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Abstract

Traditional approaches to understanding ultraprecision machining processes such as grinding, polishing, lapping, 
micromachining, machining, etc., have focused on developing analytical, semi-empirical and empirical models that 
seek to explain the output of processes based on many input variables. However, those models are not very well suited 
to providing inputs to develop improved abrasive products such as grinding wheels, lapping wheels, honing laps, coated 
abrasives, loose abrasives and their associated bonding systems and lubricants. In order to develop new products to 
improve ultraprecision processing of materials, it is necessary to focus on the mechanisms of microscopic interactions 
between abrasive products and the workpiece material. This paper reviews the current grinding theories and the meth-
ods employed to understand microscopic interactions due to cutting, plowing and sliding motions and how they can 
be used to develop new products using materials science principles that enhance and uniquely describe the removal of 
material in ultraprecision machining processes.
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1 Introduction

When considering microscopic interactions during the 
abrasive machining process based on forces, power and 
energy expended, computational techniques are required 
that directly measure the output of an ultraprecision 
machining process such as grinding (or abrasive machin-
ing) in order to fully ascertain which aspect of cutting, 
plowing and sliding are required to be utilized to gener-
ate the manufacturing cycle. With the advent of advanced 
computing techniques and the development of more 
sophisticated instrumentation associated with industry 
4.0 concepts, the measurement of tribological interactions 
during ultraprecision processing is becoming a practical 
reality and will be needed if we are to realize true precision 
at the nano and pico length scales.

The high strain rates experienced in ultraprecision 
grinding processes creates a deformation zone within a 
very thin plane depending on the thickness of the cut chip 

[1–3]. The de�ned geometry of the abrasive grits form a 
new surface and the shear strain rates are between  107 and 
 108 s−1 [4] and this causes plowing and/or sliding between 
abrasive and workpiece to dominate. The process of grind-
ing can best be described as plowing with a very shallow 
depth of penetration that is accompanied by very high 
contact stresses with subsequently high normal forces that 
creates microcracks on the surfaces coupled with much 
smaller tangential forces that creates the chips from pre-
cracked surfaces. If the bonding system interferes with 
chip formation, then rubbing and plowing remain domi-
nant during grinding. A reduction in the amount of bond 
and the geometrical size of the bond bridges will promote 
cutting rather than tribological interactions such as rub-
bing and plowing. Currently, there are six predominant 
interactions between wheel and workpiece. These are: (1) 
Abrasive/workpiece interactions: 1.1 cutting (machining, 
µ > 1 when chip formation is dominant rather than µ < 1 
which implies that surface crack formation is dominant), 
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1.2 plowing (material deformation, µ ~ 0.5 to 1) and 1.3 
sliding (µ ~ 1/6); (2) chip and bond sliding (µ ~ 0.3 to 0.5); 
(3) chip and workpiece sliding (µ ~ 0.3 to 0.5); and (4) bond 
and workpiece sliding (µ ~ 0.3 to 0.5) (Fig. 1).

Compared to traditional single point cutting operations, 
the grinding grit cuts the material then becomes blunt as 
time progresses creating a grit that plows and slides along 
the surface modifying the structure of the material in an 
uncontrolled manner. The ability to control these e�ects, 
both cutting and tribological, is at the heart of ultrapreci-
sion machining processes. If machining and surface modi-
�cation can be balanced during the grinding cycle then 
the microscopic interactions shown in Fig. 1 can be com-
plemented by the truing and dressing procedures, coolant 
application, and cycle design to produce a manufactur-
ing envelope that satis�es the user in terms of producing 
highly precise products in an acceptable time frame. This 
type of activity is fast becoming known as, ‘grinding sci-
ence’ by some authors and ‘material removal science for 
abrasive machining’ by others, and is heavily dependent 
upon developing materials for both abrasive grits and 
bonding systems that respond to operational parameters 
during the grinding cycle. The science of cutting and abra-
sion are well understood separately, but there is a grow-
ing need to understand how these two areas of science 
work together in a synergistic manner in order to realize 
ultra-precision processing at micro, nano and pico scales. 
In addition to this understanding, advances in materials 
science discoveries need to focus on product development 
so that measured parameters can be related to micro-
scopic and sub-microscopic interactions that are then 
integrated into the product development cycle.

2  Tribological interactions in ultraprecision 
machining processes

The literature is well documented when it comes to under-
standing the process of ultraprecision machining since the 
1950s by researchers in the United States of America such as 
Hahn, Lindsey, Malkin, Subramanian, et al. [1–10]. However, 
tribological interactions and models have been treated sep-
arately, or treated as a lumped parameter during this time 
owing to the complexity of fully understanding their role 
during ultraprecision machining processes such as grinding. 
Malkin and Guo [8] describe the current models of grinding 
that have been developed from an academic and a semi-
academic viewpoint to describe the grinding process as a 
series of equations using lumped parameters. The models 
and their associated equations are shown in Table 1.

The models are arranged in Table 1 to show the relevant 
equation and a physical description of the model for each 
lumped parameter. For instance, the total grinding force 
model [7] is generally described using the equation:

where F total is the total grinding force, F chip is the chip 
formation force, F sliding is the sliding force and F plowing is 
the plowing force. It must be remembered that the com-
ponent forces in the normal and tangential direction are 
given by:

(1)Ftotal = Fchip + Fsliding + Fplowing

(2)Fn = Fnchip + Fnsliding + Fnplowing

Fig. 1  Grinding wheel and workpiece interactions showing a ele-
ments of cutting, plowing and sliding and b de-composed interac-
tions showing sub-classi�cations of sliding interactions and associ-

ated force ratios (µ = Ft/Fn). Adapted from drawings provided by Dr. 
Michael Hitchiner  and Dr. Subramanian, Saint-Gobain Abrasives, 
Worcester, Massachusetts, USA
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Table 1  Grinding models 
according to Malkin and 
Guo [8]. Images courtesy 
of Professor Malkin and 
presented at the Saint-Gobain 
Grinding Symposium, 8th 
November 2012

noitpircseDnoitauqEledoM

Total Grinding 

Force Model 

Total Grinding Force: 

=  + +

Total Tangential Grinding Force: 

= + +

Total Normal Grinding Force: 

= + +

Development of forces as a 

function of wear flat area for 

steels 52100 and 1018 [7] 

Grinding Force 

Models  – 

Tangential and 

Normal 

Tangential Grinding Force: 

= + µ +

Normal Grinding Force: 

= + +

Negative rake angle cutting of soft 

metal showing chip, tool, 

workpiece and associated forces 

and kinematic relationships 

Plowing Force 

Model 

Tangential Plowing Force: 

= ( )

Normal Plowing Force 

= ( )

Plowed chip in soft metal 

Sliding Force 

Model 

Tangential Sliding Force: 

Normal Sliding Force: 

=  

Sliding path along soft metal 

plane showing path of sliding 
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Where Eqs. 2 and 3 refer to the normal and tangential 
components of force, respectively. The increase in forces 
is a function of the wear �at area that is generated on the 
surface of the active cutting edges and the description of 
force behavior for a number of engineering steels is shown 

(3)Ft = Ftchip + Ftsliding + Ftplowing
by Malkin [7]. When considering the individual parts of 
Eqs. 1–3, the models can be further analyzed in terms of 
their dependent variables. If we consider tangential and 
normal forces, we �nd that the tangential and normal force 
is dependent on the chip formation energy, u chip, work 
speed,  vw, wheel speed,  vs, grinding width, b, depth of 
cut, a, contact stress,  pc, e�ective wear �at area,  Ae�ective, 

Table 1  (continued)

Chip Formation 

Model 

Tangential Chip Formation Force: 

=

Normal Chip Formation Force: 

=

Chip forms in grinding [7] 

Contact Stress 

Model 

Contact Stress: 

= ∆

Curvature Difference: 

∆= − ≈

Contact stress development by a 

single cutting point in paraffin 

wax 

Area of Wear Flat 

Model 

Effective Wear Flat Area on the Abrasive Grit: 

= + −

Wear flat formation by sliding 

abrasive grit 
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Table 1  (continued)

Empirical Wear 

Flat Area Model 

Empirical Wear Flat Area: 

= −
)

Dressing Severity Parameter: 

=

Wear flats generated on the 

surface of a grinding wheel [7] 

Wear Flat Dulling 

Area Model 
=

Wear flat on individual abrasive 

grits 

Sliding Length 

Model 

Optical microscope arrangement 

to measure wear flat area between 

grinding cycles 

Specific Energy 

and Power Models 

Specific Energy Model (Energy/Volume): 

= + +

Grinding Power: 
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Table 1  (continued)

= + + =

Specific energy relationship for 

metals 

Chip Formation 

Energy/Power 

Model 

Chip Formation Energy: 

=

Power Required for Chip Formation: 

=
Chip formation energy 

characteristic 

Plowing Power, 

Sliding Power and 

Total Power 

Models 

Power Due To Plowing: 

=

Power Due to Sliding: 

Total Power: 

= ( )
+ Plowing force as a function of 

MRR 

Maximum 

Temperature 

Model 

=
1.13 √
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Table 1  (continued)

Jaeger’s moving heat source 

between grinding wheel and 

workpiece surface 

Heat Flux to 

Workpiece Model 
=

Thermally damaged workpiece 

materials 

Maximum 

Temperature 

Model with 

Alumina Grinding 

Wheels 

=
1.13√ − 0.45

Temperature measurement 

apparatus using during grinding 

Workpiece Burn 

Model at Critical 

Temperature 
∗ =

1.13√ − 0.45
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Table 1  (continued)

Surface of burned workpiece 

Critical Specific 

Energy Model at 

the Burning Limit 

∗
=

Critical specific energy at burning 

limit 

Critical Power 

Model at the 

Burning Limit 

∗
=

Critical Power at the Burning 

Limit 

Surface 

Roughness Model 
−

−

−

Surface roughness as a function of 

MRR 
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Table 1  (continued)

Out-of-Roundness 

Model 
= +

Out-of-roundness as a function of 

depth of cut 

Continuity 

Equation Model 

for Grinding 

Infeed 

( ) ( ) ( ) =

Infeed grinding cycle 

Deflection Model 

for Grinding 

Infeed 
=  = + +

Deflection of grinding wheel and 

workpiece material 

Infeed Rate, 

Depth of Cut, 

Wheel Wear, and 

Grinding Ratio for 

Grinding Infeed 

Infeed Rate and Depth of Cut: 

( )

Wheel Wear: 

( ) =
)

G-ratio: 

=

Centerless grinding machine with 

infeed capability 
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equivalent diameter,  de, plowing force,  Fplowing, and the 
friction coe�cient, µ:

where  kchip is a constant ratio associated with the chip 
formation and is ~ 2, and  kplowing is a constant ratio associ-
ated with plowing of the surface material and is ~ 2. The 
plowing force described in these equations is that caused 
by the path of the abrasive grit plowing into material at a 
critical removal rate of ~ 1 N/mm depth of cut. The associ-
ated normal and tangential plowing forces are:

The associated normal and tangential sliding forces 
are:

For the chip formation force models, both normal and 
tangential components require the chip formation speci�c 
energy, which is 13.8 J/mm3 for iron-carbon alloy materi-
als, and k chip ~ 2:

The contact stress is a function of the curvature dif-
ference between abrasive grit and cut workpiece, i.e. the 
cutting path radius, R, a�ects the contact stress by the fol-
lowing relationship:

where  pc is the contact stress,  cc is constant and Δ is the 
curvature di�erence:

(4)Ft =
uchipvwba

vs
+ �pcAeffectiveb

√

dea + Ftplowing

(5)

Fn =
kchipuchipvwba

vs
+ pcAeffectiveb

√

dea + kplowingFtplowing

(6)Ftplowing = Fplowing
(

vwa
)

(7)Fnplowing = kplowingFplowing
(

vwa
)

(8)Fnsliding = pcAeffectiveb
√

dca

(9)Ftsliding = �Fnsliding

(10)Ftchip =
uchipvwba

vs

(11)Fnchip =
kchipuchipvwba

vs

(12)pc = ccΔ

(13)Δ =
2

ds

−
1

R
≈

4vw

devs

where  ds is the wheel diameter, R is the cutting path radius, 
and  de is the e�ective diameter. The magnitude of grinding 
forces and the subsequent stresses generated on the sur-
face of the workpiece material is dependent on the wear 
�at area of each active abrasive grit and the e�ective wear 
�at area model is:

where  Ao,e�ective is the initial e�ective wear �at area,  Adull is 
the dulling of the grit due to wear by attrition, and  Asharp 
is the self-sharpening e�ect caused by attrition of the grit. 
The initial wear �at area an empirical measure of wear �at 
area and is dependent on the dressing lead and the depth 
of cut during the dressing operation:

where  Ao and  A1 are empirical parameters, f(w) is a param-
eter that depends on the type of lubricating �uid used 
and the Abrasive grit type, and δ is the dressing severity 
parameter:

where  ao is the initial dressing depth,  sd is the dressing 
feed and  ad is the dressing depth. After grinding begins 
the abrasive grit will progressively wear away by attrition 
and is calculated, thus:

where  kl is the wear constant for a speci�c grinding wheel 
and workpiece and  lsliding is the accumulated sliding dis-
tance. When considering the sliding length along the path 
of grinding the wear �at area is a function of the wheel-
workpiece contact length:

where  lc is the wheel-work contact length,  lc = (a.de)0.5 and 
 de = ((dw.ds)/(dw ± ds)). When the chip begins to be cut by 
the engagement of an abrasive grit, the speci�c energy 
and power models surrounding the grinding process are:

where the total speci�c energy and power is composed of 
the components of chip formation, sliding and plowing of 
the workpiece material. The energy and power equations 
associated with chip formation are:

(14)Aeffective = AO,effective + Adull − Asharp

(15)AO,effective = −AOln

(

A1�

f (w)

)

(16)� = aOs
1.75

d
a
0.75

d

(17)Adull = kl lsliding

(18)lsliding =
t

∫
0

vslc

�ds
dt

(19)u = uchip + usliding + uplowing

(20)P = Pchip + Psliding + Pplowing = Ftvs
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Where the chip formation energy = 13.8 J/mm3 and µ ~ 3. 
The power associated with plowing and sliding interac-
tions are:

Total power being, P = Pchip + Psliding + Pplowing , and 
subsequently,

In addition to modelling forces, power and energy 
in grinding, one output that can be considered detri-
mental to producing a crack-free surface is the rise in 
temperature. Therefore, much effort has been put into 
thermal modelling of the grinding process and is very 
well documented [8]. The maximum temperature can be 
calculated using the following model:

where k is the thermal conductivity, a is the depth of cut, 
 vw = work speed, α is the thermal di�usivity,  qw is the heat 
�ux partitioned to the workpiece and  de is the equivalent 
diameter. The heat �ux to the workpiece is, qw =

�P

blc
 , where 

ε is the heat partitioned to the workpiece along the con-
tact length, lc =

√

ade  with an the effective diameter, 
de =

dwds

dw±ds

 . For alumina grinding wheels, the maximum 

temperature is:

The model used for predicting workpiece burn at a 

particular critical temperature θ* where a phase trans-
formation occurs in the material is provided by:

The critical specific energy at the burn temperature is,

(21)uchip =
Ftchipvs

bvsa

(22)Pchip = uchipvwba

(23)Ptplowing = Ftplowingvs

(24)Psliding = �pcAeffective

√

deavsb

(25)P = uchip
�

bvwa
�

+ �pcAeffectiveb
√

deavs + Ftplowingvs

(26)�maximum =

1.13qw
√

�a0.25d0.25

e

k
√

vw

(27)�maximum =

1.13
√

�a0.75
√

vw
�

u − 0.45uchip
�

kd0.25

e

(28)�
∗
=

1.13
√

�a0.75
√

vw
�

u − 0.45uchip
�

kd0.25

e

(29)u
∗
= uo + Bd

0.25

e
a
−0.75

v
−0.5

w

where  uo = 0.45.u chip and B =
k�∗

1.13
√

�
 . For the case of steel, 

B = 7.2 J/mm2 s1/2 and  uo ~ 6.17 J/mm3. The critical power 
at the burning limit is:

It should be noted that there is no workpiece burn 
when P < P*. The model used to predict the generated 
surface roughness is:

where Ra,∞ = Rg
(

Q
�

w

)�

 and Ra,O = ROs
x
d
a
y

d

(

Q
�

w

Vs

)�

 . It must 

be remembered that  Vw′ is the accumulated metal removal 
per unit width,  Vo′ is a constant,  Ro is constant,  Qw′ is the 
removal rate per unit width  (mm2/s), x, y and γ are con-
stants, typically: x = 0.75, y = 0.5 and γ = 0.33. The associ-
ated out-of-roundness of cylindrically ground components 
are modelled as a function of the depth of cut. The model 
equation is:

where the out-of-roundness, r, is equal to the constant, 
 rm (which is equal to 2.4 µm) plus the wheel depth of cut 
multiplied by the constant,  ro, which is approximately 
equal to 1. In order to incorporate these models into the 
manufacturing envelope for minimizing burn, generating 
the correct surface �nish and minimizing out-of-round-
ness for cylindrical workpieces, grinding systems must be 
adapted to respond to the operational parameters being 
monitored. This requires models that control the level of 
infeed of the grinding wheel to the workpiece material 
and is usually modelled using a continuity equation, thus:

where v(t) = a.nw, w(t) = (v(t).dw/G.ds), and  Fn = ks.δ. Here, 
a = depth of cut,  nw = workpiece speed,  dw is the diameter 
of the workpiece,  ds is the diameter of the grinding wheel, 
G is the grinding ratio,  Fn is the normal grinding force,  ks 
is the sti�ness of the wheel and δ is the de�ection. The 
de�ection is proportional to the normal force and is a func-
tion of the overall grinding system sti�ness:

The actual infeed and depth of cut is v(t) = a.nw, the 
wheel wear is w(t) = (v(t).dw/G.ds), and the grinding ratio 
(or G-ratio), G = go  (Qw′/vs)

−g.
Such models can now be utilized in real time with the 

advent of powerful computing techniques. The advantages 

(30)P
∗
= uobvwa + Bbd

0.25

e
a
0.25

√

vw

(31)

(

Ra − Ra,∞
)

(

Ra,0 − Ra,∞
) = exp

(

−V
�

w

V
�

O

)

(32)r = r
m
+ r

o
a

(33)u(t) − v(t) − w(t) =
d�

dt

(34)Fn = kg� ∶ where k−1
g

= k−1
s

+ k−1
w

+ k−1
a
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of using such techniques for advanced machining processes 
include better control of the machining process, optimum 
cycle time, optimized surface �nish, less consumed power 
and energy during the machining process, the elimination of 
burning and the generation of compressive residual stresses. 
The advantages are also environmental normally associated 
with minimizing the subtraction of workpiece material and 
the minimal removal, or wear, of the cutting tool.

When considering the abrasive machining process of 
a speci�c or known cycle time, measurements are taken 
during the abrasive machining process are focused on the 
threshold component of power is normally a function of the 
initial material removal rate (MRR) while the induced power 
(that is proportional to increasing MRR) is a cutting compo-
nent of power (interaction 1.1). Thus,

The threshold component  (Pth) is associated with sliding 
and plowing and the cutting component of power  (Pc) is 
treated as the energy per unit time that is needed for form-
ing chips [5, 6]. This statement is applicable to processes that 
re-sharpen during grinding causing the power component 
of cutting to be relatively constant (Fig. 2).

(35)P = Pth + Pc

The total power developed during the process is:

where x is a time-dependent change in the threshold 
power at t = t, and y is the time-dependent change in the 
cutting (interaction 1.1) component of power, also at t = t. 
If x + y = 0, the grinding wheel self-sharpens. If power is 
variable as shown by the shaded area in Fig. 2, then the 
grits are dulling, the bond is eroding away and coolant 
e�ects are dominating the process because the coolant 
clears away the grinding chips and controls chip re-circu-
lations. The level of grinding intensity (or grinding cycle) 
is a combination of roughing, semi-�nishing and �nish-
ing for a particular MRR [7, 8]. There are roughing and 
�nishing components corresponding to MRR levels for a 
plunge grinding process (Fig. 3). The threshold component 
of power is independent of chip generation [9]. Threshold 
e�ects exist in traditional machining processes and is small 
compared to the e�ects of shear.

A power signal is superimposed from the �rst and the 
fifth cycles corresponding to the grinding of compo-
nents 1–5. For the �fth and �nal cycle, threshold power 
and its rate of development has altered (Fig. 3). Advances 

(36)P = Pth(t = 0) + Pc(t=0) + x + y

Fig. 2  Time-dependent behav-
ior of ultraprecision machining 
processes: a the projections 
of power as a function of time 
to MRR  (Qw′) and associated 
equations. b A is the threshold 
power indicating grit sharp-
ness and e�ects plus the open 
or closed behavior of the abra-
sive product, B is the cutting 
component of power depend-
ing on material, MRR and 
undeformed chip thickness, x 
is a time-dependent threshold 
power due to wear �at forma-
tion, bond erosion and coolant 
e�ects, and Y is the time-
dependent frictional power 
that depends on coolant, 
�ltration e�ects and the type 
of material ground. Adapted 
from drawings provided by 
Dr. Michael Hitchiner and Dr. 
Subramanian, Saint-Gobain 
Abrasives, Worcester, Massa-
chusetts, USA
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in grinding wheel and dressing tool designs allow engi-
neers to grind up to 5000 components without the need 
for dressing the wheel. This means that there is a steady 
change in power over time and the change over time cor-
responds to the type of microscopic interactions that take 
place between wheel and workpiece. Therefore, to con-
trol grinding processes a thorough understanding of how 
the grinding wheel performs over that period of time is of 
great interest to develop better abrasive products. Clearly, 
power as a function of time is decomposed to four stages: 
initial threshold power,  Pth (t = 0), variation in threshold 
power at a speci�c moment in time,  Pth (t = t), power for 
chip making,  Pc, and cutting power caused by the e�ects 

of chip friction,  Pf (t = t). The relationship of the parameters, 
 Pth (t = 0),  Pth(t = t),  Pc, and  Pf (t = t) and microscopic interac-
tions (The threshold initial e�ect,  Pth (t = 0), is due abrasive 
grit/workpiece sliding (1.2 and 1.3) and is steady (Fig. 4). 
The variation in  Pth with time,  Pth (t = t), is caused by the 
time-dependent nature of grit/workpiece sliding as well 
as certain bond/workpiece sliding features. If the abra-
sive grit fractures or wears by attrition, the  Pth (t = t) may 
decrease in value (characteristic of fused abrasive grits). 
For tougher abrasive grits, then  Pth (t = t) could increase in 
value (engineered ceramic abrasive grits). Chip creation 
power is denoted by  Pc [9, 10]. Changes in  Pf (t = t) caused 

Fig. 3  The level of power and 
components of the cycle: a 
raw data showing power and 
displacement as a function 
of time; b power cycle as a 
function of time for one and 
�ve ground components 
superposed to the power 
versus MRR graph show-
ing associated microscopic 
interactions for the �rst and 
�fth cycle. Adapted from draw-
ings provided by Dr. Michael 
Hitchiner and Dr. Subrama-
nian, Saint-Gobain Abrasives, 
Worcester, Massachusetts, USA
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by chip/tool and chip/workpiece friction (interactions 2 
and 3) will cause e�ects that vary with time.

The process of cutting (interaction 1.1), or the single 
shear plane chip making process, is generally described 
by Timme, Piispanen and Ernst and Merchant’s models 
for small chip thickness ratios (Fig. 5) [11]. The shear zone 
models for large chip thickness ratios are described by 
Zorev and Briks are shown in Fig. 6.

It is noted from physical observations of machine sur-
faces that cut surfaces do not always conform to the path 
and contours formed by the cutting tool and are modi�ed 
by irregularities that extend in the direction perpendicular 
to the directions of �owing chips. This makes it di�cult 
to assess whether the single plane shearing model or the 
shearing zone model is applicable to any one machin-
ing operation. Therefore, the chip thickness ratio  (rc = t1/

Fig. 4  Frictional interac-
tions decomposed into their 
components and their power 
e�ects. Adapted from draw-
ings provided by Dr. Michael 
Hitchiner and Dr. Subrama-
nian, Saint-Gobain Abrasives, 
Worcester, Massachusetts, USA

Fig. 5  Single shear plane models: a schematic showing the simpli-
�ed single shear plane model developed by Timme; b Piispanen’s 
model; c Ernst and Merchant’s free body diagram for the chip; d 
Ernst and Merchant’s corrected circle of forces and e photoelastic 

model showing a primary shear plane when cutting with a small 
chip thickness ratio [11]. Adapted from drawings provided by Prof. 
Viktor Astakhov, Michigan State University, USA
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t2) must play a part in determining which model to use 
and when one looks at the images of celluloid being cut 
in Figs. 5 and 6, it appears that very small chip thickness 
ratios  (rc < 1) generate single shear planes, while larger 
chip thickness ratios  (rc > 1) generate shear zones.

Grinding processes are cutting processes with tribologi-
cal interactions. When the machining component is mag-
ni�ed during rough grinding processes, chip morphology 
can be characterized and the chips are identical to chips 
produced using single-point cutting tools and inserts 
(Fig. 7).

For interaction 1.1, Ernst and Merchant’s model pro-
vides the force ratio to be Fc/Fn > 1. Reference [12] pro-
vides experimental data for orthogonal machining pro-
cesses (Table 2) [12]. Plowing interactions (interaction 1.2) 
are similar to the hydrostatic stresses built up in a fully 
plastic shear zone. Therefore, Ft/Fn ~ 1 for interaction 1.2. 
Sliding interactions (interaction 1.3) between two bodies 
of variable hardness produce tangential forces,  Ft, that are 
proportional to the shear yield stress and the normal force, 
 Fn, is in proportion to the hardness of the soft body [13]. 
The force ratio,  Ft/Fn ~ 1/6, for interaction 1.3, is dominated 
by the real area of contact. Malkin [14] generated grind-
ing data between abrasive grits and workpiece materials 

in terms of the real area of contact and is shown in Fig. 8 
and Table 3.

From the data given (Table 3), the force ratio changes 
rapidly for all materials tested once the real area of con-
tact decreases to approximately 2% to 8% indicating that 
there is a reduction in tangential force to ~ 1/6 because 
the type of interaction has changed from cutting and 
plowing to sliding. To prevent these sliding interactions 
from increasing the surface temperature of the work-
piece, lubricating coolants are usually used to prevent 
the rapid rise in temperature and the subsequent surface 
damage being inflicted upon the surface of the work-
piece. Under these conditions, the coefficient of sliding 
friction, µ, is usually between 0.3 and 0.5 [15–18]. Hence, 
the process of grinding becomes a delicate control of 
the force vectors detailed in Figs. 2 and 4. The grinding 
cycle seeks to control those forces and depending on the 
type or types of interaction(s), the power components 
of  Pth(t = 0),  Pth (t = t),  Pc and  Pf(t = t) increase or decrease 
based on the grinding process. The size of the power 
components can also be modulated depending on the 
type of abrasive grit (mechanical and thermal properties) 
and the in-process change of shape and the tribologi-
cal characteristics of the abrasive grits and the bonding 
system in which they are held. The application of the 

Fig. 6  Single shear zone mod-
els: a Zorev’s qualitative model; 
b Zorev’s simpli�ed model; c 
Briks’ model; and d photoelas-
tic model showing lines of con-
stant shear within a shear zone 
when cutting with a large chip 
thickness ratio [11]. Adapted 
from drawings provided by 
Prof. Viktor Astakhov, Michigan 
State University, USA
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principle interactions are explained in the next section 
in the form of industrial case studies.

2.1  Case studies

A number of studies have been conducted by Subrama-
nian et alia [1] based on the development of abrasive 

products by Saint-Gobain Corporation have been devel-
oped and used as training aids for students of grinding 
science.

2.1.1  Abrasive grits

Experiments were conducted to see if dressing affects 
two types of abrasive grits grinding bearing steel includ-
ing brown aluminum oxide (friability ~ 35.6) and white 
aluminum oxide (friability ~ 56.6) [19]. Grinding wheels 
dressed between grinding cycles and continued to 
grind steel. The data generated is shown in Fig. 9 and 
the power as a function of metal removal rate (MRR) is 
shown in Fig. 10. The parameters derived from the exper-
imental data are shown in Table 4.

The threshold effects for grinding bearing steel with 
white aluminum oxide is ~ 0. The cutting component of 
power,  Pc, and its specific cutting energy (SCE, where 
SCE = PC/MRR) is similar in magnitude. However, brown 
aluminum oxide has a lower SCE after dressing meaning 
that a tough abrasive grit is better at cutting immedi-
ately after the dressing process. Also, chip friction inter-
actions (interactions 2 and 3) are low at an SCE value of 

Fig. 7  Chip formation by cutting during grinding (sliding interac-
tion 1.1): a 1018 low carbon steel; b stainless steel; c cross sectional 
area of cut chip; and (d and e) lamellar structure of grinding chips. 

Micrographs provided by Dr. Michael Hitchiner, Saint-Gobain Abra-
sives, Worcester, Massachusetts, USA

Table 2  Force components,  Fc and  Fn and the corresponding force 
ratio for an orthogonal machining experiment [12]

Time (min) Cutting force 
Fc (N)

Thurst 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
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100 J/mm3 and that the amount of power above that 
threshold point are effects caused by friction between 
chip and abrasive grit.

2.1.2  Coolant

Experiments were conducted to see if the type of coolant 
used in precision grinding reduces sliding friction e�ects. 
A nickel-based aerospace alloy ground using neat oil and 
water-soluble oil was used in the experiments [16]. The 
resulting grinding force charts as a function of MRR were 

constructed to develop the understanding of the force 
components during grinding.

It was noted that as chip formation elements, cBN grits 
do not change their morphology radically as a function 
of time. However, chip friction e�ects dominate but are 
minimized when neat oil is used as the cooling medium, 
implying that neat oil provides a greater lubricating e�ect 
than using water-soluble oils [16]. It is noted that coolant 
e�ects on the degradation of abrasive grit and bonding 
system is not well documented in the literature and this is 
an area that is ripe for research understanding especially 
when considering degradation of abrasive grits and bond-
ing systems due to thermal e�ects.

2.1.3  Dressing

Table 5 shows the e�ects of dressing D2 die steel with high 
hardness (60 HRC). Vitri�ed bonded wheels (A80J5V) are 
used to understand the use of coarse and �ne dressing 
conditions using a blade dressing tool. The grinding cycle 
was measured in terms of power and displacement [17]. 
Figure 11 shows the raw data generated using the power 
meter and the LVDT that measures displacement [18]. 
The Power as a function of MRR was developed and the 
derived parameters of  Pth and SCE are shown in Fig. 12 and 
Table 6. Hardened tool steels are typically di�cult to cut, 
so it is relatively easy visualize the threshold power that are 

Fig. 8  Grinding force components for surface plunge grinding 
of: a two steels (AISI 1018 and 52100); b three non-ferrous met-
als (molybdenum, niobium and 130A titanium) all ground with 
vitri�ed grinding wheels (32A46); and c schematic diagram show-

ing wear �at and micrograph of wear �at area on abrasive grits. 
Grinding conditions: Vs = 30  m/s, ds = 200  mm, Vw = 4.6  m/min, 
a = 25 mm, b = 6.4 mm [8, 14]. Adapted from drawings provided by 
Prof. Steve Malkin, University of Massachusetts, USA

Table 3  Grinding forces and ratios (experimental data from Fig.  9) 
[14]. Adapted from data provided by Prof. Steve Malkin, University 
of Massachusetts, USA

*Forces after the change in slope

Material ΔFt (N) ΔFn (N) Ft/Fn

1018 Steel 5 12 0.42

52100 Steel 3 12 0.25

1018 Steel* 22 130 0.16

52100 Steel* 13 94 0.15

Molybdenum 43 85 0.54

Niobium 28 60 0.46

Titanium 15 25 0.64
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Fig. 9  Power as a function of 
grinding time for one grinding 
cycle: a prior to dressing with 
diamond and b post dressing 
with diamond [1]. Courtesy 
of Dr. Subramanian, STIMS 
Institute

Fig. 10  Power as a function 
of MRR before and after the 
dressing of two alumina grits 
using a diamond dressing tool 
[1]. Courtesy of Dr. Subrama-
nian, STIMS Institute
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responsible for plowing and sliding interactions (1.2 and 
1.3) between abrasive grits and the workpiece material.

Alumina grits readily fracture when grinding and 
dressing, so the constant value of  Pth for coarse dress-
ing and for fine dressing tends to indicate small changes 
in grit morphology. Coarse dressing tends to open up 
spaces in the wheel and allows the grits to cut with 
low power, Pc, and SCE tends to show that this is the 
case for coarse dressing, suggest that the difference in 

SCE of ~ 24 J/mm3 is an effect of increased chip friction 
(interactions 2 and 3), which indicates that less cutting 
is taking place and that the surface roughness is better 
than dressing with coarse dressing conditions as shown 
in Table 5.

The effects of dressing on the degradation of abrasive 
grit and bonding system is also not well documented in 
the literature and this is also an area of research that is 
needed to understand the degradation of abrasive grits 

Table 4  Threshold power, 
 Pth, and the speci�c cutting 
energy (SCE) for white and 
brown fused alumina grits [1]. 
Courtesy of Dr. Subramanian, 
STIMS Institute

Abrasive type Before dressing After dressing

Pth (kW) SCE (J/mm3) Pth (kW) SCE (J/mm3)

Brown aluminum oxide (tough) 0 110 0 181

White aluminum oxide (friable) 0 100 0 129

Table 5  Coarse and �ne dressing parameters for alumina grinding wheels [17, 18]. Data adapted courtesy of Dr. Subramanian, STIMS Insti-
tute

Cycle Stock removed (diameter) (mm) MRR  (mm3/s)

Grinding cycle

 Rough 0.80 mm at 0.66 mm/min 40

 Semi-�nish 0.15 mm at 0.33 mm/min 20

 Finish 0.05 mm at 0.16 mm/min 10

 Spark-out 15 revolutions

 Wheel speed 45 m/s

 Work speed 26 m/min

Case Infeed (μs) Dressing overlap ratio No. of cycles

Dressing cycle details

 Fine dressing 0.015 12 2

 Coarse dressing 0.040 6 2

 Dresser spec. Blade tool

Fig. 11  Grinding signal 
obtained after coarse and 
�ne dressing [17, 18]. Figure 
adapted courtesy of Dr. Subra-
manian, STIMS Institute
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and bonding systems due to the mechanical effects of 
dressing.

3  Materials science in ultraprecision 
machining processes

3.1  Abrasive grits

The development of abrasive grits focused on the con-
trol of threshold effects (interactions 1.2 (t = 0) and 1.3 
(t = 0)) to minimize the resultant  Pth (t = 0). This may or 
may not serve its purpose of achieving certain aspects 
of the grinding cycle, but not all such as cycle time, 
workpiece burn or surface finish requirements [19, 
20]. Abrasive grits were dressed periodically to create 
sharp edges for cutting in between cycles in order to 
alternate between cutting (interaction 1.1) and sliding 
(interactions 1.2, 1.3 and 4) to achieve surface modifica-
tion effects. Grits were designed to be friable and their 
ability to splinter easily was used effectively to dress 
between cycles. This allowed time-dependent variations 
of interactions 1.2, 1.3 and 4 to be ignored. However, if 

interaction 1.1 is sustained for longer periods of time, 
then the time dependency of 1.2 (t = t), 1.3 (t = t) and 4 
(t = t) becomes significant. In effect, the sharpening of 
grits is dependent upon cutting metal rather than rec-
tification by dressing grits that splinter easily. With the 
reduction in non-productive time for dressing, more cut-
ting takes place and cycle times are reduced. To satisfy 
this need, abrasive grits need to be ‘engineered’ by con-
trolling the micro and nanostructure of abrasive grits by 
coating [21], alloying alumina with zirconia [22], and by 
doping [23, 24]. This has led to alumina grits being close 
in performance to the superabrasive grit known as cubic 
boron nitride (cBN) [25]. To understand how materials 
science plays a role in understanding the grinding pro-
cess, Hahn and Lindsay [26] and Subramanian and Lind-
say [27] created a systems approach of understanding 
how each mechanism of grinding developed by Malkin 
et alia [28–31] was affected by the design of the abra-
sive grain. Consequently, there has been an explosion 
in engineered grit shapes especially by forming to very 
specific shapes to control and optimize chip size and 
shape for high stock removal applications [32]. Devel-
opments in the understanding of high-speed grind-
ing [33], high efficiency deep grinding [34] and creep 
feed grinding [35] have also led to the development of 
new grains and wheels and their associated microstruc-
tures [36]. Agglomerated grits with controlled strength, 
sharpness and permeability to minimize burn and fric-
tional effects in finish grinding applications have been 
developed in recent years [36, 37]. The individual fric-
tional interactions between abrasive grits and work-
piece materials have been studied by Marinescu et alia 
[38] and further refined by Subramanian et alia when 
studying surfaces [39], ceramics materials [40–43] and 

Fig. 12  Power as a function of 
MRR and the derived values 
of  Pth and SCE [17, 18]. Figure 
adapted courtesy of Dr. Subra-
manian, STIMS Institute

Table 6  Grinding parameters for coarse and �ne dressing regimes 
[17, 18]. Data adapted courtesy of Dr. Subramanian, STIMS Institute

Parameter Dressing regime

Fine Coarse

Speci�c cutting energy (Uc) (J/mm3) 62 38

Threshold power (Pth) (W) 370 370

Surface roughness  (Ra-) (µm) 0.32 0.56

Surface roughness  (Rz) (µm) 2.30 3.50
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by Lindsay who studied the concept of the manufactur-
ing envelope in grinding [44]. The grinding of complex 
shapes [45] requires an understanding of tribological 
interactions that occur in sequence and in parallel [46], 
and this knowledge has allowed the further advance-
ments in the design of wheel structures [47] that remove 
large amounts of materials from stock items such as gear 
blanks and die blocks [48, 49]. Further analysis of the 
behavior and performance of abrasive particles in terms 
of specific grinding applications are described in great 
detail by Jackson and Hitchiner [36].

3.2  Engineered abrasive grits [36]

Engineered abrasive grits are composed of nanoscale fea-
tures manufactured by the sol- and seeded gel process 
that includes sintering and agglomeration of the grains. 
The abrasive grits made micro-fracture and are micro-
dressed, improving grinding ratio and grindability com-
pared to conventional abrasive grits produced by the con-
ventional fusion process.

Higher threshold forces are normally required to cre-
ate a self-sharpening effect in engineered abrasives. In 
conventional grits, reducing crystal sizes from the mac-
roscale to the microscale to sizes < 500 nm, the crystal-
line structure is significantly enhanced [36]. The consoli-
dation of α-alumina with a homogeneous and densified 
grit structure starts with the manufacture of Boehmite 
(γ-aluminium oxide hydroxide γ-AlO (OH)). When mixed 

with water and acid, aluminum hydrate  (Al2O3.H2O) with 
a size ~ 100 nm is dehydrated, shaped and sintered to 
form abrasive grits. Two paths have been developed to 
reduce activation energy and control crystal form and 
size (Fig. 13a). The first path promotes the creation of a 
multi-composite structure through the use of appropri-
ate seeding agents, the second path is the production 
of single α-alumina structure (Fig. 13b–d).

Patents cite the use of MgO that forms a bi-composite 
structure of α-alumina plus  MgAl2O4 ~ 25% by volume 
when sintered (Fig.  13b). A large number of patents 
report multi-phase systems using various modify-
ing agents including  ZrO2,  Mn2O3,  Cr2O3, NiO and rare 
earth oxides. A popular grit containing MgO together 
with  Y2O3 and other rare earth oxides such as  La2O3 and 
 Nd2O3 produces a very hard grit (~ 19GPa) with a sub-
micron magnetoplumbite acicular structure of formed 
from using these particular modifying agents (Fig. 13c). 
The alternative route to controlling crystallization rates 
is by seeding the solvent with nano-scale (< 100 nm) 
α-alumina or with other compounds (α-ferric oxide or 
titanates). Additions of between 1 and 5% of seeding 
agents create a heterogeneous nucleant by increasing 
the number of nucleation sites from  1011 to  1014/cm3, 
and an average crystal size of ~ 400 nm (Fig. 13d). Special 
bonding systems have been developed to be sintered 
at < 1000 °C. Sol–gel manufacturing allows the control 
of abrasive grit shape. Crushing and milling methods 
produce strong (blocky) or weak (angular) shapes where 

Fig. 13  a Sintered aluminum 
oxide grit made with Boehmite 
without modifying agent 
(image size 3 μm × 3 μm); b 
Sintered aluminum oxide 
grit made with Boehmite 
and MgO modifying agent 
(image size 3 μm × 3 μm); c 
Sintered aluminum oxide grit 
made with Boehmite and 
MgO,  Y2O3,  La2O3 and  Nd2O3 
modifying agents (image 
size 1.5 μm × 1.5 μm); and 
d Sintered aluminum oxide 
grit made with Boehmite and 
seeding agent (image size 
1.5 μm × 1.5 μm) [36] Courtesy 
of Dr. Michael Hitchiner of 
Saint-Gobain Abrasives
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angularity can be increased by careful processing of 
soft, dried pre-sintered material (Fig. 14). manufactur-
ing techniques have been developed to extrude grits as 
rectangular prisms with aspect ratios of 8:1 and having 
the appearance of surfaces that are defect free (Fig. 15).

The latest developments in abrasive grit technology is 
focused on controlling spinel inclusions at grit boundaries 
so that it can be micro-dressed with dress depths in the 
5–15 µm range to generates sharp and durable cutting 
edges (Fig. 16).

As with all new shapes of abrasive grits, although pack-
ing density can be controlled to a large extent by shape, 
the threshold forces required to sharpen the edges of 
these grits is much higher than for fused abrasive grits. 
One way to control this aspect is to produce a porous grit 
by agglomeration of smaller grits using an appropriate 
bonding agent. Agglomerated grits require lower thresh-
old forces to fracture the agglomerate and this leads to 
coarse micro-fracturing compared to engineered ceramic 
grits. However, no wear �ats are generated thus produc-
ing a continuous form of cutting (interaction 1.1) and the 
elimination of plowing and sliding (interactions 1.2 and 
1.3) due to the non-formation of wear �ats. A stronger 
bond is usually used in these types of products in order 

Fig. 14  a Engineered ceramic grits produced by milling; b friable 
angular grits produced by crushing; c weak angular grit produced 
by crushing in the green state; and d extruded ceramic grits [36] 
Courtesy Saint-Gobain Abrasives

Fig. 15  Manufacturing process for producing extruded ceramic grit and the resulting triangular ceramic grits [36]

Fig. 16  Engineered abrasive 
grit microstructure showing a 
standard seeded gel and b spi-
nel enhanced microstructure 
[36] Courtesy of Dr. Michael 
Hitchiner of Saint-Gobain 
Abrasives
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to reduce chip/bond and workpiece/bond friction, which 
also provides a longer life wheel or one that is much better 
at pro�le grinding [50].

3.3  Agglomerated abrasive grits [36]

Agglomerated abrasive grits are produced by fusing 
grits, comminution, agglomeration, sintering, and re-
comminution of sintered grits. Since the size, shape and 
chemistry of the crystals are controlled by the initial com-
minution process, the performance variations in resulting 
grinding properties are enormous. Also, blending of dif-
ferent (Fig. 17) grits in the same grinding wheel creates 
the opportunity to combine grits that allows engineers 
to control microscopic interactions during the grinding 
of di�cult-to-machine workpiece materials such a s those 
used in the aerospace industries.

Agglomerated grits provide a naturally high level of 
porosity making them particularly attractive for creep 
feed grinding applications. In addition, the creation of 
very sharp and crushed crystals in the initial comminu-
tion process combined with controlled strength in the 
agglomeration binder allows controlled crystals to be 
pulled out of the grinding wheel to minimize wear �at 
formation, resulting in very low surface temperatures on 
heat sensitive materials [36, 50]. The synthesis of supera-
brasives that maximizes interaction 1.1 was developed 
for the processing of difficult-to-machine superalloys. 
The slower the rate of change of grit morphology due to 
tribological interactions, the longer grinding process inter-
actions can be sustained at quasi-equilibrium conditions. 
The abrasive grit is a cutting tool and a tribological slider 
[27]. Wear by attrition and the generation od wear �ats 
has been extensively studied by Malkin and Cook [28] and 
with smaller abrasive sizes wear �ats are common. Abra-
sive grits to reduce the sliding interaction between the 
cBN grit/workpiece interface would require the reduction 
in the number of grits for small grit sizes. Large wear �ats 
in the diamond grits also rub against the grinding wheel 
and result in larger wear �ats on the abrasive grits in the 

grinding wheel. CBN grinding wheels used in such a man-
ner result in high normal and tangential threshold forces 
(due to microscopic interaction 1.3). The cutting process 
(interaction 1.1) is in�uenced by the size of the chip gener-
ated, generally referred to as the equivalent chip thickness 
 (hc). In grinding processes  hc is the resultant of a number 
of process parameters (Fig. 18) [29]. An increase in chip 
thickness leads to more chip formation (lower SCE). The 
chip thickness in abrasive �nishing process can vary over 
a wide range depending on the nature, size and distri-
bution of the abrasive/workpiece contact area. Several 
methods have been proposed and deployed to increase 
the chip thickness, such as increasing the depth of cut (d) 
as in creep feed grinding, and increasing the work speed 
 (Vw) and the depth of cut simultaneously such as high MRR 
grinding [30–32]. In ultraprecision grinding processes the 
number of chips produced per unit time can be increased 
by increasing the wheel speed, while maintaining a con-
stant  hc and this situation been exploited in the develop-
ment of high speed grinding processes such as high e�-
ciency deep grinding [33, 34].

However, all other microscopic interactions need to be 
monitored and controlled to �nd the optimum grinding 
condition. There are many ways to control sliding inter-
actions between grinding wheel and workpiece includ-
ing higher porosity in grinding wheels [35], controlling 
the physical construction and chemistry of the interface 
between abrasive grit and bonding system using high 
temperature spinel and cordierite phases [36], controlling 
the wear behavior of the bonding system using lithium 
feldspars such as petalite, lepidolite and spodumene [37], 
and methods that in�uence wheel surface morphology 
[38] (Fig. 19). Since 2010, the development of engineered 
grits, shaped and high aspect ratio grits, agglomerated 
grits and high strength bonding systems has created 
abrasive products that extend wheel life beyond that of 
conventional abrasive products (G-ratio between 200 and 
500), increased MRR in excess of 75 mm3/mm, reduced the 
amount of energy used in grinding closer to those used 

Fig. 17  Norton Vortex ™ 
agglomerated alumina grits: 
a agglomerated grits bonded 
with Vitrium 3™ bonding 
system and b collection of grits 
bonded with the Vitrium 3™ 
bonding system [36, 50]. Cour-
tesy of Dr. Michael Hitchiner of 
Saint-Gobain Abrasives
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in hobbing processes, and can be dressed using standard 
diamond dressing tools [39–50].

The next step in the evolution of abrasive products 
based on data provided by monitoring and deriving 

information associated with microscopic interactions 
will focus on using techniques from the nanotechnology 
realm to understand and develop products by manipu-
lating atoms, or collections of atoms, in order to further 

Fig. 18  Grinding product innovations using the chip thickness parameter  (hc) as the variable to control chip loading on abrasive grits [29]. 
Figure adapted courtesy of Dr. Subramanian, STIMS Institute

Fig. 19  Grinding wheel 
structure development: a high 
porosity open structure [35]; 
b abrasive grit boundary engi-
neering using spinel crystals to 
prevent dissolution of abrasive 
grit by the bonding system 
[36]; c extruded TG2™ ceramic 
grit (8:1 aspect ratio) in a high 
strength vitri�ed bond (Altos™) 
[37], and d performance data 
showing power/MRR charac-
teristic of fused alumina and 
extruded TG2™ ceramic grit in 
a vitri�ed bond [50]. Images 
courtesy of Dr. Michael Hitch-
iner and Roland Wake�eld of 
Saint-Gobain Abrasives
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enhance the performance of abrasive products in ultra-
precision machining systems. Current techniques includ-
ing contact atomic force microscopy, scanning tunneling 
microscopy, soft lithography, ion beam machining, 3-D 
printing and variants o�er a great deal of hope in devel-
oping the next generation of abrasive grits and associated 
products [51, 52].

4  Conclusions

The role of materials science in metal removal is criti-
cal in the sense of developing the next generation of 
abrasive products and tools necessary for ultraprecision 
machining/grinding of advanced materials. By designing 
abrasive grits and bonding systems to control the rate of 
heat dissipation, a signi�cant impact on grinding di�-
cult-to-machine superalloys and related materials will be 
achieved. The control of shear strain rates will certainly aid 
in the e�cient removal of material from superalloys and is 
an avenue where controlling atomic activity in the �rst few 
monolayers of the abrasive grit should be initially directed. 
Incorporating elements such as sulphur and chlorine in 
the monolayers of abrasive grit and workpiece material 
will certainly help to create the conditions where work-
piece materials become locally brittle (promoting cutting 
interaction 1.1) and low temperature metal salts melt to 
create a lubricious �lm between abrasive grit and work-
piece material (minimizing the deleterious e�ects of slid-
ing interactions 1.2 and 1.3).

In practice, it is possible to measure the grinding power 
and decompose it into  Pth (t = t),  Pth (t = t),  Pc and  Pf (t = t) 
power components that relate to tribological interactions 
at the microscale for many di�erent abrasive processes 
and workpiece/grit combinations. Force ratios shown in 
Table 2 can be used to estimate real-time grinding forces 
to �nd the total grinding force. Computer-based iteration 
tools to estimate force components from measurements 
of grinding power are attractive especially when looking at 
which interaction mechanism is dominant in the grinding 
process. Together with an understanding of how materials 
structure fracture, new products can be developed that 
generate surfaces and forms that are �t for function.

In conclusion, by combining advanced computational 
techniques and the ability to manipulate atoms and col-
lections of atoms, the future development of processes 
and tools for ultraprecision machining processes such as 
grinding, lapping, CMP, etc., is very bright indeed.
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