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Chapter Six — Results and Discussion on Modeling of SPEX 8000 Mixer/Mill

equations. This enables the simulation of a milling process to be more accurate at a
cost of long computation time (in days) when personal computer is used to handle the

calculation.

The above models have been employed to predict the trajectories of balls, the impact
angle distribution, impact velocity distribution and impact pressures and forces. The
results on milling process are quite different from those of previous studies. This is
hardly surprising, as previous studies on milling process used heavily simplified
models. Considering it is difficult to do experiments to validate the models on milling
dynamics, probability analysis has been used as an option to validate the models. The
comparison has shown good agreement between the results from simulation and the

probability analysis, indicating that the models are reasonable.

The present work has demonstrated that the set of models can be used as a package

which can be used to achieve the following:

. To visualize the motion of balls and the impacts during milling.
« To evaluate the milling efficiency under different milling conditions.
« To optimise the milling parameters such as the number and size of balls, vial size

and shape.

At this point, the package is not able to adequately predict the milling time required
to achieve a particular outcome such as formation of a composite microstructure with
a certain degree of fineness. It is necessary to develop a micro-mechanics model
which describes the elastic and plastic deformation, and fracturing and cold welding
of each powder particles. This will be a challenging task. Undoubtingly the work

presented in this thesis provides a good basis and staring point to complete this task.
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6.6 Summary

The motion of the vial of SPEX 8000 Mixer/Mills has been simulated. It has been
shown that the motion of vial involves a complex movement in 3 directions and this
motion is affected by the springs, which balance the vial and the fulcrums. The
milling dynamics of SPEX 8000 Mixer/Mills have been studied for the simulations
when one ball or multi balls were put in the vial. The balls inside the vial have been
shown to undergo a random movement, which can be separated into two stages. The
early unstable stage lasts for less than 0.3 second. It involves mostly rolling and
slipping of balls on the vial wall. The second stage is the stable stage, when the
impact frequency, the mean impact velocity and mean spinning velocity of balls do
not change significantly over time. The frequency of impacts in ball milling using
multi balls is high. The majority of impacts happen at low velocities of less than 4
m/s and with angles in the range of 15~75°. A substantial fraction of impacts are
multi-ball impacts. For different number of balls, the simulation results indicate that
the frequency of impacts between balls and the vial wall is proportional to the number
of balls and the number of impacts between balls is nearly proportional to the square
of the number of balls and the square of radius of balls. By considering the powder
compact deforms under a certain pressure, the critical velocities for mechanical
milling for various sizes of balls have been determined. Based on these critical
velocities, the effective impact frequency and the milling time for different number
and the size of balls have been calculated. It has been shown that for a given radius of

balls, there is an optimum number for the best milling efficiency.
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Chapter Seven

Global Models for Planetary and Attritor Mills

7.1 Introduction

This chapter describes the 4 dimensional global models of a typical planetary mill and
a typical attritor mill respectively. The models are then coupled with the local model

described in Chapter 4 to numerically simulate the milling process.

7.2 Planetary Mills

7.2.1 The Model for the Motion of Vial

The motion of a planetary mill involves rotation of the vial about two separate
parallel axes, analogous to the rotation of the earth about the sun. A diagram of the

mill motion is given in Figure 7-1. The planetary arm rotates about point O, with an

angular velocity @, . The vial is centered at point A, which is at a distant R, from O.

The vial rotates in the opposite direction to the planet arm with an angular velocity

@

v

.. . . 1 .
Here it is assumed that the side wall of the vial has a curvature of E as shown in

Figure 7-2. Two Cartesian coordinate systems were employed: one is O — XYZ and
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another one is o—xyz. OX

was the central axis of the
starting position of OA in
Figure 7-1 and OZ was
perpendicular to XOY plane
passing point O. o was the
central of the vial bottom, ox
was the line parallel OX and oz
was the line parallel OZ. If the
mill is at the position of the
solid lines as depicted in
Figure 7-1 at the starting
moment, then after it runs for

a period of time, ¢, the mill’s

e
s

LS NI oo

.

Figure 7-1. Schematic Representation of Planetary
Mill Motion

position will be at the dash lines in Figure 7-1. Then, the position of any point

attached to the system O — XYZ, (X,,Y,,Z, ), was determined by

X, =R,cosa—rcosf3

(7-1a)

Figure 7-2. The geometry of the planetary vial
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Y, =R, sina-rsinf (7-1b)

zZ,=Z, (7-1c)

where r is the distance from point B to axis OX,« is the angle OA rotated about

point O and S is the angle the vial rotated about point A during the period, t. & and

P can be calculated by the following equations:
a=aw,t (7-2)
B=wt-a=(w,-w,) (7-3)

then equation (7-1) can be expressed by

X, =R, cos(a)pt)— rcos[(a)v -, )t] (7-4a)
Y, = R, sin(w,t)- rsinf(0, -, )i] (7-4b)
Z,=2, (7-4c)

The velocity of point B was calculated by differentiating equations (7-4a~c) with

respect of time ¢:

Ve =—R, @, sin(a)pt)+ r(a)v -, )sin[(a)v -0, )t] (7-5a)
vy, =R, @, cos(a)pt)— r(a)v -a, )cos[(a)v -, )t] (7-5b)
vy, =0 (7-5¢)
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Then the position of any point (x, Y z) in the vial attached to o — xyz was converted

to a point relative in the earth attached to O — XYZ by

X = (x+Rp )cosa— ysina (7-6a)
Y =(x+R,)sina+ycoser (7-6b)
Z=2 (7-6¢)

Any point (X,Y,Z) in the earth attached to O — XYZ can be converted to a point

relative in the vial attached to o — xyz by

x=Xcosa+Ysina—R, (7-7a)
y=—-Xsina+Ycosa (7-7b)
72=27 (7-7¢c)

The velocity of any point (X Y, Z ) attached to O — XYZ is

v, =—R,0, sin(a)pt)+ VX +7* (o, - ®, )sin[tan'l (§)+ a)l,t] (7-8a)

v, =R,0, cos(a)pt)— VX2 +¥2 (o, - w, )cos[tan" [%} a)pt] (7-8b)

v. =0 (7-8c)
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7.2.2 Dynamics of Balls Inside the Vial

7.2.2.1 Impacts between Balls

Impacts between balls can be determined by using the same method as introduced in

Section 5.3.3.
7.2.2.2 Impacts between Balls and Wall

The position of line A in the vial can be determined from equations (7-4a~c) by

substituting r with zero:

X,=R, cos(a)pt) (7-9)

Y, =R, sinw,1) (7-9)

Then when a ball’s position attached to the system O — XYZ (Figure 7-1 and Figure

7-3)is (X,Y,Z ), the ball is contacting or impacting with the curved wall of the vial if

either of the following equations is satisfied.

Figure 7-3. The location of a ball in the vial
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d=(X-X,F+({¥-Y,} >R, (7-102)

1 1

2 2
d, =\/[X—X;X" Rv—Xa) +(Y—Y;Y“ Rv—Ya) +(Z-R) >R-R,

(7-10b)

The contact point C on the wall is:

2
X, =X,+|R +R|1- Z_R )X_X“ (7-11a)
d, J d,
Z_RY |r-¥,
Y, =Y +| R +R,[1-| = o (7-11b)
d, J d,

ZC=R+Z_RR (7-11c)

Its velocity was determined by replacing (X, Y, Z) with (X_,Y,,Z_) in equation (7-8).

It can also be determined that if any ball at position (X Y, Z ) is contacting or

impacting with the bottom or the top of the vial if either of the following equations is

satisfied:
Z<R, (7-12a)
Z2H,—-R, (7-12b)

The contact point E can be determined by
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i Second layer

Figure 7-4. Ball original positions in planetary mill

X =X (7-13a)

Y =Y (7-13b)

0 when Z<R,
Z,= (7-13¢)

H, whenZ2>2H, 6 —-R,
Its velocity was determined by replacing (X,Y,Z) with (X,,Y,,Z,) in equation (7-8).

7.2.2.3 Free Movement of Balls

Free movement of balls was calculated by using the same method as described in

Section 5.3.2.
7.2.24 The Initial Positions and Velocities of Balls
The first ball was put in the bottom of the vial close to the cylindrical wall as shown

in Figure 7-4. The rest of balls were lined along the same layer close to the cylindrical

wall. If they formed a circle, then started a new layer.
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Similar to those in SPEX 8000 Mixer/Mill, the initial velocities of balls in planetary
mill were assumed to be the same as those of the vial at the points where the balls and
vial are in contact. This can be calculated by differentiating equations (7-8a~c) and

setting £t =0.

7.3 Attritor Mills

As introduced in Section 2.3.2, an attritor mill functions by agitating the milling balls
and powders by its impellers, which rotate at a certain speed. The model introduced
here was developed for vertical attritors. While, for horizontal attritors, typically Zoz
mills, the model can be slightly modified by changing the gravitational acceleration

from vertical to horizontal.

Cooled

Gas Seal Statignary Tank w
T v
|
—
|
~ 50 -
(7 r"% Impeller 4__Liz==
.;f:.. ‘.. ~.. g l R,
[‘.i ‘:"\;’» < —H
e 0 i PR = o |-
"4; 16"?6 i Impeller 3
$S PR Impeller2__|it=2"
0SS 0GPIN =T
(LS , i | Impeller 1
ese: 2otz
t‘«'ﬁbﬁih WA
Zisgpe®

Rotating Impeller 52100 Steel Balls

Figure 7-5. Schematic representation of an Attritor mill
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7.3.1 The Model for the Motion of the Impellers of the Container

A Cartesian coordinate system, O-—XYZ, and a cylindrical coordinate system,

O —-r8Z, were employed as shown in Figure 7-5. OX was the central axis of the

starting position of first impeller and OZ was the central line of the container.

If the distance between the impellers is d, the impeller 1’s position is Z =d,and

6 =0, then at any moment the position of any point in impeller i can be determined

by
Z, =dy+d(i-1) (7-14a)

k=1 i is odd
6 =t +2k, Pee (7-14b)
2 k=0, i is even

R, <r<R (7-14c¢)
where R, is the radius of the center shaft, whose rotating velocity is .

The position of any point in impeller i contacted to O — XYZ can be written by

X, =rcosd, (R,<r<R) (7-15a)
Y, =rsing, (R,<r<R) (7-15b)
Z =d,+d(i—1) (7-15¢)

Then the velocity of the point can be calculated by differentiating equation (7-15) by

time ¢:
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v, =—rwsiné (7-16a)
v, =racosf (7-16b)
v.=0 (7-16¢)

7.3.1.1 Impacts between Balls

Impacts between balls was determined by using the same method as introduced in

Section 5.3.3.

7.3.1.2 Impacts between Balls and Wall, Impeller or Shaft

The condition for an impact to happen between a ball and the all of the container, the
impellers or the shaft, the position and the velocity on the wall, the impellers or the

shaft at the contact point are determined by the following considerations:

¢ Impact on the cylinder wall of the container

If the following equation is satisfied, an impact happens between a ball and the wall

of the container.

VX2 +12 +R, 2R, (7-17)

where R,, is the radius of the container of the attritor mill.

The position on the wall of the container at the contact point, (XC,YC,ZC), was

determined by
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X = RaX
X*4+Y?
y = Ra

(7-18a)

(7-18b)

(7-18¢)

Since the container does not move, the velocity at the contact point was set to be zero.

e Impact on the shaft

If the following equation is satisfied, an impact happens between a ball and the shaft.

JX?+Y*-R, <R,

where R, is the radius of the central axis.

(7-19)

The position on the shaft at the contact point, (X,,Y,,Z_), was determined by

x =X
© Jxter?
y o RY

Nreeel

Z.=2

c

(7-20a)

(7-20b)

(7-20c)

The velocity of the shaft at the contact point, (vn, Vies vzc), was determined by
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_OR)Y (7-21a)

vXC=
VX +Y?

wR,X
= D%d (7-21b)
¥ oJx +y?
v, =0 (7-21¢)

¢ Impact on the bottom of the container

If the following equation is satisfied, an impact happens between a ball and the

bottom of the container.

Z <R, (7-22)

The position at the contact point, (X_,Y,,Z,), was determined by

X, =X (7-23a)
Y,=Y (7-23b)
Z, =0 (7-23c)

The velocity at this point was also set to be zero considering the container is

stationary.

¢ Impact on the impellers

If the following condition is satisfied, the ball impacts on the cylindrical surface of

impeller .
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min{(X - rcos6) + (Y - rsin®) +[d, + d(i—1) - Z]*}< (R, + .} 024

VX2P+Y¥ <R,
The position of the contact point, (,,6.,Z. ), was determined by:.

2 2
6. =tan™ X )t tan” — n—Z T (7-25a)
X X*4+Y2+[dy+d(i-1)-Z)*-¢

=X+ +[dy +dG-) -2 - 47 (7-25b)
Z =d, +d(i—1)—§[do+d(i—1)—z] (7-25¢)
where, ¢ =/min{(X —rcos8) + (¥ - rsin0) +[d, +d(i~1)-Z]'}
Written in position contacted to O — XYZ coordinate system, we have

X,=r cosb, (7-26a)
Y, =r,siné, (7-26b)
Z =d, +d(i—1)—§[do +d(i-1)-Z] (7-26¢)

If the following condition is satisfied, the ball impacts on the end of impeller i.

(X —R cos@) +(Y - R;sin@) +[d, +d(i-1)-ZF < (R, + 1}

. (7-27)
VX242 +[dy+dG-1)-ZF >R
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The position of the contact point, (X_,Y.,Z_), was determined by

X, =R cosf +§(X ~ R cos6) (7-282)
Y. =R sin0+—2%(Y—R,. sin6) (7-28b)
Z =d, +d(i—1)——2’—[do +d(i-1)-Z] (7-28¢)

where,{ =+/(X —R,cos8) + (¥ R, sin0) +[d, + d(i—1)- Z]

Written in (rc,Hc, ZL_), we have

Y,
0, =tg7'| = 7-29a
. =18 ( X, J ( )
r,=yX'+Y’ (7-29b)
Z =d, +d(i—1)—2—'[do +d(i-1)-2Z] (7-29¢)

The velocity on the impeller at the contact point is

v, =-r.@siné, (7-30a)
v, =T1,0c0s0, (7-30b)
v, =0 (7-30c)
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7.3.1.3 Free Movement of Balls

Free movement of balls was calculated by using the same method as described in

Section 5.3.2.
7.3.1.4 The Initial Positions and Velocities of Balls

The balls were assumed to pack in the container, where the balls could not reach the

shaft axis and the impellers.
The initial velocities of balls in an attritor mill were considered to be the same as

those of the positions of balls rotating about the central shaft at the spinning velocity

of .

7.4 Methodology of Computation

The methodology of computation used in simulating of planetary mill and attritor mill

milling was the same as that of SPEX 8000 Mixer/Mills.

7.5 Preliminary Results on Modeling of Planetary Mill

7.5.1 One Ball in the Vial

A preliminary simulation was performed by using the global model for planetary
mills combined with the local model in Chapter 4. The vial was supposed to be a
cylinder and the mass of the stainless steel ball was 6.26 mm in radius. The calculated

trajectories under different rotating speed of the vial are displayed in Figure 7-6.
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Figure 7-6. Calculated trajectory of a ball with 3.94 mm in radius corresponding to

different rotation speed of the vial (rpm) for a cylindrical vial

It can be seen that the trajectory of the ball depends on the rotation speed of the vial,
o, , when the rotation speed of the planetary arm, @, , is constant. There is a range of
o, (i.e. 40 rpm < @, <140 rpm), under which the ball would gain enough speed to

take off from the cylindrical wall of the vial and drop down to the bottom of the

cylindrical wall. If @, was very small, the ball would slip on the cylindrical wall of

the vial, while it could not gain enough speed so as to take off from the cylindrical

wall of the vial. If @, was very high, the ball would also slip on and run with the

cylindrical wall of the vial without getting off from the cylindrical wall of the vial.

169



Chapter Seven —Global Models for Planetary and Attritor Mills

AA View

a. Milling Time: 0.002 sec

®
@ )
AA View
AA View
c. Milling Time: 0.028 sec d. Milling Time: 0.214 sec

Figure 7-7. Example images showing the positions of the vial and balls at different

times after milling starts for five balls in the planetary mill

7.5.2 Five Balls in the Vial

Another simulation was performed .
Table 7-1. Parameters for the planetary mill

on the condition whose parameters

are shown in Table 7-1. Figure 7-7 @, 300 rpm
shows the positions of balls and o, 600 rpm
vial at different times recorded R, 50 mm
from a simulation where 5 stainless R, 100 mm
steel balls with 4.51 mm and 5.26 R 25 mm

mm in radii of 304 stainless steel
powder were placed in the vial. A visualized demonstration program, developed
by the author, in this condition is available from

“http://www.geocities.com/www67/MA-Demo.zip”
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7.6 Preliminary Results on Modeling of Attritor Mill

"

a. Milling Time: 0.000 sec b. Milling Time: 0.310 sec c. Milling Time: 0.336 sec

U
TN

Figure 7-8. Example images showing the positions of the impeller and balls at

different times after milling starts for twelve balls in the Attritor mill

A preliminary simulation has been performed on the attritor mill, where there
was only one impeller in the container and where the container was 46 mm in
diameter and 40 mm in length. The impeller was assumed to rotate at a velocity
of 100 rpm. Figure 7-8 shows the positions of balls and the impeller at different
times recorded from a simulation where 12 stainless steel balls with 6.26 in radii
were placed in the container. A visualized demonstration program, developed by
the author, in this condition is available from

“http://www.geocities.com/www67/MA-Demo.zip”.

7.7 Summary

3 dimensional global models for planetary mills and attritor mills have been deduced.
Preliminary simulations have been done with these models coupled with the local
model described in Chapter 4. More simulation is needed to understand the dynamics

of the milling process.
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Chapter Eight

Conclusions and Recommendations

8.1 Conclusions

e A 3-dimensional model has been developed to simulate the head-on impact

process between two balls or between a ball and the vial wall with powder in
between. The comparison between an experimental result in the literature and the
simulation by using this model shows that this model can simulate the head-on

impact process, which involves powder.

Application of the head-on impact model in high-energy ball milling shows that
the ball-ball and ball-wall impacts do have some difference. It was also observed
that the ball size, impact velocity and powder thickness all affect the impact
pressure, and that the deformation of the balls is substantial compared to the

powder thickness involved in an impact.

3-dimensional models have also been developed to simulate the movement of balls
considering the effects of spinning and oblique impact of balls and multi-ball

impacts when there is powder between them.
A model was also developed to estimate the volume of the powder involved in an

impact. The prediction of the weight of powder involved in each impact made

based on this model was in good agreement with the observation reported.
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A 3-dimensional global model has been developed for SPEX-8000 Mixer/Mills

based on the mechanics of the machine.

The simulation results of the vial motion show that the vibration of the vial is
substantial in any of the 3 directions, the vibratory motion of fulcrums is needed to
consider and the condition of the springs, which balance the vial and the fulcrums,

affects the vial motion.

The global model was coupled with the models for the impacts in order to predict

the dynamics of milling process.

The simulation results revealed that the movement of balls after milling starts can
be separated into two stages. The first stage is the unstable stage, which lasts fér
less than 0.3 second and involves mostly rolling and slipping of balls on the vial
wall. The second stage is the stable stage, when the impact frequency, the mean
impact velocity and mean spinning velocity of balls do not change significantly

over time.

The impacts happened in ball milling on a SPEX 8000 Mixer/Mill have very
high frequency and the majority of these impacts happen at low velocities of less
than 4 m/s. For different number of balls, the simulation results indicate that the
frequency of impacts between balls and the vial wall is proportional to the number
of balls and the number of impacts between balls is nearly proportional to the

square of the number of balls and the square of radius of balls.

For given number of balls, the prediction shows the majority of the impacts occur

at angles in the range of 15~75°.

Simulation shows that multi-ball impacts occupy a substantial fraction among the

impacts.
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* A reasonable model has been developed for the first time to calculate the time

needed for ball milling given the effective impact frequency and the fraction of

powder effectively mechanically milled are known.

¢ The milling time is a function of the number and the size of balls. For a given

radius of balls, there is an optimum number for the best milling efficiency.

¢ Global models for planetary mills and attritor mills have been developed.

Preliminary simulations have been performed.

8.2

Recommendations for Future Work

Investigate the milling dynamics under the condition of different shape of vial

so that the shape can be optimized for SPEX 8000 Mixer/Mills.

Quantify the critical impact velocity using experimental methods so that the
size and the number of balls can be optimized for best milling efficiency by
calculating the milling time required to achieve a particular microstructure.
Investigate the cold welding and fracture events and develop corresponding
models so that the prediction of particle size and the thickness of multi-layer

could be possible by combining it with current models.

Relate the simulation result to the theory of phase formation and thus the

prediction of different phase formation could be possible.

Apply the models for planetary mill and attritor mill in different conditions.
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Appendix |

Equation (3-21)

Supposing the two balls, whose radii are R; and R,, compress together with a thickness of powder
compact in between (Figure AI-1). The minimum distance between the two balls is 4. If a point M, on
the surface of ball 1 is r distant way from the axistyle O,0,, a corresponding point on that of the other
ball is M;. Then we have (R, — 2, )2 +ri= R12 and (R2 -2 )2 +rt= R22 . From the these equa-

2 2
r r .
tions, we have Z; =———— and Z, =———. In ball milling, powder thickness involved in an
2R -z 2R, -z,
impact is very small, thus it is reasonable to assume z; << 2R, and z, << 2R, . Then we have

z,=r*/(2R) and z, = r*/(2R,).

2 2
r r
The distance between M, and M, is | — +——+h |.
2R, 2R,

Figure AI-1. Two different size balls compressed together with a thickness of powder in between
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2
r
Assuming Re is the effective radius, then the distance between M, and M, is (F + h]. Then we

e

have the following relation:

This is the same as equation (3-21).
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Appendix Il

Equation (4-16)

In Figure 4-6, the shape of powder pile coated on the surface of a ball was assumed to

be a cone sitting on the surface of the ball.

If the cone is sitting on a plane surface, its bottom radius is Rsiny,, and its height

. . .1 .
is Rtan6,, then its volume is —7 R’ sin’ y/,, tan6, .
3 P P

If the cone is sitting on the surface of the ball, its volume is the above volume de-

ducted by the volume of the spherical sector, whose radius is R and height is
R(L—cosy, ). The volume of this spherical sector is 7 R*(l P2 )
¥ ). The volume of this spherical sector is 57; —cosy,, )/ (2+cosy,,) .

As the volume of the powder is equal to the difference between the two volumes, we

have

max

V. = —%n R’ [sin3 W, tanb, — (1—cos Yo f(2+cos Yo )]

This is the maximum volume of powder and it is the same as equation (4-16).
Reference:

[1] Tuma, Jan J. and Walsh, Ronald A., Engineering Mathematics Handbook,
Fourth Edition, McGraw-Hill, New York, 1997, 34
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Appendix Il

Geometrical Analysis on Impact Angle Probability

It is assumed that balls can be
anywhere in the vial. If ball A is in
the central area of the vial as
shown in Figure A3-1, the center
of ball C must run in the shadow
area when it impacts with ball A.
The radius of the shadow area is

twice of the ball radius. If the im-

pact angle is y; the center of ball

C must be in the line of thick cir-
cle, which has a radius of

2r,siny . The probability for an

impact happening at angle be-
the area of the thick circle and the probable positions of balls during
area of the shadow circle. When impact

ball A at a such a position that it is able to impact ball C at angle y from all different

_ . . R —r-n
directions (That is,R, —r—r, >2r,, or ¥ <arcsin—* b when R, —r—rn,<2n,

T
where R, is the radius of the vial, r is the distance from the center of ball A to the
center the vial and 7, is the radius of balls), the probability for an impact happening

at angle in the range of yto y +dy is:
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ply)=E2Z 2SN o cosydy = Esin(2y )y (A3-1)
.m(2r,)

where £ is used to adjust the probability so that the total value is 1.

- . S . R —r—rn
Based on similar consideration, if R,—r—r, <2r, when y 2 arcsm—"—z—-——", the
7
b

probability for an impact to occur at an angle in the range of yto y +dy is:

4ag, siny 40:0;,2 sin 2y
= -2r, cosydy = dy (A3-2)
P(V/) 64&7‘,,2 +ﬂ(Rv —r, )2 p COSyay 646!)‘,,2 +,B(Rv 7 )2
where, cosa = (2r,siny)* +r*=(R,-1,)’ , cosfi= r*+(R, —r,) —(2r, siny)’ and
4rr, siny 2r(R,-1,)

Thus the probability for an impact to
occur at an angle between ¥, and vy,

is

ply~v.)=¢[" plw)dy  (A33)

Since balls can be anywhere in the vial,

the above equation need to be modified
in the following: Figure A3-2. The probable positions of

balls A and B during impact
P(y,~y,)= .{27[LR"_r" J::z plw )dyar when one ball is too close to

the cylindrical wall
(A3-4)
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Appendix IV

Experimental Results of the Impact Number and

Velocity Distribution

In this appendix, the number of impacts at different velocities and different angles are
listed for different number of balls and different sizes of stainless steel balls. The
effective impacts are listed by using the bold fonts. The unit used for the angle is

degree (°) and the unit for the impact velocity is m/s.

8 gram balls
Ball-ball impact
Angle 5 15 25 35 45 55 65 75 85 Total
1
2 3 5 23 11 19 11 11 18 16 117
3 3 17 27 31 39 38 46 30 31 262
4 27 38 47 78 74 57 59 51 37 468
5 29 59 81 112 101 112 73 69 69 705
6 39 87 153 195 131 112 107 94 92 1010
7 65 167 251 235 168 153 144 123 115 1421
8 68 203 281 280 225 180 143 135 151 1666
9 121 310 425 357 273 253 201 159 210 2309
10 215 479 522 388 301 265 295 221 194 2880
11 243 657 636 472 360 289 329 279 230 3495
12 258 671 820 584 423 348 286 314 327 4031

180



Appendix IV —Experimental Results of the Impact Number and Velocity Distribution

Velocity 0-1 1-2 2-3 3-4 45 56 6-7 7-8 8-9 9-1010-11
r
2 15 18 21 5 21 9 16 11 1
3 17 37 61 12 47 40 33 9 5 1
4 34 110 127 19 78 55 25 15 5
5 56 187 184 34 137 77 20 7 3
6 99 280 3177 39 158 80 21 12 4
7 196 405 453 46 185 98 31 5 2
8 208 544 505 58 233 82 26 9 1
9 320 815 755 63 250 79 21 3 3
10 501 1105 846 61 245 105 15 2
11 620 1557 895 68 273 73 9
12 597 1734 1263 71 285 69 10 2
Ball-wall impact
Angle 5 15 25 35 45 55 65 75 85 Total
1 3 13 35 57 19 11 8 6 15 167
2 16 29 69 78 59 39 27 38 28 383
3 8 49 127 129 79 55 73 62 56 638
4 41 125 154 171 83 73 74 73 56 850
5 48 213 200 160 165 99 93 91 81 1150
6 68 280 303 216 161 125 127 105 81 1466
7 138 323 448 264 193 151 141 111 125 1894
8 152 473 453 260 247 138 142 133 157 2155
9 245 649 581 365 243 177 156 143 142 2701
10 311 743 649 389 321 216 233 147 121 3130
11 438 953 787 411 308 214 214 197 163 3685
12 487 1126 853 533 352 267 222 191 237 4268
Velocity 0-1 1-2 2-3 3-4 4-5 56 6-7 7-8 8-9 9-1010-11
1 0 20 73 39 25 1 6 3
2 6 103 139 85 35 1 10 4
3 31 174 227 125 63 2 14 3
4 60 292 287 140 44 3 24
5 88 440 397 158 52 2 14
6 145 666 429 165 52 1 8
7 282 879 508 186 36 3
8 289 1048 628 156 33 1
9 468 1389 681 148 15
10 618 1717 665 114 14 2
11 882 2027 692 80 4
12 832 2407 907 115 7
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7 gram balls
Ball-ball impact
Angle 5 15 25 35 45 55 65 75 85 Total
1
2 10 15 13 16 11 21 9 8 103
3 3 12 29 25 41 17 37 4 18 223
4 11 43 66 47 85 43 38 55 50 438
5 14 81 88 92 115 81 73 75 63 682
6 26 110 143 112 129 109 83 113 75 900
7 41 154 204 205 193 147 149 115 121 1329
8 79 198 293 242 252 197 151 181 153 1746
9 75 241 337 375 273 207 190 217 193 2108
10 144 383 457 375 327 300 252 180 210 2628
11 175 506 590 480 381 303 277 271 245 3228
12 266 619 662 533 453 360 373 315 375 3956
13 385 913 898 760 503 434 394 335 405 5027
14 510 1193 1202 908 695 517 400 436 374 6236
Velocity  0-1 1-2 2-3 3-4 45 56 6-7 7-8 8-99-1010-11 11
1
2 4 17 15 14 11 25 14 1 2
3 0 35 54 34 27 41 25 4 3
4 28 102 115 47 39 64 27 13 3
5 51 160 187 79 65 88 27 18 6 1
6 102 251 216 101 82 87 38 16 5 2
7 138 389 420 129 106 100 38 2
8 176 570 523 171 140 127 32 1
9 250 645 681 179 146 141 47 14 5
10 376 885 833 213 175 109 29 6 2
11 493 1181 993 221 181 121 33 5
12 592 1450 1229 294 241 118 27 5
13 1018 2081 1327 256 209 117 17 2
14 1268 2806 1628 230 189 97 14 2
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Ball-wall impact

Angle 5 15 25 35 45 55 65 75 85 Total
1 3 25 23 41 31 17 12 16 21 189
2 5 35 87 65 61 141 43 30 24 391
3 9 57 117 119 73 66 60 54 43 598
4 30 105 158 154 133 101 69 57 49 856
5 37 193 236 197 134 133 67 67 75 1139
6 47 229 301 233 138 139 100 108 98 1393
7 79 339 342 241 194 139 141 107 129 1711
8 106 401 462 295 211 191 123 144 126 2059
9 155 511 541 367 236 237 192 153 165 2547

10 249 597 642 403 289 221 181 169 150 2901
11 258 773 699 449 308 295 184 160 166 3292
12 328 968 902 517 374 289 226 197 148 3949
13 566 1322 918 590 453 337 242 207 221 4856
14 780 1590 1061 695 421 353 306 259 238 5703
Velocity  0-1 1-2 23 34 45 5-6 6-7 7-8 89 9-1010-11
1 40 68 43 29 4 5
2 10 86 129 98 45 9 1N 3
3 33 149 227 127 39 9 M 3
4 58 293 281 157 45 8 9 5
5 85 427 369 174 73 5 6
6 106 529 507 164 67 8 9 3
7 192 747 535 180 49 2 3 3
8 203 973 657 186 38 1 1
9 384 1145 761 209 47 1
10 450 1438 778 209 23 1 2
11 494 1689 914 176 15 2 2
12 747 1993 1000 193 16
13 1093 2719 853 179 6 2 3 1
14 1543 3124 923 103 6 2 2
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6 gram balls
Ball-ball impact
Angle 5 15 25 35 45 55 65 75 85 Total
1
2 1 11 11 15 17 7 7 20 8 97
3 5 21 21 35 39 28 26 32 19 226
4 12 33 54 66 69 73 61 43 43 454
5 11 79 90 115 90 81 75 53 83 677
6 25 95 131 130 131 112 110 98 73 905
7 47 122 173 198 171 141 165 135 118 1270
8 66 153 264 212 233 177 163 163 143 1574
9 67 213 315 286 275 212 221 187 193 1969
10 117 348 435 413 259 239 225 214 232 2482
11 157 469 543 476 373 308 312 296 287 3221
12 219 456 657 572 443 338 309 328 297 3619
13 337 721 968 737 539 493 349 363 359 4866
14 415 977 1227 867 657 543 432 401 395 5914
15 528 1309 1363 1063 822 607 551 618 487 7348
Velocity 0-1 12 2-3 3-4 45 56 6-7 7-8 89 9-1010-11
1
2 7 16 33 12 1 15 6 7
3 14 33 63 45 4 33 18 15 1
4 14 101 123 93 8 59 37 11 7 1
5 35 177 183 143 12 66 27 29 3 2
6 77 221 257 154 13 124 27 21 7 4
7 99 335 385 248 22 103 62 5 6 3
8 151 441 455 275 24 150 52 19 4 3
9 188 647 581 297 26 157 55 9 9
10 284 846 720 379 33 157 37 15 11
11 531 1134 957 335 29 173 48 12 2
12 496 1260 1118 458 40 194 41 10 2
13 868 1817 1390 535 46 159 45 3 3
14 1217 2503 1635 423 26 91 16 3
15 1359 3123 2043 495 43 151 30 13 1
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Ball-wall impact

Angle 5 15 25 35 45 55 65 75 85 Total
1 7 19 27 25 27 17 28 12 13 175
2 16 29 61 60 57 55 37 28 24 367
3 8 63 103 119 87 63 47 54 62 606
4 31 9% 169 141 103 84 85 72 55 836
5 39 142 200 181 129 1156 99 89 57 1051
6 75 216 275 209 153 139 99 114 97 1377
7 84 237 327 241 205 156 117 115 1562 1633
8 123 354 415 287 205 176 152 134 141 1986
9 143 415 545 335 224 193 161 167 182 2355

10 201 580 517 366 242 218 180 160 195 2668
11 268 692 713 433 359 269 229 159 180 3302
12 279 822 857 491 301 295 240 229 217 3731
13 454 1092 903 559 379 281 259 262 243 4432
14 652 1235 1090 657 430 319 281 343 271 5278
15 775 1646 1163 760 481 398 318 393 331 6265
Velocity  0-1 12 23 34 45 56 6-7 7-8 8-9 9-1010-11
1 1 51 60 22 27 11 1 2
2 20 77 127 81 43 13 1 5
3 25 171 203 128 59 17 1 2
4 63 256 280 155 52 30
5 92 348 318 198 75 18 2
6 128 528 455 192 54 19 1
7 146 666 503 237 60 21
8 201 881 617 222 57 8
9 293 1087 670 220 79 3 1 2
10 383 1248 755 233 43 6
11 597 1629 825 215 28 7 1
12 634 1777 1014 262 39 5
13 930 2289 958 220 31 2 2
14 1213 2825 1011 208 20 1
15 1568 3338 1144 192 17 3 1 2
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5 gram balls
Ball-ball impact
Angle 5 15 25 35 45 55 65 75 85 Total
1
2 1 5 5 15 15 17 13 8 12 91
3 5 17 25 47 40 34 24 21 17 230
4 4 45 53 73 82 37 56 47 49 446
5 10 51 104 51 83 83 63 64 75 584
6 23 75 115 137 151 114 93 104 63 875
7 35 150 163 177 203 151 122 113 127 1231
8 63 159 199 233 154 182 161 163 136 1450
9 70 199 320 311 301 207 197 187 165 1957
i0 115 312 344 384 284 274 221 2583 232 2419
11 109 349 437 411 357 317 284 267 264 2795
12 165 457 611 554 383 283 312 309 253 3327
13 259 627 673 655 480 385 349 341 305 4074
14 253 697 793 771 614 463 451 359 333 4734
15 334 909 1023 785 664 474 413 394 345 5341
Velocity 0-1 1-2 2-3 3-4 4-5 56 6-7 7-8 8-9 9-1010-11
1
2 8 11 22 15 7 M 5 8 3 1
3 8 29 85 49 10 16 17 1M 3 2
4 21 101 109 97 28 43 3 7 4 5
5 37 116 137 130 34 52 46 18 10 4
6 59 218 247 169 42 63 45 16 11 5
7 76 312 337 258 56 83 75 22 9 3
8 143 415 373 283 56 85 63 19 9 4
9 214 557 577 343 66 100 70 25 5
10 250 752 702 446 72 107 67 20 3
11 328 845 858 431 84 125 93 27 4
12 437 1155 986 474 87 130 44 14
13 718 1469 1083 507 85 127 73 11 1
14 704 1721 1365 641 87 130 71 12 3
15 841 2151 1540 540 84 127 47 7 4
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Ball-wall impact

Angle 5 15 25 35 45 55 65 75 85 Total
1 27 33 27 23 21 18 18 11 187
2 25 77 68 61 41 27 36 38 379
3 19 59 87 97 75 57 54 54 43 545
4 26 78 139 139 117 95 69 51 71 785
5 32 121 197 205 131 119 89 99 84 1077
6 42 195 248 184 172 117 135 90 83 1266
7 67 265 307 253 131 145 114 152 142 1576
8 90 297 407 301 215 153 156 114 150 1883
9 145 374 483 307 273 190 187 153 137 2249

10 169 493 517 347 228 226 213 199 201 2593
11 210 565 566 424 286 241 221 206 189 2908
12 251 740 709 404 285 272 243 198 216 3318
13 349 787 797 489 343 307 233 240 198 3743
14 395 1027 810 575 423 305 283 279 264 4361
15 446 1189 911 623 387 376 272 287 267 4758
Velocity  0-1 1-2 23 34 45 56 67 7-8 89 9-1010-11
1 1 45 76 34 17 1N 2 1
2 12 88 113 103 39 17 2 2
3 14 119 192 137 59 21 3
4 29 212 267 182 72 17 4 2
5 63 377 337 209 61 21 6 3
6 72 429 450 212 79 20 3 1
7 109 606 493 270 75 21 1 1
8 198 733 605 239 83 23 1 1
9 313 917 676 247 77 19
10 314 1117 797 271 78 16
11 354 1282 887 316 49 17 1 1 1
12 557 1513 906 275 57 9 1
13 576 1943 937 217 60 10
14 742 2170 1116 265 55 11 1 1
15 979 2472 1017 237 40 11 1 1
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4 gram balls
Ball-ball impact
Angle 5 15 25 35 45 55 65 75 85 Total
1
2 9 19 13 13 9 9 12 10 94
3 3 23 15 37 43 34 20 22 25 222
4 5 26 33 45 39 48 47 44 51 338
5 14 66 49 97 77 77 57 61 57 555
6 23 66 105 156 140 80 89 95 80 834
7 45 94 169 171 135 149 108 111 105 1087
8 30 123 231 237 187 165 124 158 122 1377
9 71 184 251 303 221 176 193 127 149 1675
10 86 276 342 352 281 289 190 197 167 2180
11 122 302 379 385 302 281 241 226 225 2463
12 120 361 597 480 783 353 266 286 269 3515
13 167 462 595 565 483 351 337 263 320 3543
14 199 621 671 599 475 430 354 346 409 4104
15 216 673 752 665 511 415 404 392 351 4379
Velocity 0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 89 9-1010-11
1
2 6 20 19 10 13 1 7 10 7 1
3 9 57 39 46 43 1 12 7 7 1
4 18 55 74 76 65 5 47 14 1 3
5 31 115 129 113 79 6 53 18 6 5
6 47 194 221 185 103 6 51 18 5 3 1
7 74 260 289 242 129 6 55 16 8 5 3
8 84 324 373 307 169 7 66 33 8 5 1
9 176 468 461 289 165 8 75 16 9 6 2
10 225 608 629 394 179 0O 8 33 10 4 3
11 258 767 727 407 197 7 63 22 9 3 3
12 526 967 1009 579 317 9 77 24 5 2
13 376 1156 1039 579 295 7 60 21 9 1
14 556 1364 1179 639 263 8 74 15 4 1 1
15 649 1526 1218 627 253 8 69 21 6 2
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Ball-wall impact

Angle 5 15 25 35 45 55 65 75 85 Total
1 5 15 27 39 23 15 18 8 15 165
2 8 25 55 64 67 39 39 30 22 349
3 4 47 109 89 77 53 65 64 46 554
4 1 82 124 147 109 91 67 83 67 781
5 42 141 208 161 127 91 95 84 93 1042
6 49 149 225 205 153 114 133 94 121 1243
7 53 187 251 253 211 127 138 122 134 1476
8 79 245 321 294 198 133 179 148 145 1742
9 95 292 435 333 195 193 161 159 133 1996
10 107 377 502 404 251 219 199 160 174 2393
11 137 509 510 407 262 248 205 192 208 2678
12 172 511 604 415 274 262 224 238 223 2923
13 213 649 737 493 290 242 253 278 244 3399
14 256 783 737 571 355 305 237 287 241 3772
15 304 834 793 547 462 399 289 253 247 4128
Velocity ~ 0-1 1-2 23 34 45 56 67 78 89 910 10-11
1 2 14 59 51 28 5 6
2 6 77 109 85 53 19
3 28 118 185 139 59 21 4
4 26 235 231 171 8 27 5
5 90 328 309 218 60 32 5
6 75 399 412 224 81 46 6
7 84 519 512 239 90 25 7
8 122 650 583 263 97 27
9 179 791 623 281 8 27 9
10 255 1019 697 293 93 28 8
11 357 1073 820 319 8 19 2
12 399 1271 837 295 103 18
13 428 1603 909 373 75 11
14 536 1763 1051 295 113 12 2
15 650 2007 1077 316 61 15 2
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"

Ball-ball impact

3 gram balls

Angle 5 15 25 35 45 55 65 75 85 Total
1
2 7 9 17 9 3 1 16 6 68
3 3 4 21 23 23 35 13 23 24 169
4 3 17 62 47 79 35 36 33 36 348
5 5 45 70 63 76 7 81 47 59 517
6 19 4 87 98 91 100 90 74 79 679
7 28 85 135 111 131 127 113 107 98 935
8 20 83 143 177 167 1568 158 171 133 1210
9 56 183 206 241 213 1N 169 147 141 1527
10 64 222 306 292 286 237 237 188 169 2001
11 64 262 334 339 297 288 279 239 194 2296
12 102 311 416 451 408 243 292 236 252 2711
13 141 394 485 - 441 391 343 321 325 270 3111
14 162 419 601 551 503 397 381 387 297 3698
15 206 568 653 614 483 469 385 340 340 4058
Velocity  0-1 -2 23 34 45 5-6 6-7 7-8 89 9-1010-11
1
2 7 13 15 17 7 4 5
3 1 21 42 43 33 15 2 9 3
4 16 59 115 65 39 24 3 13 1 3
5 27 1256 101 107 78 42 5 27 3 2
6 21 138 167 146 110 51 6 29 8 3
7 60 207 244 191 117 74 8 19 6 8 1
8 66 219 331 261 193 87 10 29 6 8
9 91 387 455 287 175 63 7 36 19 7
10 191 507 578 365 207 86 10 34 15 6 3
11 194 585 730 459 204 62 7 34 10 8 3
12 249 726 757 561 247 106 12 34 5§ 1N 1 2
13 343 881 873 595 257 96 11 41 9 5
14 429 1091 1063 615 298 129 14 41 13 5
15 548 1285 1110 665 293 90 10 40 14 3
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Ball-wall impact

Angle 5 15 25 35 45 55 65 75 85 Total
1 5 5 29 20 23 13 10 14 19 147
2 18 31 71 48 45 29 29 28 30 329
3 11 4 95 8 73 70 66 38 51 530
4 6 79 142 126 91 103 71 71 57 746
5 21 106 162 165 143 103 103 8 79 967
6 30 132 197 199 145 125 99 114 95 1145
7 52 159 274 255 209 117 155 116 101 1438
8 50 198 331 277 199 177 189 152 134 1707
9 50 252 365 263 191 198 155 187 169 1839
10 89 319 403 352 264 243 191 155 170 2186
11 119 365 423 354 271 212 210 179 190 2323
12 120 448 555 459 334 221 255 206 220 2827
13 127 551 565 455 352 242 245 270 244 3051
14 165 559 705 521 378 354 278 255 223 3438
15 211 696 690 533 391 338 269 255 279 3662

Velocty 01 12 23 34 45 56 67 7-8 89 910 10-11
19 12 37 53 32 9 3
2 10 60 95 96 43 12 13
3 13 105 149 127 91 32 13
4 18 180 248 169 86 30 15
5 34 246 322 208 111 30 16
6 63 335 349 247 101 44 5
7 110 427 478 271 103 40 9
8 107 577 579 277 117 43 6
9 162 647 563 208 127 35 7
10 243 785 663 349 108 34 4
11 204 851 751 347 122 41 7
12 302 1151 809 399 117 46 3
13 400 1253 874 363 123 35 3
14 425 1481 987 407 92 40 6
15 522 1562 1030 389 123 29 7
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2 gram balls
Ball-ball impact
Angle 5 15 25 35 45 55 65 75 85 Total
1
2 1 7 5 7 7 11 11 6 2 57
3 1 5 15 19 17 18 12 10 29 126
4 8 15 23 37 42 39 26 31 35 256
5 13 34 55 77 79 43 44 65 57 467
6 17 47 79 53 86 95 92 73 65 607
7 9 59 135 131 135 108 106 98 103 884
8 25 71 174 174 163 153 138 129 102 1129
9 45 131 180 183 185 183 175 147 143 1372
10 36 125 247 258 231 235 181 168 158 1639
11 49 168 285 295 300 233 204 207 185 1926
12 86 247 357 320 346 279 238 238 227 2338
13 73 237 374 363 393 365 339 285 219 2648
14 113 339 455 503 413 358 335 301 343 3160
15 141 345 491 536 450 401 341 344 297 3346
Velocity 0-1 12 2-3 34 45 56 6-7 7-8 8-9 9-10 10-11

1

2 8 8 15 10 11 4 4 3

3 2 15 15 37 22 19 11 4 3 1

4 9 34 73 51 39 19 17 1 2

5 30 67 102 111 68 34 24 4 2 12

6 34 101 133 134 104 45 32 3 2 8

7 36 157 223 220 103 88 29 5 3 7

8 73 211 298 253 151 91 25 5 3 9

9 86 296 346 292 192 77 47 5 4 11

10 76 343 456 358 232 89 50 6 4 10

11 1556 379 493 382 305 125 53 5 4 13

12 205 601 603 449 275 110 49 3 2 9 1
13 214 637 671 553 297 155 87 5 4 14 1
14 300 873 864 539 349 138 60 2 2 10

15 310 892 937 611 312 189 69 4 2 9
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Ball-wall impact

55

Angle 15 25 35 45 65 75 85 Total
1 3 17 19 39 31 15 16 12 13 165
2 14 21 51 70 49 45 35 34 24 343
3 20 37 65 79 73 51 57 50 50 482
4 18 76 101 125 103 91 77 7 67 729
5 29 101 127 143 141 121 101 100 80 943
6 35 136 186 184 155 95 106 87 97 1081
7 31 131 239 217 158 161 111 131 98 1277
8 49 185 229 271 178 174 128 137 129 1480
9 43 199 299 289 279 177 166 170 157 1779

10 68 243 363 321 246 214 176 181 199 2011
11 83 306 402 427 298 210 216 169 174 2285
12 65 316 462 360 328 279 273 182 207 2472
13 117 392 530 433 307 281 267 215 196 2738
14 85 461 649 446 368 270 247 263 263 3052
15 170 509 606 469 393 351 293 262 210 3263
Velocity 0-1 1-2 2-3 3-4 45 56 6-7 7-8 89 9-1010-11
1 1 13 49 57 28 14 3
2 13 49 99 95 53 23 8 3
3 11 99 124 127 7% 4 5
4 21 184 206 171 92 40 13 2
5 31 266 295 191 115 31 13 1
6 52 260 321 268 109 55 13
7 48 339 398 288 141 40 23
8 87 373 512 309 136 37 25 1
9 96 574 527 367 141 63 9 2
10 135 602 691 359 145 67 7 5
11 200 752 721 400 141 58 M1 2
12 250 806 768 403 157 63 19 6
13 202 944 908 440 159 57 25 3
14 276 1150 963 433 149 60 19 2
15 377 1206 899 433 182 50 23 3
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Appendix V

The Model for Milling Time

Ball milling is a statistical process in nature, and all powder particles have the same
opportunity to be subjected to an impact during this process. After milling for some
time, some of the powder might have subjected many impacts while some might have
never been touched. Based on this consideration, a model has been deduced in the
following to calculate the time needed to determine how much of the powder has

been impacted.

If assuming that x fraction of the powder is involved in every impact, there would be
(1— x)i of powder experiences the impacts after " impact. Then the number of im-

pacts needed for y fraction of the powder to experience impacts is:

Iny
In(1-x)

(A5-1)

n=

From this point of view, MA is a very “inefficient process”, where there is always

some powder left un-impacted no matter how long it has been milled.

In practice, every impact happens at different velocity. The powder fraction involved
in every impact is different, so is the amount of powder, which is mechanically

milled. If in a time unit, there is n impacts at different velocities: v,, v,, ...,v,, and

the amount (in percentage) of powder mechanically milled at different velocities are:

Xy Xy, ...y X, , then the fraction of powder mechanically milled in a time unit is:
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X =1-TI(1-x) (A5-2)

If a time unit is viewed as a ‘big impact’, which generates X amount of powder me-

chanically milled, the total milling time needed for y fraction of powder to be me-

chanically milled can be calculated by

Iny

" hi-x) N
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