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Soda lime glass have wide range of applications in the field of electronics optics and fluidics. Due to their excellent 
mechanical properties it is difficult to cut this material. Rotary ultrasonic 
drilling these hard to cut material. In the present investigation, experimental trials was conducted to determine the 
effect of ultrasonic power, frequency, spindle speed, and abrasive grit number on the materiall
lime glass. Black silicon carbide was used as abrasive. Experiments were designed and carried out by response 
surface methodology based Box-behnken design at three levels of input parameters namely ultrasonic power (70, 80, 
90 %W), frequency (21.5, 22.5, 25.5 KHz), spindle speed (750, 850, 950 rpm) and abrasive grit number (30, 46, 60). 
Emperical model and three dimensional response surface plot has been developed to know the effect of these input 
parameters. 
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INTRODUCTION 
The materials such as ceramic, quartz 
crystal, metal matrix composites (MMC), 
Carbon fibers reinforced plastics (CRFP) 
and glass are considered as very hard and 
brittle material. These materials have high 
wear resistance and low fracture toughness. 
These material have wide application in 
automotive industries, aerospace, computer 
screen, dental and fluidics [1]. High 
chemical stability, thermal resistance and 
low optical absorption, optical transmission 
make glass as an important material. It is 
difficult to machine these materials by 
conventional drilling method as they have 

ELK ASIA PACIFIC JOURNAL OF MECHANICAL ENGINEERING AND RESEARCH- 
-9368(Online);EAPJMER/ISSN.2454-2962/2016; 

  
 

National Conference on Futuristics in Mechanical Engineering 
Madan Mohan Malaviya University of Technology 

MODELLING OF MATERIAL REMOVAL RATE OF SODA LIME GLASS FOR ROTARY 
ULTRASONIC DRILLING 

Sanjay Mishra 
Madan Mohan Malaviya University 

of Technology, Gorakhpur   

Sanjeev Kumar Singh Yada
Harcourt Butler Technical 

University, Kanpur

ABSTRACT 

Soda lime glass have wide range of applications in the field of electronics optics and fluidics. Due to their excellent 
mechanical properties it is difficult to cut this material. Rotary ultrasonic drilling has been successfully employed in 
drilling these hard to cut material. In the present investigation, experimental trials was conducted to determine the 
effect of ultrasonic power, frequency, spindle speed, and abrasive grit number on the materiall removal rate of soda 
lime glass. Black silicon carbide was used as abrasive. Experiments were designed and carried out by response 

behnken design at three levels of input parameters namely ultrasonic power (70, 80, 
equency (21.5, 22.5, 25.5 KHz), spindle speed (750, 850, 950 rpm) and abrasive grit number (30, 46, 60). 

Emperical model and three dimensional response surface plot has been developed to know the effect of these input 

nic drilling, Soda Lime Glass, Mild steel tool, Material Removal Rate (MRR).

The materials such as ceramic, quartz 
crystal, metal matrix composites (MMC), 
Carbon fibers reinforced plastics (CRFP) 
and glass are considered as very hard and 

tle material. These materials have high 
wear resistance and low fracture toughness. 
These material have wide application in 
automotive industries, aerospace, computer 
screen, dental and fluidics [1]. High 
chemical stability, thermal resistance and 

cal absorption, optical transmission 
make glass as an important material. It is 
difficult to machine these materials by 
conventional drilling method as they have 

exclusive mechanical properties, hence the 
need of Rotary Ultrasonic Drilling arises [2].
Rotary ultrasonic drilling is a non 
conventional hybrid machining process that 
integrates the mechanism of diamond 
grinding and static ultrasonic machining. In 
the present investigation, a cutting tool is 
vibrated ultrasonically and rotated without 
any axial movement. The work material is 
feed toward the tool through lever by putting 
desired weights. 
 
METHODOLOGY 
Response surface methodology has been 
used to carry out the series of experiment. 
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The detail of workpiece, experimental setup, 
selection of process parameters and design 
of experiment have been explained in 
following sections. 
 
Work material 
In the present investigation, a Soda Lime 
glass plate with dimensions 20×20×3 mm 
was selected as workpiece material. The 
chemical composition and mechanical 
properties of soda lime glass is shown in 
table 1 & 2 respectively [3]. 
 
Experimental setup 
In the present research work, a rotary 
ultrasonic drilling setup (shown in figure 1) 
has been used to carry out all the 
experiments. The experiments were carried 
out to study the effect of various 
controllable input parameters on the material 
removal rate taken as response parameter. A 
mild steel tool of diameter 2mm is taken as 
cutting tool. Black silicon carbide was used 
as abrasive which was feeded in slurry form 
manually. Digital Tachometer has been used 
to measure spindle speed and a digital 
multimeter has been used to measure 
frequency. 
 
Selection of process pamaeters and their 
range 
    In the present investigation the effect of 
various input parameters such as ultrasonic 
power, frequency, rpm, abrasive grit number 
on the response, material removal rate has 
been investigated. These parameters and 
their range has been considered by pilot 
experimentation, existing literature and 

capability of machine. The independent 
input parametrsans their level in actual and 
coded value is shown in table3. The constant 
factors and their values are shown in table 4. 
 
Design of experiment 
 Response surface methodology’s Box-
behnken design has been applied to carry 
out the experimental design and to develop 
the relationship between process parameters 
and output response. Box and Wilson in 
1951 proposed this method to develop the 
relationship between input parameters and 
response in a effective manner [4]. In RSM 
a relationship is established in desired 
response and independent input factors 
which can be represented by equation 
Yi = f(x1, x2, x3, x4 ………xk) ± € 
Where yi is the desired output and f is the 
response function and x1, x2 ………xkare 
independent input process parameters. € is 
the fitting error which measures 
experimental errors. The approximation of 
the response function has been done using 
second order regression model (quadratic 
model).the quadratic model can be explained 
as, 
Yi = b0 +∑k

i=1bixi +∑k
i=1biix

2
i +∑∑k

i<jbijxixj± 
€ 
 
Where b0 is a constant and bi,bii, bij represent 
coefficient of linear, quadratic, cross product 
terms. xi corresponds to process parameter 
which are under study[5]. There are two 
available design in RSM, one is central 
composite design (CCD) and other is box 
behnken design (BBD). CCD as a RSM 
design suitable for sequential 
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experimentation and requires five level of 
each factor while BBD uses only three level 
of each factor and at the same time it has 
reasonable experimental points. BBD is used 
when prediction of extreme response is not 
reqired.it is less costly to run than CCD and 
also convenient to use [6]. 
In the present research, the experiments 
were design by using design of experiment 
technique namely RSM in which box 
behnken design has been used. For this, a 
statistical software called minitab version 17 
(developed by Barabar F. Ryan, Thomas 
A.Ryan, Jr and Brian L.Joiner in 1972) has 
been utilized. 
 A total of 27 experiment has been carried 
out as per as experimental design with four 
input parameters, all having three levels. 
The BBD based design matrix and 
corresponding response is shown in table 5. 
 
RESULTS AND DISCUSSION 
The material removal rate has been 
calculated by taking the weight differences 
of sample before and after machining using 
precision weighing balance. 
MRR = (Wi – Wf) / T 
Where, Wi is Initial weight of sample and 
Wf is Final weight of sample after 
machining. T is the machining time. 
 
Anova result and regression model 
ANOVA result can predict whether a 
quadratic model is significant or not. As 
seen in table ANOVA result shows that 
developed regression model is highly 
significant. It is obivious from F value of 
2.48 and lower p value (0.062). The 

adequacy of the model was confirmed 
further by a satisfactory value of 
determination coefficient of 0.7428. 
The p value for the lack of fit is 0.010 which 
indicates that marginally lack of fit is not 
significant and model is well accepeted. The 
ANOVA result for material removal rate has 
been shown in table 6. 
The final mathematical relationship in 
uncoded units between MRR and input 
process parameters i.e. ultrasonic power, 
frequency, rpm and abrasive grit number is 
expressed by following polynomial of 
second order Equation. 
MRR=1.126+ 0.00282 A-
 0.1220 B+ 0.000373 C+ 0.00289 D-
 0.000007 A×A                                                                      
+0.002866 B×B-
 0.000000 C×C+ 0.000014 D×D-
 0.000093 A×B- 0.000000 A×C                                 
+ 0.000015 A×D + 0.000000 B×C-
 0.000202 B×D - 0.000001 C×D 
These coefficients of the parameters in the 
equation have been calculated by Minitab 
software after analysis of the data shown in 
table 5. The 3D response surface plots were 
also formed on regression model to know 
the change of response surfaces as shown in 
figure 2. These plots can be used to know 
the relationship between variables and 
response. The effect of two input parameter 
on response (MRR) can be shown while 
holding remaining two input at central 
value. The response surface plots are shown 
in figure 
 In figure 2(a) shows that MRR increases 
significantly with increase in abrasive grit 
number and MRR also increases with 
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spindle speed firstly and then decreases.In 
figure 2(b) response surface plot shows that 
MRR increases with increase in abrasive grit 
number and decreases with increase in 
ultrasonic power. In figure 2(c) MRR 
increases with increases in abrasive grit 
number and MRR decreases firstly with 
increase in frequency then after a frequency 
of 23.5 it started increases with increase in 
frequency. In figure 2(d) shows that MRR 
increases with increase in ultrasonic power 
and increases firstly with increases in 
spindle speedupto 850 rpm and then 
decreases. 
 
Conclusion 
In the present study the effects of various 
input parameters i.e. ultrasonic power, 
frequency, spindle speed and abrasive grit 
number on the response called metal 
removal rate (MRR) has been investigated. 
The following conclusions can be drawn 
from this study: 
[1] RSM can be economical used for 
modelling machining parameters for MRR 
and it is a efficient way of obtaining 
information for a system with less number 
of experimental trials. 
[2] The developed empirical model for MRR 
is well fitted with experimental values with 
a 95% confidence interval. 
[3] The empirical model for MRR of soda 
lime glass plate machined by rotary 
ultrasonic drilling process using response 
surface methodology is given below: 

 [4] From 3D response surface plots it was 
inferred that MRR increases with increase in 
abrasive grit number, decreses with increase 
in frequency firsty and then increases. MRR 
increses with increses in spindle speed 
firstly and then decreases MRR increases 
with increases in ultrasonic power.  
   where, mi = Initial 
mass and mf =Fina 
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Table 1: Chemical Composition of soda lime glass

Element Percentage (%)

SiO2 69-74 

Na2O 10-16 

CaO 5-14 

MgO 0-6 

Al2O3 0-3 

Others 0-5 

 
 

 

Table 2: Mechanical properties of soda lime glass

Property Amount 

Density 2500 kg/m3

Young’s modulus 70,000 N/mm

Poisson ratio 0.2 

Shear modulus 29,166 N/mm

Knoop hardness 6 GPa 

 

Figure 1: Rotary Ultrasonic Drilling Setup
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Table 3: Input parameter and their level 

Variables Level(-1) Level(0) Level(1) 

Ultrasonic power 
%(A) 

70 80 90 

Frequency(B) 21.5 22.5 25.5 

Spindle speed(C) 750 850 950 

Abrasive grit 
number(D) 

30 46 60 

 

 Table 4: Constant parameter and their values 

Parameters Value 

Work material Soda lime glass 

Work piece thickness 3mm 

Tool Mild steel 

Tool diameter 2mm 

Abrasive Black silicon 
carbide 

Machining depth 3mm 

 

Table 5: BBD based design matrix and result. 

 Process parameters Response 
Experiment 
No. 

Ultrasonic 
power 
%W 

Frequency(KHz) Spindle 
speed(rpm) 

Abrasive 
Grit No. 

MRR(g/min) 

1 70 21.5 850 46 0.0098 
2 90 21.5 850 46 0.0196 

3 70 25.5 850 46 0.0034 
4 90 25.5 850 46 0.0026 
5 80 22.5 750 30 0.0015 
6 80 22.5 950 30 0.0048 

7 80 22.5 750 60 0.0073 
8 80 22.5 950 60 0.0076 



ELK ASIA PACIFIC JOURNAL OF MECHANICAL ENGINEERING AND RESEARCH- SPECIAL ISSUE 
ISSN 2349-9368(Online);EAPJMER/ISSN.2454-2962/2016; 

 
National Conference on Futuristics in Mechanical Engineering 

Madan Mohan Malaviya University of Technology 
 

422 
 

9 70 22.5 850 30 0.0052 
10 90 22.5 850 30 0.0042 
11 70 22.5 850 60 0.0070 

12 90 22.5 850 60 0.0154 
13 80 21.5 750 46 0.0145 
14 80 25.5 750 46 0.0026 
15 80 21.5 950 46 0.0147 

16 80 25.5 950 46 0.0036 
17 70 22.5 750 46 0.0029 
18 90 22.5 750 46 0.0026 
19 70 22.5 950 46 0.0035 

20 90 22.5 950 46 0.0024 
21 80 21.5 850 30 0.0018 
22 80 25.5 850 30 0.0028 

23 80 21.5 850 60 0.0445 
24 80 25.5 850 60 0.0051 

25 80 22.5 850 46 0.0060 

26 80 22.5 850 46 0.0054 
27 80 22.5 850 46 0.0046 

 

 

Table 6: ANOVA results for MRR 

Source DF Adj SS Adj MS F-Value P- Value 
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Model 
Linear 
A 
B 
C 
D 
Square 
A2 

B2 

C2 
D2 
2-way Interaction 
AB 
AC 
AD 
BC 
BD 
CD 
Error  
Lack –of- fit 
Pure error 
Total 

14 
4 
1 
1 
1 
1 
4 
1 
1 
1 
1 
6 
1 
1 
1 
1 
1 
1 
12 
10 
2 
26 

0.001475 
0.000657 
0.000003 
0.000552 
0.000002 
0.000116 
0.000542 
0.000003 
0.000355 
0.000022 
0.000055 
0.000212 
0.000016 
0.000000 
0.000022 
0.000000 
0.000172 
0.000002 
0.000511 
0.000510 
0.000001 
0.001986 

0.000105 
0.000164 
0.000003 
0.000552 
0.000002 
0.000116 
0.000135 
0.000003 
0.000355 
0.000022 
0.000055 
0.000035 
0.000016 
0.000000 
0.000022 
0.000000 
0.000172 
0.000002 
0.000043 
0.000051 
0.000000 

2.48 
3.86 
0.06 
12.96 
0.06 
2.73 
3.18 
0.06 
8.34 
0.51 
1.29 
0.83 
0.38 
0.00 
0.51 
0.00 
4.04 
0.06 
103.34 

0.062 
0.031 
0.810 
0.004 
0.816 
0.124 
0.053 
0.809 
0.014 
0.487 
0.278 
0.569 
0.548 
0.952 
0.489 
0.952 
0.067 
0.815 
0.010 

Model Summary 

 

 

 

    S                R-sq             R-sq(adj)                   R-sq (pred) 
 
  0.0065243     74.28%           44.27%                        0.00% 
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Figure 2(a)                                                                    
Figure 2(b) 
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Figure 2(c)                                                     

Figure 2(d) 

Figure 2 Response surface plots for various inputs 
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