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In thepresent study, the effect of not somuchdiscussedmilling parameters such as vial to plate spinning rate, ball
size distribution and type of balls on the performance (energy) of the high energy ball milling has been investi-
gated for the first time. Furthermore, different scenarios that lead to an increase in the BPR such as the powder
weight loss, the increase of diameter and the number of balls are analyzed and their effects on the efficiency of
themilling are discussed. The important point is that contrary to the previous studies inwhich themilling param-
eters were independently investigated, in this research the effects of the milling parameters on the performance
of themill are simultaneously investigated. The results showed that the powder weight loss can greatly enhance
the performance of milling, while the increase of the number of balls at high BPR ratio, has a quite negative effect
on the milling performance. Besides, excessive rise in the ball size distribution is associated with adverse out-
comes in the milling efficiency, especially when the number of balls increases. Furthermore, the balls made of
tungsten carbide compared to those of silicon nitride and steel have amore positive effect on themilling efficien-
cy especially when the weight of powder is reduced. A mathematical model is also introduced to analyze the ef-
fect of milling parameters on the milling energy and the obtained results are compared with the experimental
ones. According to the results obtained, if the vial to plate spinning rate is 1.2, the mill has a better performance
however, by increasing the diameter of the balls, this ratio is changed to 1.4.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

High energy ball milling (HEBM) is known as an economic, simple
and yet powerful method for the production of nanostructured and
amorphousmaterials [1]. The prolongedmilling of powdermixtures, re-
sults in the formation of supersaturated solid solution, non-equilibrium
intermetallic compounds as well as the formation of silicides, nitrides,
stable or unstable carbides [2]. The kind of the products made during
HEBM depends on the composition of the powders and milling
conditions and for different systems are summarized in milling maps
[3]. It was also reported that the enhancing energy during milling, re-
sulted by the increase of ball to powder weight ratio (BPR) and vial
speed not only can accelerate the formation of the products but also
changes the resultant phases [4]. As is clear from the name of HEBM,
the balls play an important role in its efficiency so that a small change
in type, shape, weight and size distribution of the balls can dramatically
affect the milling process [5]. So far, a lot of modeling processes have
i).
been performed regarding the impact of the change of milling parame-
ters specially BPR on the performance of HEBM [6–11]. All of these
modeling efforts share a drawback, namely they have not investigated
the effect of the milling parameters on the performance of HEBM in
the presence of BPR changing, simultaneously. However, the HEBMpro-
cess has a dynamic environment to the effect that all the involved pa-
rameters simultaneously play a key role in its performance, [3]. This
requires that the effect of parameters during HEBM process be simulta-
neously checked in order to provide favorable conditions for an optimal
milling process.

In the present study, it has been investigated for thefirst time, the ef-
fect of not so discussedmilling parameters such as vial to plate spinning
rate, ball size distribution and type of balls on the efficiency (energy) of
HEBM. In addition to the experiments carried out in this respect, a the-
oretical model has been developed based on Burgio's model [12] and its
accuracy has been evaluated.

2. Materials and methods

Themilling system used in the present researchwas a planetary ball
mill (Fritzsch Pulverisette P6) with a steel vial of 250 ml volume and
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Table 1
Summary of the milling parameters that lead to BPR changing.

BPR Weight of
powder (g)

Number
of balls

Ball diameter
(mm)

Weight of
ball (g)

Total weight
of balls (g)

Type
of BPR

5 13.56 5 15 13.56 67.8 BPRp

8 8.47 5 15 13.56 67.8 BPRp

12 5.65 5 15 13.56 67.8 BPRp

17 3.99 5 15 13.56 67. 8 BPRp

23 2.95 5 15 13.56 67.8 BPRp

5 13.56 5 15 13.56 67.8 BPRd

8 13.56 5 17.5 21.52 107.61 BPRd

12 13.56 5 20 32.12 160.63 BPRd

17 13.56 5 22.5 45.74 228.7 BPRd

23 13.56 5 25 62.74 313.73 BPRd

5 13.56 5 15 13.56 67.8 BPRn

8 13.56 8 15 13.56 108.48 BPRn

12 13.56 12 15 13.56 162.72 BPRn

17 13.56 17 15 13.56 230.52 BPRn

23 13.56 23 15 13.56 311.88 BPRn

Fig. 2. Sudden increase in the vial temperature after ignition in TiO2, Al, B2O3 system.
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steel balls. To investigate the effect of BPR, three different tests
were conducted. In the first experiment the number and diameter of
the balls remained constant (according to Table 1) and the weight of
powder began to decrease during which the obtained BPR was named
BPRp. In the second experiment, the number of balls and the weight of
powder were fixed and the increase of the ball diameter led to the in-
crease of BPRwhichwas namedBPRd. In the third experiment the diam-
eter of the balls was increased and the other two parameters remained
constant as is shown in Table 1. Here, BPRn is used. As is clear from
Table 1, in each case, we tried that the BPR (BPRP, BPRd, BPRn) rises
from 5 to 23. In each of the above mentioned tests, the effects of the
ball type, ball size distribution and vial to plate spinning rate (ωv/ωp)
on the HEBM efficiency were analyzed, in a simultaneous manner. To
study the effect of ball type, steel, silicon nitride (Si3N4) and tungsten
carbide (WC) balls were used. Besides, the effect of the distribution of
the balls with the same diameter (S= 1), with two different diameters
(S=2), tofive different diameters (S=5)was also analyzed. For inves-
tigation of the effect ofωv/ωp on the HEBM efficiency, different ratios of
1, 1.1, 1.2, 1.3 and 1.4 were used for milling and the obtained results
were compared with each other. Raw materials used in this study
were titanium dioxide (TiO2), aluminum (Al) and boron oxide (B2O3),
which all were manufactured by Merck of Germany. X-ray powder dif-
fraction diagramwas obtained with a Panalytical X'Pert Pro instrument
(Eindhoven, The Netherlands) equipped with a θ/θ goniometer, Cu Kα
radiation source (40 kV, 40mA), secondary Kβ filter, and an X'Celerator
detector. The diffraction diagram was scanned from 20° to 60° (2θ)
in step-scan mode with a step size of 0.05° and a counting time of 80
Fig. 1. A schematic diagram of the planetary ball mill and the vial.
s/step. To search for ignition time in the combustion system, a digital
thermometer was used that reported the outside temperature of the
milling vial from beginning to end of milling process.
Fig. 3. XRD patterns of TiO2, Al, B2O3 milled powders before and after ignition.



Fig. 4. TEM bright field images of the 15 h milled powders.
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3. Results and discussion

3.1. The model

Burgio'smodel [12] is one of themethods proposed in thefield of the
communication of the milling parameters and the milling power (P) as
the following:

P ¼ −
1
2π

1−φð ÞKKanmb wp−wv
� � w3

v rv−db=2ð Þ
wp

þwvwprp

� �
rv−db=2ð Þ:

ð1Þ
Fig. 5. The effect of the BPR on the tig (energy or efficiency) in HEBM in three states of BPR; a) s
ones with increasing b)BPRp; c) BPRd and d) BPRn.
In which n is the number of the balls; φ is a parameter that accounts
for the degree of filling of the vial, Ka is a constant that accounts for the
elasticity of collisions, mb is the ball mass (kg); db is the ball diameter
(m); wp is the plate spinning rate (rad s−1); wv is the vial spinning
rate (rad s−1); rp is the distance between the center of the plate and
the center of the vial (m); rv is the vial radius (m) and K is a parameter
depends on the geometry and diameter of balls.

In the above equation, K can be considered equal to 1.5 [13], and also
if we assume that all of the collisions duringmilling are inelastic, Ka can
have a value of 1 [11]. It is clear that the larger amount of φ can lead to a
more difficult motion of balls as well as powders inside the milling vial
and hence decrement of the mill's power. φ can be calculated from the
following equation:

φ ¼ nVb þ Vp

V t
¼

n 4=3π db=2ð Þ3
� �

þ mp=ρp

� �
πr2vHv

ð2Þ

where Vb is the volume of each ball, Vp is the volume of powders used,
mp is the mass of the powders used, Vt is the volume of the vial, Hv

is the height of the vial and ρp is the mean density of powders
used. Fig. 1 shows a schematic diagram of the planetary ball mill and
the vial.

As it is known, the power of a tool (heremill) can be calculated from
the following equation:

P ¼ W=t⇒W ¼ Pt ð3Þ

where t is themilling time andW is the energy transferred from themill
to the system (powders) during milling time t.

Energy transferred from the mill per every gram of the powder is
equal to:

W
g

¼ Pt
mp

¼ Cte ¼ A J g−1� � ð4Þ
imultaneous comparison of the three modes; comparison of experimental tests andmodel
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where A is a constant. With the above interpretations, Eq. (4) can be re-
written as:

t ¼ 4Amp

n−
n2 4=3π db=2ð Þ3

� �
þ mp=ρp

� �
πr2vHv

0
@

1
Amb wp−wv

� � w3
v rv−db=2ð Þ

wp
þwvwprp

� �
rv−db=2ð Þ

:

ð5Þ

In the above equation, milling time t can be considered as a time to
synthesis of products during milling process.

3.2. Combustion systems

HEBM can also produce mechanically induced self-sustaining reac-
tions (MSRs) inmany highly exothermic powdermixtures (combustion
systems) [14]. At a critical time, called the ignition time (tig), the reac-
tion rate begins to increase. As a result, the temperature rises, and the
reaction rate increases further which leads to a self-sustaining process.
Since these events occur at a fraction of time, most of the reactants are
consumedwithin seconds [15]. It should be noted that tig can be detect-
ed with the sudden temperature increase of the milling vial [16]
resulted from the heat released from the highly exothermic reaction.
Since in many systems containing MSR mode, the ignition time is
equal to the synthesis time of products [17,18], these systems have a
major advantage of predictability of the synthesis time, in comparison
with other ones.
Fig. 6. The effect of the ball size distribution from 1 to 5 (S =
For experimental examination of Eq. (5) in a combustion system, t as
the synthesis time of the products can be considered as the ignition time
tig and thereby the energy inside the mill can be analyzed. It is well
known [17,18] thatwith increasing the energy inside themill, the tig de-
creases and visa versa, so one can consider the tig as a reference point for
increasing or decreasing the energy of the mill. This issue needs to be
studied by a combustion system. Given that the Al, B2O3 and TiO2

make a combustion system during milling [19], all the relevant tests
will be performed on this system.When the BPR=10 and the vial spin-
ning rate = 350 rpm, Fig. 2 shows that the tig is nearly 10 h in this sys-
tem andX-ray diffraction analysis also shows that immediately after the
ignition the products have been synthesized (Fig. 3). So this system can
be used as the reference system for analyzing energy of the mill. Given
that t in Eq. (5), can be regarded as the synthesis time of the products
during milling, one can use tig instead of t in Eq. (5). A bright field
TEM image for the 15 h milled powders is shown in Fig. 4. As can be
seen, although a combustion has occurred during milling, however the
Al2O3–TiB2 nanopowders are spherical with a homogeneous distribu-
tion making it a good candidate for this study (TiB2 appears as the
dark phase and Al2O3 as the bright phase).

3.3. The effect of the BPR on the HEBM performance

Fig. 5 shows the effect of the BPR on the tig (energy or performance)
in HEBM in three states:weigh loss of powder (BPRp), increasing ball di-
ameter (BPRd) and increasing thenumber of balls (BPRn). As can be seen
in thisfigure, an increase in the number of balls has aminimal impact on
1 to S = 5) on the HEBM efficiency (tig) in different BPRs.
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themilling energy during BPR increment. It can be said that two impor-
tant events occur as the results of the increase of the number of balls.
First, the weight loss of the ball leads to a decrease in its kinetic energy
and a consequent reduction in energy transfer or milling efficiency. Sec-
ond, the degree of filling of the mill is raised so the balls mobility be-
comes more difficult and as a result the kinetic energy of the balls are
reduced. In high BPRs, the impact of the increase of number of balls is
to the extent that almost leaves a negative effect on the performance
of the mill (Fig. 5a). This event originated from the high number of
balls and hence high degree of filling that leads to a lowmobility in balls.

Reassessment of Fig. 5a leads to the conclusion that the weight loss
of the powder has the best impact on the HEBM efficiency even in
high BPR values. The cause of this event is likely the more energy trans-
fer to the powder resulted by the reduction of the volume of the powder
which tends to accelerate the chemical reaction between themilledma-
terials. Taking a look at Eq. (5), it becomes obvious that the tig fits per-
fectly with the weight of the powder and therefore the weight of the
powder can be a very impressive factor during HEBM. Even a small
amount of the weight loss of powder can strongly affect the tig or in
otherwords themilling energy. Fig. 5a also shows that increasing the di-
ameter of the balls has also favorable effects on the mill's energy,
Fig. 7. The effect of different rates of the vial to plate spinning, on the milling energy (tig) with
creasing ωv/ωp in constant d) BPRp; e) BPRd and f) BPRn;
however in high BPRs the mobility of balls and as a result energy trans-
fer are reduced which is due to the frequent clashes of balls with the
high diameters.

Fig. 5b–d shows the effect of the ball to powder weight ratio in dif-
ferent states (BPRP, BPRd, BPRn) for the experimental conditions as
well as the presented model (Eq. (5)). As can be seen in these figures,
in all three states, the model could predict the volatilities of the energy
inside the mill. The interesting point is that in all three mentioned
states, the model has predicated the energy of the mill slightly above
its real values making it a conservative as well as reliable model.

3.4. The effect of the ball size distribution on the HEBM performance

Fig. 6 shows the effect of the ball size distribution from 1 to 5 (S=1
to S = 5) on the HEBM efficiency (tig) in different BPRs. As is seen in
Fig. 6a, when the BPRp rises, the increase in S is quite effective, so that
the milling efficiency (reduction of ignition time) has been increased.
An interesting note about this figure is that with increasing S in the
high BPRP, a decrease occurred in the proper functioning of the mill so
that in S = 5 the efficiency (tig) of the milling process reaches steady
state. In factwhen theBPRp and subsequently the amount of the powder
increasing a) BPRp; b) BPRd and c) BPRn; comparison of experimental and model with in-
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are reduced, by increasing the S, the cavities between the balls increase
and powder can pass between them. This makes it possible to reduce
the energy transferred to the powder.

Fig. 6b shows the increase of the S aswell as BPRd duringmillingpro-
cess. It is obvious that the energy transfer process is the same with the
previous state, except that here the increase of Shas changed themilling
performance from a negative state to a steady one. The reason can be
traced to this issue that when the BPRd rises and the diameter of the
balls and subsequently their weight are increased, with increasing the
S, the balls move with a more inharmonious state and therefore the en-
ergy transfer to the powder increases.

Fig. 6c shows that in a low value of BPRn, an increase in S has en-
hanced the milling efficiency (tig), however in a high value of BPRn the
result is quite the opposite. The important thing in this figure is that in
high BPRn, both low and high ball size distributions have led to a
sharp decline in the performance of the mill. In high BPRn as well as
high S (S = 5), worst-case scenario occurred and in this case, the
sound of the balls collision was hardly heard during milling. This indi-
cates that the balls collision occurred in a small number. The reason is
that when the BPRn rises, the number of the balls has increased
(Table 1), and on the other hand the high amount of S (S = 5) also
adds to the number of balls. This makes a high degree of filling for the
mill and therefore the ball motion aswell as the energy transfer become
difficult. Besides, in the case of S = 5, the number of small balls inside
the vial rises and therefore the ability of energy transfer during milling
process is reduced in high BPRn.

3.5. The effect of the vial to plate spinning rate on HEBM performance

Fig. 7 shows the effect of different rates of the vial to plate spinning,
ωv/ωp, on the milling energy in different BPRs. As can be seen in Fig. 7a,
an increase inωv/ωphas a positive effect on themill's performancehow-
ever, the excessive rise of this ratio is associatedwith adverse outcomes.
As is seen in Fig. 7a, in both low and high amount of BPRp, the bestmode
of energy transfer was obtained in the ωv/ωp ratio of 1.2. This is a rea-
sonable achievement because in high ωv/ωp ratios the effect of
Fig. 8. The influence of the ball type on the milling energy
centrifugal property of the balls becomes gradually predominant
resulting in a decrease in the energy transfer.

Fig. 7b shows the positive effect of theωv/ωp on themilling efficien-
cy (tig) in both low and high BPRd. Here, unlike the previous state, in all
ratios ofωv/ωp even higher than the 1.2, themill has been faced with an
increase in its efficiency. In fact, by increasing BPRd and subsequently
the diameter and weight of the balls, a damaging effect is applied on
the centrifugal property of the balls. Even at high ratios of ωv/ωp, the
centrifugal property of the balls does not overcome to the balls due to
the high weight of balls.

As can be seen in Fig. 7c, the mill's performance has shown a sharp
decline as a result of increasing ωv/ωp specially in high BPRn values.
One can say that because in this case, the number of balls with the
sameweight and shape are increasing, the number of balls that are sub-
jected to the centrifugal property increases, resulting in a decrease in
the transferred energy.

Fig. 7d–f compares the experimental results and the predicted ones
during the use of different amounts ofωv/ωp in a constant BPR of 12. As
is clear from these figures, in all three modes (BPRP = BPRd = BPRn =
12), the presented model could provide a good accuracy to predict the
energy inside the vial of the mill.

3.6. The effect of ball type on the HEBM performance

In Fig. 8, the influence of the ball type on the milling energy is shown
in different values of BPR. As is clear, because of the higher density, WC
generally transfers more energy to the system (Fig. 8a). It is the basis of
Fig. 8a, b that an increase in the BPRP aswell as BPRd is almost compatible
with every three type of balls and could have a positive effect on themill-
ing efficiency (tig). However, when the BPRn increases and its value
reaches 12 (Fig. 8c), steel balls are subjected to a critical situation leading
to a negative effect on the milling efficiency, while the lighter Si3N4 and
the heavier WC balls still continue their positive trend. The cause of the
problem is that the increase of the number of low weight Si3N4 balls
has a less effect on their speed in comparison with the steel balls that
are heavier. This means that the kinetic energy of Si3N4 balls is more
(tig) in with increasing a) BPRp; b) BPRd and c) BPRn.
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than that in steel balls in BPRn=12, resulting in amore transferred ener-
gy to the powders. In BPRn=12,WCballs that have a higherweight, able
to hold their kinetic energy in a satisfactory level, leading to a better en-
ergy efficiency compared to steel balls. However, when the BPRn reaches
17, a large volume of themilling vial isfilled andhence themobility of the
balls gets low, therefore the lighter balls acquire a lower kinetic energy
than the rest of the balls. Thismeans that theyhave amore negative effect
on themilling performance. It is also evident from Fig. 8c that in compar-
isonwithWC balls, Si3N4 balls have amore negative effect on themilling
efficiency at high BPRn values. The event stems from the weight differ-
ence between the two types of balls with the explanation that when a
large volume of the milling vial is filled, the lighter Si3N4 balls lose their
kinetic energy more quickly than WC ones. In other words, in high
BPRn, the speed of the lighter Si3N4 balls is more affected than WC ones
resulting in a faster reduction of their kinetic energy according to Eq. (6):

K ¼ 1=2mv2 ð6Þ

inwhichK is the kinetic energy,m and v are respectively themass and ve-
locity of the balls.

Furthermore, although the WC balls lose their speed in high BPRn

values, however the higher weight makes them able to preserve more
kinetic energy than the Si3N4 balls and have a less negative effect on
the milling efficiency at high BPRn.

4. Conclusions

The results of this study can be summarized as follows:

– An increase in the number of balls had aminimal impact on themill-
ing energy during BPR increment for two reasons: First, the weight
loss of the ball led to a decrease in its kinetic energy and a conse-
quent reduction in milling efficiency. Second, the degree of filling
of the mill was raised so the balls mobility became more difficult
and as a result the kinetic energy of the balls was reduced.

– The weight loss of the powder had the best impact on the HEBM ef-
ficiency even in high BPR values. The cause of this event was the
more energy transfer to the powder resulted by the reduction of
the amount of the powder.

– With increasing size distribution of the balls in high BPRP, a decrease
occurred in the proper functioning of themill, so that in S=5 the ef-
ficiency of the mill reached a steady state. Here, the BPRp and subse-
quently the amount of the powder were reduced and by increasing
the S, the cavities between the balls were increased and powder
could pass between them.

– In high BPRn, both low and high ball size distributions led to a sharp
decline in the milling energy. In high BPRn as well as high S (S= 5),
the worst-case scenario occurred and in this case, the sound of the
balls collision was hardly heard during milling. This indicated that
the balls collision occurred in a small number.
– The mill performance showed a sharp decline as a result of increas-
ingωv/ωp specially in high BPRn values. Here, the balls with the same
weight and shape were increasing, so the number of balls that was
subjected to the centrifugal property increased, which led to a de-
crease in the transferred energy.

– When the BPRn was increased and its value reached 12, the steel
balls were subjected to a critical situation that led to a negative effect
on themilling efficiency. However, the lighter Si3N4 and the heavier
WC balls continued their positive trend.
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