of 24, the amount of powder sample was larger (5.5 g instead of 4

g) and, therefore, the energy transferred per gram of powder and unit of time due to

collisions and friction was lower, which reduces the activation of the reactant

mixture and induces a longer tig.

Nevertheless, Fig. 3 suggests that the exact evolution of tig with ud and BPR also

depends on k. Note that at 400 rpm and independently of the BPR value, tig was pro-

gressively reduced as k increased. The shortest tig was observed for k ¼ 3. However,

for the other ud values, the same order of reducing tig with k was not followed and

this order was also dependent on BPR. This fact should be related to how the fre-

quency and the energy of impacts depend on ud and BPR for the different k values.

Besides, the proportion of friction effects associated with the time spent by the balls

sliding on the vial wall should be also considered, especially at the lower ud values.

Although results in Fig. 3 do not allow finding a single optimal k value indepen-

dently of the experimental conditions, some clear trends can be extracted from

this figure. First, the lowest milling efficiency (longer tig values) was always found

for k ¼ 1, which is the usual value employed in routine milling works and also the
on.2019.e01227
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only available in many commercial planetary mills with a fixed gear ratio between

the disc and vial movements. Second, differences in tig for different k values are

reduced as ud increases. And third, best efficiencies were found for the larger k

values (2.5 or 3). In this sense, at lower ud, the shortest tig was obtained for k ¼
2.5 and at higher ud for k ¼ 3, independently of BPR.

These results are only in agreement with the predictions of Kakuk et al [6] based on

kinematic equations and the experimental observations of Schilz et al [15] based on

XRD measurements. Note that Kakuk et al [6] considered in their calculations the

characteristic geometrical parameters of a Pulverisette 4 planetary mill, as employed

in the present work, and Schilz et al [15] used a Retsch PM400 planetary mill with a

similar geometry as the Pulverisette 4 mill. These considerations outline the fact that

the optimal k value should be dependent on the size of the planetary mill. In this

sense, Schilz [29] determined on the basis of classical mechanics that the impact po-

wer exhibits a maximum value for a certain k for every mill geometry, characterised

by the ratio between the vial (r) and the revolution (R) radii. He claimed that for a

typical planetary mill with r/R ratio between 0.1 and 0.3, the optimal k is between

3.25 and 2.25. For our set of experiments, the r/R ratio was 0.18 and the optimal

k value should be approximately 2.5 in agreement with our results. This good accord

is observed despite the fact that in their calculations, the balls were considered as

single mass point, without any interaction or influence between them. Also no rolling

or slip was taken into account that is responsible for the friction effects in real milling

experiments and can have more influence as ud is reduced. Nevertheless, as

observed in Fig. 3, the optimal k value is not only dependent on the planetary

mill geometry, but also on the specific milling conditions (ud and BPR).

In contrast, our results surprisingly do not agree with any of the few works that exist

in the literature dealing with k based on DEM simulations. For example, Zhang et al

[14] determined an optimal k value of 1.5. Although Mio et al [10] determined on the

basis of DEM simulation that the optimal k value was dependent on the revolution

radius of the mill, they estimated for a revolution radius of 200 mm a low optimal k

value of 1.8. Note that the Pulverisette 4 mill has a radius of 120 mm and the optimal

k value should be even smaller according to their calculations. Moreover, Rose-

nkranz et al [8] claimed that their results contradicted prior considerations and theo-

retical calculations that identified k as a key influencing parameter on the grinding

ball motion pattern.

As indicated earlier in the introduction section, it has previously been shown that

1/tig and the energy milling power provided by a mill are directly linked [18]. In

Fig. 4, 1/tig is plotted as a function of k for the different ud and BPR, from which

the multi dependence of k, ud and BPR on the milling efficiency can be observed.

In this figure, it is more clearly visible as the best milling efficiency was obtained

for k ¼ 3 at the highest ud, and it is highly enhanced when BPR is increased. As
on.2019.e01227
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ud is reduced, differences are less important, but milling efficiency is always better

for large k values. The reason for the fall in efficiency at k ¼ 2.5 that increases again

at k¼ 3 is related to the fact that the milling efficiency is dependent on the product of

the impact energy multiplied by the frequency of impacts, and both parameters do

not correlate with k in the same way. It has been shown in [6] that at k ¼ 2.5 the

impact energy (of a single ball) is greater than at k ¼ 3, but the impact frequency

is lower. Therefore, the higher impact frequency at k ¼ 3 induces the best milling

efficiency only for high ud values. Note that the impact frequency increases with ud.

A great resemblance was observed between Fig. 4, especially that with a BPR of 24,

and Fig. 5 (taken from reference 6) that corresponds to the calculations by Kakuk

et al [6] (based on kinematic equations) for the milling power provided by the Pul-

verisette 4 mill as a function of k, at different ud values. The similarity between both

figures confirms the direct relationship between 1/tig and the milling power and,

therefore, tig of MSR processes can be a valuable milling parameter that could be

used to validate the models developed to describe the operation of planetary mills.
4. Conclusions

The influence of the ratio (k) between the rotational speed of the supporting disc (ud)

and vials (uv) at different ud and BPR on the milling efficiency of a Pulverisette 4

planetary mill was studied. The milling efficiency was determined indirectly by

measuring the ignition time (tig) for the formation of TiB2 from its elemental mixture

via a mechanically induced self-sustaining reaction (MSR); longer tig values imply

lower milling efficiencies. Results showed that the optimal k value is not only depen-

dent on the geometric characteristics of the planetary mill (size of the supporting disc

and vials), but also on the specific milling conditions (ud and BPR), which can

explain the differing optimal values that can be found in the bibliography for this
on.2019.e01227
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parameter. For the Pulverisette 4 mill, the lowest milling efficiency was always

found for k ¼ 1. The best efficiencies were found for the larger k values (2.5 or

3). At lower ud, the shortest tig was obtained for k ¼ 2.5 and at higher ud for k ¼
3. Surprisingly, a better agreement was found with predictions made on the basis

of kinematic equations than on DEM, which in principle must be able to reproduce

in a more realistic way the ball trajectories and the forces involved during a milling

process.
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