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Abstract 

This thesis has investigated material removal mechanisms in grinding by considering 
single grit-workpiece interaction. The investigation was performed both experimentally and 
using finite element simulation. Rubbing, ploughing and cutting mechanisms occurring during 
the grinding process were studied at the micro scale. Due to its nature the rubbing phase occurs 
in a very narrow region of grit-workpiece engagement and is difficult to examine under a 
microscope and so was investigated using FEM simulation. The ploughing mechanism was 
thoroughly investigated using both experimental tests and FEM simulations, and a similar trend 
was observed for the pile up ratio along the scratch path from the experimental tests and the 
FEM simulations. Ploughing and cutting mechanisms in grinding were found to be highly 
influenced by grit cutting edge shape, sharpness and bluntness. Cutting is the prominent 
mechanism when the grit cutting edge is sharp, but ploughing is more prominent when the grit 
cutting edge becomes flattened. In the case of multiple edges scratch formation, ploughing is 
dramatically increased compared to single edge scratches. Feasibility of ground surface 
simulation using FEM is demonstrated using multiple pass scratch formation in a cross direction. 
Although chip formation mechanism is developed at a relatively higher depth of cut (greater than 
10 µm), at small scales down to 1 µm, FEM simulation was not a suitable method to use. To 
reduce the drawbacks of FEM simulation in micro scale cutting, a meshless simulation technique 
such as smooth particle hydrodynamics is recommended for future studies.  
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Chapter 1 Introduction 

1.1 Motivation 

Grinding is a form of material removal applied to many metals and ceramics, especially 

hard-to-machine materials, to obtain smooth surfaces on products within a desired tight 

tolerance. The grinding process has been a key manufacturing process since ancient times, but 

then of course, it was not used as an engineering process (Malkin and Guo, 2008). Grinding was 

not understood scientifically until the mid-1940s when it was investigated as an engineering 

process (Malkin and Guo, 2008; Doman, 2008). Grinding mechanics and material removal 

mechanisms are complex and the processes are still not fully understood. In the manufacturing 

industry, almost 65% of machining firms use the grinding process (Doman, 2008) and a 

significant portion of production cost is due to grinding or related abrasive processes.  

Minimizing the cost and energy consumption of the abrasive process, including reduction 

of labour costs and abrasive tool failure is a prominent reason for research into the abrasive 

process. In addition, with the rapid development of aerospace, automotive, and biomedical 

industries, there is continuously increasing demand for technological components with stringent 

requirements and tight tolerances. To meet these demands precision grinding plays a vital role in 

reducing surface roughness to the order of sub-micron level on difficult-to-machine materials 

such as ceramics and hardened metals.  Research on precision grinding with relatively smaller 

abrasive tools is a crucial and promising area for research. 

Study on grinding process mechanics has been on-going for several decades regarding 

different scales. Tönshoff et al., (1992) and Brinksmeier et al., (2006) summarized grinding 

models using analytical, kinematic, and numerical approaches. These works focused mainly on 





 

28 
 

understanding of the material removal mechanism, as well as physical quantities such as stress 

distribution, strain and cutting forces exerted during the process. Understanding the material 

removal mechanism in grinding is the main purpose behind the FEM modelling of single grit 

grinding. Since grinding has very complex material removal mechanisms comparing to other 

cutting processes such as turning, milling, etc., material removal in grinding can be completed in 

three dominant phases: rubbing, ploughing and cutting, first proposed by Hahn (1962). Accurate 

simulation of these material removal phases in the grinding process is important to predict 

grinding surface creation using abrasive grits and eventually the surface quality of machined 

parts, in a simulation environment. 

1.2 Aim and objectives 

Modelling of the grinding process numerically at the micro scale by considering grit-

workpiece interaction is still at the development stage and thus far physical models which can 

represent grinding process at the micro scale has not been fully developed due to restrictions of 

computer technology. Nevertheless as computer technology has advanced, research on micro 

scale modelling and simulation of machining has increased and research on micro scale grinding 

by modelling and simulation supported by experimental tests appears very promising 

(Brinksmeier et al., 2006; Lai et al., 2008; Aurich et al., 2009). 

The aim of this work was to develop an FEM model of single grit-workpiece interaction, 

supported by experimental tests, to improve the understanding of material removal mechanisms 

in the grinding process.  
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Chapter 7 presents the finite element simulation results. Chip formation mechanisms for 

three common type of chip (continuous, serrated and discontinuous) under different conditions 

are presented in this chapter. Single grit grinding simulation results are also presented. Scratch 

formation is analysed using FEM in terms of ploughing and rubbing mechanisms. The chapter 

ends by presenting force variation under different simulation conditions. 

Chapter 8 contains the overall discussion on the experimental and numerical results.  

Finally, conclusions and suggestions for future work are in chapter 9. 
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Chapter 2 Grinding Process Technology 

2.1 Introduction 

This chapter presents available knowledge concerning the fundamentals of the grinding 

process and grinding material removal mechanisms. The early stage of this chapter includes the 

background of metal cutting operations. A large number of journal papers and technical articles 

have been published on the grinding process and the huge volume of publications can be taken as 

proof of the importance of grinding process for manufacturing.  

Here literature on single grit-workpiece interaction will be reviewed and the grinding 

process is described with its peripheral tools and material removal mechanism for wheel-

workpiece interaction and single grit-workpiece interaction. The former is generally called the 

macro-scale approach where the process is investigated in terms of grinding wheel-workpiece 

interaction, whereas the latter is called the micro scale approach since it deals with the relatively 

small scale between individual abrasive grit and the workpiece material. The orthogonal cutting 

process is discussed since the chip formation phase of single grit grinding has similar features 

with types of chip formed obtained during various cutting conditions. 

2.2 Fundamentals of machining process 

Machining is a common name for removing unwanted material to manufacture a desired 

surface profile. Turning, milling, drilling and grinding operations are common machining 

processes which are used in the manufacturing industry. Unwanted material is removed in the 

form of small chips from the work material. A chip form will vary depending on kinematics of 

the removal mechanisms, which are affected by workpiece material properties, operational 
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Friability of an abrasive grain is the tendency for it to fracture under compression. 

Increasing the friability of grains would be better for low grinding forces as fracture of grains 

during grinding may be advantageous in providing fresh cutting edges; hence grains with higher 

friability tend to be better at maintaining grinding wheel cutting efficiency (Rowe, 2009). 

Diamond is a super abrasive and often used in precision grinding applications, but has a 

limited ability with ferrous material because the high affinity between diamond and ferrous 

materials causes excessive wear, limiting its use to nonferrous materials (Rowe, 2009). 

CBN is the second hardest material and it is widely used in grinding steels. CBN is 

increasingly replacing conventional abrasives for precision grinding of hardened steels due to its 

low rate of wear and the ability to provide and maintain close tolerances on the parts produced. 

The high thermal conductivity of CBN abrasives provides the advantage of cooler grinding 

compared with conventional aluminum oxide wheels or silicon carbide wheels. This allows 

much higher removal rates without thermal damage or tensile residual stress (Rowe, 2009).  

2.5 Dressing 

Dressing is a process to prepare a grinding wheel for grinding operation (Rowe, 2009).   A 

grinding wheel is dressed to perform the following tasks;  

-  It is used as truing to eliminate deviation from specified form; generally a new grinding wheel 

must be dressed to provide better roundness by removing deviated parts.  

- Dressing process is necessary to re-establish the surface of the grinding wheel when its grains 

lose their edges and break due to the wheel wear. So, regular dressing on the grinding wheel can 

provide a sharp cutting surface with uniform distribution of cutting edges. 
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This thesis considers the removal mechanism at the micro scale, investigating the grit-

workpiece interaction. After presenting a literature review which includes fundamental removal 

mechanisms that occur during grinding and details of single grit grinding performance (including 

material removal rate, force and energy variation with different process parameters) conclusions 

are drawn on the direction and content of the thesis. The literature review provided here excludes 

the finite element modelling and simulation given in the next chapter. 

2.6.1 Material removal at the macro level for the grinding wheel working 

surface 

Material removal during machining with grinding wheels must be considered in terms of 

wheel wear and material removal from the workpiece simultaneously. Here, a concise 

description is given of the fundamental wheel wear mechanism based on wheel topography and 

its influences on material removal from the workpiece.  

Grinding wheel topography is one of the main factors determining grinding performance 

when considering the quality of the ground surface. So, understanding grinding wheel 

topography in conjunction with grinding process performance and material removal is crucial. 

Recently, Doman et al., (2006) reviewed the grinding wheel topography models to show the state 

of the art in this technology. Based on the previous work, a general modelling approach for 

grinding wheel using grain size, shape, arrangement, and wheel dressing strategy is 

recommended (Doman et al., 2006). Chen described the formation of grinding wheel topography 

in a series of papers (Chen and Rowe, 1996a: Chen and Rowe, 1996b: Chen et al., 1996: Chen et 

al., 1998) considering grinding mechanics and dressing conditions by means of simulation and 

experiment. Chen suggested how to select dressing conditions based on wheel wear and desired 
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grinding performance, but it was necessary to determine those parameters most influential for 

grinding wheel wear in order to get better performance over the entire grinding operation. 

The grinding wheel wears with use and after a certain period needs to be dressed to 

generate fresh cutting edges. With the dressing operation, new grits protrude to re-establish the 

grinding wheel topography. Wheel wear occurring during grinding is generally composed of 

three major mechanisms; attrition wear, grain fracture and bond fracture (Chen et al., 1998; 

Malkin and Guo, 2008). Attrition wear is the dulling of abrasive grains and growth of wear flats 

due to rubbing against the workpiece. Grain fracture can be considered as removal of abrasive 

fragments by fracture within the grain. Bond fracture occurs by dislodging the abrasive from the 

bond. It occurs due to the friction between the chip and the wheel bond (Malkin and Guo, 2008). 

The attrition wear makes the smallest contribution to the decrease of the wheel volume, but is the 

most important for defining the end of the wheel life. With the increase of attrition wear, the 

cutting forces and temperature within the grinding zone increase and the quality and surface 

integrity of the workpiece could be reduced (Hassui, 1998). Bond fracture is the most important 

mechanism regarding the loss in the wheel radius (Hassui, 1998).   

Earlier work performed by Kannappan and Malkin (1972) to reveal the effect of grain size 

and operating parameters on grinding found grinding force components increased linearly with 

attrition wheel wear as determined from the wear flat area, with a relatively slow growth rate up 

to a critical value of the wear flat area at workpiece burn, and thereafter the rate of increase is 

much greater. Larger grinding forces and wear flat areas were also obtained with harder wheels. 

Kannappan and Malkin (1972) also investigated the wheel condition with the number of active 

grains per unit area in the wheel surface and found more active grains with harder wheels, and 

the number of active grains increased up to burning and decreased thereafter.  
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different values of hardness. It was found that cutting efficiency increases with increasing cutting 

speed and material hardness. No precise reason is given to explain the change in cutting 

efficiency with speed and hardness, but it was believed related to thermal effects and plastic 

straining rate in the workpiece material. Based on the change in grinding efficiency with speed, it 

was concluded that grinding forces would be lower at higher speeds at the same grit depth of cut 

with a given material; this observation was confirmed by experiment. It was also found that the 

surface roughness (Ra, defined as an average roughness) is lower with harder material because 

(1) hard materials produce less pile-up and (2) there is less elastic deformation with hard 

materials. Farmer et al., (1968) also suggested hard materials to obtain a good surface finish. 

The wear and cutting efficiency of abrasive grits or grinding tools is highly influenced by 

the type of workpiece materials to be ground. König et al., (1985) found that different wear 

occurs on the abrasive grit during the scratching of carbon steel in different heat treatment 

conditions. The influence of coolant and friction coefficient in single grit scratching was also 

investigated. Investigation was performed by using a surface grinder with integrated scratch 

device. According to the results obtained, scratching on annealed steel leads to obvious loading 

on the grit surface which results in increase of cutting force and ultimately fracture of the grit 

sections. Grit wear was determined by using the scratched groove cross section; the changes in 

cross section could show the amount of wear from the grit during the time the scratches were 

made. An electron microscope and energy-dispersion x-ray analysis were used to categorize the 

type of wear (e.g. abrasion, stress created by high thermal changes, grit splintering, diffusion, 

etc.) to occur on the cutting edge of the abrasive grit. It was found that there is an increase in the 

rate of grit wear in the order of annealed, normalized and hardened steels. In addition, it was 

found that a high degree of hardness of the workpiece material resulted in high scratch forces.  
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considering the plastic deformation similar to that which takes place during the indentation of a 

spherical body. The model incorporated material properties such as strain, strain rate and 

temperature. Without including temperature effects the proposed model predicted that cutting 

forces are higher than found by experiment. When the temperature was included, better 

agreement with experimental data was obtained. Their results suggest that cutting action is more 

prominent than ploughing at large depth of cuts; but less when the depth of cut is smaller. 

Barge et al., (2008) studied single grit scratching to better understand plastic deformation 

and failure phenomena induced by grinding processes. Experimental test consisted of scratching 

a soft flat surface (AISI4140 steel) using a cutting insert fixed on the periphery of a disc. The 

experimental setup allowed producing scratches at high cutting speeds up to 3000 m/min for 

depth of cut of 80 µm. From the experimental results, a normal and tangential force versus 

instantaneous depth of cut graph was drawn at various cutting speeds. The forces increased 

linearly with increasing depth of cut, however, interestingly, higher forces were obtained at 

higher cutting speed, which is contrary to some previous work (Feng and Cai, 2001). The reasons 

for this were not expressed clearly because the work was solely experimental and was associated 

with hardening and softening phenomena which could occur during material cutting. 

Ghosh et al., (2010) studied grinding mechanics using the single grit test. They performed 

their tests on a soft ductile material (rolled aluminium) with a diamond abrasive grain (size 600 

µm).  The diamond grit was used in 4 different orientations to demonstrate the influence of grit 

geometry on the material removal mechanisms of grinding. It was observed that the orientation 

of the grit was an influential factor in determination grinding forces and material pile-up. Also, 

they observed that the pile-up sections were asymmetric which might indicate randomness of 

chip formation and the ploughing process. It was observed that the specific energy requirement 

decreased with increasing depth of cut irrespective of orientation of the grit. It was found that 
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both geometry of the ground groove and energy requirement were significantly influenced by 

orientation of the grit. 

Recently, Anderson et al., (2011b) studied the cutting effectiveness of grinding grits using a 

high speed scratch tester built on Blohm Planomat CNC grinding machine. A spherical diamond 

tool with a nose radius of 0.508 mm was used to produce scratches at cutting speed of 300 m/min 

to 1800 m/min at depths of cut ranging from 0.3 µm to 7.5 µm. The scratches were quite long, 

about 100 mm to capture the cutting force profile. The scratch length was kept long to overcome 

the insufficient natural frequency of the force sensor to capture force profile at smaller length 

scratches. Experimental results show that the normal forces increased with cutting speed, while 

the tangential forces decreased with cutting speed. The increase in normal forces with cutting 

speed was attributed to the strain rate hardening of the workpiece material since strain rate is a 

function of velocity. However, the decrease in the tangential force with cutting speed was 

attributed to the decrease in coefficient of friction between the cutting tool and the workpiece. 

Anderson et al suggested that the strain hardening effects due to strain rate were not sufficiently 

large so as to overcome the reduced friction and its effects on cutting mechanics. Scratch profiles 

were also investigated in this work and larger pile up height was observed at larger depths of cut. 

In addition, slight decrease in average pile up height was observed with the increase of the 

cutting speed. 

2.6.3 Size effect in grinding 

Size effect is one of the most significant characteristic of micro scale machining.  It is also 

a well-known aspect of the grinding process. The size effect in machining is generally described 

as the increase of specific energy with decrease of undeformed chip thickness. The size effect 

phenomenon was first discussed by Backer et al., (1952). They found that the specific energy 
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scale grinding.  Single grit grinding tests have been performed mainly using shaped tools (such 

as shaped diamond grains, conical indenter, shaped cutter or inserts, etc.).   

However, in real grinding process, abrasive grains have irregular shapes and their shapes 

continuously change during interaction with the workpiece due to wear and fracture of the grains 

so that material removal mechanisms and cutting mechanics could show different characteristics 

at every moment of grit-workpiece engagement. For instance, an abrasive grit could produce 

scratches with a single edge groove when it has a fresh cutting edge, but, later on, it could start to 

produce scratches with multi-edges grooves due to multiple cutting edges generated by grain 

fractures it has experienced. The material removal mechanism in the single edge scratches and 

multi edge scratches shows completely different characteristics in all aspects (ploughing and 

cutting mechanisms, cutting forces, specific energies). Thus, micro scale grinding using shaped 

cutting tools cannot provide a detailed understanding of micro-grinding material removal 

mechanisms.  

From previous researches on the single grit grinding, there exist some experimental 

investigations conducted by using abrasive grits rather than using shaped tools. These have failed 

to offer a detailed explanation of material removal mechanisms of micro grinding because of the 

narrow concentration of the research which has focused mainly on measuring cutting force as a 

function of cutting speed and depth of cut. Scratch profiles were not intensively investigated in 

these researches. However, in order to understand the material removal mechanisms, scratch 

profiles must be analysed in terms of rubbing, ploughing (side ploughing or material pile up and 

pile up ratio), and cutting mechanisms across the scratch length.  

Looking at the state of the art grinding technology, the single grit grinding mechanism is 

not fully understood in terms of material removal mechanisms and cutting mechanics. It requires 

further research and this thesis aims to contribute to the detailed understanding of grinding 
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material removal mechanism by concentrating on those areas where insufficient information is 

available. To do this, the effects of abrasive grit shape on ploughing and cutting mechanisms is 

studied on different materials (with various hardness values). Changes in the abrasive grit shape 

with advances of grit scratching and its influences on the scratch form (profile) could be very 

useful to discover the unknown behaviour in the single grit grinding mechanism. Side ploughing 

(or pile-up) will be investigated by using pile up ratio definition (the ratio of the cross sectional 

pile-up area to the groove section area across the scratch form) to explore the cutting mechanics 

with the machining conditions (cutting speeds, depths of cut, material properties). Previously, the 

entire scratch form has never been investigated. Another novel approach in this study will be to 

show how material removal mechanisms during single grit scratching changes along the scratch. 

Further, a novel FEM approach for grinding surface creation (studied for the first time in this 

thesis) using single grit scratching technique will be studied in detail. 

 

 

 

 



 

63 
 

Chapter 3 Modelling and Simulation of the 

Grinding Process Using FEM   

3.1 Introduction 

Modelling dynamic machining processes by simplifying the real system and simulating the 

processes under prescribed conditions is the most popular technique for predicting machine 

behaviour and influences of the machining parameters on both tool and workpiece. Applications 

of modelling and simulation techniques to the grinding process have become very popular as the 

power of computer systems has increased to a level where it can solve complex problems such as 

abrasive grit-workpiece interaction. With a well-designed model, simulation of the grinding 

process could reduce costly experimental investigation to determine changes in grinding process 

behaviour on the quality of the machined part, tool failure, workpiece deformation characteristics 

and cutting mechanics. In addition, numerical simulations, such as finite element method (FEM) 

simulation, are able to determine some machining characteristics such as cutting mechanics and 

stresses, strains, strain rates, temperature gradients within the materials which are extremely 

difficult to determine by experimental tests alone.  

Grinding is one of the most complex machining processes. Due to its complexity there is 

no universal model to comprehensively predict machining behaviour in terms of grinding forces, 

stresses, surface creation, surface finish and material removal. In the literature, the modelling 

techniques for grinding process have been subdivided into two groups: physical process models 

which contain fundamental analytical, finite element, kinematic and molecular dynamic models; 

and empirical process models including regression and neural network models (Tönshoff et al., 
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Although both formulations have been used in metal machining application, each has advantages 

and drawback in terms of accuracy and capability as well as computational cost. In the Eulerian 

formulation, element shapes do not change with time, thus the coefficients of the [B] matrix, 

which is governed by the element shape, is computed only once. A common problem in finite 

element formulation is how to describe the effluxion of material property changes, such as strain 

hardening and thermal softening, from element to element throughout the entire mesh. This 

problem is faced mainly when the Eulerian formulation is used for FEM machining (Childs et 

al., 2000). The effluxion of material property changes from element to element is not a problem 

in the Lagrangian formulation, but [B] matrix must be updated continuously during material flow 

due to change in element shape. This results in geometrical non-linearity together with material 

nonlinearity in the finite element equations. Due to these nonlinearities, frequent remeshing is 

necessary to reduce element distortion during simulation. This could lead to extreme 

computational cost (Childs et al., 2000). 

The one of the drawback of the Eulerian formulation is that only steady state metal cutting 

simulation can be performed whereas with the Lagrangian formulation metal machining such as 

chip generation can be formed based on cutting conditions. For example, saw tooth chip cannot 

be generated by using the Eulerian formulation but can by using the Lagrangian formulation. 

Another drawback of the Eulerian formulation in cutting simulation is the requirement of a priori 

known chip shape which must be defined before simulation - but in the case of Lagrangian 

formulation the chip shape need not be known a priori. Simulation using the Lagrangian 

formulation does have some drawbacks; due to severe plastic deformation during metal cutting 

some simulation elements are extremely distorted and new mesh generation is needed and well-

defined remeshing method must be imported to reduce element distortion. Also, in Lagrangian 

formulation, a chip separation technique should be defined to allow chip separation from the 
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Özel (2006), Aurich and Bil (2006) and Özel (2009) use implicit integration methods whereas 

Abaqus software users such as Pantalé et al., (2004), Soo et al., (2004) and Mabrouki et al., 

(2008) prefer explicit integration methods depending on the capability of the software solver.  

3.3 Finite element simulation of chip formation in literature 

Finite element simulation of the machining processes is a very popular means of simulating 

chip formation. There are many publications on chip formation modelling and simulation via 

FEA (Marusich and Ortiz, 1995; Shet and Deng, 2000; Movahhedy et al., 2000; Mamalis et al., 

2001; Mackerle, 2003; Bil et al., 2004; Belhadi et al., 2005; Aurich and Bil, 2006; Özel, 2009; 

Childs, 2009; Ambati and Yuan, 2010; Childs, 2010; Calamaz et al., 2011). The ultimate goal of 

all these researchers was to minimize cost and save time by reducing expensive experimental 

tests. To do so they had to estimate a number of physical parameters such as stress, strain and 

strain rate which are quite difficult to obtain by experimental tests. Besides, prediction of chip 

types and morphology under different operating conditions is one of the significant benefits 

provided by FEM simulations. This section presents some essential literature to give a clear 

picture of the state of the art of FEM simulation of chip formation; in particular what is possible 

or not with current technology. In the following sections, constitutive models to illustrate highly 

deformed material behaviour, influential factors in chip formation mechanism, and chip 

separation criteria are discussed together with an extensive literature review. 

3.3.1 Commonly used constitutive material models for FEM cutting 

simulation 

It is necessary to build a constitutive material model which realistically represents the flow 

strength (or yield strength) of the work material. The flow stress properties of work materials are 
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ideally obtained by empirical tests under varying strain, strain rate and temperature. For high 

speed machining applications where strain rates might increase to even 6000 s-1 or more, flow 

stress properties with its constitutive elements are estimated using the Split Hopkinson Pressure 

Bar (SHPB) test (Özel, 2006; Ramezani and Ripin, 2010). However, the level of strain and strain 

rate observed at shear zones during machining are much higher than those attained using the 

SHPB test which performs material tests at strain rates up to 104 s-1 (Jaspers and Dautzenberg, 

2002b; Ramezani and Ripin, 2010) and temperatures up to 600 ºC (Özel, 2006). In the SHPB test 

range, the Johnson-Cook material flow stress constitutive model (JCM) has been frequently used 

by those researching metal machining applications where large deformation occurs at high strain 

rates (Mabrouki et al., 2008; Özel, 2009). However, the JCM may fail beyond the SHPB test 

range (Sima and Özel, 2010). To increase the material behaviour accuracy and reliability under 

very high strain rates beyond the SHPB, researchers have made modifications to the JCM and the 

parameters inserted into the model have been adopted by the numerical solution (Calamaz et al., 

2008; Sima and Özel, 2010). In next section, the JCM, modified JCMs and other flow stress 

models are given.  

3.3.1.1 Johnson-Cook material model 

The Johnson-Cook material model (JCM) (Johnson and Cook, 1983) is widely used for 

analysis of material flow stress in metal machining simulation. It is much preferred for materials 

whose flow stress is highly influenced by strain rate and temperature changes due to plastic 

deformation caused by thermal softening. The JCM is described as: 
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3.3.2 Influential factors in chip formation 

In metal cutting processes, three types of chip formation often occur: continuous, serrated 

and discontinuous. The continuous chip is not appreciated in automated machining since it 

interferes with the machining process and may cause unpredictable flaws and damage on the 

machined surface, cutting tool or machine tool, or even injuries to the operator. To overcome 

such problems, the serrated chip (also called the saw tooth or continuous segmented chip), which 

is easier to break and to dispose of, is considered a relatively ideal chip for the machining 

process (Xie et al., 1996). Being able to predict the cutting conditions which lead to the 

formation of serrated chips is increasingly important. Increasing segmentation on continuous 

chips eventually leads to serrated chips. Segmentation during chip formation is triggered by two 

phenomena: formation of an adiabatic shear band and crack initiation mechanism in a primary 

shear zone (Sima and Özel, 2010). Adiabatic shear banding refers to the localization of the 

deformation into narrow bands of intense plastic deformation that usually form during high-rate 

plastic deformation and often precede shear fracture (Batra et al., 1990). In addition to adiabatic 

shear band induced segmentation, serrated chips are formed when a chip fractures at the primary 

deformation zone due to overstrain and the interfaces of the chip segments are welded 

immediately after the fracture by compression and high level of chemical activity. Then, a crack 

is generated according to a predefined criterion and propagates in the direction of the shear zone 

into the chip, which enables segmentation (Aurich and Bil, 2006). The simulated generation of 

segmentation is achieved by employing either failure criterion or a modified constitutive model 

regarding strain, strain rate and temperature as a function of flow stress into the FEM. 

Deployment of flow stress is highly desired in couplings with continuous adaptive remeshing to 

mitigate the distortion of the element that takes place due to high plastic deformation at the 
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3.3.3 Chip separation criteria 

The earliest FEM simulation of chip formation was by Strenkowski and Carroll (1985) and 

they achieved serrated chip by using chip separation criteria. To date, chip separation has been 

achieved either by a priori defined separation criteria, such as using critical stress and damage 

model (Shet and Deng, 2000; Mabrouki et al., 2008; Ambati and Yuan, 2010), or by fully plastic 

flow of material by means of adaptive remeshing technique employed in the FEM model (Özel, 

2006; Sima and Özel, 2010). Finite element analysis of chip formation can be modelled either by 

using Eulerian formulation or Lagrangian formulation (as explained in Section of 3.2.2).  In the 

Eulerian based model, there is no need to define chip separation criterion, cutting is simulated 

from the steady state but it is necessary to define the initial chip shape, so it is not very realistic 

for machining purpose. Conversely, Lagrangian formulation allows simulation of chip formation 

without defining initial chip shape from incipient of chip formation to the steady state. It gives 

more realistic results when predicting chip geometry and other machining parameters such as 

stress, strain, and force. However, the Lagrangian formulation needs a chip separation criterion 

to enable chip separation from the workpiece (Mamalis et al., 2001). Huang and Black (1996) 

evaluated chip separation criteria and divided them into two main categories: physical criteria 

such as effective plastic strain and strain energy density; and geometrical criteria such as distance 

tolerance. They concluded that neither geometrical nor physical criteria simulated the machining 

process correctly and suggested a FEM simulation based on a combination of geometric and 

physical criteria. Often, parting lines, or sacrificial layer, are used together with a failure criterion 

to allow chip separation from the workpiece when an updated Lagrangian formulation is used 

(Mabrouki et al., 2008). In early FEM models of chip formation, node release techniques based 

on distance tolerance, effective plastic strain and strain energy density were employed in the 
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strain hardening and thermal softening phenomena up to certain limits. The main difficulty in 

chip formation simulation is insufficient flow stress data at high strain rates and temperatures to 

characterize the material deformation during the FEM simulation. However, these are 

experimentally evaluated data and the current SHPB has a limiting strain rate of up to 104 s-1 

(Ramezani and Ripin, 2010). To reduce the deficiencies of available test information, the JCM 

has been modified by e.g., Sima and Özel (2010) who increased the flow stress behaviour 

capability to encompass more complicated situations (higher strain rate, hardening, softening, 

etc.). However, the problem is not only the flow stress model, to simulate the chip more 

realistically other criteria are also vital, these include chip separation criterion and the remeshing 

method. To date, chip formation has been simulated using adaptive remeshing (chip formed due 

to plastic flow), which is unable to demonstrate discontinuous chip and crack growth, or using a 

material failure model without damage evolution, which cannot correctly demonstrate material 

behaviour after damage initiation, or using sacrificial layers which allow chip separation exactly 

from the defined line but this is not acceptable for realistic chip formation since chips could 

include cracks even within itself.   

Thus, a model is needed which can consider damage mechanics and damage evolution 

until ultimate chip formation, which considers adaptive remeshing to reduce element distortion 

and uses a flow stress model which should demonstrate material yielding at large deformation 

under high strain rate. Flow stress is dependent on experimental material data and is needed so 

that damage mechanics can be coupled with damage evolution to develop a more realistic chip 

formation model. Considering this necessary point, in this thesis a FEM model is developed that 

takes into account adaptive meshing, damage mechanics and damage evolution criterion in 

conjunction with the JCM. This will help to further understanding of chip simulation in the 

grinding process. 
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3.4 Finite element simulation of grinding process in literature  

Grinding is a complex material removal process due to the large number of abrasive grains 

with an unknown geometry which varies with time. A better understanding of the physical 

processes of grinding can help to produce a more promising model and simulation. A model for 

grinding should describe the complex relationships between process and machine parameters, 

and work results. The interaction is modelled to predict grinding forces, temperatures, grinding 

energies, surface integrity, in ways that depend on the model used. Recent papers have reviewed 

both macro scale and micro scale FEA of the grinding process, and the different objectives 

pursued by modelling and simulation (Klocke, 2003; Brinksmeier et al., 2006; Doman et al., 

2009b). It was generally concluded that understanding of the simulation of the grinding process 

should be increased so that it will be possible to better predict process behaviour and component 

quality and to determine optimum process parameters prior to the manufacturing process. It 

should also allow complex preliminary investigations and development time to be reduced. 

Studies have shown that substantial time and cost saving can be obtained by the integration of 

process simulation within the development and planning phases (Klocke, 2003). 

3.4.1 Wheel-workpiece interaction approach 

Finite element simulation of the grinding process considering grinding wheel-workpiece 

interaction (the macro scale approach) is usually applied to calculate the influences of heat and 

mechanical surface pressure on the complete workpiece in terms of temperature distribution or 

form deviation. Thermal analysis of the grinding process has significant importance for this type 

of model (Rowe et al., 1997; Malkin and Guo, 2007). The grinding wheel is modelled as a 

moving heat source and the investigation is generally focused on thermal effects in the grinding 
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have irregular shapes which engage with the workpiece at large negative rake angles, the 

interaction occurs on both sides of the abrasive grit and also at the front face of the grit during 

grinding. So, cutting action (chip formation) occurs not only ahead of the grit but also in both 

side of the grit. This phenomenon is dissimilar to the chip formation that occurs during other 

machining processes, especially when a shaped cutting tool is used. Another crucial action with 

abrasive grit is the ploughing action, abrasive grit creates a groove and residual ploughed 

material is left on both side of the groove. This residual ploughed material and side chips can be 

modelled only in 3D. Therefore, three main challenges (3D model requirements, size effect and 

shape effects) remained to be solved for the modelling and simulation of the single grit cutting 

mechanism. There does not yet exist any FEM model of the single grit process which can 

successfully simulate these three actions (rubbing, ploughing and cutting) of the workpiece. 

 In the open literature physical descriptions of the sliding action in contact mechanics, 

surface friction and ploughing action by scratching and indentation are available, but none of 

them are capable of describing chip formation.  Some FEM simulations have been attempted for 

the single grit grinding process together with some closely related areas such as sliding 

simulation and scratch simulation using an indenter are reviewed to demonstrate the state of the 

art technology in this field.  

Lambropoulos et al., (1996) developed an axisymmetric FEM of indentation for the 

grinding of a glass surface which was modelled as an elastic-perfectly plastic material, by using 

rigid indenters having a radius of curvature and conical shape at the tip. This model was used to 

investigate compressive stresses in the plastic zone generated by an abrasive grit. However, this 

model was only capable of demonstrating the material pile-up around contact regions and stress 

distribution caused by indentation. As the indenter was not moving there was no material 

removal with this model.  
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the expanding Eulerian element; without it, expanding Eulerian material would be removed from 

the simulation. Simulation with a spherical tool only demonstrated ploughing material in front 

and side of the tool, whereas, a flat nose cutting tool (similar to negative rake angle cutting) 

produced chips at 4 µm depth of cut. Transition from rubbing to ploughing was not captured, and 

it was concluded that the three phases of material removal (rubbing, ploughing, and cutting) 

during abrasive grain cutting seems to occur simultaneously but in different proportion 

depending on the machining (or simulation) conditions. According to these results, normal forces 

increased with cutting speed due to strain rate hardening of the workpiece, and tangential forces 

decreased with cutting speed due to reduction in the coefficient of friction between cutting tool 

and workpiece. It is clear from the above description this workpiece model was too complicated 

to adapt the single grain grinding process to different conditions, and the model was unable to 

demonstrate chip formation with a spherical tool. Chip was obtained using negative rake angle 

cutting which is similar to the 3D cutting. 
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simulation and was attributed to elastic deformation of the indenter. The side pile-up was found 

smaller in experiment compared to the simulation results. Fang et al., (2005) investigated groove 

ridge formation using FEA. To produce a groove with a ridge, an indenter with sphere tip was 

used and simulation was performed in Ansys software. Bilinear elastic-plastic material behaviour 

with hardening characteristic was used for the workpiece material model. This study investigated 

mainly ridge morphology with different indentation depth obtained by using different materials. 

3.5 Summary  

The state of the art in modelling and simulation of machining processes particularly by 

FEA is summarized in this chapter. Chip formation simulation for orthogonal cutting is reviewed 

in order to understand the FEM model and simulation mechanisms for possible application to 

grinding mechanisms. The current state of the art in modelling chip formation is to use the 

fracture mechanism together with well-defined material behaviour at large deformation and high 

strain rates.  

Recently the JCM or modified JCM have been very popular in machining simulation 

because the JCM takes into account strain rate dependent material properties which are measured 

using the Split Hopkinson Pressure Bar (SHPB) test. Although the SHPB test can measure 

material properties only up to a certain level of strain rate, it is currently accepted as the most 

reliable flow stress device. FEM simulation of the grinding process using the macro scale 

approach, where the grinding wheel is modelled using applied pressure and heat source, cannot 

achieve detailed mechanical characteristics of material removal. This approach has investigated 

general residual stress distribution or thermal hardening behaviour on the ground surface or 

subsurface. However, with the micro scale approach where the individual grit-workpiece 

interaction is analysed, detail information about material removal characteristic during rubbing, 
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ploughing, and chip formation stages can be analysed, and also grinding force, stress conditions 

and surface creation with geometrical analysis can be investigated.  

Simulation with single abrasive grit is still in its developmental stage and there is 

insufficient information to adequately describe it. In the last decade there have been some 

attempts to perform this kind of FEM simulation but cutting mechanisms (e.g. chip formation) 

have not yet been simulated successfully at the micro scale (~1-3 µm depth of cut). Research has 

taken place on ploughing phenomenon during abrasive grit-workpiece interaction, sliding 

mechanisms and sliding-deduced stress distribution on the surface.  

This thesis aims to contribute to FEM simulation of single grit grinding material removal 

mechanisms by considering the rubbing, ploughing, and cutting phases at a micro level, and 

provide a new perspective on the modelling and simulation techniques for machining technology 

using abrasive grits. 
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Chapter 5 FEM Simulation Development 

5.1 Introduction 

Finite element simulation of machining processes in this thesis refers to simulation of 

single grit grinding at the micro/submicron scale, where the depth of cut is in order of few 

micrometres or few hundred nanometres. This is not a straight-forward simulation and is 

dissimilar to conventional machining simulation which has a deeper cut. At the micrometre scale 

(generally higher than 10 µm) FEM simulation techniques have been widely used for cutting 

simulation, especially chip formation in turning and milling operations, where the simulations 

have been performed by utilizing cutting tools whose geometry is dissimilar to that of abrasive 

grit in the case of the grinding process. Abrasive grits in grinding have complex geometries and 

cannot be described as conventional shaped tools. During the grinding process numerous 

abrasive grits which are bonded onto the grinding wheel with an arbitrary orientation interact 

with the workpiece material, so the interactions of workpiece and grit during grinding can be 

considered as having a different geometry of interaction at every grit-workpiece engagement. 

Thus there are two obstacles which need to be overcome to simulate single grit-workpiece 

interaction; the first is the difficulty of using a micro/sub-micrometer scale necessitated by the 

shallow depths of cut (less than 5 microns), and the second one is the irregular abrasive grit 

geometry. Furthermore, material removal mechanism with abrasive grit shifts from concentrated 

shear, which is the main material removal mechanism in orthogonal cutting when the rake angle 

is higher than zero, to extrusion-like mechanism (Shaw, 1996). Thus, modelling of cutting 

process with negative rake angle (less than zero) using orthogonal cutting principles would also 

help to understand the differences between concentrated shear and extrusion-like material 
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removal mechanism. Here, a strategy is developed to form the FEM model for single grit-

workpiece interaction at the micro/submicron scale. It begins with an understanding of the 

cutting simulation technique and implementation of chip formation using orthogonal cutting 

principles at relatively large scale in 2D Abaqus/Explicit, and then implementation at a 

micro/submicron scale of a single grit FEM simulation using a 3D model in Abaqus/Standard. 

5.2 Framework of the FEM simulation 

Single grit grinding simulation should consist of rubbing, ploughing and cutting 

phenomena, because three material removal phases occur at every grit-workpiece interaction in 

grinding, consecutively or simultaneously. There does not exist any FEM model to simulate 

these three actions at micro/submicron scale. Modelling and simulation of these actions using the 

finite element method will be challenging, however, prediction of cutting forces and ground 

surface creation would be invaluable outputs to extract from a FEM simulation. Finite element 

simulation could provide information about parameters such as stresses, residuals, strains, 

temperatures in the machined materials as a result of the grinding process, and these parameters 

are difficult to estimate by experimental work. In the context of this research, single grit grinding 

FEM model will be developed using simplified grit-workpiece interaction. Cutting simulation in 

grinding was previously modelled by using orthogonal cutting principles with negative rake 

angles (Ohbuchi and Obikawa, 2003). Cutting with negative rake angle could be considered as 

the only resemblance between the grinding and orthogonal cutting processes. However, 

orthogonal cutting with negative rake angles in 2D FEM models does not fully represent the 

material removal mechanism because in grinding chips are formed not only in front of the 

abrasive grit but also along both sides of the abrasive grit. Besides, ploughing (material swelling 
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when the element can no longer withstand shearing stress and material failure occurs. The 

element deletion technique was applied to the entire workpiece contrary to many previous works 

where element deletion was only applied to the sacrificial layer defined for chip separation from 

the workpiece (Mabrouki et al., 2008). Because chip fracture and cutting action do not only 

occur in a define section of workpiece material under the tool tip in the real cutting or grinding 

process, they can also occur even within chip itself, discontinuous chip formation mechanism 

could be good example which can explain fracture mechanism in different part of the material or 

chip. 

5.3.3 Element shape and meshing  

A 4-node bilinear plane strain quadrilateral, reduced integration, hourglass control element 

was used for the workpiece mesh. Throughout the FEM simulation ALE adaptive meshing was 

used for the mesh applied to the workpiece material (see Chapter 3). ALE mesh has generally 

been used to maintain a high quality mesh with extreme deformation but it can also be used with 

a fracture model as in this thesis. Formation of chips cannot be properly simulated without 

inclusion of a fracture model since ALE mesh technique is not good enough to create a chip by 

means only of plastic flow behaviour of material (Özel and Zeren, 2007).  Several ALE meshing 

parameters (meshing frequency, smoothing, etc.) which are difficult to select in advance need to 

be tuned by trial and error based on simulation performance (Özel and Zeren, 2007). This makes 

the ALE mesh cumbersome to use in chip formation simulation. The literature review presented 

in Chapter 3 indicated that the continuous remeshing technique (available in Deform, MSC. 

Marc, Forge, AdvantEdge software, etc.,) provides a better solution for chip formation compared 

to the ALE adaptive meshing; however, this is not available in the Abaqus software. 
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but not successfully achieved which confirm that simulation of cutting very small depths of cut 

in the order of 1-2 µm is currently still not feasible using FEM but rubbing and ploughing 

mechanism can be studied at that level using FEM. The reason cannot be attributed to one thing; 

it is a combination of reasons such as computational power, remeshing issues, and continuum 

mechanics failure when the element size is at the nanometre level. A 3D chip formation was 

successfully achieved at depth of cuts of 10 µm or higher. A small number of simulations also 

show the effect of cutting tool shape on chip formation and cutting force variation during the 

cutting process. 

5.5 Single grit grinding finite element model 

Rubbing is the first action to occur during the grinding process when the abrasive grit starts 

to penetrate into the workpiece. As grit penetration increases workpiece material is deformed 

plastically and the ploughing process occurs until material is separated from the workpiece in the 

form of a chip. Modelling the exact abrasive trajectory during grinding is not an easy process, 

thus the single grit action is simplified by making some assumptions regarding material 

deformation characteristics during the process. The numerical results are intended to demonstrate 

the likely material deformation during single grit grinding, rather than representing quantified 

results which are exactly consistent with the real single grit grinding process. Therefore, the 

single grit scratching model presented here is only to demonstrate elastic-plastic deformation 

(rubbing and ploughing) and not chip formation. Thus a simplified model was developed for 

static conditions in Abaqus/Standard, subject to limitations (remeshing, element shape, etc.) 

which are explained in later sections. Various grit simulation paths (or trajectories), along which 

the grit moves have been designed to show rubbing and ploughing effects under different 

conditions. The rubbing region is more the difficult stage to represent in this process. Different 
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5.7 Summary 

In this chapter, FEM simulation procedure has been developed to perform single grit 

simulation at small scales down to 1µm. The FEM models have been developed to perform the 

cutting, ploughing, and rubbing actions that take place during grinding. Because of the scale 

factor, accurate single grit grinding simulation could not be achieved and different simulations 

were designed to perform cutting and ploughing under different conditions. Cutting simulations 

were performed mainly by using orthogonal cutting principles whereas ploughing and rubbing 

simulations were performed by using simultaneous sliding and indention action of spherical grit 

over the workpiece. Cutting simulations were performed mainly in 2D by using Abaqus/Explicit 

but some 3D simulation using Deform3D was also performed to investigate the feasibility of 

cutting at a small scale. In addition, an attempt was made to extract working and non-working 

conditions based on the simulations to obtain a clear picture about the conditions in which 

simulations do not work. 
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Chapter 6 Experimental Investigation of Single 

Grit Grinding 

6.1 Introduction 

Single grit grinding experiments were performed to uncover fundamental grinding process 

mechanisms at the micro scale. Such investigation on single grit interaction with a workpiece is 

crucial for providing more insight into the mechanics of grinding because wheel grinding process 

can be conceived of as the integration of numerous single grit actions on the workpiece surface. 

Experimental methodology regarding experimental conditions and setup has been described in 

Chapter 4. In this chapter, experimental results obtained from single grit grinding (scratching) of 

three different workpiece materials are presented. En8 steel, En24T steel and Inconel 718 were 

used as workpieces for the experiments. Single grit grinding scratches were investigated with 

respect to pile-up ratio (pile-up area to groove area ratio) for different depths of cut and groove 

areas, as well as cutting force variation and specific energy exerted during scratching. Cutting 

speed was included as a factor in the investigation of material removal mechanisms. Scratches 

were performed at speeds varying between 10 rpm (Vc = 1.08 m/min) to 5000 rpm (Vc = 546.6 

m/min). Geometrical shape of the grit and cutting edge sharpness, as determined from the scratch 

profile were also considered as part of the investigation of material removal mechanisms.   







































































































 

244 
 

Chapter 7 Finite Element Simulation Results 

7.1 Introduction 

The results of the finite element simulations which were presented in Chapter 5 are given 

in this chapter. The major simulation performed is chip formation using orthogonal cutting with 

different operational parameters and simplified single grit parameters.  Although the aim of the 

study is to investigate the material removal mechanism of grinding using the single grit 

approach, orthogonal cutting simulation is also performed for better understanding of the 

chipping mechanism with different operational parameters. Also, cutting with a highly negative 

rake angle could represent the single grit cutting mechanism during grinding. By using the 

orthogonal cutting approach, effects of depth of cut and rake angle on chip shape, on fracture 

mechanism of chip formation and the corresponding cutting forces were investigated and are 

reported here. Simulations to represent the single grit material removal mechanism have also 

been performed using a simplified single grit trajectory. Simulation of cutting mechanisms in 

three dimensions has not been achieved due to difficulties and limitations of the FEM simulation 

at micron scale. Thus, mainly the ploughing and rubbing mechanisms of single grit grinding are 

investigated using material plastic flow behaviour. With the single grit simulation, influence of 

depth of cut, friction, and ground surface creation with multiple grit pass are investigated and 

reported. 

7.2 FEM simulation of chip formation  

FEM simulation of chip formation demonstrated in this section was performed using 

Aluminium alloy (A2024-T351), see Chapter 5 for details of material properties. Mabrouki et al., 
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Table7.1 (Cont.) Summary of cutting simulation condition and remarkable chip type 
 
Corresponding 

Figure 
Gf  

(N/m) 
h 

(µm) 
�� 

(degree) 
Vc 

(m/min) 
µ Chip type 

Fi
gu

re
 7

.1
 10000 20 22º 300 0.2 

Continuous curling 
chip (slightly curved) 

 

20000 20 22º 300 0.2 

Continuous straight 
chip 

 

Fi
gu

re
 7

.2
 2500 20 22º 300 0.2 

Continuous curled 
chip 

 

2500 50 22º 300 0.2 

Serrated chip 

 

Fi
gu

re
 7

.3
 

1500 20 22º 300 0.2 

Continuous chip 

 

1500 20 0º 300 0.2 

Serrated chip 

 

1500 20 -30º 300 0.2 

Discontinues chip 

 

1500 20 -45º 5 0.2 

Discontinues chip  
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7.3 Single grit FEM simulation results 

Several single grit simulations were performed using Abaqus/Standard FEM software. 

Simulations were performed in 3D considering different material properties, grit simulation 

trajectory, and element size in the grit-workpiece contact area based on iterative remeshing. With 

these simulations, influence of depth of cut, friction coefficient, grit size effect and speed on 

material deformation, particularly ploughing and rubbing, and the forces generated have been 

investigated. Pile-up ratio was used as an indicator to demonstrate material deformation along 

the grit simulation path. Cutting phenomenon was investigated in this section because of the 

FEM limitation at small scale down to 1 µm depth of cut that gives rise to remeshing issues with 

huge computational time requirements and element distortion which caused program termination 

at large deformation in the case of cutting action.  

Simulations performed in this section are categorized into three groups in order to provide 

a clear picture of the influential factor during the simulation. In the first group, artificially 

created plastic material properties are used, which can be considered as a mild steel or lower 

strength equivalent, this material is used to provide an easy understanding of elastic and plastic 

deformation states, which could be used to easily detect rubbing during deformation. Multiple 

grit pass simulations were performed to demonstrate possible ground surface creation as well as 

investigate friction coefficient effect. In the second group, material properties were kept constant 

but CBN (single crystal at 20 ºC) material properties used for the grit body. Different depth of 

cuts (maximum depth in the simulation path) and friction effects were investigated. In the third 

group, the workpiece was replaced by a rate dependent plastic material, AISI4340 steel at 20 ºC, 

together with CBN grit properties. These properties are more consistent with the experimental 

test conditions (En24T steel, which is equivalent to AISI4340, and CBN grit were used in the 
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moving up. The difference in trends for the pile-up ratio with change in friction coefficient 

shows that the deformation mechanism is different when grit is moving down (step-2) and 

moving up (step-4). Thus, friction between surfaces is more effective in deforming the material 

plastically when the grit moves downward. Increase of friction coefficient makes it more 

effective to push the material ahead of the grit when moving in a horizontal direction and results 

in more material accumulation in front of the grit. Also note that scratch profiles at the end of 

step-2 and step-3 are approximate locations picked using element nodes but the same path was 

used for profiles at the same steps. 
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properties of AISI4340 steel. The effects of varying grit size, friction coefficient, depth of cut, 

scratch length, cutting speed on material ploughing, pile-up ratio and normal and tangential 

forces have been investigated. Multiple pass simulations were performed to demonstrate the 

ground surface created using FEM technology. Rubbing phase (plastic deformation free region 

with material elastic recovery) was captured using intuitive determination at the grit penetration 

stage. Elastic and plastic deformation states were successfully demonstrated together during 

scratching. Throughout the investigation, simulation results such as forces, pile-up ratios cannot 

be compared quantitatively with experimental test results since the simulation and experimental 

conditions were quite different in terms of usage of material properties, grit geometry, and 

limitations of the capability of the FEM to accurately simulate the model cutting process to small 

depths such as 1 µm.  However, material deformation phenomenon, especially ploughing of 

material ahead of the grit, shows a quite realistic trend compared to the single grit experimental 

results.  
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Chapter 8 Conclusive Discussion                                      

Material removal mechanisms during grinding process have been investigated using single 

grit abrasive action on the workpiece. Single abrasive grit action includes the fundamental 

scratch formation mechanisms of rubbing, ploughing and cutting. Of these three mechanisms 

chip formation by the conventional cutting processes, such as turning and milling, has been 

studied analytically, simulated using FEM techniques and investigated experimentally at the 

macro scale. Conventional cutting processes are performed with a shaped cutting tool so that a 

numerical approach (such as finite element simulation) can use a defined model to study the 

cutting mechanisms. However, the grinding mechanism is different from conventional cutting 

processes in terms of cutting tool geometry, and size and number of cutting edges. The cutting 

tools in grinding are numerous abrasive grits each with a different shape and size and the 

material removal process is carried out at a smaller depth of cut compared to conventional 

cutting process, possibly down to sub-micrometre size.  

Investigation of material removal mechanisms in single grit grinding is generally limited to 

experimental work because of the complexity of the material removal mechanisms. In this thesis, 

single grit grinding material removal mechanisms have been investigated both experimentally 

and numerically. Experimental studies were performed using CBN grits (40/50 mesh) whose 

sizes ranged from 450 µm to 550 µm in diameter, where the active cutting edge radii are in the 

range of 50 µm to 1500 µm (EGER). Mainly the ploughing and rubbing mechanism were 

investigated at different depths of cut and cutting speeds by measuring pile-up ratios at different 

stages of the scratches. According to experimental results, pile-up ratio is a good indicator of the 
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material removal mechanism. When the cutting mechanism is prominent, scratch profile 

measurements give a lower pile-up ratio than when ploughing was prominent.  

Abrasive grit has several cutting edges and they are continuously changing during the 

course of grinding process. Even at very small depth of cut the cutting mechanism can be 

actively removing material from the workpiece surface. Because of the uncontrollable grit size 

and geometry during scratching, it is difficult to separate the ploughing and cutting mechanism 

from each other. However, it is possible to determine those conditions where the ploughing 

mechanism is more prominent than rubbing or cutting. In general, the cutting mechanism is more 

effective with increasing depth of cut. However, grit shape factor plays a significant role in 

determining what proportion material is removed by the ploughing mechanism. Grit with a flat 

bottom gives greater ploughing with increasing depth of cut in contrast to grits having sharp 

edges. Rubbing action is more difficult to capture than ploughing, because it is meant to include 

only elastic deformation, not plastic deformation.  

Knowledge of the force acting during single grit grinding is necessary to analyse the 

performance of grinding process and grinding power. With reliable force acquisition, grinding 

defects both on grinding wheel and workpiece can be detected and analysed, and remedies can be 

suggested. In this study, force acquisition was performed using a Kistler piezoelectric force 

sensor (9602A3201), which is not capable of measuring the forces accurately at high speed (~ 

300 m/min) due to the low natural frequency of the sensor and small contact time during 

scratching. However, at low speeds some forces were acquired and analysed and to determine a 

relation with depth of cuts and groove areas. According to these results, cutting force gives a 

better correlation with groove areas than depth of cuts. To improve force acquisition and to 

obtain more reliable results, a force sensor with greater sensitivity and higher working frequency 

is necessary to measure force profile along the scratch length. If the force profile along the 
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scratch length becomes available, material removal phases across the scratch length, first 

rubbing, then ploughing and finally cutting will be analysed based on force variation.  

Numerical study of single grit scratching based on FEM simulation is very challenging to 

accurately create the features of scratch formation in a computer environment is difficult. Up to 

now, no-one has achieved any complete single grit grinding simulation with FEM, capable of 

demonstrating the material removal processes in one pass of grit simulation for a depth of cut 

less than 5 µm. Generally, FEM simulations fail to model cutting of material at a small scale 

because of excessive element distortion during cutting. To mitigate element distortion very small 

size elements are required in the cutting region, and this increases the frequency of remeshing 

dramatically. Frequent remeshing during simulation will increase the computational time 

substantially. Besides, with further reduction in the size of the finite elements also causes failure 

because numeric integration formulations are not valid when the model diverges from the 

continuum mechanics range. An increasingly common problem in the use of Abaqus software is 

related to the unavailability of a continuous remeshing procedure, which is necessary in metal 

cutting simulations. The iterative adaptive remeshing and ALE adaptive meshing which are 

found in Abaqus have limited capability and work with a limited type of element and 

formulation, which might not be suitable for machining. Further investigation of single grit 

grinding relies on the future development of FEM. 

In this thesis, mainly the ploughing action of grit has been investigated. A new approach to 

ground surface creation using multiple passes of the grit is demonstrated and it shows how 

material deformation acts regarding side ploughing in grinding.  Increasing the number of passes 

results in increase of computational time. In the current study, three grit passes were performed 

in the cross direction to generate multiple pass ground grooves to show the feasibility of grinding 

surface creation with minimum number of grit passes. Furthermore, a simplified model of single 
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grit scratching, with various conditions (such as depth of cut, friction coefficient, cutting speed, 

sphere radius), shows that ploughing action can be successfully simulated using FEM.  

FEM simulation and experimental results both show a similar trend in pile-up ratio along 

single grit scratch path due to material accumulation ahead of the grit. Pile-up ratio changes from 

0.1 to 0.8 occur both in FEM and experiments when the measurement was performed at the 

deepest point of the scratches. Also, pile-ratio increases dramatically towards the end of scratch 

and its value was greater than 1 at all times, both in FEM and experiment. FEM simulation of 

grit scratching has not been quantitatively compared to experimental results because simulation 

conditions and experimental conditions were different. The important output obtained from FEM 

simulations was the behaviour of the material when it was subjected to grit scratching. The only 

contradiction between experimental results and FEM simulations is the variation of forces with 

various speeds. Experiments show that the cutting forces decrease with increasing speeds 

whereas FEM simulations show that the cutting forces increase with increasing speeds.  The 

trend obtained from experiments are supported by previous studies (Feng and Cai, 2001), where 

the grinding forces were found to decrease with increase of cutting speed, however, FEM 

simulation results are also supported by some previous studies performed on single grit processes 

by Anderson et al., (2011a) who found normal forces increases while tangential forces decrease 

with the increase of cutting speed.  These differences can be attributed to other parameters 

involved in the experiments and simulations. Experimental tests are highly dynamic and forces 

could be influenced by the continuously changing grit shape and grit-workpiece contact area, by 

grit fracture during scratching, by chip formation, and will also depend on depth of cut, friction 

coefficient and material flow behaviour. However simulation conditions are comparatively 

stable, depending on the user provided inputs. Therefore, it is unsuitable to compare the results 

quantitatively.  
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distortion is not easily reduced at the micro-scale. Besides, very small elements are needed 

around the cutting area to properly simulate a chip at the micro-scale, this is not achieved 

computationally with remeshing, and even if it is obtained with manual meshing it become 

impractical in terms of computational cost.  

To reduce the drawbacks of finite element techniques in machining simulation, a meshless 

or mesh-free simulation technique such as Smooth Particle Hydrodynamics (SPH) method is 

suggested as suitable for the single grit cutting process. In SPH simulation, a workpiece is 

formed by clouds of particles rather than element mesh as in FEM. Thus, element distortion due 

to large deformation during metal cutting is eliminated by using the SPH method. There exist 

very little research into machining simulation with SPH compared to machining with FEM; this 

is due to the complexity of SPH during the development stage. In the SPH method, a physical 

domain is discretized using particles, a shape function is formed using particles and an 

approximate solution is performed at the level of particles, thus no mesh is required. Material 

failure implementation in the FEM is cumbersome and includes several ambiguities. State of the 

art to determine failed elements in FEM consists of calculating damage at every element and to 

remove those elements which are highly distorted, this requires specifying a damage criterion 

and when that criterion is satisfied the element is removed from the calculation. This element 

removal also means loss of material from the simulation which can reduce the accuracy of the 

FEM calculation. However, material failure in SPH can be achieved by removal of cohesion 

between neighbouring SPH particles and the SPH particles are then separated from each other so 

there is no material loss in the SPH method (Heinstein and Segalman, 1997). The SPH method 

was first applied to orthogonal cutting problem by Heinstein and Segalman (1997) and is 

recommended for future research of single grit grinding. 
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In order to verify the simulation results with experimental tests quantitatively, single grit 

grinding tests are required to be performed using shaped grit instead of irregular shaped grit. If 

the grit shape can be controllable by the user, single grit experiments with different grit 

orientations can be performed. Ploughing effects, chip removal and cutting forces are needed to 

be investigated the influential parameters during single grit grinding.  

The single grit grinding process provides significant understanding of grinding mechanics 

at the micro scale. Prediction of maximum forces during single grit grinding is useful in the 

design stage of grinding wheels. Bond fracture between grits increases the loss of grinding wheel 

during grinding, and it also increases the dressing frequency to obtain new grit cutting edges on 

the wheel surface. These are unwanted during manufacturing since they increases manufacturing 

costs as well as production time. To reduce bond fracture during grinding, maximum forces 

obtained from single grit tests can be used to determine the bond strength of the grinding wheel. 

More information is urgently needed on how grit shape and grit orientation effects scratch 

formation, ploughing and chip removal for further development of grinding wheel design. 

Investigation on design of grinding wheels considering the influence of grit orientation is 

necessary to obtain optimum performance in material removal. 
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