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Titre : CARACTÉRISATION EXPÉRIMENTALE ET NUMÉRIQUE DU 

COMPORTEMENT MÉCANIQUE ET DU PROFIL D'USURE DES MEULES À 
LIANT VITREUX 

Résumé :  
 
Le meulage est crucial dans la fabrication, garantissant la précision, la durabilité 

et la qualité de la surface. La meule, responsable de l’enlèvement de matière de 

la pièce, joue un rôle essentiel dans ce processus. Les progrès récents améliorent 

la durée de vie des outils, mais l'usure, en particulier la rupture des liaisons, a un 

impact sur les performances. Comprendre l’usure volumétrique est essentiel pour 

optimiser la rectification. 

Pour aborder la problématique de la rupture de liaison dans les meules en alumine 

vitrifiée et considérant l'influence de la résistance du liant lors du contact entre les 

grains et la pièce, cette recherche vise à caractériser l'évolution de l'usure 

volumétrique dans des conditions de contact de meulage. L'étude combine des 

approches expérimentales et numériques pour examiner le phénomène de rupture 

des liaisons. 

Des tests de meulage réels sont effectués pour isoler la rupture de liaison et 

étudier son apparition à l'aide de paramètres réels. Ce travail met l'accent sur 

l'importance des forces agissant sur la zone de contact et l'influence de la 

résistance du liant dans la génération de la rupture du lien. De plus, le test 

expérimental permet de contrôler les conditions de contact et d’étudier plus en 

détail le phénomène. 

De plus, une analyse numérique est réalisée, utilisant une nouvelle approche de 

simulation multi-échelle pour suivre l'évolution de la rupture des liaisons. 

L'approche multi-échelle intègre un modèle micro-échelle DEM (μSM) et la 

randomisation du modèle micro-échelle (RμSM) de la roue. Le μSM simule le 

champ de contrainte lors du contact, tandis que le RμSM tient compte de la 

localisation aléatoire des grains. Cette approche réduit le temps de calcul et 

détermine le nombre de grains perdus dans un ensemble de conditions de broyage 

données. Deux hypothèses basées sur les propriétés du liant présent dans chaque 

grain sont considérées. Il s’agit du premier modèle permettant de prédire l’usure 

volumétrique des meules. 

D'une part, l'hypothèse 1 de l'approche multi-échelle met à jour le comportement 

mécanique du liant au fur et à mesure de l'usure de la meule. Les résultats 



démontrent un bon accord entre les résultats expérimentaux et les résultats de 

simulation, avec un facteur de forme du grain de 6%. Cela met en évidence 

l’alignement entre le modèle numérique et le test expérimental. En revanche, 

l'hypothèse 2 de l'approche multi-échelle introduit un facteur d'endommagement 

dans le liant pour tenir compte de l'écart en pourcentage de pénétration critique 

dans chaque grain après chaque rotation de la roue. Les résultats des analyses 

expérimentales et numériques de l'usure radiale et du taux de meulage présentent 

un bon accord, le meilleur ajustement correspondant à une valeur de dommage 

de 0,7 %. Cependant, la recherche ne trouve aucune preuve que les températures 

élevées affectent le liant. Par conséquent, un modèle thermique est développé 

pour mettre en évidence l’influence de la température au sein du liant. 

Il a été supposé que les températures élevées atteintes au cours du processus 

pourraient potentiellement affecter la structure du liant. Cependant, les résultats 

du modèle thermique contredisent cette notion, démontrant que le liant subit des 

températures plus basses lors du broyage. Ainsi, la nature du processus rend très 

probable que des situations puissent survenir dans lesquelles le contact entre 

l'épaisseur des copeaux et le liant affecte les propriétés du liant par transfert de 

chaleur par conduction. 

En conclusion, cette thèse aborde le problème de la rupture de liaison dans les 

meules en alumine vitrifiée, en considérant l'influence de la résistance du liant lors 

du contact entre les grains et la pièce. Les recherches impliquent des tests 

expérimentaux et des simulations numériques pour caractériser l'usure 

volumétrique. Les résultats contribuent à l’optimisation du processus et mettent en 

lumière les facteurs affectant la longévité des roues. 

 

Mots clés : Simulation numérique, usure volumétrique, rapport de rectification, 

meule, liaison vitreuse, comportement mécanique. 

 

 

 

 

 



Title : EXPERIMENTAL AND NUMERICAL CHARACTERIZATION OF 

MECHANICAL BEHAVIOR AND WEAR PATTERN OF VITREOUS BONDING 
GRINDING WHEELS 

Abstract :  
 
Grinding is crucial in manufacturing, ensuring precision, durability, and surface 

quality. The grinding wheel, responsible for material removal from the workpiece, 

plays a critical role in this process.  Recent advancements enhance tool life, but 

wear, particularly bond fracture, impacts performance. Understanding volumetric 

wear is essential for optimizing grinding. 

To address the issue of bond fracture in vitrified alumina grinding wheels and 

considering the influence of the strength of the binder during the contact between 

grains and workpiece, this research aims to characterize the evolution of 

volumetric wear under grinding contact conditions. The study combines 

experimental and numerical approaches to examine phenomenon of bond fracture. 

Real grinding tests are conducted to isolate bond fracture and investigate its 

occurrence using actual grinding parameters. This work emphasizes the 

significance of forces acting on the contact area and the influence of the strength 

of binder in generating bond fracture. Additionally, the experimental test allows to 

control contact conditions and further investigate the phenomenon. 

Furthermore, a numerical analysis of vitrified alumina grinding wheels is carried 

out, employing a novel multiscale simulation approach to track the evolution of 

bond fracture. The multiscale model integrates a DEM microscale model (μSM) 

and randomization of the microscale model (RμSM) of the wheel. The μSM 

simulates the stress field in the region of the wheel in contact with the workpiece, 

while RμSM accounts for the actual and random location of the grits. This approach 

drastically reduces computational time and effectively determines the actual 

number of grains lost under a set of given grinding conditions. Two hypotheses 

based on the properties of the binder in each grain are considered in this analysis. 

This is the first model to predict the volumetric wear of grinding wheels.  

On the one hand, hypothesis 1 of the multiscale approach updates the mechanical 

behavior of the binder as the grinding wheel wears. The results demonstrate a 

good agreement between the experimental findings and the results obtained from 

the multiscale simulation, with a shape factor of the grain of 6%. This highlights the 

strong alignment between the numerical model and experimental test. On the other 



hand, hypothesis 2 of the multiscale approach introduces a damage factor in the 

binder to account for the percentage deviation of critical penetration in each grain 

after each rotation of the wheel. The results obtained from both experimental and 

numerical analyses of radial wear and grinding ratio exhibit a favorable agreement, 

with the best fit corresponding to a damage value of 0.7%. However, the research 

does not find evidence that high temperatures affect the binder. Consequently, a 

thermal model is developed to showcase the distribution and influence of the 

temperature within the binder. 

It has been speculated that the elevated temperatures reached during the grinding 

process may potentially affect the structure of the binder in the alumina grinding 

wheel. However, the results obtained from the thermal model contradict this notion, 

demonstrating that the binder experiences lower temperatures during the grinding. 

Thus, the inherent nature of the grinding process makes it highly likely that 

situations may arise where the contact between chip thickness and binder 

potentially affect the properties of the binder through heat transfer by conduction. 

In conclusion, this thesis addresses the problem of bond fracture in vitrified alumina 

grinding wheels, considering the influence of the strength of binder during the 

contact between grains and workpiece. The research involves real grinding 

experimental tests and numerical simulations to characterize and understand 

volumetric wear. The findings contribute to the optimization of the grinding process 

and shed light on the factors affecting the performance and longevity of grinding 

wheels. 

 

Keywords : Numerical simulation, volumetric wear, grinding ratio, grinding 

wheel, vitreous bond, mechanical behavior. 
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Chapter 1  

Introduction 

1.1 Introduction 

Grinding is an ancient process that still plays a vital role in modern industry. It is an 

abrasive machining technique employed in the final stages of manufacturing high-precision 

components with excellent surface finishes. Grinding represents a value-added operation 

in mechanical component production, as it enables the attainment of dimensional 

tolerances and surface finishes unachievable by other manufacturing processes. This 

operation contributes to the fatigue life of the component, making it crucial in high-tech 

sectors such as aerospace, automotive, optics, robotics, and micro-manufacturing. The 

grinding process uses a high-speed rotating abrasive wheel to remove material, consisting 

of abrasive grains, bonding material, and pores, with shapes tailored to specific grinding 

requirements. These abrasive tools possess non-defined cutting edges, allowing thousands 

of abrasive particles with higher hardness than the workpiece material to collectively 

remove material. By combining cutting edges with appropriate grinding conditions, high-

quality workpieces made from hard materials can be produced. 
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The bonding material are known as those that holds the grains together. The four types of 

the bonding systems are resinous, metallic, electro-plated and vitreous bond. Common 

bonding materials for conventional abrasive wheels include resinoid (including 

reinforced), vitrified, rubber (including reinforced), silicate, oxiclaurate, and shellac. 

Vitrified bonding is the most prevalent, accounting for almost 50% of all manufactured 

abrasive wheels. Vitrified bonds consist of glass formed by consolidating ceramic 

components such as clay, feldspar, and borax at high temperatures. Vitrified bonds exhibit 

stability at high temperatures, fragility, rigidity, and the ability to withstand high levels of 

porosity within the abrasive wheel structure. Among their other important characteristics, 

vitrified grinding wheels are dressing easier and simultaneously exhibit high wear 

resistance. Furthermore, the controllable elements in vitrified grinding wheels are the 

porosity and structure, as they enable the adjustment of the grinding wheel's strength. They 

also play a vital role in defining the topography of the abrasive wheel, allowing for a diverse 

range of metal removal rates and surface finishes to be achieved. 

One crucial aspect of the grinding process is the contact zone, where material removal and 

heat generation occur. This contact involves high pressures (1-2 GPa) and high relative 

velocities (>30 m/s) between the workpiece and the abrasive wheel. During this interaction, 

the abrasive wheel undergoes wear, leading to progressive degradation and a loss of cutting 

capability. This wear negatively affects the final quality of the parts, causing the 

deterioration of dimensional tolerances and the modification of process parameters, which 

has repercussions on the viability of the operation. The wear also results in a loss of 

dimensional tolerances and surface finish, ultimately affecting the viability of the grinding 

process and potentially compromising the fatigue behavior of the components. The 

grinding wheels can experience three main wear mechanisms: attritious wear, grain 

fracture, and bond fracture. 

Among the various wear mechanisms, bond fracture occurrence has a significant impact 

on performance degradation. This is because when the grinding wheel experiences 

extensive wear, it diminishes its ability to accurately grind materials. Furthermore, other 

types of wear can also coexist. However, the generation of bond fractures can solely 

happen, depending on grinding parameters and wheel conditioning. 
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This research work addresses the issue of volumetric wear in grinding wheels from a 

scientific point of view, applying fundamental studies to address the practical problem of 

grinding wheel life in industrial applications. The study primarily focuses on characterizing 

the occurrence of bond fracture under grinding contact conditions. To achieve this, 

carefully designed experimental tests are conducted to analyze the influence of the strength 

of binder on volumetric wear. To mitigate the randomness of the grinding process, the 

experimental tests are meticulously designed to control wear of the grinding wheel and 

replicate the real volumetric wear. To quantify and to gain a comprehensive understanding 

of volumetric wear throughout the entire grinding process, rather than solely comparing 

the initial and final states of the grinding wheel, a multiscale simulation approach using the 

DEM is developed. Both the experimental tests and the numerical model serve as valuable 

tools for grinding wheel manufacturers, enabling them to characterize the behavior of the 

vitrified bond under specific grinding conditions. Additionally, a thermal model of the 

grinding wheel is developed to assess the effect of temperature within the vitrified bond.  

1.2 Objectives and contributions 

The objectives of this thesis can be summarized as follows: 

 To study the nature of volumetric wear, predict the value of the grinding ratio G and 

analyze the influence of the strength of binder during the contact between abrasive 

grains and the workpiece. The generation of bond fracture is influenced by the strength 

of binder, which can vary depending on the location of abrasive grains. This analysis 

not only considers the number of abrasive grains removed but also examines the critical 

values of grain penetration during the contact. 

 To determine the influence of the bond fracture occurrence in vitrified alumina grinding 

wheels during real grinding operations. By isolating bond fracture from other types of 

wear, a comprehensive characterization of the evolution of volumetric wear can be 

conducted, considering the grinding parameters and the hardness of the grinding wheel. 

   

 To perform experimental tests on a surface grinding machine. The main characteristic 

of these tests is their ability to reproduce the volumetric wear that occurs during the 
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contact between abrasive grains and the workpiece in the grinding wheel. Furthermore, 

the topographic profile of the grinding wheel is reproduced, exhaustively controlled, 

and quantified during the wear process. 

 To precisely predict the radial wear and real volumetric wear experienced of a vitrified 

alumina grinding wheel. To achieve this, a methodology is established to measure 

surface topography wear using a graphite piece. This methodology allows for accurate 

assessment of the radial wear, providing valuable insights into the wear patterns and 

changes in the grinding wheel's topography. 

 To propose a multiscale simulation approach for analyzing the influence of bond 

fracture generation on the wear during the contact between alumina and steel under 

grinding conditions. On the one hand, a discrete element wear microscale model (μSM) 

is developed to accurately replicate the impact of force reactions in the vitrified bond 

during the contact. This model aims to capture the intricate dynamics involved in the 

grinding process. On the other hand, randominization of μSM (RμSM) is developed in 

order to take into account the actual and random positions of the alumina grits. The 

objective of this macrogeometry approach is to precisely quantify the exact number of 

grains that are eliminated during the wear process, while concurrently reducing 

computational costs. Furthermore, it is essential to validate the proposed numerical 

model experimentally. 

 To determine the impact of temperature on the vitrified bond under real grinding 

conditions. The main focus is to analyze the influence of high temperatures reached 

within the vitrified bond during grinding operations. To achieve this, a thermal model 

is developed. 

 To create a practical and beneficial tool for the industrial design of grinding wheels that 

are specifically suited for particular applications. This tool will allow for the thorough 

characterization of the volumetric wear experienced by vitrified alumina grinding 

wheels even before the manufacturing process of the required grinding wheel begins. 

1.3  Content 

The thesis consists of six chapters, with the first chapter serving as the introduction to the 

work. In this chapter, the purpose and scope of the thesis are established.  
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The second chapter is dedicated to a comprehensive literature review on the current state 

of the art in grinding process. Specifically, it focuses on the various aspects of grinding 

wheel wear that have been crucial in shaping the direction of the present research work. 

The types of wear exhibited by grinding wheels and abrasive grains are analyzed, with 

particular emphasis on volumetric wear. The review encompasses the most significant 

works that form the foundation for the development of the numerical multiscale simulation 

and thermal model of the grinding wheel. Notably, considerable attention is given to the 

study of vitrified bond. In order to gain a deeper understanding of the grinding process, in 

this chapter also delves into the analysis of grinding models, with a specific focus on wear 

models. By examining these models, the aim is to enhance comprehension of the grinding 

process itself. 

The third chapter focuses on the methodology follow to develop the experimental grinding 

tests, with the primary objective of characterizing the occurrence of bond fracture in 

vitrified alumina grinding wheels. The chapter specifically examines the evolution of bond 

fracture during real grinding processes. The obtained results serve as crucial inputs for the 

numerical model. Furthermore, the grinding wheel surface is thoroughly analyzed to verify 

that the bond fracture phenomenon is indeed responsible for the interactions that occur 

between abrasive grains and the workpiece. 

The fourth chapter introduces an innovative multiscale approach that combines the 

mechanical behavior of vitrified bonds with the stochastic characteristics of grain location. 

The newly developed multiscale approach incorporates a microscale Discrete Element 

Method (DEM) model, referred to as μSM, and incorporates randomization of the μSM 

(RμSM) within the grinding wheel. The μSM simulates the stress distribution within the 

wheel's contact region with the workpiece, while the RμSM takes into account the actual 

and random positions of the alumina grits. This approach significantly reduces 

computational time and accurately determines the actual number of grains lost under 

specific grinding conditions. The model effectively predicts the detachment of entire 

clusters of abrasive grains from the bonds, showing a high level of agreement with 

experimental observations for two hypotheses. On the one hand, the first hypotheses 

consider the updating the mechanical behavior of the binder as the grinding wheel wears. 
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On the other hand, the second hypotheses consider the cumulative damage produced in the 

binder. 

In the fifth chapter of the thesis, a thermal model of the vitrified alumina grinding wheel is 

developed with the objective of determining if the properties of the vitrified bond are 

influenced by temperature. The model aims to establish the zones within the bond that are 

affected by changes in temperature during the grinding process. 

The sixth and final chapter of the thesis serves as a compilation of the primary contributions 

and conclusions derived from the research conducted throughout the thesis. It summarizes 

the key findings and insights obtained during the study. Additionally, this chapter outlines 

future research directions that can be pursued in the analysis and characterization of wear 

in grinding wheels. By proposing future avenues of investigation, the chapter aims to 

inspire further advancements in the field and build upon the knowledge gained through the 

thesis. 
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Chapter 2  

Review of the state of the art 

2.1 Introduction 

The initial phase of this research focuses on exploring the fundamental aspects of the 

grinding process along with the latest technological advancements in the field. Among the 

various grinding processes, profile grinding stands out as a widely employed technique in 

the high-value parts industry. However, achieving precise control in profile grinding is 

challenging due to the inherent variability of the process parameters, which are influenced 

by numerous factors, including wear. Wear plays a fundamental role in the profile grinding 

process as it directly impacts the quality, cutting and overall productivity. Of the various 

types of wear, bond fracture specifically affects volumetric wear, leading to the degradation 

of the grinding wheel's geometry and, consequently, compromising the quality of the 

finished parts. 

A comprehensive understanding of the mechanical properties of the grinding wheel is 

carried out. This analysis will conduct a thorough mechanical characterization of the 

grinding wheel, taking into account its composite structure. Furthermore, it will encompass 
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an assessment of the wheel's key mechanical and thermal properties, including hardness, 

strength, fracture toughness and thermal conductivity. 

Finally, the simulation and modeling techniques of the grinding processes are presented. 

These tools predict and optimize grinding wheel performance by simulating the process 

and analyzing influential factors, including abrasive particles, bond material, wheel 

geometry, structure, thermal damage, surface topography, and grinding parameters. 

This reviewed introduction provides a clearer and more comprehensive overview of the 

research topic, emphasizing the importance of volumetric wear in profile grinding. In 

addition, to ensure the proper execution of an experimental test and the accurate creation 

of a grinding wheel model, it is essential to control the boundary and contact conditions. 

Additionally, these controlled conditions enable the measurement of important parameters 

such as radial wear and the G ratio of the grinding wheel. 

2.2  Introduction to the grinding process 

2.2.1 Fundamentals 

The grinding process is key technology to produce high added-value parts [1]. It constitutes 

20-25% of the total cost in machining operations [2]. The grinding belongs to the group 

precision machining with process such as lapping and honing. The important characteristic 

is the high machining accuracy and good surface finish in hard or fragile materials. 

Nowadays, the typical level of Ra achieved in grinding operations ranges from about 0.15 

to 1.5 m, and the dimensional tolerances produced are usually 10 to 50 times larger than 

Ra [2]. This accuracy cannot be obtained with other manufacturing processes [3]. In 

addition, the grinding process is generally the last stage in the production chain [2], so a 

small mistake in the process could cause great economic losses. This implies, that latest 

technology machines with high accuracy are required. With the above mentioned, the 

importance of grinding in high-technology manufacturing sectors is recognized. 

One of the most relevant aspects for a successful grinding process is the grinding wheel 

(Figure 1). It is composed by a series of compacted hard grains with irregular shapes 

embedded in a bond. The function of the bond is to hold the abrasive grains in place, and 



Chapter 2: Review of the state of the art  

 

9 

 

this is achieved when the material is strong or if there is a sufficiently large cross-sectional 

area. The bond possesses the capability to endure elevated temperatures, significant forces, 

and grinding forces without undergoing disintegration. The varied combination of these 

components allows the wheel to be adaptable to different applications. The grains are 

harder than the workpiece material. Microscopically, when a grain is shearing material, the 

grain could be assimilated to a cutting tool with a negative the rake angle, around -60° to -

70° [4], as shown in Figure 1.  

 

Figure 1. Schematic illustration of chip formation by an abrasive grit removing material from the 

workpiece during the surface grinding process. 

Typical applications of grinding process can be found in many industrial sectors such as 

aeronautics, automotive industry or biomedical industry. In Figure 2 typical parts of 

aeronautic industry can be found (turbine blade roots, nozzle guide vane (NGV) or landing 

gears). In this case the parts are made of nickel alloy and very accurate tolerances are 

required (dimensional tolerances ±0.15 mm and Ra < 0.5 m) [5]. In automotive industry, 

typical materials use to be high alloy steels including high amounts of Cr, Ni, Mn and Mo. 

The low machinability of the ground parts together with the tight dimensional tolerances 

(±0.2 mm and Ra < 0.7 m) [6], makes very difficult a successful grinding process. The 

gears in machine-tool or marine industry are usually made of Cr and Ni material and reach 

Sa < 0.8 m [7]. The increasing demand for precise dimensions and superior surface finish 

is leading to the use of advanced grinding techniques for these materials.  
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Figure 2. Grinding application [8]–[10]. 

The most used abrasive materials in abrasive grinding wheels are alumina Al2O3 and silicon 

carbide SiC. Figure 3 shows the structural composition for a vitrified alumina grinding 

wheel. These abrasive grains can be seen on the periphery of the grinding wheel as 

microphylls. The properties and performance of the vitrified alumina grinding wheel 

depend on the type, size and quantity of the grits, the hardness and the structure of the 

bonding. The manufactures of the grinding wheel identify the vitrified alumina grinding 

wheel with limited information keeping in secret the know-how, components and additives. 

However, the most demanding tasks, superabrasives such as CBN or diamond are often 

preferred. On the one hand, for the case from CBN grinding wheel, the material such as 

hardened bearing steel, silicon nitride ceramics and nickel-based superalloys are ground. 

On the other hand, for the case from diamond grinding wheel, the material of high hardness 

such as polycrystalline cubic boron nitride (PcBN), the polycrystalline diamond and 

bioceramic material are ground. These advanced abrasive materials have the unique ability 

to maintain their sharpness and cutting edge over a longer period of time compared to 

conventional abrasive materials. It offers exceptional efficiency and cutting capacity for 

the applications mentioned, making it a highly suitable choice [11]. In spite of this fact, the 

high cost of this type of wheels, the difficulties to conditioning them and necessity of very 

rigid and high-power machines to carry out the grinding process in a correct way, fragility 

and complicated dressing process, together with the recent advances in conventional 

abrasives, are making are making the vitrified alumina grinding wheels make it a preferred 

choice for certain situations.  

https://www.sciencedirect.com/topics/engineering/polycrystalline-diamond
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  Figure 3. Structural composition of the grinding wheel. 

In recent times, grinding parts with complex profiles has emerged as a key application in 

industries such as aerospace, transportation, and energy. In this context, the use of alumina 

wheels for profiling and grinding has become increasingly popular due to their ease of use, 

as well as the latest advances in abrasive materials and their cost. Therefore, the use of 

these wheels is highly suitable for this type of application. 

2.2.2 Recent developments in grinding 

All Industrial sectors are undergoing rapid transformations that require advancements in 

production technology to enhance performance and productivity. In response to these 

evolving demands, ongoing research efforts are dedicated to this field. Consequently, 

cutting-edge machines incorporating the latest technologies have been developed to 

machine intricate geometric components with unparalleled precision and improved quality. 

One such technology making significant advance is ultrasonic-assisted grinding (UAG), 

which facilitates the removal of substantial material volumes using reduced grinding force 

and generating lower levels of heat [12]. UAG has proven highly effective in achieving 

superior surface quality and extending the lifespan of grinding wheels. Another notable 

advancement is electrochemical grinding (ECG), a technique that simultaneously employs 

electrochemical reactions and abrasive grinding to efficiently eliminate large amounts of 

material. ECG offers the advantage of low induced stress and further enhances the 

longevity of grinding wheels [13]. Figure 4 provides a schematic diagram illustrating the 

principles of electromechanical grinding. 
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Moreover, modern machines can be tailored to meet specific requirements imposed by 

diverse components. For instance, external machining may employ a large corundum 

grinding wheel, while groove machining can use a smaller CBN grinding wheel, each with 

separate dressing systems. By incorporating these updates, machines can successfully 

execute cylindrical grinding operations on crankshafts and camshafts, resulting in 

increased productivity [14]. 

 

Figure 4.  Schematic diagram of electrochemical grinding [13]. 

In today's competitive market, numerous industrial sectors are actively striving to adopt 

sustainable practices and establish a strong market presence. However, the grinding 

process, which is widely employed, poses significant environmental challenges due to the 

utilization of grinding fluids and the resultant tool wear. To address these concerns, cutting-

edge machines equipped with advanced auxiliary devices have been developed to minimize 

the environmental impact. 

One of the recent auxiliary technologies making significant strides in this direction is 

minimum quantity lubrication (MQL), also known as dry machining. This technique 

involves the application of a small amount of lubricant in the form of micro-droplets mixed 

with air directly at the grinding contact area. By adopting MQL, surface quality is 

improved, coolant usage is minimized, and tool wear is reduced [15]. The components of 

the MQL system are depicted in Figure 2.4, showcasing its functionality and effectiveness. 

Another notable auxiliary technology that has emerged is cryogenic grinding, which 

utilizes an inert gas, such as nitrogen, as a cooling medium. The application of cryogenic 
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grinding aims to minimize thermal stress on the workpiece, thereby improving surface 

quality, reducing tool wear, and minimizing grinding forces [16]. 

However, it is important to note that in the case of the latter auxiliary technology, the 

researcher has observed some detrimental effects on the tools. Further investigation and 

development are required to mitigate these issues and fully harness the potential benefits 

of cryogenic grinding. 

 

Figure 5.  Schematic diagram of MQL system [12]. 

Conditioning technology holds significant importance in the realm of grinding as it directly 

influences material removal rate, forces, and surface quality, all of which are vital in 

manufacturing outcomes. The best machine manufacturers are those equipped with top-

notch conditioning systems, driving research towards optimizing this technology. Among 

these advancements is thermomechanical dressing, which conditions coarse-grained 

diamond grinding wheels through a chemical reaction involving heat, oxygen, and 

austenitic steel calottes as catalysts. Coarse-grained diamond allows for excellent surface 

quality and high precision [17]. Another notable technology is electrolytic dressing in 

process (ELID), where electrolysis occurs in the grinding wheel through the supply of 

grinding fluid and an electric current. This method employs diamond abrasives to achieve 

superior surface quality, particularly on ultra-hard materials. Additionally, wire electric 

discharge dressing (WEDD) has gained attention after intensive research, offering 

conditioning of metal-bonded wheels with continuous current supply. WEDD brings 
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advantages such as improved dressability, low power consumption, minimal grinding 

wheel wear, and increased grit protrusion. However, it is limited to grit sizes up to 150µm 

[18]. These advancements reflect the ongoing pursuit of excellence in grinding, aiming to 

optimize conditioning processes for improved manufacturing outcomes, efficiency, and 

precision. 

High-precision gears have emerged as a critical component in ensuring optimal 

performance and reliability in transmissions for automobiles, aircraft, and industrial 

machinery. Modern gears are expected to possess characteristics such as lightweight 

design, reduced noise emissions, high power density, and enhanced energy efficiency. To 

meet these demands, a continuous generating gear grinding process has become the 

preferred method for achieving the hard finishing of high-precision gears. This process 

employs a vitrified bonded threaded grinding wheel, enabling simultaneous machining of 

the edges and flutes of the workpiece in a continuous operation, significantly reducing 

processing time and improving efficiency [13]. Temperature control systems are integrated 

into the machines to ensure precise and repeatable results, promoting thermal stability 

during grinding operations. Furthermore, state-of-the-art machines feature advanced 

electromechanical drive systems and intelligent software, enabling high-speed 

measurement, as depicted in Figure 6. These measurements assess the quality and distortion 

of the surface prior to grinding, eliminating the need for non-contact grinding passes and 

ensuring the entire surface is ground effectively [19]. 

 

Figure 6.  High-speed measurement for full contact grinding [19]. 
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In modern manufacturing, the using of simulation tools has become indispensable for 

machining operations. These tools offer the capability to predict the outcomes of grinding 

processes accurately. One such simulation tool is the centerless grinding setup, which 

employs an algorithm to eliminate geometric instabilities and generate stable maps. This 

tool visualizes both stable and non-stable geometric configurations, providing information 

into the evolution of profile errors during the grinding process, as depicted in Figure 7 [20]. 

Another notable simulation tool is the intelligent grinding assistant (IGA), a software 

system that records machining information and uses an algorithm to select pertinent data 

for operators, aiding decision-making and process optimization [21]. Additionally, the finite 

element method (FEM) is employed as a simulation tool in the grinding process. FEM 

enables the design of grinding wheel models, predicting grinding forces and workpiece 

surface topography, yielding results consistent with experimental tests [22]. These 

simulation tools empower manufacturers to optimize grinding operations and enhance 

productivity. 

 

Figure 7.  Simulation of centerless grinding geometric stability [23]. 
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2.3 Grinding with complex profile grinding wheels  

2.3.1 Characteristics of the profile grinding wheels 

The precision profile grinding is a process used to grind the surface of a material to a 

specific shape. The grinding wheel is shaped to match the desired profile of the finished 

product [24].  Figure 8 shows a profile grinding wheel grinding a helicoidal gear. The shape 

of the grinding wheel allows to grind the contour surfaces of the gear teeth and to produce 

low tolerances with a good surface finished. As can be observed from the illustration, the 

radius of a profile grinding wheel changes along its width.  

Helicoidal gear      Profile grinding wheel 

 

Figure 8. Schematic drawing for grinding helicoidal gear with profile grinding wheel. 

The principal characteristics of the profile grinding process are: high precision, complex 

shape and fine surface finishes. The profile grinding is capable of producing very precise 

shapes and profiles with tight tolerances. Also, as it is mentioned above, the process is well-

suited for producing complex, contoured shapes that would be difficult or impossible to 

produce with other manufacturing methods. Finally, the process often involves making 

multiple passes over the workpiece, each time removing a small amount of material and 

refining the shape and finish. It can produce very fine surface finishes, with roughness 

values as low as a few micrometers. For example, Ra of the profile surface of turbine blade 

root ground reaches values of 0.6 m [25]. All these factors make profile grinding a highly 
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valued technique in the manufacturing industry, as it offers advantages that are not possible 

with traditional grinding methods. 

Due to its high precision and ability to produce complex and fine finishes, profile grinding 

has become a technique in great demand in various industries, resulting in a wide range of 

applications. The profile grinding wheel are often used to create precision in railways or 

guide, root of a turbine blade, the production of machine parts including bearings, gears, 

cams, spindles and in the manufacture of tools and cutting edges [26]. One example is in 

the gears, the tooth gap is ground. These spaces are impossible to reach with conventional 

profile wheels. When grinding gears, the profile grinding wheel is utilized to grind the teeth 

to a specific profile, including spur gears, helical gears, bevel gears, and worm gears. For 

cams, the profile wheel is used to grind the camshaft's cam profile, which is frequently 

required in the production of high-performance engines and machinery. When grinding 

tools, such as drill bits or milling cutters, the profile grinding wheel is used to shape the 

tool's contour. Another example is in the blade roots of gas turbine compressor. The blades 

are connected to the central axis by the structure that has the root. As seen in  Figure 9, the 

root has a trapezoidal shape with its valleys and ridges on the lateral walls. In one article 

Denkena et al [27] reduce drag in turbulent flow and improve the efficient of the turbine 

by grinding microgrooves, known as riblets, onto the surfaces of compressor blades with 

help of the profile grinding wheels. Therefore, the versatility and suitability of the profile 

grinding wheel make it a popular choice in many industries, enabling the production of 

precise and complex shapes for a wide range of applications. 

 

Figure 9. Turbine blade from a Turbo-Union jet engine [28]. 

https://en.wikipedia.org/wiki/Turbo-Union_RB199
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Maintaining tight tolerances is important in precision grinding with profile grinding 

wheels. Typical tolerances for grinding gears using a profile grinding wheel are typically 

AGMA class 14 or higher [29] to ensure adequate dimensional accuracy. In addition, 

tolerances for surface roughness can be 0.4 micrometers or less, allowing for smooth and 

efficient power transmission. For grinding cams with a profile grinding wheel, tolerances 

can vary depending on the application and specifications provided [2]. Typically, a 

maximum variation of around 0.0025mm in cam height and shape is allowed, and the 

tolerance for surface roughness can be 0.2 micrometers or less, ensuring smooth and 

accurate operation. In the case of grinding cutting tools with a profile grinding wheel, 

tolerances can also vary depending on the application and customer specifications. 

Typically, a maximum variation of approximately 0.0025mm in cutting geometry and 

dimensional accuracy is allowed. In addition, the tolerance for surface roughness can be 

0.4 micrometers or less, ensuring reliable performance and a long tool life [29]. 

Grinding strategies are necessary in various fields such as manufacturing, engineering, and 

machining. The primary purpose of grinding strategies is to shape and finish the surfaces 

of different materials to achieve the desired specifications, such as size, shape, and surface 

roughness. Profile grinding strategies refer to the techniques and methods used to grind 

complex profiles on workpieces using a profile grinding wheel. One of the techniques is 

the selection of profile grinding wheel geometry. Depending on the application, the specific 

design of the profile grinding wheels have different shapes and sizes. Standard 

International ANSI B74.2 “Specifications for shapes and sizes of grinding wheels and for 

shapes, sizes and identification of mounted wheels” [30] shows a variety of shapes and 

sizes of grinding wheels. This specific information is marked on the profile grinding wheel. 

The complexity of the shapes, the size of the profile and the abrasive material used, are 

factors that determine the profile grinding wheel design. 

Based on the diversity of shapes and sizes outlined in the standard specifications, profile 

grinding wheels are designed to meet specific grinding needs. There are several types of 

profile grinding wheels, each designed to work with specific materials and grinding 

equipment as shown in Figure 10. Some of the most common types of profile grinding 

wheels include [31]: 



Chapter 2: Review of the state of the art  

 

19 

 

 Straight wheels - the most widely used type of profile grinding wheel and are suitable 

for a variety of grinding operations such as surface grinding, centerless grinding, and 

cylindrical grinding. The size of these wheels can vary significantly, with the diameter 

and width of the face depending on the size and power of the grinding machine being 

used. These wheels are designed with a flat surface and straight edges, which allows 

for efficient and precise grinding. The versatility and availability of straight wheels 

make them a popular choice for many grinding applications. They belong to group 1 

of the standard. 

 Cone wheels – A small abrasive wheel that is bonded and shaped like a cone, cylinder 

or bullet, and is used with a portable grinder. This type of wheel is mounted on a pin 

or mandrel for easy use. They belong to type 16, 17, 17R, 18, and 18R cones. 

 Cup wheels are specifically designed to be used in horizontal spindle surface grinders. 

These wheels are tilted at an angle  from the vertical [3]. They are widely used in 

precision optics due to their ability to produce exceptionally smooth surfaces. Cup 

wheels are frequently utilized for re-sharpening and finishing purposes in various 

applications, depending on the size of the abrasive used. 

 Dish wheels refer to shallow cup-style wheels that are typically attached to a vertical 

spindle grinder. Due to their narrow design, they can easily fit into tight crevices that 

a cup wheel may not be able to reach. These wheels are commonly used for 

applications similar to those of cup wheels. 

 Tapered wheels belong to either ANSI Type 3 or 4 category and have a thicker cross 

section near the central bore, which gradually tapers down towards the outer diameter  

 Segmented wheels come in various styles, but their defining feature is the segmented 

arrangement of abrasive sections on the wheel's surface. 
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Figure 10. International Standard Shapes for Conventional Wheels [3] 

Other of the strategies for correct grinding with profile grinding wheel is dressing. It is an 

important step in the profile grinding process. Dressing is used to condition the grinding 

wheel and produce a precise and consistent surface on the workpiece. The dressing process 

involves removing the dull and worn abrasive grains from the grinding wheel and exposing 

fresh and sharp abrasive grains (see Figure 11.) to ensure that the grinding wheel can grind 

accurately. 

 

Figure 11. Sharp Cutting Edges of a CBN Grit seen in SEM. [32] 

There are several methods of dressing a profile grinding wheel. Here are some of them: 

 Single-point diamond dressing: This method is a a commonly used method for shaping 

a profile grinding wheel. This involves using a single-point diamond to remove 
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material from the surface of the wheel, allowing the creation of various shapes and 

profiles. It is suitable for grinding wheels made of aluminum oxide, ceramic, and 

silicon carbide abrasives. However, it's important to note that this method should not 

be used on CBN grinding wheels [33] 

 Form dressing: This method involves using a form or template to shape the grinding 

wheel. The form is pressed against the wheel while it is rotating, and the wheel is 

ground to match the shape of the form. For example, in order to modify the profile of 

a gear, a diamond dressing tool is used as shown in Figure 12. The tool moves parallel 

to the worm's axis at a helix angle while the worm turns. Since each modification 

requires a new profile, a new diamond dressing tool must be used each time [34]. 

 

Figure 12. Dressing with rotatory diamond dressers [35]. 

 Electroplated diamond dressing: This method uses an electroplated diamond tool to 

shape the grinding wheel. The diamond tool is shaped to match the desired profile, and 

it is then used to grind the wheel to the desired shape. The abrasive grains onto the 

surface of the wheel body electroplated are fixed. Due to the irregular shapes and sizes 

of the grains, the resulting tools have a rough profile. 

 Abrasive dressing: This method involves using an abrasive material, such as a grinding 

stone, to shape the grinding wheel. The abrasive material is pressed against the wheel 

while it is rotating, and it removes material from the surface of the wheel. 

The method used to dress a profile grinding wheel will depend on the specific application 

and the desired profile. Each method has its own advantages and disadvantages, so it's 

important to choose the method that is best suited for the particular job at hand. 
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The next strategy is the grinding parameters. The grinding parameters, such as the wheel 

speed, feed rate, and depth of cut, should be carefully controlled to achieve the desired 

profile and surface finish. The appropriate wheel speed is dependent on several factors, 

including the material being ground, the type of grinding wheel being used, and the specific 

profile being ground. For the case of helical gears [36], the wheel speed is low to ensure 

the self-sharpening in the grinding wheel. The wheel speeds for rough grinding range from 

24 to 30 m/s, while for finishing, they typically range from 30 to 35 m/s. On the one hand, 

the feed rate is dependent on the speed ratio qs, with a standard machine typically having a 

feed rate of around 3500 mm/min. On the other hand, the depth of cut ae is depend on the 

Q'w , which value is determined by the type of process being applied. The feed rate and 

depth of cut is selected based on the material being ground and the hardness of the grinding 

wheel. 

A lot of studies are currently being conducted to investigate important topics such as 

surface finish, grinding burns and wear. One example is a study [7] where the authors 

created a theoretical model to predict surface finish in profile gear grinding. This model 

combined the movement of the grains and a previously established method for calculating 

material removal to accurately predict the surface finish of the gear. The model is tested 

using a 3.8788 mm module gear made of 12Cr2Ni4A material and a 3SGA80F10V 

grinding wheel. The results of the study are found to align well with experimental data, 

with differences of less than 10% in 3D roughness measurements. There are also similar 

studies that have focused on how contact conditions affect thermal behavior during 

grinding. For instance, in another study [37], the authors performed a comprehensive 

thermal analysis of a fir-tree type DZ125 nickel alloy workpiece and a single-layered CBN 

grinding wheel. They used a set of grinding tests to analyze how various grinding 

parameters affected temperatures and forces. They also developed a new thermal model 

that took into account the shape of the contact zone and heat source in relation to the 

grinding process. The results showed deviations of less than 1.5% for the maximum 

temperature predicted. 
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Figure 13. Profile grinding wheel and gear in grinding setup [7] 

Currently, there are limitations associated with profile wheel grinding, such as non-

symmetrical wheel profile, temperature distribution, and non-uniform coolant flow. When 

grinding asymmetrical profiles, there can be a major issue with the axial forces that occur. 

This can cause the grinding wheel to deform in the axial direction, resulting in an incorrect 

final profile. This can affect the accuracy and precision of the final product [38]. Another 

significant limitation is the temperature distribution, where the temperature concentration 

can form at corners and it may result in a local zone. Consequently, it may lead to thermal 

damage in the workpiece [38]. In addition, a limitation important to consider is the non-

uniform coolant flow in the profile grinding wheel [39]. This makes it even more critical, 

as it increases the forces and temperature during the process. To avoid these limitations the 

grooved grinding wheels on profile grinding wheel is required. However, although multiple 

techniques have been created to make grooved grinding wheels, no method exists to 

produce groove on the profile grinding wheel [40]. Despite these limitations, research and 

development in the field of profile grinding wheel continues to push the boundaries and 

improve upon current methods. 

2.3.2 Vitreous bond wheels 

Vitrified super abrasive technology is currently the fastest-growing field in the precision 

grinding market. Vitrified bond wheels, which represent approximately 50% of 

conventional wheels, have gained significant popularity [41]. The function of the vitreous 

bond is to encapsulate the abrasive grains and bind them together with a spacing. In Figure 
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14, it can be observed that there are two grains joined by a vitreous bond, with a length of 

0.100 mm and a thickness of 0.040 mm. The vitrified bond offers several advantages in 

grinding applications. Firstly, it enhances the transportation of cooling lubricants, 

effectively reducing thermal stress on the workpiece. Secondly, providing structural 

support to the abrasive grains and maintaining the desired separation between them. 

Additionally, the porosity of the vitrified bond facilitates efficient chip removal during 

grinding operations. 

 

Figure 14. Vitreous bond between two abrasive grains [42] 

However, the vitreous bond, despite its excellent ability to maintain the sharpness of the 

abrasive wheel, does have a drawback in terms of brittleness. This brittleness increases the 

risk of bond breakage. Despite this limitation, the importance of vitreous bonding materials 

remains clear. Recent publications [43]–[46]  have focused on the development of new 

formulations for ceramic bonds. These studies have not only described these new bond 

compositions but have also established their improved grinding performance through 

systematic grinding tests. 

Vitreous bonds are compounds composed of silicates, quartz, feldspar, kaolin, and frits [3]. 

The main ingredients of vitreous bonds include borosilicate glass, lead glass, and other 

vitreous materials with low melting points. Although manufacturers do not provide 

information about the composition of the vitreous bond due to confidentiality concerns 

surrounding their products, Herman and Kroz mentioned that a commercial glass bond 

belongs to a system known as Na2O-K2O-Al2O3-B2O3-SiO2 [47]. These components allow 

for control over the porosity of the wheels and, in combination with volumetric proportions, 

provide strength to the bonding bridges. Unlike other bonding agents, vitreous bonds 
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exhibit a significant number of pores in the wheel structure, which contributes to their high-

temperature resistance, fragility, and rigidity. In addition, throughout the grinding 

operation, vitrified bonds demonstrate exceptional bonding capabilities, enabling them to 

effectively manage the grinding wheel profile, withstand maximum load carrying capacity, 

exhibit flexibility, and maintain excellent corner retention properties. The flexibility allows 

for conditioning the topography of these grinding wheels to achieve a wide range of metal 

removal rates and surface finishing characteristics. The appearance of vitreous bonds can 

vary due to differences in ingredients and sintering conditions. Furthermore, they are highly 

effective in material removal. 

The vitreous bond exhibits the advantageous capability of dressing. Dressing involves the 

removal of dull or worn abrasive grains, facilitating the exposure of fresh cutting edges and 

reducing pore clogging within the grinding wheel [48]. This process effectively maintains 

the sharpness and profile of the grinding wheel, contributing to its sustained performance 

and longevity [49]. 

It is worth noting that vitreous bonds are not used in high surface speed applications, except 

for when the speed is below 120 m/s [41]. In conventional precision grinding, alumina 

grains are predominantly used in vitrified bonds. However, in superabrasive grinding, 

which represents less than 20% of the total market, vitrified CBN (cubic boron nitride) is 

the preferred choice. 

2.3.3 Kinematics  

The grinding process is conceptually similar to micromilling [50], wherein the abrasive 

grains on the grinding wheel act as miniature cutting tools, machining the material in a 

manner of a scaled-down milling operation. Notably, the grinding process exhibits a 

stochastic nature, with abrasive grains possessing distinct geometries and being randomly 

distributed across the grinding wheel surface. Consequently, each grain removes a varying 

amount of material during the process. As a result, investigations into grinding 

phenomenon at both macro and micro scales need the using of statistical calculations to 

derive meaningful insights and draw reliable conclusions. 



Chapter 2: Review of the state of the art  

 

26 

 

In order to define the appropriate grinding process parameters, a thorough examination of 

the kinematics is crucial. These parameters play a vital role in predicting key outcomes 

such as surface roughness, power consumption, grinding wheel wear, and thermal 

considerations [41]. Among the several parameters involved, two of particular significance 

are the geometric contact length (lc) and the chip thickness (hcu). 

The contact length serves as a vital machining parameter, providing insights into the extent 

of interaction between the surface of the grinding wheel and the workpiece [50]. This 

parameter, along with the width of the pass (bs), allows obtaining the contact area between 

the grinding wheel and the workpiece. Since the width of the pass remains constant in 

common grinding operations, the contact area is directly related to the contact length. 

Assuming the grinding wheel and workpiece to be non-deformable, the contact length can 

be determined geometrically. It is defined by the arc length, Eq. (1), which relies on the 

geometric contact length determined by the depth of cut and the grinding wheel diameter, 

Eq. (2). Additionally, the deflection of the grinding wheel is influenced by its deflection 

and diameter, also contributes to the geometric contact length (see Eq. (3)). However, it is 

important to note that the actual contact length surpasses the geometric contact length by 

two to three times [51], owing to the deformations experienced by the grinding wheel as a 

result of contact forces.  

 

𝑙𝑐
2 =  𝑙𝑔

2 + 𝑙𝑓
2 

 

(1)     

𝑙𝑔 =  √𝑎𝑒 ∙ 𝑑𝑠 (2)     

𝑙𝑓 = 2 √𝛿 ∙ 𝑑𝑠 
    

(3)     

The effects of the actual contact length and the geometric contact length are illustrated in 

Figure 15. As depicted in this geometric analysis, it is assumed that elastic contact exists 

between the two bodies without any load. After applying a load, the penetration (δ) is 

obtained from the equivalent diameter of the contact diameter (d3) against the curved 

surface of the workpiece. After removing a load, the workpiece recovers the diameter d2. 
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Figure 15. Grinding wheel combining the effects of depth of cut ae and the deflection. 

On the other hand, according to Hertz, the contact length between smooth bodies (assuming 

the grinding wheel and workpiece are two parallel cylinders) is determined by the 

following equation: 

𝑙𝑐 =  𝑙𝑓 =  √
8 𝐹𝑛

 ′ 𝑑𝑒

𝜋 𝐸∗
 

     

(4)     

where F’n is the specific normal force, de is the diameter of the grinding wheel and E* is 

the equivalent modulus of elasticity. E* represents the elastic properties of the grinding 

wheel and workpiece. To calculate E*, the Poisson's ratio and modulus of elasticity of both 

the grinding wheel and workpiece are required. The elastic deflection between the abrasive 

grain and the workpiece due to the normal grinding force. The equation is expressed as 

follows: 

1

𝐸∗
=  

1 − 𝜈𝑠

𝐸𝑠
+  

1 − 𝜈𝑤

𝐸𝑤
 

     

(5)     

Combining equations (1), (2) and (4) the expression becomes: 

𝑙𝑐 =  √𝑎𝑒𝑑𝑠 +
8 𝐹𝑛

 ′ 𝑑𝑒

𝜋 𝐸∗
 

     

(6)     

This formula applies when both surfaces are smooth. However, in reality, this is far from 

accurate as the surfaces are rough when observed microscopically. Therefore, Rowe and 

Qi introduced the term rough surface or roughness factor (Rr) into the contact length 
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equation by incorporating the elastic contact model proposed by Greenwood and Tripp. 

The resulting equation is as follows: 

𝑙𝑐 =  √𝑎𝑒𝑑𝑠 +
8 𝐹𝑛

 ′ 𝑅𝑟 𝑑𝑒

𝜋 𝐸∗
 

     

(7)     

The rough surface parameter is determined experimentally and is directly linked to the 

increase in surface roughness. According to Rowe and Qi, this factor varies between 7 to 

23 [51] depending on the characteristics of the surface roughness. However, Marinescu [3] 

consider a typical value of Rr ≈ 5. As can be observed, this factor exhibits a wide range of 

variation in the calculation of the contact length, and its value has a significant impact. 

Another parameter that plays a pivotal role in the kinematics of the grinding process, 

representing the amount of material that each abrasive grain removes is the uncut chip 

thickness [50]. Calculating the maximum uncut chip thickness involves assuming a 

uniform distribution of abrasive grains and a specific spacing, denoted as L. Furthermore, 

s can be defined as the horizontal distance traveled by the grinding wheel from the 

engagement of one grain to the engagement of the next as illustrated in Figure 16. 

 

Figure 16. The displacement of two consecutive grains during the grinding process. 

The chip thickness is not a constant value but rather fluctuates between 0 and its maximum 

value, hcu_max. As described by Eq. (8), modifying the feed rate or reducing the grinding 

wheel speed results in an increased chip thickness. Consequently, this increase of chip 

thickness exposes each abrasive grit to higher forces, thereby raising the likelihood of grit 

breakage and/or bonding breakage. 
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ℎ𝑐𝑢_𝑚𝑎𝑥 = 2𝐿
𝑣𝑤

𝑣𝑠
√ 

𝑎𝑒

𝑑𝑠
  

     

(8)     

The forces at play serve as critical indicators of process quality. When compared to milling 

and turning operations, grinding forces are typically smaller in magnitude. These forces 

encompass the normal force, tangential force, and axial force. The normal force, 

responsible for sparking and deformations, arises from the frictional interactions and is 

closely tied to grain wear. It directly influences the contact length between the grinding 

wheel and workpiece. Meanwhile, the tangential force correlates with power consumption 

in the machine spindle and contributes to the generation of heat. As for the axial force, it 

primarily induces lateral deformation; however, its impact remains minor, as it is 

effectively absorbed by the clamping plate through screws. In general, the normal force 

(Fn) tends to be three times larger than the tangential force (Ft), reflecting the relative 

magnitudes of these forces in grinding operations. 

The grinding process is widely recognized as an energy-intensive operation, primarily 

attributed to its substantial power consumption relative to the amount of material removed. 

This characteristic is encapsulated by the concept of specific energy consumption, which 

quantifies the power required to achieve a specific material removal rate. The inherent 

energy inefficiency of grinding arises from the nature of material removal, wherein a 

significant amount of energy is expended to remove relatively small volumes of workpiece 

material. Therefore, the eq. (9) is represented as follows: 

𝑒𝑐 =  
𝐹𝑡𝑣𝑠

𝑏𝑤𝑎𝑒𝑣𝑤
 

     

(9)     

2.3.4 Contact mechanics  

Contact mechanics in the grinding process involves the examination of the interactions and 

forces exerted by the grinding wheel on the workpiece during the grinding operation. The 

grinding wheel undergoes deformation and penetration into the workpiece. In this field of 

study, factors such as contact forces, contact areas, and pressure distribution need to be 

considered. 
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Contact mechanics is a discipline that delves into the analysis of stresses and deformations 

that arise when two solid bodies come into contact. It encompasses various theories and 

models that aid in understanding contact behavior and predicting its outcomes. 

One significant theory in contact mechanics is the Hertzian theory of non-adhesive elastic 

contact. Proposed by Heinrich Rudolf Hertz in 1881 [52], this theory provides a 

fundamental framework for solving contact problems involving elastic bodies with curved 

surfaces. Its primary focus is on non-adhesive contact, where tensile forces are not 

permitted within the contact area. The Hertzian theory has been extensively employed 

through analytical, empirical, graphical, and numerical approaches to tackle a wide range 

of contact problems. 

Another essential theory is the Coulomb friction theory, which explains the generation of 

frictional forces when two surfaces come into contact and slide relative to each other. Often 

used in conjunction with the Hertzian theory, it allows for the modeling of contact between 

rough surfaces. For instance, researchers such as Lui et al. [53] have used both theories to 

develop contact models for single asperities on rough wheel surfaces under normal or side 

contact conditions. 

Additionally, the study of indentation stress fields plays a crucial role in contact mechanics. 

This theory focuses on the distribution of stresses that occur when a hard indenter, such as 

a hard sphere or a sharp diamond tip, is pressed into a softer material [54]. This process 

leads to the creation of a region characterized by high stress and deformation. The Hertzian 

theory is commonly employed to model the elastic deformation of the material, while 

plastic deformation is addressed using the theory of plasticity. 

Lastly, it is essential to consider adhesion and friction forces, which are often overlooked 

in the Hertzian model but can be significant in certain situations. Adhesion refers to the 

attractive forces that exist between different materials when they come into contact, while 

friction is the resistance to relative motion between two surfaces in contact. Researchers 

have developed models that incorporate adhesion and friction forces to gain a better 

understanding of contact behavior at the nanoscale. 

When two objects come into contact, they undergo elastic deformation, leading to the 

generation of forces and resulting in surface deformations. The Hertz theory provides a 
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framework to describe this elastic deformation and allows for the calculation of the contact 

area. Based on this theory, the distribution of stresses throughout the contact area can be 

determined. 

In the context of static contact between a rigid geometry, such as a sphere, and a half-space, 

Heinrich Hertz formulated an analytical expression. This expression, denoted as Eq. (10), 

mathematically represents the contact behavior between the sphere and the half-space. It 

takes into account the properties of the contacting bodies, such as their elastic moduli and 

geometry and defines the force-penetration relationship between these bodies. 

𝐹 =  
4

3
 𝐸∗𝑅1/2𝛿3/2 

     

(10)     

Where, F is the force, E* is the young modulus of both materials, R is the radius of the 

sphere and δ is the penetration. The analytical formulation derived by Hertz enables the 

estimation of contact pressures, the determination of contact areas, and the prediction of 

stress distributions within the contact region. A theory of contact between two elastic rough 

surface enables us to predict the normal and shear elastic properties of the surfaces [55].  

As it is seen in Eq. (10), the elastic behavior of surfaces in contact is influenced by several 

important parameters, including the modulus of elasticity and the surface geometry. The 

modulus of elasticity, also known as Young's modulus, is a material property that 

determines its stiffness. It is defined as the ratio of stress to strain under tensile or 

compressive tests. Young's modulus can be expressed as: 

𝐸 =  
𝜎

Ɛ
 (11)     

where σ is the stress and Ɛ is the strain. Each material has a specific Young's modulus that 

provides information about its mechanical characteristics. Higher values of Young's 

modulus indicate a stiffer material, while lower values correspond to less rigid materials. 

The Young's modulus of the grinding wheel is considered as continuous medium, and its 

value is much lower than that of the abrasive grains due to the porosity present in the wheel. 

The units of Young's modulus are in pressure, such as pascals (Pa). By knowing the actual 

Young's modulus, one can predict the material's response to applied loads. This knowledge 

is crucial for designing of the model to ensure their mechanical integrity and performance. 
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Another parameter that influences elastic behavior is the geometry of the contact surfaces. 

The shape and roughness of the surfaces play a significant role in determining the stresses 

and deformations. On one hand, if the shape has a more pronounced curvature, the contact 

area increases, leading to higher stresses and deformations. On the other hand, the 

roughness of the surfaces affects the contact area. Rougher surfaces tend to have higher 

contact areas, resulting in reduced contact pressure.  

According to Zhang et al [56] the Young's modulus of the grinding wheel is influenced by 

various factors, including temperature, specific gravity, type of grain, hardness, total 

volume of the grinding wheel, volume of the grain, as well as the fraction and type of the 

bond material. Additionally, the Young's modulus of the bond depends on the interatomic 

strength of the bond and the state of its packing. Hence, the Young's modulus of the 

grinding wheel is highly dependent on the Young's modulus of the applied bond. 

It is well known that material removal in grinding is achieved through the action of abrasive 

grains, and that the contact of each abrasive grain generates the grinding forces. Once the 

abrasive grains come into contact with the workpiece, they initiate grit penetration. Grit 

penetration refers to the depth at which the abrasive grains of the grinding wheel penetrate 

into the workpiece during the grinding process. It is a critical factor that directly influences 

the amount of material removed and the surface roughness of the workpiece and 

consequently, in the process outputs such as heat, force and grinding wheel wear. A higher 

grit penetration results in a greater material removal rate. However, it also leads to a lower 

surface quality due to the increased surface roughness. 

Controlling the degree of grit penetration is essential to achieve the desired grinding 

outcomes. Various factors impact the grit penetration, including the properties of the 

grinding wheel, such as the hardness, the abrasive grain size and shape, the grinding 

parameters, such as the grinding speed and feed rate, and the workpiece material properties 

and the applied pressure of the grit penetration. For instance, by selecting a grinding wheel 

with finer grains the grit penetration can be reduced, resulting in a lower material removal 

rate and a finer surface finish. Adjusting these parameters allows for the control of the grit 

penetration and, subsequently, the material removal and surface roughness. 

Macerol et al. [57] conducted a study on the effects of grit properties, including toughness, 

thermal stability, and grain shape, as well as dressing on the grinding process. They found 
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that single-layer or electroplated grinding wheels typically exhibit a rougher surface and 

more prominent grit protrusion compared to vitrified-bonded grinding wheels. 

Palmer et al. [58] conducted a study that demonstrated the significant impact of abrasive 

grit morphology on grinding performance. One notable finding they presented is the effect 

of elongated abrasive grits, which resulted in the formation of the roughest workpiece 

surface roughness. This outcome can be attributed to the larger grain size, which leads to 

an increased penetration depth. 

2.4  Wear phenomenon of the grinding wheels 

2.4.1 General description 

Current research trends are focused on finding solutions to enhance the life expectancy of 

grinding wheels. The grinding wheel, being the most expensive component in grinding 

operations, undergoes wear as it comes into contact with the workpiece. The life 

expectancy and wear of the wheel are intricately linked to the topological evolution of the 

wheel surface, which is influenced by the forces exerted during the grinding process. 

Moreover, the wear of the grinding wheel directly impacts its efficiency [59]. 

Consequently, reducing grinding wheel wear is a topic of great industrial interest, aiming 

to prolong wheel lifespan. 

Grinding wheel wear manifests in both the abrasive grains and the binder, as a result of the 

forces encountered during grinding. The wheel undergoes a wear process during its 

interaction with the workpiece. The contact between the workpiece and grinding wheel 

during the process is characterized by very high pressures (1-2 GPa), chemical reactions 

and high relative speeds (>30 m/s) [3]. This leads to modifications to the shape, quantity, 

and arrangement of the abrasive particles on the surface of the grinding wheel. 

Consequently, it produces a progressive wear of the grinding wheel which makes it lose its 

cutting capacity. The grinding wheel wear means the gradual reduction in size and shape 

of a grinding wheel. The wear has negative consequences in the grinding process. It affects 

the final quality of the parts, causes loss of dimensional tolerances, productivity, and leads 

to changes in process parameters. In addition, if the grinding forces exceed, they can cause 
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damage that very negatively affects the behavior to the part fatigue [60]. Therefore, the 

study of grinding wheel wear is a significant area of research. 

In terms of the vitrified bond, it needs to be sufficiently strong to maintain the grains under 

normal grinding conditions, yet capable of controlled grain fracture under higher stress 

conditions [3]. The quest to mitigate grinding wheel wear encompasses advancements in 

material composition, bonding techniques, and surface topography to enhance wheel 

durability and optimize grinding performance. 

2.4.2 Wear mechanism 

Building on the impact of grinding wheel wear on the grinding process, it is crucial to 

understand the mechanisms behind it. As shown in Figure 17, regarding to the classic 

grinding references [2], [3], there are three mechanism of grinding wheel wear: attritious 

wear, grain breakage and bond fracture. These wear mechanisms can occur due to a variety 

of factors including the properties of the grain abrasive and bonding system, the forces 

applied to the wheel during grinding, and the properties of the workpiece being ground. In 

addition, the wear mechanisms can vary depending on the combination of the grinding 

wheel and the workpiece material. For example, Duwell and McDonald [61] has shown 

that when grinding mild steel with silicon carbide grits, the dominant wear mechanism is 

attritious wear. However, when using aluminum oxide grits to grind the same material, 

both attritious wear and grain breakage can occur. This demonstrates that different grinding 

wheel-workpiece pairs can exhibit different dominant wear trends. In order to know the 

different characteristics of the three wear mechanisms, details will be given below. 

 

Figure 17. Grinding wheel wear mechanism 



Chapter 2: Review of the state of the art  

 

35 

 

Attritious wear are usually formed on the edges of the abrasive grains by rubbing against 

the workpiece. The contact between cutting edges and material produces grain abrasion. 

The attritious wear can likely occur when the force applied to individual abrasive grains is 

low and the temperature of the grinding process is high. The high temperature causes 

thermal damage and low workpiece accuracy. Also, they can reduce the effectiveness of 

the grinding wheel, making it less efficient at removing material from the workpiece. 

Comparing with other wear mechanism, the volumetric wear is negligible. 

Grain breakage refers to the fragmentation of the abrasive grains by fracture. It occurs when 

the abrasive particles on the wheel break due to the mechanical and thermal stresses and 

strains of the grinding process. These stresses cause microcracks that eventually produce 

micro-fracture. This in turn can create new sharp, but normally inactive cutting edges on 

the surface of the wheel. Also, this wear mechanism may lead to shelf-sharpening and 

consequently reduce attritious wear areas. 

The bond fracture is a phenomenon in which abrasive grains are extracted of the bonding 

material. As well as the grain breakage mechanism, the bond fracture may lead to shelf-

sharpening and consequently reduce attritious wear areas. Comparing with other wear 

mechanism, the volumetric wear is considerable, which is typically measured using the 

grinding ratio G. It can also cause the grinding wheel to become imbalanced, leading to 

vibrations and affect to final dimensions of the workpiece. In Figure 18, the phenomenon 

of bond fracture can be observed in an electroplated CBN wheel, where the entire grain 

detaches from the wheel. 

    

(a)                   (b) 

Figure 18. Bond fracture phenomenon. (a) Electroplated CBN wheel [62], (b) Vitrified alumina 

grinding wheel [42]. 
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These mechanisms wear is directly linked to its durability. According to Jackson [63], 

durability is influenced by the depletion of grain, which is dependent on both the strength 

of the bonding material and the protrusion of the abrasive grains. In this case, the strength 

of the bonding material is particularly significant as it ensures effective interaction between 

the abrasive grains and the workpiece, as well as bearing the forces of grinding, heat 

generation, and surface quality. Furthermore, the strength of the bonding material serves 

as a crucial indicator of the grinding wheel's overall quality. While the selection of a 

grinding wheel is typically based on the characteristics of the abrasive grains, the 

development of new combinations of bonding materials with exceptional mechanical 

properties has enabled an increase in their bending strength compared to conventional 

wheels [64]  

2.4.3 Wear characteristic 

As it mentioned above, to characterize the volumetric wear, the grinding ratio or also 

called G-ratio is a parameter commonly used [2]. This parameter is obtained from the 

volumetric wear of the grinding wheel and the removal volume of the workpiece in the 

steady state regime as shown in Figure 19. 

The grinding ratio can be expressed as follows: 

𝐺 =  
∆𝑉𝑤

∆𝑉𝑠
 

     

(12)     

 

Figure 19. Wear pattern of grinding wheel [65]. 
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where ∆Vw is the workpiece removed volume y ∆Vs is the wheel wear volume. During the 

grinding process both grinding wheel and workpiece lose material. The grinding ratio has 

reached over 60,000 [66]. This depends on several factors, such as the type of grinding 

wheel, type of workpiece, the grinding conditions, and the duration of the grinding process. 

This parameter is key in assessing the efficiency and effectiveness of the grinding process, 

as well as in predicting the wear of the grinding wheel. 

With the mechanism wear characteristics detailed above, the grinding wheel wear can have 

significant impacts on the accuracy and precision of finished parts, especially when 

grinding critical components. In a study by Miao et al [5], used vitrified microcrystalline 

alumina wheels for the creep feed grinding of fir-tree geometries on turbine blade roots 

made of a Ni-based alloy. The authors found that wear is more pronounced on the peaks of 

the grinding wheel compared to the valleys, and that various wear mechanisms contributed 

to this wear. They also identified the fracture of bond bridges as a key factor in wear in the 

peak regions. Based on these findings, the authors developed an experimental model for 

predicting grinding wheel wear. Overall, the grinding wheel wear is influenced by the 

composition of the grinding wheel and the grinding process conditions. 

The grinding wheel wear of the profile grinding wheel can be influenced by the dressing 

and grinding parameters [5] in the profile grinding wheel. Research in the scientific 

community has shown that several factors governing wheel wear, including the type of 

abrasive material, the hardness, the grinding wheel speed, the feed rate, the depth of cut, 

and the type of coolant used. Additionally, the type of workpiece material, bond volume 

and its hardness can also have an impact on the volumetric wear of the wheel. Gong et al 

[67] studied the influence of grinding parameters in the wear of the micro grinding tool 

when grinding soda-lime glass. The study shows that the higher the feed and grinding 

speed, the greater the wear of the abrasive. Additionally, as more material is removed, the 

diameter of the micro grinding tool decreases rapidly initially and then gradually. Overall, 

the surface roughness of the material decreases as the process progresses. Thus far, higher 

wheel speeds, deeper cuts, and harder workpiece materials will result in increased 

volumetric wear of the profile grinding wheel. The use of coolant can also help to reduce 

wear by reducing heat and friction at the grinding interface. Therefore, to improve the 

limitations on the grinding process caused by wear, understanding the wear mechanisms 
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and the grinding parameters can help to minimize the impact of grinding wheel wear on 

the workpiece. 

To mitigate excessive wear of the grinding wheel, special techniques are employed. These 

techniques include supplying an appropriate grinding fluid, using special dressing methods, 

employing an open structure wheel, and operating at high cutting speeds [68]. These 

techniques enable a significant increase in the G ratio. 

To minimize the impact of grinding wheel wear on the workpiece, an appropriate dressing 

method must be used [69]. Regularly dressing the wheel with a dressing tool ensures that 

the wheel is properly balanced. Consequently, it can help to reduce the stresses and strains 

on the abrasive particles and minimize the risk of volumetric wear. Huang [70] states that 

the intensity of the dressing process affects the surface quality of the workpiece. They 

indicate that a higher dressing intensity results in larger, sharper edges on the wheel, which 

in turn leads to deeper grooves and lower forces on the workpiece, while a lower intensity 

produces a greater number of smaller edges, resulting in a smoother surface and higher 

grinding forces. Therefore, it is important to find the right balance between the dressing 

intensity, the regularity of dressing, and the wheel balance to achieve the desired surface 

quality of the workpiece while minimizing the impact of grinding wheel wear. 

2.4.4 Bond fracture  

One aspect of grinding wheel wear that has received significant attention in the literature 

is the bond fracture phenomenon, which can affect both the volume of wear (as measured 

by the grinding ratio) and the accuracy of profiled precision wheels. However, due to 

intellectual property considerations, there is limited information available on the 

characteristics and behavior of vitreous bonding materials. In a classic paper [71], proposed 

a bond-stress factor to account for the likelihood of vitreous bridges fracture. Herman and 

Markul [72] investigated how altering the composition of the vitrified bond affects 

reducing the volumetric wear on the grinding wheel. They presented results showing that 

the use of a glass-crystalline bond in grinding wheels can increase the G-ratio by up to 10 

times compared to a common glass bond. This behavior is related to the presence of 

intergranular boundaries in the glass-crystalline bond, which can inhibit or stop crack 
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propagation. Such bonds also exhibit higher values of fracture toughness, up to 3 times 

those of conventional glass bonds. These findings are later confirmed in a study by Herman 

and Krzos [47] on the volumetric wear of polycrystalline vitreous CBN wheels. They 

confirm that the wearability is attributed to the interatomic bond strength and the 

microstructure of the grain bond bridge network. In this work, the radial wear on a grinding 

wheel with a glass-crystalline bond is 28% less than on a wheel with a traditional glass 

bond (see in Figure 20). The research design allows a deeper understanding of the 

mechanical characteristics of different bond types. 

 

Figure 20. Wear of the bond of the CBN grinding wheel (a) with conventional glass bond (b) with 

glass crystalline bond [47]. 

Moreover, in the Gómez and Sánchez’s work [42] observed by SEM images that there was 

porosity in the central area of the fracture of the vitreous bond as shown in Figure 21. This 

porosity is generated due to bubble defects that form within the binder during the sintering 

of grinding wheels. These defects act as stress concentrators and promote crack 

propagation. Gómez and Sánchez's findings highlight the importance of understanding the 

influence of manufacturing processes on the structural integrity of materials. The presence 

of porosity or voids within a material can significantly affect its mechanical properties, 

including its rigidity and strength. 
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Figure 21. Fracture of the vitreous bond in the grinding wheel [42]. 

Despite the limited information on vitreous bonding materials, one of the most 

comprehensive sources of information on the behavior of components and sintering 

conditions for grinding wheels is a PhD thesis by Jackson [73], which provides a detailed 

analysis of the reactions that govern the sintering of vitreous bonding materials. Jackson 

later continued his research [74] to examine microscale wear in grinding wheels, 

considering both grit fracture and bond fracture. This study examines how the process of 

sintering affects the mechanical properties of vitreous bond. Also, in the case of vitrified 

alumina grinding wheel, the authors found that the theory of brittle fracture applies to both 

abrasive and vitreous bonding, and that the application of cyclic thermo-mechanical loads 

leads to crack propagation and eventually fracture. The dressing process is closely linked 

to the initial presence of microcracks. Another study [75] examined the effect of thermal 

loads on the abrasive grain, but did not consider the differences in the coefficient of thermal 

expansion between bonding and abrasive materials. The authors suggest that the high 

temperatures that occur at the grit-workpiece interface may locally modify the properties 

of the ceramic grain, leading to the formation of attritious wear. They also note that there 

is a lack of understanding about the loads applied to both abrasive grains and their bonding 

bridges, and how these materials respond to these loads, which makes it difficult to relate 

grinding wheel wear due to fracture to specific grinding conditions. 

Building upon Jackson's work, the volumetric wear of the grinding wheel can have a major 

impact on the accuracy of the machined parts. The volumetric wear is mainly due to bond 

fracture, which implies a dimensional loss and less precision of the grinding wheel. 
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Therefore, it is important to monitor the wear of the grinding wheel in order to maintain 

the precision of the contour surfaces in profile grinding. 

Moreover, during the grinding process, the bond material in the grinding wheel is subjected 

to various types of wear mechanisms. While bond fracture refers to the breakage of the 

bond material, wear occurs as a result of the abrasive interactions between the chip material 

being removed and the binder. This wear can have different manifestations depending on 

the type of chip being generated [3]. 

When long-chipping material detaches from the workpiece, the flowing chip can cause 

damage to the bond at the grain cutting edges. The force and movement of the chip can 

result in the wearing down of the bond material in those regions. 

On the other hand, when short-chipping material detaches, the wear process occurs through 

the lapping process. The chip material, instead of flowing smoothly, undergoes repeated 

contact and rubbing against the bond surface. This repetitive lapping action leads to gradual 

wear and erosion of the bond material. 

According to Sieniawski and Nadolny [76], the most significant phenomena leading to 

fracture in the form of cracking or chipping in both abrasive grains and bonding agents are 

effective wear (mechanical shock load), fatigue wear (repeated mechanical shock load), 

and thermal fatigue wear (intermittent thermal shock load). These factors play a crucial 

role in the deterioration of the vitreous bond. 

These considerations highlight the importance of understanding not only bond fracture but 

also bond wear in grinding processes. 

2.4.5 Monitoring and analysis of grinding wheel wear. 

The efficiency of the grinding wheel has a direct impact on the efficiency of the machining 

process and on the final quality of the workpiece. As such, it is crucial to monitor and 

assess wheel wear. However, to measure the profile grinding wheel can be quite complex 

due to the harsh conditions of the machining process. Fangyi et al [77] monitor and evaluate 

the wear of vitrified alumina grinding wheel during grinding the material Cr12. They use 

the method of histogram analysis to study the distribution of gray values in an image of the 
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wheel surface. The image is obtained by a camera type of ZQ-603 and it is placed near 

from the grinding wheel as it is shown in Figure 22a. This image is converted to binary 

form by determining a gray threshold value. This process allowed for the identification and 

calculation of worn areas on the grinding wheel. Another significant method to measure of 

the wheel wear is proposed by Rahman et al [78]. They develop a system for measuring 

the profile of a surface while it is still on the machine, using the principles of a coordinate 

measuring machine (CMM). In this research, a software compensation method is used 

during ELID grinding of an aspheric surface to compensate the grinding wheel wear. Other 

interesting method using Artificial Neural Networks (ANNs) is developed by Arriandiaga 

et al [79]. They create a virtual sensor for on-line monitoring the grinding wheel wear and 

surface finish. A Layer-Recurrent neural network architecture is presented for measuring 

of wheel wear and surface roughness in the grinding process by measuring power 

consumption in the wheel spindle. The sensor has been calibrated and its performance 

validated through comparison with actual measurements, showing excellent concordance. 

Similar to the previous method, Guoqiang et al [80] developed a multi-information fusion 

recognition model for assessing the wear status of a ceramic bonded CBN grinding wheel. 

This model uses a combination of BP neural network and genetic algorithm. The study 

tested the model by using the wheel to grind GH4169 alloy and evaluating the surface 

condition and shape accuracy of the wheel. The acoustic emission and grinding force 

signals are also analyzed during the grinding process and it is found that the ratio of these 

signals has a good concordance with the wear status of the wheel as determined by the 

experimental analysis. Unlike the above mentioned, Xu et al [81] create a new system for 

visually measuring the profiles grinding wheels and quantifying the wear during the 

process. They also developed a method of calibrating this new vision system. Figure 22b 

shows an illustration of system for visually measuring the profiles grinding wheels. The 

accuracy of the measurement results is verified. In addition, the compensation method is 

created for dressing of the grinding wheel. As it can be seen, various techniques have been 

presented for measuring the profiles of grinding wheels and monitoring of wheel wear. 

However, there is still room for improvement in these methods to make them more 

accurate, comprehensive and reliable in measuring volumetric wear of grinding wheels and 

understanding its impact on the precision of machined parts. 
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        (a)                                    (b) 

Figure 22. Set up of experiment test for the measurement of the grinding wheel (a) Monitoring of 

the grinding wheel wear [77] (b) Machine vision measurement of profile grinding wheel [81] 

Recent experiments have supported earlier discoveries about the characteristics of 

volumetric wear. A study in [82] examines the precision of grinding the inner ring groove 

of 6208 ball bearings. Thang et al created a new sensor that uses compressed air to measure 

grinding wheel wear in real-time. The sensor is tested using a profiled vitrified white fused 

alumina (A100L5V). The findings indicate that the wear is not evenly distributed, which 

affects the precision of the part. Multiple types of wear are observed, but it is found that a 

significant amount of wear occurred early on in the grinding process. This is because the 

abrasive grains easily detached from the bond, resulting in a high wear rate. A complete 

examination of wear patterns for various types of vitrified alumina wheels used in creep-

feed grinding of Ni-based superalloys can be found in [34]. The authors acknowledged the 

presence of multiple types of wear and found that when the material removal rate is low, 

attritious wear, workpiece adhesion, and loading on the wheel are the dominant forms of 

wear. However, as Q' increased, the wear mechanism changed and it became clear that the 

grain fracture and bond fracture are occurring. This means that the fracture wear is the main 

cause and is responsible for inaccuracies in key areas and poor surface quality. In other 

study, Miao et al [6] examines how the wear of the grinding wheel impacts the process of 

shaping specific patterns on the roots of turbine blades. As it is shown in Figure 23, the 

researchers identified multiple ways in which the wear occurs in profiled vitrified 

microcrystalline alumina wheels, but found that the fracture of the bond bridges is 

particularly significant in the wheel peak regions. They developed a method for predicting 

the wear on the wheels based on their experiments, but did not take into account the strength 

of the materials. This highlights the importance of considering the mechanical properties 
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of the materials used in grinding wheels and as it can greatly impact the wear and 

performance of the wheel. Further research is needed to fully understand the behavior of 

grinding wheels under various conditions and how their mechanical properties can be 

optimized. 

 

Figure 23. Wear patterns on the surface of profile grinding wheel [5]. 

Other method for measuring of radial wear of the grinding wheel is the graphite. Graphite 

is one of the most cost-effective, practical, and straightforward methods for measuring the 

wear of grinding wheels, especially in relation to the bond fracture phenomenon. Being a 

soft material, graphite allows obtaining the true profile of the wheel with a single pass. The 

pattern of graphite detachment can indicate the amount of radial wear on the wheel. One 

of its advantages is that it provides direct information about the radial wear of the wheel. 

However, the main disadvantage of graphite is that the graphite particles can adhere to the 

machine walls, leaving it quite dirty. One example of research that utilizes graphite is the 

work of Liu et al. [83], where they use a graphite sheet to obtain an accurate profile of the 

surface wear of the grinding wheel. The profile is marked on the graphite through contact 

with the wheel. Another case is the study conducted by Yu et al. [84], who imprint the arc 

profile of the diamond grinding wheel onto a graphite plate. Additionally, Shi and Attia 

[85] measure the radial wear of electroplated diamond wheels on graphite after grinding 

titanium alloys. Finally, in creep feed grinding Miao et al [5], using a measuring process 

to obtain the profile wear of the vitrified microcrystalline alumina grinding wheel, which 

the graphite allows to get the profile duplication of the grinding wheel. In summary, the 

use of graphite as a method for measuring the wear of grinding wheels offers a cost-

effective and practical approach. While it provides direct information about radial wear, 

care must be taken to prevent graphite particles from contaminating the machine during the 

measurement process. 
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2.5  Mechanical and thermal properties of the grinding wheel  

The grinding wheel's material plays a significant role in determining its performance and 

durability. The volumetric amount of the components and the composition of the bond 

allow adjust the properties of the grinding wheel. The grinding wheel is a composite 

material consisting of two ceramic components. One of the most common types of grinding 

wheel material is vitrified alumina, which is known for its high strength, corrosion 

resistance, stiffness and wear resistance [86]. However, vitrified alumina is also a brittle 

material, meaning it can fracture easily under stress, impacting the wheel's lifespan and 

grinding performance. Furthermore, the vitreous bond exhibits an amorphous structure, 

displaying a non-ductile behavior until fracture. Additionally, the grinding wheel contains 

a volume of pores that reduces its overall strength. In this context, it will assume that the 

grinding wheel is a brittle material and investigate its behavior. 

Brittle materials are materials that are characterized by their low ductility and high yield 

strength [87]. This means that they are prone to fracture without significant deformation 

and have a low resistance to deformation. This is due to that the fundamental properties of 

brittle materials are determined by their microstructure which are characterized by a lack 

of dislocations. The mechanical behavior of brittle materials is characterized by the 

application of tensile stress, which leads to elastic deformation and brittle failure (see 

Figure 24). Despite their brittle nature, brittle materials have a number of important 

applications in a variety of fields, including construction, engineering, and manufacturing. 

They are often used in situations where high strength and low weight are important, such 

as in the construction of airplanes and other vehicles. However, one of the disadvantages 

of using brittle materials is their tendency to fracture under high stress.  

 

Figure 24. Stress vs strain in brittle material  



Chapter 2: Review of the state of the art  

 

46 

 

The Young's modulus (E), Poisson's coefficient (ν), stiffness modulus (K), and shear 

modulus (G) are parameters that define the elastic properties of ceramic materials. These 

parameters are related to each other through the following equations: 

𝛎 =  
𝑬

𝟐𝑮
− 𝟏       (13) 

According to Griffith's theory, the presence of structural defects such as pores or 

microcracks in brittle materials plays a crucial role in determining their strength [88]. These 

defects act as stress concentrators, causing localized stress intensification and promoting 

crack propagation. Brittle materials are generally stronger under compressive loading 

conditions compared to tensile loading. This is because compressive forces tend to close 

and compress the existing defects, reducing their effect on the material's overall strength. 

As a result, brittle materials can withstand higher compressive stresses before failure 

occurs. In contrast, when subjected to tensile stress, the existing defects act as initiation 

points for cracks, leading to a more rapid propagation and eventual failure of the material. 

This lower resistance to tensile stress is a characteristic feature of brittle materials. It is 

worth noting that the magnitude of the difference in strength between compression and 

tension can vary depending on factors such as the specific material composition, 

microstructure, and the size and distribution of defects within the material. 

The brittle materials have a number of important applications in various fields, including 

grinding process. An example of this is the vitrified alumina grinding wheel. Vitrified 

alumina grinding wheels are assumed as brittle because they are made from a mixture of 

aluminum oxide and clay that is fired at high temperatures to produce a hard and dense 

material. The high firing temperatures cause the aluminum oxide and clay to fuse together 

and form a solid, glassy structure. Additionally, the microscopic structure of vitrified 

grinding wheels is inherently porous, which can lead to the formation of cracks and 

weaknesses that further contribute to its brittleness. Therefore, the vitrified alumina 

grinding wheels is a hard and dense material due to the high firing temperatures and it is 

brittle due to its poor tensile strength and porous structure. 

One of the components that makes brittle to the grinding wheel is the aluminum oxide or 

alumina. It is a ceramic material [86] and it is used to grind ferrous materials at medium 

cutting speeds. The alumina is obtained from bauxite with a greater or lesser degree of 

purity. There are several types of alumina which are conventional, pure or semi-pure, 
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ceramic or sintered (SG) and monocrystalline. Conventional alumina is probably the most 

important abrasive since it represents approximately 90% of grinding applications. It is 

generally used in materials of high tensile strength, including all ferrous materials [89]. 

This corundum has high toughness and it is ideal for roughing of non-hardened and heat-

treated steels, wrought iron, cast steel gray cast iron and malleable cast iron. Pure or semi-

pure alumina is another type of alumina which depends on its degree of hardness, the semi-

pure being 97% pure. According to its purity is its application, since increasing purity 

increases hardness and fragility.  

Another component that makes the grinding wheel brittle is the vitreous bond. Vitrified 

super abrasive technology is the fastest growing field in the precision grinding market. The 

vitrified bond can better transport the cooling lubricant and the porosity can effectively 

remove chips. Commercial vitreous bonds are commonly composed of Na2O - K2O - Al2O3 

-B2O3 - SiO2 [47]with a low coefficient of thermal expansion and high fracture resistance. 

The importance of vitreous bonding materials is obvious at the sight of the large number 

of recent publications (for instance [44]–[46], [90], amongst many others). However, there 

are limited studies specifically focused on the mechanical properties of vitreous bond 

investigated in isolation of grinding wheel. This is primarily due to the inherent 

characteristics of the material, such as its brittleness, as well as the diverse composition of 

its components, which can vary between different manufacturers.  

The brittleness of vitreous bond poses challenges in conducting mechanical testing, as the 

material is prone to fracture under stress. Moreover, the specific composition of vitreous 

bond, can vary as it is often formulated as a proprietary mixture. This further complicates 

the understanding and characterization of its mechanical properties. 

As a result, the available research on the mechanical properties of vitreous bond often 

focuses on its behavior within the context of grinding wheel systems rather than as an 

isolated material. Studies tend to examine the overall performance of grinding wheels, 

including factors such as wear resistance, fracture toughness, and grinding efficiency. 

These investigations consider the combined effects of vitreous bond, abrasive particles, 

and pores. 

Overall, the grinding wheel is composed of abrasive grains ( 𝑽𝒈), bonding (𝑽𝑏) and pores 

(𝑽𝑝 ), therefore, the grinding wheel is considered as a three-phase system, since each 
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component occupies a given volume. The proportion of each one of these three phases 

determines the mechanic characteristics and behavior of the grinding wheel for a specific 

application. The sum of all its elements is one. For example, a grinding wheel used for 

high-precision surface grinding may have a different composition than a grinding wheel 

used for rough conditions. The effects of the variations of each of the components of the 

grinding wheel can be seen in Figure 25. Furthermore, the composition can be represented 

in the form of an equilateral triangle, as shown in figure YY [91]. 

 

Figure 25. Effect of the variation of the volume of the three components on the structure grinding 

wheel [91]. 

The structure of the grinding wheel is crucial for material removal, chip evacuation, and 

cooling during the grinding process. As shown in Figure 26, the equilateral triangle graph 

offers an overview of the possible choices. The exact place of the equilateral triangle 

depends on the application. For instance, large porosity in the wheel is related to normally 

to large removal and rate, because you have space between the grits and every grain 

engaged more material. However, on the left of the triangle you have very compact of the 

wheel which is for precision application. Finally, the size and shape of the pores depend 

on abrasive grit size and shape. 

 

Figure 26. Equilateral triangle of the composition of the grinding wheels [92]. 
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According to Gómez and Sánchez [42], the structure and hardness of the grinding wheel 

are important factors that define bond fracture. A harder grade of grinding wheel 

corresponds to easier grinding, as the bond will prevent the wheel from releasing the grains 

before they are consumed. The porosity of the binder and its high porosity define the 

thickness of the binder, which can cause premature failure of the grinding wheel. Although 

the adhesion between the abrasive grains and the binder also influences bond fracture, 

experiments did not show that this phenomenon occurred. 

In the contact zone of grinding, both the workpiece and the grinding wheel are exposed to 

high temperatures and pressure. The material properties and the stresses and strains to 

which they are subjected during the grinding process determine the mechanical behavior 

of a grinding wheel. The mechanical behavior of a grinding wheel can be described by its 

stiffness, which is a measure of its resistance to deformation under load. The stiffness of a 

grinding wheel is determined by its material properties, such as its elastic modulus, and by 

the geometry of the wheel. In addition, the mechanical behavior of a grinding wheel is 

influenced by its temperature. High temperatures can cause the grinding wheel to become 

softer and more prone to deformation. For the case of the vitrified alumina grinding wheel, 

they possess a robust and stiff elastic property, making them well-suited for tasks requiring 

precise grinding [93]. This high elastic modulus provides stability, allowing for accurate 

and consistent grinding results. The strength of the vitrified bond in holding abrasive grains 

together is relatively high, while the process of dressing is relatively easy [94]. These 

characteristics make them a popular choice in grinding process. 

During the grinding process, the grinding wheel is subjected to a number of different 

stresses and strains, including normal stress (compression and tension), shear stress, and 

torsional stress. These stresses and strains can cause the grinding wheel to deform, which 

can affect its performance and lead to wear. Furthermore, the combination of mechanical 

and thermal cyclic stresses can result in fatigue within the vitrified bond [95]. The cracks 

of fatigue commonly appear in the impurities, boundaries, different in hardness and so on.  

In order to optimize the performance of a grinding wheel, it is important to consider its 

mechanical behavior and the stresses and strains that it is subjected during the grinding 

process. This can help to ensure that the grinding wheel is able to withstand the demands 

of the grinding process and maintain its performance over time. 

https://www.researchgate.net/publication/341212987_Effects_of_abrasive_material_and_hardness_of_grinding_wheel_on_rail_grinding_behaviors
https://www.researchgate.net/publication/341212987_Effects_of_abrasive_material_and_hardness_of_grinding_wheel_on_rail_grinding_behaviors
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To continue the discussion of optimizing the performance of a grinding wheel, it is 

important to examine the mechanical properties of the wheel material and how they affect 

the behavior of the bond bridges during grinding. To further elaborate, having a strong 

understanding of the mechanical properties of the wheel material is crucial in creating 

reliable models that can predict the behavior of bond bridges during grinding. These 

properties, such as the elastic modulus and ultimate strength, can be determined through 

various testing methods, such as three-point and four-point bending tests, as well as 

Brazilian and compression tests (see in Figure 27) [96]. This knowledge is essential in 

conducting stress analysis of the vitrified binder during grinding, as it serves as input for a 

discontinuous-hypothesis-based approach, which is the foundation for a discrete element 

model of the grinding wheel. This model provides a more in-depth understanding of the 

grinding process and will be explored further later on. 

 

Figure 27. Schematic and experiment setup for compressive, Brazilian and three-point bending 

test [96]. 

The literature suggests that the performance of a grinding wheel is largely influenced by 

its composition and the method used in its production. However, obtaining specific 

information on the vitreous bonding systems employed in the industry can be challenging 

due to intellectual property restrictions. Alumino-borosilicate and alumino-alkali silicate 

systems are known to be widely used in grinding wheels [74]. These systems are created 

by adjusting the proportions of Al2O3, B2O3, SiO2, and alkali oxides. Additionally, the 

inclusion of alkaline-earth oxides can alter other physical and chemical properties of the 
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bond. Recent research indicates that incorporating nanomaterials, such as SiO2 and CeO2 

nanoparticles, can enhance the performance of the vitrified bonds utilized in CBN wheels. 

This is achieved by refining the grain of the bond and increasing its flexural strength and 

toughness [43], [97], [98]. The presence of nanoparticles can also alter the normal pattern 

of intergranular cracks that occur in conventional vitreous bonds, leading to a shift towards 

a transgranular mode of fracture and increasing the bond's bending strength and fracture 

toughness. 

The mechanical and thermal properties of grinding wheels are usually evaluated based on 

their composite structure. Assessing the mechanical properties of the wheel may involve 

testing samples that have undergone molding and firing similar to the manufacturing 

process. The use methods such as three-point and four-point bending tests, as well as 

Brazilian and compression tests to measure ultimate tensile strength [96]. Sonic testing is 

a non-destructive testing (NDT) and it is a commonly utilized method to determine the 

elastic modulus of the wheel in the industry. As for fracture behavior, the most frequently 

used parameters for brittle, porous materials are the fracture strength and the Weibull 

modulus [99], [100]. There is limited information available on the thermal properties of 

grinding wheels and the values found in literature can vary significantly. For instance, a 

study of the thermal conductivity of CBN grits [101] discovered values ranging from 

87W/mK to 1300W/mK. Data on the thermal conductivity of the vitreous bonds used in 

grinding wheels is particularly scarce, with the only reported value of 2.85W/mK found in 

a paper by Takazawa [102]. This value is consistent with other data published in literature 

on other alumino-alkalisilicate ceramic systems [103]. Based on the available literature, it 

seems that there are still pressing questions regarding the thermal-mechanical behavior of 

vitrified bonds and the causes of bond fracture that need further investigation. 

It is widely recognized that high temperatures, sudden changes in temperature (thermal 

shock), and repetitive fluctuations in temperature (thermal cycling) can have a negative 

impact on the structure of a grinding wheel. However, there has been limited research 

conducted on the specific impacts that these variables have on grinding wheels with 

vitreous bonds.  

Several studies have investigated the effects of high temperatures on vitrified bond 

properties.  Quang et al. [104] have demonstrated that the bond strength can be affected by 
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high temperatures. As shown in the Figure 28, in the 4 samples, there is a slight increase 

in strength at the beginning of the tests, followed by a decrease in strength. Moreover, the 

properties of the vitrified bond such as the thermal expansion coefficient, flow ability 

[105], wettability [106] and bond hardness [107] can be improved, adding certain materials. 

For example, Guo et al [108], conducted research focusing on the thermal expansion 

coefficient of vitrified bonds. Their findings revealed that by increasing the Bi2O3 content, 

the thermal expansion coefficient of the bonds can be reduced.  

 

Figure 28. The bending strength curve of vitrified bond CBN composites with varying sintering 

temperatures [104] 

The Brazilian Test is a simple indirect testing method for assessing the maximum strength 

of brittle materials. This method involves applying a compressive force to a disk-shaped 

sample using a curved support block. Bahaaddini et al [109] showed that the shape of the 

sample and the area of contact can affect both the stress values and distribution within the 

disk as well as the mode of failure during the Brazilian Test. They changed the angle of 

contact loading from 1° to 30° and found that the most reliable results are obtained with 

angles greater than 30°. Zhang et al [110] conducted an experimental study of the tensile 

stress in a modified Brazilian Test on nuclear graphite, also changing the contact angle up 

to 30°, and noted that cracks initiate in the contact area. To address this issue, Ayallatollahi 

et al [111] examined the impact of V-notched polycrystalline graphite specimens on crack 

initiation, varying the size and angle of the notch. They obtained both theoretical and 

experimental results for a combination of fracture modes I and II and showed how the 

notched angle affects crack initiation. These studies emphasize the significance of 

considering the test set-up and sample geometry in order to produce reliable results when 

conducting Brazilian Tests. 
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Another experimental characterization technique is fracture toughness testing. Toughness 

is defined as the ability of a material to absorb energy before fracturing. This experimental 

technique is used to measure the resistance of a material to cracking and breaking under 

stress. Sarno and Tomazawa [112] determine the fracture toughness (KIC) of zirconia-

lithium aluminosilicate glass-ceramic using hardness identation method. This method 

allows to get KIC. With this method, Herman and Krzos [47] obtained KIC values of glass-

crystalline bond up to 3 times higher than conventional glass bonds. 

Another technique used to characterize the mechanical behavior of vitreous bond is the 

three-point (see Figure 29) and four-point bending test, as described in ASTM C78 and 

ASTM C293 standards, respectively. These tests aim to determine the flexural strength of 

beams made from the vitreous bond material. In these tests, the load is applied through 

either three or four points on the beam. 

The flexural strength of the vitreous bond can be obtained from these tests by measuring 

the maximum applied load (P), the span between the lower supports (L), and the thickness 

(h) and width (b) of the beam. The flexural strength can be calculated using the following 

equation: 

𝝈 =  
𝟑𝑷𝑳

𝟐𝑩𝒉𝟐      (14) 

By conducting the three-point or four-point bending tests and applying this equation, 

valuable information regarding the flexural behavior and strength of vitreous bond can be 

obtained. 

 

Figure 29. Three-points bending test [113] 

The characterization of a material's mechanical behavior requires a comprehensive 

understanding of not just its maximum strength, but also its crack initiation and propagation 



Chapter 2: Review of the state of the art  

 

54 

 

under applied forces. The Digital Image Correlation (DIC) method has been utilized to 

study the progression of cracks in the fracture zone [114], [115]. DIC analysis offers in-

depth insights into the behavior of cracks at the crack tip and enables a connection between 

the applied load, crack length, and propagation rate as shown in Figure 30. 

 

Figure 30. Force vs displacement during Brazilian experimental test [115]. 

Furthermore, when evaluating the grinding process, it is crucial to consider not just the 

properties of the material but also the forces acting on the grinding wheel and the loads 

transmitted to the binder. Previous research has acknowledged the significance of stress 

distribution in the binder and its effect on the elasticity and deformation of the grinding 

Wheel [116], [117]. A probabilistic model based on the idea of undeformed chip thickness 

is proposed by Hecker [118]. Other studies have demonstrated the complex nature of the 

contact between abrasive grains and the workpiece, which involves a continuous change in 

the friction coefficient and local contact stiffness [119]. Wang et al [120] developed a 

model that describes the forces and energy partition based on the various types of contact 

between the grit and the workpiece, providing a qualitative understanding of the loads on 

the binder. However, there is limited information available on the relationship between the 

mechanical properties of the binder and the volumetric wear of the wheel. 
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2.6 Simulation and modelling of the grinding wheels performance  

In recent years, the importance of modeling and simulating grinding processes has greatly 

increased due to the industrial demand. This demand can be evidenced by the growing 

number of publications and research in this field. Simulation and modeling techniques are 

excellent tools used to predict, understand and optimize the performance of grinding 

wheels [121]. These techniques (see Figure 31) allow engineers to simulate the grinding 

process and understand the factors that influence the performance of the grinding wheel, 

such as abrasive particles, bond material, wheel geometry, wheel structure, thermal 

damage, surface topography and the grinding parameters. In the past, basic models using 

physical-analytical and physical-empirical methods based on multiple linear regression are 

used. Nowadays, thanks to the advancements in technology, high-performance computers 

allow the use of more advanced and accurate models and simulation methods.  

 

Figure 31. Models and their applications areas for simulation [121]. 

In order to develop an accurate model for addressing the volumetric wear of grinding 

wheels, several crucial aspects need to be considered. The aspects that play a significant 

role in the modeling process and contribute to a comprehensive understanding of the 

wheel's performance are the following: 

 The characteristics of the grinding wheel surface have a profound impact on its overall 

performance. Factors such as the topography of the wheel, the distribution and shape of 

abrasive grains, and the porosity of the wheel surface are critical in determining the wear 

patterns that will occur during the grinding process. 
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 The forces exerted on the grinding wheel during grinding operations directly influence 

its wear behavior. These forces include the grinding forces, such as normal forces and 

tangential forces. Understanding and accurately modeling these forces is essential for 

predicting the wear characteristics of the wheel. 

 The mechanical response of the grinding wheel material to the applied forces is another 

crucial aspect to consider. Material properties, such as hardness, strength, and elasticity, 

significantly affect the wheel's wear resistance and deformation characteristics. 

Incorporating these material properties into the model enables a more realistic 

representation of the wheel's performance. 

 Wear is a fundamental aspect that must be considered in the modeling of grinding wheel 

performance. The volumetric wear of the wheel can be influenced by various factors, 

including the type of abrasive used, the grinding parameters employed, the cooling 

conditions during grinding, and the properties of the workpiece material. Taking these 

factors into account allows for a more accurate prediction of the wheel's wear behavior. 

By carefully considering and incorporating these aspects into the modeling process, an 

effective and reliable model for the volumetric wear of grinding wheels can be developed. 

Several models have been developed that take into account these important aspects. 

2.6.1 Grinding wheels surface modelling  

A thorough comprehension of the interaction between the wheel and workpiece in grinding 

can be derived from a detailed analysis of the surface of the grinding wheels. It is known 

that the surface of the grinding wheel comprises the porosity volume, the density and the 

protrusion height of abrasive grains. In the past, the surface of the grinding wheel is 

evaluated through empirical measurements and real photographs. However, nowadays, 

various models have been developed to analyze the surface topography of grinding wheels 

under different grinding conditions. One approach to modeling grinding wheel surfaces 

involves using advanced computational techniques, such as finite element analysis (FEA) 

or discrete element modeling (DEM). These methods simulate the behavior of the wheel 

and the grinding process, allowing for a more accurate prediction of the wheel's 

performance and the quality of the ground surface. 
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Doman et al. [122] divided their research into three distinct sections: 1D, 2D, and 3D. The 

1D section focused on characterizing surface conditions using a single parameter. 

However, this approach did not provide sufficient detailed information about the surface 

conditions. In contrast, the 2D section took a physical perspective, considering the impact 

of the structural components of the grinding wheel such as the size and shape of the 

abrasive grains (see Figure 32), and dressing mechanics. Additionally, the section 

accounted for grain fracture and deformation, providing a more comprehensive 

understanding of the surface conditions. In the 3D modeling section, Doman et al. 

considered the arrangement of grains on the dressed wheel surface. By incorporating this 

element into their model, they are able to further enhance the accuracy and precision of 

their predictions. In addition, the stochastic treatment and arrangement of grains proposed 

by Chen and Rowe [123] align well with the structure of the grinding wheel, making it a 

highly suitable approach. 

 

Figure 32. Normal distribution of the grain size [122] 

Sridhar et al. [124] developed a surface topography model using a DEM software that takes 

into account the dressing process, as well as the effects of the manufacturing process and 

the influence of grinding wheel properties. However, one of the main limitations of this 

model is that the DEM generates elements that are completely spherical, which does not 

accurately reflect the shape of the grains. Additionally, the DEM does not separately 

consider the abrasive grain and the bond. Finally, the model's results are verified with the 

experimental test.  
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In some models, the shape and the position of the grain have been considered to create the 

surface topography of grinding wheels.  Kacalak et al. [125] have developed three different 

methods for generating surface topography of the grinding wheel. In order to create the 

topography, they consider the shape and position of the highest vertices and compare them 

with the actual surface of the grinding wheel. The distribution, density, and position of the 

vertices are highly relevant for generating the topography. Finally, there is a high level of 

agreement between all three models and the actual surface of the grinding wheel. In another 

approach, Brakhage et al. [126] developed a grinding wheel structure model based on the 

actual shape of the abrasive grains. In this article, they evaluated the shape of the grains 

using tomography and visualized the volumetric structure of the wheel. The goal is to 

determine the grain density of the wheel. However, the model did not take into account the 

bonding material and pores, which are important for generating a realistic structure of the 

grinding wheel. In the third approach, Zhang et al. [127] simulated the actual topography 

of the grinding wheel using finite element method (FEM), considering hexahedral grains 

randomly positioned across the entire surface of the wheel. In this article, they obtained the 

grinding forces, whose results have an effect on the deformation of the wheel. Finally, De 

Pellegrin and Stachowiak [128] analyze the shape and scale of abrasive grains using an 

analysis technique. In this article, the shape of the grains is an important factor in surface 

wear due to the penetration they exert on the workpiece. 

Unlike other models for grinding wheel simulation, Zhang et al. [129] consider the volume 

of the wheel's porous factors. In other words, in addition to taking into account the shape 

and distribution of abrasive grains on the wheel, they also consider the distribution of 

porosity. This makes the grinding wheel model more realistic than other models. 

Since the grinding process is inherently stochastic in nature, on the one hand, Zhen and 

Ranga [130] developed an analytical model that considers the intrinsic stochastic process 

of grinding. This means that they use probability statistics to take into account the geometry 

and quantity of abrasive grains that pass through the contact between the grinding wheel 

and workpiece. In this article, they analyze the finishing and cut-off operations, taking into 

account parameters such as the number of grains in contact, the number of grains cutting, 

their dimensions, as well as the penetration of the grains and the chip removed (see in 

Figure 33). The aim is to compare these results with experimental data. The results showed 

that a very low number of grains participate in cutting, which also depends on their size. 
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Conversely, a high number of grains participate in rubbing or plowing. On the other hand, 

Koshy et al.[131] present a stochastic simulation, utilizing 3D topography, regarding the 

structure of resin/metal bonded diamond grinding wheels. In this study, the authors take 

into consideration the protrusion and density of grains, as well as the spacing between them 

and the percentage of exposed abrasive grains. By doing so, they are able to evaluate the 

effectiveness of the dressing operation on the diamond wheel's topography. In this 

approach, Agarwal and Rao [132] have developed an analytical model for surface 

roughness based on the stochastic nature of the grinding process, which considers the 

geometry and random distribution of abrasive grains. The results obtained show excellent 

agreement with experimental data. Finally, Warnecke and Zitt [133] describe a 3D model 

of a grinding wheel in both macro and micro geometries, with an array of multiple grains 

on its surface. 

 

Figure 33. Schematic of active contact grains, active cutting grains and the penetration into the 

workpiece [130]. 

Chen and Rowe [123] provide a comprehensive analysis and simulation of the grinding 

process, focusing on the generation of wheel topography through single point diamond 

dressing. One of the key challenges in this process is the random spacing of grains 

throughout the wheel. To address this, the simulation considers various factors, including 

grain size, spacing, fracture, break-out, and the movement of the dressing tool. The 

simulation results demonstrate excellent qualitative agreement with experimental results. 

As such, this method enables the simulation of the wheel surface with a high degree of 

accuracy. 

The investigation of the trajectory of grains is crucial because it impacts both the surface 

finish of the workpiece and the wear of the grinding wheel. For this reason, Chakrabarti 
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and Paul [134] have created a numerical model of an abrasive wheel with square pyramidal 

abrasive grains. By simulating the trajectory of all abrasive grains, the model generates the 

ground workpiece surface by removing material. This model is developed to study the 

effects of grinding parameters on the surface of the wheel. The results presented in the 

article are consistent with experimental results published in the literature. In addition, Cao 

et al [135] develop a numerical model that enables the prediction of surface topography 

and improves surface quality. In this article, the trajectory of grains and vibrations between 

the grinding wheel and workpiece are considered. 

2.6.2 Grinding forces modelling  

Several models have been developed to predict grinding forces, most of which are 

analytical models. These models include micro and macro grinding force models, as well 

as plowing grinding force models [136]. Accurate modeling of grinding forces is crucial 

for improving grinding parameters and the overall grinding process. On the one hand, 

Badger and Torrance [137]developed two models aimed at predicting the grinding forces 

produced by rigid plastic contact with the surface of a grinding wheel. One model is 2D 

and it is based on the lane-strain slip-line field theory, while the other is 3D and it is based 

on a pyramid-shaped asperity model. In both models, the behavior of the contact is 

dependent on the abrasive grains and the coefficient of friction. In this research, take into 

account the breakage of the bond regarding to the maximum stress. Finally, the forces 

obtained from both models are compared with experimental results, and the more accurate 

predictions are obtained with the 3D model. On the other hand, a model for single point 

diamond dressing of grinding wheels developed by Torrence and Badger [138], not only 

predicts the grinding forces but also the workpiece roughness and topography of the 

diamond-dressed wheel. This model incorporates stochastic characteristics related to the 

breakage of bonds and grains, as well as the arrangement of abrasive grains and their 

interaction with the dressing tool. 

In another case study, Hecker et al. [139] analyzed the topography of the grinding wheel 

to determine its characteristics, such as grain size and density. Using this information, they 

are able to model the normal and tangential forces acting on each abrasive grain, taking 
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into account the kinematic effects generated by the active grains and their deflection during 

contact. The grinding force results obtained are validated through experimental tests. 

Inasaki [140] developed a surface model for grinding wheels with the goal of predicting 

roughness and grinding force. This model takes the chip removal process into 

consideration. The results indicate that the cutting force can predict changes in topography 

to a certain extent. 

2.6.3 Grinding wheels mechanical behavior modelling 

The mechanical behavior of the grinding wheel can be determined through various 

methods, and one of them is the use of numerical methods. In particular, Discrete Element 

Method (DEM), are useful tools for studying the mechanical behavior of porous brittle 

materials. DEM has been used to simulate Brazilian and triaxial tests on geomaterials and 

concrete [141]. Li et al. [96] used DEM to analyze the loads on the binder in vitrified 

grinding wheels. Their model is based on the discontinuum hypothesis and considers 

different grit geometries and discretization of both abrasive and vitreous bond. Due to the 

high computational cost, the model is limited to the contact region between the wheel and 

the workpiece. Figure 34 shows the configuration of the grinding simulation. The grinding 

wheel material is characterized using Brazilian tests, and the model is validated through 

grinding tests that measure grinding forces and final part topography. While this research 

does not consider volumetric wear and the G ratio, it provides a foundation for the efficient 

characterization and simulation of the behavior of vitreous bonds. Li et al. [142] extended 

their research in a subsequent paper. 

 

Figure 34. Configuration of the grinding simulation [96] 
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Osa et al. [143] used a model based on the hypothesis of a discontinuous body, in which 

abrasive grains are represented as discrete elements and the binder is represented as elastic 

beams as shown in Figure 35. The use of spheres to approximate the complex geometry of 

grains and beams to represent the binder greatly reduces computational cost. The model 

calculates the stress distribution on the binder and the elastic deformations caused by 

grinding forces. It is validated through calculations of the contact length and comparisons 

with existing references. The model shows that the active number of grains has a large 

influence on the contact stiffness and, therefore, the stresses on the binder, and that 

different dressing strategies can highlight this. While the model does not consider the 

fracture of bond bridges or the prediction of the G ratio, DEM has been shown to be 

effective in describing fracture mechanics in tribological studies [144]. 

 

Figure 35. Schematic representation of the grinding wheel model [143] 

2.6.4 Grinding wheels wear modelling  

Currently, there is a lack of theoretical models available to analyze the volumetric wear of 

vitrified grinding wheels. However, researchers have developed experimental models to 

determine the life expectancy of other types of grinding wheels. For example, Yu et al. [62] 

have created a model to assess the life expectancy of electroplated CBN grinding wheels 

when machining nickel-based superalloys. In their study, they analyzed the evolution of 

the surface topography of the grinding wheel and the wear mechanisms, observing the bond 

fracture phenomenon in the initial wear phase followed by steady grit wear in the second 

phase. To develop their model, process parameters, thermal loading, and the Paris-damage 

evolution law are required for the first stage. For the second stage, knowledge of the 

material abrasion evolution law (Preston approach) is necessary. Additionally, they 
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developed a single grit pull-out device to analyze changes in residual strength at CBN 

wheels during contact. 

Another study by Novoselov et al. [145] analyzed the relationship between the wear of the 

grinding wheel and the wear of the abrasive grain analytically. They performed a kinematic 

analysis, yielding a differential equation that relates the wear of the grinding wheel to the 

wear of the abrasive grain. Furthermore, they used a probabilistic approach to estimate the 

actual condition and wear of the grinding wheel. 

Hwang et al. [146] developed a statistical model to determine the surface topography of a 

grinding wheel during the grinding process, taking into account the attritious wear and 

active grains, which have a pyramidal shape. The results showed that as the grinding 

progresses, the number of active grains and the attritious wear increase, leading to an 

increase in the grinding forces. They also obtained a relationship between the grinding 

forces and the attritious wear area. 

Godino et al. [147] used discrete element methods to model the grain wear of Sol Gel 

alumina and white fused alumina, taking into account the third body generated during the 

contact between the workpiece and abrasive grain. They also considered the influence of 

the crystal structure and analyzed the thermal behavior of SG alumina. Finally, they 

compared their numerical and experimental results, revealing errors of 8% and 15% in 

WFA and SG alumina grain, respectively. 

In summary, developing a model for volumetric wear requires consideration of several 

crucial aspects, including the surface of the grinding wheel with a focus on the penetration 

of abrasive grains, grinding forces, and the mechanical behavior of the wheel. 

2.7  Preliminary conclusions  

Based on the review of the state of art on the grinding process to characterize the bond 

fracture of grinding wheels, several key findings and conclusions can be drawn: 

 The review has highlighted the main wear mechanisms of grinding wheels in the 

grinding process. It is observed that the specific wear mechanisms vary depending on 

the combination of the grinding wheel and the workpiece material. However, in some 
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cases, the wear mechanisms can overlap, making it challenging to analyze each 

mechanism individually. In particular, the phenomenon of bond fracture stands out as 

the predominant wear mechanism, leading to imbalances and rapid wear, which can 

result in vibrations and negatively impact the final dimensions of the workpiece. 

Additionally, this phenomenon, along with grain breakage is produced with high Qw’ 

and contributes to the reduction of attritious wear. Finally, it has been observed that 

reducing the hardness of the grinding wheel leads to a higher occurrence of bond fracture 

and a lower occurrence of grain fracture. Therefore, in the present work, special 

attention will be given to isolating and addressing the bond fracture phenomenon 

separately from other types of wear. 

 Characterizing the phenomenon of bond fracture in vitrified alumina grinding wheels is 

crucial, as they are commonly grinding wheel used in various industries. Therefore, this 

study aims to investigate the evolution of bond fracture on vitrified alumina grinding 

wheels. Furthermore, among the various methodologies analyzed for quantifying bond 

fracture, the measurement of the ground graphite material will be employed. Grinding 

on graphite offers information into the actual radial wear of the grinding wheel during 

the grinding process. By examining the bond fracture phenomenon and using the 

graphite material as a means of measurement, a comprehensive understanding of the 

behavior and progression of bond fracture in alumina grinding wheels can be achieved. 

 The theory of brittle fracture for vitreous bonding is valid. The occurrence of fractures 

at bridges and the interface between the abrasive grit and the vitreous material has been 

consistently observed. Moreover, the correlation between the dressing operation and the 

presence of microcracks underscores the significant role of these microcracks in 

determining bond integrity. The review also emphasizes the susceptibility of vitreous 

bonds to crack propagation when subjected to cyclic thermo-mechanical loads during 

grinding.  

 The composition of the vitrified bond has a great influence in the wear characteristics 

of the grinding wheel. By incorporating intergranular boundaries, the bond composition 

enhances fracture toughness, leading to microchipping and ultimately reducing 

volumetric wear. In addition, the development of new formulations for ceramic bonds 
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establishes the improved grinding performance and properties of the grinding wheel 

through systematic grinding tests. 

 The advancement and implementation of theoretical models to understand the behavior 

of bond bridges in grinding processes necessitate thorough experimental 

characterization of the mechanical properties of the grinding wheel material. Essential 

properties, including ultimate strength and elastic modulus, can be accurately assessed 

using three and four-point bending tests. Additionally, the ultimate strength of the 

composite body of the grinding wheel can be successfully measured through Brazilian 

and compression tests. These valuable insights into the mechanical properties serve as 

crucial input for stress analysis of the vitrified binder during grinding. 

 To take into account both the material properties of the grinding wheel and the forces 

exerted on it, as well as the loads transmitted to the binder is essential. Classical studies 

have emphasized the importance of stress distribution within the binder, underscoring 

its impact on the elasticity and deformations of the grinding wheel. 

 Numerical methods have emerged as a powerful tool for investigating the mechanical 

behavior of porous brittle materials, including grinding wheels. Advanced 

computational techniques such as finite element analysis (FEA) or discrete element 

modeling (DEM) have proven to be the most effective approaches for modeling grinding 

wheels. These methods enable the simulation of wheel behavior during the grinding 

process providing relevant information and more accurate predictions regarding wheel 

performance and the quality of the resulting ground surface. DEM, in particular, has 

demonstrated its superiority in reproducing the granular structure of grinding wheels 

and effectively reflecting bond fracture wear. Existing grinding wheel wear models have 

emphasized various factors, including grinding parameters, thermal and mechanical 

loading, wheel elasticity, damage evolution laws, probabilistic approaches, surface 

topography, and grits penetration. The wear models aim to capture the complex 

interactions between these factors. Analyzing the contact between grinding wheel and 

workpiece is crucial for obtaining accurate predictions of radial wear. Therefore, the 

grinding wheel wear model should adequately account for the stiffness of the grinding 

wheel and consider the surface topography. 
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In conclusion, this study aims to address the existing gaps in the current state of the art. 

Specifically, the focus will be on conducting a comprehensive analysis of bond fracture in 

vitrified alumina grinding wheels. The occurrence of bond fracture will be thoroughly 

investigated, taking into account the influence of the grinding parameters and hardness of 

the grinding wheel. Additionally, a detailed examination of the grinding forces results will 

be conducted to enhance the understanding of bond fracture generation during contact. 

Furthermore, three-point bending tests will be performed to determine the failure stress and 

the grindometer will be used in order to get the elastic modulus of the grinding wheel, 

providing valuable information into the mechanical properties of the grinding wheel. 

Subsequently, a grinding wheel wear model will be developed to study the influence of 

stress in the contact and the evolution of radial wear in vitrified alumina grinding wheels. 

By addressing these aspects, this research aims to contribute to a deeper understanding of 

the mechanisms underlying bond fracture in vitrified alumina grinding wheels. The 

findings will provide relevant knowledge for optimizing grinding processes and improving 

the durability and performance of such wheels. 
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Chapter 3  

Experimental analysis of volumetric 

wear of vitrified alumina grinding 

wheels. 

3.1 Introduction 

The state-of-the-art review has identified the challenges associated with characterizing 

volumetric wear during grinding. To overcome these difficulties, this chapter presents an 

experimental test designed to replicate real-world grinding conditions. Specifically, the 

primary focus of these experiments is to analyze the bond fracture phenomenon that occurs 

during grinding. To isolate this phenomenon, a design methodology is employed that 

replicates real grinding conditions using an extremely soft wheel that develops volumetric 

wear as the predominant effect. The experiments use 100% monocrystalline structures of 

alumina, which enable the development of bond fracture. In addition to analyzing the bond 

fracture phenomenon, several secondary objectives are proposed, including the 

measurement of the volumetric wear of the grinding wheel and the determination of the 
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relationship between power, specific energy, forces, and part material removal. Finally, to 

achieve these objectives, this chapter defines the test conditions, methodology and presents 

the experimental results. Furthermore, the experimental results provide the input data for 

the simulations. 

3.2 Equipment  

Studying a particular type of wear can prove challenging due to its tendency to overlap 

with other types of wear. However, the present study overcomes this challenge by 

designing a soft grinding wheel grade EF that prevents attritious wear and grain breakage. 

The main focus of the study is to create an experimental test that can accurately replicate 

the bond fracture phenomenon that occurs during grinding against steel, with the aim of 

characterizing the volumetric wear of the grinding wheel under specific grinding 

conditions. 

 

Additionally, grinding parameters are chosen, always close the range of industrial 

parameters, to ensure accurate analysis of bond fracture with grinding wheel and grinding 

parameters design. Thus, to minimization of the grain fracture, 100% monocrystalline 

abrasive grain is chosen. 

The development of an experimental grinding test for the analysis of volumetric wear 

necessitates the consideration of grinding test conditions and various elements of the 

grinding system, which include the grinding machine, the workpiece, the grinding wheel 

and the dresser. To conduct the tests, the specifications of the grinding machine and 

dynamometric device used to measure grinding forces during the tests are also provided. 

The main characteristics of the machine are presented in this section. To ensure the 

precision of the force measurements, a wattemeter is employed to gauge power output. 

Table 1 outlines the device name and conditions used for acquiring the grinding forces and 

power, and it should be noted that the tests are conducted with cooling to maintain optimal 

grinding conditions. The others elements of the grinding system and the grinding test 

conditions will be detailed based on their specific characteristics as follows. 

To better observe the bond fracture phenomenon in detail, an open structure is chosen for 

the grinding wheel. This structure consists of 100% cubic monocrystalline alumina 
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abrasive grains, with a diameter of 0.330 mm, embedded in a vitreous bond matrix. As 

alumina is commonly used in the grinding industry, it is chosen for this study. This results 

in an open and soft grinding wheel with the nomenclature MA46EF12V. The grinding 

wheels have dimensions of 250x40x127 mm (see Figure 36) and are manufactured by 

UNESA S.L. in Spain.  

 

.   

Figure 36. Vitrified alumina grinding wheel 100% monocrystalline 

 

Grinding experiments are conducted with an surface grinding on a three-axis CNC 

machining center (Blohm Orbit 36), as shown in Figure 37. 

 

 

Figure 37. Surface grinding machine Blohm orbit 36 

The main characteristics of the surface grinding machine are: 

 The maximum power of the machine surface grinding is 8.5 KW. 

 Maximum spindle speed is 6500 rpm. 

 Maximum work speed is 40000 mm/min. 

 Maximum wheel speed is 35 m/s. 

 The workpiece camping is a magnetic device 
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 Static diamond. 

 Maximum wheel dimensions: 450 x 50 x 127 mm 

 Workspace dimensions: 1000 x 300 mm 

 

For this study an ASTM A681 (DIN 90MnCrV8) hardened tool steel T-profile block is 

chosen as the workpiece. The workpiece has a hardness of 54HRc and dimensions of 45 x 

30 x 125 mm, as shown in Figure 38. This workpiece material is known for its excellent 

wear resistance due to its high carbon and high chromium composition, making it a suitable 

candidate for grinding tests. 

 

 

 Figure 38. Geometry of the workpiece. 

3.3 Monitoring devices 

The monitoring devices are used for power measurement, force measurement, volumetric 

wear measurement and attritious wear quantification (wheel surface analysis) during the 

grinding. Firstly, this section explains the power and forces measurement during the 

grinding process. Secondly, once the tests are completed the worn surface analysis is 

carried out to measure the volumetric wear, the topographic profile wear and confirm that 

other type of wear, besides bond fracture phenomenon, is observed in relatively low 

proportion. 

3.3.1 Power measurement 

To measure the power, a Load Controls UPC-230FR, device connected to an NI 6009-USB 

data acquisition card is used as shown in Figure 39. Signal collection and processing are 



Chapter 3: Experimental analysis of volumetric wear of vitrified alumina grinding wheels.  

 

71 

 

performed using GREAT software, a custom Python-based development tool. A sampling 

frequency of 10000 Hz is employed to ensure a significant number of measurements. With 

work speed of 0.25 m/s and workpiece length of 125 mm, 5000 data points are obtained. 

To eliminate signal noise, a low-pass filter is applied after capturing the power signals. The 

cutoff frequency of 0.25 Hz is determined based on an analysis of the acquired signals' 

Fourier transform (see Figure 40). 

 

Figure 39. Power measurement during the grinding operation 

 

 

Figure 40. Amplitude vs. frequency analysis of the power signal for determining the cutoff 

frequency 
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3.3.2 Force measurement 

To measure the grinding forces, a Kistler 9257B table connected to a signal acquisition 

device from Kistler is used as shown in Figure 41. Signal collection is performed using 

Dynoware software, with a sampling frequency of 10000 Hz to ensure a significant number 

of measurements, following the same criteria as the power acquisition. Signal processing 

and filtering are conducted using GREAT/Matlab software. The processing involves 

removing drift in the obtained signals and applying filtering. The Fourier transform of the 

acquired force signals produces similar results to those obtained from the power signals. 

Therefore, a cutoff frequency of 0.25 Hz is chosen.  

 

Figure 41. Force measurement during the grinding operation. 

3.3.3 Volumetric wear measurement 

To measure volumetric wear, the classical method of marked on a graphite piece is 

employed. In this case, as shown in Figure 42 the width of the workpiece (a) being ground 

is smaller than that of the grinding wheel width, ensuring that a portion of the wheel 

remains unworn (b). After a predefined number of grinding passes, a graphite piece (a very 

soft material) wider than the grinding wheel is ground. The marked left on the graphite 

piece includes both the worn and unworn areas. Finally, the difference in heights (Hf – Hi) 

measured by the dial gauge indicates the radial wear and consequently the volumetric wear 

of the grinding wheel. 
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Figure 42. Volumetric wear measurement in the center of the grinding wheel 

 

Additionally, the profile of the wheel wear is analyzed. To measure the profile of the wheel 

wear, the shape of profile is taken in the graphite piece. In this case, as shown in Figure 43, 

the topographic profile is taken by the microscope Dino-Lite (Dino-Lite Digital ProX 

(AM4013)) in the graphite piece. Once the images have been taken, the images processing 

is performed. The images acquisition software (Dino-lite Capture 2.0) and  profile 

measurement application (Web Plot Digitizer software) are used. Finally, the data are 

collected in MATLAB.  

 

Figure 43.  Topographic profile wear measurement in the graphite piece. 

3.3.4 Attritious wear measurement 

In order to validate that volumetric wear is the dominant factor in the experiment, attritious 

wear measurements are measured on the surface of the grinding wheel. For this, the capture 

of images of the topography of the grinding wheel worn is made with the optical 

microscope at 50x (Dino-Lite Digital ProX (AM4013)) with the light direction oriented 

perpendicular to the grinding wheel surface as shown in Figure 44. The captured images 
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are processed using Adobe Photoshop Cs for the identification of attritious wear areas. 

Furthermore, for providing quantitative measurements of their respective percentages a 

module called attritious wear analysis is used, which is integrated into the Great software. 

The detailed results will be presented in section 3.5.5. 

 

 

Figure 44. Attritious wear measurement with the optical microscope Dino-Lite with the light 

direction oriented perpendicular to the wheel surface. 

3.4 Methodology  

This section provides an explanation of the conditions in which the experimental work is 

carried out. Initially, the dressing and grinding parameters are set for the entire test, which 

are documented in Table 1.  This encompasses factors such as depth of cut, cutting speed, 

number of passes and other relevant variables. It can be observed that the initial dressing 

parameters correspond to medium-level dressing conditions. Power and force 

measurements are taken for each grinding pass. After the completion of the experimental 

tests, the analysis of forces and wear are conducted.  

3.4.1 Test condition 

During the experimental test, grinding forces and power consumption are measured at each 

grinding pass. The test is divided into 11 blocks to measure the grinding wheel wear and 

real material removal rates. Table 1 provides the number of passes in each block. Following 
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each block, the workpiece material removed and wheel profile wear are measured. Table 1 

displays the grinding conditions used in the experiment.  

 

Throughout the tests, the cutting speed (vs) is maintained at a constant value of 30 m/s. The 

workpiece speed (vw) is set at 0.25 m/s, and a programmed depth of cut (ae) of 0.036 mm 

is applied to investigate its influence on bond fracture occurrence. The working zone is 

positioned in the middle of the grinding wheel as shown in Figure 45. Table 1 provides the 

programmed parameters for the 11 tests block, including the specific material removal rate 

Eq. (15) and the speed ratio Eq. (16). It should be noted that Q’w overcomes slightly outside 

the range of conventional grinding for the 11 designed tests block, highlighting the bond 

fracture phenomenon. However, qs is set at 120, just at the limit of thermal damage to the 

workpiece. Additionally, the experimental tests are conducted with a grinding wheel width 

(bw) of 10 mm, with the working zone positioned in the middle of the grinding wheel, as 

illustrated in Figure 45. 

𝑄′𝑤 = 𝑎𝑒 ∙ 𝑣𝑤 
(15) 

𝑞𝑠 =
𝑣𝑤

𝑣𝑠
 (16) 

 

Figure 45. Working zone positioned in the middle of the grinding wheel. 

 

Accumulative grinding tests are performed to investigate the progressive evolution of 

volumetric wear during the grinding process. Consequently, the grinding wheel is dressed 

only at the beginning of the tests, providing data for the initial surface. The dressing 

operation is carried out using the parameters specified in Table 1. It is noteworthy that a 

fine dressing approach is employed, with an overlap ratio (Ud) of 7.33. Regarding the depth 

of cut, a value of 0.01 mm will be assigned, and the peripheral speed of the grinding wheel 

will be the same as that used in the grinding process. 
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Hence, the initial phase of the grinding tests involves dressing the surface of the wheel, 

which is done only once throughout the entire test duration. During the complete tests, a 

total of 1041.46 mm3/mm of material is removed from the grinding wheel, enabling the 

subsequent analysis of grinding forces, power consumption, attritious wear, topographic 

profile wear and the evolution of volumetric wear. It is important to note that the power 

consumption is measured using the spindle motor of the grinding machine, where the 

grinding wheel is located, while the grinding forces are obtained through the use of a 

Dynamometer plate, specifically the Kistler 9257B, which is positioned beneath the 

workpiece. 

In the Figure 46, the setting up of the experimental system is shown. The graphite and the 

workpiece can be seen. The graphite is placed in a position where there is no collision 

between the grinding wheel and graphite during the grinding process.  

 

 

Figure 46. Setting up of the experimental system 

 

 Grinding wheel 

Dimensions (mm)  ∅250x127x40 mm  

Specification  MA46EF12V489P20P  

Workpiece material    

Material  AISI 02 (90MnCrV8)  
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Hardness (HRc)  54  

Dimensions (mm)   30x10x125 mm  

Grinding conditions    

  ae = 0.036 mm vs = 30 m/s vw = 0.25 m/s 

 Qw’ = 12.5 mm3/mm·s qs = 120 

Dressing conditions    

 aed = 0.010 mm Vd = 250 mm/min vs = 30 m/s 

  Ud = 7.33  

Number of passes  10 20 40 

Grinding test block 1 - 4 5 - 8 9 - 11 

Force measurements    

Dynamometer plate: Kistler 

9257B 

 

Acquisition rate 10000 Hz 

force range ±500 N 

Low Pass filter 

Cut-off frequency: 0.25  

Power measurements    

Wattmeter Load Controls 

Universal Power Cell: Model 

UPC-FR 

 

Acquisition rate 10000 Hz 

Low Pass filter 

Cut off frequency: 0.25 

 

 

 

 

Table 1. Test conditions 
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3.4.2 Testing Procedure 

Before starting the grinding process, the grinding wheel must be dressed. During the 

operation, the grinding forces and power consumption are measured at each grinding pass. 

To assess wheel wear and actual material removal rates, the entire experimental test is 

divided into 11 tests block, with the number of passes detailed in Table 1 for each block. 

After each test block, the amount of material removed from the workpiece and the wear on 

the wheel profile are measured. 

The grinding machine not only allows for grinding passes but also performs spark-out after 

each pass. Therefore, once the passes and spark-outs are completed in each test block, the 

amount of material ground is measured using a dial gauge on the workpiece. Since the 

power consumed in each pass and spark-out is measured, it is calculated. To calculate the 

material removal rate, it is assumed that the depth of cut is proportional to the power 

consumption. Hence, by knowing the total amount of material removed, the proportional 

part of power consumption in the pass and spark-out is assigned. This allows for the 

estimation of ae. Furthermore, the grinding forces is measured in each pass and spark-out. 

Additionally, after each test block, the procedure used to measure the wheel volumetric 

wear is shown in section 3.3.3. To minimize measurement errors, the height of the wear on 

the surface of the graphite are measured in nine different zones. Then, in order to validate 

that volumetric wear is the dominant factor in the experiment, attritious wear measurements 

are measured on the surface of the grinding wheel. This methodology is performed after 

each grinding test block. To minimize measurement errors, the attritious wear on the 

surface are measured in four different zones of the periphery of the grinding wheel. 2D 

images are taken, as can be seen in Figure 47a, RGB color code in adjust of image of Adobe 

Photoshop Cs is used. The resulting image shows the attritious wear in white color and the 

rest of the wheel in black (see in Figure 47b), facilitating comparison with the original 

image. Once the image matches, the attritious wear analysis software (GREAT) provides 

the percentage of the area representing the attritious wear on the grinding wheel. 
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(a)                                                                        (b) 
Figure 47. Attritious wear quantification processing. (a) raw 2D images, (b) flat areas detection 

Subsequently, the wheel profile is captured using a Dino-Lite Microscope, and the profile 

processing is performed using Matlab. 

Finally, with the data obtained previously, the grinding wheel wear resistant is 

characterized. To characterize the grinding wheel wear, the grinding ratio or also called G-

ratio is used [2]. This parameter is obtained from the volumetric wear of the grinding wheel 

and the removal volume of the workpiece in the steady-state wear regime. The grinding 

ratio can be expressed in Eq. (17). The formula is as follow: 

𝐺 =  
∆𝑉𝑤

∆𝑉𝑠
 

(17)     

where Vw is the material removal volume of the workpiece in the steady-state wear regime 

and Vs is the worn volume of the grinding wheel in the steady-state wear regime. In order 

to get a reliable G-ratio value, Vs and Vw must be correctly measured.  

3.5 Discussion of results 

This section presents a detailed analysis of the influence of grinding parameters on the 

generation and occurrence of bond fracture. Firstly, the authors discuss the impact of 

grinding parameters on bond fracture, specifically focusing on the evolution of volumetric 

wear with specific material removal for this type of grinding wheel. Additionally, the 

analysis of the influence of bond fracture on power, specific energy, grinding forces, 

topographic profile wear and the volumetric wear. Finally, the section presents an 

evaluation of the wheel surface, examining other types of wear in addition to the bond 

fracture phenomenon. 
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3.5.1 Power and specific energy 

 

Figure 48. Specific power (P’) and specific grinding energy (ec) vs. specific volume of part 

material removed (V’w) 

 

The graph in Figure 48 displays the evolution of specific power (P') and specific grinding 

energy (ec), in comparison to specific material removal. The graph can be divided into two 

distinct regions. The first zone, up until V’w=400 mm3/mm, is dominated by the dressing 

operation, during which P' and ec reach maximum values of 0.21 kW/mm and 23.21 J/mm3, 

respectively. The second zone remains unaffected by the dressing operation, and the values 

of P' and ec remain almost constant at 0.18 kW/mm and 19.92 J/mm3, respectively. It is 

evident that once the effect of the dressing process dissipates, the values of P' and ec 

decrease. This behavior aligns with the fundamental principles of grinding theory, given 

that the overlap ratio used in the dressing process is 7.33 (fine dressing). 

Moreover, in the second part of the graph, the constant values of P' and ec suggest that the 

abrasive surface has similar cutting edges with every use, indicating that the predominant 

type of wear must be grain fracture and bond fracture. As such, attritious wear is not 

expected to occur, and volumetric wear is more likely to take place, which is reasonable 

considering that the grinding wheel is relatively soft.  
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3.5.2 Grinding forces 

 

Figure 49. Specific normal (F’n) and tangential (F’t) grinding force vs. specific volume of part 

material removed (V’w) 

 

Figure 49 illustrates the evolution of the normal and tangential components of the specific 

grinding force (F’n and F’t respectively) as a function of the accumulated specific material 

removal. The results reveal a pattern similar to that observed in the power results, indicating 

the presence of two regions. The tangential force can be related to power consumption 

using Eq. (18), which demonstrates that in the dressing transitional zone, a maximum 

specific power consumption value of 0.24 kW/mm is reached, while a mean value of 0.18 

kW/mm is observed in the non-affected stationary dressing zone. These findings are 

consistent with the P' values obtained in the previous graph. 

𝑃 = 𝐹𝑡 ∙ 𝑣𝑠                
(18) 

In contrast, the specific normal force remains constant in the non-affected stationary 

dressing zone, with average values of 16.39 and 6.12 N/mm for F’n and F’t, respectively. 

Additionally, the force ratio remains almost constant throughout the entire test (F’t/F’n ≈ 

0.37). This observation suggests that the surface grinding wheel maintained a consistent 

material removal capacity, minimizing the occurrence of attritious wear and maximizing 

volumetric wear. Furthermore, the standard deviation of the measurements for both 

components remained stable at 15% during the entire experiment. 
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The total amount of part material removed is V'w = 1338.92 mm3/mm, which corresponds 

to a total of 240 passes since each grinding pass is 125 mm. The loss of geometry of the 

grinding wheel is assessed by machining a graphite replica and taking photographs at 50X 

of the profile left by the grinding wheel on the graphite using a Dino-Lite Digital ProX 

(AM4013) camera. The loss of complete grains and wheel geometry becomes evident at 

the center of the wheel, as shown in Figure 50. 

 

Figure 50. Loss of geometry as measured on the graphite workpiece at the center of the wheel 

(V’w=900.12 mm3/mm) 

3.5.3 Volumetric wear  

 

Figure 51. Specific volumetric wear V’s versus specific metal removed V’w. 

 

Figure 51 illustrates the evolution of volumetric wear and G ratio, providing further 

evidence for the force analysis findings. The graph is divided into two regions, with the 

first region of which covers up to approximately V'w=350 mm3/mm and reflecting the 

influence of the dressing operation, while the second region highlights the impact of the 
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grinding wheel's actual structure. Both regions show linear behavior for volumetric wear, 

consistent with existing literature, with R2 values of 0.989 and 0.998, respectively. The G 

ratio can be determined from these plots, with values of 2.22 for the first region and 1.09 

for the second. These low G ratio values are not surprising given the use of a soft wheel 

for the experiments. The G ratio of the second region will be used for model validation, as 

it is not impacted by the transitional effects of the dressing process that will be excluded 

from the numerical modeling of the grinding process. 

3.5.4 Profile wear of the grinding wheel  

The profile wear evolution during the experiments is carefully monitored and recorded. 

The patterns of volumetric wear observed on the graphite sample are depicted in Figure 52. 

Each curve in the graph represents a specific value of V'w, with the uppermost gray curve 

corresponding to the end of the experiment. It is important to note that, due to the 

configuration of the workpiece, the grinding width of 2w is applied within the total width 

of the wheel. However, for computational cost, the grinding width can be simplified to just 

w, as illustrated in Figure 52. 

 

Figure 52. Evolution of the topographic profile wear of the grinding wheel after each grinding test 

block observed in the graphite replica. 
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3.5.5 Attritious wear quantification 

As it mentioned previously, for the analysis of the wheel surface, the attritious wear 

analysis software is used. It compares the white and black image with the original image 

to measures attritious wear areas in percentages. The results are presented in Figure 53, 

where each experimental test block displays the average attritious wear values extracted 

from the images. The total results show an average 0.27% of attritious wear area. Based on 

these results, it is justified that there is no influence of attritious wear. These results are in 

line with Malkin's findings [2], where similar experimental tests showed attritious wear 

levels of up to 2%. 

 
Figure 53. Average percentage of attritious wear in each experimental test block. 

3.6 Preliminary conclusions 

In this chapter, a comprehensive analysis is conducted to investigate the bond fracture 

phenomenon and its impact on the wear of vitrified alumina grinding wheels. An 

experimental methodology is meticulously detailed, aiming to isolate and highlight the 

evolution of bond fracture in these wheels. The influence of the grinding wheel's soft 

hardness grade EF is observed, specifically examining its effect on the appearance of the 

attritious wear in the grinding wheel surface. Significantly, it is observed that the 

occurrence of bond fracture is strongly influenced by both the grinding parameters and the 

hardness of the grinding wheel. These findings lead to the following conclusions: 
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 The methodology employed in this study to induce the bond fracture phenomenon in 

the grinding wheels is systematic and comprehensive. An approach is adopted, taking 

into account various factors such as the selection of appropriate grinding wheel and 

careful control of experimental conditions. By meticulously designing and 

implementing this methodology, it is possible to isolate and promote the occurrence 

of bond fracture in a controlled and reproducible manner. 

 

 The findings of the present study shed light on the influence of soft hardness grinding 

wheels with hard monocrystalline grains on the occurrence of attritious wear. In the 

case of vitrified alumina grinding wheels composed of 100% monocrystalline grains, 

the total attritious wear area is determined to be approximately 0.27%. These results 

highlight the significant effect of soft hardness grinding wheels in amplifying the 

manifestation of bond fracture. The quantification of this effect further confirms the 

relationship between the soft hardness of the grinding wheel and the development of 

attritious wear. Different hardness grades can result in varying degrees of bond fracture 

and wear characteristics. The presence of hard monocrystalline grains in the grinding 

wheel reduces the occurrence of attritious wear, demonstrating the importance of the 

hardness characteristics of grinding wheels. 

 

 The review of the state of the art has revealed that high Qw' values contribute to the 

occurrence of the bond fracture phenomenon. As a result, an approach is proposed to 

use a Qw' value of 12.5 mm3/mm·s, combined with elevated grinding parameters such 

as workpiece speed vw =15000 mm/min, depth of cut ae = 0.036 mm, and cutting speed 

vs = 30 m/s. By adopting these settings, a clear tendency of bond fracture generation 

can be observed. These findings emphasize the importance of understanding and 

controlling the Qw' value and grinding parameters in order to manage the occurrence 

of bond fracture. The proposed approach provides a practical strategy to induce and 

analyze bond fracture in a controlled manner, facilitating further research into its 

effects on grinding processes. 

 

 Once the experimental test has been completed, the analysis of grinding forces and 

power has revealed the existence of two distinct zones: the dressing transitional zone 
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and the non-dressing transitional zone. On the one hand, in the first zone reach a G 

ratio of 2.22 and on the other hand, in the second zone reach a G ratio of 1.09. The 

obtained low G ratio values in the experiments can be attributed to the using of a soft 

grinding wheel. This finding is not unexpected, as softer wheels are known to exhibit 

higher wear rates. Within these zones, both tangential and normal grinding forces 

exhibit a nearly constant behavior. After of dressing transitional zone, this pattern is 

consistent with the friction coefficient, which also maintains a quasi-constant value of 

0.37. The observed phenomenon can be attributed to the initial surface condition of 

the grinding wheel, as well as the specific grinding parameters designed to induce bond 

fracture phenomenon. These factors contribute to the prevalence of bond fracture as 

the primary mechanism during the grinding process. 
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Chapter 4  

Multiscale simulation of the volumetric 

wear of vitrified alumina grinding 

wheels 

4.1  Introduction 

Grinding wheel wear is a significant research topic, as highlighted in previous chapters. 

Chapter II specifically addresses wear characterization, particularly bond fracture, 

emphasizing the need to address this issue. In Chapter III, bond fracture in vitrified alumina 

grinding wheels is investigated within the context of studying the grinding process. The 

experimental results underscore the substantial impact of bond fracture on grinding 

performance. However, a comprehensive analysis is required, considering the complexities 

of modeling grinding wheel wear and the variability in grinding wheel topography. Despite 

the existing literature's inability to predict grinding ratio (G ratio) accurately, this chapter 

aims to introduce the develop discrete element method model that simulate the contact 
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between the grinding wheel section and the workpiece and subsequent volumetric wear 

under realistic conditions. The idea is to understand bond fracture phenomenon and to get 

G ratio. For this reason, in the multiscale approach two parts are presented, integrating the 

mechanical behavior of vitrified bonds with the stochastic nature of grain location in the 

grinding wheel. The first part involves a DEM microscale model (μSM) represents the 

mechanical behavior of any specific region of the grinding wheel, while the second part 

incorporates the randomization of the μSM (RμSM) of the grinding wheel represents the 

stochastic nature of grain location. This approach significantly reduces computational time 

and determines the actual number of lost grains under specific grinding conditions. As 

demonstrated in Chapter II, there are DEM studies considering detached elements of the 

main bodies, providing a notable information. Additionally, chapter III focuses on 

characterizing bond fracture, emphasizing the importance of the grinding parameters and 

the hardness of the grinding wheel. Given the critical role of mechanical behavior in the 

bond fracture generation, DEM is employed to model the volumetric wear of vitrified 

alumina grinding wheels under grinding contact conditions. The model development uses 

GranOO, a free C++/Python discrete element workbench. 

4.2  Description of the multiscale simulation  

In this chapter, the main objective is to predict the volumetric wear of the grinding wheel. 

To accomplish this goal, a multiscale numerical model will be developed. Additionally, the 

research aims to gain a deeper understanding of bond fracture behavior under realistic 

contact conditions during the grinding process. To achieve this, two hypotheses based on 

the properties of each grain in the μSM, such as the variability of the critical penetration 

(δc) and the number of abrasive grains removed (Nr), are proposed. δc refers to the depth of 

penetration at which the initial separation of at least one discrete element occurs. On one 

hand, the first hypothesis updates the mechanical behavior of the binder as the grinding 

wheel wears. On the other hand, the second hypothesis considers the possible cumulative 

damage to the binder as grinding wheel wears. In the RμSM, random properties are 

generated in each grain. This means that every abrasive grain in the RμSM possesses its 

own unique values for δc and Nr. 
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The volumetric wear of a grinding wheel is influenced by both the mechanical behavior of 

the vitrified bond and the stochastic nature of the abrasive grain locations. Any proposed 

model must consider these fundamental factors. Grinding wheels are composed of 

randomly embedded abrasive grains on a bonding matrix, with a degree of porosity. 

Therefore, accurately reproducing the behavior of an entire grinding wheel is challenging, 

and most studies focus on modeling a section of the wheel [96], [142], [143]. 

DEM are numerical techniques used to model the behavior of a large number of individual 

particles or discrete elements [148]. These methods simulate various physical states, such 

as velocity, position, temperature, magnetic moment, and electric potential, which can 

require significant computational resources. DEM is a first-principle-based approach that 

employs Newton's laws of motion and contact mechanics to describe particle dynamics. 

The distinctive characteristic of DEM is their ability to represent media in a discontinuous 

manner, which makes them particularly suitable for studying phenomenon like multi-

fracturing. Unlike Finite Element Methods (FEM), which may not accurately describe 

material wear or fracture, DEM excels in capturing such behavior. Hence, DEM is the 

appropriate numerical technique for the analysis conducted in this study. Additionally, 

DEM has been widely applied in various fields, including geomechanics, analysis of brittle 

materials, and controlling bulk solids in different industries. 

The grinding wheel, composed of grains, vitrified bond, and pores, can be considered a 

discontinuous material, exhibiting behavior that can be effectively simulated using the 

DEM. The advantage of using DEM for simulating the wear of the grinding wheel lies in 

its ability to easily detach discrete elements corresponding to bond fracture. However, the 

focus of the analysis in this study is on the mechanical behavior of the vitrified bond. 

Therefore, it is desired to represent the grinding wheel as a continuous material. 

Nevertheless, simulating continuous material poses a challenge for DEM. To address this, 

a 3D cohesive beam model is implemented to accurately capture the behavior of the 

grinding wheel [144]. 

The model must possess the capability to accurately replicate the inherent heterogeneity 

present within the grinding wheel. For this reason, to capture the mechanical properties, a 

discontinuous body hypothesis is adopted, where the abrasive grains are represented as 

spherical discrete elements (DEs), and the binder is modeled using 3D cohesive elastic 

beams. The developing of a complete DEM model that simulates all grinding wheel would 
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be computationally impossible. Instead, a multiscale simulation model consisting of two 

parts is employed. First, a grinding wheel section model (μSM) is developed to represent 

the mechanical behavior of any region of the grinding wheel. However, the μSM alone 

cannot capture the wear behavior due to the stochastic nature of grain locations. Hence, the 

second part of the model incorporates a randomization of the μSM (RμSM), which contains 

complete geometric information about the abrasive grain locations on the grinding wheel. 

The numerical environment follows the following steps: Firstly, μSM and RμSM are built 

according to their respective characteristics. Secondly, since the default behavior of the 

DEM leads to grain piling, resulting in a higher grain density compared to the center, a 

certain number of grains are removed. It allows to ensure a uniform grain density 

throughout the entire body. A similar process is applied to the RuSM, which is developed 

in Python, but in this case, there is a lower grain density at the edges. Subsequently, 

boundary and contact conditions are applied, and finally, the simulations are run. 

In the following sections, both the μSM and the RμSM are described in detail, highlighting 

their respective roles in modeling the volumetric wear. 

4.3  DEM microscale simulation model (SM) 

As mentioned in the previous section, the microscale model (μSM) represents the 

mechanical behavior of any specific region of the grinding wheel. This model adopts the 

discontinuous body hypothesis, where the discrete element (DEs) in the shape of spherical 

particles represents abrasive grains, while the elastic beams represent the binder. 

4.3.1 Fundamentals of the DEM microscale model (SM) 

A DEM of the grinding wheel is developed using the GranOO workbench. GranOO is a 

collection of C++/Python libraries and tools that are specifically designed to describe the 

physical properties of discrete elements [148]. DEM is well-suited for modeling materials 

with discontinuities, making it a suitable choice for simulating wear, as discrete elements 



Chapter 4: Multiscale simulation of the volumetric wear of vitrified alumina grinding wheels  

  

91 

 

can easily detach from the body. The decision to use DEM as the numerical method is 

driven by numerically representing the phenomenon of bond fracture.  

To simulate the physical phenomenon of wear due to bond fracture, the separation of DEs 

from the virtual wheel body is numerically performed. The numerical model must 

accurately represent the mechanical properties of the grinding wheel, including the 

randomness in grain size and distribution. The hypothesis of this work is that bond fracture 

is related to the fracture of the vitrified bond, which is considered a continuous material 

(3D cohesive beam model). Additionally, the use of beam cohesive bond produces more 

realistic fracture patterns [144]. 

The model is discretized into DEs (mass, radius and position), which is represented by 

abrasive grains, and the beams represented by the vitrified bond. Two DEs and the cohesion 

between them is achieved by using beams are depicted in Figure 54a. To describe the 

mechanical behavior of the cohesive beam, the Euler-Bernoulli beam theory is applied. The 

cohesive beam model [144] has beams that provided stiffness to the model, forming bridges 

between DEs. The beams have no mass, and instead, the total mass of the body is attributed 

to DEs. The behavior of a beam is determined by four parameters, including two 

mechanical properties (Young's modulus Eμ and Poisson's ratio νμ) and two geometrical 

parameters (radius rμ and length Lμ). These parameters are considered microscopic 

parameters due to the discrete element scale and its interaction with its neighbors. 

The position of each DE varies in each iteration, depending on the interaction of forces and 

torque reactions acting between them. These forces and moments generated tensile, 

bending, and torsion loading on the beams, resulting in normal stress (tensile and bending 

loading) and shear stress (torsion loading) as shown in Figure 54b. Elasticity is provided 

to the complete DEM model by following the calibration procedure of the micro-scale 

properties of the beams, which is applied by Osa [143] and based on the method established 

by André et al. [144]. The calibration procedure involves an iterative process based on 

virtual tensile testing of specimens until convergence between micro and macro properties 

of the sample is achieved. However, the model does not consider the possibility of beam 

fracture. Iordanoff et al. [149] use GranOO to describe multi-fracturation in tribological 

studies. This point will be addressed as a contribution in this work. 
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(a)                                                                       (b) 

Figure 54. Representation of DEs and beam: (a) DEs and beams representing abrasive grains and 

vitreous bonds, respectively; (b) System of forces and torques acting between two DEs. 

4.3.2 Modelling wheel structure 

This work begins by constructing a numerical model that accurately reflects the key 

characteristics of the grinding wheel, such as the radius of the DEs, the distribution of grit 

size, percentages of abrasive and binder materials as well as the domain dimensions. 

4.3.2.1  Radius and mass distribution of DEs 

In the scientific literature, various shapes of abrasive grains have been used in numerical 

models based on DEM, including spherical [150], pyramidal [151] and conical [152]. For 

this study, the selected shape for the abrasive grains is spherical, as it accurately reproduces 

the slope of the cutting edges. 

The grain size is measured the diameter using microscope Dino-Lite Digital ProX 

(AM4013), and for the verification the average grit diameter (dg) is calculated using Eq. 

(19) [2]. To account for the variation in grain size, the model employs a normal distribution 

of grain size, and sets maximum (dgmax) and minimum (dgmin) grain diameters based on the 

experimental grain size measured as shown in Figure 55. Once this information is gathered 

(see Table 2), the numerical sintering method [144] is used to construct the numerical 

model, which accurately represents the properties of randomness, homogeneity, and 

isotropy inherent in the actual grinding wheel. 
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dg = 
15.2

𝑀
                                                                        

    

(19)      

  

                                   (a)              (b)                              

 Figure 55. Results for the wheel (MA46EF12V) used in the experimental test. 

a) Different shapes of alumina grains observed under microscope (30x); 

b) Experimentally obtained normal distribution of grain diameter. 

 

Grinding wheel 

Dimensions (mm)  ∅250x127x40 mm  

Technical designation  MA46EF12V489P20P  

Abrasive type  Alumina  

Binder type  Vitrified  

Abrasive volume fraction, Vg (%)  41  

Average grain diameter, dg (mm)  0.36  

Maximum grain diameter dgmax (mm)  0.48  

Minimum grain diameter dgmin (mm)  0.244  

Mass m (Kg)  2.5  

Density ρ (Kg/m3)  1776  

Table 2. Physic characteristics of the vitrified alumina grinding wheel 
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In order to construct the μSM that accurately reflects the randomness, homogeneity, and 

isotropy properties of the actual grinding wheel, three conditions are considered during the 

model development such as the volumetric density of grains, mass density, and size 

distribution of grains. These conditions in the numerical body must match those of the real 

grinding wheel.  

Undoubtedly, the computational cost for the creation of the model (all the grinding wheel) 

is exorbitant due to the vast number of elements involved (31742345 DEs). Additionally, 

the preceding step of numerical sintering may require an excessively long time to sinter the 

entire model. Therefore, it's imperative to reduce the number of elements without losing 

the connection with the actual problem.  

For this reason, the build of the multiscale approach (μSM and RμSM) is necessary in this 

work. The μSM represent a section of the grinding wheel. It simulates the stress field in the 

region of the wheel in contact with the workpiece and reduce computational cost while 

RμSM accounts for the actual and random location and size of the alumina grits in all 

grinding wheel. 

4.3.2.2 Domain dimensions 

To ensure both accuracy and computational efficiency of the μSM, a localized approach 

has been implemented, limiting the μSM's extent to the region of the grinding wheel where 

grinding forces significantly influence the process. For this particular case, 3D model of 

the grinding wheel is created using ANSYS® Mechanical software. Hexahedron elements 

are employed to mesh the grinding wheel in three dimensions. The mesh size is uniformly 

set at 1 mm, with a refined size of 0.5 mm specifically in the contact area. The analysis 

incorporates grinding and centrifugal forces, contact area, and wheel properties that align 

with the experimental tests outlined in Section 3.  Figure 56 show the model and the 

resulting deformations. Notably, deformations exceeding 0.8 μm are considered. For this 

analysis, the model height of 6 mm is applied. Additionally, to prevent border effects, the 

surface length of the model section, denoted as 2lc, is twice as long as the actual contact 

length, lc. Furthermore, to account for the symmetrical nature of the results, the contact 

width, w, is halved, and forces are assumed to act within w/2. Additionally, to mitigate any 

potential border effects, the μSM's width is set to w. The resulting dimension of the μSM 
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section is depicted in Figure 57.  As a consequence of adopting this localized approach, the 

volume of the grinding wheel section can be effectively represented. 

 

 Figure 56. FEM model of wheel deformation under the effect of grinding and centrifugal forces.  

 

 

Figure 57. Size of the grinding wheel section  

 

Determination of lc can be accomplished by using the classical formulation that considers 

the geometric contact length and the Hertz deformations of the two bodies in contact (wheel 

and workpiece). Eq. (20) [153] expresses that relationship:  

𝑙𝑐
2 =  𝑙𝑔

2 + 𝑙𝑓
2 = 𝑎𝑒𝑑𝑒 +

8𝑅𝑟
2𝐹𝑛

´𝑑𝑒

𝜋𝐸∗
 

     

(20)     

Here ae is real depth of cut, de is effective wheel diameter, Rr is roughness factor, Fn’ is the 

normal grinding force per unit width obtained from experiments and E* is the combined 

Young modulus of the grinding wheel and workpiece. 
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The specific normal force Fn´ and Young's modulus of the wheel Es is obtained from the 

experimental test and grindometer respectively. Finally, with these data, the NDE has been 

reduced to 10482 elements as shown Table 3. 

 

Number of discrete elements  10482  

Width of model section w (mm)   10  

Length of model section 2lc (mm)  9.64  

Height of model section hs (mm)  6  

Table 3. Dimensional data of μSM 

 

Finally, after completing the creation of μSM, a structural comparison is performed 

between the μSM and the actual grinding wheel. The results of this comparison 

demonstrate a strong agreement, as evident in Table 4. The final discretization is shown in 

Figure 58. 

 μSM Actual grinding wheel 

Grain density (grains/mm3) 16.36 16.84  

Density (g/mm3) 1.776e-03 1.776e-03  

Mean radius (mm) 0.18 0.18  

Max radius (mm) 0.24 0.259  

Min radius (mm) 0.122 0.124  

Table 4. Structural comparison of μSM and the actual grinding wheel 
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Figure 58. Discretization of μSM. 

4.3.3 Boundary conditions (SM) 

After sintering the numerical model of the grinding wheel, the boundary conditions are 

established as follows: the grinding wheel is assumed to be infinitely rigid in the axial, 

lateral, and radial directions beyond the deformation region. This is achieved by restricting 

the degrees of freedom of the DEs on the XY plane, lateral walls, and inner ring as depicted 

in Figure 59. Moreover, in reality, the restricted area of the model also prevents free 

movement of the discrete elements when micro tangential forces are generated at the 

contact. The μSM is subjected to a rotational speed of 240 rad/s, resulting in the application 

of centrifugal force on each differential element. Additionally, the coefficient of friction is 

applied to the contact between the wheel and workpiece. Finally, for simplicity, the 

workpiece is represented as a non-degradable body, with the limits set at the actual contact 

length, half of the grinding width, and an arbitrary height. The role of the workpiece in the 

μSM is to establish contact. 

-  

Figure 59. Boundary conditions of the µSM. 
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4.3.4 Model set-up 

The μSM is developed by using the mechanical properties of the grinding wheel, as well 

as the data and results obtained from experimental grinding tests, as described in section 3. 

The experimental grinding test data is collected and employed to validate and calibrate the 

model. To effectively manage the contact between DEs, the model implements a contact 

detection method and contact laws. These components play a crucial role in determining 

the forces involved during the contact process. The contact detection method, based on 

geometric algorithms, allows for the identification of interpenetration between pairs of 

DEs. Simultaneously, the contact laws define the reaction forces that occur between two 

DEs when interpenetration is present. In order to accurately represent the actual bond 

fracture phenomenon, the model calculates and adjusts its inputs. These inputs cover 

various parameters, including the centrifugal force, contact stiffness, friction coefficient 

and failure stress. Each of these parameters contributes to capturing the intricate dynamics 

of the system. 

4.3.4.1 Centrifugal force 

The centrifugal force is a physical parameter that significantly affects the mechanical 

behavior of the grinding wheel. Despite the static nature of the μSM, the centrifugal force 

is effectively generated by simulating the rotation of the model. Specifically, the centrifugal 

force, denoted as fci, experiences variations based on the mass mi, the distance from the 

wheel center ri, and the rotation speed of the grinding wheel w for each DE. Consequently, 

this centrifugal force, fci, is applied to each DE individually, considering their respective 

characteristics. The calculation of fci is determined by employing Equation (21): 

𝑓𝑐𝑖 =  𝑚𝑖 ∙ 𝑤2 ∙ 𝑟𝑖 
  

(21)     

By using this equation, the value of fci can be accurately determined. The inclusion of the 

centrifugal force enables the model to account for the rotational effects and their impact on 

the mechanical behavior of the grinding wheel in a comprehensive manner. 
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4.3.4.2 Contact stiffness 

When the μSM comes into contact with the workpiece, the contact stiffness is considered. 

The contact stiffness is denoted as k. To obtain the contact stiffness for the μSM, 

experimental values of grinding forces and a theoretical value of grain penetration (δmax) 

are used. Following classical models [41], δmax can be calculated using the expression: 

𝛿𝑚𝑎𝑥 =
𝑙𝑐

2 − 𝑎𝑒𝑑𝑒

4𝑑𝑒
 

     

(22)    

Here, lc represents the current contact length between the wheel and the workpiece, ae 

signifies the actual depth of cut, and de denotes the equivalent diameter of the wheel. As 

illustrated in Figure 60, the parameter δmax denotes the maximum penetration that occurs 

between the wheel and the workpiece.  

 

Figure 60. Schematic diagram for calculation of δav. 

 

The variability of penetration along the actual contact length is evident in Figure 60. To 

obtain an average value of grit penetration (δav), Eq. (23) can be utilized: 

𝛿𝑎𝑣 =  
1

𝜃
 ∫ [𝑅 −  𝐿𝑟] 𝑑𝜃

𝜃

0

 

      

(23) 

Furthermore, K can be determined by employing the normal grinding force (Fn) obtained 

from experimental data: 
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𝐾 =  
𝐹𝑛

𝛿𝑎𝑣
 

       

(24) 

When the workpiece interacts with the μSM, the individual forces acting on each DE 

combine to replicate the typical grinding force experienced by the wheel (as depicted in 

Figure 61). 

𝐹𝑛 =  𝐾 ∙ ∑ 𝛿𝑗      
   

(25) 

4.3.4.3  Friction coefficient  

The friction coefficient is a crucial factor in determining the resistance to sliding between 

the μSM and workpiece. This value is obtained through experimental results, yielding a 

coefficient of μ = 0.37. Once the contact between the DEs and workpiece is established, 

reaction forces are applied by the discrete elements. As depicted in Figure 61, the DEs are 

required to penetrate the workpiece, with δj representing the depth of penetration of 

individual DEs and δav indicating the maximum depth of penetration. The penetration leads 

to the establishment of a contact area, which enables the calculation of normal and 

tangential forces when the grinding wheel reaches its maximum grit penetration. 

 

Figure 61. Contact detection on contact length segment A - B between DEs and workpiece  

 

4.3.4.4 Failure stress 

According to ASTM C 1161 standard [154], the failure stress 𝜎𝑓 can be determined by 

conducting tests on three samples. These tests involve a span length of 120 mm and a 

loading rate of 2 mm/s. The calculation for determining σ is given by Eq. (26), where F 

represents the load sustained by the specimen, b denotes the width of the specimen, h 
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represents its thickness of the specimen and L is the distance between two supports span. 

During the test, the Force vs. displacement curve is recorded. Consequently, the stress vs 

strain is obtained as shown in Figure 62. 

𝜎 =  
3𝐹𝐿

2𝑏ℎ2
                                                          (26) 

        

 

 

Figure 62. Stress vs strain of three samples from 3 bending test.  

4.3.5  Failure criteria and calibration of the μSM 

4.3.5.1  Failure criteria 

The hypothesis proposed in this study suggests that the wear of the grinding wheel occurs 

when DEs are detached from the μSM. The failure criteria adopted for the beams is the 

maximum micro failure stress. Thus, the behavior of the μSM is based on the failure stress 

observed in the beams. 

According to Zhou et al. [26], the vitrified bond materials in the grinding wheel are 

susceptible to brittle fracture during wear. In order to incorporate this hypothesis into the 

model, a brittle material criterion using Rankine theory is implemented in the Granoo 

workbench. The Rankine criterion is concerning to the maximum principal stress, and its 

application to the beam is defined by Eq. (27), where σ represents the normal stress and τ 

denotes the torsion stress of the beam. As a result, the failure criteria for the grinding wheel 

wear model is established, as shown in Eq. (28).  
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𝜎𝑚𝑎𝑥 =  𝜎 + √𝜎2 + 4𝜏2 

 

The beam fractures if the following condition is met: 

(27) 

𝝈𝒎𝒂𝒙 ≥  𝝈𝒇𝒖 (28) 

Finally, the DE is detached when all the beams connected to this DE are broken, 

as illustrated in Figure 63. 

 

 

Figure 63. DE removal from the SM following Rankine criterium. 

 

4.3.5.2 Calibration of the micro properties  

The micro failure stress (σfu) and macro failure stress (σf ) are key mechanical properties 

considered in the grinding wheel model. The σfu represents the micro-mechanical property 

of the model, while the σf represents the actual macroscopic mechanical property of the 

grinding wheel. To determine the micro-mechanical properties that define the cohesive 

beams of the grinding wheel model, namely Eu (Young's modulus), vu (Poisson's ratio), and 

σfu, a calibration process using a virtual tensile test is conducted. This calibration process, 

outlined by Andre et al. [144], relies on the knowledge of the macroscopic mechanical 

properties of the grinding wheel. 

The macroscopic mechanical properties, Es (Young's modulus) and vs (Poisson's ratio), 

corresponding to different hardness grades, are provided by the grindometer, as well as the 

σf values are obtained through three-points bending test, as detailed in section 4.3.4.4. The 
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calibration steps involved establishing the correlation between the macroscopic mechanical 

properties and the micro-mechanical properties of the grinding wheel model. 

The calibration process is based on the use of a numerical uniaxial tensile test on a cylinder 

composed of 10,000 discrete elements (DEs). This number of DEs or higher is considered 

appropriate to obtain reliable and reasonably accurate results, as recommended by André. 

The calibration process consists of two steps. Firstly, to determine the ratio between the 

cohesive beam radius and the average DE radius (r), an arbitrary value is initially chosen, 

in this case, v =0.2, as v  has minimal influence on the macro properties. Once the virtual 

test is completed, the value of r is adjusted to achieve the desired v as shown in Figure 64. 

Therefore, the value of r is fixed. Secondly, to determine the Eμ and σfμ, a second tension 

test is performed, where the micro values are adjusted until a stable curve is obtained for 

the macro values Es and σf, as shown in Figure 65. Finally, the values of Eμ and σfμ are 

fixed. 

 

Figure 64. Results of the initial tensile test showing the calibration process for obtaining a stable 

value of macro Poisson ratio (vs). 

 

 

Figure 65. Results of the second tensile test showing the calibration process for obtaining a stable 

value of macro Young modulus (Es) and reach the macro failure stress (σf). 
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The results of the calibration process, including the values for E, v, and σfu, are presented 

in Table 5. 

Young´s modulus Es (GPa) 20 

Beam Young´s modulus E (GPa) 120 

Poisson ratio νs, ν 0.2 

Beam diameter ratio (m) 0.538 

Beam failure stress σf (MPa) 167 

Failure stress σf (MPa) 21.75 

Table 5. Macro and micro properties of the grinding wheel model 

 

4.3.6 Active grain density in µSM. 

It is essential to achieve an equal grain density throughout the body, without any excessive 

or defective protruding grains. However, during the creation of the µSM, the DEs often 

tend to accumulate at the boundaries during numerical sintering (already described by Osa 

et al. [143]), resulting in an uneven distribution of grain density between the surface and 

the body. Therefore, this section is dedicated to addressing this issue and ensuring a 

homogeneous grain density distribution across the entire model. 

To achieve a consistent grain density, The grain density is measured throughout the µSM. 

The obtained grain density values are then presented and visualized in  Figure 66.  
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 Figure 66. Surface grain density in SM. Effect of element pile-up from numerical sintering. 

 

To achieve a balanced distribution of grain density, a technique employed is the removal 

of the first layer of grains on the surface. As depicted in  Figure 66, within 1 mm of the 

boundaries of the µSM, higher densities exceeding 17 DE/mm3 can be observed. However, 

towards the center, the density becomes more homogeneous with a slight variation, 

averaging at 16.36 grains/mm3.  

For this study, only the first layer of grains, which comes into contact with the workpiece, 

is removed. This approach results in a more homogeneous grain density across the entire 

body, allowing for a more accurate representation of the real-world grinding process. After 

removing those layers, a comparison of the resulting structures is presented in Table 6. 

 
SM 

Actual grinding 

wheel 

Grain density (grains/mm3) 16.36 16.84  

Density (g/mm3) 1.776e-03 1.776e-03  

Mean radius (mm) 0.18 0.18  

Max radius (mm) 0.24 0.259  

Min radius (mm) 0.122 0.124  

Table 6. Structural comparison of SM and the actual grinding wheel 
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4.3.7 Simulation of the μSM 

The flowchart in Figure 67 illustrates the µSM process of simulation. The simulation starts 

with a non-contact between the μSM and the workpiece. At this stage, the lowest grain/DE 

is identified, and the reference point is established at y = 0. Then, the movement of the 

workpiece is applied through the µSM where it is moved continuously from the lowest 

grain to the maximum radial wear (determined through experimental test). The position of 

DEs is monitored in each iteration. During the contact, the µSM considers the centrifugal 

forces and determines the actual normal and tangential forces. 

Next, the stress and deformation fields are obtained. As the workpiece continues to 

advance, Nr and δc are calculated. Moreover, the normal and tangential grinding forces per 

unit width (F'n and F't) and the number of discrete elements in contact are confirmed. With 

the available data, the next step involves performing the simulation using the RSM. 

 

Figure 67. Flow chart showing the algorithm of the SM. 
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4.4  Randomization of the μSM (RμSM) 

4.4.1 Develop of the RμSM 

As mentioned previously, in order to estimate the wear of the grinding wheel throughout 

the grinding process, the RµSM needs to be created. The µSM alone, developed in the 

previous section, is insufficient to fully explain the wear behavior of the grinding wheel. 

The stochastic nature of grain location and bonding bridges, along with the mechanical 

properties, plays a critical role in the phenomenon of bond fracture. Therefore, any 

explanation of volumetric wear must consider the interaction between these factors. 

The motivation for developing the RµSM arises from the need to simulate the sintering 

process across the entire grinding wheel domain, while also considering the real-life 

distribution of alumina grits in terms of their random locations and sizes. The goal is to 

achieve this while keeping the computational costs as low as possible. The RµSM is 

generated in python using the same assumptions regarding wheel density and grain size 

distribution explained in Section 4.3.2. The numerical sintering method, previously used 

for the µSM, is then applied to the entire grinding wheel domain. The outcome is a normal 

distribution with characteristics similar to the µSM, with an average grain diameter of 

0.360 mm. Consequently, the RµSM provides the actual location and radius of each DE. 

 

Figure 68. Macroscale geometry (RµSM) sintered in the complete domain of the grinding wheel. 

 

Furthermore, the RµSM enables the representation of a rotation counter for the grinding 

wheel, which is essential for measuring the grinding ratio G. In the simulation, the 

outermost grain, referred to as the DE, is positioned in the RµSM. The distance between 

the DE and the center of the wheel is denoted as Ri, where i represents the rotation counter 
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of the wheel. The outermost grain signifies the initial contact between the grinding wheel 

and the workpiece, marking the beginning of the grinding process. 

In the specific case of this study, a radial width of 2 mm is considered, as it aligns with the 

maximum wear observed in the experimental part, which is 1.4 mm. This approach enables 

the creation of a portion of the grinding wheel rather than the entire wheel. This not only 

simplifies the RµSM but also reduces the computational cost associated with it. 

4.4.2 Active grain density 

As it mentioned before, it is essential to achieve an equal grain density throughout the body, 

without any excessive or defective protruding grains. However, during the creation of the 

RµSM, there is a lower grain density observed on the surface compared to the body. Such 

non-uniformity can significantly impact the accuracy and reliability of simulations. 

Therefore, this section is dedicated to addressing this issue and ensuring a homogeneous 

grain density distribution across the entire model. 

To achieve a consistent grain density, the grain density is measured throughout the RµSM. 

The obtained grain density values are then presented and visualized in  Figure 69.  

 

 Figure 69. Surface grain density in SM and RSM. Boundary-induced lower density in the RSM 

 

To achieve a balanced distribution of grain density, a technique employed is the removal 

of the first layer of grains on the surface. As depicted in  Figure 69, within 0.5 mm of the 

boundaries, the grain density differs significantly from the density observed towards the 

center, remaining relatively constant at 16.78 grains/mm3. 

0

5

10

15

20

0.5 1 1.5 2 2.5 3

gr
ai

n
 d

en
si

ty
 [

D
E/

m
m

3 ]

distance to workpiece [mm]



Chapter 4: Multiscale simulation of the volumetric wear of vitrified alumina grinding wheels  

  

109 

 

For this study, only the first layer of grains, which comes into contact with the workpiece, 

is removed. This approach results in a more homogeneous grain density across the entire 

body, allowing for a more accurate representation of the real-world grinding process. By 

employing this technique, the grain distribution becomes more balanced and reflective of 

the actual behavior of the system, thereby improving the reliability of the simulations 

conducted. After removing those layers, a comparison of the resulting structures is 

presented in Table 7. 

 
RSM 

Actual grinding 

wheel 

Grain density (grains/mm3) 16.78 16.84  

Density (g/mm3) - 1.776e-03  

Mean radius (mm) 0.18 0.18  

Max radius (mm) 0.259 0.259  

Min radius (mm) 0.124 0.124  

Table 7. Structural comparison between RSM and the actual grinding wheel 

 

4.4.3 Algorithm for estimating of the volumetric wear. 

The volumetric wear of the vitrified alumina grinding wheel at a macrogeometric level, 

beyond the individual mechanical behavior of binder in each grain, encompasses multiple 

simultaneous phenomena. Considering all of these phenomena when establishing the 

behavior of the RSM is complex. Therefore, two possible hypotheses are proposed to 

quantify the volumetric wear based on the calculated δc and Nr in the SM: 

 Updating the mechanical behavior of the binder as the grinding wheel wears. 

 Considering the possible cumulative damage to the binder as the grinding wheel 

wears. 
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Hypothesis 1: 

The flowchart in Figure 70 illustrates the algorithm of the RSM. From the outermost grain 

in all periphery of the wheel, δc is applied. δc is the first critical penetration that is obtained 

from μSM in 1 preprocessing. The grains in contact and whose δ are equal to or greater 

than the specified δc are removed. Furthermore, the adjacent grains that must be removed 

(Nr) are located relative to this reference. δc and Nr of one preprocessing are determined in 

section 4.5.2. Then, a rotation is obtained (j = j+1), and the new outermost grain is then 

used as a new reference point. The radial wear (∆) is measured as the distance between the 

current outermost grain and the previous rotation's outermost grain. The radial wear 

accumulates. Based on this value, it is determined that if the accumulated radial wear is 

equal or greater than the position of the workpiece WP, a change is made to δc new, Nr new 

and WPnew. The δc new is applied, and the process is repeated. 

 

Figure 70. Flow chart showing the algorithm of the RSM in Hypothesis 1. 
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Hypothesis 2: 

The flowchart in Figure 71 illustrates the RµSM process of simulation. From the outermost 

grain in all periphery of the wheel, δmax is applied. The grains in contact and whose δ are 

equal to or greater than the specified δc (corresponding to each grain) are removed. 

Furthermore, the adjacent grains that must be removed (Nr) are located relative to this 

reference. δc and Nr corresponding to each grain are determined in section 4.5.3. Then, a 

rotation is obtained (j = j+1), and the new outermost grain is then used as a new reference 

point. The radial wear (∆) is measured as the distance between the current outermost grain 

and the previous rotation's outermost grain. The radial wear accumulates. The δmax is 

applied again, and the process is repeated. 

 

Figure 71. Flow chart showing the algorithm of the RSM in Hypothesis 2. 
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4.5  Multiscale simulations and discussion of results 

This section compiles the simulation results and compares them with the experimental 

tests. The first step involves obtaining the actual values that will be inputted into the model, 

which is essential to generate a real contact between the µSM and the workpiece with the 

same conditions as in reality. Once the µSM and RµSM simulation are completed, the 

variability of δc and Nr are analyzed in the three preprocessing stages and the volumetric 

wear is estimated. This analysis helps to determine the mechanical behavior of the binder 

in the three preprocessing stages. In addition, the force system in the SM is generated 

during the contact phase, and validation against experimental results allows us to assess 

whether the mechanical behavior is consistent with the entire grinding wheel.  

Regarding the simulation, the simulation time heavily depends on the technical 

specifications of the computer used. Two different computers running different software 

are used. On one hand, the SM simulation lasted between 20 and 24 hours using a Linux 

Mint 19.1 operating system, an Intel Core i5 processor running at 3.6 GHz. On the other 

hand, the RSM simulation took between 10 to 15 minutes using an Intel 11th generation 

Core i5-1135G7 processor clocked at 2.40 GHz. In each iteration, the sensor recorded the 

position of the DEs, δ, Nr from the model, and the normal and tangential forces applied to 

the workpiece. 

4.5.1 Actual contact length, contact stiffness, and friction coefficient. 

The theoretical values of lc, k, and  are obtained using equations (20), (22), and (29), 

respectively. In order to determine the actual lc, the parameter Rr is taken into consideration. 

The roughness factor is a parameter that quantifies the surface roughness generated on a 

workpiece during grinding operations. According to the literature on grinding, this 

parameter typically falls within the range of 5 to 15. However, in a static contact model 

developed by Osa [143] for the dressing conditions applied in this study, a specific value 

of 5.1 is obtained and utilized in the model. Additionally, as the forces used in the model 

are derived from experimental tests, the coefficient of friction could be determined by 

employing Equation (29). All these data are shown in Table 8. 
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𝜇 =  
𝐹𝑡

′

𝐹𝑛
′ 

       

(29) 

 

 

Real depth of cut ae (mm)  0.036 

Grinding wheel diameter de (mm)  250 

Roughness parameter Rr  5.1 

Normal force per unit width, Fn’ (N/mm)  16.39 

Tangential force per unit width, Ft’ (N/mm)  6.12 

Combined Young Modulus E* (GPa)  19.08 

Average value of grit penetration δav (mm)  0.00774 

Actual contact length lc (mm)  4.82 

Contact stiffness K (N/m)  
10632785.2

7 

Friction coefficient   0.37 

Table 8. Actual contact length, contact stiffness and friction coefficient 

. 

4.5.2 Variability of critical penetration and number of DE´s removed in 

different μSM. 

The analysis of the variability of δc and Nr is of significant importance as it provides 

valuable information about the mechanical strength of bonding bridges within grinding 

wheels. As previously mentioned, δc represents the depth of penetration that leads to the 

initial separation of at least one discrete element from the wheel. In order to gain a better 

understanding of the range of critical penetration and its underlying factors, a study is 

conducted to examine the variability of δc and Nr. 
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To carry out this study, three different μSMs (preprocessing 1, 2, and 3) are created using 

procedure 4.3. This approach allowed for the generation of models with discrete elements 

positioned in a manner that closely resembled the actual arrangement of grains on the 

grinding wheel. Once the models are created, simulations are conducted. Since the focus 

of this analysis is solely on the μSMs, the procedure is applied following section 4.4.3 on 

the μSMs. Upon completion of the simulation, the results are analyzed. The contact 

between the wheel and the workpiece generated stresses in the beams, causing the grains 

to separate at a certain penetration depth, based on the configuration of grain positions. The 

unified results from these simulations are presented in Figure 72, illustrating how different 

grain positions in contact with the workpiece led to variations in δc and Nr. 

 

Figure 72. Critical penetration vs DE´s removed 

 

Figure 72 depicts the relationship between δc and Nr. In each μSM, the value of Nr for a 

given δc is determined by measuring the advancement of the workpiece from the moment 

it made contact with the grain until at least one grain is separated from the μSM. As shown 

in Figure 72, a similar trend is observed for the three μSMs. Calculations reveals that the 
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mean value of δc is 0.00685 ± 0.0262 mm (mean ± variance), while the mean value of Nr 

is 4.28 ± 16.1. It should be noted that negative values do not hold physical significance in 

this context. Furthermore, a correlation analysis is conducted to explore the association 

between δc and Nr. The covariance between the two variables is determined to be 0.0101. 

This indicates a positive linear relationship between the variables, suggesting that they 

increase together. 

Figure 72 provides concise and relevant information regarding the influence of grinding 

parameters on the actual hardness performance of the grinding wheel.  

4.5.3 Statistical treatment of the mechanical strength of bonding bridges 

in each grain 

Since the variability presented by the geometry and arrangement of abrasive grains are 

inherently stochastic, the model presented will be a statistical approach and will be applied 

in the hypothesis 2. In this work, the mechanical strength of bonding bridges to bond 

fracture in each grain of the grinding wheel is analyzed using probability statistics. To 

better understand the mechanical behavior of these bonding bridges, the variability of the 

δc and Nr. across the three preprocessings is examined. It is well-known that preprocessings 

consist of a section of the grinding wheel, and to represent each grain of the entire wheel, 

multiple values of δc and Nr must be created. As shown in Figure 72, the values of δc and 

Nr are based on a statistical normal distribution. To generate random properties on each 

grain based on these two parameters, the Multivariate Random Normal Function or 

Multinormal is used. As it is shown in the Figure 73, this type of distribution is defined by 

its mean and covariance matrix of both parameters, which are analogous to the average and 

standard deviation of a one-dimensional normal distribution.  
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Figure 73. Multivariate Random Normal Function from critical penetration and DE´s removed 

This plot represents the mechanical behavior of the bonding bridges of the grinding wheel. 

As can be seen in the plot, there are points in the negative section represented by black 

dots. However, it is important to note that negative values are not physically meaningful in 

this context. Therefore, these values are truncated using an approximate MCMC sampling 

method [155]. After removing the black dots, each remaining point in the plot is assigned 

to a specific abrasive grain in the RµSM, resulting in a total of 129732 assigned points. It 

provides a δc and Nr to each abrasive grain in the RµSM. 

4.5.4 Validation of the system of forces acting on the μSM. 

For the simulations, the grinding forces are calculated by analyzing the contact between 

the μSM and the workpiece. To ensure accurate results and minimize random errors, three 

μSM models are created using procedure 4.3. Once the models are established, the 

simulation is conducted. Since the focus of this analysis is solely on the μSMs, the 

procedure is applied following section 4.4.3 on the μSMs. To measure the forces exerted 

by each active grain, contact between DEs and the workpiece is considered. The DEs in 

contact are treated as active grains, and their total forces are separated into normal and 

tangential components. The sum of the normal and tangential forces of all active grains 

represented the overall normal and tangential grinding forces. After completing the 
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simulation with the post-processing 2, the results are analyzed, and the specific forces (i.e., 

specific normal and tangential forces) and the loss of grains versus the position of the 

workpiece are plotted in Figure 74. 

The data clearly demonstrates that when the workpiece initially compressed the μSM, it 

generated significant normal forces of up to 34 N/mm. This substantial force is a direct 

result of the presence of all the grains on the μSM's surface. However, as the workpiece 

advanced and underwent further compression, numerous grains became dislodged from the 

surface. Starting from a workpiece position of 0.15 mm, the rate of grain loss exhibited a 

linear trend, suggesting a consistent level of surface wear that persisted until the end of the 

simulation. Consequently, the forces experienced varied throughout the entire simulation. 

Additionally, the curve depicts several abrupt drops, indicating instances when the 

workpiece is no longer in contact with the μSM. Overall, the findings indicate that nearly 

600 grains are lost from the μSM within a workpiece displacement of 1.4 mm. 

 

Figure 74. Measurement of specific forces and grain losses according to workpiece position in 

μSM.  
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(a)      (b)  

Figure 75. Voids left on the surface by the volumetric wear seen in the cut plane B-B’ of μSM.                                                      

(a) Workpiece position 0.2 mm (b) Workpiece position 0.25 mm 

Figure 76 presents a comprehensive comparison between the results obtained from 

validation experiments and corresponding simulations in terms of grinding forces. To 

facilitate further analysis, the force peaks are extracted and plotted at specific workpiece 

positions. It is important to note that, in this initial approach, the influence of dressing is 

not taken into account. In the graph, the experimental results of the specific normal force 

(ranging between 13 – 20 N/mm) are depicted in the gray zone, while the results from the 

μSM simulations (post-processing 1, 2, 3) in the steady state are shown. The validation 

analysis indicated that approximately 16.96% of the specific normal force values from the 

model fell within the experimental range. However, it is also observed that a considerable 

portion of forces exceeded the experimental range, accounting for 13% of the total. 

Conversely, a larger percentage of forces fell below the experimental range. These 

observations can be attributed to the generation of low forces in certain sections of the 

wheel in contact. On the other hand, sections where the wheel in contact generated high 

forces exhibited overlapping during the measurement process. These factors contribute to 

the concordance observed between the experimental and simulated force values. 

 

Figure 76. Comparison between extracted peaks of the specific normal force from the simulation  
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The loads on the binder are analyzed using SM to examine volumetric wear. The binder 

plays a crucial role in transmitting grinding forces within the grinding wheel. However, 

measuring this experimentally is complex, necessitating the use of numerical models to 

understand its evolution throughout the grinding process. Figure 77 illustrates the 

observation of beam stress at different positions of the workpiece and with varying wear 

levels in the cut plane B-B' of μSM. 

In terms of the maximum failure stress, σfu = 167 MPa corresponds to beam failure based 

on the applied failure criteria. On one hand, as shown in Figure 81a, when the workpiece 

position is at 0.36 mm, it is evident that due to contact, the grinding force propagates 

through the DE-beam and its neighboring beams, displaying different colors such as red, 

orange, and green. These colors correspond to stress levels of 50 MPa, 80 MPa, and 167 

MPa, respectively, as indicated by the color legend. It can be observed that four grains 

above the farthest grain are affected by stresses of 50 MPa, while three grains above 

experience the maximum stress. These stress distributions serve as evidence of the voids 

that occur in some cases when the grains are removed from the model as evidenced in 

Section 4.5.2. 

On the other hand, in Figure 77, when the workpiece position is at 1.05 mm, it can be 

observed that the contact generates stress in the beams with less transmission compared to 

the previous figure. This difference arises due to the specific configuration of the grain 

positions at that moment. However, it is noteworthy that the maximum failure occurs at a 

distance of one DE above the DE in contact.             [Pa] 

    

Figure 77. Beam Stress Analysis in the Cut Plane B-B' of μSM at different workpiece positions.  

(a) Workpiece position 0.36 mm. (b) Workpiece position 1.05 mm. 
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In summary, the μSM (multiscale simulation model) proves its capability to accurately 

describe the realistic mechanical behavior and grinding performance at a single contact 

length in grinding. 

4.5.5 Estimation of radial wear and G ratio  

This section focuses on the validation of the radial wear and G ratio predictions obtained 

from multiscale simulations. The purpose is to compare the results obtained from the 

simulations with the experimental data presented in section 3, considering the two 

hypotheses proposed. To calculate the G ratio, two parameters are necessary: the specific 

volumetric wear of the grinding wheel (Vs’) and the specific volumetric material removal 

of the workpiece (Vw’). In the simulations, Vs’ is determined based on the measured radial 

wear in the RSM, while Vw’ is calculated by considering the number of rotations in the 

RSM. 

Hypothesis 1: 

The assumption of perfectly spherical abrasive grains in the RµSM introduces uncertainty 

regarding the actual δc, explained in section 924.3.2.1. To address this, a shape factor Sf is 

introduced, representing the percentage deviation of the δc from the value obtained in μSM. 

A sensitivity analysis varied Sf from 0% to 10%. Figure 78 compares experiments and 

simulations, focusing on the steady-state region (region 2) and excluding the dressed region 

that it will be investigated in future research. The experimental curve shows a different 

behavior in the dressing-affected region. The comparison is limited to regions with similar 

grain density (Table 7). 
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Figure 78. Comparison of wear between multiscale simulations and experiments.  

These results demonstrate an excellent agreement between the experimental findings in 

region 2 and the results obtained from the multiscale simulation with an Sf of 6%. Both 

exhibit a G ratio of 1.09. The 6% deviation from δc corresponds to 0.8574 μm, which can 

be attributed to the micro-cutting of the abrasive grains. Regarding Figure 79, the 

multiscale simulation with an Sf of 6% yields similar results in terms of radial wear. 
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Figure 79. Experimentally measured and simulated radial wear for a shape factor value of Sf=6%.  

 

To perform a comparative analysis of the profile of the wheel wear evolution, it is necessary 

to consider both the experimental and the multiscale simulation results. As it mentioned 

before, the actual morphologies of the grinding wheel wear are obtained from the graphite 

cube shape. The evolution of the profile of the wheel wear in relation to the RSM profile 

is presented in Figure 80. The profiles of experimental test blocks 7, 9, and 11, 

corresponding to V’w values of 569.11, 890.94, and 1329.12 mm3/mm, respectively, are 

taken into account, along with the profiles from the multiscale simulation when the number 

of wheel revolutions matched those of the experimental tests upon completing the grinding 

test block. As seen in Figure 80, the level of radial wear in the RSM closely matches the 

experimental results. This comprehensive approach provides a robust prediction of the 

RµSM profile, closely resembling the actual profile of the grinding wheel. The multiscale 

simulation accurately represents the local effects on grain detachment, while the 

accumulated radial wear effectively captures the volumetric wear behavior of the grinding 

wheel. 
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Figure 80. Evolution of the graphite replica profile (XP, experimental) and simulated RSM 

profile at three different values of V'w. 

 

The two regions depicted in the results exhibit significant differences, as explained earlier, 

primarily due to variations in grain density on the surface. These disparities in turn produce 

distinct outcomes. Consequently, future studies will need to analyze these effects more 

comprehensively.  

 

Hypothesis 2: 

It's important to note that the resistance of bonding bridges to bond fracture depends on the 

arrangement of the grains, making δmax a measure of this resistance. The maximum 

penetration to which a grain can be subjected is δmax, with a value of 0.01429 mm. This 

value is determined by the combination of operating parameters and the elasticity of the 

grinding wheel and workpiece. While there are grain configurations that can withstand 

penetrations greater than δmax, as many as 90.44% of the grain configurations can result in 

detachment of grains from the vitreous bonding. To account for this effect, an accumulative 

damage D has been introduced, which is expressed as the percentage deviation of the 

critical penetration δc (obtained from the μSM) when it does not break in one rotation. A 
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sensitivity analysis of the model is performed, varying D from 0.1% to 1% with respect to 

the critical penetration. 

Figure 81 displays the comparison between experiments and simulations, including the 

sensitivity analysis of the accumulative damage D. As mentioned earlier, the model 

simulates the behavior of the wheel in region 2, without considering region 1 (see Figure 

51). The experimental curve is affected by dressing, resulting in a significantly different 

behavior between both regions. Future research will address the modeling of the dressed 

region. Therefore, the comparison is limited to the region 2, where the dressed region is 

not considered. 

 

Figure 81. Comparison of wear between multiscale simulations and experiments.  

 

The results demonstrate a high degree of agreement between the experimental and 

multiscale simulation data, with the best fit achieved at a damage value (D) of 0.7%. At 

this value, the simulation predicts a G ratio of 1.01, while the experimental data shows a G 

ratio of 1.09. The maximum deviation in c is 0.1 m, indicating a good representation of 

the local effects in grain detachment. Furthermore, the multiscale simulation accurately 
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captures the volumetric wear behavior of the grinding wheel, as seen in the accumulated 

radial wear results presented in Figure 82. 

 

Figure 82. Experimentally measured and simulated radial wear for a value of damage D=0.7%.  
 

Based on the validation outcomes, it can be concluded that the proposed multiscale 

simulation approach represents an important and novel tool for comprehending the 

mechanisms of volumetric wear of grinding wheels, incorporating factors such as process 

parameters, mechanical properties of the wheel, and the stochastic nature of the abrasive 

grain locations. 

4.6  Preliminary conclusions 

In conclusion, this study aimed to investigate the causes of volumetric wear on vitrified 

alumina grinding wheels through experimental and numerical analysis. Based on the 

obtained results, the following conclusions can be drawn: 

 A wear model for vitrified alumina grinding wheels using multiscale simulations has 

been developed. The combination of the μSM, which employs a cohesive beam model 

using DEM to represent the mechanical behavior of the grinding wheel, and the RµSM, 
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which contains complete geometrical information about the abrasive grain locations, 

allows for accurate reproduction of realistic grinding wheel wear and prediction of the 

effect of volumetric wear. By adopting this approach, the computational cost is 

significantly reduced. 

 

 To analyze the behavior of the vitrified bond, it is assumed that the grinding wheel 

acts as a brittle material in the vitrified bond region. The wear behavior of the μSM is 

modeled using a maximum micro failure stress of 167 MPa, and the Rankine failure 

criterion is imposed. Consequently, the 3D cohesive beam model incorporates the 

Rankine criterion. 

 

 The analysis of μSM wear reveals a mean δc of 0.00685 ± 0.0262 mm and a mean Nr 

of 4.28 ± 16.1. The covariance of 0.0101 indicates a positive relationship between δc 

and Nr, suggesting that an increase in δc is likely to result in an increase in Nr. The 

study also identifies the presence of δc values larger than δmax, with approximately 

9.56% of values exceeding 0.028 mm. Additionally, up to 29 removed grains are 

observed. 

 

 Comparison of experimental results of the specific normal force with the μSM results 

shows that 16.96% of the model's specific normal force falls within the experimental 

range. However, a larger proportion of forces fall outside the experimental range, with 

13% exceeding the range and a higher percentage falling below it. These discrepancies 

may be attributed to low forces generated in some sections of the wheel in contact. 

Nevertheless, the μSM demonstrates the capability to simulate grinding forces in a 

section of the grinding wheel, indicating its reliability and usefulness for predicting 

and analyzing grinding forces. 

 

 In the hypothesis 1, the assumption of perfectly spherical abrasive grains in the RµSM 

introduces uncertainty regarding the actual δc. To address this, a shape factor Sf is 

introduced, representing the percentage deviation of the δc from the value obtained in 

μSM. The experimental curve shows a different behavior in the dressing-affected 

region. The comparison is limited to regions with similar grain density. These results 
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demonstrate an excellent agreement between the experimental findings in region 2 and 

the results obtained from the multiscale simulation with an Sf of 6%. Both exhibit a G 

ratio of 1.09. The 6% deviation from δc corresponds to 0.8574 μm, which can be 

attributed to the micro-cutting of the abrasive grains. The multiscale approach also 

effectively captures the accumulated radial wear. 

 

 In the hypothesis 2, the presence of certain grains that are resistant to the actual δmac 

introduces additional uncertainty. To account for this effect, a damage factor (D) has 

been introduced, representing the percentage deviation of δc. The results of radial wear 

and G ratio show good agreement between experiments and simulations, with the best 

fit corresponding to a D value of 0.7%. This value of D yields a G ratio of 1.01 and 

1.09 in simulations and experiments, respectively. A damage of 0.7% represents a 

maximum deviation of 0.1 μm in δc, which aligns with the effect of the reduction of 

the vitrified bond resistant.  

 

 The impact of dressing has not been taken into account. While the presented multiscale 

approach encompasses a significant amount of required information, further analysis 

is necessary to examine the influence of dressing parameters on surface grain density, 

as well as the potential impact of dressing operations on the mechanical strength of 

bonding bridges. These aspects will be investigated in future research. 

 

 The stochastic nature of abrasive grain location plays a crucial role in volumetric wear 

on grinding wheels. The distribution and orientation of the abrasive grains can affect 

the strength of the binder in each grain and therefore influence the wear and removal 

of the grains during operation. 

 

 From the point of view of the authors, the most relevant scientific advancement is the 

development of a theoretical framework to explain and predict volumetric wear of 

vitreous bond alumina grinding wheels. This is relevant achievement taking into 

account that to the best knowledge of the authors, this is the first attempt to 

theoretically predict volumetric wear. 
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 In the multiscale simulation approach, the thermal factor resulting from the contact 

between the abrasive grains and the workpiece has not been taken into consideration. 

However, it is important to acknowledge that temperature can potentially impact the 

properties of the binder. Therefore, in the subsequent chapter, an analysis will be 

conducted to determine whether there is any influence on volumetric wear.  
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Chapter 5  

Simulation of thermal loading on 

vitreous bonding bridges of vitrified 

griding wheel 

5.1  Introduction 

The previous chapters have primarily focused on studying the volumetric wear of the 

grinding wheel from an experimental and numerical perspective. The analysis includes 

examining the occurrence of bond fracture in vitrified alumina grinding wheels during 

actual grinding processes, as well as conducting multiscale simulations to quantify the 

volumetric wear under controlled contact conditions. The simulation results provide 

valuable insights into the behavior of the real grinding process. However, it is important to 

acknowledge the limitations of the experimental work, particularly with respect to 

measuring the temperature reached in the vitrified bond. 
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Due to the short contact time and difficulties in accessing the vitrified bond, it is nearly 

impossible to directly measure the temperature during tests. Yet, understanding this 

temperature is crucial because it affects the behavior of the vitrified bond. High 

temperatures, thermal shock effects, and thermal cycling lead to changes in the properties 

of the vitrified bond, inducing damage to its structure. Furthermore, determining the extent 

to which the vitrified bond is affected by the temperature is challenging experimentally. 

Therefore, a thermal model is required to analyze the thermal field of the grinding wheel 

at the vitrified bond zone. 

Hence, the main objective of this chapter is to gain insight into the thermal behavior of the 

vitrified bond under real contact conditions during the grinding process. For this study, the 

vitrified alumina grinding wheel and CBN grinding wheel are analyzed. This is achieved 

by conducting thermal analyses to determine the temperature in the contact area and within 

the abrasive grain and vitrified bond. Of particular interest is the distribution of temperature 

within the vitrified bond. 

5.2  Basis of the thermal model 

As it is known, a grinding wheel is composed of abrasive grains randomly embedded in a 

bond material, which also exhibits a certain level of porosity. Reproducing the behavior of 

an entire grinding wheel is a challenging task, this work focuses on simulating a group of 

7 abrasive grains bonded with 11 bonding bridges. In this regard, the use of FEM stands 

out as the most appropriate method for generating thermal models. It is due to its capability 

to handle complex geometries, account for material property variations, boundary 

conditions and adapt to different scenarios. Furthermore, accurately replicating both the 

structure and surface of the grinding wheel presents its own set of challenges.  

Consequently, a transient-state thermal model is developed using ANSYS Mechanical 

Workbench to simulate the contact between a section of the grinding wheel and the 

workpiece, where the abrasive grains slide against a hardened steel surface. To build the 

model's geometry, it is necessary to determine the volume percentages of the various 

components comprising the wheel. Table 1 presents this data, which has been provided by 

the manufacturer of the grinding wheel. 
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To construct the thermal model, the first step involves considering the contact area between 

each abrasive grain and the workpiece. In this regard, the approach proposed by Malkin 

and Guo [41] is employed, which assumes that the contact area is a circular spot with a 

diameter of 0.023 mm. The presence of a circular spot in the surface enables the application 

of model inputs. This assumption is justified by the fact that the circular spot is significantly 

smaller than the size of the grain, and ceramics exhibit very low thermal conductivity. 

Therefore, it can be reasonably assumed that the thermal behavior can be simplified as a 

2D problem with minimal error. Consequently, the simplified contact area can be 

represented as a rectangular shape with a length of 0.023 mm and a width of 0.018 mm. 

This simplification significantly reduces the computational cost of the model. 

To simulate the thermal behavior at the interface between the grinding wheel and the 

workpiece, an ideal section of the grinding wheel is specifically designed. This approach 

offers the advantage of reducing the computational cost of the model. In order to simplify 

the geometry of the grits, they are represented as spheres, as previously mentioned in 

section 4. Preliminary simulations indicated that the thermal loading primarily affects the 

local area of contact. Based on this observation, it is decided to simulate a reduced number 

of grains in contact with the workpiece. In this particular case, only four grains are in 

contact, and an additional row of grains is included towards the inner part of the wheel. By 

employing this arrangement, a more computationally efficient model can be obtained 

without compromising the overall accuracy. 

Regarding the bonding bridges between the grains, the approach introduced by Rom et al. 

[156] is employed. This approach assumes that the geometry of the bonding bridges can be 

estimated using B-spline curves. By considering the dimensions of the grits and the 

percentage of vitreous bonding material, an ideal section of the wheel in contact with the 

surface of the workpiece is designed. This designed section of the wheel, as depicted in 

Figure 83, serves as the representative geometry for the thermal simulations. 
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Figure 83. Ideal representation of a portion of the grinding wheel 

 

The total contact area between the grinding wheel and the workpiece is determined by 

employing the classical formulation, which takes into account the geometric contact length 

and the Hertz deformations of the two bodies in contact. The determination of the contact 

length is achieved using Equation (20) as it is mentioned in the Chapter 4. All the data are 

gathered in Table 8. This equation provides a reliable method for calculating lc in the 

context of the grinding process. 

Using the theoretical grain density, the researchers calculated the total number of abrasive 

grains within the contact area, yielding a value of 304 grains. While it is clear that dressing 

modifies the active grain density [157], the decision is made in this study to simulate the 

steady-state grinding situation, where the effect of dressing is no longer present. Figure 49 

depicts the evolution of the normal grinding force during the experiments and the transition 

from the transient period related to dressing to the steady-state grinding operation. 

With concern to the model inputs, the heat input, the boundary conditions and the material 

properties are implemented. In the steady-state phase of the experiments, a constant value 

of specific power is observed in the passes, as illustrated in Figure 48. This value is 

measured to be 0.18 kW/mm, it implies that the input to the model should be 0.9 kW. 

By making the assumption that the heat input is directly proportional to the theoretical chip 

thickness, a time-dependent function for the heat source can be derived, expressed as: 
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𝑄(𝑡)  =  5.727𝑒13 ∙ 𝑡 (30) 

Based on this equation, it becomes possible to estimate the energy density that needs to be 

applied to each individual grain. According to Rowe et al. [158], the percentage of total 

heat removal by the grinding wheel varies for different materials. For alumina, it ranges 

from 20% to 35%, while for CBN grains, this value is higher, ranging from 65% to 80% 

[153] During the grinding process, the presence of coolant facilitates heat transfer through 

convection when the grinding fluid comes into contact with the abrasive grains. In the case 

of an oil-in-water emulsion, a convection heat transfer coefficient of hf = 10000 W/m2K is 

commonly used for grain-free areas [2]. However, it has been established in the literature 

that applying this convection coefficient in the model has a negligible impact on the 

simulation results. Therefore, in subsequent simulations, it is decided not to include 

convection as a boundary condition in the model. 

In addition to the heat flux to the grain and contact time, the properties of alumina and 

vitrified bond are crucial factors in developing a 2D thermal model. As mentioned earlier, 

there is limited information available on thermal properties in the scientific literature, and 

the observed variability must be taken into account. Various values can be found in the 

bibliography, depending on the temperature of alumina. For instance, at room temperature, 

reported values for density range from 3900 to 3990 kg/m3, thermal conductivity from 30 

to 40 W/mK, and specific heat of 775 J/kgK [159]. Detailed thermal properties at 200°C 

can be found in [160]. For this particular model, the properties of alumina at 200ºC are 

chosen, as shown in Table 9. A comprehensive review of thermal properties for CBN grits 

is published in the 1990s by Morgan et al. [101], describing a wide range of thermal 

conductivity values for CBN ranging from 87 W/mK up to 1300 W/mK in the literature, 

while density and specific heat remain consistent across the reviewed articles. Rowe 

proposed an effective thermal conductivity value of 290 W/mK. Similar values of density 

and specific heat for CBN can be found in [161], [162], with significant variations in the 

reported data for thermal conductivity. 

These findings highlight the considerable uncertainty surrounding the thermal properties 

of grinding wheel components, and obtaining this type of data for the bonding material is 

even more challenging. To the best of our knowledge, the only reported value of thermal 

conductivity for a vitreous bond used in the manufacturing of grinding wheels can be found 
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in [102]. Takezawa proposed a value of 2.85 W/mK for the thermal conductivity of vitreous 

bonding in grinding wheels, which aligns with other data reported in the general literature 

for other alumino-alkalisilicate ceramic systems [163]. Some data on SiOC systems can be 

found in [164], including density (2200 kg/m3), thermal conductivity (1.35 W/mK), and 

specific heat (750 J/kgK) at room temperature. Considering the existing uncertainty, the 

reference values chosen for the simulation are presented in Table 9. Finally, since the model 

is two-dimensional, it is meshed with two-dimensional quadrilateral elements whose 

dimension is 0.010 mm. The mesh size will be uniform throughout the geometry. 

 
Alumina at 200°C 

[160]  
CBN             

[101] 
Vitreous bond 

[102]  

Density (Kg/m3) 3900 3480 2640 

Conductivity (W/mK) 20 290 2.85 

Specific heat (J/KgK) 1046 506 1150 

 

Table 9. Thermal Properties of Alumina Grits, CBN Grits, and Vitrified Bond in Simulations. 

5.3  Discussion on numerical simulation of temperature fields 

Based on the assumptions mentioned, the simulations are conducted using a 2D transient-

state thermal model that considers the contact between the abrasive grit and the workpiece. 

The primary aim of this model is to gain qualitative insights into the temperature field 

evolution within the grits and bonding bridges, given the uncertainties surrounding thermal 

property values. By examining the results obtained from these simulations, this work can 

lay the basis for more comprehensive investigations into how temperature affects the 

mechanical properties of vitreous bonds. This research holds the potential to deepen our 

understanding of the intricate relationship between temperature and the structural behavior 

of vitreous bonds, leading to valuable insights for future studies. 

The study starts by examining the temperature progression within the vitreous bridges, 

focusing on the use of alumina grains as the subject material. The model incorporated 

experimental values obtained from section 3. and Figure 84 depicts the temperature field 

obtained from the simulations. Notably, the highest temperature recorded (2447.9°C) is 

observed in close proximity to the tip of the grain, rapidly diminishing as it propagated 
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inward. It should be noted that this numerical value exceeds the melting temperature of 

fused alumina (2250°C), suggesting a probable overestimation attributable to the assumed 

spherical shape of the grains in the model. 

Upon analyzing the temperature distribution, it becomes evident that the low thermal 

conductivity of alumina significantly impedes heat conduction towards the vitreous 

bridges. As a result, the bonding bridges exhibit no temperature deviations from the 

ambient room temperature, even when the alumina grain reaches its maximum temperature. 

Therefore, it can be concluded that heat conduction originating from the alumina grains 

has no discernible impact on the behavior of the vitreous bridges. These findings highlight 

the limited influence of alumina grain heat conduction on the overall thermal behavior and 

structural response of the vitreous bridges. 

 

Figure 84. Instantaneous highest temperature field in the model (alumina grains). 

 

Due to the superior thermal conductivity of CBN, the research expanded to simulate the 

behavior of a vitreous-bonded super-abrasive CBN wheel. In section 5.2, thermal data and 

heat partition values relevant to this case can be found. To facilitate a meaningful 

comparison of thermal characteristics, a similar power input is assumed for the model. 

Figure 85 shows the temperatures within the bonding bridge at the moment when the tip of 

the CBN grain reaches its highest temperature (789.19°C). 

Notably, with the enhanced heat conduction from the grain to the vitreous bond, more 

effective thermal transfer takes place in the case of CBN. This leads to localized maximum 

temperatures of 188.28°C in a specific region of the vitrified bond adjacent to the CBN 

grain. However, it should be emphasized that even with the most conductive CBN grains, 

the temperatures observed in the vitreous bonding bridges do not reach a level that would 
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induce any transition in the material properties. To provide further context, it is worth 

considering the softening temperature of calcium-aluminosilicate glasses [165], which 

underscores the absence of any significant impact on the vitreous bonding bridges due to 

heat conduction from the abrasive grain. 

Reinforcing this observation, other studies [166] have positioned the softening temperature 

for aluminosilicate glass at 1010°C. These findings further support the conclusion that heat 

conduction from abrasive grains, even in the case of highly conductive CBN grains, does 

not induce any substantial alterations in the behavior or properties of the vitreous bonding 

bridges. 

 

Figure 85. Instantaneous highest temperature field in the model (CBN grains). 

 

As with other ceramic materials, vitreous aluminosilicates used for wheel bonds exhibit 

brittle behavior and are susceptible to the detrimental effects of thermal shock. A 

comprehensive evaluation of the performance of various ceramic materials to thermal 

shock can be found in the study by Li et al [167]. The authors conducted tests and 

discovered that subjecting alumina ceramic to a single quenching cycle with a temperature 

gradient of 300°C and a quenching speed (i.e., the time taken to transfer samples into the 

water tank) ranging from 5 to 15 seconds led to a significant reduction in flexural strength. 

In fact, the material's flexural strength decreased by approximately 50%, dropping from 

300 MPa to 150 MPa. However, for temperature gradients below 300°C, the loss of 

strength is relatively minimal. 

To further evaluate the thermal shock resistance of different ceramic materials, Li et al 

[167] also introduced the concept of Thermal Shock Resistance Index (TSRI) and assessed 
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19 ceramic materials accordingly. The TSRI is a metric where higher values indicate better 

resistance to thermal shock, ranging from 0 to 100. For instance, pure alumina (99% Al2O3) 

exhibited a TSRI of 19, while 3Al2O3·2SiO2 aluminosilicate showed a slightly higher TSRI 

value of 25. 

Considering the thermal gradients observed in the simulations, approximately 188.28°C 

for CBN grains, within a thermal cycle equivalent to the contact time between the grain 

and workpiece (1.317 x 10^-4 s), it can be inferred that the likelihood of thermal shock due 

to heat conduction from the abrasive grain is extremely limited. These preliminary findings 

suggest that even in the worst-case scenario, the probability of encountering significant 

thermal shock resulting from heat transfer from the abrasive grain is highly improbable. 

In order to further explore the dynamics at play, this work investigates the impact of a 

clogged chip from the workpiece in contact with the vitreous bond. Considering the 

parameters outlined in section 3, the theoretical maximum chip thickness is calculated to 

be 39 nm. It is important to note that the actual contact length between the chip and the 

vitreous bond is 3.95 mm. In practical scenarios, the chip may either fracture or become 

lodged within the porosity between the abrasive grains. 

An SEM image depicted in Figure 86 highlights the presence of a clogged steel chip 

situated between alumina grains and in contact with the vitreous bonding. This visual 

evidence emphasizes the occurrence of contact occurring between the bond bridge and the 

machined workpiece, resulting in heat generation at the interface. It is worth noting that 

wheel manufacturers, such as Norton, have acknowledged the significance of this contact 

phenomenon. Norton's Vitrium 3® product, for instance, is specifically designed to 

enhance performance by reducing the interaction between the vitrified bond and the 

workpiece. This reduction in interaction serves to mitigate heat build-up and minimizes the 

potential for thermal burns. 
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Figure 86. SEM micrograph (x250): Presence of part material (chip) in contact with abrasive 

grains and bonding material 

 

Considering that chip generation is a dynamic process, the analysis focused on two limiting 

cases to provide a comprehensive understanding of the problem. These cases aimed to 

establish the upper and lower limits of the chip behavior. In the first case, it is assumed that 

the chip remains in contact solely with the abrasive grain and subsequently fractures. For 

this scenario, a theoretical chip length of 0.108 mm is defined, representing the distance 

from the tip of the grain to the bonding bridge. In the second case, it is assumed that the 

chip maintains contact with the entire length of the vitreous bonding bridge, in addition to 

the abrasive grain, resulting in a chip length of 0.156 mm. 

According to Marinescu et al [50], the chip formation energy can be estimated based on 

the melting temperature of the material. Thus, it is assumed that the chip is removed at the 

melting temperature, which, in the case of the steel used as the workpiece, is 1410°C [168] 

As previously mentioned, the contact time between the chip and the abrasive wheel is 1.317 

x 10^-4 seconds, as established in the analysis. 

Figure 87 depicts the simulation results for the cases of alumina abrasive grains (upper 

panels) and CBN abrasive grains (lower panels), considering the minimum chip length of 

0.108 mm. In this scenario, the chip does not directly come into contact with the vitreous 

bond. 

Steel Chip clogged 

between alumina grains 

Vitreous bonding 
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For the case of alumina grains, the highest temperature observed in the vitreous bonding 

reaches 1064°C, precisely at the interface between the abrasive and the vitrified bond. Due 

to the relatively low thermal conductivity of the vitreous material, most of the bonding 

bridge does not experience significant overheating, with temperatures remaining below 

150°C. Conversely, when CBN grains are employed, the temperature field within the 

vitreous bridge exhibits steeper gradients, causing the majority of the vitreous material to 

reach temperatures above 500°C. 

As explained earlier, in the case of CBN grains, the steep temperature gradients and 

elevated temperatures increase the likelihood of softening and thermal shock within the 

vitreous bond. These thermal effects can lead to damage and compromise the mechanical 

properties of the bond. It is evident that the choice of abrasive material significantly 

influences the thermal behavior and potential risks associated with the vitreous bond. 

 

 

Figure 87. Temperature field in the bonding bridge during the contact time with chip length 0.108 

mm. Upper panel: alumina grits; Lower panel: CBN grits. 
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The influence of chip contact with both the abrasive grain and the bonding bridge becomes 

more pronounced in the upper boundary analysis, where a chip length of 0.156 mm is 

assumed. In this scenario, the chip interacts with both components of the abrasive wheel. 

Figure 88 illustrates the simulation results for both cases, with the upper panel representing 

alumina grains and the lower panel representing CBN grains. 

In both cases, the observed temperatures far exceed the thresholds associated with 

softening and thermal shock. The temperature distribution within the bonding bridge 

reaches levels that can significantly compromise its structural integrity and mechanical 

properties. This indicates that the assumption of chip contact with the bonding bridge has 

a substantial impact on the thermal behavior of the vitreous bond. 

 

Figure 88. Temperature field in the bonding bridge during the contact time with chip length 0.108 

mm. Upper panel: alumina grits; Lower panel: CBN grits. 

 

Despite the aforementioned uncertainties associated with material properties and contact 

phenomenon, the numerical simulations presented in this study offer valuable qualitative 
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insights regarding the role of temperature in the mechanical properties of vitreous bonds. 

While these results should be interpreted as qualitative rather than quantitative, they 

provide indirect evidence supporting the consideration of temperature effects in the study 

of vitreous bonds. 

It is worth noting that, as far as is known, no experimental studies have yet investigated the 

influence of temperature on vitreous bond behavior. Consequently, further research in this 

area is warranted to gain a more comprehensive understanding of the thermal impact on 

the mechanical properties of vitreous bonds. 

By acknowledging the importance of temperature in the performance and reliability of 

vitreous-bonded systems, future studies can delve deeper into this aspect and design 

experimental investigations to validate and complement the findings obtained through 

numerical simulations. Such research endeavors will contribute to advancing the 

understanding of vitreous bonds and guide the development of improved bonding materials 

and manufacturing processes. 

5.4  Preliminary conclusions 

The current chapter introduces a comprehensive 2D finite element thermal model designed 

specifically for analyzing the behavior of a vitrified alumina grinding wheel. The model 

takes into account the arrangement of 7 abrasive grains connected by 11 bonding bridges. 

Through the application of this thermal model, several significant conclusions regarding 

the vitrified alumina grinding wheel can be drawn: 

 The current understanding of the thermal-mechanical behavior and fracture 

mechanisms of vitrified bonds in abrasive grinding wheels is still limited. While 

mechanical tests such as bending, compression, and sonic testing have been commonly 

used to assess the mechanical properties of wheel materials, there is a scarcity of 

information regarding their thermal properties. The existing literature has provided 

mixed results, leaving important questions unresolved. The influence of high 

temperatures, thermal shock effects, and thermal cycles on the integrity of vitreous 

bonds remains largely unexplored. Despite the general acceptance that these factors 

can lead to damage in the wheel structure, little attention has been given to estimating 

their specific impact on vitreous bonds.  
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 The simulation results highlight that heat conduction from abrasive grains plays a 

negligible role in the temperature distribution within vitreous bonds. This observation 

holds true for both alumina and CBN grains, even though CBN grains possess a higher 

thermal conduction coefficient. In both cases, the temperatures observed in the 

bonding material are significantly lower than the thresholds reported in previous 

studies for softening and thermal shock in aluminosilicates. 

 

 Numerical simulations are conducted to investigate the transient heat conduction 

problem arising from the contact between part chip material and the wheel structure. 

Two boundary cases representing different contact stages are analyzed, and the 

resulting thermal fields are calculated. The findings demonstrate that, for both alumina 

and CBN grit materials, the temperatures observed exceeded the thresholds associated 

with softening and thermal shock. In the case of alumina, this effect is localized in the 

contact region, whereas for CBN, the combination of heat conduction through the 

grains and contact with the part material led to significantly elevated temperatures, 

surpassing 500°C. Consequently, softening, thermal shock, and consequent damage to 

the bond's mechanical properties are likely to occur. These results highlight the need 

for further research in the development of characterization tests that take into account 

the thermal-mechanical behavior of vitreous bonds. 

 

 To advance the knowledge in this field, further research is needed to investigate the 

thermal-mechanical behavior of vitrified bonds and the causes of bond fracture. It is 

crucial to develop experimental methods and testing protocols that specifically address 

the thermal properties of vitreous bonds. 

 

 While the simulation results provide valuable insights into the thermal characteristics 

of vitreous bonding, it is important to acknowledge the inherent limitations and 

uncertainties of the modeling approach. Future experimental studies are needed to 

validate these findings and explore the thermal behavior of vitreous bonds under real-

world grinding conditions. 
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Chapter 6  

Conclusions and future works 

6.1  Conclusions 

The research work conducted in this study involved both experimental and numerical 

analyses. The experimental analysis focused on real grinding tests, and the following key 

conclusions are drawn: 

 Extensive examination of bond fracture evolution in vitrified alumina grinding 

wheels involves isolating and studying this effect during real grinding tests. This 

isolation enables investigating the influence of grinding wheel hardness, structure 

and grinding parameters on bond fracture evolution. 

 

- In the experimental analysis conducted, two distinct zones are clearly identified 

in the test results, namely the dressing zone and the non-dressing zone. It is 

observed that the volumetric wear exhibited a linear increase in both of these 

zones, although with different slopes.  
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- The higher values of certain grinding parameters, such as a depth of cut of 0.036 

mm and a cutting speed of 30 m/s, exhibited a clear tendency towards volumetric 

wear. However, it should be noted that this tendency is observed when using a 

low hardness grinding wheel, specifically a grade of hardness EF. For a more 

comprehensive understanding of power and grinding forces, a moderate value of 

0.25 m/s for the workpiece speed in grinding operations is chosen. 

 

- The maximum specific volumetric wear measured is 1054.22 mm3/mm for a 

grinding wheel after removing 1338.92 mm3/mm of material. Finally, grinding 

ratio of 1.09 is obtained. 

 

 The surface of the grinding wheel is intentionally designed to facilitate volumetric 

wear. This is achieved by using a fine dressing process with a high overlap ratio of 

7.33. It is important to note that finer dressing with a multi-point dresser, combined 

with a lower hardness of the wheel with higher grade of monocrystalline structure 

grain can result in increased bond fracture.  

 

 Analyzing the wheel surface is crucial to assess the occurrence of wear flats, which 

exhibit a low rate of only 0.27% during experimental testing. This indicates that the 

grinding process, combined with the chosen grinding parameters, grinding wheel 

hardness and structure, grade of monocrystalline structure and dressing techniques, 

effectively minimizes the formation of wear flats on the wheel surface. 

 

 The established methodology for quantifying radial wear on grinding wheels has 

provided valuable insights. The maximum radial wear measured during the 

experimental testing reached 1.34 mm. This quantification is essential for 

determining the grinding ratio, a critical parameter in evaluating the volumetric wear 

of the grinding wheel. 

 

 Given the limitations of the experimental work, two numerical approaches are 

developed to enhance the understanding of the underlying phenomenon. The first 

model is a multiscale simulation approach that investigates the impact of volumetric 

wear in vitrified alumina grinding wheel during the grinding process. The second 

model focuses on the temperature distribution at the contact between the abrasive 
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grain and the workpiece in vitrified alumina and CBN grinding wheel, as well as its 

influence on the vitrified bond. The key findings derived from these numerical 

approaches are outlined below: 

 

- Experimental tests of grinding wheel surfaces can only analyze the initial and final 

states. Furthermore, the influence of the strength of the binder on volumetric wear 

is shown. To overcome these handicaps, a multiscale simulation approach of the 

vitrified alumina grinding wheel is developed using DEM. A methodology based 

on DEM has been shown. The multiscale simulation approach provides the 

following main findings: 

 

o DEM has been widely recognized as an exceptional tool for modeling 

grinding wheels. It enables the accurate representation of randomly located 

grains, closely resembling real-world scenarios, while also providing an 

understanding of their stiffness characteristics. This unique capability of 

DEM allows for a more realistic simulation of the grinding process, capturing 

the complex interactions between the grains and the workpiece. By 

incorporating random grain location and accurately modeling stiffness, DEM 

enhances our ability to study and analyze grinding wheels, facilitating 

improved insights into their performance and behavior. 

 

o DEM is employed to create a comprehensive multiscale simulation approach 

of a vitrified alumina grinding wheel. In this approach, the cohesive beam 

model is used to accurately represent the continuous material within the DEM 

framework. The discrete elements represent the abrasive grains and the elastic 

beam represents the vitreous bond. Given the brittle nature of the grinding 

wheel, the Rankine´s theory is imposed as the beam failure criteria. This 

ensures that the simulation effectively captures the wheel's response to stress 

and potential fracture. Additionally, the DEM approach demonstrates its 

capability to replicate the wear of the vitrified alumina grinding wheel by 

accurately simulating the bond fracture phenomenon. 
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o To incorporate the real cutting speed of 30 m/s into the wear model, a 

tangential force is applied to the DEs that come into contact with the 

workpiece. This force is determined based on the desired cutting speed, which 

in this case is represented by the coefficient of friction µµ = 0.37. By imposing 

this value, the model effectively represents the cutting speed of 30 m/s, 

ensuring accurate simulation of the wear process. 

 

o The hypothesis of simulating uSM and RuSM interactions to analyze 

volumetric wear and the behavior of the vitrified bond in the contact region 

has been verified. By adopting this approach, a significant reduction in 

computational cost is achieved compared to simulating the complete grinding 

wheel. 

 

o In order to ensure consistent grain density in both DEM and Python, it is 

important to maintain uniformity throughout the section in DEM and the 

entire grinding wheel in Python. By default, when creating the μSM and 

RμSM, there is a tendency for the boundaries to have excessive protruding 

grains or defective grains respectively, especially at the surface where a cut 

is made. These irregularities can affect the accuracy and reliability of the 

approaches. Therefore, it is necessary to address this issue and strive for a 

better and clearer representation of the grain density in both DEM and Python. 

 

o The primary advantage of simulating the volumetric wear of the vitrified 

alumina grinding wheel is the ability to understand the progressive generation 

of bond fractures in the contact area between the abrasive grain and the 

workpiece. In experimental tests, only the final state (experimental test block) 

of the grinding wheel can be analyzed. However, through the application of 

multiscale simulation approach, it becomes possible to study the entire 

evolution of volumetric wear, from the initial contact to its conclusion. 

 

o Two hypotheses were formulated, demonstrating a strong correlation 

between the experimental findings in region 2 and the obtained results. 

Firstly, the mechanical behavior of the binder was updated as the grinding 

wheel wears with a shape factor of the grains of 6%. This update aimed to 
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accurately capture the changes in the critical penetration in the grains due to 

wear, ensuring a more realistic representation of the grinding process. 

Secondly, the possibility of cumulative damage to the binder was taken into 

consideration, assuming a damage rate of 0.7% per rotation as the grinding 

wheel wears. This hypothesis accounted for the potential degradation of the 

binder over time, leading to a more comprehensive understanding of its long-

term performance. By considering both hypotheses, a better and clearer 

understanding of the grinding wheel's behavior and performance was 

achieved, aligning closely with the experimental observations in region 2. 

 

- A 2D FEM thermal model is developed, incorporating the heat flux data obtained 

from theoretical calculations and experimental measurements during the contact 

between the grinding wheel and the workpiece. Moreover, the boundary 

conditions are appropriately imposed to accurately represent the thermal behavior 

of the system. The main conclusions derived from the thermal model are 

summarized as follows: 

 

o The distribution of temperatures within the vitrified bond was found to be 

approximately 22ºC for alumina and around 188ºC for CBN. This observation 

suggests that heat conduction from the abrasive grains has a negligible impact 

on the temperature fields within the vitreous bonding. This holds true for both 

alumina and CBN grains, despite their higher thermal conduction 

coefficients. Importantly, the temperatures recorded in the bond are 

considerably lower than the values reported in literature for softening and 

thermal shock in aluminosilicates. Hence, the results indicate that the vitrified 

bond effectively maintains lower temperatures, ensuring the stability and 

integrity of the material. 

 

o Furthermore, the numerical simulation was performed to address the issue of 

transient heat conduction resulting from the contact between the chip material 

and the wheel structure. The simulation results reveal that the observed 

temperatures for both grit materials were significantly higher compared to the 

temperatures associated with softening and thermal shock. In the case of 
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alumina, this effect is localized in the contact region. However, for CBN, the 

primary factor contributing to the vitreous bonding is the combination of heat 

conduction through the grains and contact with the chip material, resulting in 

temperatures surpassing 500°C. Consequently, in this scenario, the 

occurrence of softening and thermal shock is probable, and the mechanical 

properties of the bond may also be adversely affected due to the thermal 

impact. 

6.2 Future works 

Based on the conclusions drawn from the presented research work, the following future 

research directions have been identified: 

 The multiscale simulation approach developed in this study is tailored to the 

characteristics of vitrified alumina grinding wheels. However, due to versatility of 

the approach, future research aims to extend its application to other types of 

abrasives, encompassing diverse abrasive grain sizes, bond grades, and structures. 

This adaptability allows the multiscale simulation approach to be used in various 

grinding scenarios and with different materials as long as the bond fracture 

phenomenon predominates. As a result, valuable insights into the grinding process 

can be gained across a wide range of applications, enabling a deeper understanding 

of the behavior of grinding wheels in different contexts. 

 

 One important aspect to consider in future research is the characterization of the 

shape factor of abrasive grains with different shapes. In the present study, spherical 

shapes are considered for the abrasive grains. However, in actual grinding wheels, 

abrasive grains can have varying shapes throughout the wheel. Therefore, it is crucial 

to analyze the volumetric wear behavior of the grinding wheel based on the shape of 

the abrasive grains. From a numerical point of view, GranOO offers the capability to 

detect contact between DEs with different shapes. This feature enables wear 

modeling of grinding wheels, incorporating the realistic shapes of the abrasive grains 

in both the actual grinding process and the numerical simulation. By aligning the 

shapes in the simulation with those observed in real-world scenarios, a more accurate 
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representation of wear behavior can be achieved, leading to improved understanding 

and predictive capabilities in grinding wheel analysis. 

 

 A crucial future research goal is to develop a realistic multiscale simulation approach 

for vitrified alumina grinding wheels. The current work focuses solely on simulating 

volumetric wear at the initial stage and does not take other types of wear into account. 

Therefore, it is essential to expand the uSM and RuSM to include grain fracture and 

wear flats, aiming for a more comprehensive representation of grinding wheel wear. 

To achieve this, groups of DEs could be defined within the abrasive grains. The 

behavior of the beams within these defined groups would be distinct from the 

behavior between groups, simulating the three wear mechanisms in the grinding 

wheel. By incorporating these additional wear mechanisms, the multiscale simulation 

approach becomes more realistic, reflecting the complex nature of abrasive grain 

degradation during grinding operations. This enhanced multiscale simulation 

approach would provide a more accurate simulation of the wear behavior of vitrified 

alumina grinding wheels, improving the understanding of wear mechanisms and 

aiding in the development of more effective grinding processes. 

 

 The idea is to improve the clarity and precision of this work by refining the multiscale 

approach. Currently, the focus lies on simulating the behavior of the wheel in region 

2, without considering region 1 (see Figure 51). It is evident from the experimental 

curve that the behavior of the dressed region differs significantly. As a result, the 

plan is to investigate the modeling of the dressed region in future studies, aiming to 

develop a more comprehensive and accurate representation. 

 

 Development of software for automated quantification of volumetric wear in vitrified 

alumina grinding wheels. A software tool should be developed to accurately measure 

the radial wear and quantify the volumetric wear in grinding wheels automatically. 

This software would expedite the analysis process and provide precise data on the 

volumetric wear characteristics. Additionally, implementing this software in an 

industrial setting would enhance productivity in post-grinding operation analysis. 

 

 In future works, it is suggested to conduct a comprehensive comparison of the 

topography between a specific section of the grinding wheel and μSM area using 
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SEM analysis. This analysis will provide a detailed assessment of the degree of 

concordance or agreement between the two surface topographies at the conclusion of 

the test. 

 

 Incorporating the workpiece as a degradable body is an essential consideration when 

using the DEM for modeling grinding wheels. By accounting for the degradability 

of the workpiece, a more accurate estimation of surface roughness can be obtained 

as a result of the grinding process.  
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Nomenclature 

ae  real depth of cut (mm) 

aed  dressing depth of cut (mm) 

bs  width of contact (mm) 

de  grinding wheel diameter (mm) 

dg  average grain diameter (mm) 

dgmax  maximum grain diameter (mm) 

dgmin  minimum grain diameter (mm) 

DEs  spherical discrete elements 

DEM  discrete element method 

ec  specific grinding energy (J/mm3) 

E*   combined elastic properties of the grinding wheel and workpiece (GPa) 

Es, E   grinding wheel and beam Young modulus (GPa)  

fcj  centrifugal force in each DE (N) 

Fn, Ft
  normal and tangential grinding force (N) 

  tangential grinding force (N) 

Fn’, Ft’ 
 normal and tangential grinding force per unit width (N/mm) 

Fn new’  new normal grinding force per unit width (N/mm) 

Fp  fluid pressure (bar) 

Ft new’  new tangential grinding force per unit width (N/mm) 

G  grinding ratio 
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hf  convection heat transfer coefficient of grinding fluid (W/m2K) 

hs  height of microscale model (mm) 

K  contact stiffness (N/m) 

lc  contact length (mm) 

lf  dynamic contact length (mm) 

lg  geometrical contact length (mm) 

Lµ  beam length in DEM (mm) 

m  grinding wheel mass (Kg) 

mj  mass of each DE (Kg) 

M  sieve number 

Nr new, Nr  new number and number of discrete elements removed 

P’  specific power (KW/mm) 

Qw’  specific metal removal rate (mm3/mm·s) 

qs  velocity ratio 

rj  distance from the center of each DE to the center of the wheel (mm) 

rµ  ratio between cohesive beam radius and average DE radius 

Rj  distance from the outermost grain to the center of the RμSM (mm) 

Rr  roughness factor 

Rw  partition ratio of heat to the workpiece 

RμSM  randomization of the μSM 

Sf  grain shape factor 

Ud  dressing overlap  

vd  dressing axial feed (mm/min) 

Vb  vitreous bond volumetric fraction (%) 

Vg  abrasive volume fraction (%) 

Vp   porosity volume (%) 
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vs  cutting speed (m/s) 

V’s  specific volumetric wear (mm3/mm) 

vw  work speed (m/s) 

V’w  specific volume of metal removed (mm3/mm) 

w  grinding width (mm) 

WPnew, WP new and workpiece position (mm) 

δav  average grit penetration (mm) 

δcnew, δc  new and critical grit penetration (mm) 

δmax  maximum grit penetration (mm) 

𝜐s,𝜐  grinding wheel and beam poisson ratio  

∆  radial wear (mm) 

σ  normal tension of beams in DEM (MPa) 

𝜏  tangential tension of beams in DEM (MPa) 

ρ   grinding wheel density (Kg/m3) 

σf, σf  grinding wheel and DEM beam failure stress (MPa)  

  friction coefficient 

SM  microscale model 

  rotational speed of the grinding wheel (rad/s) 
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