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Abstract 

Abrasive finishing is one among several surface generation 

processes, of which grinding process is a sub-set. In a typical 

grinding process, six different interactions can be identified at the 

grinding zone resulting in surface generation. Among these six 

interactions, one is governed by the principles of machining, while 

the others are governed by the principles of tribology. A systematic 

analysis of these interactions helps to understand the role of both 

tribological mechanisms and machining interactions in a typical 

grinding process. Analysis and study of such microscopic 

interactions and their time dependent variations also provide an 

ability to develop a common scientific frame work that can be 

applied for a wide variety of grinding processes and applications. 

Such frame work and associated system thinking enables engineers 

to be capable of addressing the needs to support a wide variety of 

industries and end user needs at a time of hyper specialization and 

narrow boundaries that constrain the professionals. 

 

1. Introduction 

Surface generation processes such as machining, grinding, lapping 

and polishing are indispensable in the manufacture of components 

required to meet a variety of industrial applications. Table 1 

presents a range of engineering products across all applications that 

need abrasive finishing process. In addition, a wide variety of 

materials including metals, alloys, ceramics, glass, stone, concrete, 

polymers and composites are finished using these abrasive 

finishing processes. Tribology, the science of interactions between 

sliding surfaces, together with machining, the science of high strain 

rate deformation plays a vital role in all these processes. However, 

the role played by tribology in such processes are not much 

understood and explored, resulting in limited exploitation of these 

abrasive finishing processes. A systematic use of the principles of 

tribology along with the principles of machining can be used to 

propose, develop and implement novel surface generation 

solutions. Such innovative solutions are required to cater to the 

emerging needs and challenges across several sectors like medical, 

automobile, aerospace, communication etc. 

 

                                                           
1 Corresponding author, SubbuKDG@gmail.com 

 

 

Grinding is one of the surface generation processes, where a 

number of interactions occur simultaneously at the grinding zone. 

These interactions are physical events that are classified as 

macroscopic and microscopic. They can be inferred through 

measurements and analysis. If the interactions could be assigned 

to specific events like material displacement under grain/work 

sliding, they are referred to as microscopic interactions in this 

paper. In contrast to this, the thermal damage caused by grinding, 

a macroscopic effect, could be the result of a combination of 

microscopic interactions. Identification and isolation of these 

interactions allows us to focus on each or a selected combination of 

them for proper management of modern grinding processes and 

practices. In addition, this approach can lead to the conception and 

invention of new and innovative abrasive finishing processes.  

 

Table 1 - Wide range of applications  

that require abrasive finishing processes 

 
 

In every manufacturing process, there are four input categories: 

machine tool, processing tool, work material and operational 

parameters. Machine tool is used as the source of energy for 

interference between the tool and the work as well as a means for 

the relative motion between the abrasive tool and the work under 

prescribed set of constraints or operational parameters. All 

manufacturing processes can be thought of as an input / 

transformation / output systems with components as illustrated in 

Figure 1 [1]. Understanding quantitatively as well as intuitively the 

phenomena or the ‘Transformation’ is the science behind the 
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process. Use of such principles/science to integrate the inputs to 

achieve the desired outputs is the engineering behind the process. 

The outputs such as the surface generated and their functionality 

are the ‘Technical outputs’ of the process. Their relationship to why 

we need them i.e. for achieving higher productivity, lower cost, 

better performance, new capability or business development, 

reduce warranty costs, etc. are the ‘strategic outputs’ of the system. 

Maintaining the required balance between the technical and system 

outputs is the management behind the process. Thus each and every 

process solution is an integration of relevant science, engineering 

and management pertinent to that solution. 

 

 
Figure 1 - A system approach for manufacturing processes 

 
2. Microscopic interactions in abrasive finishing 

processes 

In any machining process, one can easily recognize the 

transformation as the resultant of the interference between the tool 

and the work material. In case of a grinding process, it would be 

the grinding wheel and the work material and the interference 

region is called as the ‘Grinding zone’, as illustrated in Figure 2. 

Understanding what really happens in the grinding zone, how to 

measure and analyse that and also how to use such information to 

control the process can be generally described as the ‘Process 

Science’ [2]. Value addition through the use of such knowledge is 

an essential element of success in modern manufacturing. To 

establish a common language of the terms used in this paper, a brief 

description of these terms are provided in this section. 

 

Cutting or Machining:  When any material is subjected to very high 

strain rates through the application of forces using a cutting edge 

moving at high velocities relative to work material, the interfering 

material is separated from the parent material with minimal damage 

to the surface of the parent material. The high strain rate induces 

deformation on a narrow region called the shear plane [3]. Higher 

the shear strain rate and more precise the geometry of the cutting 

edge, more ideal is the cutting process for surface generation. The 

strain rates estimated for typical machining processes are of the 

order of 104 to 105 units/s [4]. Compared to this, the strain rates 

estimated in the chip formation during grinding are in the range of 

107 to 108 units/s. For reference, most mechanical testing of work 

materials occurs at strain rates of 10-1 to 101 units/s.   

 

Abrasion:    This is the process of sliding a hard material such as 

abrasive grain, against a softer material, during which the softer 

material undergoes deformation and surface modification. This 

may be due to deep scratches, plowing i.e. work material 

displacement without material removal, or sliding between 

abrasive and work. Most traditional abrasion studies are carried out 

at low speeds, where mechanical fatigue dominates the wear 

processes. In abrasive finishing processes, where relative velocities 

are high, the exact nature of these sliding interactions are not yet 

well understood. However, many of the principles derived from the 

study of sliding surfaces – tribology [5] – are very much applicable 

to abrasive finishing processes.  

 

The interferences in the grinding zone can be divided into a few 

discrete events: The abrasive grain interacting with the work 

material is the primary source of interference. If the depth of 

penetration of abrasive grain against work material is sufficiently 

intense, then the abrasive grain would act as a cutting edge leading 

to the generation of a fresh surface and removal of debris, called 

‘Chip’, off the work surface. If the depth of penetration is not 

sufficient, it is likely that the hard abrasive grain will locally deform 

the work material. This interaction or deformation is often termed 

as plowing. Finally, if the depth of penetration of abrasive grain 

against work material is extremely shallow, the result would be the 

sliding of abrasive grain against work material, although at high 

contact stress. The surface generated at the end is the cumulative 

effect of all these abrasive/work interactions during the grinding 

process.  

 

Since there are several abrasives engaged in tandem, the chips 

produced in-situ at the grinding zone, are likely to be trapped 

between the adjacent grains in the grinding wheel (abrasive tool) 

and the work material. Hence, these chips will be forced to slide 

against the bond material holding the abrasive grains or slide 

against the work material, until they are ejected off the grinding 

zone due to the relative motion of grinding wheel with respect to 

work material. Any chips occluded in the pores of abrasive tool will 

also stay there until they are carried away by centrifugal forces or 

washed away by the coolant flow, as they exit the grinding zone.   

 

Finally, if the bond material holding the abrasive grain is recessed 

sufficiently away from the work material, then it will not interfere 

with anything. Then, the abrasive grains alone will be protruding 

on the surface of the wheel, and perform their work as the cutting 

edges. But, if the bond is not recessed, and it remains close to the 

periphery of the wheel, it is likely to slide against the work material.  

As a result, the interferences that occur in the grinding zone can be 

visualised as a combination of six interactions listed below: 

 

1 
Abrasive /work 

interaction 
 

1.1 Cutting Machining 

1.2 Plowing Deformation 

1.3 Sliding Sliding 

2 Chip / Bond interaction Sliding 

3 Chip / Work interaction Sliding 

4 Bond / Work interaction Sliding 

These six microscopic interactions are illustrated schematically in 

Figure 2 [6].  
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Figure 2 - Microscopic interactions in abrasive finishing processes 

 

In all machining operations, the plowing or sliding becomes intense 

when the cutting edge becomes dull. But, in abrasive finishing 

processes, the abrasive cutting edges, used to machine or generate 

the surface, are also involved in modifying the work material 

surface through plowing and sliding. Balancing the role of 

abrasives between such machining function and the surface 

modification function (Tribology) is an essential aspect of grinding 

cycle design. To achieve this balance, one can also resort to the 

selective use of other sliding (Tribological) interactions. 

 

The microscopic interactions can be manipulated individually or in 

some combination, based on machine tool capabilities, work 

material properties, abrasive tool features and specifications, as 

well as operational factors such as truing and dressing, cycle 

design, coolant application, etc. Ability to visualize these 

interactions intuitively and also the ability to interpret their 

occurrence using quantitative data measured during the grinding 

process, constitutes the essence of the science of grinding. 

 

Cutting or machining, abrasion, tribology are all interdisciplinary 

fields. Progress has been made in these areas through experimental 

studies, engineering observations and empirical correlations over 

the years. But it is essential for all manufacturing professionals to 

translate these data driven information into common themes or 

physical phenomena that one can visualize in all abrasive finishing 

processes. The connection between the measurable information and 

their association to the microscopic interactions are explained in 

the section 3.  

 

3. Measurement and de-composition of microscopic 
interactions in abrasive finishing processes 

Traditional grinding research is carried out by conducting grinding 

trials at a constant material removal rate (MRR). The power (P) 

utilized or force (F) generated during the grinding process are 

measured and they are related to MRR appropriately as shown in 

Figure 3. The intercept on the Y axis is treated as the threshold 

component and the additional power (which is proportional to 

MRR) is treated as the cutting component. Thus the power utilized 

during grinding is given by the equation (1). 

 

  P = Pth + Pc   (1) 

 

where Pth is the threshold component of power and Pc is the cutting 

component. The threshold component is treated as the power 

belonging to the friction encountered in grinding and the cutting 

component is treated as the power required for chip making [8, 9]. 

 

The above assumptions and simplification are valid as long as the 

grinding process is carried out using abrasive tools which break 

down or ‘self-sharpen’ and hence the grinding power remains 

nearly constant. This can be illustrated using the schematic diagram 

shown in Figure 3.  

 

Now, the power utilised during grinding (P) can be rewritten as 

 

P = Pth (t = 0) + Pc (t = 0) + X + Y  (2) 

 

where X is the time dependent change in the threshold power and 

Y is the time dependent change in the cutting component of power. 

If X + Y = 0, then the abrasive tool is ‘self-sharpening’ and the 

traditional treatment may be acceptable. If the power variations, as 

illustrated by the shaded area in Figure 3, with respect to time are 

small and fall within a narrow range, the use of average power 

during the period of grinding may be acceptable. 

  

 
Figure 3 - Time dependent behaviour in abrasive finishing processes 

 

Traditional grinding processes were designed with abrasive tools 

that were ‘soft’ so that they can readily wear away to accommodate 

the increase in forces and power due to grain wear. The processes 

were also interrupted even before finishing one part, i.e. between 

rough and finish grinding cycles, such that any time dependent 

variations were deterministically eliminated by dressing or 

sharpening of grinding wheel. All of these were to maintain a 

constant power (X+Y= 0) as noted above. The consequences were 

loss of productivity, inconsistency in part quality, size variation and 

poor process capability (Cp and Cpk). All these limitations of 

traditional grinding processes have been addressed and overcome 

in modern industrial practice. Grinding continues to be a very 

competitive commercial manufacturing process. These 

developments in modern grinding processes require an 

understanding of the time dependent variation in grinding power 

and their sources.  
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The variations between ‘machining’ and grinding processes are 

presented in Table 2. Many of these parameters are optimized based 

on the time dependent behaviour of grinding process.  

 
Table 2 - Grinding vs. machining – time dependant behaviour 

 Machining Grinding 

Cutting 

edge 

   
  

Well defined, operating 
individually or few at a 

time 

Cutting edge sliding 
friction minimized as 

much as possible 

Multiple cutting edges, 
operating simultaneously. 

Cutting edge sliding is 

deliberately engaged as and 
when required. 

Tool holder Independent of the tool 

or the cutting edge 

Bond: (Stronger but wears with 

time); Rate of bond wears 
controls tool replacement 

Porosity: Controls chip friction 

and chip accommodation 

Cutting 

edge 

replacement 

Release or ejection is 

external and pre-

determined 

Dress: Re-sharpen the cutting 

edge in-situ; Create ‘chip 

clearance’ and space for chip 
accommodation 

Skip dress: Multiple cycles 

with same cutting edges while 
accommodating grinding wheel 

surface morphology which 

changes with time. 

 

While it is beyond the scope of this paper to address all these 

parameters unique to grinding processes, let us look at one 

parameter namely the grinding cycle and the need for its time 

dependent analysis in some detail. 

 

Many grinding processes consist of a sequence of wheel/work 

interactions that are progressively reduced in intensity. This 

sequence is often referred to as ‘Grinding cycle’ [7]. Each level of 

grinding intensity is referred to as rough, semi-finish and finish 

grinding with its corresponding MRR. Figure 4 presents the P vs. 

time data obtained from a plunge cylindrical grinding process. 

From this data, P vs. MRR correlation can be derived as shown in 

Figure 4. This is one of the characteristic curves well documented 

in literature and is being used to understand the grinding process 

[8]. The correlation of P vs. MRR generates a threshold value (Pth) 

which coincides with the power level at the end of spark out 

segment of the grinding cycle. Threshold component of power is 

the constant power (the intercept on Y-axis) that would be present 

throughout the grinding cycle independent of the magnitude and 

nature of chip generation [8]. Even in well-established cutting or 

machining processes, the threshold effects exist. However, their 

impact is minor compared to the shear deformation required for 

chip making in machining processes.  

 

In Figure 4, the power signal obtained during the grinding of fifth 

component of the trial has been superimposed over the data of first 

component.  From the figure, it could be observed that the threshold 

power has changed as well as the slope of P vs. MRR graph.  In the 

classical analysis of grinding processes, such variation in grinding 

power with time has been ignored. Instead the average value of 

power at any MRR, during the entire duration of grinding has been 

used to construct the characteristic curves. However, such 

simplified treatment is no longer sufficient or adequate. In recent 

times, grinding processes with 5 to 20 cycles between skip dress 

operation using highly durable alumina based Sol-gel abrasive 

tools is in industrial practice. Superabrasive Cubic Boron Nitirde 

(CBN) wheels are routinely used for 500 to 5000 cycles between 

skip dress operation with a slow and steady change in power. This 

necessitates the measurement of even small drift in grinding power 

with time and its analysis as they pertain to microscopic 

interactions. Such approach is mandatory for proper and accurate 

control of these modern grinding processes. 

 

 
Figure 4 - Power vs. MRR and its components 

from the grinding process signature (Power vs. time signal) 

 

Figure 5 presents the variation in grinding power after time ‘t’ at a 

given MRR and its associated four components: 1) initial threshold 

power Pth(0), 2) change in threshold power with time Pth(t), 3) 

power for cutting or chip making Pc and 4) change in Pc caused by 

chip friction effects, Pf(t). The relation between these power 

components and their corresponding microscopic interactions are 

illustrated in figure 5 and are thus explained. It can be noted that 

both Pc  and Pf(t) are also functions of MRR. 

 

 
Figure 5 - Components of power  

with their associated microscopic interactions 

 

The power components derived in figure 4 can be linked to their 

respective microscopic interactions as illustrated in figure 5. Pth(0) 

is the contribution due to abrasive grain/work sliding (interaction 

1.2 and 1.3) and due to bond/work sliding (interaction 4) as these 

interactions will be constant and independent of chip generation 

(MRR). Pth(t) may be ascribed to the time dependent variation of 

grain/work sliding as well as bond/work sliding interactions. With 

time dependent fracture or attritious wear of abrasive grain, Pth(t) 

could decrease. However, if the abrasive is fracture resistant or 
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resists wear and develops wear flats as in case with modern 

premium abrasives, then the Pth(t) could increase. The change in Pc 

as denoted by Pf(t) can be attributed to the frictional effects of the 

chip (interactions 2 and 3) and their variation with time is shown in 

the Figure 5. 

 

Grinding power is the result of the tangential force (Ft) applied at 

the periphery of grinding wheel, operating at a given velocity (Vs). 

Ignoring the motor efficiency for the ease of analysis, the grinding 

power can be determined with the measured grinding force using 

the equation (3). 

 

P = [Ft] [Vs]   (3) 

 

Each component of power identified in Figure 5 will have a 

corresponding tangential component. In turn, each tangential 

component of force has an associated normal component of force 

(Fn). Figure 6 illustrates these components of force. These force 

components follow well-established relationships governed by the 

principles of machining and tribology. 

 

Referring to the chip making process, interaction 1.1, the ideal 

machining process is generally described through the well 

identified Merchant’s model for machining (Figure 7) [10]. 

  

 
Figure 6 - Tangential and normal forces  

in any abrasive finishing process and their components 

 

 
Figure 7 - Merchant’s model for machining processes 

 

Grinding processes are indeed machining processes with additional 

tribological interactions. This is evident in chips obtained from 

rough grinding process with high MRR indicating the dominance 

of machining component of material removal. Figure 8 presents the 

feature and morphology of chips produced in a grinding process 

with high MRR. From this figure, it could be observed that the 

chips, produced during high MRR grinding process, resemble chips 

produced in machining.  

 
Figure 8 - Chip generated through ‘machining’ in grinding processes:  

A - Carbon steel; B - Stainless steel; C - Cross section;  

D, E - Lamellar structure on the top surface of the chip 

 

A close look at Merchant’s model would show that the ratio of Fc/Fn 

for interaction 1.1 would always be greater than one. Similar results 

could be observed in the literature for orthogonal machining 

processes as presented in Table 3 [11]. 

 
Table 3 - Force components and force ratio in orthogonal machining 

Time 
(min) 

Cutting 
Force [Fc (N)] 

Thrust 
Force [Fn (N)] 

Force ratio 
Fc/Fn 

6 996 476  2.1 

12 955 416  2.3 

18 918 420  2.2 

28 910 386  2.4 

41 881 356 2.5 

54 856 361  2.4 

60 885 414  2.1 

 

The plowing interaction of the abrasive grain against the work 

material – interaction 1.2 - can be considered analogous to 

hydrostatic stress in a fully plastic zone. Hence, Ft/Fn for interaction 

1.2 can be considered as approximately equal to 1.   

 

The pure sliding of any abrasive grain against the work material, 

interaction 1.3 could be treated as the sliding between two materials 

of substantially different hardness. In this case, Ft is found to be 

proportional to shear yield stress while Fn is observed to be 

proportional to the hardness of softer material [12]. Hence, the ratio 

Ft/Fn, for interaction 1.3 can be estimated to be about 1/6. This 

interaction will be influenced by ‘real area of contact’ or the 

asperity contacts between the abrasive grains and the work 

material.  
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To validate this hypothesis, a case where grinding data is generated 

as a function of real area of contact between abrasive grains and 

work material has been presented in Figure 9 with numerical values 

highlighted in Table 4 [13]. It can be seen that while the force ratio 

(generally called as the grinding coefficient of friction) is in the 

range of 0.25 to 0.60, it quickly drops to about 1/6 as the real area 

of contact changes over small amount i.e. increases from 2% to 8% 

for the two steels. In addition, these conditions promote ‘burn’ in 

the work material. This ratio (1/6) is about the same as one would 

expect under pure sliding conditions between the abrasive and the 

work as described above, corresponding to interaction 1.3. All 

other interactions namely 2, 3 and 4 are sliding interactions 

between dissimilar materials often aided by coolant and other 

lubricants. Typically the coefficient of sliding under these 

conditions range from 0.3 to 0.5 [14]. 

 

  
Figure 9 - Tangential and Normal force components for straight surface 

plunge grinding of (a) two steels and (b) three non-ferrous metals all with 

vitrified wheels (32A46); grinding at: vs = 30 m/s, ds = 200 mm,  

vw = 4.6 m/min, a = 25 mm, b = 6.4 mm [13] 

 

Table 4 - Normal and tangential forces and resulting force ratios  

(Data from Figure 9) 

Material Ft (N) Fn (N) Ft / Fn 

1018 Steel 5 12 0.42 

52100 Steel 3 12 0.25 

1018 Steel* 22 130 0.17 

52100 Steel* 13 94 0.14 

Molybdenum 43 85 0.51 

Niobium 28 60 0.47 

Titanium 15 25 0.60 

* Forces after the change in slope 

  

Table 5 summarizes the estimates of force ratio (coefficient of 

friction where appropriate) for the microscopic interactions for 

abrasive finishing processes.  

 

Grinding process at any instant can be thought of as a balancing act 

among these twelve force vectors arising from the six microscopic 

interactions as shown in Figure 2. Grinding cycle is the 

management of this balancing act through a well-defined sequence 

of target forces operating simultaneously. This collection of vectors 

leading to the total normal and tangential forces is schematically 

illustrated in Figure 10. Part quality, surface finish and the process 

economics are all the outcomes of the time dependent and the 

cumulative effect of these forces and their corresponding energy 

components and their dissipation. Depending on the nature of these 

interactions and their time dependency, the power components 

Pth(0), Pth(t), Pc and Pf(t) may increase or decrease, for any given 

process. The values of these components can also be deliberately 

modulated based on the abrasive grain and its mechanical and 

thermal properties, the modification of the morphology, and 

tribological characteristics of these grains. 

 
Table 5 - Microscopic interactions, in grinding processes, their force 

components and their relative magnitudes 

Microscopic  

interaction 
Ft / Fn Force vectors 

1.1 > 1.0 

Fn

 

Ft 

1.2 ~ 1.0 

 

1.3 1/6 

 

2 

0.3 – 0.5 

 

3 

4 

   

 
Figure 10 - Microscopic interactions and their related force vectors  

for grinding processes 
 

4. Microscopic interactions as the common framework 
to understand the effect of grinding process variables 

In section 3, a generalized framework has been presented that aids 

in the study of the microscopic interactions of grinding process. In 

this section, several case studies are presented to demonstrate the 

application of this developed framework to understand the role 

played by the grinding process variables in the performance of a 

grinding process. 
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4.1. Effect of dressing 

Among several factors, the preparation of grinding wheel surface, 

through dressing, influences the performance of a grinding process. 

The effect of dressing could be understood by analyzing the data 

obtained during the grinding process with respect to the 

microscopic interactions. 

 

The process conditions used in an external cylindrical grinding of 

D2 steel (60 HRC) are summarized in Table 6. Vitrified bonded 

grinding wheel with alumina abrasives (A80J5V), used in this 

study was evaluated using a coarse dress and fine dress conditions 

with a blade type diamond tool.  Grinding power and displacement 

of wheel slide against time were measured using a portable 

diagnostic system. This system consists of a power measurement 

module and an Linear Variable Differential Transformer (LVDT) 

together with suitable data acquisition hardware and software [15].  

The signals obtained during these trials are shown in Figure 11 

[16]. The P vs. MRR graph generated and the derived parameters 

such as Pth and Specific Cutting energy (SCE) (SCE = Pc / MRR) 

are presented in Figure 12 and Table 7 respectively.  

 

Fused Alumina grains are generally friable and readily undergo 

fracture. Hence, the nearly constant Pth for coarse dressing and fine 

dressing suggest there is little effect of dressing conditions on grain 

morphology.  

 
Table 6 - Grinding conditions and dressing parameters  

used for coarse and fine dressing 

Grinding cycle details 

Step 
Stock removal on diameter 

(mm) 
MRR 

(mm3/s) 
Roughing 0.80 mm @0.66mm/min 40.0 

Semi-finishing 0.15 mm @0.33mm/min 20.0 

Finishing 0.05 mm @0.16mm/min 10.0 

Spark-out 15 revolutions 

Wheel speed  45 mps 

Work speed  26 m/min 

 Dressing cycle details   

Case 
Infeed 
(mm) 

Dressing overlap  

ratio 
 

No. of 

Passes 

Fine Dressing  0.015 12  2  

Coarse Dressing  0.040 6  2  

Dresser Blade type 

 

 
Figure 11 - Grinding power and displacement measurement -  

Grinding with coarse and fine dressed wheel 

 

 
Figure 12 - Power vs. MRR; Derived Pth and Uc (SCE) 

 

Table 7 - Threshold power, cutting component and surface finish  

for coarse and fine dressing 

Parameter  
Dressing condition  

Fine  Coarse   

Specific cutting energy (Uc) (J/mm3)  62  38  

Threshold power (Pth) (kW)  0.37 0.37  

Surface Roughness (Ra) (Microns)  0.32  0.56  

Surface Roughness (Rz) (Microns)  2.30  3.50  

 

However the decrease in the cutting power Pc and resulting lower 

values of SCE suggest that coarse dressing conditions create more 

chip space resulting in more grain exposure and these grains act 

more like ‘cutting tools’. The same and is also reflected in poor 

finish observed over the surface. This is validated by the surface 

finish (Ra and Rz) obtained in each case respectively as presented 

in table 7. The difference in SCE of about 24 J/mm3 can be 

visualized as the effect of increased chip friction (interactions 2 and 

3) in the case of the fine dressing conditions. 
 

4.2. Effect of abrasive grain types 

In this case study, analysis of the microscopic interactions in order 

to study the effect of abrasive grain on the performance of grinding 

process has been explained. Bearing steel was ground using 

grinding wheels with two different abrasive types: Brown Alumina 

[A60K5V10; Friability index: 35.6] and White Alumina 

[AA60K5V45; Friability index: 56.6] [17]. The experiments were 

further conducted as two different trials: before and after dressing 

in order to further establish the wear mechanisms in the two 

different abrasives. After grinding for predefined interval of time, 

both the wheels were dressed before continuing with grinding. The 

process conditions employed and derived parameters are shown in 

Table 8 and Table 9 respectively. 

 
Table 8 - Process conditions for grinding trials 

Step 
Stock Removal          

(mm) on diameter 

In feed                

(mm/min) 

Roughing 0.050 0.2 

Semi finish 0.030 0.1 

Finish 0.020 0.05 

Spark out time 5 sec 

 

Figure 13 presents the power and displacement measured during 

the grinding trials and Figure 14 presents the P vs. MRR plot.  
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Figure 13 - Grinding power and displacement measurement for two 

different grit types; a. before dressing; b. after dressing 

  

 
Figure 14 - P vs. MRR for two different grit types;  

a. before dressing; b. after dressing 

 
Table 9 - Pth and cutting component of power for two abrasive types 

Type of 

abrasive 

Before dressing After dressing 

Pth 
(kW) 

SCE 

(J/mm3) 
Pth  

(kW) 
SCE   

(J/mm3) 

Brown Alumina 0 110 0 181 

White Alumina 0 100 0 129 

 

From the data presented in Table 9, it could be observed that the 

threshold effect for bearing steel using these fused alumina types 

are nearly zero, unlike the earlier case study. The cutting 

component of power and hence the SCE is also relatively close to 

each other, for the two abrasive types after certain time interval of 

grinding. However, the fracture resistant alumina grain shows 

lower values of SCE post dressing, suggesting that the abrasive that 

resists fracture during dressing survives as a better ‘cutting tool’ 

immediately after dressing. It could be inferred that the interactions 

due to chip friction i.e. microscopic interactions 2 and 3, are the 

lowest at SCE of 100 J/mm3 and any power consumed above this 

limit can be ascribed to chip friction effects. 

 

4.3. Effect of grinding coolant types 

In this case study, an Electroplated (EP) grinding wheel is used to 

grind Ni based aerospace alloy [18]. The EP wheel contains a single 

layer of CBN abrasive grains that are held in place on the periphery 

of a steel core using galvanic plating of Nickel bond. Grinding was 

carried out using both Water Soluble Oil (WSO) and oil as coolant. 

The resulting forces vs. MRR were plotted to derive the force 

components and presented in Figure 15. From this figure and using 

Figure 10 as reference it could be observed that the CBN grains as 

cutting elements have very little change in their morphology or 

change in cutting efficiency with time as threshold effects due to 

the grain (Pth(0) and Pth (t) are very small are insignificant. 

However, the chip friction effects (interactions 2 and 3) dominate 

as a function of time. This friction effect is substantially mitigated 

by using oil as a coolant instead of WSO as observed from the 

Figure 15. 

Such analysis of microscopic interactions during the grinding 

process helps to visualize the effect of coolant on the process 

performance. This study together with a time dependent analysis 

provides one with a better cause and effect understanding of the 

data generated. 

 

 
Figure 15 - Role of microscopic interactions in grinding  

with E.P. CBN grinding using a) WSO; b) Oil as coolants 

 
4.4. Evolution in abrasive grain type development 

explained with microscopic interaction model 

The early developments on abrasive grains can be seen as an effort 

to influence the initial threshold effects (interactions 1.2(0) and 

1.3(0)). Note in Table 9, the Pth(0) before and after dressing are 

both nearly zero for both types of fused alumina grains in a very 

common work material used in grinding processes. This simple 

focus would appear to have resulted in a stream of abrasive grains 

over the years as illustrated in Figure 16 [19]. However, if 

considering abrasive grain as a tribological element was the 

intended focus of the researchers, has not been well documented in 

literature. But the evolution in abrasive grains can be traced to their 

impact on microscopic interactions 1.2 and 1.3 and on the 

minimization of the resultant Pth(0). 

 

These abrasive grain tips were deliberately dulled as and when 

required by dressing the grinding wheel in the middle of the cycle 

between rough and finish grinding operations in order to increase 

interactions 1.2 and 1.3 and in turn to achieve the surface 

modification effect. To prevent any further increase in the threshold 

forces (and threshold power) with time, the dull abrasives were 

designed to be weak (friable) leading to their fracture during the 

rough grinding cycle. The application conditions, grain fracture 

together with the dressing in the middle of the grinding cycle 

eliminated the need for considerations of time dependent variations 

in interactions 1.2 and 1.3 in the earlier studies. 

 

Once the challenges of initial threshold effects are addressed and 

the abrasive grain tends to continue its additional role as the cutting 

element (Interaction 1.1) for longer duration, then the effect of time 

dependent variations of interactions (1.2(t), 1.3(t)) come into focus. 

Figure 17 shows the evolution of abrasive grains that address this 

need. One approach has been to increase the toughness or fracture 

resistance of abrasive grains. 
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Figure 16 - Early developments in abrasive grains viewed as tribological 

elements and their influence on microscopic interactions [19] 

 

This has been achieved by controlling the microstructure of the 

alumina abrasives [20 - 23]. A second approach has been synthesis 

of CBN abrasives of extreme hardness, under the category of 

Superabrasive [24]. Slower the rate of change of grain morphology 

due to tribological influences, longer will be the sustenance of 

grinding process interactions at quasi equilibrium conditions. This 

mode of grinding is generally referred to as ‘Skip Dress’ in the 

industrial practice [25]. 

 
Figure 17 - Developments in abrasive grains and their role as tribological 

elements to influence the time dependent variation in threshold effects 

 

4.5. Dual role of abrasive grains as cutting and 
tribological elements 

Figure 18 illustrates the dual role of abrasive grain as a cutting tool 

and as a tribological element [26]. Figure 18(a) illustrates the 

progression of an ideal cutting process into a situation where the 

flank wear and its effect dominates. Figure 18(b) illustrates the 

possible application of highly modified cutting model to any 

abrasive grain. The traditional fused alumina grains are generally 

weak and fracture readily as discussed in the section 4.2. Figure 

18(b) schematically illustrates the relative size of 60 grit alumina 

(commonly used for precision grinding), 100 grit and 180 grit 

abrasive grains respectively. Traditional alumina grains being weak 

and fracture prone, even within a single grain/work interface, 

several contact points will be existing as illustrated for 60 grit 

alumina. Such attritious wear of alumina abrasives have been 

extensively studied by Malkin and Cook [27a & 27b]. However, 

even with smaller abrasive sizes like the 100 grit CBN illustrated 

in Figure 18(b), one can envision substantial wear flats. Hence, one 

would be required to select substantially reduced abrasive grain to 

reduce the sliding interaction between CBN grain and work 

interface. This is indeed the case as explained in the discussion 

below.   

 

As long as the abrasive grains themselves remained as the softer 

medium in the abrasive/diamond dresser interface, the alumina 

abrasives were readily fractured by the diamond in the dressing 

tool. This was the case in the traditional grinding practice where 

weak alumina abrasives were used with large crystallite sizes as 

shown in Figure 18(b). The fracture resistance of these abrasive 

grains was largely influenced by crystallite size and the level of 

impurity in the grain interface. But, in the case of more fracture 

resistant abrasives (like Solgel abrasives) and much harder CBN 

grains, the abrasive grain induces large wear flats in the diamond 

grains in the dresser.  

 

 
Figure 18 - Transition between cutting and tribology in abrasive finishing 

processes a) Ideal machining (interaction 1.1) vs. actual machining 

process in practice; b) Role of abrasive grain as a cutting tool and 

tribological element; c) Abrasive grain induced wear flats in diamond 

dressing tools; d) Wear flats on abrasive grains (leading to interactions 

1.2 and 1.3) induced by wear flats in diamond dressing tools [26]  

 

Large wear flats could be observed in the diamond grits or the 

diamond needle used in the dressing tool as shown in Figure 18(c). 

These large flats on the diamond grits in the dresser in turn slide 

against the wheel abrasives and result in larger wear flats on the 

abrasive grains in the grinding wheel as shown in Figure 18(d). 

Such CBN grinding wheels, when used in the grinding application, 

indeed result in high normal and tangential threshold forces (due to 

microscopic interaction 1.3). 

 

In an internal grinding test using a coarse (100 mesh) and finer (180 

mesh) vitrified CBN wheels, higher threshold forces could be 

observed for 100 mesh CBN grit than for 180 mesh CBN abrasives 

as presented in Figure 19 [26].  
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Figure 19 - Effect of abrasive grit size and wear flats  

in CBN wheel grinding 

 

The surface finish achieved is also smoother for the coarser CBN 

grain. This is counter to the experience with friable fused alumina 

abrasives, where lower threshold forces and poor finish are 

expected with the coarser abrasive grains.  But this behaviour of 

CBN grains is consistent with the larger wear flat area per grain for 

coarser CBN grains as shown in Figure 18(d) as a result of which 

higher magnitudes of interaction 1.3 can be envisioned. This in turn 

leads to higher threshold forces and smoother finish for the coarser 

CBN grain. However, as the MRR increases when interaction 1.1 

(chip making) becomes dominant, the usual role of abrasive grain 

as a cutting tool is restored, resulting in coarser finish with the 

coarser abrasive grain, as shown in Figure 19. 

 

In the early stages of CBN grinding applications, the high normal 

forces due to wear flats on CBN grains was mistakenly attributed 

as an unavoidable inherent characteristic of the CBN grinding 

processes. This issue was eliminated when the real area of contacts 

at the asperities (grain/work interface) was substantially reduced. 

This result was achieved by replacing the traditionally used 60 to 

80 mesh alumina by 180 to 240 mesh CBN abrasive grain sizes.  

 

4.6. Leveraging microscopic interaction 1.1 (Chip 
making)  

Now let us focus on the ‘machining’ aspect of the abrasive finishing 

processes. Machining process (interaction 1.1) is influenced by the 

size of the chip generated, generally referred to as the chip 

thickness (hc). In abrasive finishing processes, hc is the resultant of 

a number of process parameters as illustrated in Figure 20 [28]. 

 

Increase in chip thickness leads to more efficient chip making 

process (and hence lower specific energy for cutting). Unlike the 

machining processes, the chip thickness in abrasive finishing 

process can vary over a wide range depending on the nature, size 

and distribution of the abrasive/work engagement. Yet, for most 

practical purposes, the concept of average chip thickness has served 

well over the years. Several methods have been proposed and 

deployed to increase the chip thickness, such as increasing the 

depth of cut (d) as in the case of creep feed grinding and the 

increase of work speed (Vw) and depth of cut (d.o.c.) 

simultaneously resulting in  high MRR’ grinding [29 - 31]. Unlike 

the cutting processes, in abrasive machining processes the number 

of chips produced/time can be increased through higher wheel 

speed, while maintaining a constant hc. This has been used in high 

speed grinding as well as high efficiency deep grinding [32, 33].   

 

 
Figure 20 - Abrasive finishing process innovations  

using the chip thickness (hc) as the control element 

 

But none of these processes, used to manipulate the machining 

effect, can be practical or successful without suitably addressing all 

other microscopic interactions. Several tribological means are 

employed to control chip/bond, chip/work and bond/work 

tribological interactions. They include higher porosity in the 

grinding wheels [34], control of the chemistry of abrasive/bond 

interface [35], chemistry and wear behavior of the binding agent 

[36], dressing methods and procedures that influence wheel surface 

morphology [37], etc.  

 

5. Innovation in abrasive finishing processes using 
microscopic interactions as the enablers 

Explicit understanding of the role of microscopic interactions can 

be very useful not only to better understand historical developments 

but also for innovation leading to future opportunities. Such 

thinking has resulted in several new process innovations such as (a) 

micro grinding to replace lapping and polishing (b) machining to 

grinding (c) grinding ceramic components of complex shape from 

simple solid blanks [38]. 

 

5.1. Grinding of brittle materials 

In this section, let us look at the grinding of brittle materials like 

carbides and ceramics. Unlike metals, where plastic deformation 

(interaction 1.2) and chip making through high strain deformation 

(interaction 1.1) coexist all the time, it would appear that, in brittle 

materials, there is a trade-off depending on the force/grain, the 

radius of abrasive grain indenting the work material and the volume 

of indentation (analogous to hc) per grain/work incidence [39]. This 

trade-off is schematically illustrated in Figure 21 [40]. While this 

trade-off pertains only to interactions 1.1, all other interactions that 

are all tribological in nature must apply for grinding of brittle 

materials as well. 

 

This comprehensive consideration of microscopic interactions 

leads to unique results in grinding of brittle materials as presented 

in Figure 22. Any violation of these basic requirements will lead to 

dramatic consequences such as brittle fracture as well as other 

negative results also illustrated in this figure. 
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Figure 21 - Mechanisms in the grinding of ceramics 

 

 
Figure 22 - Grinding of ceramics   

A – Influence of Tribology in grinding of brittle materials:   
A.1.  – Poor thermal management;   
A.2.  – Identical process and component with better management of 

tribology including thermal management.  
B – Micro grinding of steel;   
C – Micro grinding of a hard ceramic disc.  
D – Ceramic springs machined from hollow tubes using suitable grinding 

methods 
E – Thin diameter ceramic rods generated from standard cylindrical blanks 

by plunge grinding  
F – 8" Silicon wafer after micro grinding to 120 µ thickness and 25 Å Ra 

finish   
G – Fine grinding of 2" SiC wafer to 20 Å Ra surface finish  
H – Precision thin slicing used in the fabrication of multilayer magnetic 

recording head for storage drive applications.  
 

5.2. Machining to grinding (M2G) 

We can state the force relationship illustrated in Figure 11 as:   
 

Grinding = Machining (Interaction 1.1) + Tribology (Interactions 1.2, 

1.3, 2, 3 and 4) 

Then, we could state:  
 

(Grinding – Tribology) = Machining (achieved using abrasive tools) 

 

Such postulation can be based on abrasive finishing processes 

already well-established in the regime generally described as rough 

grinding, where the MRR is comparable to machining processes. 

The limitation in these processes is the achievable surface quality 

as illustrated in Figure 23 [41]. The tribological interactions may 

not be totally eliminated, since some of it is influenced by the bond 

that acts as a ‘tool holder’ and the resulting microscopic 

interactions 2 and 3 during the precision grinding processes. This 

results in high SCE of the order of 40 to 180 J/mm3 as noted in 

Tables 7 and 9. However, for the new process to be viable, the 

energy consumed for chip making during grinding (specific cutting 

energy) need to be comparable to that of machining operations. 

Table 10 presents certain experimental results that show the SCE 

in grinding processes comparable to that achieved in machining. 

This leads us to the possibility of conceiving the idea of Machining 

to Grinding (M2G) as a new process concept [42, 43] to bring the 

best advantages of the principles of machining together with the 

flexibility and adaptability of abrasive finishing processes. 

 

 
Figure 23 - Comparison of MRR capability vs. Tolerance  

for surface generation processes 

 
Table 10 - Specific cutting energy in milling  

and M2G abrasive finishing processes 

Tool Type Work 
material 

Specific 

Cutting 

Energy  
(HP/in3/ min) 

MRR’ 
(in3/min/in) 

Specific 
Cutting 
Energy 
(J/mm3 ) 

MRR’ 
(mm3/mm/s) 

Milling (45) 

Milling 

tool 
Nickel alloy 

(In–718) 
1.5-2.5 0.1-1.0 4.1-6.8 1-10 

Milling  

tool 
4340 
steel 

0.9-1.08 4.0-25   
2.45- 
2.94 

4-250 

Slot Grinding [45] 

Abrasive 

Tool for 

M2G 

Nickel alloy 
(In–718) 

2-5 5-15 5.5-14  50-150 

Abrasive 

Tool for 

M2G 

4340 
steel 

1-7 10-20 2.73-19  100-200 

Cylindrical Grinding [44] 
Abrasive 

Tool for 

M2G 
Ductile Iron 2.74 1 - 15 7.39 100-150 

 

Figure 24 illustrates the application of the M2G process [44- 46] 

where model components, hypoid gear and large helical gear are 

all machined from solid blank, entirely using abrasive tools.  

  

6. Discussion 

6.1. Microscopic interactions based framework 

In this paper, an attempt has been made to present a unified view 

of abrasive finishing processes as a collection of microscopic 

interactions based on the principles of machining and tribology. 
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Figure 24 - Samples of components finished by M2G process;  

A - Model component ground from solid blank; B - Profiled slots in a 

model component; C, D - Hypoid gear ground from solid;  

E, F - Large gears ground from solid 

 

These interactions are influenced by all the inputs to the process 

through the machine tool and its characteristics, work material 

features and properties, tooling and other consumables and the 

operational variables or parameters. Hence, the knowledge and 

deployment of these microscopic interactions provides a common 

frame work pertaining to the process and its science. 

 

Merchant’s model for machining identifies ‘machining’ as a 

process of localized shear plane aided by high strain rate 

deformation. Merchant has identified this as the shear plane. Later 

researchers have elaborated on this ideal model leading to the 

concept of shear zone and its modelling.  Merchant's model also 

identifies that under pure ‘machining’ the tangential force 

(separating the chip from the parent material) is much larger than 

the normal force (creating sub-surface deformation to the parent 

material). This is the phenomenological uniqueness of machining 

as surface generation process identified in the Merchant's model. 

 

Abrasive finishing processes are also high strain rate deformation 

processes to the extent that abrasive grains are treated as cutting 

elements. Rake face sliding on the cutting tool and the clearance 

surface sliding are replaced by a localized deformation (plowing) 

and sliding in many models for grinding processes. In this paper, 

certain force ratio is proposed for grain/work plowing and sliding. 

Validity of the proposed force ratio for grain/work sliding is 

illustrated through Table 4.  

 

The sliding interactions between chip/work, chip/bond and 

bond/work are not explicitly called out in the literature or in the 

generally prevailing models. Such separation is made explicit 

through the respective microscopic interactions.  

 

A methodology has been developed, in this paper, to assign the 

force components for various microscopic interactions. Future 

research could focus on development of more analytical methods 

for all these microscopic interactions and for segmentation of the 

force components. 

 

These microscopic interactions are not merely conceptual. Instead 

they have many practical ramifications in the industrial use. They 

permit conceiving new mutations of the grinding process, new 

abrasive grains, abrasive tools and grinding processes. The 

microscopic interactions model also can be used to unify our 

understanding of developments over the past decades in grinding 

processes and abrasive tools. Such practical applications of the 

microscopic interactions model are detailed in an earlier paper 

[38]. 

 

6.2. Time dependent analysis of grinding process 

The traditional notions of ‘self-sharpening’ and hence the treatment 

of friction as a time in-dependent event are no longer valid. In this 

paper, the need for the time dependent analysis of the grinding 

process and the use of the models as illustrated in Figures 5 and 6 

has been emphasized. Such application of time dependent 

modelling of the grinding processes far exceed the few examples 

described in this paper. For example, all the coated abrasive 

grinding processes are invariably time dependent processes. This 

includes finishing of steel, wood, glass and other materials. Most 

manual grinding processes that use grinding wheels as well as 

coated abrasives are time dependent processes. The analysis 

methods proposed here will be very much needed in the modelling 

and automation of manual grinding processes using robots and 

other programmable automation schemes. Machining of stone, 

concrete and mining using diamond abrasive tools are all time 

dependent processes. As described earlier, every process that 

involves skip dressing is a time dependent process. There are 

certain organic wheel grinding applications and some diamond 

wheel grinding processes that are designed to operate at constant 

power. These time independent processes are few compared to the 

majority of the modern grinding processes. Elaboration of the 

microscopic interactions model for these applications in this paper 

are limited due to length and space constraints. 

 

The energy consumed in abrasive finishing processes are often 

described in global parameters such as energy for chip generation, 

heat transfer through the chips, work material, abrasive and 

coolants. The microscopic interactions are the means through 

which the input energy is consumed. The microscopic interactions 

are also the pathways through which the heat generated during 

grinding is dissipated. Many of these are transient events with short 

time constant (of the order of micro seconds). Models to represent 

the transient heat transfer in each of the microscopic events are 

needed for further conceptualization and development of novel 

abrasive finishing processes.   

 

6.3. Microscopic interactions based optimization of 
abrasive finishing processes 

There are many attempts for ‘Optimization’ techniques for grinding 

processes. They generally use the post process data such as part 

geometry, surface quality, Barkhausan noise, etc. or in-process 

signals such as force, power or acoustic emission to control the 

process inputs. Generally such optimization is dependent on data 
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pertinent to a given installation or experimental set up. However, 

as explained in Figure 1, the inputs come from four distinct groups. 

Their collective influence is experienced through the six synergistic 

microscopic interactions. Any data base that synthesizes the 

information leading to the quantification of microscopic 

interactions may be applicable across many situations and 

installations. In addition, process control using microscopic 

interactions as the feedback signals may be more flexible and less 

dependent on the specifics of the installation. In practice, it is often 

easy to measure the grinding power and decompose it into Pth(0), 

Pth(t), Pc and Pf(t) components. The tangential force corresponding 

to these components can be easily calculated. Then using the force 

ratios suggested in Table 4 and with a few iterations, one can 

estimate the normal force components and hence the total normal 

force. Computer based iteration tools to estimate normal force 

components from measurement of grinding power is also one of the 

suggested future work.  

 

6.4. Scope of extended application of microscopic 
interactions based framework 

The examples shown in this paper are drawn from various sources 

and they should be used only as examples. For example, the SCE 

values vary from one example to other due to the type of wheels 

used, work material, dressing conditions, etc. Hence, the data 

within one example may be consistent. To obtain values for SCE 

for a given work material under specific grinding conditions (wheel 

used, dressing tool and parameters, etc.), such data should be 

generated independently. This is a limitation posed by all grinding 

processes due to the large number of process parameters involved.  

 

In the above, we make an important assumption i.e. Pc is free of any 

chip friction effect and all such effects (interactions 2 and 3) are 

included in Pf(t). This assumption is largely a simplification. 

Researchers are encouraged to modify the proposed model to 

incorporate such nuances.  

 
The dynamic instability in abrasive finishing processes is often the 

cause of ‘chatter’ leading to poor surface quality. But, the chatter 

need not be treated as a singular dynamic event. The same solution 

does not resolve the problem of chatter in all instances. It may be 

desirable to study the chatter and how it is influenced or affected 

by each of the microscopic interactions and the dynamic instability 

associated with each of them.  

 

All tribological systems consist of asperity contacts. These 

asperities can be visualized on a macro scale as being similar to 

abrasive grains contacting the work material. The abrasive tools are 

designed as engineered components to selectively utilize the 

asperity contacts between abrasive grain and work material. Then 

the question arises: can we use abrasive/work interactions as large 

scale experimental models to simulate the asperity contacts for 

tribological pairs in other applications?  

 

The framework outlined in this paper of ‘breaking down the 

process into a set of well-defined physical interactions,’ can be 

extended to other manufacturing processes involving multiple 

interactions. For instance, forging and forming processes are a 

combination of deformation and tribology at the interacting 

surfaces.  

 

Lapping and chemical mechanical planarization are processes that 

rely heavily on tribology and chemical interactions simultaneously. 

But these processes can also be modified to bring elements of 

cutting or chip making into play. 

 

7. Conclusion 

In this paper, an attempt has been made to present the abrasive 

finishing processes as a synergistic combination of machining and 

tribological interactions. These microscopic interactions are not 

mere conceptual frame work. The presented framework for analysis 

of abrasive finishing process could be extended to most cases 

practiced in a diversity of applications and industries as illustrated 

in Table 1. Most of the tribological solutions rely on the well-

established mechanisms of adhesion, abrasion, corrosion, erosion, 

fatigue etc. They permit conceiving new mutations of the grinding 

process, new abrasive grains and abrasive tools. This unified view 

of abrasive finishing processes, independent of applications, work 

material type, abrasive used or process conditions enhances one’s 

knowledge to address and support a wide range of applications 

while not losing in-depth analysis in any specific domain. 

 

Recent advances in engineering and technology across all strategic 

sectors like medical, aerospace, automobile, defence etc. rely on 

surfaces generated with unique features and characteristics. 

Abrasive finishing processes form a backbone for all these 

industrial developments. In addition, advanced manufacturing 

practices that require short set-up time, single piece manufacturing 

lean solutions etc. can benefit from novel concepts in grinding 

processes such as Machining to Grinding etc. These developments 

that are considered as ‘black box concepts’ have been presented 

with a cause and effect analysis and with a scientific approach 

based on the microscopic interactions model. Also, each one of the 

microscopic interactions could be treated as a pathway to conceive 

and invent novel process solutions. A few examples pertaining to 

such concepts have also been presented in this paper. This 

methodology and understanding of the microscopic interactions 

could lead to more deterministic innovations not only in abrasive 

finishing processes but by analogy in all other manufacturing 

processes. 
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Abstract for advertise and publicity: 

A typical grinding process could be conceived of as a phenomenon of six different interactions at the grinding 

zone. Among these, one is governed by the principles of machining, while the others are governed by the principles 

of tribology. A systematic analysis of these interactions and their time dependent behaviour helps to understand 

the role of both tribological mechanisms and machining interactions. Also, they provide an ability to develop a 

common scientific frame work that can be applied across a variety of grinding processes and applications. Such 

frame work and associated system thinking enables engineers to address the recent industrial challenges 

effectively. 

 


