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Abstract: - In recent years, the uses of computational techniques in the simulations of manufacturing processes 

design has increased considerably. Discrete element method (DEM) at the macroscale was used to simulate the 

motion of the balls and powders during milling in a planetary ball mill. It was concluded that the milling speed 

had the powerful effect on the media motion. An increase of the speed led to a change of the particles 

distribution. The obtained results show that the DEM simulations is a powerful tool to process optimization and 

equipment design.    
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1 Introduction 

Since a decade ago, several advances have been 

developed in understanding ball milling process, a 

considerable part of it concerning the application of 

the DEM simulations to numerically investigate the 

ball milling process for different ball mill models.     

In 1970s, the DEM approach was developed by 

Cundall and Strack [1] to solve problems associated 

with rock mechanics. They used DEM simulations 

in the aim of distinguish the soft contacts model of 

finite duration from the event driven method. 

Moreover, Two and three dimensional DEM 

simulations of ball mill were primary reported by 

[2] and [3].  De Carvalho et al. [4] proposed a 

mechanistic model to describe grinding iron ore 

pellet feed in pilot and industrial scale ball mills by 

simulations using DEM. The obtained results 

showed a good agreement between predicted and 

measured size distributions and circulating load 

ratio. Hare et al. [5] compared the direct and indirect 

DEM-PBM ribbon milling size prediction 

approaches. It was concluded that the direct 

approach considers the shear deformation to be the 

governing breakage mechanism while the indirect 

approach considers the correct magnitude of fine 

generation. Xie et al. [6] used DEM simulation to 

investigate an industrial semi-automatic grinding 

(SAG) mill with spherical grinding media and non-

spherical ore based on polyhedron-sphere contact 

model. They revealed that the charging of particles 

in the polyhedron-sphere grinding was blocked to a 

certain extent and the collision energy between liner 

and ore was increased, which shows that the 

proposed model was necessary for more precise 

prediction of the grinding method.  Similarly, 

Oliveira et al. [7] developed a mechanistic mill 

model for ball mills and used DEM to simulate 

breakage in a vertical stirred mill. The result showed 

good agreement between experimental and 

simulated particle size distribution for the case of 

limestone and copper ore, and small deviations was 

found (about 3.5 %). Additionally, the performance 

evaluation of the new multi-shaft mill using DEM 

was reported by Bracey et al. [8]. Thus, they 

concluded that the gravity fed material entering the 

multi-shaft mill. They also showed remarkable 

collisions, more than the critical breakage strength. 

Kushimoto et al. [9] developed a new ADEM-CFD 

model for analyzing dynamic and breakage behavior 

of aggregates in wet ball milling. They concluded 

that the proposed model can analyze the breakage 
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and dynamic characteristics of aggregates in wet 

ball milling.   

DEM approach was used to simulate non-spherical 

particles using polyhedrons and super-ellipsoids 

during the grinding process of ore in a ball mill [10].  

It was found that the proposed model was 

appropriate for the simulation of large scale systems 

and possess excellent stability. Cleary et al. [11] 

developed a new coupled DEM-SPH model to 

investigate the breakage and motion of resolved 

coarser particles in a semi-autogenous grinding 

(SAG) mill. They concluded that the new model 

was able to predict breakage and fine particle.  

Venugopal and Rajamani [12] revealed good 

agreement between 3D DEM simulation and 

experiments of charge motion in tumbling mill. 

They also concluded that DEM simulation could be 

include component lifetimes by following the 

impacts and position of impacts with mill shell and 

lifters over time. Govender et al. [13] used DEM 

approach to simulate the ball motion in wet milling. 

They concluded that the computational load could 

be reduced during the fluid flow simulation. The 

implementation of the combined DEM-BPM 

simulations was used to analyze the breakage of 

bonded agglomerates in a ball mill [14]. It was 

concluded that the computational simulations were a 

significant tool for analyzing the breakage and flow 

in ball mill. Bumeister et al. [15] determined the 

stressing conditions of dry grinding in planetary ball 

mills through DEM approach involving the contact 

model of Hertz and Mindlin. Thus, the correlation of 

breakage rates of powder and stressing conditions 

showed the influence of stressing on both breakage 

mechanism and breakage kinetics.   

Additionally, frequency domain characterization of 

torque in tumbling ball mills through DEM 

modeling was reported by Pedrayes et al. [16]. The 

results showed the possibility of characterizing the 

load torque of ball mills in the frequency domain. It 

was also concluded that the load torque signal in 

ball mills involves sufficient information to 

characterize the load level of the ball mills. 

Furthermore, a combination of density-based 

clustering method and DEM were used to 

investigate the fragmentation of bonded particles 

during the ball milling process [17]. It was showed 

that the collisions of balls expanded proportionally 

with rotation speed until achieving a critical rotation 

speed. It was also revealed that the mill power 

increase with increased rotation speed. Rodriguez et 

al. [18] analyzed the validity of some assumptions 

of advanced ball mill models by modelling through 

DEM simulations including particles and milling 

media. It was revealed that the supposition of 

perfect mixing in the radial direction was valid. It 

was also concluded that a fraction of the amount of 

collisions inner the mill does not require particles. 

DEM simulation of the charge motion and power 

draw of an experimental two-dimensional mill was 

developed by Van Nierop et al. [19]. It was found, 

based on DEM simulations runs, that at super-

critical speeds, the centrifuging of material in the 

load was predicted. In our previous work [20], we 

studied the simulation of high-energy ball milling 

process by using DEM modelling approach. The 

simulations results showed the efficiency of 

mechanical alloying process for low velocities 

ratios. 

In this paper, we describe DEM simulations of dry 

ball milling, including initial conditions, calibration, 

and validation.  

 

2 Post processing of DEM simulations 
DEM is a particle based approach where each 

particle in the flow is tracked and all collisions 

between particles and between particles and 

boundaries are modeled using a contact force low.  
  

2.1 Contact dynamic model 
The contact models are based on theories of 

contact between particles with spherical shape. 

Thus, a non-linear bringing together Hertz’s theory 

in the normal direction and the improvement to 

Mindlin’s no-slip model [21] in the tangential 

direction was used for modeling (Fig. 1). In fact, 

Hertz’s theory of elastic contacts describes which 

are derived among integration of the normal stress 

distribution in the contact area [22].    

Therefore, the resulting total force, as a sum of 

elastic and dissipative forces, is expressed by [23]:  

 

                 
rel

nnnnn CkF                             (1) 
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where nk is the normal spring stiffness constant 

(𝑘𝑛 =
4

3
 𝐸∗√𝑅∗ 𝛿𝑁), n is the amount of overlap, 

nC is the normal damping coefficient (𝐶𝑛 =

2√
5

6
𝛽√𝑆𝑛𝑚∗), and 

rel

n  is the relative normal 

velocity from the relative tangential motions over 

the collision.  

However, average overlap of 0.1-0.5 % of the 

particles diameter and spring constant of 106-108 

Nm-1 are recommended.      

In hence, the dashpot dissipates energy resulting 

from the tangential motion and models the plastic 

deformation because of contact in the tangential 

direction [24, 25]. Thus, the tangential force-

displacement is dependent on normal and tangential 

loading history.  

The total tangential force which is limited by 

Coulomb’s law of friction [22, 23] is given by: 

 

            rel

ttttnt CkFF   ,min                   (2) 

 

where tk is the tangential spring stiffness constant 

(𝑘𝑡 = 8𝐺∗√𝑅∗𝛿𝑛), tC is the tangential damping 

coefficient (𝐶𝑡 = 2√
5

6
𝛽√𝑘𝑡𝑚∗), µ is the friction 

coefficient, and 
rel

t is the relative tangential 

velocity. The integral of the tangential velocity over 

the relative behaves as an incremental spring that 

stores energy from the relative tangential motions. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Graphic representation of the DEM contact 

model between two particles. 

 

2.2 Wear model 
During collision event, the balls and particles 

hitting generate wear on the liner/lifter surface. In 

consequence, the total volume lost due to adhesive 

wear.  This loss may be given by: 

 

                               thdV                              (3) 

 

where V is the wear track volume, d is the wear 

track width,  is the velocity, t is the time, and h is 

the depth of the wear track.  

Moreover, for simplicity the DEM simulations, we 

use the average values of velocity and loading 

through the whole duration of a wear contact 

phenomena. This results in the supposition that the 

parameters are constant through the duration of 

impact.   

It also may be assumed that the wear track depth 

depends of the applied compressive force, sliding 

distance, which equal velocity times sliding time 

[26]:  

 

                         ),( tFfh n                                (4) 

 

Therefore, the wear track width is inversely 

proportional to materials hardness. We can combine 

Eq (3) and Eq (4):  

   

                         tF
H

kd
V n

B

                            (5) 

 

In the DEM simulations, the liner is meshed into 

a series of surface elements from which the whole 

surface is created. Thus, during modeling the mesh 

should be correctly chosen to obtain logical 

elements for wear modeling.  

The total volume loss in a selected region on a liner 

or lifter during an identified revolution of the ball 

mill is the addition of all the event based volume 

losses as:  

 

                              
rev

iel VV                            (6) 

 

In hence, the total volume loss may be transformed 

to a height loss as follows:  

 

                               
el

el
el

A

V
H                              (7) 

 

However, various approaches were used to wear 

modeling.   
 

2.3 Capture of particles between milling 

media  
Fig. 2 shows the collision event between two 

milling media (balls) and a number of captured 

particles in the milling zone relative to the stress 

energy, based on surface and mechanical properties. 

At elevated flow ability, the material (particles) 
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captured in the milling zone (between two balls) is 

too low, resulting a low efficiency [27]. In fact, the 

reduction in the surface energy is one of the main 

influential factors on milling.         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Schematic of the particles capturing between 

milling media. 

3 Ball mill configuration and DEM 

simulations parameters  
The ball mill used in this study is a planetary ball 

mill at laboratory scale. The powders distribution, 

the balls distribution, and the wear were modeled 

using EDEM software [28]. The simulations of dry 

mill were conducted by using a standard coefficient 

of restitution of 0.3 and a friction coefficient of 0.75 

(ball-ball and ball-liner collisions) [29]. 

Furthermore, the charge consisted of powders and 

balls with filling of 40 % of the whole volume. The 

materials properties used in the simulations are 

presented in Table 1.  

 
Table 1. Materials properties used in the simulations. 

 

Parameter  Value 

Poisson’s ratio 0.3 

Young’s modulus (N/m2) 1.8×1011 

Density (kg/m3) 7700 

 

In hence, the ball mill parameters are illustrated 

in Table 2. The specific gravity of the media is 

equal to 2.7. During DEM simulations, the geometry 

and the motion are easy and the media are 

considered and represented as a spherical element. 
 

Table 2. Ball mill parameters. 

 

Parameter  Value 

Shaft power (kW) 0.37 

Angular speed (used here) (rpm) 250 

Effective diameter of main disc 

(mm) 

140 

Mill filling (%) 40  

Mill speed (% critical speed) 10-100 

Time step (s) 1.01×10-4 

Ball density (kg/m3)  7700 

Vial density (kg/m3)  7700 

Length (mm) 370 

Depth (mm) 530 

Height (mm) 500 

Weight (kg) 50 

 

4 DEM simulations results 
DEM simulations describe the collisions between 

milling media occurred in the mill by given collision 

energy spectrum.  

Fig. 3 shows the different stages of particles 

breakage during simulations of ball milling. As can 

be seen from all the figures (a-f), the powders 

distribution is mainly concentrated near the wall of 

vial due to the high centrifugal accelerations caused 

by the motion of the vial. However, in the case of 

run simulation between 2 and 3 s, we observed that 

the simulation behavior remains almost unchanged. 

Beside between 4 and 5 s a particles clumping was 

occurred. For extended time between 6 and 7 s, the 

run simulation the particles motion reached a steady 

state. In fact, the results confirm that time is a very 

important factor which influences the changing 

behavior of the particles during milling.  

In addition, with an increase in time, the particles 

occupy nearly the entire volume of vial space. In 

hence, the smaller particles, which receive large 

amount of the impact energy, circulate on closed 

trajectories near the wall of vial due to gravity [30]. 

Furthermore, the velocity coloring (from blue: slow 

to red: fast) provides information on the charge 

motion. It would be also considered that the number 

of collisions decreases with increasing energy per 

collision [31].   

 

 

 

 

 

Fig. 3. Snapshots of a ball mill at different stages of 

particles breakage: (a) t = 2 s, (b) t = 3 s, (c) t = 4 s, (d) t 

= 5 s, (e) t = 6 s, and (f) t = 7 s.  

Fig. 4 shows the variation of the number of particles 

contact with time. The particle to particle contact 
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graph exhibits that the number of contacts increases 

over time. This increase is related to the increase of 

velocity.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Variation of number of particles contact with time. 

 

 

5 Conclusion 
In this work, milling process with different 

parameters was simulated through DEM approach. 

The results showed that the milling speed had a 

significant effect on the media motion. The 

proposed model is applicable to any other 

particulate process where there are notable amounts 

of fine material that influence the process. Finally, it 

is revealed that this numerical model is a powerful 

tool for knowledge and understanding of dry milling 

media in ball mills. 
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