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Abstract
Chemical mechanical polishing is a hybrid polishing technique having different applications in the semiconductor industry,
biomedical and optical instrumentation, and defense equipment. The control and accuracy highly depend on the operator’s
skill due to limited knowledge of material removal behavior. This article attempts to fill this gap through an experimental
investigation of friction coefficient and material removal rate as functions of abrasive particle size, normal load, relative
velocity, and polishing time during BK7 optical glass polishing. In this article, Taguchi L18 mixed levels full factorial design
was used to perform the experiments. Also, a temporal model for material removal rate is developed to study and investigate
the mechanism of material removal. The results show the load per particle varies between 0.18 × 10–6 and 4.1 × 10–6 N,
which led to the conclusion that material, are removed plastically from the workpiece surface and mechanical actions are
dominant over chemical actions in material removal. The values of friction coefficient (μ ~ 0.1) and 3D profilometer images
also support this statement. The errors between predicted and experimental results are well within 8% and 12% for friction
coefficient and material removal rate, respectively. This study is an important step toward the deterministic optical polishing
process, leading to better control of material removal during the polishing of precision optical components.
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Abbreviations

μ Friction coefficient
k Preston’s constant
ρ Density
a Abrasive size
L Polishing load
p Polishing pressure
v Speed (relative, polishing)
r Offset distance between workpiece and

polisher centers
s Polisher speed
w Weight
D Diameter of the workpiece
Ar Workpiece to polisher area ratio
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(CSIR-CSIO), Sector-30, Chandigarh 160030, India

Ns Number of abrasive particles bearing the
polishing load

tp Pad thickness
Fa Load per particle
Va Volume of abrasive particle
x, y, z, γ , α, β, ε Fitting parameters
MRR Material removal rate
CMP Chemical mechanical polishing
OA Orthogonal array
AFM Atomic force microscope
ANOVA Analysis of variance
Adj SS Adjusted sum of square
Adj MS Adjusted mean square
DOF Degrees of freedom
SR Surface roughness
CCI Coherence correlation interferometry
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1 Introduction

Optical fabrication generally involves the fabrication of pre-
cision components made from glass material. Glass, apart
from being optically transparent, is highly brittle. Hence,
the machining of glass poses practical challenges [1–4]. It
becomes highly important to understand thematerial removal
behavior of the machining process to achieve the desired sur-
face and shape characteristics [5–7]. The optical polishing
process generally involves the rubbing of workpiece and pol-
isher surfaces in the presence of cerium oxide-based slurry
[8]. The material removal behavior of the optical polishing
process determines the characteristics of the surface achieved
after polishing [9–11].Material removal during the polishing
process involves mechanical abrading forces and chemical
actions taking place at the polishing interface [12–15]. How-
ever, the actual scenario at the interface is determined by
the process parameters of the polishing process. The value
of the friction coefficient at the workpiece-polisher interface
is an indicator of whether the contact between the work-
piece and polisher is of solid–solid contact mode (μ ~ 0.1),
hydroplaning mode (μ ~ 0.001 to 0.01), or mixed-mode type
(μ ~ 0.01 to 0.1) [16–18]. Frictional characteristics of the
workpiece-polisher interface generally depend upon normal
load, relative velocity, slurry characteristics, polishing time,
etc. [19–22]. However, they are not explicitly defined scien-
tifically for the optical glass polishing process.

Yu et al. [23] explored the nanoscale friction during the
interaction of single-particle CeO2 and BK7 glass surfaces
and observed that it is the interfacial friction that is respon-
sible for material removal during the polishing process. The
chemical phenomenon (hydrolysis of Si–O–Si bond) occurs
very little due to the chemical inertness of BK7 optical glass.
However, depending on the chemical affinity of the substrate,
the mechanism of material removal may vary. Promising
results have been reported by Suratwala et al. [24] wherein
a Hertzian contact mechanics-based optical polishing model
has been proposed. Slurry particle size distribution has been
reported to play a significant role in defining the material
removal rate and mechanism.

Normal load when applied over the workpiece gets dis-
tributed over the abrasive particles which then get embedded
into the workpiece surface and remove material due to the
relative motion [25]. Hence, the amount and mechanism of
material removal depend upon the load transferred to each
particle. Suratwala et al. [26] reported that if the load per
particle is higher than 5 × 10–5 N and lower than 0.1 N for
a fused silica glass workpiece, material removal would take
place through a plastic removal mechanism; when it is quite
low, below 5 × 10–5 N, chemical actions become dominant
in material removal. Hence, load per particle is another indi-
cator of the material removal mechanism; however, it is not
sufficient.

The CMP process capabilities can be enhanced through
some additives that chemically activate the polishing surface
[27, 28]. The chemical effect has been increased by 133%
through a chemical reaction by adding citric acid. The mate-
rial wear is dominated by plastic deformation and material
removal occurs at the micro-nano level, i.e., at the size of
the abrasive particle [29]. Luo et al. conducted the polishing
studies at different pH slurries and reported that Preston’s
equation needed modification to present the data better. The
authors have included two additional factors include chem-
ical reactivity and polish rate (velocity term) in Preston’s
equation [30]. Murthy et al. study the mechanical aspect of
the CMP process by evaluating the Von Mises stress on the
workpiece. The result shows the radial deformation of the
polisher and carrier film under the action of downforce [31].

CMP is an important process for manufacturing the IC
circuit, a key component in the semiconductor industry. Lee
et al. discussed the environmental issues related to the CMP
process due to the enormous demands of the semiconduc-
tor industry. From a sustainability point of view, various
techniques were purposed and discussed for post-processing
related to wastewater, CMP slurry, and other consumables
[32]. Further, Seo reviewed the critical issue related to safety
and toxicity issues related to the CMP process. The unde-
sirable toxic gases such as phosphine and arsine during the
polishing of III-V materials [33]. Terell et al. reviewed the
hydrodynamic studies related to the CMP process, as slurry
behavior across the lap-workpiece interface defines the wear
distribution. The authors reported that no complete study
is available that explains and predicts slurry behavior. The
oversimplified and unrealistic assumption made in model
development needs re-investigation [34].

In this study, BK7 optical glass is used as the work-
piece material for performing the experiments. It is generally
used for various applications in the basic research, industrial,
defense, and medical sector which require high precision
surfaces with minimum surface and subsurface defects [9,
35–37]. Some of the specific applications are beam combin-
ers and folding mirrors for head-up displays, glass mirrors
for the astronomical telescope, electronic substrates, mirrors
and polarizers for lasers, a substrate for biological sample
analysis, etc. [9, 38–41]. Polishing such a substrate, which is
hard as well as brittle, is critical and time-consuming [42].
In this study, the frictional force at the polishing interface is
measured and the friction coefficient is modeled as a function
of abrasive particle size, normal load, and relative velocity.
Finally, an empirical model, for material removal during the
polishing process, is proposed as a function of friction coef-
ficient, normal load, and relative velocity. Authors have also
attempted tomodel the load per particle to describe themech-
anism of material removal during polishing of BK7 optical
glass, also supported by values of friction coefficient.
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Fig. 1 Experimental setup showing the interfacing of load cell with the
full aperture optical polishing machine

Table 1 Levels and values of control parameters

Parameters Levels

Abrasive size (μm): a 1.4 3.2

Normal load (N): L 10 14 18

Relative velocity (m/s): v 0.352 0.528 0.704

2 Materials andMethods

Frictional force during the polishing process is measured
using a miniature load cell (Capacity 25 lbs, Make: Inter-
face, USA). The experimental setup is shown in Fig. 1. The
workpiece is kept at an offset from the center of the polisher
to record the tangential force generated through the rubbing
action of the rotating polisher. Schott BK7 optical glass is
used as substrate (ø 55 mm, height 10 mm) for the experi-
ments. In this study, Taguchi’s L18 orthogonal array is used to
study the relationship between Friction coefficient andMRR
with the polishing parameters, viz., abrasive size, normal
load, and polisher speed, having different levels (Table 1).
The values of parameters are selected based on initial ran-
dom experiments. Table 2 presents Taguchi’s standard L18

orthogonal array.
Before polishing, the workpiece is lapped over the iron

lap tool using two different grades of emery (mainly Al2O3)
in the following order: 302 (M2) and 303 (M3) having mean
particle sizes of 28μmand14.5μm, respectively, tomake the
workpieces ready for polishing. The sample weight is mea-
sured using a weighing balance (Wensar MAB 220, max.
capacity 220 g, resolution of 0.1 mg) before polishing. Then
the sample is blocked on a custom-designed aluminumblock-
ing tool. The abrasive slurry of fixed concentration (8.25%

Table 2 L18 parameters summary table

Run Abrasive size Normal load Relative velocity

1 1 1 1

2 1 1 2

3 1 1 3

4 1 2 1

5 1 2 2

6 1 2 3

7 1 3 1

8 1 3 2

9 1 3 3

10 2 1 1

11 2 1 2

12 2 1 3

13 2 2 1

14 2 2 2

15 2 2 3

16 2 3 1

17 2 3 2

18 2 3 3

by weight, based on our earlier study [9]) is prepared bymix-
ing 8.25 g of cerium oxide (CeO2) powder (Unicer 657 and
Rhodite 200, physical properties are listed in Table 3, sup-
plier Universal Photonics Inc., US) with 100 ml of deionized
water.

Polyurethane pad (LP-66, supplier Universal Photonics
Inc., US) is used as polisher material. To minimize the
effect of pad elastic properties on frictional characteristics,
a minimum thickness of 0.5 mm is taken [19]. The phys-
ical properties of the polishing pad are shown in Table 4
[43]. Abrasive slurry is fed manually at constant intervals of
time. Because of the polisher rotation, the tangential force
exerted on the workpiece surface gets transferred to the sen-
sor via a connecting rod and is recorded. Frictional force
data are recorded at a frequency of 100 Hz. Before starting
the data acquisition, it has been ensured that the workpiece
is in proper contact with the polishing pad surface. Each
polishing experiment is run for 10 min at room temperature
(22 °C). The frictional force vs time data for 18 different
combinations of parameters (see Table 2) are recorded by
the force sensor. The surface texture of the workpiece sam-
ple is observed throughTaylorHobsonCCIOptics before and
after polishing. Measurements are taken using a 20X objec-
tive lens. After polishing, sample weight is again measured
using a precision weighing balance.
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Table 3 Physical properties of
abrasive particles S/N Abrasive type Base material Appearance Particle size (μm)

1 Unicer 657 Cerium Oxide White powder Range: 1.0–1.75 Mean: 1.375

2 Rhodite 200 Cerium Oxide Orange-brown powder Range: 2.6–3.8 Mean: 3.2

Table 4 Properties of polishing
pad Pad type Filler material Thickness (mm) Shore hardness (A) Density (g/cc)

LP-66 Cerium Oxide 0.5 78 0.42

Fig. 2 Schematic of normal load application during the polishing pro-
cess

3 Modeling and Calculations

3.1 Normal Load

The schematic of the application of normal load during the
optical polishing process is shown in Fig. 2. Load-1 (L1),
Load-2 (L2), and Load-3 (L3) correspond to two different
positions of weight ‘w’ and may be calculated as:

Normal load when weight ‘w’ at position-1:

L1 �
( x1
d

)
w (1)

Normal load when weight ‘w’ at position-2:

L2 �
( x1 + x2

d

)
w (2)

Normal load when weight ‘w’ at position-3:

L3 �
( x1 + x2 + x3

d

)
w (3)

Here x1 � 165 mm, x2 � 80 mm, x3 � 80 mm, d �
433 mm, and w � 2.5 kg. Hence values of L1, L2 and L3
are computed to be approximately 10 N, 14 N and 18 N,
respectively.

3.2 Relative Velocity

Relative velocity v (mm/min) is calculated as:

v � 2πsr

60000
(4)

where s is polisher speed (rpm), and r is the offset distance
between the workpiece and polisher centers (56 mm).

3.3 Friction Coefficient

Friction coefficient (μ) is calculated as below:

μ � F

L
(5)

where F is measured friction force, and L is normal load
(from Eqs. 1, 2, and 3).

3.4 Material Removal Rate

Material Removal Rate, MRR (nm/sec) is calculated using
the weight difference method [9]:

MRR � 4 × �m × 109

�t × ρ × π × D2 (6)

where �m is the change in mass of the workpiece in grams,
�t is the polishing time (seconds), ρ is the density of the
BK7 glass workpiece (2.51 g/cm3), and D is the diameter of
the workpiece in mm.

3.5 Load per Particle

Modeling of load applied per particle has been carried out
considering some assumptions based on observations and
prior knowledge. First of all, it is assumed that all the abrasive
particles are sphericalwith an average diameter of ‘a’.Hence,
the volume of a single abrasive particle, Va(cm3) is defined
as:

Va �
(
4

3
π

(a
2

)3)
10−12 (7)

where a is abrasive particle size (inμm), and the mass of one
abrasive particle, ma(grams) is then defined as:

ma � Vada (8)
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where da is the density of abrasive particles in grams per
cubic centimeters (g/cm3).

Let x grams of abrasive powder be added to 100 ml of
deionized water to prepare a slurry of x% (by weight) con-
centration. For the present study, the slurry concentration is
8.25% (by weight). Hence, several abrasive particles in x
grams of abrasives are:

Na � x

ma
(9)

Abrasive slurry is supplied at the rate of 0.1 ml/min. Hence
the number of particles added every minute is:

N0 � 0.1 × Na(
100 + x

da

) (10)

Thus, the total number of abrasive particles present on the
polisher surface at any moment is given by:

N (t) � N0 + dt (11)

where t is time in minutes and has values from integer 0
to 9 and N0 is the number of abrasive particles at t � 0.
d is a parameter that gives the net amount of slurry being
added at the interface after every one minute, as some of the
slurries get flow away due to centrifugal force (a function
of polisher speed), and its values are observed for the three
different polisher speeds, i.e., 60 rpm, 90 rpm, and 120 rpm,
are 0.6N0, 0.55N0, and 0.5N0, respectively.

The workpiece to polisher area ratio, Ar :

Ar � Dw
2

Dp
2 (12)

where Dw and Dp are diameters of the workpiece and pol-
isher. Hence, several abrasive particles under the workpiece
surface at a point in time are:

Naw � Ar N (t) (13)

It is observed that some of the slurries get settled into the
pores of the polishing pad, hence do not bear the polishing
load. The area of the open pores is approximately 1.5% of
the total polishing pad area. Hence, the number of particles
lying in the open pores under the contact area is:

Np � 0.015πDw
2tpNa

4
(
100 + x

da

) (14)

where tp is the pad thickness. Hence, the number of active
particles bearing the polishing load is:

Ns � Naw − Np (15)

Assuming that the normal load is uniformly distributed
across the workpiece-polisher interface, the load per particle
may be calculated as:

Fa � L

Ns
(16)

where L is the normal load in newton (N).

4 Results and Discussion

The frictional force vs. time data recorded by the force sen-
sor is analyzed and the friction coefficient is calculated based
upon that. The frictional force data are recorded for 10 min
of polishing, however, to avoid the initial sudden variations
in frictional force, the average value of the last 6 min of
data is considered for computation. The obtained experimen-
tal results comprising friction force, friction coefficient, and
MRR are listed in Table 5.

4.1 Friction Coefficient Model

The main and interaction effects plots for friction coefficient
are shown in Fig. 3. It is observed that the friction coeffi-
cient increased approx. 43% when abrasive size is increased
from 1.375 μm to 3.2 μm which is because of greater resis-
tance faced by larger size particles at the workpiece-polisher
interface. Increasing the normal load deepens the penetra-
tion of abrasive particles into the workpiece surface and also
increases the effective area of contact between the abrasive
particle and workpiece surface [44, 45], leading to increased
resistance which results in increased frictional force. But the
variation in friction coefficient is not quite significant, only
an increase of approx. 5% in friction coefficient with the
change of normal load from 10 to 14 N and also from 14 to
18 N. However, friction coefficient exhibits inverse behav-
ior with polishing speed. But it is observed to decrease with
an increase in relative velocity. Friction coefficient decreased
approx. 35%with increase in relative velocity from0.352m/s
to 0.528 m/s and also from 0.528 m/s to 0.704 m/s. It may
be the result of aquaplaning effect, i.e., formation of liquid
film at the interface at high relative velocity [20]. Moreover,
the adhesion component of the friction coefficient dominates
over the deformation component at a higher relative velocity
which leads to a reduction in the friction coefficient [20, 46].
The results are in agreement with those reported in earlier
researches [19, 20, 22]. Based on the observations, it may be
stated that:

μ ∝ a (17)

μ ∝ Lβ (18)

123



3260 Arabian Journal for Science and Engineering (2023) 48:3255–3268

Ta
bl
e
5
E
xp

er
im

en
ta
la
nd

m
od

el
in
g
re
su
lts

R
es
ul
ts
ba
se
d
on

ex
pe
ri
m
en
ta
ld

at
a

R
es
ul
ts
ba
se
d
on

m
od
el
in
g
of

lo
ad

pe
r
pa
rt
ic
le

R
un

A
br
as
iv
e
si
ze

(μ
m
):
a

N
or
m
al
lo
ad

(N
):
L

R
el
at
iv
e

ve
lo
ci
ty

(m
/s
):
v

Fr
ic
tio

na
l

fo
rc
e
(N

):
F

Fr
ic
tio

n
co
ef
fic
ie
nt
:μ

M
R
R

(n
m
/s
)

Pr
es
to
n’
s

co
ns
ta
nt

(m
2
/N
):
k R

A
vg
.n

o.
of

ac
tiv

e
ab
ra
si
ve

pa
rt
ic
le
s:
N
s

A
vg
.l
oa
d
pe
r

pa
rt
ic
le
(N

):
F
a

W
or
k

do
ne
/a
re
a/
tim

e
(N

m
−1

s−
1
):
W

Pr
es
to
n’
s

co
ns
ta
nt

(m
2
/N
):
k

1
1.
37
5

10
0.
35
2

2.
09

0.
20
9

0.
20

3.
20
79
E
−1

3
5.
69
04
E
+
07

1.
80
E
−0

7
3.
60

1.
32
16
E
−1

3

2
1.
37
5

10
0.
52
8

1.
39

0.
13
9

0.
36

2.
72
16
E
−1

3
5.
45
54
E
+
07

1.
86
E
−0

7
5.
36

1.
59
53
E
−1

3

3
1.
37
5

10
0.
70
4

0.
78

0.
07
8

0.
48

2.
16
32
E
−1

3
5.
31
53
E
+
07

1.
90
E
−0

7
7.
12

1.
60
05
E
−1

3

4
1.
37
5

14
0.
35
2

3.
00

0.
21
4

0.
58

3.
23
94
E
−1

3
5.
69
04
E
+
07

2.
51
E
−0

7
5.
03

2.
73
76
E
−1

3

5
1.
37
5

14
0.
52
8

2.
28

0.
16
3

0.
79

2.
90
28
E
−1

3
5.
45
54
E
+
07

2.
61
E
−0

7
7.
50

2.
50
06
E
−1

3

6
1.
37
5

14
0.
70
4

1.
23

0.
08
8

0.
68

2.
26
60
E
−1

3
5.
31
53
E
+
07

2.
67
E
−0

7
9.
98

1.
61
96
E
−1

3

7
1.
37
5

18
0.
35
2

4.
04

0.
22
5

1.
04

3.
30
17
E
−1

3
5.
69
04
E
+
07

3.
23
E
−0

7
6.
47

3.
81
79
E
−1

3

8
1.
37
5

18
0.
52
8

3.
08

0.
17
1

1.
17

2.
96
11
E
−1

3
5.
45
54
E
+
07

3.
35
E
−0

7
9.
65

2.
88
05
E
−1

3

9
1.
37
5

18
0.
70
4

1.
75

0.
09
7

1.
32

2.
36
44
E
−1

3
5.
31
53
E
+
07

3.
43
E
−0

7
12
.8
2

2.
44
53
E
−1

3

10
3.
20
0

10
0.
35
2

2.
87

0.
28
7

0.
45

3.
64
25
E
−1

3
4.
76
52
E
+
06

2.
14
E
−0

6
3.
60

2.
97
36
E
−1

3

11
3.
20
0

10
0.
52
8

1.
96

0.
19
6

0.
64

3.
12
76
E
−1

3
4.
56
83
E
+
06

2.
22
E
−0

6
5.
36

2.
83
62
E
−1

3

12
3.
20
0

10
0.
70
4

1.
21

0.
12
1

0.
81

2.
57
73
E
−1

3
4.
45
10
E
+
06

2.
27
E
−0

6
7.
12

2.
70
09
E
−1

3

13
3.
20
0

14
0.
35
2

4.
27

0.
30
5

0.
56

3.
73
06
E
−1

3
4.
76
52
E
+
06

3.
00
E
−0

6
5.
03

2.
64
32
E
−1

3

14
3.
20
0

14
0.
52
8

2.
91

0.
20
8

0.
87

3.
19
87
E
−1

3
4.
56
83
E
+
06

3.
11
E
−0

6
7.
51

2.
75
39
E
−1

3

15
3.
20
0

14
0.
70
4

1.
75

0.
12
5

1.
17

2.
61
31
E
−1

3
4.
45
10
E
+
06

3.
18
E
−0

6
9.
98

2.
78
67
E
−1

3

16
3.
20
0

18
0.
35
2

5.
56

0.
30
9

1.
00

3.
75
14
E
−1

3
4.
76
52
E
+
06

3.
86
E
−0

6
6.
47

3.
67
10
E
−1

3

17
3.
20
0

18
0.
52
8

3.
97

0.
22
0

1.
40

3.
27
72
E
−1

3
4.
56
83
E
+
06

4.
00
E
−0

6
9.
65

3.
44
67
E
−1

3

18
3.
20
0

18
0.
70
4

2.
42

0.
13
5

1.
82

2.
69
10
E
−1

3
4.
45
10
E
+
06

4.
09
E
−0

6
12
.8
2

3.
37
15
E
−1

3

123



Arabian Journal for Science and Engineering (2023) 48:3255–3268 3261

Fig. 3 Main effects and interaction plot for friction coefficient

μ ∝ 1

vε
(19)

Hence, by combining the above equations, we get:

μ ∝ aαLβ

vε
(20)

Here, a: abrasive size; L: normal load; v: polishing speed;
α,β,ε: fitting parameters.

The friction coefficient is then plotted against (aαLβ )/vε

and values of the fitting parameters are found through
iterations using nonlinear regression analysis (Algorithm:
Gauss–Newton, Iterations: 200, Final Sum of Squares of
Errors (SSE): 0.0003905) while fitting the data in the sig-
moidal curve, which better represents the coefficient of
friction [19] (Fig. 4):

μ � 1 − 0.274

1 − 2.2e
−

(
a1/3L1/4

v

)0.112 (21)

Here, μ is friction coefficient; a is abrasive size (microns); L
is polishing load (N); v is relative velocity (m/s).

4.2 Material Removal Rate Model

The main and interaction effects plots for MRR are shown in
Fig. 5. It is observed that MRR increases with an increase in

Fig. 4 An empirical formulation for friction coefficient

abrasive size, polishing load as well as polishing speed [10].
Increasing the abrasive size and polishing load increases the
contact area (refer to Hertz contact equation [47]) between
the abrasive and workpiece surface, hence leading to the
removal of more material [23]. Based on these observations,
the following relations are developed:

MRR ∝ ax (22)

MRR ∝ Ly (23)
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Fig. 5 Main effects and interaction plot for MRR

Fig. 6 An empirical formulation for MRR

MRR ∝ vz (24)

And, as material removal is due to the work done by fric-
tion force:

MRR ∝ μγ (25)

Hence, by combining the above equations, we get:

MRR ∝ μγ axLyvz (26)

where a is abrasive size; L is polishing load; v is polishing
speed; x, y, z, γ are fitting parameters.

MRR is then plotted against μγ axLyvz and values of the
fitting parameters are found through iterations while fitting
the data in a linear equation (R2 � 0.9185) (Fig. 6):

MRR � c1
(
μγ pv

)
(27)

Here, MRR is material removal rate (nm/sec); μ is friction
coefficient; p is polishing pressure (N/m2); v is relative veloc-
ity (m/s); γ is fitting parameter, c1is a constant. The values
of c1 and γ are 0.0006 and 0.4, respectively.

The equation may be re-written as:

MRR � kR pv (28)

where kR is the new modified Preston’s constant and is equal
to c1μγ. The modified Preston’s constant is a function of
friction coefficient (μ), which itself is a function of abra-
sive size, normal load, and relative velocity, as mentioned in
Eq. (21). Based on the experimental data, the value of kR is
observed to lie in the range of 2.1632 × 10–13 to 3.75145 ×
10–13 m2/N. Preston’s constant with values of similar order
(~ 10–13 m2/N) has been reported by other researchers [12,
48].

123



Arabian Journal for Science and Engineering (2023) 48:3255–3268 3263

Fig. 7 Validation of empirical formulation for friction coefficient and MRR

4.3 Experimental Validation

To validate the empirical equations for friction coefficient
and MRR, three experiments (Experiment #4, #12, and #17)
were repeated. These experiments were chosen in such a way
that all the variations of parameters are covered. Then, the
measured data are plotted against the calculated data and is
shown in Fig. 7 for friction coefficient and MRR. The error
between measured and calculated values is within 8% for
friction coefficient and 12% for MRR. Hence, the equations
for friction coefficient and MRR are validated.

4.4 Analysis of Variance

The Analysis of Variance (ANOVA) is used to verify the sig-
nificance of the effects of the process parameters on friction
coefficient and MRR. ANOVA results corresponding to fric-
tion coefficient are shown in Table 6. The regression equation
obtained for friction coefficient is:

μ � 0.202749 + 0.071394a + 0.00345903L − 0.256612v

− 0.000171619aL − 0.0704038av − 0.000772886Lv

(29)

The P-value of the regression equation is zero which
means that at least one of the coefficients of the regression
equation is nonzero. ANOVA table displaying P values <
0.05 indicates that the particular parameters and their inter-
actions are significant in defining the friction coefficient at
the workpiece-polisher interface. And the F values (highest
the most significant) indicate that the order of significance
is abrasive size, the interaction of abrasive size and relative
velocity, and relative velocity. R2 � 99.64% indicates that the
regressionmodel explains 99.64% of the variation in the fric-
tion coefficient data. The adjusted R2 is 99.94%. R2 (pred)
� 99.09% indicates that the model explains 99.09% of the
variation in friction coefficient when the model is used for
prediction.

ANOVAresults corresponding toMRRare shown inTable
7. The regression equation obtained for MRR is:

(30)

MRR0.5 � −0.37421 + 0.0603051a + 0.0737677L

− 0.0377441v − 0.00873868aL

+ 0.259978av + 0.00496572Lv

The P-value of the regression equation is zero which
means that at least one of the coefficients of the regression
equation is nonzero.ANOVA table displayingP values < 0.05
indicates that the particular parameters and their interactions
are significant in defining the material removal rate during
polishing of BK7 optical glass. And the F values (highest the
most significant) indicate that the order of significance of the
process parameters is normal load, the interaction of abrasive
size and relative velocity, and the interaction of abrasive size
and normal load. R2 � 97.22% indicates that the regression
model explains 97.22% of the variation in the MRR data.
The adjusted R2 is 95.70%. R2 (pred) � 91.95% indicates
that themodel explains 91.95%of the variation inMRRwhen
the model is used for prediction.

4.5 Material Removal Mechanism

Load per particle (Fa) is calculated using Eqs. (7)-(16) and
is shown in Table 5. It is observed to lie in the range of 0.18
× 10–6 to 4.1 × 10–6 N during the polishing of BK7 optical
glass for a range of parameters mentioned in Table 5. Yu et al.
[49, 50] have also reported the load per particle of the order
of micro-newton (10–6 N) measured using an Atomic Force
Microscope (AFM). The load per particle tends to decrease
with polishing time. It may be explained as: as the abrasive
slurry is poured at a constant interval of time, the effective
number of particles present at the interface increases with
time, hence, the load per particle decreases.

According to Preston’s equation [51]:

MRR � kpv (31)
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Table 6 ANOVA results for
friction coefficient Source DF Seq SS Adj SS Adj MS F P

Regression 6 0.0863165 0.0863165 0.0143861 501.471 0.000000

Abrasive size 1 0.0151735 0.0023238 0.0023238 81.003 0.000002

Normal load 1 0.0013568 0.0001105 0.0001105 3.853 0.075446

Relative velocity 1 0.0682449 0.0009539 0.0009539 33.252 0.000125

Abrasive size*normal
load

1 0.0000047 0.0000047 0.0000047 0.164 0.693145

Abrasive size*relative
velocity

1 0.0015341 0.0015341 0.0015341 53.477 0.000015

Normal load*relative
velocity

1 0.0000024 0.0000024 0.0000024 0.083 0.779198

Error 11 0.0003156 0.0003156 0.0000287

Total 17 0.0866320

Summary of model R2 � 99.64%, R2 (adj) � 99.44%, R2 (pred) � 99.09%

Table 7 ANOVA results for MRR

Source DF Seq SS Adj SS Adj MS F P

Regression 6 0.874681 0.874681 0.145780 64.1236 0.000000

Abrasive size 1 0.084828 0.001658 0.001658 0.7293 0.411326

Normal load 1 0.610741 0.050269 0.050269 22.1115 0.000648

Relative velocity 1 0.145886 0.000021 0.000021 0.0091 0.925808

Abrasive size*normal load 1 0.012208 0.012208 0.012208 5.3700 0.040769

Abrasive size*relative velocity 1 0.020919 0.020919 0.020919 9.2016 0.011380

Normal load*relative velocity 1 0.000098 0.000098 0.000098 0.0430 0.839505

Error 11 0.025008 0.025008 0.002273

Total 17 0.899689

Summary of model R2 � 97.22%, R2 (adj) � 95.70%, R2 (pred) � 91.95%

where k is Preston constant (m2/N), p is applied load per unit
area (N/m2) and v is relative motion (m/s). Here, p × v is
nothing but work done by applied load per unit area per unit
time. For the present study, work done by the applied load
per unit area per unit time is calculated as:

W � FaNsv

A
(32)

where Ns and Fa are obtained from Eqs. (15) and (16) and
are tabulated in Table 5. Hence, Preston’s constant (k) is
calculated as:

k � MRR

W
(33)

The values of Preston’s constant are observed to be in the
range of 1.6196 × 10–13 to 3.81789 × 10–13 for BK7 glass
polishing, which is quite similar to those obtained through
experimental results (kR: 2.1632× 10–13 to 3.75145× 10–13

m2/N), with an average error of 17.8%. Similar values of
Preston’s constant are reported by Suratwala et al. [52, 53].

Based on the values of load per particle, it may be con-
cluded that during the polishing of BK7 optical glassmaterial
is removed from the workpiece surface using mechanical
(plastic removal) as well as chemical actions, but as BK7 is
chemically inert [23] and load per particle is close to critical
load (5× 10–5 N), reported by Suratwala et al. [26], mechan-
ical actions are dominant over chemical actions. The values
of friction coefficient (~ 0.1) also suggest that the workpiece
and polisher are in solid–solid contact mode and hence, the
material is removed mainly by mechanical forces [16].

Material removal mechanism is also demonstrated
through observation of surface texture through CCI Optics
(Coherence Correlation Interferometry-based non-contact
optical profiler) of different polished samples. The sam-
ples are chosen considering the range of friction coefficient
observed, shown in Fig. 8. It is observed that as the friction
coefficient increases mechanism of material removal shifts
from ductile to brittle.
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Fig. 8 Surface texture observed through CCI Optics, a: μ < 0.15, mate-
rial is removed through ductile material removal mechanism; b: 0.15 <
μ < 0.25, material is mostly removed through ductile material removal
mechanism, except in few zones; c: 0.25 <μ < 0.30, material is removed

through ductile material removal mechanism, however, brittle fractures
have initiated; and d: μ > 0.30, along with ductile material removal,
brittle fractures can be easily observed

5 Conclusions

In the present study, an empirical model was developed to
predict the friction coefficient and material removal rate dur-
ing the polishingofBk7optical glass considering the abrasive
size, normal load, and relative velocity as governing input
parameters. The developed models were validated through
experimental study. From the study, the following observa-
tions could be drawn:

i. The friction coefficient at the polishing interface is
observed to be a function of abrasive size, normal load,
and relative velocity. Following mathematical expres-
sion, based on the Sigmoidal curve, is obtained: �
1− 0.274

1−2.2e
−

(
a1/3L1/4

v

)0.112 . Similarly, thematerial removal

rate is observed to be a function of friction coefficient,
normal load, and relative velocity. The following math-
ematical expression is obtained: MRR � kR × p × v,
where kR is equal to c1μγ (modified Preston’s constant

based on experimental data), whose values lie in the
range of 2.1632 × 10–13 to 3.75145 × 10–13 m2/N.

ii. The mathematical formulations for friction coefficient
and MRR were validated by repeating three sets of
experiments. The error between measured and calcu-
lated values iswithin 8% for friction coefficient and 12%
for MRR. Further, Load per particle is modeled and its
values are observed to lie in the range of 0.18 × 10–6 to
4.1 × 10–6 N during the polishing of BK7 optical glass.

iii. The separate Preston’s constant (k) is determined based
on the work done by the calculated active abrasive parti-
cles bearing the load, whose values are observed to lie in
the range of 1.6196× 10–13 to 3.81789× 10–13 for BK7
glass polishing, which is quite similar to those obtained
through experimental results (kR: 2.1632 × 10–13 to
3.75145 × 10–13 m2/N). Hence, it may be stated that
assumptions used for modeling load per particle are jus-
tified.

iv. Further, based on the values of load per particle, it may
be concluded that during polishing of BK7 optical glass
material is removed from the workpiece surface using
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mechanical (plastic or ductile removal) aswell as chemi-
cal actions, however, considering the chemical inertness
of BK7 optical glass and value of load per particle close
to critical load (5 × 10–5 N), mechanical actions are
found to be dominant in material removal. The values
of the friction coefficient (~ 0.1) also support this state-
ment.

v. Material removal mechanism is also demonstrated
through CCI images of surface texture observed for
some of the glass samples. It is inferred that material
removal shifts from ductile to brittle as the friction coef-
ficient at the workpiece-polisher interface increases.

The CMP is a complex hybrid process where the process
is mainly governed by chemical reactions and mechanical
action. The present numerical study is a step forward in
analyzing the CMP process for better control and accu-
racy to meet the dynamic demands of the industry. More
chemical-specificmaterial removal studiesmay be attempted
by considering more input and response parameters along
with surface morphology.
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