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The breakage and liberation of minerals are the key to fluidized mining for minerals. In the ball milling process, steel balls function
as not only a grinding action implementer but also energy carrier to determine the breakage behavior of ores and the production
capacity of the mill. When ground products present a much coarse or much fine particle size distribution, the separation process
will suffer, resulting in inefficient recovery of useful minerals. Optimal control of the particle size distribution of the products is
therefore essential, but the complexity and randomness of ball mill grinding make it difficult to determine the appropriate ball
size. To solve the problem in the precise measurement of grinding ball diameters, this paper carried out magnetite grinding
experiments with grinding balls of different diameters under the same grinding conditions to study the influence pattern of steel
ball diameters on the particle break behavior, the particle size distribution of ground products, and the mineral liberation degree
distribution. The research proposed on the matching relation between the ball size and the quality of ground products is
essential for improving the ground product quality and reducing energy consumption.

1. Introduction

The efficiency of mineral separation and utilization is part of
the research in the fluidized mining technology, and the
breakage and liberation of minerals are the key to the effi-
ciency of mineral utilization [1]. When ores containing use-
ful minerals are being processed by relevant equipment and
methods, valuable minerals are liberated from gangue min-
erals [2]. In the whole production process of a beneficiation
plant, breakage and grinding are the steps to reduce particle
sizes, providing selected materials for the subsequent classi-
fication operation to fully liberate useful minerals and make
them meet the particle size separation requirements [3].
Grinding operation plays a significant role the national
economy, with the cost of breakage and grinding accounting
for about 60% of the total investment in a beneficiation
plant, and their power consumption accounting for 50-
60% [4]. More than 5% of total annual power generation
and millions of tons of steel are consumed in ore grinding
every year [5]. Ball milling uses steel balls to realize grinding
effect, that is, to achieve the ore particle comminution
through impact and abrasion with steel balls, and plays an

important role in the production of a beneficiation plant.
Although it has many advantages, including large reduction
ratio, good breakage effect, and strong applicability, [6],
there are drawbacks in it at the same time, such as low effi-
ciency, large consumption of steel balls, and serious liner
wear [7]. Meanwhile, the ball milling process affects the
technical index and economic benefit of a beneficiation
plant. Therefore, it is of practical significance to reduce the
beneficiation cost and improve the separation index by opti-
mizing the grinding process and selective grinding [8].

Grinding is used to primarily liberate useful minerals
and secondarily provide fine ores with a proper particle size
for separation. Gaudin [9] developed a mineral liberation
model for breakage, but it considered materials only as cubes
of equal volumes in an excessively simplified mineral mosaic
relation. In some literature, a number of mineral liberation
models for breakage were constructed based on the assump-
tion of random fracture, which greatly simplified the algo-
rithms [10]. However, it has been recognized that there is a
degree of nonrandomness in the process of breaking [11].
Bérubé and Marchand [12] broke iron ores in different ways
including jaw breakage, roller breakage, and ball milling and
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concluded that the particle size distribution and mineral lib-
eration degree were barely different below 210μm. Wight-
man et al. [13] conducted liberation degree analysis on
porphyry copper ores and silver-lead-zinc ores broken by
rod mill, hammer mill, and piston mold, respectively, con-
cluding that the mineral liberation degree under different
particle size distributions was constant, regardless of the type
of ore breakage. Vizcarra [14] conducted granular-bed break-
age by impact and compression breakage, respectively, in the
hammermill and piston-die press tests. The mineral liberation
characteristics of particles determined by mineral liberation
analyzer (MLA) are independent from the breakage methods
used to produce them. Besides, the difference in particle sizes
does not influence the mineral liberation characteristics.
Ozcan and Benzer [15] reached the same experimental con-
clusion that there will be little difference in the mineral libera-
tion degree between the impact and compression breakage
when the particle size is 75μm. Mariano and Evans [16] stud-
ied different types of impact energy on pyrite and copper sul-
fide ores by using JK Rotary Breakage and found that no
impact energy had a significant effect on the mineral liberation
degree at a given breakage particle size.

Due to the high consumptions of energy and materials by
ball milling, it is necessary to avoid useless grinding. Over-
breakage will result in the loss of valuable minerals, low recov-
ery rate, increased wear of equipment, and reduced processing
capacity, as well as the waste of flotation reagents [17]. In the
process of ball milling, the enhanced liberation of selective
minerals and reduced content of overbroken materials are
conducive to homogeneous product particle size and further
improve the technical index of classification operation [18].
The steel ball size determines the quality of ground products
and affects the power and steel consumption of grinding
[19]. Therefore, the steel ball size is a key factor in grinding
and is crucial to the milling efficiency [20]. Currently, there
have been many formulas used to calculate the diameter of
steel balls, but there has not been any recognized formula that
can be used to calculate the diameter of balls in various grind-
ing media [21]. As the breakage implementer, steel balls are
the key to the quality of ground products. As ores are aggre-
gates composed of various minerals, their binding force can
result in heterogeneity. Therefore, the type breakage mode is
subject to the level of breakage energy needed [22]. The break-
age force generated by proper steel balls causes liberation frac-
tures on the mineral interface and then realizes the main
purpose of grinding [23].

To study the influence of steel grinding ball sizes on the qual-
ity of ground products, this paper used steel balls of 8 different
sizes under the same grinding conditions to obtain P80 ground
products and analyzed the influence of ball sizes on the particle
surface morphology, particle size distribution, andmineral liber-
ation distribution of ground products. Finally, it was proposed to
improve the quality of ground products by using grinding balls
with a diameter proper for ores to be ground.

2. Materials and Methods

2.1. The Sample Preparation. Most of the magnetite ores
adopted in this paper had a disseminated particle size

smaller than 140μm, indicating a fine grain distribution.
80.61% of magnetite ores have a disseminated particle size
smaller than 74μm, and 27.21% have one smaller than
20μm. The analysis showed that the dissemination relation
between the magnetite minerals was complex and close
and that the disseminated particle size of the ores was
extremely fine, as shown in Figure 1.

The mineral composition and content are shown in
Table 1. According to the measurement result by MLA, the
minerals in the ore were mainly magnetite and quartz,
accounting for 32.48% and 61.73%, respectively, and their
weight was accounted for 94.21% of the total, indicating that
the magnetite ores can be basically considered a two-phase
mineral consisting of magnetite and quartz.

2.2. Grinding Test. In this paper, the wet ball milling process
was used in the laboratory ball milling test. Before grinding,
the ball mill was kept idle for 10 minutes and then washed
together with the grinding media. Three types of ores were
crushed and separated by a jaw crusher, and the ground par-
ticle size of -2mm was selected. The diameters of the grind-
ing media, i.e., the steel balls, were 10mm, 13mm, 16mm,
19mm, 22mm, 25mm, 28mm, and 32mm, and the weight
corresponding to the steel balls of each size was 8107.7 g,
8017 g, 8109 g, 8095.3 g, 8102 g, 8106.9 g, 8107.7 g, and
8081.1 g, respectively. The mill uses a laboratory hammer-
shaped ball mill, and 500 g of mineral samples and 300 g of
water are uniformly taken each time with the slurry concen-
tration being 62.5%. The fineness tests were carried out

Magnetite
Quartz
Calcite

Dolomite
Hornblende
Apatite

Figure 1: MLA image of the ore sample.

Table 1: Raw-ores mineral phases identified by MLA.

Mineral
Mineral weight

(%)
Area ratio

(%)
Particle
number

Magnetite 32.48 19.8 3513

Quartz 61.73 73.97 5967

Calcite 0.26 0.30 105

Hornblende 4.56 4.41 844
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using steel balls of 8 different sizes in laboratory for different
grinding periods. Based on the time-fineness curve of the
ores obtained through the tests, the grinding particle size
was determined to be -200 mesh with a cumulative distribu-
tion curve of 80%. The relation between the particle size dis-
tribution and the mineral liberation degree at different steel
ball sizes was studied to determine the appropriate size of
grinding media.

2.3. Mineral Liberation Measurement. To study the effect of
steel ball sizes on the mineral liberation characteristics of
ground products from the magnetite ores, the mineral liber-
ation degree of ground products with different particle sizes
was tested (−150+75μm, −75+38μm, and −38+20μm).

2.4. Particle Size Distribution Test.With the aim of obtaining
accurate sieving sizes, the dry sieving method was used for

22mm

Magnetite

13mm

MagnetiteQuartz

32mm

Magnetite

Quartz

Figure 2: Particles morphology features in different grinding media.
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+75μm materials with a standard sieve shaker of knock-on
type. Meanwhile, RestschAS200 wet sieving was used for
-75μm materials. A high-precision electronic scale with a
measuring range of 1 kg and the accuracy of 0.01 g was used
to measure weight.

3. Results and Discussion

3.1. Particles Surface Morphology. The particle breakage
appearance, which records the whole process of mineral
cracking under the action of ball milling media, is the surface
formed after ores are fractured by the ball milling process,. A
fracture occurs in the breakage area when the breakage
strength of ores is reached by the impact of different energies
produced by steel balls. The fracture characteristics of parti-
cles vary due to the difference in breakage energy, and thus, a
profound understanding of those characteristics is helpful to
reveal the mechanism of the magnetite fracture process.
Magnetite ores are mainly composed of magnetite and
quartz, while the microscopic mechanical properties
between magnetite and quartz are quite different. Addition-
ally, the microscopic fracture appearance of every mineral
component is also different under the breakage energy pro-
duced by steel balls of various sizes.

The fracture morphology of -75+20μm particles that
were ground by steel balls of three different diameters was
analysed, as shown in Figure 2. It was found that the types
of magnetite fracture were mainly transgranular fracture
and intergranular fracture. The particle fracture appearance
of the ores ground with the steel balls of three sizes was
mainly brittle fracture. The magnetite particles ground with
32mm steel balls demonstrated obvious transgranular frac-
ture compared to those ground with 13mm and 22mm steel

balls. The fracture morphology of quartz minerals included
the patterns of shell fracture, river fracture, and flake frac-
ture, which indicated that the breakage energy produced by
32mm steel balls was high and that the ground particles
had transgranular fracture. The fracture behavior was
proved to be unselective, resulting in poor selectivity.

3.2. Particle Size Distribution Test. The particle size distribu-
tion of ground products is a key index that directly affects
the subsequent separation process. Since the recovery rate
in the separation process is affected by both unliberated
and overground particles, the quality of ground products
can be directly improved by using steel balls of a size proper
for the particle size composition characteristics of materials
to be ground.

The particle size distribution of ground magnetite prod-
ucts is closely related to the steel ball diameter. The larger
the steel ball diameter is, the higher the breakage force will
be, and the easier magnetite is to break. As a result, the
coarse grade content will be less, and the average particle size
of ground products will be smaller. When ground by steel
balls of a small size, the ore particles mainly show fatigue
fracture, and the coarse-grained ones suffer from poor
breakage effect. Figure 3 showed that the mass content of
-20μm magnetite products ground with 10mm and 13mm
steel balls were significantly lower than that of those ground
with the steel balls of the other diameters, indicating that the
magnetite was seriously over-ground by 10mm and 13mm
steel balls. Although 10mm and 13mm steel balls had the
same weight as the other steel balls and provided smaller
breakage force, the products were still seriously overground
due to the larger number and higher collision of 10mm
and 13mm steel balls. With the increase of the steel ball
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Figure 3: Particle size distribution of products from different steel ball diameters.

4 Geofluids



diameter, the yield of fine particles was first decreased and
then increased. When the ball diameter reached 28mm
and 32mm, the impact force was higher, but the number
of balls was decreased, resulting in low particle breakage. It
indicated that the particle size of ground products was

increased when the steel ball diameter was so large that it
caused excessive breakage force and overgrinding. There-
fore, overgrinding would always occur when the ball diame-
ter was either too small or too large, leaving ground products
too fine or too coarse. A qualified particle size must be
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Figure 4: Multifractal analysis of magnetite grinding products by steel balls of different sizes.
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obtained during grinding, or the subsequent separation pro-
cess will be affected due to improper particle size of ground
products. When -75+20 um was selected as the particle size
for qualified ground products, the particle size distribution
of the qualified ground magnetite particles reached a value
as high as 22mm and accounted for 54.57% of the total
based on the ground particle size composition. The proper
ball size for different materials to be ground can be various,
and their yield of qualified ground products will be maxi-
mized when the proper ball size is adopted.

3.3. Multifractal of Particle Size Distribution of Grinding
Products. For breakage equipment, such as jaw crushers
and cone crushers, a section of a fractal is enough to fully
reflect the fractal characteristics of crushed materials. For
high energy consumption breakage equipment such as ball
mills, however, it is more proper to use a multifractal to
measure the particle size distribution. Therefore, it is impos-
sible to completely control the whole particle size distribu-
tion range with only a single fractal number. A multifractal
is used to describe the particle size distribution characteris-
tics after breakage with many multifractal parameters, which
can be used to accurately analyze the characteristics of parti-
cle size distribution after grinding. The particle size distribu-
tion of ground products has a certain range and shows the
characteristics of partial fractals. The value of different frac-
tal dimensions D can be observed in different particle size
ranges. To study the influence of different steel ball diame-
ters on the particle size distribution after comminution, the
particle sizes are divided into three categories, including
coarse particles, medium fine particles, and fine particles.
The ground particle size presents different fractal dimen-
sions in these three categories, respectively. The formula
below is used to calculate the fractal dimensions of the three
categories of ground particle sizes:

ln M <rð Þ
MT

� �
= 3 −D1ð Þ ln r + c1 <ln dað Þ + 3 −D2ð Þ ln r

+ c2 <ln dað Þ + 3 −D3ð Þ ln r + c3 <ln dbð Þ:
ð1Þ

In this formula, r represents the particle size and da and
db are particle size values at the inflection point of the curve,
representing the score point of coarse particles and medium
fine particles, and the break point of medium fine particles
and fine particles, respectively. D1, D2, and D3 represent
the fractal dimensions of particle size distribution for the
coarse particle, medium fine particle, and fine particle cate-
gories, respectively. c1, c2, and c3 are constants.

The three-section fractal linear fitting curves of particle
sizes corresponding to the steel balls of different diameters
after magnetite grinding and breakage are shown in
Figure 4. The three-section fractal dimension results of par-
ticle size distribution corresponding to the steel balls of dif-
ferent diameters are shown in Table 2. Based on the
correlation coefficient of the fitting line, the three-section
fractal model can describe more accurately the characteris-

tics of particle size distribution produced by steel balls of dif-
ferent diameters.

The fractal change of particle sizes produced by steel
balls of different diameters after magnetite grinding is shown
in Figure 5. In the coarse particle size range of −2000 + 600
μm, when the steel ball diameter was 10 to 32mm, the frac-
tal dimension of the coarse particles gradually increased with
the increase of the steel ball diameters. In the medium fine
particle size range of −600 + 105μm, the fractal dimension
of the particle sizes decreased gradually with the increase
of the steel ball diameters. In the fine particle size range of
−75 + 20μm, when the steel ball diameter was 10 to
22mm, the fractal dimension of the particle sizes decreased
greatly with the increase of the steel ball diameters. The
inflection point of the fractal dimension of the particle sizes
appeared at the steel ball diameter of 22mm. When the steel
ball diameter was 22 to 28mm, the fractal dimension of the
particle sizes showed minor changes. Hence, it demonstrated
that the larger the size of the steel balls was, the less influence
the steel balls had on the comminution degree of fine
particles.

According to the fractal analysis of the three sections of
magnetite ground by steel balls of different diameters, the
fractal dimension of the coarse and medium fine particles
of ground magnetite products was between 2.00 and 3.00,
and energy was consumed between the volume and the sur-
face in the grinding process. In the fine particle size range of
-75μm, the fractal dimension of particle sizes decreased,
indicating that more energy was consumed on the fine par-
ticles with an increasing proportion, which means that more
energy input from grinding was consumed on the new sur-
faces, and thus D3 gradually approached 2. At this time,
the breakage mechanism can be deemed as the transgranular
fracture of magnetite, and therefore, the energy consump-
tion is the highest in the fine particle breakage process. As
a result, the particle fracture mode was changed from crack
propagation among particles to shear slip within the parti-
cles in the fine particle size range of −75 + 20μm. In this
process, the fractal dimension of particle size distribution
gradually decreased while the energy consumption gradually
increased. The fractal dimension change can clearly

Table 2: The third-stage fractal dimension of magnetite particle
size distribution by grinding.

Steel ball
diameter/
mm

Coarse particle
fractal

dimension

Medium particle
fractal dimension

Fine particle
fractal

dimension

10 2.7108 2.9961 2.6718

13 2.7270 2.9933 2.4950

16 2.7567 2.9831 2.1841

19 2.8317 2.9712 2.0945

22 2.8954 2.9636 2.0856

25 2.9302 2.9547 2.1051

28 2.9598 2.9531 2.0957

32 2.9882 2.9499 2.1336
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represent the trend of energy consumption in the ore parti-
cle breakage process using steel ball of different diameters,
i.e., the smaller the fractal dimension is, the more energy
the process consumes, and the more difficult it is to crush
particles.

3.4. Liberation Properties. Ore grinding is mainly used to lib-
erate valuable minerals from gangue minerals, and thus, the
grinding product quality is evaluated mainly based on the
mineral liberation degree. MLA analysis was carried out to
determine the mineral liberation degree of the ground mag-
netite products by steel balls of different diameters.

The liberation distribution degrees of qualified ground
product particle size of −75 + 38μm and −38 + 20μm pro-
duced by steel balls of different sizes are, respectively, shown
in Figure 6 and Table 3. Some magnetite particles were
incompletely liberated, and others were still intergrown.
The breakage force was small when the diameter of the steel
balls was 10mm and 13mm, the breakage force was law, and
the breakage mode on the surface caused by grinding was
mainly partial fatigue fracture. Therefore, the mineral liber-

ation degree of magnetite produced with 10mm and
13mm steel balls was better than those by the other ones.
However, the grinding efficiency was low since the diameter
of the steel balls was small. Additionally, the particle size dis-
tribution of the ground products was characterized as higher
at the large and small sizes and lower at the medium sizes. It
was concluded that the steel balls of 10mm and 13mm were
inappropriate. When the steel balls ranging from 16mm to
22mm were used for grinding, there was change in the min-
eral liberation, which suggested that the mineral liberation
degree remained stable under a certain range of energy gen-
erated by the grinding media. When the diameter of the steel
balls was 22mm, the liberation degree of quartz was low,
which met the selective breakage principle, i.e., crushing
valuable minerals and reducing gangue mineral breakage.
When the diameter of the steel balls was 25-28mm, the
magnetite liberation decreased, while high breakage energy
was generated along the direction of the maximum effect
of force rather than at the mineral interface with the increase
of the steel ball diameters. Therefore, the fracture behavior
was not selective and the mineral liberation degree was poor.
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Figure 5: The relationship between the steel ball sizes and the fractal dimensions of different particle size distribution by grinding.
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22mm was the proper steel ball diameter that could be used
to produce better liberation and qualified particle size for −
75 + 20μm magnetite.

4. Conclusions

This paper studied the influence of steel ball sizes on the par-
ticle size distribution of ground products, particle surfacemor-
phology, and mineral liberation distribution, suggesting that a
proper ball diameter was necessary to realize the required
quality of ground products, and concluded as follows:

The effect of steel ball diameters on the surface morphol-
ogy of magnetite was studied. The magnetite crack propaga-
tion produced by grinding balls under different energies
resulted in a great difference in the particle fracture appear-
ance. The ground products featured a transgranular fracture
mode, presenting obvious magnetite crystal cracks.

Based on the particle size distribution of magnetite after
grinding in the multifractal method, the connection between
the fractal dimensions and the ball diameters was established

for the coarse, medium, and fine particles. The result demon-
strated that, in the coarse particle size range of −2000 + 900
μm, the fracture mode was mainly crack fracture, and the
fractal dimension of particle size distribution increased gradu-
ally with the increase of the steel ball diameters. In themedium
particle size range of −600 + 150μm, the fracture mode was
mainly crack fracture and surface fracture, and the fractal
dimension of particle size distribution decreased gradually
with the increase of the steel ball diameters. In the fine particle
size range of −75 + 20μm, when the ball diameter was 10-
19mm, the fractal dimension of particle size distribution
decreased gradually with the increase of steel ball diameters,
while the fractal dimension of particle size distribution showed
minor changes when it was 22-32mm, indicating that the
energy generated by the balls of 22~32mm had negligible
influence on the breakage of fine ore particles. Therefore, the
multifractal method can be used to evaluate the influence of
ball diameters on the particle size distribution.

The relationship between ball diameters and the libera-
tion degree of ground magnetite products was studied. The

Table 3: Liberation degree of qualified magnetite particle size of −75 + 20 μm by steel balls of different diameters.

Ball diameter
−75 + 20 μm −75 + 38μm −38 + 20 μm
Weight (%) Quartz liberation (%) Magnetite liberation (%) Quartz liberation (%) Magnetite liberation (%)

10mm 26.26 58.08 71.37 76.32 82.36

13mm 39.58 63.11 79.51 83.70 92.09

16mm 53.19 42.05 67.64 75.62 88.40

19mm 55.63 49.71 66.58 76.15 88.59

22mm 56.66 41.95 65.32 77.35 90.91

25mm 56.33 42.29 65.14 79.93 90.20

28mm 56.26 42.58 65.46 77.97 89.60

32mm 55.22 38.03 47.30 80.36 90.79

Magnetite
Quartz

Dolomite

Pyrite
Calcite
Kaersutite
Muscovite

Orthoclase
Albite
Tremolite
Biotite
Apatite
Barite

–75+38μm –38+20μm

Figure 6: MLA image of liberation characteristics of the magnetite ore.
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mineral liberation degree under different particle size ranges
after grinding showed that the impact energy value gener-
ated by a suitable ball diameter liberated and broke the mag-
netite particles along the interface of different minerals and
produced a higher mineral liberation degree for magnetite.
Based on the yield of ground products with a qualified par-
ticle size and the mineral liberation degree of magnetite, it
was determined that 22mm was the proper ball diameter.
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