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ABSTRACT 
Surface generation processes involve convergence of both 

machining and tribological interactions between the tool and 

the work. Abrasive finishing is one among the many families of 

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. Of these six interactions one is governed by the 

principles of machining, while the other five are governed by 

the principles of tribology. Thorough analysis of these 

interactions helps to characterize and understand the role of 

both tribological mechanisms and machining interactions in a 

typical grinding process. Moreover, these interactions offer the 

grinding process a flexibility which has resulted in a series of 

process innovations over decades transforming the grinding 

process into a high material removal rate machining process as 

well as an ultra-fine finishing process. Historical developments 

as well as recent process innovations are presented in this 

review paper along with the common frame work for their 

analysis using a set of microscopic interactions applicable in all 

these cases. 
 

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 and 

consumer needs. The planes that we fly with, the cars that we 

drive, the computers we use, the data storage drives we rely on, 

the optics, microchips, biomedical parts and every conceivable 

manufactured good we use, are all composed of components 

and their surfaces made using these manufacturing processes 

(Table 1). Tribology – the science of interactions between 

sliding surfaces - plays a vital and yet silent role in these 

processes together with Machining – the science of high strain 

rate deformation. Deliberate and systematic use of the 

principles of Tribology in tandem with the principles of 

machining can be used to propose, develop and implement 

novel surface generation solutions to meet the requirements 

posed by the stream of emerging needs such as more fuel 

efficient cars, faster data storage and recording devices, single 

piece manufacturing for aerospace components, higher 

productivity and lower cost manufacturing of wind turbine and 

PV solar panels, etc.   

 

Grinding is a surface generation process, where a number of 

interactions occur simultaneously at the grinding zone. We call 

them as the microscopic interactions. Identification and 

isolation of these interactions lets us focus on each or a selected 

combination of them. This set of interactions can be used to 

link the many historical developments in grinding processes 

innovation.  Focus on selected microscopic interactions can 

also be used to propose novel manufacturing process solutions 

for surface generation. This review of the past developments 

and the recent approach for process innovation are outlined in 

this review paper, with examples. 

 

Table 1 Examples of the wide range of components and end 

uses that require the use abrasive finishing processes  
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MICROSCOPIC INTERACTIONS IN ABRASIVE 
FINISHING PROCESSES: 
In every manufacturing process there are four input categories: 

The machine tool, the processing tool, the work material and 

the operational parameters. The machine tool is used as the 

source of energy for   interference 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]. 

 

 
 
Figure 1 A system Approach for manufacturing 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 grinding process it would 

be the grinding wheel and the work material and the 

interference region called as the “Grinding zone, as illustrated 

in Figure 2. Understanding what really happens in the grinding 

zone, how to measure and analyze that and also how to use 

such information to control the process can be generally 

described as the Process Science [2] pertaining to Grinding. 

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, we list 

them here with a brief description: 

 

Cutting or Machining:  When we subject any material to very 

high strain rates, such as through the forces applied using a 

cutting edge moving at high velocities, the interfering material 

is separated from the parent material with minimum of 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 10
4
 to 10

5
 (Sec. 

-1
) [4]. Compared 

to this, the strain rates estimated in the chip formation during 

grinding are of the order of 10
7
 to 10

8 
(Sec. 

-1
). For reference, 

most mechanical testing of work materials occur at strain rates 

of 10 
-1

 to 10
1 
(Sec. -1).  

 

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

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

softer material under goes 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 taking place: 

 The abrasive grain interacting with the work material is the 

primary source of interference. If the depth of penetration 

of the abrasive grain against the 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 the “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 

the abrasive grain against the work material is extremely 

shallow, the result would be the sliding of the abrasive 

grain against the work material, albeit at high contact 

stress. The surface generated at the end is the cumulative 

effect of all the 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 thanks to the relative 

motion of the grinding wheel with respect to the work 

material. Any chips occluded in the pores of the abrasive 

tool will also stay there until they are carried away by 

centrifugal forces or the coolant flow, as they exit the 

grinding zone.  

 Finally, we have the bond material holding the abrasive 

grain. If this matrix material 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 performing 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 we can visualize all the interferences that occur in 

the grinding zone as a combination of the 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 
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These interactions may be called as microscopic interactions. 

These six interactions are illustrated schematically in figure 

2[6]. 

 

In all machining operations, when the plowing or sliding 

becomes intense, we remove or replace the cutting edge. But in 

abrasive finishing processes, we use the abrasive cutting edges 

to machine or generate the surface, and also to modify 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 we also resort 

to the selective use of other sliding (Tribological) interactions. 

The microscopic interactions can also 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. Hence we could 

say, if machining is like playing solo with a single instrument, 

grinding may be thought of as a symphony of six instruments 

(or six microscopic interactions). 

  

 
 

 
 

Figure 2 Microscopic Interactions 

in Abrasive Finishing Processes 

 

We have thus far described the six microscopic interactions that 

can be used to represent the phenomena of abrasive finishing 

processes. 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. We shall 

pursue such connection between the measurable information 

and their connection to the microscopic interactions in the next 

section. 

 

Every grinding process consists of a sequence of wheel/work 

interactions that are progressively reduced in intensity. This 

sequence is often referred to as the “Grinding cycle” [7]. Each 

level of grinding intensity is referred to as rough, semi finish 

and finish grinding with its corresponding material removal rate 

(MRR). In Figure 3 we observe rough and finish grind 

corresponding to two MRR values from the data obtained in a 

plunge cylindrical grinding process. We can use these process 

signals to construct the P vs. MRR graph for the first cycle. 

This is one of the characteristic curves well documented in 

literature 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 the spark out 

segment of the grinding cycle as suggested in the literature. 

Threshold component of power is the constant power (the 

intercept on the Y-axis) that would be present throughout the 

grinding cycle independent of the magnitude and nature of chip 

generation [9]. 

 

In figure 3, we have also superimposed the power signal from 

the first and the fifth cycle.  When we generate the P vs. MRR 

graph for the fifth cycle, we find that the threshold power has 

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

classical analysis of the grinding processes, such variation in 

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. But, such 

simplified treatment is no longer sufficient or adequate. Today 

we have grinding processes with 5 to 20 cycles between skip 

dress operation using highly durable alumina based Sol-gel 

abrasive tools. Superabrasive wheels are routinely used for 50 

to 5000 cycles between skip dress operation with a slow and 

steady increase in power. The small drift in grinding power 

with time and its analysis as they pertain to the microscopic 

interactions is important for proper and accurate control of 

these modern grinding processes. 

 

In figure 3, we see the power after time “t” at a given MRR is 

composed of four components: The initial threshold power Pth 

(0), change in threshold power with time Pth (t), the power for 

cutting or chip making Pc and the change in the cutting power 

caused by chip friction effects Pf (t). 

 

Now we can attempt to connect the role of these power 

components as they pertain to the microscopic interactions. The 

connection between these parameters – Pth(0), Pth(t), Pc and Pf 

(t) - and their corresponding microscopic interactions are 

illustrated in figure 4. We can identify the threshold initial 

effect – Pth (0) - as the contribution due abrasive grain/work 

sliding (interaction 1.2 and 1.3) and that due to bond/work 

sliding (interaction 4). The threshold power increase with time 

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

grain/work sliding as well as the bond/work sliding 

interactions.  

 

 

1. Abrasive/Work Interface

2. Chip/Bond Interface

3. Chip/Work Interface

4. Bond/Work Interface

1,1

1.2

1.3

CUTTING

(Material Removal)

PLOWING

(Material Displacement)

SLIDING

(Surface Modification)

SLIDING

SLIDING

SLIDING

1. ABRASIVE/WORK

2. CHIP/BOND

3. CHIP/WORK

4. BOND/WORK

D.O.C.

Work

Wheel
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Figure 3. Power vs. MRR and its components from the 

grinding process signature (Power Vs. time signal). 

 

 

The component of power that increases linearly with MRR is 

identified as the “cutting power” – Pc - required for machining 

or chip generation [9, 10]. This would be valid in situations 

where the chip friction effects (interactions 2 and 3) are absent. 

This would indeed be true only for an ideal machining process. 

Even in well-established cutting or machining processes the 

threshold effects exist, but their impact is minor compared the 

shear deformation required for chip making. Assuming that the 

chip generation process is treated as ideal and its power 

corresponds to Pc, any change in it - Pc (t) - can be treated as 

belonging to the frictional effects of the chip  

 

 
 

Figure 4 Components of power with their associated microscopic 

interactions 

 
(interactions 2 and 3) and their variation with time. This is 

identified as Pf(t). If the abrasive grain undergoes fracture or 

attritious wear, Pth(t) could decrease. If the abrasive is fracture 

resistant or wear resistant – which is the case with modern 

premium abrasives – then the Pth (t) could increase. 
Corresponding to each component of power there is an 

identifiable component of normal and tangential force. These 

force components also have threshold effects, chip friction 

effects and their time dependent variation as well as the effect 

of the cutting action. This is illustrated in the figure 5.  

 

Each tangential component of force has associated with it a 

normal component of force. These tangential and normal 

component pairs cannot be arbitrary. They need to follow well-

established relationships governed by the principles of 

machining and tribology.  

 

 

 
 

Figure 5 Tangential and normal forces in a grinding process 

and their components 

 

 

Referring to the chip making process, interaction -1, the ideal 

machining process is generally described through the well 

identified Merchant’s model for machining [11]. A close look 

at this model would show that the ratio of Ft/Fn – for 

interaction 1.1. - would always be greater than one. The 

plowing interaction of the abrasive grain against a work 

material – interaction 1.2 - can be considered analogous to 

hydrostatic stress in a fully plastic zone. 

Hence Ft/Fn for interaction 2 can be thought of as 

approximately equal to 1. The pure sliding of any abrasive 

grain against the work material can be thought of as the sliding 

between two materials of substantially different hardness. In 

this case the Ft can be estimated to be proportional to shear 

yield stress of the soft material and Fn proportional to the 

hardness of the softer material [12]. Hence the ratio Ft/Fn can 

be considered to approximate 1/6.  

 

All other interactions are sliding 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 [13]. These estimates of force ratio (or coefficient of 

friction where appropriate) are shown in Table 2.  

 
Thus grinding process at any instant can be thought of as a 

balancing act across these twelve force vectors. 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 6. 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 component 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 and the modification of the morphology and 

tribological characteristics of these grains.  

 

Thus grinding process at any instant can be thought of as a 

balancing act across these twelve force vectors. Grinding cycle 
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Table 2. Microscopic interactions, in grinding processes, their force 

components and their relative magnitudes. 

 

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 6. 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 component 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 and the modification of the morphology and 

tribological characteristics of these grains.  

 

MICROSCOPIC INTERACTIONS AS THE COMMON 
FRAME WORK TO UNDERSTAND THE INNOVATION 
IN GRINDING PROCESSES 

Having laid out the frame work for the microscopic interactions 

in grinding processes, we shall focus our attention in the rest of 

the paper on how the developments in the past can be 

understood from this unified framework.  

 

Several families of abrasive grains have been developed in the 

past to influence the initial threshold components or their time 

dependent variations. Later developments have focused on the 

role of abrasive grains as cutting edges such as the case with 

Alumina Zirconia (Norzon), Sol-Gel abrasives and CBN 

abrasives. In all these cases their application has required 

careful management of the sliding interactions. Explicit 

understanding of the role of microscopic interactions can be 

very useful for this purpose. Such thinking has also resulted in 

several new process innovation such as (a) Micro grinding to 

replace lapping and polishing, (b) Machining to Grinding (c) 

grinding ceramic components of complex shape from simple 

solid. We discuss these developments in detail in the following 

sections. 

 

The early work on abrasive grains can be seen as efforts to 

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

1.3 (0)). This simple focus would appear to have resulted in a 

stream of abrasive grains [14] over the years as illustrated in 

Figure 7. Whether such explicit emphasis on the abrasive grain 

as a tribological element was the intended focus of the 

researchers may be debatable. But the evolution in abrasive 

grains can be traced to their impact on microscopic interactions 

1.2 and 1.3 and the resultant Pth (0).  

 

 
 

Figure 6 Microscopic interactions and their related force 

vectors in grinding processes. 
 

 
 
Figure 7 Early developments in abrasive grains viewed as 

tribological elements and their influence on Microscopic 

Interactions 
 

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 – to 

increase interactions 1.2 and 1.3 – to achieve the surface 

modification effect. To prevent any further increase in the 

threshold forces (and 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.  

 

Once the initial threshold effects are satisfied and the abrasive 

grain continues its additional role as the cutting element 

(Interaction 1.1) for longer duration, then the time dependent 

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

Figure 8 shows the evolutions in abrasive grains that address 

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

Microscopic 

Interaction 

Ft/Fn Force Vectors 

1.1 >1.0    Fn 

        Ft 

1.2 ~ 1.0      Fn 

      Ft 

1.3 1 / 6 

 

 

       Fn 

 

      

    

        Ft 

2 0.3 – 0.5       Fn 

 

      

         Ft 

3 0.3 – 0.5        Fn 

 

       

         Ft 

4 0.3 – 0.5       Fn 

 

       

        Ft 

 

5 Copyright © 2015 by ASME



 

fracture resistance of abrasive grains. This has been achieved 

by controlling the microstructure of the alumina abrasives [15, 

16, 17, 18]. A second approach has been synthesis of CBN 

abrasives of extreme hardness, under the category of 

Superabrasives [19]. Slower the rate of change of grain 

morphology due to tribological influences, longer the grinding 

process interactions can be sustained at quasi equilibrium 

conditions. This is generally referred to as “Skip Dress” in the 

industrial practice [20]. 

 

The next major tribological interactions of significance are the 

chip/bond and chip/work interaction (3 and 4). One can easily 

envision this as a coupled pair, acting simultaneously. Efforts 

to influence these interactions have resulted in the use  

 

 
 
Figure 8 Developments in abrasive grains and their role as 

tribological elements to influence the time dependent 

variation in threshold effects 
 

of a variety of shaped abrasive grains [21,22,23], as illustrated 

in Figure 9. Larger the aspect ratio, lower the loose packed 

density (LPD), which in turn induces larger porosity and grain 

spacing. This results in larger space to accommodate the chips 

and hence lowers the chip related tribological interactions (2 

and 3). 

 

Unlike the grain/work tribological interactions, Chip/bond 

tribology can be viewed from the micro scale (at the scale of 

the abrasive grains) to macro scale (at the scale of the overall 

grinding zone and hence as influenced by abrasive tool 

geometry). This range of evolutions to influence the 

interactions 2 and 3 are illustrated in Figure 10. 

 

Long aspect ratio abrasive grains (aspect ratio as large as 1:10) 

create large and permeable pore structures [24] which 

dramatically influence interactions 2 and 3. Using these types 

of grains, abrasive tools with porosity ranging from 30% to 

80% has been reported [25]. Electroplated or brazed CBN 

grinding wheels [26]
 
carry a single layer of abrasive grains, that 

are extremely well exposed, which also substantially influence 

interactions 2 and 3. Beyond these micro effects achieved 

through grain morphology and grain exposure there have been 

several attempts to influence the interactions 2 and 3 through 

the manipulation of the macro geometry of the abrasive/work 

interface as illustrated in Figure 10 [27-31]. 

 

 

 

Figure 9 Examples of managing the chip related 

tribological interactions through grain morphology 
 

Bond/work interaction (Interaction 4) and their time dependent 

variation (4(t)) are always associated with the grain dependent 

sliding interactions (1.2 and 1.3). Isolation of these two sets of 

tribological interactions at the moment happens to be a matter 

of educated guess. But, the force vectors outlined in table 2 can 

be used as a guide in this trial and error process.  

 

 
 

Figure 10 Examples of managing the chip related 

tribological interactions through modification of the micro 

to macro morphology at the grinding zone. 

 
A – Porosity control using long aspect ratio abrasive grains. 

B – Surface porosity influenced through grit exposure (Brazed 
CBN wheel), 

C – Micro-replicated surface of a coated abrasive tool. 

D, E, F and G – macro morphology of the grinding zone modified 
through abrasive tool design. 

 

We illustrate in Figure 11 the dual role of abrasive grain as a 

cutting tool and as a tribological element. Figure 11. A 

illustrates the progression of an ideal cutting process into a 

situation where the flank wear and its effect dominates. In 

figure 11.B. we start with highly modified cutting model and 

illustrate how this applies to any abrasive grain. The traditional 

fused alumina grains – see Figure 7 – are generally weak and 

fracture readily. In Figure 11.B. we schematically illustrate the 

relative size of a 60 grit alumina (commonly used for precision 

grinding) and a 100 and 180 grit abrasive grain respectively. 

Traditional alumina grains being weak and fracture prone, even 

within a single grain/work interface one can visualize many 

contact points as illustrated for 60 grit alumina. But, with even 

smaller sizes like the 100 grit CBN illustrated in this figure, one 
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can envision substantial wear flats. Hence one would be 

required to select substantially reduced abrasive grain to reduce 

the sliding interaction between the CBN grain/work interface. 

This is indeed the case as noted in the discussion below.  

 

In any tribological study it is often the practice to focus on the 

role of the harder material in the tribological pair. As long as 

the abrasive grains themselves served the role of the softer 

medium in the abrasive/diamond dresser interface, they 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. Figure 11.B. 

Their fracture resistance was largely influenced by the level of 

impurity and their presence in the grain interface. But, in the 

case of more fracture resistant abrasives (like Sol-gel abrasives) 

and CBN grains used with Diamond dresser as a pair, the 

abrasive grain induced  

 

 
 

Figure 11 Transition between cutting and tribology in 

abrasive finishing processes. 

 
A - Ideal machining (Interaction1.1) 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. 

 

large wear flats in the diamond grains in the dresser (Figure 

11.C), which in turn resulted in larger wear flats on the abrasive 

grains in the grinding wheel. Such CBN grinding wheels when 

used in the grinding application resulted in high normal forces 

(due to interaction 1.3). 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 grit 

alumina by 180 to 240 grit CBN grains. The CBN abrasive gain 

size effect and the resulting reduction in real area of contact 

after dressing, documented and reported in the literature are 

illustrated in Figure 11. B and D [32].  

Now let us focus on the “machining” aspect of the abrasive 

finishing processes. Machining process 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 12 [33].  

 

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  

 

 
 
Figure 12 Abrasive finishing process innovations using 

the chip thickness (hc) as the control element. 

 

increasing the depth of cut (d) – creep feed grinding – and the 

increase of work speed (Vw) and d.o.c. simultaneously – High 

MRR’ grinding [34 - 36]. Unlike the cutting processes, in 

abrasive machining processes the number of chips 

produced/time can be increased through higher wheel speed, 

while maintaining hc constant. This has been used in high 

speed grinding as well as high efficiency deep grinding [37, 

38].  

 

But none of these processes to manipulate the machining effect 

can be practical or successful without suitably addressing the 

attendant tribological 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 [39], control of the chemistry of the 

abrasive/bond interface [40], chemistry and wear behavior of 

the binding agent [41], dressing methods and procedures that 

influence wheel surface morphology [42], etc. 

 

Let us now look at some possibilities to postulate a few 

additional concepts in abrasive finishing processes. For 

example, 

 

Machining to Grinding (M2G): 

We can state the force relationship illustrated in figure 6 as:  

Grinding = Machining (Interaction 1.1) + Tribology 

(Interactions 1.2, 1.3, 2, 3 and 4). 

Then could we think of: 

(Grinding – Tribology) =  

                                 Machining (achieved using abrasive tools)  
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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 13 [43]. The tribological 

interactions may not be totally eliminated, since some of it is 

needed to achieve the surface modification and hence the better 

surface finish and accuracy achieved during the precision 

grinding processes. However for the new process to  

 

 
Figure 13 Comparison of MRR capability Vs. Tolerance 

for surface generation processes 
 

Tool 

Type 
Work 
Material 

Specific 

Cutting 

Energy 
(HP/in3/ 

min) 

MRR’ 
(In3/Min

./In.) 

Specific 

Cutting 
Energy  
(J/mm3 ) 

MRR’  
(mm3/ 

mm/ 

Sec.)  

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 (25) 

Abrasive 

Tool 

for M2G 

Ductile 
Iron 

2.74 1 - 15 7.39 
100 - 
150 

 
Table 3 Specific cutting energy in milling and M2G 

abrasive finishing processes 

 

be viable we will need the energy consumed for chip making 

during grinding (specific cutting energy) to be comparable to 

that during machining operations. Experimental results have 

been reported that show the SCE in grinding processes 

comparable to that achieved in machining. Table 3. This leads 

us to the possibility to conceive of Machining to Grinding 

(M2G) as a new process concept [44, 45] to bring the best 

advantages of the principles of machining together with the 

flexibility and adaptability of abrasive finishing processes.  

 

Figure 14 illustrates the application of the M2G process 

reported in the literature [46,47,48,49] where model 

components, hypoid gear and large helical gear are all 

machined from solid blank, entirely using abrasive tools. 

 

 
 
Figure 14 Samples of components finished by M2G process 

 
A - Model Component,  

B – Profiled slots in a model component 

C, D – Hypoid Gear ground from solid 
E, F – Large gears ground from solid 
 

Micro Grinding: 

Referring to Figure 12, it has been noted that abrasive finishing 

processes can be extended to extremely fine surface finish 

regions by reducing the chip thickness dramatically. In Lapping 

processes the surface is generated predominantly through three 

body abrasion processes. The estimated force per grain in 

lapping processes is very small compared to traditional 

grinding processes. But, since the abrasive grains are held loose 

(in a slurry) in the lapping processes the abrasion velocities are 

also small and the erosive wear during lapping leads to edge 

rounding and loss of planarity. If the force per grain is reduced 

dramatically – by using ultra-fine abrasive particles held fixed 

in an abrasive wheel – then the benefits of high MRR of the 

grinding process could be leveraged along with the desired 

surface finish while reducing the negative effects of the 

tribology in the three body abrasive wear in lapping processes. 

This result has been achieved in novel grinding processes 

referred to under various names such as grind honing, grinding 

in a lapping machine, fine grinding, FAVS
TM

, etc. [54, 55, 56]. 

 

Grinding of brittle materials: 

Now let us look at the grinding of brittle materials like carbides 

and ceramics. Here we need a closer look at the interaction 1.1 

– machining – described in figure 6. 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 tradeoff 

depending on the force/grain, radius of the abrasive grain 

indenting the work material and the volume of indentation 

(analogous to hc) per grain/work incidence [50]. This tradeoff 

is schematically illustrated in figure 15 [51]. While this trade 

off pertains only to interactions 1.1, all other interactions – 

which are all tribological in nature – must be respected in 

brittle materials grinding as well.  This total or comprehensive 

8 Copyright © 2015 by ASME



 

consideration of microscopic interactions can lead to unique 

results in brittle materials grinding. Any violation of these basic 

requirements will lead to dramatic consequences such as brittle 

fracture. These results are illustrated in figure 16 [52, 53]. 

 

 

 
 

Figure 15 Mechanisms in the grinding of ceramics 
 

 

 
 

Figure 16 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. 
 
 

DISCUSSION 
In this paper we have attempted to show a unified view of 

abrasive finishing processes as a collection of microscopic 

interactions based on the principles of machining and tribology. 

Many of the tribological solutions rely on the well-established 

mechanisms of adhesion, abrasion, corrosion, erosion, fatigue, 

etc. This unified view of abrasive finishing processes and the 

relevant tribological mechanisms at work are illustrated in 

figure 17. The framework outlined here 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 on tribology and chemical interactions 

simultaneously. 

 

 
 
Figure 17. Abrasive finishing process interactions and the 

governing tribological mechanisms 
 

While we have used only a few examples from the literature, 

there are innumerable examples practiced in a diversity of 

applications and industries illustrated in Table 1 that can be 

analyzed and optimized using the framework presented here.  

 

The microscopic interactions presented in this paper have not 

mentioned the role of coolants and lubricants. This is 

intentional only to simplify the presentation. Each of the 

interactions proposed, other than interactions 1.1 are 

tribological events subject to the influence of interface 

materials like lubricants and coolants.  

 

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 for conversion of input energy into these various 

components. 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 study the 

transient heat transfer in each of the microscopic events are 

needed for further conceptualization and development of novel 

abrasive finishing processes.  

 

The fact that the microscopic interactions and the related heat 

transfer events are short duration transient events in abrasive 

finishing processes are used advantageously in many abrasive 

finishing solutions. For examples polymer materials of low 

decomposition temperatures (<500
0
F) are used as bond 

materials to retain the abrasive grains, that produce chips that 

are visibly hot (>1000
0
F). These polymer bonded abrasive tools 

are also used for grinding hot steel billets.  

 

The dynamic instability in the abrasive finishing processes is 

often the cause of “chatter” leading to poor surface quality. But 

chatter need not be treated as a singular dynamic event. The 
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same solution does not resolve the problem of chatter in all 

instances. It may be desirable to study “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 the 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? 

 

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 

– as signals to correct the inputs. Generally such optimization is 

dependent on data specific to a given installation or 

experimental set up. However, as noted in Figure 1, the inputs 

come from four distinct groups. Their collective influence is 

experienced through the six synergistic microscopic 

interactions illustrated in figures 2, 6 and 17. Future 

optimization methods could incorporate these features. Then 

the optimization methods may be applicable more globally and 

across several installations and applications.  

CONCLUSION 
In this paper we have attempted to show the view of abrasive 

finishing processes as a symphony of machining and 

tribological interactions. While we have used only a few 

examples from the literature, there are innumerable examples 

practiced in a diversity of applications and industries illustrated 

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

established mechanisms of adhesion, abrasion, corrosion, 

erosion, fatigue, etc. This unified view of abrasive finishing 

processes, independent of applications, work material type, 

abrasive used or process conditions is illustrated in figures 2,6 

and  17.  
 

New development in industrial and consumer components – 

computers, i-phone, LED lighting, fuel efficient cars, jet 

engines that operate with less noise and better fuel 

consumption, security devices,… - all rely on surfaces 

generated with unique features and characteristics. Abrasive 

finishing processes are the corner stone for all these industrial 

developments. Instead of treating these developments as “black 

art” we have presented a cause and effect – scientific – 

approach. Every one of the microscopic interactions is also 

pathway to conceive and invent novel process solutions. We 

have illustrated a few such examples in this paper. We hope 

this methodology and understanding of the microscopic 

interactions will lead to more deterministic innovations in the 

future not only in abrasive finishing processes but by analogy 

in all manufacturing processes. 
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