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Abstract
In this study, the Chemical-Assisted Ultrasonic Machining 
(CUSM) method is introduced in order to improve the efficiency 
of conventional USM method. To obtain the chemical effects, 
a low concentration hydrofluoric acid solution is added to the 
abrasive slurry with glass as workpiece. This paper investigates 
the effect of different input materials on Material Removal 
Rate (MRR) and Surface Roughness (Ra) in Chemical assisted 
Ultrasonic Machining (CUSM) process. The effect of various 
input parameters on output responses is analyzed using statistical 
techniques such as ANOVA. Main effect plots for the significant 
factors and their interactions have been used to determine the 
optimal design for output response. Through various experiments 
and comparison with conventional results, the superiority of our 
novel method is verified. 
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I. Introduction
Glass is known as a representative functional material for 
optics, electronics, thermodynamics and fluidics and so on. The 
conventional fabrication methods for these glass materials include 
diamond turning, electrochemical discharge machining, Ultrasonic 
machining, wet/dry etching and laser ablation Processing. Among 
them, the ultrasonic machining process is a process which removes 
materials by the impact motion of ultrasonic-vibrated abrasive 
particles, is non-thermal, non-chemical, and non- electrical.
Ultrasonic Machining (USM) is of particular interest for the 
machining of non-conductive, brittle work piece materials such 
as engineering ceramics. Because the process is non-chemical 
and non-thermal, materials are not altered either chemically or 
metallurgically [1]. The process is able to effectively machine 
all materials harder than HRC 40, whether or not the material 
is an electrical conductor or an insulator [2–8]. Holes as small 
as 76µmin diameters can be machined. However, despite the 
above benefits, ultrasonic machining has a low material removal 
rate and gives low surface quality. In this study, a Chemical-
Assisted Ultrasonic Machining (CUSM) method is introduced 
to overcome former disadvantages. To get the chemical effect, a 
low concentration of hydrofluoric acid was added to the abrasive 
slurry. In order to get optimal conditions, an investigation of the 
machining mechanism and several experimental works was carried 
out and compared with conventional USM method. As a result, 
an increase in material removal rate and improved the surface 
roughness is obtained.

II. Mechanism of Chemical-Assisted Ultrasonic 
Machining
In the process of the USM, materials are removed by microchipping 

or erosion with the abrasive particles. When glasses are dipped in 
the Hydrofluoric Acid (HF) solution the total chemical reaction 
can be described as:
SiO2 + 6 HF          H2SiF6 + 2 H2O
In the conventional USM, the tip of the tool vibrates at low 
amplitude (2–50µm) and high frequency (20 kHz), which transmits 
a high velocity to the fine abrasive grains between the tool and the 
surface of the workpiece. The indentation of a material surface by 
the abrasives will cause local deformation and initiate cracks. The 
initiation and propagation of median and lateral cracks contribute 
to the material removal process the workpiece used in present 
study is soda glass.
In chemical-assisted ultrasonic machining, the propagation of 
impact energy in the lateral direction is limited because the linking 
forces between the molecules are weakened. Alternatively, in the 
median direction, the transmitted energy increases and results in 
deep median cracks. Therefore, the crater size of a single impulse 
of an abrasive is reduced and the removal rate can be increased.

III. Materials and methods
Soda Glass has been used as the work material in the present 
investigation. Each workpiece was cut to a size of 100×100×5 mm 
for experimental trials the chemical composition of the workpiece 
material are shown in Table 1. Two type of tools made of High 
Carbon Steel, High Speed Steel, with straight cylindrical geometry 
(diameter 8 mm) were used in this investigation. All the tools were 
made as one piece unit and attached to the horn by tightening the 
threaded portion of the tool with the horn.

Table 1: Typical Composition of Workpiece Material (%)

SiO2 Na2O CaO MgO Al2O3 Fe2O3 K2O

71.86 13.13 9.23 5.64 0.08 0.04 0.02

Three types of abrasive materials were used: silicon carbide, 
aluminium oxide and mix (silicon carbide + aluminium oxide). 
Three different grit sizes were selected for each abrasive material: 
280, 400 and 600. Slurry concentrations used were 20%, 25% 
and 30%. Power rating of the ultrasonic machine was selected as 
another process parameter for this investigation. Three levels of 
power rating were finalized from the pilot experimentation: 100 
W, 200 W and 300 W.
The process parameters and their levels selected for the final 
experimentation has been depicted in Table 2. The Orthogonal 
Array (OA) which was for this experimentation is L18, which 
has 17 DOF assigned to its various columns. The additional four 
DOF were used to measure the random error. Table 3 shows fixed 
Input Process parameters.
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Table 2: Process Parameters and Their Levels
Factors Level 1 Level 2 Level 3
Tool Material(A) HSS SS
Power Rating(%)(B) 20 40 60
Slurry Concentration (%)(C) 20 25 30

Abrasive Slurry(D) Al2O3

50% SiC +
SiC

50%  Al2O3

Abrasive Grit Size(E) 280 400 600

Table 3: Fixed Input Process Parameters

S. No. Parameters Constant Value

1 Frequency of 
vibration 20 KHz

2 Static load 1.63 Kg

3 Amplitude of 
vibration 25.3-25.6 μm

4 Depth of cut 2mm

The experiments were conducted on an ‘AP-500 model Sonic-Mill’ 
ultrasonic machine. The complete setup is divided into the four 
sub systems; power supply, Mill module unit, slurry re-circulating 
system and Workpiece. The complete setup consisted of four sub–
systems: power supply, module unit, slurry re-circulating system, 
and workpiece holder. The ultrasonic drilling action takes place 
by means of excitation of the tool. The vibrating tool hammers 
the abrasive particles flowing in the cutting zone, and machining 
takes place by microchipping of the work surface. In USM, the 
amplitude of vibration at the tool tip depends on the mass of the 
tool to a large extent.

Fig: 1 (a) SS Tool                (b) HSS Tool

The dimensions of the each tool were determined to keep the 
mass of the tool fixed at 50 gm. Using a tool of mass greater than 
this value (50 gm) results in overloading of the machine, and the 
machining is automatically stopped by the unit. The tool material 
used in experimentation is shown in fig. 1.

IV. Experimentation
Before finalizing a particular orthogonal array for the purpose 
of designing the experiments, the following two things must be 
established:

The number of parameters and interactions of interest• 
The number of levels for the parameters of interest• 

In the present investigation, five different process parameters have 
been selected as already discussed.
The tool material factor has two levels whereas all other 
parameters such as abrasive type, grit size, slurry concentration 
and power rating of the machine have three levels each. Hence, 
L-18 array (in modified form) was selected for the present 

investigation. L-18(Table 4) array has a special property that 
the two way interactions between the various parameters are 
partially confounded with various columns and hence their effect 
on the assessment of the main effects of the various parameters 
is minimized.
Each trial was replicated twice. The slurry was maintained constant 
at a value of 36.4×103 mm3/min. To avoid any possibility of 
dullness of the edges of the abrasive grains, a large volume of 
slurry was prepared.

A. Evaluation of S/N Ratios
The S/N ratio is obtained using Taguchi’s methodology.
Here, the term ‘signal’ represents the desirable value (mean) and 
the ‘noise’ represents the undesirable value (standard deviation). 
Thus, the S/N ratio represents the amount of variation present in 
the performance characteristic.

B. Main Effects Due to Parameters
The main effects can be studied by the level average response 
analysis of raw data or of S/N data. The analysis is done by 
averaging the raw and/or S/N data at each level of each parameter 
and plotting the values in graphical form. The level average 
responses from the raw data help in analyzing the trend of the 
performance characteristic with respect to the variation of the 
factor under study. The level average response plots based on 
the S/N data help in optimizing the objective function under 
consideration. The peak points of these plots correspond to the 
optimum condition.

Table 4: Control Log for Experimentation Based on L-18 OA

Trial 
No. Tool Power Rating 

(%)

Slurry  
Concentration 
(%)

Type of 
Slurry

Grit 
Size

1 HSS 20 20 SiC 280

2 HSS 20 25 Al2O3
400

3 HSS 20 30 Mix 600

4 HSS 40 20 SiC 400

5 HSS 40 25 Al2O3
600

6 HSS 40 30 Mix 280

7 HSS 60 20 Al2O3
280

8 HSS 60 25 Mix 400

9 HSS 60 30 SiC 600

10 SS 20 20 Mix 600

11 SS 20 25 SiC 280

12 SS 20 30 Al2O3
400

13 SS 40 20 Al2O3
600

14 SS 40 25 Mix 280

15 SS 40 30 SiC 400

16 SS 60 20 Mix 400

17 SS 60 25 SiC 600

18 SS 60 30 Al2O3 280
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C. Analysis of Variance (ANOVA)
The percentage contribution of various process parameters on 
the selected performance characteristic can be estimated by 
performing ANOVA. Thus, information about how significant the 
effect of each controlled parameter is on the quality characteristic 
of interest can be obtained.
The purpose of the ANOVA and significant factors plot was to 
identify the important parameters in estimating the three responses. 
This analysis helped to identify the best set of predictors based 
on their F value for estimating the response value.

V. Results and Discussion
Table 5: Results for MRR, TWR AND SR
Trial
No

MRR
(mm3/min)

TWR
(mm3/min)

SR
(µm)

1 8.022 0.224 1.131

2 5.154 0.198 1.226

3 8.389 0.214 1.211

4 9.001 0.356 1.32

5 6.224 0.261 1.35

6 9.699 0.335 1.3

7 9.651 0.414 1.615

8 11.007 0.423 1.595

9 11.89 0.413 1.311

10 9.139 0.216 1.246

11 10.24 0.318 1.2

12 7.254 0.29 1.143

13 7.254 0.271 1.389

14 11.1 0.381 1.321

15 12.501 0.374 1.05

16 13.007 0.492 1.578

17 13.408 0.433 1.411

18 11.57 0.455 1.534

MRR material removal rate, TWR tool wear rate, SR surface 
finish

A. Material Removal Rate
The effects of parameters i.e. tool, power rating, slurry 
concentration, type of slurry, grit size and interaction between Tool 

and Type of slurry, Tool and Power Rating were evaluated using 
ANOVA and factorial design analysis. A confidence interval of 
95% had been used for the analysis. The MRR was measured using 
a weighing machine with least count as 0.001g. MRR is calculated 
from the loss of weight of the workpiece during performance trial 
and is given in Eq. (1)

 mm3/min  (1)

Where Wi = Initial weight of workpiece (gm)
             Wf = Final weight of workpiece (gm)
t = time period of trial (minutes)
ρ= density of the workpiece material (gm/cc)
The variance data for each factor and their interactions were 
F-tested to find significance of each factor. ANOVA table 6 shows 
that the Power Rating (F value 279.14), Slurry Type (F value 
202.62), Tool (F value 194.83), Slurry Concentration (F value 
19.950), Grit Size (F value 8.660) and interaction A×D (F value 
8.850) are the factors that are significant and effects MRR. The 
interactions A×B is found to be insignificant. The main effects 
for the MRR are shown in fig. 2(a), (b). The plots present the 
variation of MRR with the change in input parameters. As can 
be seen, MRR increased with an increase in the Power Rating.  
It is observed that Power Rating is the most significant factor 
which contributes to MRR followed by slurry type, type of tool 
and slurry concentration used. Highest MRR was observed when 
the Workpiece is machined on Power Rating of 60%, Abrasive 
Slurry as Silicon Carbide, Tool Material be Stainless Steel, Slurry 
concentration of 30% and 280 as its Grit Size. MRR being a higher 
the better response can be obtained by setting the significant factors 
at their most appropriate levels and is given in Eq. (2).
MRR = (Tool)2 + (Power Rating)3 + (Slurry concentration)3 + 
(Slurry type)3 + (Grit Size)1 +(Tool2 x Slurry type3) - 5        (2)
Where  = average of all results of MRR
(Tool)2  = average value of MRR at second level of Tool factor 
and so on.

B. Tool Wear Rate
The effects of parameters i.e. tool, power rating, slurry 
concentration, type of slurry, grit size and interaction between 
Tool and Type of slurry, Tool and Power Rating were evaluated 
using ANOVA and factorial design analysis. A confidence interval 
of 95% has been used for the analysis. TWR is calculated from the 
loss of weight of the tool during performance trial. The TWR is 
calculated from the loss of weight of the tool during performance 
trial and is given in Eq.3

Table 6: ANOVA Table for MRR, TWR and SR

Sources
MRR TWR SR

dof Variance F(calculated) dof Variance F(calculated) dof Variance F(calculated)

Tool(A) 1 15.006 194.83 1 0.009 22.01 1 0.002 0.78

Power rating(B) 2 21.5 279.14 2 0.057 147.3 2 0.156 63.6

slurry concen(C) 2 1.274 19.95 2 0 0.06 2 0.024 9.85

Slurry type(D) 2 15.606 202.62 2 0.002 6.07 2 0.038 13.06

Grit size(E) 2 0.667 8.66 2 0.006 14.81 2 0.002 2.01

AxB 2 0.031 0.41 2 0.001 1.39 - - -

AxD 2 0.682 8.85 - - - - - -
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AxE - - - 2 0.001 1.9 - - -

BxC - - - - - - 4 0.004 1.59

Error 4 0.077 4 0 4 0.002

TOTAL 17 5.579 17 0.009 17 0.028

  mm3/min   (3)

Where Ti = Initial weight of Tool (gms)
           Tf  = Final weight of Tool (gms)
            t = time period of trial (minutes)
             ρ	 = density of workpiece (gms/cc)
The variance data for each factor and their interactions were 
F-tested to find significance of each factor.The results for TWR 
was analyzed using ANOVA for identifying the significant factors 
affecting the performance measures. The variance data for each 
factor and their interactions were F-tested to find significance of 
each.  ANOVA table 6 shows the Power Rating (F value 147.3); 
Type of Tool (F value 22.01) and Grit Size (F value 14.81) are 
the factors that are significant and affects TWR.
The Slurry Concentration, Slurry Type and the interactions A×B 
and A×E are found to be insignificant. The main effects and 
interaction plot for the TWR are shown in fig. 2(c), (d). The plots 
present the variation of MRR with the change in input parameters. 
As can be seen, TWR decreased with an increase in the Power 
Rating. It is observed that Power Rating is the most significant 
factor which contributes to TWR followed by type of tool and 
grit size used. Lowest TWR was observed when the workpiece 
is machined on Power Rating of 20%, Tool Material be Stainless 
Steel and 600 as its Grit Size. TWR being a lower the better 
response can be obtained by setting the significant factors at their 
most appropriate levels and is given in Eq. (4).
(TWR)opt = (Tool)2 + (Power Rating)1 + (Grit Size)3  –2           
              (4)
Where  = average of all results of TWR 
(Tool)2    = average value of TWR at second level of Tool factor 
and so on.

C. Surface Roughness (SR)
The effects of parameters i.e. effects of parameters i.e. tool, power 
rating, slurry concentration, type of slurry, grit size and interaction 
between Tool and Type of slurry, Tool and Power Rating were 
evaluated using ANOVA and factorial design analysis. A confidence 
interval of 95% has been used for the analysis. Surface Roughness 
(Ra) is the arithmetic average roughness of the deviations of the 
roughness profile from the central line along the measurement 
Surface roughness was measured in terms of roughness average 
Ra, using the Perthometer (Make: Mahr, M4Pi, Germany, Stylus 
type contact measurement, cutoff length used 0.8 mm).
The variance data for each factor and their interactions were 
F-tested to find significance of each.

   (a)

   (b)

   (c)



IJRMET Vol. 3, IssuE 2,  May - ocT 2013  ISSN : 2249-5762 (Online)  |  ISSN : 2249-5770 (Print)

w w w . i j r m e t . c o m 82   InternatIonal Journal of research In MechanIcal engIneerIng & technology

    
   (d)        (e)

   (f)
Fig. 2: Main Effect and Interaction Plots for MRR (a, b), TWR 
(c, d), and SR (e, f), Respectively

ANOVA table 6 shows that the Power Rating (F value 63.6), Slurry 
Type (F value 13.06) and Slurry concentration (F value 9.85) are 

the significant factors that are affecting SR. The type of tool, grit 
size and the interactions B×C are found to be insignificant. The 
main effect and interaction plots for the significant factors are 
shown in fig. 2(e), (f). The plots show the variation in surface 
roughness with the change in input parameters. In the plots, the 
x-axis shows the parameter setting of each factor and y-axis shows 
the resultant surface roughness.
Unlike MRR, surface roughness is a “lower the best” response 
and the levels of significant factors which resulted in the lowest 
SR were selected from fig. 3(e), (f). 
The results show that Lowest SR was observed when the Workpiece 
is machined on Power Rating of 20%, Abrasive Slurry as Silicon 
Carbide and slurry Concentration is 30%. Accordingly, the best 
levels of SR are depicted in Table 7. The estimated surface 
Roughness is
 (SR)opt =(Power Rating)1 + (Slurry Concentration)3 + (Slurry 
type)3 –2       (6)
Where SR is the estimated value of the surface roughness in 
micrometer  is the mean of all responses of SR
(Power Rating)1 = average value of SR at first level of the factor 
i.e. Power rating and so on.  

Table 7:  Mean Value of Significant Factors at Their Best Levels

Sources
MRR TWR SR
Best
Level

Mean
Value

Best
Level

Mean
Value

Best
Level

Mean
Value

Tool(A) Level 2(SS) 10.608

9.695

Level 2(SS) 0.359

0.337

- -

1.029

Power 
rating(B) Level 3(60) 11.755 Level 1(20) 0.243 Level 1(20) 1.027

slurry 
concen(C) Level 3(30) 10.217 - - Level 3(30) 1.025

Slurry type(D) Level 3(SiC) 10.843 - - Level 3(SiC) 1.023

Grit size(E) Level 1(280) 10.046 Level 3(600) 0.301 - -

AxD (Tool2xSlurry type3)
(SSxSiC) 12.049 - - - -

MRR material removal rate, TWR tool wear rate, SR surface finish
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Table 8: Significant Factors and Their Selected Levels

Sources
MRR TWR SR

Contribution Best Level Contribution Best Level Contribution Best Level
Tool(A) Significant Level 2 (SS) Significant Level 2(SS) Insignificant -
Power rating(B) Significant Level 3 (60) Significant Level 1(20) Significant Level 1 (20)
slurry concen(C) Significant Level 3 (30) Insignificant - Significant Level 3 (30)
Slurry type(D) Significant Level 3 (SiC) Insignificant Significant Level 3 (SiC)
Grit size(E) Significant Level 1 (280) Significant Level 3(600) Insignificant -
AxB Insignificant - Insignificant - - -

AxD Significant (Tool2xSlurry 
type3)(SSxSiC) - - - -

AxE - - Insignificant - - -
BxC - - - - Insignificant -

MRR material removal rate, TWR tool wear rate, SR surface finish

(MRR) opt = 10.608 (Tool)2 +11.755(Power Rating)3 + 
10.217(Slurry concentration)3  + 10.843(Slurry type)3 +                                                 
                     10.046(Grit Size)1 + 12.049(Tool2 x Slurry type3) 

– 5*9.695(5 )
                  = 17.045 mm3/min            
(TWR) opt = 0.359 (Tool)2 + 0.243 (Power Rating)1+0.301 (Grit 
size)3 -2×0.337(2 ) 
                 = 0.184 mm3 /min
(SR) opt = 1.027 (Power Rating)3   + 1.025 (Slurry concentration)3+ 
1.023 (Slurry type)3 –2 
             = 0.891 µm 

From above calculation it was found the optimum value for MRR, 
TWR and SR be 17.045 mm3/min, 0.184 mm3 /min and 0.891 

µm respectively.

Optimum value of the calculated responses for MRR,TWR and 
SR
(MRR) opt = 10.608 (Tool)2 + 11.755 (Power Rating)3 + 10.217 
(Slurry concentration)3  + 10.843(Slurry type)3 + 10.046 (Grit 
Size)1 + 12.049 (Tool2 x Slurry type3) – 5×9.695 (5  ) =  17.045 
mm3/min              
(TWR) opt = 0.359 (Tool)2 + 0.243 (Power Rating)1+0.301 (Grit 
size)3 -2×0.337(2  ) 
                 = 0.184 mm3 /min
(SR) opt = 1.027 (Power Rating)3   + 1.025 (Slurry concentration)3+ 
1.023 (Slurry type)3 –2 = 0.891 µm
From above calculation it was found the optimum value for MRR, 
TWR and SR be 17.045 mm3/min, 0.184 mm3 /min and 0.891 
µm respectively.

VI. Comparison Between USM and CUSM
Table 9: Results of USM and Comparison of CUSM and USM for MRR

Trial
No Tool Power

Rating (%)

Slurry 
Concentration 
(%)

Type of
Slurry

Grit
Size

MRR in
CUSM
(mm3/min)

MRR in
USM
(mm3/min)

% increase
in MRR

1 HSS 20 20 SiC 280 8.022 5.06 58.538
2 HSS 40 25 Al2O3 600 6.224 4.545 36.942
3 HSS 60 25 Mix 400 12.007 8.44 42.263
4 SS 20 25 SiC 280 8.24 6.06 35.974
5 SS 40 20 Al2O3 600 7.254 4.54 59.78
6 SS 60 20 Mix 400 13.007 10.47 24.231

The superiority of CUSM is verified when it is compared with 
conventional USM process. As USM has low material removal 
rate and low surface finish, therefore two output parameters being 
MRR and SR were taken for comparing CUSM and USM process. 
To observe the difference between these output parameters one 
repetition for each of 6 selected experiments was completed with 
USM process.

A. Material Removal Rate (MRR)
The results and comparison for MRR in USM and CUSM process 
for each of the 6 treatment conditions with repetition is given in 
Table 9. The table also shows a percentage increase in CUSM 

when compared with USM process. The input parameters being 
same as that for CUSM. Table 9 shows the result of MRR for 
USM. Also it shows a percentage increase in MRR. Thus it was 
concluded from table that the mean value of MRR in CUSM (
) is 9.125 and in USM ( ) is 6.519. 

B. Surface Roughness (SR)
The results and comparison for MRR in USM and CUSM process 
for each of the 6 treatment conditions is given in Table 10. It 
has been seen that the SR in USM has a higher value than that 
CUSM. 
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Table 10: Results and Comparison of CUSM and USM for SR

Trial
No Tool Power Rating (%) Slurry Concentration 

(%)
Type of
Slurry

Grit
Size

SR in
CUSM (mm3/
min)

SR in
USM
mm3/min)

% increase
in SR

1 HSS 20 20 SiC 280 1.231 1.415 14.947
2 HSS 40 25 Al2O3 600 1.35 1.659 22.889
3 HSS 60 25 Mix 400 1.595 2.027 27.085
4 SS 20 25 SiC 280 1.2 1.315 9.583
5 SS 40 20 Al2O3 600 1.389 1.614 16.199
6 SS 60 20 Mix 400 1.578 1.878 19.011

The mean value of SR is compared in both cases. From Table 
10 it was concluded that the mean value of SR in CUSM ( ) is 
1.391 and in USM ( ) is 1.540. Hence a lower surface roughness 
is obtained which leads to better surface quality of the machined 
part, it is verified that the surface roughness were improved up 
to 10% respectively with soda glass as workpiece.

VII. Conclusion
The following conclusions has been concluded from the above 
study-

The MRR is mainly affected by Power rating and abrasive • 
slurry
The TWR is mainly affected by Power Rating and grit size• 
Maximum effect on machined surface finish is due to type • 
of Abrasive slurry and Power Rating.
The chemical-assisted ultrasonic machining process, which • 
uses a low concentration HF solution for chemical effect 
increases the material removal rate and better surface quality 
by 40% and 10% for machining glass
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