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Abstract— Rotary type ultrasonic machining processes is 

advancement of ultrasonic machining process in which 

rotational motion is provided to tool along with ultrasonic 

vibration and tool feed. Rotating tool is fed into workpiece 

with ultrasonic frequency of vibration. In this paper, 

mathematical model is formed between various process 

parameters of rotary type ultrasonic machining and surface 

roughness. 
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I. INTRODUCTION 

Rotary type ultrasonic machining is one of the cost-effective 

machining processes available for drilling holes in advanced 

ceramics. Rotary type ultrasonic machining is a hybrid 

machining process that combines the material removal 

mechanisms of diamond grinding and ultrasonic machining, 

resulting in higher material removal rate (MRR) than that 

obtained by either diamond grinding or Ultrasonic 

machining. Rotary type ultrasonic machining also gives 

superior surface finish, improves hole accuracy, capability 

to drill deep holes and low tool pressure. A core drill tool 

with metal-bonded diamond abrasives in rotational motion, 

ultrasonically vibrated simultaneously, is fed towards the 

workpiece at a constant feed rate or constant force 

(pressure). Coolant is pumped through the core of the drill in 

order to wash away the debris, prevent jamming of drill tool 

and keep both drill and workpiece cool.  Silicon carbide is 

used as a workpiece. Silicon carbide has found application 

in a variety of industries. The two best known applications 

of this material are its use as an abrasive material and its 

more recent use as a wide band gap semiconductor for high 

power, high temperature electronic devices. The high 

hardness of this material, known for many years, led to its 

use in machining tools and in other structural applications. 

One of the challenges of working with this material is that it 

can crystallize into many different polymorphs, the most 

common being the 3C (β-SiC), and the hexagonal (α-SiC): 

2H, 4H and 6H phases. SiO2, can pose additional issues 

when used in oxidizing atmospheres.  

II. PRINCIPLE OF OPERATION 

Rotary type ultrasonic machining was developed as an 

improvement over ultrasonic machining. In rotary type 

ultrasonic machining, the loose abrasives are abandoned and 

are bonded to the tool itself. As a result, some of the 

disadvantages of the ultrasonic machining are overcome in 

rotary type ultrasonic machining. For example, in the 

presence of the abrasive slurry, the escaping debris and the 

suspended abrasive particles tend to erode the walls of the 

machined hole during flushing thus making it hard to hold 

close tolerances. With the abandoning of the abrasive slurry, 

rotary ultrasonic machining could be extended to a wider 

range of applications. Rotary type ultrasonic machining was 

reported to be capable of machining ten times faster than 

Ultrasonic machining under similar conditions. A superior 

surface finish and a low tool pressure could be achieved 

compared to ultrasonic machining. 

 
Fig. 1: Schematic illustration of rotary type ultrasonic 

machining (a) process (b) tool 

Primary aim is to minimize surface roughness and 

to maximize material removal rate. Hence it is important to 

involve various parameters which influence rotary type 

ultrasonic machining. Following are various input and 

output parameters which are considered 

Name of parameter Symbol Unit Nature 

Frequency of 

vibration 
f KHz 

Repeating 

Input 

Variable 

Amplitude of 

vibration 
a µm 

Repeating 

Input 

Variable 

Tool speed N RPM 

Repeating 

Input 

Variable 

Tool feed F µm/min 

Repeating 

Input 

Variable 

Abrasive grit size G µm 

Repeating 

Input 

Variable 

Diameter of tool D mm 

Constant 

Input 

Variable 

Density of 

workpiece 
ρ g/cm3 

Constant 

Input 

Variable 

Coolant flow C ml/ sec 

Constant 

Input 

Variable 

Surface roughness Ra µm 
Output 

Variable 

Table 1: List of Input and Output Parameters 
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III. EXPERIMENTAL SETUP 

 
Fig. 2: Experimental setup of rotary type ultrasonic 

machining 

The setup for rotary type ultrasonic machining consists of an 

ultrasonic spindle kit, feeding device and a coolant system. 

A rotating and ultrasonically vibrating abrasive bonded tool 

is fed towards the workpiece. The tool removes material 

from the workpiece because of the ultrasonic impacts and 

the grinding action of the abrasives.  

Rotary type ultrasonic machining devices contain a 

uniquely designed spindle that is coupled to an ultrasonic 

transducer. The ultrasonic power supply converts 

conventional line voltage into 20 kHz of electrical energy. 

This output is fed to the piezoelectric transducer located in 

the spindle, and the transducer converts electrical input into 

mechanical vibrations. By changing the setting of the output 

control of the power supply, the amplitude of the ultrasonic 

vibration can be adjusted. The spindle speed (measured in 

revolutions per minute [rpm]) is programmable using the 

CNC controller for speeds up to 8000 rpm. 

IV. EXPERIMENTATION & MODEL FORMULATION 

Experimental plan is prepared by factorial method with five 

repeating input variables (Frequency of vibration, 

Amplitude of vibration, Tool speed, Tool feed, Abrasive grit 

size) and three constant input variables (Diameter of tool, 

Density of workpiece, Coolant flow). Corresponding values 

of surface roughness (output parameter) is measured. 

Buckingham’s Pi Theorem is used to maintain dimensional 

homogeneity. it is required to choose the repeating variables 

before forming pi terms. According to the guidelines 

provided for selection of repeating variables; diameter of 

tool, coolant flow, density of workpiece are selected as 

repeating variables. Following five Pi Terms are obtained 

for input variables  

𝝅𝟏

=  𝒇 

×  
𝑫𝟑

𝑪
 

𝝅𝟐

=  
𝒂

𝑫
 

𝝅𝟑

=  𝑵 

× 
𝑫𝟑

𝑪
 

𝝅𝟒

=  𝑭 

×  
𝑫𝟐

𝑪
 

𝝅𝟓

=  
𝑮

𝑫
 

Similarly, following pi term is obtained for surface 

roughness 

𝝅𝟎𝟏 =  
𝑹𝒂

𝑫
 

These five independent pi terms and one dependent 

pi terms will be used to form mathematical model. Each 

dependent pi term will is assumed to be the function of all 

independent pi terms. 

𝜋01 = 𝑓(𝜋1, 𝜋2, 𝜋3, 𝜋4, 𝜋5) 

Graphs obtained from pilot experimentation hints 

that dependent and independent parameters have 

exponential relationship. Hence  

𝜋01 = 𝑘1  ×  𝜋1
𝑎1  ×  𝜋2

𝑎2  ×  𝜋3
𝑎3  ×  𝜋4

𝑎4 ×  𝜋5
𝑎5  

Now forming the mathematical model means to 

find the value of unknowns in the above equation. 

Taking log of the both the sides of above equation gives 

log 𝜋01 = log 𝑘1 + log 𝜋1
𝑎1 + log 𝜋2

𝑎2 + log 𝜋3
𝑎3

+ log 𝜋4
𝑎4 + log 𝜋5

𝑎5  

log 𝜋01 =  log 𝑘1 + 𝑎1 log 𝜋1 + 𝑎2 log 𝜋2 + 𝑎3 log 𝜋3

+ 𝑎4 log 𝜋4 + 𝑎5 log 𝜋5 
Above equation is valid for all the readings 

collected during experimentation. Hence putting summation 

on both the sides 

∑ log 𝜋01

𝑖=𝑛

𝑖=1

=  ∑(log 𝑘1 +  𝑎1 log 𝜋1𝑖
+ 𝑎2 log 𝜋2𝑖

𝑖=𝑛

𝑖=1

+ 𝑎3 log 𝜋3𝑖
+ 𝑎4 log 𝜋4𝑖

+ 𝑎5 log 𝜋5𝑖
) 

Where n is number of readings 

All these mathematical equations are solved in 

software package MATLAB and following result is 

obtained.  

𝜋01 = 5.28652 ×  𝜋1
0.0258  ×  𝜋2

1.7589  ×  𝜋3
−2.1369  

×  𝜋4
2.6987 ×  𝜋5

2.1580 
All above equations are in form of dimensionless pi 

terms. It is required to express them in terms of variable for 

the purpose of analysis of the process and performance of 

the tool. 

Hence dissolving the pi terms now 

𝑹𝒂

𝑫
= 𝑘1  ×  [ 𝒇 ×  

𝑪

𝑫 × 𝑯
]

𝑎1

 ×  [
𝒂

𝑫
]

𝑎2

 

×  [𝑵 ×  
𝑪

𝑫 × 𝑯
]

𝑎3

 ×  [𝑭 × 
𝑪

𝑫𝟐  × 𝑯
]

𝑎4

×  [ 
𝑮

𝑫
]

𝑎5

 

𝑅𝑎 = 𝑘1  ×  𝑓𝑎1  ×  𝑎𝑎2  ×  𝑁𝑎3  ×  𝐹𝑎4  ×  𝐺𝑎5  

×  𝐷(3𝑎1− 𝑎2+ 3𝑎3+ 2𝑎4− 𝑎5+ 1)  

×  𝐶−(𝑎1+ 𝑎3+ 𝑎4) 
 

𝑅𝑎 = 5.28652 ×  𝑓0.0258  ×  𝑎1.7589  ×  𝑁−2.1369  
×  𝐹2.6987  ×  𝐺2.1580  ×  𝐶−0.5876  
×  𝐷−3.8528 

V. RESULT & DISCUSSION 

Mathematical model expresses relationship between input 

and output parameters. It is important to check the impact of 

each input parameter on each output parameter. Positive 

index shows direct relationship while negative index 

expresses inverse relationship. 

Relationship between surface roughness and various input 

parameters is 

𝑹𝒂 = 𝟓. 𝟐𝟖𝟔𝟓𝟐 ×  𝒇𝟎.𝟎𝟐𝟓𝟖  ×  𝒂𝟏.𝟕𝟓𝟖𝟗  ×  𝑵−𝟐.𝟏𝟑𝟔𝟗  
×  𝑭𝟐.𝟔𝟗𝟖𝟕  ×  𝑮𝟐.𝟏𝟓𝟖𝟎  ×  𝑪−𝟎.𝟓𝟖𝟕𝟔  
×  𝑫−𝟑.𝟖𝟓𝟐𝟖 
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Fig. 3: Effect of input parameters on surface roughness 

In case of surface roughness; frequency of 

vibration, amplitude of vibration, tool feed, and abrasive grit 

size have positive impact on surface roughness. While Tool 

speed, coolant flow rate and Diameter of tool are inversely 

proportional to surface roughness. 

It means when frequency of vibration, amplitude of 

vibration, tool feed, abrasive grit size increases, surface 

roughness increases i.e. poor surface finish is obtained. And 

when Tool speed, coolant flow rate and Diameter of tool 

decreases, superior surface finish is obtained. Indices of the 

mathematical model show that surface roughness is highly 

influenced by Tool diameter, abrasive grit size and tool feed.  

Diameter of tool directly comes in contact with the 

workpiece and hence as the tool diameter changes actual 

area of contact between tool and workpiece changes. 

Increase in area divides the total force applied by the tool 

which ultimately results in less material removal and hence 

surface roughness decreases which improves surface finish.  

In case of abrasive grit size, increase in grit size results in 

increase in roughness because abrasive grit having higher 

dimension penetrates more in the workpiece which increases 

the size of crest and valley on the workpiece. As the tool 

feed increases, interaction time between tool and workpiece 

decreases which results in reduction in time taken by the 

tool to remove the material. Hence surface roughness 

increases i.e. surface finish decreases. 

As the tool speed increases, surface roughness 

decreases because more tool speed confirms more 

interaction of tool and workpiece which allows increases in 

surface finish. It is observed in case of amplitude of 

vibration that increase in amplitude of vibration increases 

surface roughness because more amplitude of vibration 

means more penetration of tool in workpiece and hence 

surface roughness increases. Coolant flow rate affects 

surface roughness inversely. Increase in coolant flow rate 

lowers the temperature of workzone which results in 

improvement of surface finish. 

VI. CONCLUSION 

It is concluded that when frequency of vibration, amplitude 

of vibration, tool feed, abrasive grit size increases; surface 

roughness increases i.e. poor surface finish is obtained. And 

when Tool speed, coolant flow rate and Diameter of tool 

decreases, superior surface finish is obtained. 

A predictive mathematical model is developed for 

estimating the surface roughness. The experimental and 

theoretical results seemed to correlate fairly well. 

It is observed that the mathematical model follows 

the physical phenomena of rotary type ultrasonic machining 

process accurately. Hence it is concluded that the proposed 

models help the simulation of the rotary type ultrasonic 

machining in real life scenario. 
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