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ANALYSIS OF THE MATERIAL GRINDING PROCESS IN A BALL MILL

WITH MULTI-FREQUENCY VIBRO-IMPACT EXCITATION
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Abstract. This article presents the results of a study on the parameters of the grinding process in a vibratory mill
with multi-frequency vibro-impact excitation. The objective of the study is to determine the influence of technological
parameters, such as the level of the grinding chamber filling with material, the physical and mechanical properties of the
raw material, and the gaps between the striker and the mill's driving frame on the efficiency of the grinding process. Two
materials with different characteristics — basalt and iimenite — were used in the experiments. The dependencies of the
degree of grinding and mill productivity on the percentage of chamber filling with material were established, and the
influence of the material’s physical and mechanical properties on the final grinding outcome was demonstrated. The
results show that for both materials, an optimal chamber filling level of approximately 15-25% achieves the maximum
degree of grinding, with a mill productivity of Q = 3-5 t-h/m3. Exceeding this level leads to reduced efficiency due to
decreased intensity of grinding media movement. The influence of grinding time was determined, revealing that the most
intensive grinding occurs within the first five minutes, with the degree of grinding ranging from 5 to 7. The initial particle
size of the material (within the tested range of basalt particle sizes from 0.3 mm to 3 mm) has a minimal impact on the
degree of grinding. The effect of gaps, which directly influence the chamber’s acceleration, was analyzed separately. It
was shown that increasing the gaps (from 1 mm to 3 mm) enhances the degree of grinding due to increased impact
energy. This fact was experimentally confirmed for both brittle basalt with a degree of grinding around 6 and more
viscous ilmenite, with a degree of grinding around 4. The obtained dependencies can be used to optimize the operating
modes of vibro-impact mills of a new type operating in a vibratory-impact regime, laying the foundation for further
research in mathematical modeling and control of grinding processes in next-generation mills. The practical results of the
study are important for advancing fine grinding technologies for minerals and improving the quality of the final product in
the mining, metallurgical, and construction industries.

Keywords: vibratory mill, multi-frequency vibro-impact excitation, degree of grinding, material particle size, gaps
between striker and driving frame.

1. Introduction

Fine grinding of mineral raw materials is a critical stage in the technological
process, determining the subsequent efficiency of extracting target components from
ore using screens, separators, and other beneficiation equipment [1-16]. One of the
promising methods is vibratory grinding, which enables a high degree of grinding in
a relatively short time [17]. However, traditional vibratory mills have limitations due
to the dominance of particle destruction by friction over impact and the difficulty in
achieving significant acceleration of grinding media, which overall reduces process
efficiency. To ensure the dominance of impact-based destruction and achieve the
maximum degree of grinding with minimal energy consumption, specialized drives
capable of generating high accelerations and controlling the dynamic parameters of
the grinding chamber’s oscillations are required.

The use of a multi-frequency vibro-impact drive developed at the M.S. Poliakov
Institute of Geotechnical Mechanics of the National Academy of Sciences of Ukraine
opens new opportunities for intensifying the grinding process by generating high-
intensity impact loads. Such drives have already been successfully applied in screens
and feeders developed at the Institute and have demonstrated their good effectiveness
[18, 19]. This drive enables significant accelerations of the grinding chamber with the
technological medium (limited only by the chamber’s durability and reliability),
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allows for dynamic adjustments to the grinding process, improves the quality of the
final product, and reduces energy consumption [20].

The enhanced grinding efficiency in a vibro-impact ball mill is driven not only by
significant accelerations but also by the complex oscillatory movements generated in
its structure, which are transmitted to the grinding chamber with the technological
load. These movements and accelerations result from the interaction of masses,
unilateral and bilateral elastic and viscous bonds, and the exciting force from
unbalanced vibration exciters.

The calculated oscillogram of mass accelerations derived from computations
based on the developed mathematical model of the vibro-impact mill [20], is
presented in Figure 1.
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Figure 1 — Calculated oscillogram of accelerations in a vibratory mill with
vibro-impact excitation

Analysis of the oscillogram clearly shows that the acceleration of the unbalanced
masses of the mill’s vibration exciters, which rotate and generate a periodic variable
force transmitted to the striker and subsequently to the grinding chamber, is
significantly lower than the chamber’s acceleration. This is because the chamber’s
acceleration has an impulsive, impact-driven nature — when the force reaches a value
that triggers unilateral bonds, a sharp acceleration occurs. This regime generates
impact accelerations (short-duration high-intensity pulses) that are effectively
transferred to the grinding media and the material being ground.

Due to the achieved significant grinding media accelerations, vibro-impact mills
provide higher energy efficiency and better quality of fine grinding due to the intense
influence of vibrations and impacts. However, they have lower productivity and
higher wear of working parts compared to drum ball mills, which are more versatile
and reliable for processing large material volumes but less effective for achieving
fine-dispersed grinding, especially for obtaining a final product smaller than 100 pm.
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Therefore, the purpose of this study is to conduct a practical analysis of the fine
grinding process in a mill with multi-frequency vibro-impact excitation and to
identify the patterns of influence of key mill operating parameters on the efficiency of
material grinding, as well as to substantiate optimal operating conditions.

2. Methods

During the experimental studies of the patterns of changes in the grinding process
parameters in a vibro-impact ball mill, an experimental setup was used with the
ability to adjust the grinding chamber’s acceleration by varying the gap size. The
grinding chamber is a vertical cylinder with a diameter of 150 mm, a height of 155
mm, and a weight of 5 kg, with a total mass of grinding media (steel balls 10—40 mm)
of 11.4 kg. Ilmenite and basalt, which have different hardness and internal structures,
were selected as test materials.

The main variable parameters of the experiments were:
Grinding time (from 1 minute to 15 minutes);
Initial particle size of the raw material (0.3—3 mm);
Size of grinding steel balls (10—40 mm);
Percentage of the working chamber filling with material (up to 40%) and balls
(up to 60%);

e Acceleration of the working chamber (100-300 m/s?).

The final particle size of the material was studied using sieve analysis. All
experimental stages, parameters, and results were documented for further
reproducibility and analysis.

3. Results and discussion

Before the main cycle of experiments, the grinding efficiency of basalt was
studies and evaluate at different initial particle sizes and grinding times. The physical
and mechanical properties of basalt include a density of 2800-3100 kg/m* and a
compressive strength of 300—400 MPa. Basalt is a relatively hard material due to its
fine-grained structure formed during rapid lava cooling, which prevents crystal
growth, making it dense and uniform but highly brittle, as intercrystalline bonds
break down under impact loading with minimal plastic deformation. The initial
particle size of basalt was: Variant 1 — average fraction 3 mm, Variant 2 — average
fraction 0.5 mm. The grinding chamber was filled with material at 20% and steel
balls at 55%, enabling grinding modes with the technological medium impacting the
chamber lid. In this mode, during vibration, the grinding media not only move along
the bottom or walls of the chamber but are also thrown upward, striking the chamber
lid (its upper part) with force. This impact serves two main functions: it transfers
significant impulsive energy to the material, promoting its destruction, and ensures
more intensive grinding due to multi-vector impacts. The striker gap was set at 3 mm,
providing free striker movement before colliding with the chamber, generating high-
intensity impact pulses.

The experimental methodology involved grinding the initial basalt (3 mm and
0.5 mm) to the required fractions and sieving it to ensure uniformity. The filling
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volume of the chamber remained constant at 20% to ensure accurate comparison of
results. Experiments were conducted at fixed time intervals (1—-15 minutes) to analyze
grinding dynamics. After each cycle, the material was extracted, and granulometric
sieve analysis was performed to determine the degree of grinding, which is an
indicator of process efficiency and is defined as the ratio of the initial particle size to
the final particle size.

The results of these studies are presented in Figure 2.
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Figure 2 — Degree of grinding of basalt with different initial particle sizes versus time

Based on the nature of the obtained dependencies of the degree of grinding on
grinding time for different initial particle sizes, it can be concluded that the most
intensive grinding occurs within the first five minutes, with the degree of grinding
ranging from 5 to 7. Additionally, the initial particle size (0.5-3 mm) has a minimal
impact on the degree of grinding, as with a six-fold difference in initial particle sizes,
the change in the degree of grinding is within 20%.

This is explained by the fact that at the beginning of the grinding process, the
material has a large number of cracks, defects, and contact surfaces, facilitating
effective destruction under the action of impacts and vibrations. In a vibro-impact
mill, where impulsive loads are generated, the highest energy efficiency is observed
at the initial stage when particles are actively destroyed due to impact interactions
with grinding media and chamber walls. Thus, energy is primarily expended on
overcoming intercrystalline bonds rather than on friction or repeated abrasion.

Moreover, the vibro-impact mill with multi-frequency excitation generates high-
intensity impact force pulses and accelerations, which are almost equally effective in
destroying particles of different sizes, especially for hard, brittle materials like basalt.
Due to the impact-driven nature of the interaction and the dynamic uniformity of the
force pulse field, the initial particle size has less influence than in grinding devices
where destruction primarily occurs through contact friction. The fact that the change
in the degree of grinding with a six-fold difference in initial particle size (within the
tested range) is only ~20% indicates the high adaptability of the grinding regime to
the size of the initial fractions.
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The next stage of the study involved determining the dependence of the degree of
grinding and mill productivity on the percentage of the chamber filling with the
material being ground. For this purpose, a material with different physical and
mechanical properties—ilmenite-was selected, with a density of 4000 kg/m* and a
compressive strength of 100 MPa. Although ilmenite has lower compressive strength
than basalt, it is more resistant to mechanical impact due to its high cleavage or
strong interatomic bonds in certain directions, which complicates destruction.
Additionally, it can be partially deformed without breaking, unlike brittle basalt. The
average initial particle size of ilmenite was 0.316 mm. The gaps between vibro-
impact pairs were 3 mm, the grinding time was 5 minutes, and the chamber was filled

with grinding media at 55%. The results of these studies are presented in Figure 3.
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Figure 3 — Dependence of the degree of ilmenite grinding and mill productivity on the percentage of

the chamber filling with material

The obtained results show that as the chamber filling with ilmenite increases, the
degree of grinding changes, reaching a maximum within the range of 15-25%

chamber filling, after which efficiency decreases. This is explained by the following:

e At a chamber filling of up to 15%, the number of ilmenite particles is

insufficient for productive grinding, and a significant portion of the impact
energy is dissipated in interactions between the grinding media without
grinding the ilmenite particles. Thus, the number of collisions between
particles and grinding media is insufficient for productive grinding, leading to a
low degree of grinding and low productivity.

In the range of 15-25% filling, optimal conditions are created for intensive
interaction between particles and grinding media. The grinding media continue
to move intensively within the chamber, ensuring sufficient energy for impact
interactions. This promotes effective material grinding, resulting in maximum
efficiency in this range, with a mill productivity of Q = 3-5 t-h/m?.

With further increases in filling more than 25%, the intensity of grinding media
movement decreases due to reduced mobility, internal friction between
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particles of the technological medium in the chamber increases, and the
number and energy of impact interactions decrease. This leads to reduced
energy efficiency of grinding—despite the mill’s operation, grinding efficiency
decreases.

These results highlight the importance of selecting the appropriate filling volume
to achieve maximum grinding efficiency. As the chamber filling increases, mill
productivity is directly correlated and limited by the chamber’s internal volume when
fully filled with the technological medium. Compared to basalt, ilmenite exhibited a
slightly lower degree of grinding under similar conditions explained by its greater
resistance to impact destruction.

The final stage of the study involved determining the influence of varying the gap
between the striker and the driving frame in the range of 1-3 mm, which directly
affects the magnitude of the grinding chamber’s acceleration and the intensity of
impact interactions between the technological medium bodies, as shown in Figure 1.
The experiments were conducted for basalt and ilmenite, with a grinding time of 5
minutes, the chamber filled with grinding media at 55% and material at 20%. The
initial particle size of basalt was 0.5 mm, and that of ilmenite was 0.316 mm. The
results of these studies are presented in Figure 4.
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Figure 4 — Dependence of the degree of grinding on the striker gap size
for different materials

The results in Figure 4 demonstrate a clear dependence of the degree of grinding
on the striker gap size. As the gap increases from 1 mm to 3 mm, the grinding
chamber’s acceleration becomes more intense, leading to increased impact forces
and, consequently, improved grinding efficiency. This is particularly noticeable for
basalt, which is more brittle and sensitive to increased impact loads, achieving a
degree of grinding of 6 at a 3 mm gap. For ilmenite, despite its smaller initial particle
size, an increase in efficiency with larger gaps is also observed, though it is less
pronounced due to its higher resistance to mechanical destruction, reaching a degree
of grinding of around 4. Thus, increasing the striker gap to the maximum value
within the experiment (3 mm) enables the highest degree of grinding for both
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materials tested, indicating the advisability of using larger gaps for intensive grinding
modes. However, this should be applied considering the mechanical strength of the
mill’s structure, as increased accelerations and impact forces significantly increase
the load on the mechanism’s components.

4. Conclusions

The conducted studies established for the first time that the optimal range for
filling the grinding chamber with material in a vibratory mill with multi-frequency
vibro-impact excitation is 15-25%, ensuring the maximum degree of grinding while
maintaining equipment stability, with a mill productivity of Q=3-5 t-h/m?. The
dependence of grinding efficiency on the gap between the striker and the driving
frame is directly correlated: as the gap increases to 3 mm, the degree of grinding
improves due to increased chamber acceleration and the force of impact interactions
between the grinding media and the chamber’s internal surfaces, ranging from 6 for
basalt to 4 for ilmenite.

The influence of grinding time was determined: the most intensive grinding
occurs within the first five minutes, and within the tested range of initial particle
sizes, the initial particle size has a minimal impact on the degree of grinding. With a
six-fold difference in particle sizes, the change in the degree of grinding is within
20%, ranging from 5 to 7 for basalt.

The practical significance of the study lies in the fact that the obtained results will
be used to optimize the design and operating modes of vibratory mills with multi-
frequency vibro-impact excitation. The findings contribute to improving the energy
efficiency of grinding technologies, reducing wear on grinding media, and enhancing
the quality of the final product.

The scientific value of the work lies in identifying new patterns in the grinding
process within a complex field of vibro-impact oscillations, expanding scientific
understanding of the relationship between material mechanical properties, machine
parameters, and the final grinding outcome, and laying the foundation for further
research in mathematical modeling and control of grinding processes in next-
generation mills.
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TaKWX SIK 3aMOBHEHHS Kamepy noapibHI0BaHNM MaTepianom, (isnko-MexaHiuHi BNacTMBOCTI BUXIAHOI CUPOBUHM, @ TakoX
3a30piB MiX YAAPHWKOM i MPUBOLHOK PaMOld MIMHA, HA €EKTUBHICTb npouecy NoApiGHEHHs. Y OOCHIMKEHHSAX
BWKOPUCTAHO ABa MaTtepiann 3 PisHUMK XapakTepucTukamu — 6asanbT i ifNbMEHIT. BU3HAueHO 3amnexHOCTi CTyneHs
noapibHEHHs Ta NPOAYKTUBHOCTI MAWMHA Bif BiACOTKOBOrO 3anMOBHEHHSI KaMepu Matepianom, nokasaHo BnivB (i3nko-
MeXaHiYHWUX BNACTUBOCTEN MaTepiany Ha KiHLEeBMI pesynbTaT noapibHeHHs. Pesynbtath OChigKeHb OEMOHCTPYHOTb,
Wwo ans 060x matepianis iCHye pawjioHanbHUIA piBeHb 3aN0BHEHHS kamepu MaTepianom (npubnusHo 15-25%), 3a sikoro
[OCAracTbCA MakCUMarbHWA CTYNiHb NOAPIOHEHHS, NPy NPOAYKTUBHOCTI MinHa Q=3-5 T-rog /M3, NepeBULLEHHS LibOrO
PIBHS NPWU3BOAMTb A0 3HIMKEHHS €CHEKTUBHOCTI Yepe3 3MEHLUEHHS iIHTEHCMBHOCTI PyXYy NOMOIbHWX Tin. BusHaueHo BnnvB
yacy noapibHeHHs, BCTAHOBMEHO, WO HaWbinbl iHTEHCMBHE NOApPIOHEHHs BigOyBaeTbCs B Meplli MATb XBUMMH i
KONMBAETbCS B MeXax 5-7, Ta Ha 3MiHy CTyneHs nogpibHEHHS CYyTTEBO HE BMMMBAae BMXiQHA KPYMHICTb MaTtepiany (B
3aaHoMy Aiana3oHi KpynHOCTI YacTok BuxigHOro matepiany 6asanbty Big 0,3 Mm go 3 mm). Okpemo npoaHaniaoBaHo
BNMB 3a30piB, ki 6e3nocepeaHbO BNMBAKOTL Ha NPUCKOPEHHS kamepu. MokasaHo, Wwo 36inbLueHHs 3a3opiB (Big 1 Mm
[0 3 MM) CMpUYMHSE 3POCTaHHS CTYNEeHs NoapibHEHHS, OCKINbKM CYNpOBOMRKYETLCS MiABULLEHHAM eHepri yaapis. Lie
NiTBEPIKEHO eKCNEPUMEHTANbHO SK ANs KPUXKOro 6asanbTy, 3Ha4YeHHs CTyneHs noapibHEHHS SKOro KONMWBaeTecs B
Mexax 6, TaK i Ans GinbL B'A3KOr0 iNbMEeHITY 3i CTynHeM nogpibHeHHs 4. B pesynbTati OTpUMaHi 3anexHOCTi MOXyTb
OyTu BUKOpUCTaHi AnNs onTumisauji pexumis poboTu BiBPOyAapHUX MIWHIB HOBOTO TuMy, WO (YHKLIOHYKTb Y
BibpaLiiHO-yOapHOMY pexuMi, 3aknafeHHi OCHOBM Ang nofanbluux [ochifdxeHb B 0bnacTi  MateMaTU4HOro
MOZENIOBAHHS | KepyBaHHS npoLecamu NoapibHEHHS B MAWHAX HOBOMO MOKOMIHHA. TpakTUYHi pesynbTaTit SOCigKeHb
MalTb 3HAYEHHS A1 NOAAMNbLIOr0 PO3BMTKY TEXHOMOrM TOHKOTO NOAPIOHEHHs MiHepaniB Ta NiABULLEHHS SAKOCT
KIHLLeBOro MPOAYKTY Y FipHUYiN, MeTanypriiHin Ta ByAiBenbHii ranyssx.
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