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Abstract: Steel balls as traditional grinding media are prone to excessive fines generation and
high energy consumption. Therefore, in light of this problem, the authors investigated another
media—ceramic balls based on the output characteristics of fine particles. This study discusses the
effect of ceramic balls on the change of the particle size distribution, zero-order output characteristics,
micro-strain, and collision energy in ground products. The results showed that for −10 µm particle
size, ceramic balls have a smaller production rate than steel balls. In addition, when the filling rate
of ceramic balls is 40%, the yield of −10 µm is reduced compared to steel balls. Therefore, ceramic
balls greatly reduced the overgeneration of fines. Additionally, the micro-strain rate of ceramic ball
grinding with time is 67% lower than that of steel ball grinding. Furthermore, ceramic balls cannot
only mitigate excessive fines generation but also effectively reduce energy consumption.

Keywords: ceramic balls; micro-strain; ball mill; excessive fines generation; fines production rate

1. Introduction

Mineral processing is an important process of mining and comprehensive utilization
of mine resources, and grinding is the key process of mineral processing. Over the past
few decades, there has been a substantial need for finer grinding in a number of mining
projects in order to achieve appropriate liberation, which is necessary for the concentration
of important minerals. In comparison to medium-sized particles, both fine and coarse
particles have a low flotation recovery. Because fine particles recover at lower rates than
coarse fractions, the processing of these particles calls for distinct chemical and hydro-
dynamic conditions [1]. The low recovery of coarse particles is caused by their strong
propensity to detach from bubbles in turbulent settings, whereas that of tiny particles
is frequently attributed to the inefficiency of particle–bubble collision [2–4]. In typical
flotation conditions, the recovery of small particles is often minimal [5,6]. According to Xu
et al. [7], maximum recovery is shown at a size fraction of 38–45 µm. Recovery increases
when the size fraction is reduced from 45–75 µm to 38–45 µm. In the whole pH range,
recovery then gradually declines when the particle size is further lowered from 38–45 µm
to 0–19 µm. Wang et al. [8] noted the three size fractions’ constant k values, which are 3.16
for 0.25–0.125 mm, 2.86 for 0.125–0.074 mm, and 2.03 for −0.074 mm. It demonstrated that
the medium-size fraction had the highest selectivity, followed by the coarse fraction and
the fine fraction. A greater water recovery and worsened entrainment during the flotation
process might result from excessive fines generation, which would lower the floatability
of ground coking mixtures [9]. However, the energy required for grinding increases with
product size, leading to an overall rise in operating expenses that may possibly approach
50% of the cost of mineral processing [10]. Excessive fines generation increases energy

Minerals 2023, 13, 1416. https://doi.org/10.3390/min13111416 https://www.mdpi.com/journal/minerals

https://doi.org/10.3390/min13111416
https://doi.org/10.3390/min13111416
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://doi.org/10.3390/min13111416
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min13111416?type=check_update&version=2


Minerals 2023, 13, 1416 2 of 13

consumption, causes a poor flow of the produced powder, and reduces product yield.
Therefore, proper grinding fineness and particle size characteristics are key to successful
mineral processing with lower energy consumption.

According to earlier research, the movement of the grinding medium and material
consumes 74%–80% of the entire energy, while just 1% was basically utilized to produce
new surfaces. The remaining energy inside the mass of impact and friction was transformed
into sound and heat energy [11,12]. The traditional grinding media of steel ball has three
notable features: First, during the steel ball movement, a capacity density was high [13].
Therefore, in the realization of fine-grained embedded mineral monomer dissociation, it
is easy to cause excessive fines generation and affect the subsequent separation recovery.
Rather, steel ball grinding will produce iron contamination, affecting the surface flotation
characteristics of minerals, which in turn affects the separation index [14]. Third, the steel
ball grinding energy consumption is high. As the grinding size becomes increasingly
fine, its energy consumption experiences exponential growth. Due to their excellent wear
resistance, high hardness, and low-density characteristics, ceramic balls, a revolutionary
form of grinding media, can significantly reduce the consumption of grinding power and
grinding media when used in stirred mills [15,16]. According to Fang et al. [17], ceramic
balls were first used in the secondary mill of the two-stage grinding circuit. The results
showed that the grinding products’ particle size distribution has clearly improved, leading
to a decrease in both the total particle size and the excessive fines generation (10 µm). The
distribution of tungsten rose in the −74 µm + 10 µm range and reduced in the 10 µm range
as shown in the final product. According to the particle size characteristics of ceramic and
steel ball grinding products, ceramic balls have less effect on coarse particles but more
impact on grinding fine particles.

The primary goal of this study is to comprehend the features of the ceramic grinding
process since there is little research on zero-order production of fines on ceramic ball
grinding. It is crucial to study how ceramic ball grinding affects the production of tiny
particles in powders. Comparing the experimental findings with the information gained
from the well-researched steel ball grinding procedure is a great technique to assess the
impact of the ceramic ball grinding process on the characteristics of magnetite powder.
This study aims to compare the effects of ceramic and steel balls on the development of
fine particle size as well as the effects of the grinding medium on the properties of the
powder generated.

2. Theoretical Background
2.1. Zero-Order Output Method

Along with the pace at which the coarser size fractions are ground, another crucial
factor in determining how well a mill performs is the rate at which the target size (fine
product) is produced. “Zero order production of fines [18,19] is what is meant by this.
It is advised that the parameter “zero order output characteristics” be given attention in
the grinding circuit since the goal of grinding is to generate tiny particles [20,21]. The
zero-order output method assumes that the grinding rate is constant, that is to say, the
material shows quite significant zero-order output characteristics at the fine grain level in a
short period of grinding time.

dy(x, t)
dt

= F(x) (1)

In the formula, y(x,t) is the cumulative yield of the particle size less than the desired at
the moment t; F(x) indicates the zero-order cumulative yield velocity constant for particle
size x. Assuming a constant production rate for the fine grain class, F(x) is as follows:

F(x) = k
(

x
x0

)α

(2)
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α is the particle size distribution index; x0 is the reference particle size; k is a constant.
The simple equation F(x) can also be written as:

F(x) = k
(

xi
x0

)α

(3)

where i = 1, 2, 3 . . .. . ., n (n is the number of different particle sizes generated from the mate-
rial); F(x) stands for the constant of the fine particle size xi less than the zero-order output.

2.2. Williamson–Hall and Size-Strain Plot Methods

Due to crystal growth and multi-crystal formation, the crystal size of nanomaterials
detected by the area of coherent diffraction differs from the particle size. Crystal flaws cause
the strain in the lattice that alters its constant distribution. When these two parameters
coexist, the investigated peaks’ intensity and breadth increase and the diffraction angle’s
(2θ) location is altered [22]. A common method for determining the grain size from the
width of the diffraction peaks is the Scherrer approach. However, as the peak width is
brought on by a combination of lattice strain and particle size, the grain size estimated by
this approach is merely an approximation. Williamson–Hall (W-H) analysis, also known
as X-ray peak profile analysis, is better suited for estimating the dislocation distribution
outside of the TEM picture than the Scherer method since it does not require determining
the peak position of the crystal size. Additionally, the W-H approach is a shortened integral
breadth way in which peak width as a function of 2θ is used to decouple the strain and size
that contribute to peak width. The calculation of crystallite size and strain from XRD data
uses the Williamson–Hall (w-h) plot method [23].

Total broadening = broadening due to crystallite size + broadening due to strain

βT = βD + βε (4)

where βT is the total broadening, βD is broadening due to crystallite size and βε is the
broadening due to strain.

We learn from the Scherer equation that

D =
Kλ

βDCOSθ
(5)

Or
βD =

Kλ

D·cosθ
(6)

where D is the size of the crystallites, θ is the peak location in radians, K = 0.9 is the form
factor, λ = 0.15406 nm is the wavelength of the X-ray source, and βD is the FWHM (i.e.,
broadening of the peak) in radians.

Similar to this, the XRD peak widening caused by microstrain is provided by

βε = 4εtanθ (7)

where βε is the strain-induced widening, ε is the strain, and θ is the radian location of the
peak. Equation (1) is formed by combining Equations (6) and (7):

βT =
Kλ

D·cosθ
+ 4εtanθ (8)

As we know, tanθ = sinθ/cosθ. Therefore, Equation (8) is represented by

βT =
Kλ

D·cosθ
+

4εsinθ

cosθ
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Multiplying both sides by cosθ,

βT ·cosθ =
Kλ

D
+ 4εsinθ

Or
βTcosθ = ε(4sinθ) +

Kλ

D
(9)

Equation (9) depicts a straight line, with Kλ/D serving as the y-intercept and as the
gradient (slope) of the line.

3. Experimental
3.1. Material and Grinding Media

Particle size particles in the grinding process differ with crushing rate [8]. In order to
better reflect the grinding effect of ceramic balls in fine grinding, a magnetite ore sample
was split into different size classes with a vibrating screening classifier. Table 1 presents
the granulometric composition of the initial samples. The following single-sized feeds
were created: 0.3 + 0.212 mm, 0.212 + 0.15 mm, 0.15 + 0.106 mm, 0.106 + 0.075 mm, and
0.075 + 0.038 mm. For the following reasons, grinding balls were chosen in the manner
shown in Table 2: In tiny laboratory mills (20 cm in diameter or less), it was first observed
that only balls smaller than 40 mm may demonstrate substantial media effects on grinding
kinetics [23]. Second, it was found that the ratio of the mill cylinder’s diameter to the
largest ball size should be at least 6:1. For instance, in Bond’s ball mill work index test, the
ratio was 8:1 [24], and in Lee’s (2019) grinding kinetic test, 25.4 mm balls were chosen to
match a U20 cm mill with 1–2 cm lifters [25]. Furthermore, it is assumed that because the
Φ15 mm steel balls and ϕ15 ceramic balls used in this study shared the same centrifuge,
their charge motion and impact frequency are the same.

Table 1. The granulometric composition of the initial samples.

Size/mm Mass Yield/% Cumulative Passing/%

1.18 2.16 100.00
0.5 8.38 97.84
0.3 41.34 89.46

0.15 33.89 48.13
0.075 6.45 14.23
0.038 2.73 7.78
0.0.23 4.47 5.05
0.019 0.34 0.59
0.010 0.25 0.25
sum 100 -

Table 2. The characteristics of the two types of balls.

Type Bulk Density
(g/cm3)

Physical Density
(g/cm3) Elements Trace Element Mohs

Hardness
Filling Rate

(%)

Ceramic ball 2.22 3.7 Al, Si Ca, Mg 6.8 40
Steel ball 4.85 7.3~7.8 Fe, Cr, C Si, Mn, P, Mo 9 40

3.2. Experimental Procedures

The grinding experiments were performed in a batch mill with 150 mm in height and
130 mm in diameter, with a capacity of 2000 cm3, and four lifters inside. The predetermined
speed is 170 rev/min, the mill speed is 98 rpm (118 rpm). For each test, 200 g of single-sized
class sample and 100 mL of tap water were required to create a mill charge with a 67% solids
concentration. Figure 1 depicts an illustration of the grinding apparatus between the rollers.
To calculate the cumulative mass distribution of the product, the samples were sieved using
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a set of conventional laboratory sieves with the following mesh sizes: 300 µm, 212 µm,
150 µm, 106 µm, 75 µm, 38 µm, and 23 µm. The laser particle size measurement equipment
was used to determine the relative mass distributions of the ground products. The effects
of grinding on the properties of the ground products were then analyzed using XRD,
involving changes in micro-strain and grain size as well as mineral surface morphology.
First, the grinding effects of the two media were compared, including the particle size
distribution and zero-order output characteristics of the ground products. Finally, this
phenomenon was explained using the ball mill motion hypothesis.
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Figure 1. Schematic of the grinding equipment used in the grinding process [26].

4. Results and Discussion
4.1. Cumulative Size Distributions

The cumulative particle size curves for the steel ball and ceramic ball at various
grinding periods are shown in Figure 2. In comparison to the ceramic ball, the steel ball
showed a quicker reduction in average particle size (d50) as the grinding period increased
from 2 min to 10 min. This is brought on by the various grinding media conditions’ varying
breakage energies and grinding environments. It has been shown that particle fracture
is a random process and that increasing impact energy may effectively increase fracture
probability [27]. Moreover, the specific gravity of steel balls is much higher than that of
ceramic balls, and the force of a single collision of steel balls is much greater than that of
ceramic balls [28].
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Figure 2. Size distribution of (a) steel and (b) ceramic ball grinding products with grinding time; d50

of (c) steel and (d) ceramic ball grinding products with grinding time.

Due to the significant increase in contact energy between the balls and small particles,
the production rates for steel ball grinding and ceramic ball grinding rose to 53 µm, 38 µm,
23 µm, and 10 µm, respectively (see Figures 3 and 4). It should be noted that steel ball
grinding yields more output of 53 µm, 38 µm, 23 µm, and 10 µm than ceramic ball grinding
in a short period of time. In general, steel ball grinding is more efficient than ceramic ball
grinding in reducing the particle size of a wide range of materials to submicron scale. The
quantity of excessive fines generation for steel ball grinding thus becomes larger as the
grinding duration rises than it does for ceramic ball grinding.
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Figure 3. (a) Cumulative distribution function of steel ball grinding with the same total weight;
(b) the % fines produced of steel ball at the end of 10 min.
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Figure 4. (a) Cumulative distribution function of ceramic ball grinding with the same total weight;
(b) the % fines produced of ceramic ball at the end of 10 min.
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In mineral separation, the lower limit of particle size differs with different feeds, and
as the common lower limit is at (−10 + 0) µm, they are selected as examples in this study.
Figure 5 shows the relationship between F10µm and the feed particle sizes. In the case of
different feed sizes, the production rate of (−10 + 0) µm grade of steel ball grinding is
greater than that of ceramic ball grinding. That is, the steel ball will produce more ultra-fine
particles. It can be seen in Figure 5 shows that the F10µm of the steel ball as grinding media
remains stable with the decrease in grinding grain size, with an average value of 0.65,
while the F10µm of the ceramic ball as grinding media remains stable, with an average
value of 0.35. This indicates that the production rate of (−10 + 0) µm does not change with
the particle size in the grinding process of either ceramic ball or steel ball, but the F10µm
of steel ball is twice as high as that of ceramic ball. This shows that steel balls are more
energy consuming in producing ultra-fine particle size (relatively ultra-fine particle size
fraction). That is, the material is subjected to greater stress when the steel ball is used as the
grinding media.
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Figure 5. (−10 + 0) µm fine produced by single-sized class samples with steel balls and ceramic balls.

Figure 6 shows a linear regression on the constant α derived from the exponential
function. From the figure, it can be seen that the relationship between Fi and xi approximates
Fi = kx∝

i , where k and α are constants. Constant values of α are obtained by fitting different
particle sizes, which are shown in Table 3. The values of α acquired by steel ball grinding
and ceramic ball grinding of the same particle size are basically the same, where α solely
pertains to the material’s inherent crushing properties and has nothing to do with mill size
or grinding conditions. The values obtained with steel and ceramic balls as grinding media
in this study are not exactly the same. This is mainly due to the experimental error factor.
However, as the particle size decreases, the value of α increases. This is because different
crystal interfaces and surface cracks at different particle sizes result in different degrees of
difficulty in crushing.

Table 3. The constant α derived from the exponential function.

Type
Size/µm −300 + 212 −212 + 150 −150 + 106 −106 + 75 −75 + 53

Steel ball 0.94 1.07 1.14 1.17 1.27
Ceramic ball 0.93 1.06 1.13 1.18 1.27



Minerals 2023, 13, 1416 8 of 13

Minerals 2023, 13, x FOR PEER REVIEW 8 of 14 
 

 

Table 3. The constant α derived from the exponential function. 

Size/µm
Type 

−300 + 212 −212 + 150 −150 + 106 −106 + 75 −75 + 53 

Steel ball 0.94 1.07 1.14 1.17 1.27 
Ceramic ball 0.93 1.06 1.13 1.18 1.27 

 
Figure 6. Comparison of zero-order output constants. 

4.2. Properties Analysis of Micro-Strain 
Figure 7 displays the X-ray diffraction patterns of the ball-milled magnetite powders 

produced with various grinding media. Table 4 shows the average values for the locations 
of the magnetite peaks in Figure 7. As can be seen, peak position increases with grinding 
time and more peaks shift with ceramic balls, which is caused by an increase in grinding 
energy. The position of the peaks of steel ball grinding is clearly higher than that of ce-
ramic balls because steel balls consume more milling energy than ceramic balls. Figure 7 
also shows the magnetite phase in the magnetite powder emergence of anhydrite when 
grinding with ceramic and steel balls. Since finer particles usually have higher surface 
energies and are more reactive with carbon in the environment, they react with the carbon 
in the cemented carbide milling balls as the milling energy increases. 

   
Figure 7. XRD patterns of different magnetite powders ((a) 2 min, (b) 6 min, (c) 10 min). 

0.1 1
0.1

1

10

0.1 1
0.1

1

10

0.1 1
0.1

1

10

0.1 1
0.1

1

10

0.1 1
0.1

1

10

Ze
ro

 o
rd

er
 o

ut
pu

t c
on

tra
nt

 F
i

Size Xi

(a) −300μm+212μm

Ze
ro

 o
rd

er
 o

ut
pu

t c
on

tra
nt

 F
i

Size Xi

(b) −212μm+150μm

Ze
ro

 o
rd

er
 o

ut
pu

t c
on

tra
nt

 F
i

Size Xi

(c) −150μm+106μm

   Experiment date     Linear fitting  
steel ball           steel ball
ceramic ball       ceramic ball

Ze
ro

 o
rd

er
 o

ut
pu

t c
on

tra
nt

 F
i

Size Xi

(d) −106μm+75μm
Ze

ro
 o

rd
er

 o
ut

pu
t c

on
tra

nt
 F

i

Size Xi

(e) −75μm+53μm

0 10 20 30 40 50 60 70 80 90 100

In
te

ns
ity

(a
.u

.)

degree(θ)

▲- Magnetite
■- Hemetite
♣-Anhydrite

▲

▲

▲

▲

▲

▲■
▲

▲

▲

▲

▲

▲

▲■

▲

▲ ▲

▲

▲

▲

■

▲

▲

▲
▲

▲▲ ▲
■

▲

Untreated

■

■

♣

♣
steel ball

ceramic ball

(a)

0 10 20 30 40 50 60 70 80 90 100

In
te

ns
ity

(a
.u

.)

degree(θ)

▲

▲

▲

▲

▲

▲■
▲

▲

▲

▲

▲

▲

▲■

▲

▲
▲

▲

▲

▲
■

▲

▲

▲
▲

▲▲ ▲
■

▲

Untreated

■

■

♣

♣steel ball

ceramic ball

(b)

0 10 20 30 40 50 60 70 80 90 100

In
te

ns
ity

(a
.u

.)

degree(θ)

▲

▲

▲

▲

▲

▲■
▲

▲

▲

▲

▲

▲

▲■

▲

▲
▲

▲

▲

▲
■

▲

▲

▲
▲

▲▲ ▲
■

▲

Untreated

■

■

♣

♣steel ball

ceramic ball

(c)

Figure 6. Comparison of zero-order output constants.

4.2. Properties Analysis of Micro-Strain

Figure 7 displays the X-ray diffraction patterns of the ball-milled magnetite powders
produced with various grinding media. Table 4 shows the average values for the locations
of the magnetite peaks in Figure 7. As can be seen, peak position increases with grinding
time and more peaks shift with ceramic balls, which is caused by an increase in grinding
energy. The position of the peaks of steel ball grinding is clearly higher than that of ceramic
balls because steel balls consume more milling energy than ceramic balls. Figure 7 also
shows the magnetite phase in the magnetite powder emergence of anhydrite when grinding
with ceramic and steel balls. Since finer particles usually have higher surface energies
and are more reactive with carbon in the environment, they react with the carbon in the
cemented carbide milling balls as the milling energy increases.
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Figure 7. XRD patterns of different magnetite powders ((a) 2 min, (b) 6 min, (c) 10 min).

Table 4. The change of average peak position in radians over time.

θ 0 min 2 min 4 min 6 min 8 min 10 min

steel 0.358 0.352 0.349 0.348 0.347 0.344
ceramic 0.358 0.344 0.326 0.325 0.324 0.322

Figure 8, which presents the findings of the Williamson–Hall analysis of the XRD
data [22], illustrates the average crystallite size and strain of magnetite powder. These
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data demonstrate that the strain somewhat decreases during ceramic ball grinding while
the crystallite size remains constant. The information in Figure 8 further reveals that the
crystallite size of the untreated magnetite powder is 47.24 nm and that the lattice strain is
about 3.63. After being ground in a ceramic ball mill, this powder’s lattice strain rises to
6.31, while the crystallite size remains within the 40–46 nm range. Following ceramic ball
grinding, the powder’s lattice strain rises while the size of the crystallites remains almost
the same.
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Figure 8. Relationship between average crystallite size/strain of magnetite powder and steel ball
grinding/ceramic ball grinding time.

During the ball milling procedure, the particles are subjected to high-energy impacts,
which cause plastic deformation and breakage. A smaller crystallite and increased lattice
strain are caused by the formation of correlated arrangements of the defects, such as
dislocation walls or small-angle grain borders (sub-grain). The line broadening of X-
ray peaks, which is clearly seen in Figure 8, indicates the existence of a high density of
microstructure defects in magnetite powder. This indicates that ceramic ball grinding has a
unique impact on fine and ultrafine powders without generating more ultrafine particle
size in a short period of time. This outcome is comparable to the examination of the finished
product’s particle size distribution. The lattice strain of steel ball grinding is greater than
that of the ceramic ball, and the powder crystallite size of the steel ball grinding is smaller
than that of the ceramic ball. According to prior studies, steel medium is easier to work
with to create products that are somewhat less oversized than ceramic balls of the same
mass and surface area [29]. However, in mineral separation, the finer particle sizes are not
always the better. Excessive fines generation can be detrimental to the separation and the
beneficiation index. The low density and high hardness of ceramic balls effectively reduce
the generation of excessive fine generation particles in the grinding process compared to
steel balls.

Figures 8 and 9 also show that for 10 min grinding with steel balls and ceramic balls,
the strain increases quickly from 3.63 to 9.53 and from 3.63 to 6.31, respectively. The slope
of the linear fit is 0.67 and 0.22, respectively. The speed of the growth of lattice strain
is significantly higher in steel balls than in ceramic balls. The strain increases with the
decrease of θ (Figure 7 and Table 4) and crystallite size decreases with the decrease of θ.
The difference in the strain between the ceramic and steel ball products increases after four
minutes of grinding. The difference in crystallite size between the ceramic and steel ball
products increases after 2 min of grinding. This indicates that steel balls use higher energy
to act on the powder in the grinding process compared to ceramic balls, so it is safe to say
that steel balls consume more energy than ceramic balls.
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Figure 9. Linear fitting between average crystallite size/strain of magnetite powder and steel ball
grinding/ceramic ball grinding time.

4.3. Energy Influence by Mill Media

Figure 10 represents the throw-down operating state of the ball mill. On a circular
trajectory AB of radius R, the length L of the speech mill divides an infinitely thin media
layer of thickness dR from the total ball charge. In the time interval of one week of cylinder
rotation, the weight of this media layer is:

dG = 2πRLδdR (t)

dG = 2000πRLδdR (kg)

where L is the ball mill frontal length, m; R is the distance from the center of the circle of
the media at the location, m; δ is the density of the ball pile, t/m3.
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The kinetic energy of the grinding media falling to a circular trajectory is:

E =
mv2

2
(9 − 8cos2 α)

Ceramic balls have a lower specific gravity and better wear resistance than conven-
tional media of steel balls [30]. Because they could be employed to achieve quick stirring
rates while preserving high kinetic energy and having low specific gravity, ceramic balls
were first used exclusively in the Isa Mill [31]. The kinetic energy of ceramic balls and steel
balls doing throwing down motion in the mill is E1 and E2, respectively. Since the bulk
density of ceramic balls is 2.22 and that of steel balls is 4.75, E2 ≈ 2E1. The energy of the
ceramic ball applied to the mineral is smaller than that of the steel ball, so the micro-strain
produced by the ceramic ball on the mineral is smaller than that of the steel ball, which is
consistent with the description of the change of micro-strain above. Figure 11a,b shows
the surface morphology of the steel ball grinding product particles, the surface is relatively
rough; Figure 11c,d represents that the ceramic ball grinding product particles’ surface
morphology is relatively flat and smooth. Steel balls have higher density, high energy
consumption during grinding, and high instantaneous collision force between ball and ball,
ball and ore, and ball and mill. High kinetic energy is generated during grinding, much
greater than the kinetic energy required to crush the ore to qualified particle size. This
results in high energy loss, and thus it is easier to cause excessive fines generation than
ceramic balls. This is in agreement with the above description, steel ball grinding produces
a much higher yield of overfine particles than ceramic balls.
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5. Conclusions

Ceramic ball grinding can reduce excessive fines generation. Excessive fines generation
affects the particle size characteristics of the grinding product, degrades the product
quality, and increases the energy expense. The study demonstrates that less excessive fine
generation can be achieved with ceramic ball mills. The main findings of the paper are
as follows:

(a) The zero-order output characteristic constant α increases with the decrease in the
particle size. With the same feeding size, steel balls and ceramic balls have the same
value of α. Steel balls as grinding media have a higher Fx in the grinding process than
ceramic balls. And in a short time, the yield of ceramic balls ((−10 + 0) µm) is reduced
compared to steel balls, and ceramic balls as fine grinding media can reduce excessive
fines generation.

(b) The results of the XRD analysis show that the micro-strain rate of ceramic ball grinding
with the change of time is 67% lower than that of steel ball, and the grain size of both
ceramic and steel ball grinding products decreases slightly, but the product size of
steel balls is smaller than that of ceramic balls.

(c) The specific gravity of ceramic balls is small, and the instantaneous collision kinetic
energy is small in the grinding process. Grinding with ceramic balls produces a smaller
amount of excessive fine-generation particle size for fine-grained grinding ore.
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