
 

UNIVERSITY OF MISKOLC 
 

FACULTY OF EARTH SCIENCE AND 

ENGINEERING 
 

MIKOVINY SÁMUEL DOCTORAL SCHOOL OF 

EARTH SCIENCES  
 

2014. Miskolc 

 

 

RESEARCH AND DEVELOPMENT OF THE GRINDING PROCESS FOR 

THE PRODUCTION OF ULTRAFINE MATERIALS  

 

 

Theses of doctoral (PhD) dissertation 

 

 

 

Ádám Rácz 

Process Engineer 

 

 

Scientific supervisor 

Dr. habil. Barnabás Csőke 

Professor 

 

Co-scientific supervisor 

Dr. Gábor Mucsi 

Associate Professor 

 

 

MIKOVINY SÁMUEL EARTH SCIENCE DOCTORAL SCHOOL 

Leader of the doctoral school: Dr. habil. Mihály Dobróka 

Professor, Doctor of the Hungarian Academy of Sciences 



 Research and development of the grinding process for the production of ultrafine materials  

                                                              Ádám Rácz 

University of Miskolc                                2                         Theses of Doctoral (PhD) Dissertation 

I. Aim of the dissertation, scientific preliminaries 

In the last decade increasing demand was shown for the fine (<50 µm), ultrafine (<5 

µm) and nano (<500 nm) materials, especially in the pharmaceutical-, food-, chemical-, 

paint- and ceramic industries.  

The production of such ultrafine ground products, however, has some difficulties. 

The specific grinding work consumption exponentially increases with the grinding fineness, 

so the ultrafine ground material production has an extremely high specific work demand. 

During the ultrafine and nano grinding the extremely increasing specific surface is 

accompanied by very high free surface energy appearing, which leads to the aggregation 

and agglomeration of the particles to each other. Sticking of the particles on the mill liners 

and on the grinding beads is associated to this effect as well. The prevention of these 

milling efficiency impairing effects can be done effectively by wet grinding, but in case of 

dry grinding the effective and efficient solution is still the target of the research. At the same 

time, in many material cases exactly the dry grinding is required.  

The properties of a bulk material can be divided into two main groups from a 

grinding point of view, (1) dispersity, characterized by the particle size distribution, the 

particle shape and surface morphology and the interfacial properties, as well as the (2) 

structural properties, like crystal structure, amorphity, microstructure, impurities in particle. 

The common purpose of the grinding is to decrease the particle size or to increase the 

specific surface area; however during grinding not only these properties can be changed, but 

other dispersity properties, like particle shape and the structural properties of the material as 

well. The above described properties are collectively called “property function” (Rumpf, 

1967), the control of which is known as the product- or particle engineering design.  

 

 

Figure 1 Process, mill and material function (Peukert, 2004) 

 

The control of the product properties made from dispersed materials can be done by the 

process function. Based on Peukerts’ (2004) work, a processing technology can be 

described by the process function (Fig 1). When the comminution process is in the spot 

light, two more function can be defined - the mill and the material function. The mill 
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function is determined by the type, internal design and size of the mill and by the operation 

parameters. The material function can be characterized by two separate ways: on one hand 

there are the bulk properties of the material, like dispersity and structural properties; on the 

other hand there are the material properties of a single particle, like density, hardness, and 

Young’s modulus. Because of high number of the parameters, for the purposeful control the 

interrelated classification of the properties is necessary: (1) the type of the stresses acting on 

the particles is determined by choosing the mill. The internal design and the operational 

parameters determine the stress intensity and stress number; (2) the material properties of a 

single particle determine the breakage rate and breakage function. The properties of the mill 

and the particle together determine the change of the bulk properties during grinding. The 

latter will determine the application properties of the product as well.  

 

 
Figure 2 Degree of dispersity as a function of the grinding time (Juhász and Opoczky, 2003) 

 

Juhász and Opocky (2003) presented the function can be seen if Fig 2. for the examination 

of the grinding kinetics. Based on this approach the particle size is significantly decreasing 

at the beginning of grinding, the specific grinding work (or grinding time) is proportional to 

the produced specific surface, so to the ground materials’ degree of dispersity. At this 

section, which is called Rittinger section, the particle-particle interaction is negligibly small. 

As the grinding progresses, with the increasing ground materials’ dispersity the density of 

the location of the faults in the material decreases and the fracture hardness increases. 

Parallel to this sticking of the particle to the grinding media, to the mill liners and to each 

other begins, but the degree of dispersity increases further (Fig 2. section b). After a long 

time grinding the increase of finesse reduced to minimum, later the decrease of the 

dispersity, so the coarsening of the ground material occurs (section c). The brittle materials 

mainly in this section suffer mechanochemical or crystal structure changes. Section b is 

called the section of aggregation, while c is the section of agglomeration. Juhász and 

Opoczky (2003) defined the aggregation as a weak attraction of the particles by van der 

Waals adhesion forces (mainly London-type dispersion forces). Agglomeration is 
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irreversible, solid attraction of the particles (by crystallization, welding and 

mechanochemical reactions), where chemical forces take place as well. The degree of the 

aggregation and agglomeration can be reduced by the application of the surface active 

grinding aids. 

The demand of ever decreasing grinding fineness resulted in the replacing of 

traditional ball mills  by the stirred media mills, which make possible the drastic, required 

increase of the energy-transfers’ intensity besides the required decrease of the grinding body 

size. Stirred media mill is a high energy density mill belonging to the group of drum mills, 

which is used for industrial nano size particle production in wet mode. The effectiveness of 

the mill is therefore established; however, the application for the ultrafine dry grinding is 

still limited today. Stirred media mill is an important milestone in the mill development, 

because while before the movement of the grinding media was carried out by the rotation 

(ball mill) or vibration (vibration mill) of the milling chamber, in this case the rotation of 

the concentrically or eccentrically placed rotor makes the grinding media moved. As a 

result, the grinding balls colliding with each other; are pressed to the mill liners; and 

colliding with the rotor. The particles of the feed material are fractured by the impact, 

pressure, collide and friction stresses. Changing the rotor velocity in a wide range – 

compared to the ball mill, where the stress intensity can be changed only in a strait range – 

the stress intensity can be changed in a wide range, which opens new horizons in the field of 

comminution.  

German researchers created the so called stress models for the description and 

explanation of the wet stirred media milling. Based on their work the grinding process can 

be described from two different points of view: basing on the particles of the feed or basing 

on the mill. According to these approaches the mill related and the product (particle) related 

stress models can be distinguished. The basic idea or principle of the product-related stress 

model is that for a given feed particle, the product quality and fineness achieved in a 

comminution or dispersing process is determined by fact how often each feed particle and 

its resulting fragments are stressed, and thus by the number of stress events of a feed 

particle, SNF; and how high the specific energy or specific force at each stress event is, and 

thus by the stress intensity at each stress event, SI. The value of SNF and SI depend on the 

operation parameters. For the characterization of a mill, it makes more sense to define 

characteristic numbers, which are independent on the size and other properties of the 

product particles. Therefore, instead of a product- related model, the following mill-related 

model should be used: the comminution behaviour of a mill is determined by the number of 

stress events which are supplied by the mill per unit time, the so-called frequency of stress 

events, SFM; and the energy which can be supplied to the product particles by the mill at 

each stress event, the so-called stress energy, SE (Kwade, 2004). 

Based on the experience of wet stirred media milling (Kwade et al, 1996), the stress 

intensity shows the combined effect of three operating parameters (grinding media 

diameter, and density, rotor circumferential velocity), its value is proportional with the 

kinetic energy of the grinding media.  
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Figure 3 Influence of stress intensity on product fineness at a specific energy input (Becker 

et al, 2001; Kwade et al, 1996) 

 

Fig. 3 shows that for a constant specific energy input the stress intensity SI 

determines the product fineness. Nearly no comminution progress is obtained at small stress 

intensities because the stress intensities are too low for breaking feed particles. Therefore, 

multiple stressing and more energy are required. With increasing stress intensity, the 

product fineness increases until a minimum is reached. At this fineness, the stress intensity 

has an optimum value. If the stress intensity is further increased while the specific energy 

input is kept constant, the product fineness decreases because the number of stress events 

and, moreover, the energy utilization _newly generated surface related to energy input of 

each stress event decrease. Since the specific energy can be considered as the product of 

stress intensity and number of stress events, the number of stress events decreases with 

increasing stress intensity at a constant specific energy. In this range of the stress intensity, 

the improvement of the comminution result due to the increase of stress intensity is lower 

than the worsening of the comminution result due to the decrease in stress number (Becker 

et al, 2001).  

 

Based on the literature the following conclusions can be drawn: 

The application of the stirred media mills in wet mode has been investigated by 

numerous researchers in the last decades, as a result clear picture was got about the types, 

operation and modelling of the equipment. Particle size or specific surface of the product 

can be related to the operational parameters by the product or mill related stress model, thus 

creating the basis of the control of the stirred media milling in wet mode. However the 

application of the models on the dry stirred media milling has not been investigated yet in 

details. The process and application parameters of a disperse particle system do not only 

depends on the particle size or specific surface, but among others the particle shape and the 

structural properties of the material as well. The effect of the stirred media mill on the 



 Research and development of the grinding process for the production of ultrafine materials  

                                                              Ádám Rácz 

University of Miskolc                                6                         Theses of Doctoral (PhD) Dissertation 

dispersity and structural properties of the ground material should be investigated 

quantitatively for the deeper understanding of the equipment’s operation and the process of 

grinding.   

 

II. Objectives of the research work 

The main objective of the investigation and research is to create the basics of the 

control and production of ultrafine ground products with a certain dispersity and structural 

properties in case of dry stirred media milling, with the exploration of the quality change in 

the ground material influenced by the change of the operational parameters of the mill.  

 

III. Experimental 

 

The research includes the study of the national and international literature, 

development of the experimental and test methods, laboratory experiments, evaluation of 

the test results and conclusions as well.  

 

The scientific results presented in the dissertation are based on systematic laboratory 

experiments, which were carried out in the Institute of Raw Material Preparation and 

Environmental Processing, University of Miskolc.  

 

 In order to achieve the objectives during the research work grinding experiments in 

a dry stirred media mill were carried out. The results of the experiments were summarized 

in four main sections. These are as follows: (1) effect of the grinding aids on the fineness 

and flow properties of the ground material; (2) effect of the operational parameters on the 

particle size distribution and specific surface area of the product; (3) change of the 

dispersity and structural properties in case of cement grinding; (4) investigation of the 

particle shaping.  

 

Materials and methods 

 

1) First, the effect of the grinding aid on the products’ flow properties was investigated. 

The model materials were chosen according to their grindability and adhesion/cohesion 

properties: limestone is relatively easy to grind, but highly cohesive; quartz is hard to 

grind, but not cohesive; clinker is hard to grind and cohesive as well (Opoczky, 1975). 

During these experiments ultrafine ground materials were produced by permanent 

grinding parameters (t, vt, φGM, φm), but with various grinding aid dosages (cga). The 

standard Jenike shear test and the cohesion (c) and flow function (FF) were introduced 

for the measurement and description of effect of the grinding aid on the flow properties  

 

2) Second, dry grinding experiments were carried out for the investigation of the effect of 

the operational parameters, such like grinding media- φGM, material filling ratio φm and 

rotor circumferential velocity vt on the products particle size and specific surface area, 
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which was measured by Horiba LA-950V2 laser particle size analyser. The aim of the 

experiments was the application of the product related stress model for the 

determination of the optimal material and grinding media filling ratio of the dry stirred 

media milling. The effect of the main parameters of the product related stress model, the 

stress number (SN) and the stress intensity (SI) related to the measure of the fineness 

(x50, S) was investigated for this purpose. Additionally, the grinding was investigated 

from energetic point of view, through the parameters of specific grinding work (Wf) and 

energy utilization (EU). The applied model material was limestone.  

 

3) Third, grinding experiments were carried out with various grinding parameters applying 

CEM I 42,5 portland cement for the investigation of the changes in the structural 

properties of the product. The effect of the rotor circumferential speed vt on the crystal 

structure of clinker minerals was investigated. Furthermore comparative measurements 

were carried out in ball mill, for the investigation of the differences between the stirred 

media and ball mill, from mechanochemical point of view. The crystal structure of the 

clinker minerals was investigated by X-ray diffraction (Bruker D8 Advance) and 

scanning electron microscopy (Zeiss EVO MA 10) as a function of the specific grinding 

work Wf and stress energy SE.  

 

4) Fourth, the effect of the low stress intensity grinding on the particle shape was 

investigated in case of different feed size limestone fractions (106-160; 160-200; 200-

250 µm). Dry grinding-particle shaping experiments were carried out in a disc stirred 

media mill using varying parameters: (1) rotor circumferential velocity, (2) grinding 

media- diameter and (3) density and (4) residence time. For the shape characterization 

of the products’ particles the Feret minimum (Fmin), Feret maximum (Fmax), Area (Av) 

and perimeter (U) of the projection, Perimeter of the convex building polygon (Uk) were 

measured in an optical microscope (Zeiss Axio Imager M2M). The working hypothesis 

was that in dry stirred media milling if the stress intensity is lower than the intensity for 

the breakage of the particle, particle shaping, rounding and surface roughness reduction 

can be carried out.  

 

In all cases known and new describing parameters of the dispersity and structural 

properties were introduced for the explanation of the measurement results and the change of 

the parameters were examined as a function of main parameters of the stress models - the 

stress intensity SI and the stress number SN – to create the basics of the purposeful control 

of the dispersity and structural properties of ground material in case of dry stirred media 

milling. 
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IV. Scientific results, theses 

The scientific results of the dissertation can be summarized as follows: 

 

1. The standard Jenike type shear test method is suitable to measure the effect of the 

grinding aid on the flow properties of ground material and it provides good 

complement to the traditional - grinding work and product fineness based - 

grinding aid efficiency examination, for the selection of the grinding aid type and 

dosage. 

 

a. The applied normal stress during the measurement has an upper limit; under this 

limit the effect of the grinding aid on the flow properties of ground material can be 

detected. Based on the experiments the above limit is lower than 10 kPa.  

 

b. The Jenike type shear test method can be used for the selection of the grinding aid 

type and dosage in case of the grinding of cohesive, sticking and agglomeration 

inclinable materials.  

 

c. The effect of the grinding aid on the flow properties can be demonstrated by the 

flow function FF and cohesion c investigated on the consolidation levels separately.  

 

2. It was proved by measurements that the product related stress model can be used 

for the characterization of the dry stirred media milling, the description of the 

change in the granules properties by the stress intensity and stress number can be 

done with the following changes. 

 

a. The calculation mode of the stress number, SN was modified, the stress number of 

dry grinding SNF
** was introduced. In case of dry grinding instead of the cv 

suspension concentration, the number of the particles Np can be demonstrated by the 

material filling ratio φm, so the following modifications are introduced:  

 

   
         (    )  

 

 
  

   (1) 

based on this 

   
       

(     ) 
 

   (    )   
   

   (2) 

 

In case if   

   
  

     
    (3) 

 

the material filling ratio φm is the quotient of the material volume Vm and the pore 

volume between the grinding media VP,GM . 
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b. During the calculation of the stress intensity acts on the particles during dry 

grinding should be taken into account that a particle bed stick on the grinding media 

surface and the stress intensity is decreased by this effect. As the particle bed on the 

grinding media surface is thicker, the stress intensity is even lower. Taking this into 

account the followings are suggested: 

      
                ∫  ( )  

 

  
  (4) 

where Wcomp is the work necessary for the compression of the particle bed; ξ0 is the 

thickness of the particle bed before the stress; ξ is the thickness of the particle bed 

after the stress; F is the force necessary for the particle beds compression. 

 

c. The increase of the material filling ratio φm results in the improvement of the 

grinding efficiency until a limit also from the point of fineness (x50 and S) and 

energy utilization EU, so it possesses an optimum in the measured range.  

 

d. The increase of the grinding media filling ratio φGM results in the improvement of 

the grinding efficiency until a limit also from the point of the fineness (x50 and S) 

and energy utilization EU. Above this limit the efficiency of the grinding decreases, 

because of an physical barrier which holds the movement of the grinding media and 

because of the significant particle aggregation and sticking phenomena.  

 

3. Based on the mill related stress model, the stress energy SE and the specific 

grinding work Wf was related to the change in the top intensity of alite and belite 

(2Θ=32.6°) to show the effect of the grinding parameters on the clinker minerals 

crystal structure. 

 

a) The stirred media mill in dry mode can be effectively used to modify the crystal 

structure of clinker minerals and for the control of the structural properties of the 

product.  

 

b) At constant specific grinding work consumption grinding in the stirred media mill 

resulted in higher crystal structure change than in the ball mill. Mechanical 

activation in stirred media mill can be done with higher efficiency than in ball 

mill. (Fig 4.a). 

 

c) Increase of the stress energy resulted in higher crystal structure change, so the top 

intensity of the alite and β-belite (2Θ=32.6°) decreases, at constant (325 kJ/kg) 

specific grinding work (Fig 4.b). 
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(a)    (b) 

Figure 4 Relative top intensity of the alite and β-belite (2Θ=32,6°) as a function of the 

specific grinding work (a) and the stress energy (b)  

 

4. It was proved, that in case of dry stirred media milling if the stress intensity of the 

grinding media is lower than the value required for the body breakage of the feed 

particles, the abrasion of the particles’ surface can be carried out, which results 

the change of the particle shape, rounded and/or smooth surface particles. 

 

5. A measuring and evaluating method was created which is suitable for the 

investigation of the relationship between the parameters of particle shaping 

(surface roughness reduction or rounding) and the main parameters of the 

product related stress model. 

 

Measurement of the particle size distribution and parameters of the product particles 

shape (Feret minimum (Fmin), Feret maximum (Fmax), Area (Av) and perimeter (U)) is 

necessary for the evaluation of the particle shaping process in stirred media mill. Using 

the above mentioned measured parameters the convexity, fault area of circularity and 

the fault area of ellipsity can be used for the description of the surface roughness and 

circularity. For the characterization of the shape of a bulk of a particles, the particle 

shape distribution have to be taken into account, therefore the following deviations 

measured to the ideal value (1) were introduced: 

 

a. Convexity (k) (Kuyumcu et al.2005.): 

  (
  

 
)
 
     √

∑ (    )
  

   

   

 

   (5) 
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The convexity describes the ratio of the perimeter of the smallest convex polygon 

circumscribing the particle contour to the actual perimeter of the particle. It is a measure 

of the surface roughness.  

 

b. Fault area of circularity: 

 

    
   

    
  

       √
∑ (       )

  
   

   

 

  (6) 

 

The fault area of the circularity describes the ratio of the projection area of the particle 

to the area of a circle with a diameter of Fmax. It is a measure of the sphericity. 

 

c. Fault area of ellipsity: 

 

    
   

         
       √

∑ (       )
  

   

   

 

  (7) 

 

The fault area of the ellipsity describes the ratio of the projection area of the particle to 

the area of an ellipse with Fmin smallest and Fmax largest axis. The explanation of the 

creation of this ratio is that usually perfectly spherical particle shape cannot be created 

with attrition, but an egg-like shape formed whose projection can be described with an 

ellipse. 

 

6. The relationships between the parameters which describe the shape of the bulk of 

particles and the main parameters of the product related stress model (SI, SN) 

was explored and their applicability for the description of particle shaping was 

proved. These relationships are as follows:  

 

The parameters of the particle shaping can be related to the stress number, based on 

this the following functions can be drawn:  

    (  )    (8) 

      (  )    (9) 

      (  )    (10) 

these functions have the following form 

  
 

    
      (11) 
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The effect of the stress intensity can be investigated at a constant stress number 

SN=constant, based on this the following functions can be drawn:  

    (  )     (12) 

      (  )    (13) 

      (  )    (14) 

The optimal stress intensity for the particle shaping can be determined by these 

functions.  

 

7. The concept of the rounding efficiency RE was introduced for the summarizing 

evaluation of the parameters of the particle shaping and the yield of the rounded 

but not fractured particles. 
 

The yield of the rounded particle decreases by the increasing stress intensity. For the 

summarizing evaluation of these two parameters (dmeff and SFA; Sk) it is expedient to 

multiply them as a value, because the aim is to create the most favourable shape with 

the lowest weigh loss. Based on the above, the rounding efficiency values were 

introduced: 

1. Efficiency of spheronization 

      (            )             (15) 

2. Efficiency of rounding 

       (            )            (16) 

3. Efficiency of the surface roughness reduction 

    (        )             (17) 

Based on the following functions 

     (  )    (18) 

       (  )    (19) 

       (  )    (20) 

a certain optimal SI value can be selected which is suitable for a certain particle 

shaping task (rounding or surface roughness reduction) with an optimal yield.  

 

8. Based on the above described measurement and evaluation method the following 

conclusions can be drawn:  

 

a) The stress intensity SI has an optimum value for the particle rounding and surface 

roughness reduction. Lower SI than the optimum resulted in mainly the abrasion 
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and chipping of the particles and these are favourable for the rounding and surface 

roughness reduction. 

 

b) The followings are valid for the selection of the milling parameters for the particle 

shaping in stirred media mill: particle shaping: 

o The increase of the number of stress events after a certain value is not 

expedient; the improvement of the particle shape or surface roughness is 

limited at a certain milling parameter.  

o The optimal stress intensity of surface roughness reduction is lower than the 

optimum of rounding.  

o The decreasing feed particle size resulted in lower stress intensity optimum 

in both tasks.  

 

9. The measurement results proved, that in case of the dry grinding of brittle 

materials in stirred media mill, based on the product related stress model, for the 

description of the effect of the stress intensity and stress number the following 

functions can be drawn:  

 

a)  With the change of the stress intensity SI different specific surface area - stress 

number S=f(SN) function with similar shape can be drawn for the characterization 

of the kinetic of the grinding process, as it can be seen in Fig 5. 
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a     b 

Figure 5 The change of the specific surface area as a function of the stress number, 

experimental (a) and theoretical (b) figure. 

 

b) Fig 6 can be drawn for the characterization of the effect of the stress intensity SI, 

where the effect of the stress intensity on the products median particle size can be 
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seen at a constant specific grinding work. Based on this approach three main section 

can be drawn 

I) Section of particle shaping: the stress intensity is lower than the value 

necessary for the breakage of the feed particles; the particle size does not decrease. 

However, in this section the abrasion of the particle surface is carried out resulted in 

the rounding and surface roughness reduction of the particles.  

II) Section of grinding: as the stress intensity increasing the median particle 

size decreasing until a minimum point. In this section the main change is the particle 

size reduction, so classical grinding can be carried out effectively in this section.  

III) Section of the grinding efficiency decrease: further increase of the stress 

intensity does not results further particle size decreasing, which can be explained by 

two different effects: (1) based on the experience of the wet grinding, the stress 

number decreases drastically and (2) the aggregation, agglomeration and sticking 

phenomena during dry stirred media milling.  
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(a)     (b) 

Figure 6 Variation of the particle size as a function of the stress intensity at constant 

specific grinding work, experimental (a) and theoretical (b) figure 
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