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ABSTRACT

Quest for precision components and parts in manufacturing industries has led to an increase in the need for
effective and efficient finishing operations that can satisfy this increasing demand. Grinding process can meet these
critical needs for accurate and economic means of finishing parts, and generate the required surface topography.
Modeling of grinding is necessary to understand the effects of process conditions, grinding wheel properties and
workpiece material dynamics thus allowing for process planning optimization, and control. In spite of the
enormous potentials offered by grinding, it still remains one of the most difficult and least-understood concept in
manufacturing processes due to lack of adequate models to explain the phenomenon. A computational based model
for surface grinding process as a micro-machined operation has been developed. In this model, grinding forces are
made up of chip formation force and sliding force. Mathematical expressions for Modeling tangential grinding force
and normal grinding force were obtained. The model was used to calculate the tangential and normal grinding force
at different values of wheel velocity, grinding depth and workpiece feed velocity. The results obtained from the
model showed that the grinding forces increased with increase in grinding depth and workpiece feed velocity but
with decrease in grinding wheel velocity. The grinding wheel diameter does not have any significant effect in the
Grinding forces. The results obtained with this model were validated by comparing it with available experimental
results and the agreement between the model’s results and experimental results was reasonable.
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1. INTRODUCTION
Grinding is a very important manufacturing process,

surface generation process used to shape and finish
components made of metals and other materials. The

mainly where tight dimensional accuracy and low
workpiece surface roughness are demanded. The
grinding process is usually the last machining
operation of a surface and therefore has a high
aggregated cost. Despite its low material removal rate,
the grinding process is the most common way to obtain
smooth surfaces. In order to improve the process
productivity and product quality, a number of
researches sought to promote different
techniques and sensors for monitoring the grinding
process [1, 2, 5, 6, 7].Grinding is one of the most
employed finish processes for the manufacturing of
precision workpieces, even being a low technology

have

machining process, when compared to conventional
machining processes like drilling, milling etc. Its
performance depends upon the operator’s ability and
sensibility and the grinding wheel machining
conditions [2].Grinding is a material removal and
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precision and surface finish obtained through grinding
can be up to ten times better than with either turning
or milling. Grinding is widely used for final machining
of components requiring smooth surfaces and precise
tolerances. Extensive research conducted during the
past 40 years has provided a relatively clear
understanding of the many diverse aspects of the
grinding process [1, 2, 3].

Grinding is typically utilized as a finishing process,
therefore any mistake that damage the workpiece are
costly and almost certainly irreversible [4]. Grinding is
an extensively used process to finish machined parts
that require high surface quality and tight tolerances.
Grinding is an abrasive process where the tool,
composed by small abrasive grits bonded together,
presents a very complex
workpiece, making the process difficult to predict.
More than fifty years of research have been focused on

interaction with the
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the interaction between the processes, machine and
workpiece parameters related to the output variables
such us surface roughness and residual stresses. The
lack of a complete understanding of the process and
the low practicality of these analytical equations has
forced the use of purely empirical equation for the
process optimization. These empirical equations are
simple in structure but their reliability depends on the
sensor technology and on-line parameter estimation
techniques to count for the no modeled process
variations.

Grinding may be classified as non-precision or
precision according to purpose and procedure. Non-
precision grinding includes snagging and offhand
grinding. Both are done primarily to remove stock that
cannot be taken off as conveniently by other methods.
The workpiece is pressed hard against the wheel or
vice versa. The accuracy and surface finish are of
secondary importance. Precision grinding on the other
hand is concerned with producing good surface
finishes and accurate dimensions. There are many
forms of precision grinding, but the three major
industrial precision grinding processes are cylindrical,
center less and surface grindings.

Several model shave been proposed and used to study
grinding processes over the years. Walsh et al
developed a model for crankshaft pin grinding to
predict the forces generated during grinding [8], a
stochastic grinding force model as a function of the
grinding conditions and grit distributions has also been
studied [9]. In 1999, Gavrilov et al developed a model
to simulate grinding in a shaker ball mill so as to
understand the mechanisms of alloying in order to
design better equipment for producing mechanically
alloyed material [10], the results obtained from their
model compared favourably with experimental results
of Shaw et al. [11]. Probabilistic model of the grinding
process was developed based on well-founded
assumptions by Stepien [12] to consider the random
arrangement of the grain vertices at the wheel active
surface. llio et al. [13] proposed some relationship for
Modeling force components, cutting energy and work
piece surface roughness in grinding of metal matrix
composites. Modeling of dynamic micro-milling cutting
forces was presented [14] with the effect of plowing,
elastic recovery, run-out and dynamics on micro-
milling forces examined.

The continuous demand for hard and tough materials
that can withstand varying stress conditions to ensure
prolonged service life of components and parts and the
needs for precision in processing these materials in
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manufacturing industries is the motivation behind this
research. The need to process
economically so as to meet stringent product quality
requirements has challenge for
researchers and practitioners in manufacturing
industries. Grinding process can meet these critical
needs for accurate and economic means of finishing
parts, and generate the required surface topography.

In this work, we develop a computational model using
FORTRAN 95 for grinding process to simulate the
tangential and normal grinding forces. With the model
we studied the effects of the tangential and normal
grinding forces with grinding wheel velocity, grinding
depth, grinding wheel diameter and workpiece
velocity.

these materials

become a real

2. MATHEMATICAL FORMULATION

Grinding forces are generally divided into cutting
deformation force and sliding force.

GrindingForce = Feyttingpeformation
+ F, Sliding (1)

Where Feuttingpeformation is Cutting deformation force and
Fiiiaingis the Sliding force, however, Cutting deformation
force is divided into chip formation force and plowing
force but plowing force is negligible [15, 16] therefore
equation (1) can be re- written as :

GrindingForce = Fepp + Fsjiging (2)

Grinding forces can be separated into Normal Grinding
Force (F;) and Tangential Grinding Force () as given
below.

{Fn = Fn,chip + Fn,sliding (3)

Fe = Fy chip + Fistiging

where Fy, cpip is the normal chip formation force,
Fi chipis the tangential chip formation force, Fy, giging 1S
the normal sliding force, and F g;4ing is the tangential
sliding force.
Specific chip formation energy u.; can be written as

Ft,chist
= (4)

Uchip = Viapb

where, V;is the grinding wheel velocity, 1},is the work
piece feed velocity, a,is the grinding depth, and b is the
grinding width.

Specific chip formation energy ucp;;, can be separated
into two parts: static specific chip formation energy
ugsand dynamic specific chip formation energy u,.

Uchip = Us T Ug )

where static specific chip formation energy u; is a
constant which is determined by experiment according

Vol. 34 No. 3, July 2015 514



MODELING GRINDING PROCESSES AS MICRO-MACHINING OPERATION

to element material and grinding wheel material.
Dynamic specific chip formation energy
determined by element material,
material and grinding processing parameters. ug is
given by [16] as:

ug is
grinding wheel

k(CT)O SdO 25V1 .5

ug = Ky In Yo a°25V05 (6)

is the number of
effective abrasive blades in unit area of grinding wheel,

Where k is a constant. Here C

r is the ratio of chip thickness, and d,, is the equivalent
diameter of wheel. y is the strain rate of grinding
progress,
experiment,

Substituting equation (6) into equation (5)

K;and vy,are constants determined by

k(CT)O'sdg'stsl's
Uch = Us + Kpln (W> (7)
If we consider,
k(CT)O'Sdg'ZS
Ky, = us + KpIn (y—) (8)
Then equation (7) becomes
Vl 5
Uep = K1 + Kzln <W) (9)

By using equation (4) the tangential chip formation
force in grinding machining can be written as

Vwa, A Vwa,
Fiep=u,,——b =| K; + K,In b
t.ch ch Vs 1 2 (ag.ZSVM(}).S Vs
Vva,
=K
Y
bV, a, /A
K. 10
2 v, ag.zsvv\s).s ( )

£ . . . . .
Here K; ( V‘V/a”) bis the static tangential chip formation
S

bVya, Vg . :

force and K, In(—5:=z) is the dynamic

7 a%2o %
s D w

tangential chip formation force. Setting ¢, and ¢,as
the ratio of static normal chip formation force to static
tangential chip formation force and the ratio of
dynamic normal chip formation force to dynamic
tangential chip formation force,
normal chip formation force is
Vway
Fn.chz(p1K1< V. )b

; K (Wwa”>1 < e )(11)
(p n
2032 I/; 025V05

Considering K; =
becomes

respectively, and

¢1Kiand K, = ¢,K,, equation 11
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Va
Fn.ch=(1<3+1<4ln(m)> “rp(12)

In the geometric dynamics analysis of grinding grains,
using parabola function to approximate cutting path,
the deviation between the grinding wheel radius and
the radius of curvature of cutting path is:

4V,
A=+ o (13)

In this equation, positive sign is used for up grinding
and negative sign is used for down grinding.
Experimental data [17] indicates that the average
contact press pbetween workpiece and abrasive grains
wore plane approximately linearly increases as the
deviation Aof radius of curvature increases, this
relationship can be given by equation [16]

— _ ApoVy
P=pA=""" (14)

Here p,is a constant and can be determined by
experiment. From this equation, the average contact
press p between workpiece and abrasive grains wore
plane varies with processing parameters of grinding.
Therefore, there is likely to be elastic contact,
elastoplastic contact or plastic contact. So the
frictional coefficient puvaries with the average contact
press p. According to the friction binomial theorem, the

frictional coefficient is:
aly

p=Sta =S4 (15)
Here W is the normal load, A, is the contact area, and
aand {are coefficients which are determined by
physical properties
interface.

Tangential sliding force and normal sliding force [16,
18] are as follows

_ 1
Fos = upbA(deay) /2 (16)
_ 1
Frsi = PbA(deay) /2 an
where A is the area ratio of grinding wheel’'s wear

surface. Substituting equation (15) and (16) into
equation (16) and (17) yields:

and mechanical of contact

4BPoViw
Fyst = bA (@ +22%) (d,a,) V2 (18)
4bAp,V,, Y,
Fn,sl = +;(Z_i) (19)

2.1 Modeling Expression for Grinding Force
Substituting equations (10), (12), (18), and (19) into
equation (1), yields an equation for grinding force for
surface grinding as follow:
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wap

. oV 1
(F, = <K1 + KyIn(—p OZSVOS)) b+ bA(a + %) (d,ay)"/2

@ 4bAp,Vyy, (Q 1/2 (20)
F = <K3 + K4_1n( OZSVOS)) b + VSO * (d_:)

Several coefficients of equation (20) depends on experimental data, its deduction is based on Malkin’s grinding
theory, classical mental material cutting deformation theory and the associated disciplinarian about grinding
processing parameters and cutting dynamic mechanical properties of metal material, considering the influence of
grinding processing parameters to the friction coefficient between workpiece and grinding wheel. From equation
(20), the calculation formulas of the tangential grinding force per unit width F/and the normal grinding force per

unit width F, can be represented as

Vs Vwa
Ft’ = (Kl + Kzln (m)) Vsp + A (Of

1
VLS Vywa 4ApVy, (O /2
F = K+K1n( s ) wip 4 °W(—”)
n ( 3 4 ag.zsv‘g.s Ve Ve de,

4BpoVw 1
)

(21

Ifay = Aa,fy = 4B8Ap, and €, = 4Ap,, then, equation (21) becomes

Vsl.s Vwa
Ft, = <K1 + K,In (W)) Vsp + ( + ﬁo

r Vsl'5 Vwap SOVW( ) /2
F = <K3 + K,In (—ag-ZSVVfg-s)) e (T

There are seven unknown parameters: K;,K,,K3,Ks, @,

) (deap) 2

(22)

By, oin equation (22) which is taken from the

experimental data [16]. Substituting these constants into equation (22) and solving linear equations, the

modeling expression for grinding force is obtained as

(237 433 —30,990 ln(

OZSVO 5

Y
(220 979 + 21,766 ln( 025V05>> % 4 24,1755 (2) 2

3. RESULTS AND DISCUSSION

3.1 Tangential Grinding Force

The variation of Tangential Grinding Force per unit
width with the Grinding depth at work piece velocity,
Vw =0.15m/s is shown in Fig. 1 forour model as
compared with the experimental data of Yang et al.
[19]. The figure reveals that the Tangential Grinding
Force increases with increase in the grinding depth for
both the model and experimental data. Fig. 2 shows
the variation of Tangential Grinding Force per unit
width per unit width with the Grinding depth for
different wheel diameters (125mm, 200mm and
250mm) at work piece velocity, V.,=0.15m/s. Fig. 2
reveals that there is no significant variation in the
Tangential Grinding Force when the diameter of the
wheel is varied. Fig. 3 shows the variation of
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)) Twap (0 8367 + 6066

) (doy) 2
(23)

Tangential Grinding Force per unit width with the
Grinding depth at work piece velocity, Viw =0.3m/s for
the model and experimental data. Fig. 3 reveals that
the Tangential grinding force increases with increase
in the grinding depth for both the model and
experimental data. Comparing Fig. 1 with Fig. 3shows
that Tangential Grinding Force increase with increase
in work piece velocity. From Fig. 1, the Tangential
Grinding Force obtained at 0.006mm Grinding depth
is 1.76236N/mm while in Fig. 3 the equivalent
Tangential Grinding Force obtained at 0.006mm
Grinding depth is 3.60564N/mm.

Fig. 4 shows the variation of Tangential Grinding
Force per unit width per unit width with the Grinding
depth for different wheel diameters (125mm, 200mm
and 250mm) at workpiece velocity, Vw=0.3m/s. The
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Figure reveals that there is no significant variation in
the Tangential Grinding Force when the diameter of
the wheel is varied. The variation of Tangential
Grinding Force per unit width per unit width with the
Grinding depth for different Wheel velocity at
Workpiece velocity, Vi, = 0.03m/s is presented in Fig.
5, it shows that the Tangential Grinding Force
decreases as the Grinding wheel velocity increases.
Fig. 6 shows the variation of Tangential Grinding
Force per unit width with the Grinding depth for
different workpiece velocity and different wheel
diameter at wheel speed, Vs =24m/s. It can be
inferred from Fig. 6 that the Tangential Grinding Force
per unit width remains relatively constant for any
value of wheel diameter while it increases with
increase in workpiece feed velocity. The variation of
Tangential Grinding Force per unit width with the
Workpiece Feed Velocity for different wheel velocity
at Grinding depth, a,=0.001mm is shown in Fig. 7, the
figure shows that the Tangential Grinding Force per
unit width required for grinding the workpiece
increases as the velocity of the workpiece feed
increases. Fig. 8 shows the variation of Tangential
Grinding Force model per unit width with the
Workpiece Feed Velocity for different wheel velocity
at Grinding depth, a,=0.005mm, Fig. 8 reveals that the
Tangential Grinding Force per unit width required for
grinding the workpiece increases as the velocity of the
workpiece feed increases. Comparing Fig. 7 and Fig. 8,
it can be inferred that the Tangential Grinding Force
per unit width required for grinding depth of
0.005mm is greater than that required for a grinding
depth of 0.001mm.

The variations of Tangential Grinding Force per unit
width with the Workpiece Feed Velocity for different
wheel diameter at Grinding depths, a,=0.001lmm and
a,=0.005mm are presented in Fig. 9 and Fig. 10
respectively, The figures revealed that the Tangential
Grinding Force per unit width increases with increase
in workpiece feed velocity but remained relatively
constant with the grinding wheel diameter.

The result of model for Variation of Tangential
Grinding Force per unit width with the Grinding
Wheel Velocity for different Grinding depth at
Workpiece Feed Velocity, Vw = 0.15m/s and wheel
diameter, de = 125mm is shown in Fig. 11, the figure
indicates that Grinding wheel velocity decreases in a
non linear manner with increase in Tangential
Grinding Force. Fig. 12 shows the model output for
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Variation of Tangential Grinding Force per unit width
with the Grinding Wheel Velocity for different
Grinding depth at Workpiece Feed Velocity, V. =
0.3m/s and wheel diameter, de = 125mm, Fig 12 also
reveals that Grinding wheel velocity decreases with
increase in Tangential Grinding Force. Fig. 11 and Fig.
12 revealed that as the grinding depth required for
grinding workpiece increases, the corresponding
tangential grinding force also increased. Comparison
of Fig. 11 and Fig. 12 indicates that increase in
Workpiece feed velocity leads to a corresponding
increase in Tangential Grinding Force. The correlation
coefficient r2computed (0.9583 and 0.9285 for feed
velocities of 0.15 m/s and 3.0m/s respectively)
showed that our model is in good agreement with
experimental result (Yang et al, 2003).

Fig. 11 and Fig. 12 are similar to Fig. 13 and Fig 14
respectively except for the wheel diameter that was
changed from 125mm to 200mm. Figures 11 - 14
suggested that Tangential Grinding Force does not
vary significantly with variation in wheel diameter.

3.2 Normal Grinding Force

Fig. 15 is the model variation of Normal Grinding
Force per unit width with the Grinding depth for
different Workpiece Velocity at Wheel speed, Vs
=24m/s, it can be deduced form the figure that the
grinding depth of a workpiece material increases with
increase in the Normal Grinding Force per unit width.
Fig. 15 also revealed that the workpiece feed velocity
increases with increase in Normal Grinding Force. Fig
16 shows the model for the variation of Normal
Grinding Force per unit width with the Grinding depth
for different Wheel Velocity at Workpiece velocity, Vs
=0.03m/s, from this figure it can be inferred that the
grinding depth is directly proportional to the Normal
Grinding Force.

Model result for variation of Normal Grinding Force
per unit width with the Grinding Wheel Velocity for
different Grinding depth at Workpiece Feed Velocity,
Vw = 0.15m/s and wheel diameter, de = 125mm is
shown in Fig. 17, which revealed that Normal Grinding
Force increases with decrease in Grinding wheel
velocity but increases with increase in grinding depth
of the workpiece material. Fig. 18 is the model result
for variation of Normal Grinding Force per unit width
with the Grinding Wheel Velocity for different
Grinding depth at Workpiece Feed Velocity, V., =
0.3m/s and wheel diameter, de = 125mm, Fig. 18
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inferred that the Normal Grinding Force increases
with decrease in Grinding wheel velocity but increases
with increase in grinding depth of the workpiece.
Comparing Fig. 17 and Fig. 18, it can be seen that
increase in workpiece feed velocity leads to a
corresponding increase in Normal Grinding Force.
With all the parameters in Fig. 17 and Fig. 18 the same
except for the workpiece feed velocity, V. which were
0.15m/s and 0.3m/s respectively, the highest normal
grinding force for the two cases were 9.07237N/mm
and 19.58487N/mm respectively. This suggested that
the Normal Grinding Force required for grinding a
workpiece if the velocity of workpiece is increased
from 0.15m/s to 0.3m/s will be 10.5125N/mm.

Fig. 19 and Fig. 20 presents the model for variation of
Normal Grinding Force per unit width with the
Grinding Wheel Velocity for different Workpiece Feed
Velocity at and wheel diameter, de = 125mm and
Grinding depth, a,=0.00lmm and ap=0.005mm
respectively, Fig. 19 and Fig. 20 revealed that Grinding
wheel velocity decreases as the Normal Grinding
Force increases, however, Normal Grinding Force
increases with increase in grinding depth. Fig. 21 and
Fig. 22 show the result of the model for the variation
of Normal Grinding Force per unit width with
Workpiece Feed Velocity for different the Grinding
Wheel Velocity at wheel diameter, de = 125mm and
Grinding depth, a, = 0.00lmm and a, = 0.005mm
respectively, the figures revealed that increase in
velocity of the workpiece leads to increase in Normal
Grinding Force. Comparing Fig. 21 and Fig. 22 showed
that Normal Grinding Force is higher for grinding

A. S. Olayinka & A. C. Igboanugo

depth of 0.005mm than the grinding depth of
0.00lmm indicating that as the grinding depth
increases, the

required corresponding Normal

Grinding Force required also increased.

3.3 Correlation between Tangential and Normal
Grinding Forces
Fig. 23 shows the Relationship between Normal
Grinding Force per unit width and Tangential Grinding
Force per unit width with Workpiece Feed Velocity at
Grinding depth, a, = 0.001mm. Fig. 23 indicates that
at lower workpiece feed velocity (11m/s), the Normal
Grinding Forces is fairly higher than the Tangential
Grinding Force but as the workpiece feed velocity
increases the difference between Normal and
Tangential Grinding Forces decreases till 14m/s
workpiece feed velocity when Normal and Tangential
Grinding Forces assume the same value. From 15m/s
upward, the value of Normal and Tangential Grinding
Forces diverges out with Tangential Grinding Force
having a higher value. Fig. 24 shows the relationship
between Normal Grinding Force per unit width and
Tangential Grinding Force per unit width with
Workpiece Feed Velocity at Grinding depth, a,=
0.005mm, Fig. 24 shows that Normal Grinding Force is
higher than the Tangential Grinding Force. Table 4.1
shows the model result and experimental result of
Yang, et al[19] for Tangential Grinding Force at
various values of Grinding Depth, the results shows
that the model result is well correlated with the

experimental value.

Table: 4.1: Tangential Grinding Force for various values of Grinding Depth, Model result and experimental result

Grinding wheel velocity, Vs = 24m/s
Workpiece Feed Velocity, Workpiece Feed Velocity,
Vw=0.15m/s Vw=0.3m/s
Experimental Result Experimental Result

Grinding This work [19] This work [19]

Depth, ap Tangential Grinding Tangential Grinding Tangential Grinding Tangential Grinding
(mm) Force (N/mm) Force (N/mm) Force (N/mm) Force (N/mm)
0.001 0.44547 0.554 0.7891 0.901
0.002 0.72197 0.643 1.37855 1.266
0.003 0.98496 0911 1.96374 1.61
0.004 1.039 1.039 2.5534 1.829
0.005 1.188 1.188 3.14936 2.083
0.006 1.363 1.363 3.75192 2.047
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4. CONCLUSION

In this work, a model based computation for surface
grinding process as micro-machining operation has
been presented for Tangential and Normal Grinding
Forces. The effect of workpiece feed velocity, grinding
depth and grinding wheel velocity have been taken
into account in this model. The model for grinding
force takes into account the chip formation force and
sliding force while the plowing force is not taken into
account because it is relatively small compared to chip
formation force. The model showed that the grinding
forces (tangential and normal) are directly
proportional to the grinding depth and workpiece feed
velocity but are inversely proportional to the grinding
wheel velocity. The model also revealed that the
grinding wheel diameter does not significantly affect
the Grinding forces.
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