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Abstract

The objective of this work is to model the grinding forces and the associated stress and deformation fields generated in a ceramic

workpiece during plunge surface grinding. A two-dimensional finite element model is constructed with the grinding parameters and
the mechanical properties of the workpiece as input variables. The size of the geometric model is several times larger than the size of
the cutting zone, using approximately 5200 rectangular solid elements with a finer mesh in the cutting zone and with fixed remote
boundaries. The loading in the cutting zone is imposed by displacement vectors proportional to the local undeformed chip thick-

ness, which is a function of grinding parameters. For a given set of inputs, the model predicts the normal and tangential forces
generated by the grinding wheel, as well as the deformation and the stress fields within the workpiece. As an example, the simu-
lation is applied to a silicon nitride workpiece. Analysis of the stress fields developed in this material suggests that shear failure

within the cutting zone is the dominant mode of subsurface failure, which could lead to the formation of shear micro- cracks at the
grain interfaces. The depth of the subsurface shear failure zone increases with an increase in maximum undeformed chip thickness
or the wheel depth of cut. The resulting local grinding force vectors, maximum stresses and damage zone sizes are predicted as a

function of maximum undeformed chip thickness (or the wheel depth of cut).
Published by Elsevier Science Ltd.
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1. Introduction

The cost of machining for advanced ceramic parts
frequently dominates the overall production costs.
Reducing the cost or increasing the yield without
degrading performance of the finished workpiece is a
critical issue in determining whether ceramics can be
used in many applications. To tackle this problem,
much effort has been devoted to the collection of data
on the effects of machining parameters on the process
outputs (see, Refs. 1 and 2). Because of numerous vari-
ables involved in grinding, an empirical approach is
time-consuming and difficult to sort out the contribu-
tion of each parameter.
The present paper is a first step in developing a model

for horizontal surface plunge grinding. It is generally
believed that the mechanism of material removal or chip
formation is due to cut and shear of the traveling grits
by dynamic indentation.3 This type of sharp cutting
inadvertently introduces surface and sub-surface
damage as well as residual stresses in the ground piece
which, in turn, degrade the performance of the work in
service.3,4 Evidently cost- effectiveness demands high
yield which requires higher material removal rate,
resulting in a higher degree of damage and ultimately
inferior performance of the finished part. To strike a
balance between cost effectiveness and quality of the
ground product is the main challenge that theoretical
work can help to meet.
The primary objective of the present paper is to model

the deformation and stress fields produced in the work-
piece during surface grinding as a function of grinding
parameters. Once the extent and nature of surface and
subsurface damage is quantified, the strength degrada-
tion, if any, can be assessed. In order to achieve this goal,
the finite element approach will be adopted, due to the
complexity in geometry. The use of finite element techni-
ques in solving the machining problems has been applied
to the chip formation processes in metal cutting,5,6 to
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sheet metal forming,7 and to surface generation during
rough machining.8 The subject of investigation focuses
on the metal chip behavior which is ductile. Metal plas-
ticity is the major constitutive law adopted to tackle this
class of problems.5 Recently, Berth applies the techni-
ques to model the grinding wheel’s thermo-mechanical
behavior during high speed rotation in grinding.7 It is
fair to say that application of the techniques to the
grinding problems, particularly the case of grinding
brittle ceramics, appears to be scarce in the machining
literature. Using a finite element technique to simulate
the effects of the cutting action of each individual grit,
we will focus attention on a specific grit and assess the
boundary conditions imposed due to this action.
After the finite element model is constructed, the pre-

diction of forces as a function of depth of cut can be
checked against experimental measurements for fixed
values of grinding parameters. Once the verification is
made, the model can be extended to predict other func-
tional relationships with other grinding parameters,
thereby reducing the need for time-consuming empirical
experimental work.
2. Mechanics of surface grinding

The geometry of straight surface plunge grinding is
shown in Fig. 1. In this operation, the workpiece is
moved at a relative constant table speed Vw against a
rotating wheel, which has a constant peripheral speed
Vs. A wheel depth of cut a is imposed on the workpiece
by the grinding wheel, whereby a layer of material with
thickness a is removed from the surface as the wheel
traverses over the entire length of the workpiece. Small
chips are removed from the grinding zone mainly as a
result of contacts made between the workpiece and the
abrasive grits located at the periphery of the wheel rim.
A coolant or grinding fluid is usually applied to the
grinding zone to remove the chips and to control the
workpiece temperature. The thermal aspects of the
grinding problem are ignored to simplify the present
analysis. A particular grit on the rotating wheel enters
the cutting zone at a tangential velocity Vs and follows a
parabolic curve (if depth is small, which it is),4 which
can be mathematically described as

y ¼
x2

D
ð1Þ

where a Cartesian coordinate system is established with
the origin set at the grit entering point of the cutting
zone [see Fig. 1(b)]. In this equation, D is the effective
wheel diameter defined by

D ¼ dw � 1� Vw=Vsð Þ
2

ð2Þ

where dw is the wheel diameter. The plus sign is used for
the case of up-grinding (i.e. Vs in the opposite direction
of Vw) and the minus sign is used for down-grinding (i.e.
Vs in the same direction to Vw). The parabolic trace
described by Eq. (1) will end at the point (x=L, y=a)
where the grit leaves the workpiece surface. Note that
here, a is the wheel depth of cut imposed by the grinding
wheel and that the geometric contact length L can be
described as

L ¼ a�Dð Þ
1=2

ð3Þ

Therefore, Eq. (1), which is valid in the range
04x4L and 04y4a describes the initial geometry of
the grinding zone from the origin (0,0) to the exit point
(L, a). Please refer to Fig. 1(b) for the schematic sketch
for the grinding zone.
As the grit travels along the parabolic path, the local

chip thickness h(x) increases from zero at the origin to
the maximum value, often referred to as the maximum
undeformed chip thickness, hm at the end point (L,a)
according to kinematic considerations:4

hm ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5

C� S

Vw

Vs

� � ffiffiffiffi
a

D

rs
ð4aÞ

where C is the number of cutting grits per unit area of
the wheel surface and S is a chip shape factor. Alter-
natively, hm can be shown to relate to a through the
following equation:6

hm ¼ 1:26�
�d3tan�

6Vf

Vw

Vs

� � ffiffiffiffi
a

D

r� �1=3
ð4bÞ

where d is the grain size, 2g is the vertex angle of the
grain tip (average value is about 75�), Vf is the volume
fraction of the abrasive grains. At any position along
the cutting zone, the undeformed chip thickness h(x)
can be interpolated by the two apparent end points at
(0,0) and at (L, a). That is, at the origin h(x=0)=0 and
at the grit exit point h(x=L)=hm. Therefore, h(x) can
be written as

h xð Þ ¼ hm �
x

L

� 	2
ð5Þ

During grinding, as the grit follows the path described
by Eq. (1), unknown, a priori up to a point, local forces
are imposed on the work surface, which, in turn, gen-
erates a stress field within the workpiece underneath the
grinding zone. When the resulting stresses exceed a
threshold value (e.g. the fracture strength of the work-
piece material), microfracture could take place, and a
surface or subsurface damage zone will likely be
formed. In this paper, an approximate numerical solu-
tion based on finite element method is used to quantify
the grinding forces imposed on the workpiece and the
associated stress and deformation fields generated in the
workpiece.
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3. Finite element model

The finite element method is a versatile and powerful
tool for obtaining approximate solutions to mechanics
problems associated with non-uniform stress distribu-
tions in geometrically complex shapes, where analytical
techniques are either too difficult or often impossible to
obtain. A general purpose, commercially available finite
element program—ANSYS (certain commercial equip-
ments, instruments, or materials are identified in this
paper to foster understanding. Such identification does
not imply recommendation or endorsement by the
National Institute of Standards and Technology, nor
does it imply that the equipment or software identified
are necessarily the best available for the purpose), as
implemented in an Unix operating system was used.
One advantage of ANSYS is that it allows a parametric
study, in which various solutions can be acquired for a
variety of variables without the need to reconstruct the
model manually when the values of the variables are
changed. This feature is suitable for the present work.

3.1. Mesh design

The workpiece is regarded as a two-dimensional semi-
infinite body. The overall dimension of the geometric
Fig. 1. (a) Schematic sketch of a typical straight plunge horizontal surface grinding operation. Important grinding parameters labeled here include:

downfeed (or wheel depth of cut) a; table speed Vw; wheel speed Vs: wheel diameter dw. Other important parameter such as wheel specifications are

not shown; (b) a blow-up of the grinding zone, showing the relationship of the imposed displacement vector and normal vector in the Cartesian

coordinate system.
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model is selected such that the length (in the x-direction)
and the width (in the y-direction) are much larger than
the size of the grinding zone. According to St.Venant’s
principle, in the theory of elasticity (see e.g. Refs. 9 and
10), the stresses at large distances from the point of load
application must diminish. Thus, the remote boundaries
were selected at x=�0.5�L and x=2�L in the hor-
izontal direction, and y=10�a in the vertical direction.
The overall dimension of the geometric model is
accordingly flexible and depends on L and a, which in
turn are functions of the grinding parameters. However,
during the parametric study, we found that the width of
the model must be kept fixed to obtain a meaningful
comparison between different grinding conditions. This
is because in the case of displacement boundary value
problems, the boundary forces generated are propor-
tional to the boundary elastic strains, which are inver-
sely proportional to the depth of the model. For
example, in analogy to the case of indentation problem,
if the depth of the model is allowed to vary, then a
comparison cannot be made. Therefore, a fixed vertical
dimension of 2 mm was used, regardless of grinding
conditions; whereas the horizontal dimension was var-
ied from 5 mm to 10 mm depending on L, or grinding
conditions.
Although the material removal process in ceramics

involves small scale plastic deformation as discussed
previously in the Introduction, an elastic solution is
used in this preliminary analysis. Two-dimensional plate
elements with four corner nodes were used since such an
element is usually adequate for linear elastic problems.
Rectangular elements were used on the two sides of the
grinding zone (Fig. 2). Both the width (y-direction) and
the length (x-direction) of these elements were gradually
increased as the distance from the edges of the grinding
zone were increased. Within the grinding zone, the ele-
ments had two straight edges (along the y-direction) and
curved surfaces (along the x-direction). To accom-
modate the parabolic shape of the grinding zone, Eq. (1)
was used for the outer surface of the elements in the first
layer. The curvature of the elements was gradually
relaxed as the interior of the semi-infinite plate was
approached. In order to minimize the computation time
and at the same time obtain accurate values for the
stresses in the grinding zone, a small width was selected
for the elements near the top surface. The width was
gradually increased as the distance from the grinding
zone was increased, but the length was kept constant.
Fig. 2 shows a typical mesh design for a particular
grinding condition. A total of 5200 elements and 5371
nodal points are included in the model shown in Fig. 2.

3.2. Boundary conditions

Since the remote boundaries on either side and the
bottom of the geometric model are located far away
from the grinding zone, the displacement vectors are
assumed to be zero. The top surface of the workpiece is
assumed to be free of tractions outside the grinding
zone. During grinding, a single grit follows the path
described by Eq. (5) and the material enclosed between
the two paths described by Eqs. (1) and (5) is removed.
Modeling of the chip formation process in ceramics is
very complex, since chip formation in these brittle
materials follows a fragmentation process, unlike metal
cutting where a continuous or a semicontinuous chip
geometry can be assumed. Therefore, in the present
analysis a displacement boundary condition is imposed
within the grinding zone. It is assumed that the abrasive
grits on the wheel apply a set of displacement vectors
with the magnitude equal to the undeformed local chip
thickness h(x) as described by Eq. (5). During initial
attempts, the imposed displacement vectors were
applied horizontally in the x-direction. However, the
resulting normal and tangential forces were found to be
unrealistically too large and the ratio of the tangential
force to normal force to be too much larger than unity.
Since the ratio of tangential to normal grinding force
for ceramic is on the order of 0.2–0.3 different approa-
ches were tried to obtain more realistic ratios through
the simulations. The best solution was obtained when
the direction of the local displacement vector was
allowed to vary gradually from the entrance to the exit
point in the grinding zone. If we define �normal as the
angle between the normal vector and the vertical y-axis,
such that �normal=arctan (2�/D), then the angle � mea-
sured counter-clockwise from the normal vector defines
the direction of the local displacement vector u [see
Fig. 1(b)]. The total angle (�+�normal) is assumed to vary
linearly from zero at x=0 to p/2 at x=L. Therefore, the
applied displacements in x and y directions become

Ux xð Þ ¼ h xð Þ�sin � þ �normalð Þ ð6Þ

Uy xð Þ ¼ h xð Þ�cos � þ �normalð Þ ð7Þ

3.3. Constitutive properties of the work

The chip formation process in ceramic grinding
involves not only elastic deformations but also irrever-
sible plastic deformation and microfracture. In a com-
prehensive simulation, one must also model the
processes of heat generation and thermal energy trans-
fer. However, in the present work, we restrict our effort
to examining the effects of loading forces to see how the
stresses will be generated and to further determine the
propensity for the formation of subsurface micro-
fractures. Thus, unloading and thermal issues are neglec-
ted in this preliminary study. The semi-infinite plane of
the ceramic polycrystalline workpiece is assumed to be
homogeneous and isotropic. It is further assumed that
during loading, the material follows a linear elastic
behavior up to the point of failure without plastic
1726 T.-j. Chuang et al. / Journal of the European Ceramic Society 23 (2003) 1723–1733



yielding. Therefore, only Young’s modulus E and Pois-
son’s ratio � are required for the analysis. In this simu-
lation, we used E=300 GPa and �=0.2 as typical values
for a sintered silicon nitride with a flexural strength
value of about 600 MPa and a hardness of 14 GPa.16

The hardness and strength values are not used in the
elastic analysis but they are useful indicators of the
deformation and fracture properties and will be referred
to for interpretation of the simulation results.

3.4. Simulation procedure

Given a set of grinding parameters, the simulation
procedure begins by computing the length of the grind-
ing zone L and the effective wheel diameter D so that
the profile of the grinding zone as depicted by Eq. (1)
can be determined. The grinding parameters needed for
the simulation include: wheel diameter dw, table speed
Vw, wheel speed Vs, wheel depth of cut a, wheel surface
grit density C and grit shape factor S based on Eq. (4a)
or grain size, volume fraction and tip angle based on
Eq. (4b). Once the profile of the grinding zone is deter-
mined and the dimensions of the geometric model are
defined, the mesh design demonstrated by Fig. 2 is then
constructed. A typical two-dimensional finite element
model constructed for a parametric study consists of some
1800 rectangular elastic elements with a total of about
3600 degrees of freedom for the unknown displacements
Ux and Uy. The second step is to set up the displacement
boundary conditions at the remote boundaries, the stress
boundary conditions on the top surface outside the
grinding zone, and the displacement boundary condition
within the grinding zone. With the imposed boundary
conditions a solution is sought for the boundary forces
(i.e. forces exerted on the work surface by the grinding
wheel) and the stress and displacement fields inside the
workpiece resulting from the simulated grinding action.
In this simulation, the following grinding parameters

were used to allow a comparison with the grinding
studies in which grinding forces data and information
Fig. 2. Mesh design for the proposed finite element model. The model size is fixed at 2 mm in depth and about 5 mm wide depending on the amount

of downfeed. The origin of the coordinate system is set at the beginning of the cutting zone. Note that finer meshes are constructed around the

cutting zone.
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on subsurface damage structure are available (see, e.g.
Ref. 12). The wheel speed was set at 37 m/s and the
table speed at 0.12 m/s. The grinding wheel diameter dw
was set at 203 mm. The wheel surface grit density C was
10 and a grit shape factor S was assumed to be equal to
6 for Eq. (4a); and Vf=25 vol.%, �=35�, d=0.5 mm for
Eq. (4b). While these parameters were kept constant,
the maximum undeformed chip thickness hm were var-
ied from 0.31 to 0.62 mm based on Eqs. (4) for a ranges
from 0.24 to 60 mm. The force is expressed in the unit of
newton (N), the length in millimeter (mm), and accord-
ingly the stress is in megapascal (MPa).

3.5. Simulation results

3.5.1. Boundary force solutions
Fig. 3 is a plot of the traction force distribution cal-

culated at the surrounding boundary for a depth of cut
equal to 20 mm. It can be shown that summation of all
normal forces vanishes and the equilibrium conditions
are satisfied. This is also true for the tangential forces.
Furthermore, it can be seen that the remote boundary
forces are negligible, indicating the dimensions of the
model are sufficiently large to adequately simulate the
physical process of grinding. The calculated forces in
the grinding zone can be interpreted as being the grind-
ing forces. There are 41 nodal points distributed along
the grinding arc. Hence there are 41 traction forces
resulted from the boundary force solutions. A summa-
tion of the forces at the nodes can be interpreted as the
force exerted on the wheel during grinding. For the
particular case, hm=0.52 mm, in Fig. 3, the normal
grinding force Fy=11.28 N/mm downward, and the
tangential grinding force Fx=3.12 N/mm to the right in
the horizontal direction. It should be noted that a con-
version factor should be made to reflect the fact that the
solutions are based on plane-strain conditions per unit
thickness (i.e. 1 mm) of the work in the z-direction. The
magnitude and the ratio of these forces agree with the
experimental results obtained in Ref. 16.

3.5.2. Stress solutions
All stress components, including normal stress, shear

stress, three principal stresses and equivalent stress were
Fig. 3. Vectorial illustration of the boundary force solutions obtained for the following set of grinding parameters: dw=20.3 cm; hm=0.520 mm;

Vw=12 cm/s; Vs=37 m/s.
1728 T.-j. Chuang et al. / Journal of the European Ceramic Society 23 (2003) 1723–1733



obtained as a result of the simulation for different max-
imum undeformed chip thickness. Of particular impor-
tance are the critical tensile stress, the maximum shear
stress, and the maximum compressive stress. The con-
tour plot in Fig. 4(A) shows the distribution of the first
principal stresses or the tensile stress field for a max-
imum undeformed chip thickness equal to 0.52 mm. The
tensile stresses, as shown in Fig. 4(B) which is a blow-up
of the cutting zone, range from zero to approximately
323 MPa with the maximum occurring at the grit exit
point (x=L). The magnitudes of the tensile stresses are
large only underneath the grinding zone and diminish
rapidly as the interior is approached. The maximum
tensile stress ranged from 500 to 400 MPa as the max-
imum undeformed chip thickness was increased from
0.31 to 0.62 mm.
The shear stress field for a maximum undeformed

chip thickness equal to 0.52 mm is shown in Fig. 5(A). In
comparison with the tensile stresses, the resulting shear
stresses are significantly larger in magnitude, especially
near the grit exit point. The shear stress contours are
centered at the grit exit point, and skewed to the right of
the grinding zone. In order to show the details, the local
region underneath the cutting zone is enlarged in
Fig. 5(B). As can be seen, the maximum shear stress
value for this particular example is 642 MPa. The max-
imum values always occurred at the exit point and ran-
ged from 710 to 700 MPa when the maximum
undeformed chip thickness was increased from 0.31 to
0.52 mm.
The shear strength of sintered silicon nitride is

approximately 250 MPa.13 The solution as suggested by
the contour plot in Fig. 5 indicates that a damage zone
of the size of 
70 mm is likely to form in the subsurface
region which cannot be removed by the grinding process
because they are located below y=0. This prediction
has a strong implication which will be discussed in the
following section.
The compressive stress (i.e. the third principal stress)

field underneath the grinding zone is given in Fig. 6(A).
Fig. 4. (A) Contour plot of the tensile stress (or the first principle stress) solution for the same parameters as Fig. 3. (B) The blow-up of the critical

zone. The maximum stress of 275 MPa is located at the other end of the cutting zone where the undeformed chip thickness is also maximum. Since it

occurs above the remove zone, this type of stress should not create residual damage for the finished product.
T.-j. Chuang et al. / Journal of the European Ceramic Society 23 (2003) 1723–1733 1729



As expected the values of compressive stresses are much
larger than the tensile or shear stress values. The max-
imum compressive stress for this particular example is
1.85 GPa and is also located at the grit exit point [see
Fig. 6(B)]. The maximum compressive stress ranged
from 2.50 to 1.85 GPa as the maximum undeformed
chip thickness was increased from 0.31 to 0.52 mm
(Fig. 7).
The effect of maximum undeformed chip thickness on

the magnitude of maximum tensile, compressive, and
shear stresses developed during grinding are shown in
Fig. 7. Although the position of these maximum values
were not the same, they were located in the neighbor-
hood of the exit point (x=L, y=a). One interesting
observation is that as the maximum undeformed chip
thickness increases, the maximum stresses decay and
reach a constant value at 1.85 GPa for compression, 700
MPa for shear and 400 MPa for tension. Intuitively, one
may expect the maximum stresses to increase mono-
tonically with increasing hm. However, the finite element
solutions indicate that as the depth of cut is increased,
the maximum tensile stresses do not change much.
Instead the region associated with the maximum values
is enlarged, as the underlying material supports the
stresses. This is shown in Fig. 8, where the depth mea-
sured from (L, a) corresponding to one half of the
maximum stress (an arbitrary value) is plotted as a
function of the maximum undeformed chip thickness.
It is important to note that the maximum values of

the stress tensor may be influenced by the singular
points. Thus, the values are sensitive to the mesh design:
changing the element sizes near the cutting zone will
affect the solution of the maximum stresses, but not the
underlying stress field.
With the availability of the stress field solutions as

given in the previous section, we can roughly estimated
the extent of possible damage zone that could be devel-
oped by assuming the stresses in the zone exceed the
materials strength. Strictly speaking, of course, the true
damage zone can only be ascertained by a nonlinear
analysis with incremental loading steps, because as the
first bond rupture when the stress over there exceeds its
Fig. 5. (A) Contour plot of the shear stress solution for the same parameters as given in Fig. 3. (B) Detailed plot of the critical area. Although the

maximum shear stress of 478 MPa also occurs at the same location as tensile stress field, a subsurface damage zone, however, is expected to form

ahead of the cutting zone. The zone size is estimated in the range of 50–200 mm, depending on the shear strength of the workpiece.
1730 T.-j. Chuang et al. / Journal of the European Ceramic Society 23 (2003) 1723–1733



Fig. 6. (A) Compressive stress field developed as given by the third principal stresses in contour plot; the grinding parameters used are the same as in

Figs. 4 and 5. (B) The blow- up of the critical area.
Fig. 7. Maximum stresses developed as a function of the maximum undeformed chip thickness for the same set of grinding parameters.
T.-j. Chuang et al. / Journal of the European Ceramic Society 23 (2003) 1723–1733 1731



strength, the load can no longer be carried by the bro-
ken bond and it must be redistributed to the surround-
ing unruptured bonds. A new stress analysis is required
for this new configuration until all stresses within the
body lie below the materials strengths. Realistically this
will give a lower bound solution. For the present paper,
we assume the load did not redistribute, and the
boundary of the damage zone has a stress value equal to
the strength of the material. Furthermore, due to the
nature of the brittle ceramics, the controlling stress for
damage development as discussed in the previous sec-
tion is the shear component of the stress tensor. Fig. 8
plots the damage zone size as measured in the vertical
direction below y=0 due to shear stress as a function of
the grit depth of cut, a in mm.
For example, when the maximum undeformed chip

thickness is set at 0.52 mm, the predicted damage zone
size would be 75 mm (Fig. 8). It is further observed that
the functional relationship between damage zone and
maximum undeformed chip thickness can be described
as quadratic with a threshold at hm=0.32 mm below
which there will be no damage developed. This level is
consistent with the predicted ductile/brittle transition
mode predicted for this material.14
4. Discussion

The surface plunge grinding operation is a very com-
plex process. It involves the moving wheel, the work-
piece and the interactions between the two. The present
paper deals only with global simulation of the grinding
actions imposed by the wheel on the workpiece, the
resulting forces, and the stresses generated in the work,
especially beneath the grinding zone. The simulation
results seem to agree well with the force data collected
on a class of silicon nitride ceramics. The usefulness of
this simulation is that it can perform systematic virtual
experiments on the computer for examining the effects of
a specific grinding parameter on the final status of the
finished part. In this way, the empirical method of per-
forming actual measurements in a laboratory, com-
monly adopted in the machining community, which is
usually a time-consuming and labor intensive effort, can
be reduced dramatically to a bare minimum.
There are, however, some major important issues that

the present paper does not address. First, the model
implies a steady state solution. Also, the simulation
does not take into account the material removal process
and the post rupture behavior. Thus, the model is only
capable of predicting the size of the potential damage zone
along the grinding surface. A real damage developed and
the associated residual stress field solutions, as discussed
before, must await a full nonlinear irreversible analysis of
loading and unloading, in conjunction with implementing
an elastic/damage constitutive law of the material prop-
erty, together with element manipulations with element-
death-and-birth feature to simulate material removal. We
leave this interesting subject for future research.
Secondly, grinding is a highly dynamic event, invol-

ving high velocity impact, indentation or cutting, plow-
ing and churning of abrasive particles on the workpiece
surface. The inertial effects maybe important as they can
influence the dynamic strength and toughness of the
work.12�16 Moreover, during the cutting, a substantial
thermal energy is produced which enhances the tem-
perature field in the cutting zone, thereby affecting the
energy transfer and chip formation processes. Finally, as
the coolant is applied to reduce the temperature of the
grinding surface, chemical reactions between the fluid
and the solid workpiece are promoted in the elevated
temperature environment. This may alter the surface
Fig. 8. Damage zone sizes predicted as a function of the maximum undeformed chip thickness. The damage is controlled by the shear stresses

developed during grinding.
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property of the work, which, in turn, changes the tribo-
logical behavior of the work, and thus its machinability.
Those issues are important but are not addressed in the
present work. They certainly do deserve our attention
for future research.
Last, but not least, an issue not addressed here is the

topography of the grinding wheel which is also impor-
tant, as the grit distribution is random and stochastic in
nature. A finite element model on the grinding wheel
was also proposed to study force and temperature dis-
tributions around the wheel rim.7 Furthermore, the
periphery of the wheel may not maintain a perfect cir-
cular shape, even if the wheel is fully trued. A viable
approach to tackle this problem is based on a statistical
method. For a given wheel specification, the average
protrusion of the grits over the wheel baseline can be
statistically determined.17,18 A more rigorous approach
of considering the collective action of all grits simulta-
neously acting on the arc of the interaction zone of the
work surface will be presented elsewhere.13,14 Both
methods should yield similar results, if the simulation
closely follows the real physical process of grinding.
This information can then be used to solve the forces
and damage produced based on the principle of inden-
tation mechanics.11,19 In this way, analytical expressions
for the forces can be obtained in terms of the mechan-
ical properties of the work, grinding parameters and
wheel specifications. Nevertheless, both current method
using finite element and micromechanic approaches just
described seem to yield similar results which agree very
well with the experimental measurements. In addition,
Lee et al.,20 and Fischer-Cripps and Lawn.21 recently
performed microindentation experiment on a silicon
nitride substrate and observed from TEM micrographs
that the damage underneath the indenter is pre-
dominately in the form of micro shear cracks at grain
interfaces. This observation is consistent with the pre-
sent simulation results which indicate that the potential
subsurface damage should be triggered by the resulting
shear stresses.
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