


Modeling of Impact Energy Generated by Free Falling Ball 

Figure 4: Powder Flake 

between the ball and work materials; and £ is the energy lost due to 
inertial drag of the ball during the penetration motion of the ball through 
the work materials. 

The energy lost due to ball bouncing, Ehhl can be determined by: 

Ehhl = Ek(\-e;) (9) 

where e is the coefficient of restitution at specific work materials height, 
t. The energy lost due to friction and drag can be established based on 
Poncelet model (Cimarra, Lara, Lee & Goldman, 2004; Tsimring & 
Volfson, 2005; Katsuragi & Durian, 2007). The force acting on the ball 
which passes through the work materials can be expressed by: 

I F = - mg + F(z) + mv2/dt (10) 

where mg is the force due to gravity; F(z) is the friction force (F„); mv2/ 
d] is the inertial drag force (F.); v is the impact velocity of the ball; and 
d] is the impact penetration. The friction and inertial drag force can be 
simplified as: 

Ff=cnpjgD* (11) 

F = V(l -e2)pfD2 (12) 

where c is a contant; ji is the coefficient of friction; p _ is the density of 
work materials; D, is the ball diameter; and e, is the coefficient of 
restitution at specific work materials thickness. Thus, energy loss due to 
friction and drag between the ball and work materials, F ,can be 
represented as: 
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£,„ = (Wit (13) 
where / is the thickness of the work material. 

In formulating the model, the energy lost mainly by ball bouncing, 
friction and drag is taken into consideration with the assumption that: 

1. No deformation occurred to the ball and to the base of stainless 
steel container. 

2. No energy is transferred to the work materials as kinetic energy. 
Thus splashing of work materials does not occur. 

Computer Simulation 

Table 1 lists the parameters and their values or variation ranges used in the 
simulation. The simulation was conducted using Matlab 6. The milling 
balls used in the study are made of stainless steel in various sizes which 
are commonly used in mechanical milling. The falling height varies from 
0.5 m to 2.0 m to obtain impact velocities of 3.13 ms-1, 4.43 ms-1, 
5.42 ms-1 and 6.26 ms-1 respectively. The density of the work materials 
are obtained by measuring the mass of the work materials in 10 ml volumes. 

Table 2 shows the coefficient of restitution used in the simulation for 
various work materials thickness. The values were determined by the 
parameter fitting method reported previously (Huang et al., 1998). 
Previous studies have shown that the coefficient of restitution decreased 
as the impact velocities which is represented by falling height increased 
(Mangwandi, Cheong, Adam, Hounslow & Salman, 2007). However, to 
simplify, the coefficient of restitution listed in Table 2 remains unchange 
at various falling height. 

Table 1: Input Parameters of the Computer Simulation 

Parameters 

Ball size (mass 
& diameter) 

G 
H 
C 
I 

P, 
T 

Values or variation ranges 

Db=23.& mm m = 55.03 g 
Db=253 mm m= 66.77 g 
Db = 26.3 mm m = 73.27 g 
D t=28.5 mm m = 95.1g 

9.81 m/s2 

0.5 m, 1.0 m, 1.5 m, 2.0 m 
100 
0.5 

575 kg/m3 

1,2 ,3 ,4 ,5 ,6 ,7 ,8 ,9 , 10 mm 
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Table 2: Coefficient of Restitution for Various Work Materials Thickness 

Work materials thickness, t Coefficient of restitution, e 

1 0.28 
2 0.19 
3 0.14 
4 0.10 
5 0.09 
6 0.08 
7 0.07 
8 0.06 
9 0.06 
10 0.05 

Results and Discussion 

Influence of Ball Mass 

Figure 5(a) shows the the impact energy generated obtained from 
computer simulation as a function of work materials thickness for falling 
height, 0.5 m. For all the sizes of the ball used in the simulation, the 
magnitude of the impact energy decreases with an increase of work 
materials thickness. When the ball crashes into the work materials, the 
natural characteristic of the work materials, which behaves like a fluid, 
allows the ball to penetrate through the work materials. During the 
penetration, the ball will experience deceleration on the velocity due to 
the friction and drag force that occur between the ball and work materials. 
Increasing the thicknesss of the work materials will increase the friction 
and drag and thus reduce the impact energy generated. This finding 
correlates with previous simulation conducted by Feng, Han and Owen 
(2004), which found that the presence of the metal work reduces the 
impact forces and extends the impact duration. In addition, Huang et al. 
(1998), reported that the increase of the powder thickness will reduce 
the impact force which leads to the decrease of impact energy because 
some of the impact energy is used to rearrange and slide the grains in 
the powder at the onset of impact (Alkebro, Colin, Mocellin, Warren, 
2002). 

A further discussion of the results of the simulations is the impact 
energy generated by various sizes of ball. As shown in the Figure 5 the 
trend remains valid for different sizes of ball. However, the magnitude 
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Ball (iiitmeier 23 M 
Ball diameter 25.3 
Ball diameter 26.3 
Ball diumeler 28.5 

(a) (b) 

_ . Hal!dtaineu:r2.VK 
Ball diameter 25 J 
Ball diameter 2d.3 
Ball diameter 28.5 

Figure 5: Impact Energy as a Function of Work Materials Thickness for 
Various Falling Heights: (a) 0.5 m (b) 1.0 m (c) 1.5 m (d) 2.0 m 

of the impact energy increases with the increase of the ball sizes. As the 
size of the ball increases, the weight of the ball increases and more 
impart energy is generated (Suryanarayana, 2001). Although the 
magnitude of impact energy generated differs for different ball sizes, the 
impact energy decreases and reaches zero at the same point, namely 
when the thickness of work materials is at 2 mm. When the thickness 
increases above 2 mm, most of the kinetic energy of the milling ball is 
used to overcome the friction and drag between the milling ball and 
work materials. The milling ball no longer possesses the necessary energy 
to break the work materials. Breakage and/or deformation will not occur 
and the work materials will only undergo compaction process. 

Influence of Free Falling Height 

Similar trend is observed at falling heights of 1.0 m, 1.5 m and 2.0 m as 
shown in Figure 5(b)-(d) whereby the impact energy decreases with an 
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increase of work materials thickness. However the magnitude of the 
impact increases as the falling height increases. For example, for a ball 
with the diameter of 28.5 mm, the impact energy on work materials with 
a thickness of 1 mm is approximately 0.19 J, 0.62 J, 1.1 J and 1.5 J for 
the falling heights of 0.5 m, 1.0 m, 1.5 m and 2.0 m respectively. At 
higher falling height, potential energy of the ball is higher and collision 
will occur at higher impact velocity. Thus, high impact energy could be 
produced. 

It was also observed that, the impact energy will reach zero at higher 
work materials thickness as the falling height increases. At the falling 
height of 0.5, the impact energy will reach zero at work materials thickness 
of 2 mm. However, the value increases to 3 mm (for ball diameter 
23.8 mm) and 4 mm (for ball diameter 25.3 mm, 26.3 mm and 28.5 mm) 
for falling height of 1.0 m. The summary of work materials thickness at 
where the impact energy reaches zero is listed in Table 3. 

Based on the simulation output, the optimized condition for mechanical 
milling can be achieved by keeping the work material thickness minimum. 
However, if the work materials is very low, the amount of work materials 
trapped between the ball and the stainless steel container will be minimum, 
resulting in low breakage output. The effect will be more dominant if the 
impact velocity is higher. In addition, the work materials could be 
excessively splash out and less or no work materials will be trapped in 
the collision and resulted in unnecessary collision between ball and stainless 
steel container. Thus, the possibility of wear on the stainless steel container 
can increase and affect the quality of the processing work materials due 
to contamination from worn material. 

Table 3: Thickness of the Work Materials When the 
Impact Energy Reaches Zero 

Falling height Thickness of the work materials when the 
(m) impact energy reaches zero 

0.5 2 mm 

1.0 3 mm (for ball diameter 23.8 mm) 
4 mm (for ball diameter 25.3 mm, 26.3 mm and 28.5 mm) 

1.5 5 mm (for ball diameter 23.8 mm) 

6 mm (for ball diameter 25.3 mm, 26.3 mm and 28.5 mm) 

2.0 7 mm (for ball diameter 23.8 mm and 25.3 mm) 
8 mm (for ball diameter 26.3 mm and 28.5 mm) 
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Conclusion 

This paper describes some computer simulation results related to 
mechanical milling and illustrate the complex role of work materials 
thickness in generating an impact during collision. Simulation results from 
the impact energy model proposed demonstrated that the impact energy 
generated during the collision is strongly influenced by the thickness of 
the work materials. It reaches zero at certain value of work materials 
thickness which increases with an increase of the falling height. At this 
stage all supply energy is completely dissipated to overcome friction and 
drag. Maximum impact could be gained at low work material thickness. 
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