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1. Title of the Thesis and Abstract 
 

Title: 

Optimization of Process Parameters of Ultrasonic Machining of Polymer Matrix Composites 

Abstract: 

Polymer Matrix Composites (PMC) has been widely used in engineering application due to their 

significant advantages high specific strength, better specific stiffness, superior corrosion 

resistance, better thermal insulation, high dielectric strength, low moisture absorption, design 

flexibility, and resistance to chemical and microbiological attacks. As a consequence of the 

widening range of applications in automotive, aircraft and manufacture of spaceships and sea 

vehicles of polymer matrix composites, the machining of these materials has become a very 

important subject of research. Machining of composite materials is a rather complex task owing 

to their heterogeneity, anisotropy, and high abrasiveness of fibers, and it exhibits considerable 

problems in machining which leads to defects such as delamination, fiber pull-out, shrinkage of 

hole, spalling, fuzzing and thermal degradation.  

For the machining of polymer matrix composites, following manufacturing processes are 

reported in literature: Drilling, milling, turning, and grinding. Several non-traditional machining 

processes such as laser cutting, water-jet cutting (with or without abrasives) have been developed 

for machining polymer matrix composites. Due to anisotropic and inhomogeneous structure of 

polymer matrix composites, cavity (hole) making causes some problems, which do not occur in 

other materials. Therefore, addressing how to improve the quality of holes in polymer matrix 

composites with ultrasonic drilling is imperative. 

  Among the defects caused by hole making, delamination around the hole site appears to be 

the most critical, delamination can often become a limiting factor in the use of polymer matrix 

composites for structural applications. Delamination is a major problem associated while 

machining polymer matrix composites, two delamination mechanisms associated with machining 

are known as peel-up delamination and push-out delamination. Peel-up delamination which is 

also known as top delamination occurs as the cutting tool enters the laminate while Push-out 

delamination also known as bottom delamination occurs as the cutting tool reaches the exit side 

of the material.  

 In this experimental work, ultrasonic machining process is used to drill a hole in the 
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polymer matrix composites to study and find optimum set of machining parameters. The 

experiments were performed on polymer matrix composites specifically E-type glass fiber 

reinforced plastic composite material. The process parameters, which greatly influence the 

performance, were selected based on the result of pilot experiments, trial runs, handbook’s value, 

manufacturer’s recommendation, Literature/Research papers and machine limitations. The levels 

of input variables for the main experiments were selected based on the result analysis of pilot 

experiments and trial runs. 

The main experiments were designed as per second-order central composite rotatable 

design (CCD) using response surface methodology. The total 30 number of experiments were 

performed according to the design matrix. Variations in input process parameters such as 

amplitude, pressure, work piece thickness and abrasive grit size were used to measure its effects 

on MRR, adjusted top delamination factor and adjusted bottom delamination factor. The results 

of responses were analyzed using statistical software Design expert 10. ANOVA for MRR, 

adjusted top delamination factor and adjusted bottom delamination factor was carried out to find 

contributions of individual parameters. Quadratic equations for responses were obtained using 

regression analysis. Three dimensional graphs between response parameters and process 

parameters are used to analyze. 

Objectives of responses (maximize MRR with minimum adjusted top delamination factor 

and adjusted bottom delamination factor) were conflicting in nature, hence single objective 

optimization could not fulfill all objectives at a time. Multi-objective optimization technique 

“composite desirability” approach was used in this work to obtain a single set of input 

parameters which fulfill desired objectives. Predicted results of responses were confirmed with 

the experimental result. Good agreement between predicted and experimental results was 

observed with tolerable errors. 

Finally, it is concluded that efforts to maximize material removal rate with minimum 

delamination is achieved. This work is very much useful for machining E-type polymer matrix 

composites in productivity improvement and to minimize rejection rate of product due to 

delamination. 
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2. Brief Description on the State of the Art of the Research Topic 

 
Polymer matrix composites are comparatively newer material and due to its favorable 

structural, mechanical and functional properties, their usage has been increased manifolds. Glass 

fiber reinforced plastic is a one of the type of polymer matrix composites which is produced by 

combining different materials having different chemical and physical properties with a 

recognizable interface at macroscopic level [1]. In glass fiber reinforced plastics, it is composed 

of two different forms like glass fiber and resin matrix. In this form, both fiber and matrix are 

able to retain their distinct chemical and physical properties; and in this combination they 

achieve better properties compared to individual properties. Normally, fibers are the constituents 

which are mainly responsible to carry load and the matrix surrounds the fibers and keeps fibers 

in their required position and direction, at the same time it transfers the load to fibers and 

protects material from damages done due to environmental extreme conditions [2]. Glass fiber 

reinforced plastic has advantageous properties like high specific strength, specific stiffness, low 

weight structure, lower thermal conductivity, and higher fatigue strength, able to char and 

resistance against chemical and microbiological attacks [1, 3]. Recent development and 

application of Fiber Reinforced Plastics increased manifold as they are widely used in many 

engineering industries like electronics industry, furniture industry, aviation and aerospace 

industry, marine boats, medical equipments, and automobile industry vehicle because of better 

advantages compare to other materials [4, 5]. Manufacturing of glass fiber reinforced plastics is 

such that they are available readily for their required function, but when there are products which 

need to be assembled; they are assembled by machining a hole in components. Following 

processes are used for machining a hole in glass fiber reinforced plastic products i.e. drilling, 

milling, turning, water jet machining, laser beam machining [6]. The machining of GFRP is 

challenging and it differs in many aspects compared to conventional material as reinforcement 

fibers posses high abrasiveness and composite materials are heterogeneous and anisotropic in 

nature and it results in many machining defects [7, 8, 9, 10]. While these products are machined 

to perforate a hole many problems pertaining to quality such as fiber pull-out, shrinkage of hole, 

spalling, fuzzing, thermal degradation and mainly delamination immerges. Delamination is a 

major quality issue while machining any fiber products. It is observed that in aviation industries, 

particularly in assembly operation, approximate rejection rate of 60 % is reported because of 

these defects [11]. When FRP products with bad quality holes are assembled, this causes high 
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stress on the inserted bolt/rivet, and finally resulted into failure of the assembled product. So, the 

quality of the cavity is very important for the product life of the assembled product [12]. 

Komanduri described different problems related to machining of fiber reinforced plastic 

composites using conventional and nonconventional machining techniques [6]. Davim et al. 

showed the influence on output variables delamination factor, surface roughness with the input 

variables the cutting velocity and feed rate in GFRP material while using cemented carbide 

(K10) end mill [13]. Paneerselvam et al. [14] applied the Grey Relational Analysis (GRA) 

technique to investigate and optimize the machining parameters (Tool condition (TC), number of 

flutes (z), cutting speed (V), and feed rate (f)) on GFRP milling to minimize surface 

delamination, machining forces, cutting torque, and surface roughness.  Erkan et al. [15] 

presented a study in which a GFRP composite material was machined using end mill to reduce 

damage on machined surfaces utilising two, three, and four flute end mills with various cutting 

parameter levels. Kumar et al. [16] applied utility approach for multi-response optimization in 

turning unidirectional glass fiber-reinforced plastics composites using a Carbide (K10) cutting 

tool.  Mohan et al. [7] optimized different cutting variables to drill GFRP sheets with the 

application of Taguchi technique. In this study, they had investigated the effect of applied 

process variables feed rate, drill size speed, and thickness of specimen on the response variables 

torque and thrust. In his study Palanikumar et al. [9] used combination of  fuzzy logic with 

Taguchi method for optimizing variables like metal removal rate, tool wear and surface 

roughness for the given work piece with different fiber orientation, cutting speed, feed rate, depth 

of cut and machining time. Rubio et al. [18] found reduction in machining damage with the 

application of high cutting speed in drilling machine to make a drill in GFRP composite. In his 

study Kumar et al. [19] had studied the effect of machining variable like cutting speed, depth of 

cut, feed rate, nose radius, tool rake angle, and cutting environment on response parameter 

surface roughness for the unidirectional GFRP material and found that feed rate and cutting 

speed had major influence and cutting environment had trivial effect on surface roughness of the 

unidirectional GFRP material. Rajamurugan et al. [20] studied the effect of drilling parameters 

feed rate, cutting speed, drill diameter and fiber orientation angle on the response variable thrust 

force particularly for GFRP composite material and derived equations which show relation at 99 

% confidence level. Sreenivasulu [21] applied taguchi method for studying the relationship 

between the machining parameter of end milling machine like feed rate, cutting speed, and depth 

of cut for the response parameter delamination and surface roughness in GFRP material, he come 
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out with the result that delamination and surface roughness are much influenced by cutting speed 

and depth of cut. Vankanti and Ganta [22] optimized drilling process parameters such as cutting 

speed, feed, point angle, and chisel edge width in drilling glass fiber reinforced polymer 

composites. Shunmugesh et al. [23] carried out an experimental study on drilling of GFRPs in 

which an L27 orthogonal array was used to determine delamination and surface roughness.  

Mehbudi et al. [24] used ultrasonic assisted drilling for his study and applied taguchi method to 

study the effect of cutting speed, feed rate, and ultrasonic vibration amplitude with a motive to 

reduce thrust force in GFRP composites material. They come out with conclusion delamination 

can be reduced with the reduction in thrust force in ultrasonic assisted drilling.  

In this work, process variables of ultrasonic machine and material parameter are taken as 

input variables and effect of these variables is investigated on material removal rate, top and 

bottom delamination. 

 

3. Definition of the Problem 

 

In the present experimentation work, attempts have been made to model, analyse and 

optimize the process parameters of ultrasonic machining process for polymer matrix composites 

specifically E-type glass fiber reinforced plastic material. The central composite second order 

rotatable design has been chosen for designing the experiments and response surface 

methodology was applied for developing the mathematical models. Efforts has been made to 

correlate the four input process parameters; amplitude (Am), pressure (Pr), work piece thickness 

(LT), and abrasive grit size (AG) with three output responses; material removal rate (MRR), 

adjusted top delamination factor (ATDF), and adjusted bottom delamination factor (ABDF). 

Results obtained were presented in the form of three dimensional surface plots. Analysis of 

variance had been performed to check the adequacy of the developed mathematical models as 

well as significance of each term comprising the models. Statistical software Design Expert 10 

(DX 10) was used to construct the plots to analyse the influence of individual input process 

parameter on output responses. Composite desirability function approach was used for multi-

objective optimization of the developed models. The optimal predicted results were 

experimentally verified, matched well with the predicted results. 
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4. Objective and Scope of Work 

 

As the literature review indicates, the majority of experimental studies on machining of 

glass fiber reinforced plastics include conventional manufacturing processes and non 

conventional manufacturing processes as laser beam machining process and water jet machining 

process. The purpose of this study is to experimentally investigate the effect of process 

parameters of ultrasonic machining process on E-type glass fiber reinforced plastic composite 

material. With this aim, specific technical objectives of this study are as follows: 

 

1) To study and identify the limitations of current manufacturing processes for drilling a hole in 

Glass Fiber Reinforced Plastic. 

 

2)  To investigate the combined effect of different process parameters of ultrasonic machining 

process on MRR, Top delamination, Bottom delamination. 

 

3)  To carry out statistical analysis using ANOVA and develop response surface methodology 

model and statistical regression equations for MRR, Top delamination and Bottom 

delamination. 

 

4)  To develop a solution for multi objective optimization problem using Composite Desirability 

approach to obtain the optimum set of parameters. 

5. Original Contribution by the Thesis 

 

Present research work was attempted to optimize the process parameters of ultrasonic 

machining to drill hole in the polymer matrix composite specifically E-type glass fiber reinforced 

plastic composites material. The main contribution of the research is as given below.  

 Extensive and comprehensive literature reviews are undertaken to identify the research 

gaps and research issues in the optimization of process parameters of ultrasonic 

machining process. 

 Evaluation of the process performance characteristics such as material removal rate 

(MRR), adjusted top delamination factor (ATDF) and adjusted bottom delamination 

factor (ABDF) for optimization of ultrasonic machining process parameters considering; 
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amplitude, pressure, work piece thickness, and abrasive grit size as input process 

parameters. 

 Development of a response surface methodology (RSM) model to correlate the input 

process parameters such as amplitude, pressure, work piece thickness, and abrasive grit 

size with output responses such as material removal rate (MRR), adjusted top 

delamination factor (ATDF) and adjusted bottom delamination factor (ABDF) to 

optimize ultrasonic machining process. These models would help in predicting the values 

of responses for a large number of input parameter combinations. 

 Analysis of the influence of various input parameters on output responses using response 

surface methodology. 

 Development and analysis of the three dimensional response surface plots to acquire 

further insight information on the correlation between input process variables and output 

responses. 

 Optimization of the process parameters for multi-objective optimization of ultrasonic 

machining process using “composite desirability” approach. 

 

6. Methodology of Research, Results / Comparisons 
 

In the present experimental work attempts have been made to optimize the process 

parameters of ultrasonic machining process for the E-type glass fiber reinforced plastic 

composite material. The research methodology followed during experimentation is described 

below:  

 6.1 Experimental design based on CCD 

Experiments were designed using the design of experiments (DOE) techniques. A second- 

order rotatable central composite design (CCD) is composed of a total of 30 experiments. It 

further consisted of 2β fractional runs with twenty four corner points, six centre points and eight 

axial runs located at 2α levels. The second order regression equations for the selected model are 

obtained for the response characteristics, viz., material removal rate, adjusted top delamination 

factor and adjusted bottom delamination factor. These regression equations are developed using 

the experimental data and plotted to investigate the effect of process variables on various 

response characteristics. The analysis of variance (ANOVA) performed to statistically analyze 
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the results. 

In this experimental work, the levels of amplitude, pressure, work piece thickness, and 

abrasive grit size were selected through rigorous study of past work and by performing numbers 

of pilot experiments (trial runs). The complete research methodology described in flow diagram 

shown in Figure 1. Results of responses are given in Table 1. 
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Figure1 Flow Chart of Research Methodology 
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Table 1 Observed mean value of responses 

Exp. 

No. 

Input process parameters Mean Values of Responses 

Pressure (Pr)  
in bar  

Amplitude (Am)  
in micron 

Laminate Thickness (LT)  
in mm 

Abrasive Grit size (AG)  
in Grit no. MRR 

(mg/sec) 
ATDF 

 
ABDF 

 
Actual Coded Actual Coded Actual Coded Actual Coded 

1 1.5 -1 36 -1 1.2 -1 600 -1 6.0600 1.298 1.831 

2 3.5 1 36 -1 1.2 -1 600 -1 5.6100 1.331 2.322 

3 1.5 -1 47 1 1.2 -1 600 -1 6.6300 1.677 1.848 

4 3.5 1 47 1 1.2 -1 600 -1 7.1200 1.403 2.344 

5 1.5 -1 36 -1 3.6 1 600 -1 5.7400 1.616 2.939 

6 3.5 1 36 -1 3.6 1 600 -1 5.4100 1.557 2.787 

7 1.5 -1 47 1 3.6 1 600 -1 5.8200 1.419 2.652 

8 3.5 1 47 1 3.6 1 600 -1 6.5700 1.315 2.362 

9 1.5 -1 36 -1 1.2 -1 200 1 7.6100 1.288 1.985 

10 3.5 1 36 -1 1.2 -1 200 1 5.8500 1.241 1.649 

11 1.5 -1 47 1 1.2 -1 200 1 8.3100 1.398 1.927 

12 3.5 1 47 1 1.2 -1 200 1 7.4400 1.423 1.625 

13 1.5 -1 36 -1 3.6 1 200 1 7.0100 1.946 2.840 

14 3.5 1 36 -1 3.6 1 200 1 5.4000 2.033 2.413 

15 1.5 -1 47 1 3.6 1 200 1 7.1100 1.420 2.587 

16 3.5 1 47 1 3.6 1 200 1 6.4200 1.269 2.362 

17 1.5 -1 42 0 2.4 0 400 0 7.1300 2.132 2.402 

18 3.5 1 42 0 2.4 0 400 0 5.8100 2.104 2.131 

19 2.5 0 36 -1 2.4 0 400 0 5.6100 1.980 2.247 

20 2.5 0 47 1 2.4 0 400 0 7.5000 1.241 2.183 

 



11 

Synopsis for Thesis titled “Optimization of Process Parameters of Ultrasonic Machining of Polymer Matrix Composites” 

 

 

Table 1 Observed mean value of responses (Continued) 

Exp. 

No. 

Input process parameters Mean Values of Responses 

Pressure (Pr)  
in bar  

Amplitude (Am)  
in micron 

Laminate Thickness (LT)  
in mm 

Abrasive Grit size (AG)  
in Grit no. MRR 

(mg/sec) 
ATDF 

 
ABDF 

 
Actual Coded Actual Coded Actual Coded Actual Coded 

21 2.5 0 42 0 1.2 -1 400 0 7.2000 1.451 1.983 

22 2.5 0 42 0 2.4 2 400 0 5.6100 1.516 3.641 

23 2.5 0 42 0 2.4 0 600 -1 5.8200 1.253 2.753 

24 2.5 0 42 0 2.4 0 200 1 7.2000 1.357 2.145 

25 2.5 0 42 0 2.4 0 400 0 5.8000 2.690 4.418 

26 2.5 0 42 0 2.4 0 400 0 5.7600 2.740 4.520 

27 2.5 0 42 0 2.4 0 400 0 5.8800 2.760 4.482 

28 2.5 0 42 0 2.4 0 400 0 5.8000 2.690 4.541 

29 2.5 0 42 0 2.4 0 400 0 5.8100 2.780 4.452 

30 2.5 0 42 0 2.4 0 400 0 5.8900 2.670 4.522 
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6.2 ANOVA of response parameters 
 

Analysis of variance (ANOVA) has been carried out to check the adequacies of the 

developed model and to find the significance of individual parameters on the selected responses. 

 ANOVA for material removal rate 

The result of ANOVA for MRR model is shown in Table 2. The calculated F-value of 

predicted MRR model is 204.95, indicates the model is significant. There is only 0.01% possibility 

of larger F-value occurs due to noise. In this case, A(Pressure), B(Amplitude), C (Laminate 

thickness), D (Abrasive grit size), AB (interaction effect of Pressure and Amplitude), AC 

(interaction effect of Pressure and Laminate thickness), AD (interaction effect of Pressure and 

Abrasive grit size), BC (interaction effect of Amplitude and Laminate thickness), CD (interaction 

effect of Laminate thickness and Abrasive grit size), A
2
 (interaction effect of Pressure),

 
B

2
 

(interaction effect of Amplitude), 
 
C

2
 (interaction effect of Laminate thickness) and D

2
 (interaction 

effect of Abrasive grit size) are observed significant terms. The lack of fit F-value is 3.20. There is 

10.57% chance that a lack of fit F-value of this large could occur due to noise. 

Table 2 ANOVA for MRR 

Source  Sum of 

Squares 

df Mean 

Square 

F 

Value 

P- value 

Prob>F 

Remarks 

Model 18.29 14 1.31 204.95 0.0001 Significant 

A-Pressure 2.11 1 2.11 330.35 0.0001 
 

B-Amplitude 4.60 1 4.60 721.84  0.0001 
 

C-Laminate 

Thickness 
2.89 1 2.89 453.44  0.0001 

 

D-Abrasive Grit 

size 
3.34 1 3.34 523.45  0.0001 

 

AB 0.92 1 0.92 143.79  0.0001 
 

AC 0.032 1 0.032 4.94 0.0420 
 

AD 1.82 1 1.82 284.77  0.0001 
 

BC 0.25 1 0.25 39.60  0.0001 
 

BD 5.063E-004 1 5.063E-004 0.079 0.7820 
 

CD 0.12 1 0.12 18.94 0.0006 
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A
2

  0.75 1 0.75 117.56 0.0001 
 

B
2

  0.95 1 0.95 149.73 0.0001 
 

C
2

  0.61 1 0.61 95.58 0.0001 
 

D
2

  0.84 1 0.84 132.21 0.0001 
 

Residual 0.096 15 6.376E-003 
   

Lack of Fit 0.083 10 8.271E-003 3.20 0.1057 
 

Pure Error 0.013 5 2.587E-003 
   

Cor Total 18.39 29 
    

 

 
 ANOVA for adjusted top delamination factor 

 
The result of ANOVA for adjusted top delamination factor is shown in Table 3. The 

calculated F-value for predicted ATDF model is 30.05 which indicate significant model. There is a 

0.01% possibility of larger F-value could occur due to noise. In this case, B (Amplitude), C 

(Laminate thickness), BC (interaction effect of Amplitude and Laminate thickness), A
2
 (interaction 

effect of Pressure),
 

B
2
 (interaction effect of Amplitude), C

2
 (interaction effect of Laminate 

thickness) and D
2
 (interaction effect of Abrasive grit size) are significant terms. The lack of fit F-

value is 14.86. There is only a 0.41% chance that a lack of fit F-value of this large could occur due 

to noise. 

Table 3 ANOVA for adjusted top delamination factor 

Source  Sum of 

Squares 

df Mean 

Square 

F 

Value 

P- value 

Prob>F 

Remarks  

Model 8.51 14 0.61 30.05 0.0001 Significant 

A-Pressure 0.012 1 0.012 0.61 0.4455 
 

B-Amplitude 0.25 1 0.25 12.53 0.0030 
 

C-Laminate 

Thickness 
0.11 1 0.11 5.58 0.0321 

 

D-Abrasive Grit 

size 
0.015 1 0.015 0.76 0.3961 

 

AB 0.017 1 0.017 0.83 0.3757 
 

AC 8.240E-005 1 8.240E-005 4.072E-003 0.9500 
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AD 6.306E-003 1 6.306E-003 0.31 0.5849 
 

BC 0.38 1 0.38 18.86 0.0006 
 

BD 0.064 1 0.064 3.16 0.0955 
 

CD 0.079 1 0.079 3.88 0.0676 
 

A
2

  0.85 1 0.85 42.12 0.0001 
 

B
2

  2.52 1 2.52 124.51 0.0001 
 

C
2

  3.08 1 3.08 151.99 0.0001 
 

D
2

  3.95 1 3.95 195.27 0.0001 
 

Residual 0.30 15 0.020 
   

Lack of Fit 0.29 10 0.029 14.86 0.0041 
 

Pure Error 9.883E-003 5 1.977E-003 
   

Cor Total 8.82 29 
    

 

 ANOVA for adjusted bottom delamination factor 

 
The result of ANOVA for adjusted top delamination factor is shown in Table 3. The 

calculated F-value for predicted adjusted bottom delamination factor model is 80.64 which indicate 

significant model. There is a 0.01% possibility of larger F-value could occur due to noise. In this 

case, C (Laminate thickness), D (Abrasive grit size), AC (interaction effect of Pressure and 

Laminate thickness), AD (interaction effect of Pressure and Abrasive grit size), A
2
 (interaction 

effect of Pressure),
 

B
2
 (interaction effect of Amplitude),

 
C

2
 (interaction effect of Laminate 

thickness) and D
2
 (interaction effect of Abrasive grit size) are significant terms. The lack of fit F-

value is 15.4. There is only a 0.38% chance that a lack of fit F-value of this large could occur due to 

noise. 

Table 3 ANOVA for adjusted bottom delamination factor 

Source  Sum of 

Squares 

df Mean 

Square 

F 

Value 

P- value 

Prob>F 

Remarks 

Model 26.87 14 1.92 80.64 0.0001 Significant 

A-Pressure  0.069 1 0.069 2.90 0.1091 
 

B-Amplitude  0.059 1 0.059 2.47 0.1366 
 

C-Laminate 3.17 1 3.17 133.41 0.0001 
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Thickness 

D-Abrasive Grit 

size 
0.35 1 0.35 14.84 0.0016 

 

AB 6.522E-004 1 6.522E-004 0.027 0.8707 
 

AC 0.13 1 0.13 5.46 0.0338 
 

AD 0.21 1 0.21 8.86 0.0094 
 

BC 0.059 1 0.059 2.49 0.1355 
 

BD 5.200E-003 1 5.200E-003 0.22 0.6469 
 

CD 0.024 1 0.024 1.01 0.3300 
 

A
2

  9.28 1 9.28 390.03 0.0001 
 

B
2

  9.69 1 9.69 407.36 0.0001 
 

C
2

  5.44 1 5.44 228.52 0.0001 
 

D
2

  7.88 1 7.88 331.09 0.0001 
 

Residual 0.36 15 0.024 
   

Lack of Fit 0.35 10 0.035 15.40 0.0038 
 

Pure Error 0.011 5 2.245E-003 
   

Cor Total 27.22 29 
    

 
Second Order Regression Equation of Responses 

 
The regression analysis is used to develop statistical equations for the selected responses. The 

non-significant terms are not considered during regression analysis. The regression equations for 

MRR, ATDF, and ABDF are as follows: 

 

Statistical Regression Equation of MRR (Actual terms): 

 
MRR = 5.82333 - 0.29625*Pr+ 0.43792*Am - 0.34708*LT + 0.37292*AG + 0.23937*Pr*Am +  

   0.044375*Pr*LT – 0.33688*Pr*AG - 0.12563*Am*LT + 0.005625*Am*AG - 0.086875* LT*AG  

   + 0.16531*Pr
2 

+ 0.18656*Am
2 

+ 0.14906*LT
2 

+ 0.17531*AG
2      

 
Statistical Regression Equation of ATDF (Actual terms): 

 
Adjusted Top Delamination Factor = 2.72167 - 0.022750*Pr - 0.10280*Am + 0.068594*LT +  
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0.025367*AG - 0.032471*Pr*Am + 0.0022693*Pr*LT + 0.019852*Pr*AG - 

0.15447*Am*LT - 0.063269*Am*AG + 0.070056*LT*AG - 0.17629*Pr
2 

- 

0.30309*Am
2 

- 0.33488*LT
2 

- 0.37957*AG
2
 

 

Statistical Regression Equation of ABDF (Actual terms): 

  
Adjusted Bottom Delamination Factor = 4.48908 - 0.053638*Pr - 0.049526*Am + 0.36370*LT –  

0.12129*AG + 0.0063847*Pr*Am - 0.090099*Pr*LT - 0.11478*Pr*AG - 

0.060847*Am*LT + 0.018028*Am*AG + 0.038824*LT*AG - 0.58171*Pr
2 

- 

0.59449*Am
2 

- 0.44526*LT
2
- 0.53595*AG

2
 

 

6.3 Effects of process parameters on responses 

 
The parametric analysis has been carried out to study the influence of various process 

parameters such pressure (Pr), amplitude (Am), work piece thickness (LT), and abrasive grit size 

(AG) on material removal rate (MRR), adjusted top delamination factor (ATDF), and adjusted top 

delamination factor (ATDF) for the optimization of process parameter of ultrasonic machining 

process of E-type glass fiber reinforced plastic composite material. Design Expert 10 (DX 10) 

statistical software is used to develop three dimensional (3D) surface plots for the selected 

responses. Three-dimensional response surface plots are able to deliver insight knowledge regarding 

the relation between input process parameters with responses. 
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Figure2 3-D response parameters graphs for input parameters 

 

 

 

6.4 Multi-objective optimization using composite desirability approach 

 
The effects of process parameters on the three responses such as MRR, ATDF, and ABDF 

have been studied for the optimization of process parameter of ultrasonic machining process of E-

type glass fiber reinforced plastic composite material. However, all the responses are conflicting in 

nature and hence single objective optimization technique would not able to solve the problem. 

Attempts have been made to optimize the set of responses using a multi-objective optimization 

method “composite desirability” approach based on response surface methodology.  
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Table 6 Constraints of input parameters and responses (MRR, ATDF & ABDF) 

 
Name Goal Lower 

Limit 
Upper 
Limit 

Lower 
Weight 

Upper 
Weight 

Importance 

Pressure is in range 1.5 3.5 1 1 3 

Amplitude is in range 36 47 1 1 3 
Laminate thickness is in range 1.2 3.6 1 1 3 

Abrasive Grit size is in range 600 200 1 1 3 

MRR maximize 5.4 8.31 1 1 3 

Adjusted Top 

Delamination Factor 
minimize 1.2411 2.78 1 1 3 

Adjusted Bottom 

Delamination Factor 
minimize 1.6249 4.54123 1 1 3 

 

 

 

 

 

 
Figure 3 Ramp function graph of desirability for MRR, ATDF and ABDF 
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Figure 4 Bar graph of desirability for MRR, TWR, SR & MH 

 
The optimum level of individual process parameters and responses with composite 

desirability are represented in the form of the dot in the ramp function graph shown in Figure 3. 

The bar graph shown in Figure 4 indicates the individual and composite desirability. 

 
Table 7 Optimal set of parameters for MRR, ATDF and ABDF 

 
Factor 

coding 

Name of Factor Optimum level 

A Pressure (P
r
) 1.5  

B Amplitude (A
m
) 47 

C Laminate Thickness (L
T
) 1.2  

D Abrasive Grit Size (A
G
) 200  

 

 
Table 7 indicates the levels of individual parameters, which is considered as an optimal set 

for optimization of MRR, ATDF, and ABDF with the highest composite desirability. Further, the 

predicted value of individual responses at 95% of the confidence interval is given in Table 8. The 
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predicted values of responses are confirmed by performing an experiment on ultrasonic machine by 

setting the level of parameters given in Table 7. A good agreement between the predicted value and 

the experimental value of responses are observed, which strongly validate the predicted model for 

the given responses. 

       Table 8 Experimental validations of predicted responses (MRR, ATDF and ABDF) 

 
Responses Desirability Predicted value Experimental 

value 
Prediction  
Error (%) 

MRR (mg/sec) 1 8.31 8.17 1.68 % 

ATDF 0..8703 1.441 1.3975 3.08 % 

ABDF 0.9025 1.909 1.9532 2.32 % 

Overall composite desirability: 0.923 

 

7. Achievements with respect to Objectives 

 

Sr. 

No. 
Objectives Achievements 

1 

To study and identify the limitations of 

current manufacturing processes for 

drilling a hole in Glass Fiber Reinforced 

Plastic. 

Studied and identified the limitations of 

current manufacturing processes for drilling 

a hole in E-type glass fiber reinforced 

plastic composite material. 

2 

To investigate the combined effect of 

different process parameters of ultrasonic 

machining process on MRR, top 

delamination factor and bottom 

delamination factor. 

The combined effects of process     

parameters of ultrasonic machining process 

have been studied successfully using 

response surface methodology. 

3 

To develop a response surface 

methodology model and statistical 

regression equations for MRR, ATDF 

and ABDF.  

Second order regression equations for 

MRR, ATDF and ABDF developed 

successfully using response surface 

methodology model. 
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4 

To perform statistical analysis using 

ANOVA to predict the significance of 

input parameters and to develop three-

dimensional response surface plots. 

Analysis of variance (ANOVA) for MRR, 

ATDF and ABDF has been performed to 

obtain contribution of individual parameters 

and three-dimensional response surface 

plots are developed. 

5 

To obtain the optimum level of 

parameters enables the optimum possible 

machining performance. 

The optimum level of parameters has been 

identified, which are able to deliver optimum 

machining performance. 

6 

To develop a optimum solution for multi 

objective optimization problem using 

Composite Desirability approach to 

obtain the set of parameters 

Developed an optimum solution for multi 

objective optimization problem using 

composite desirability approach. Set of 

parameters derived are able to optimize 

combined objectives of responses.  

 

8. Conclusion 

The experiments have been performed to investigate the effects of process parameters of 

ultrasonic machining process on E-type glass fiber reinforced plastic composite material. Based 

on the results of experiments, the following conclusions can be drawn. 

 

(1) The optimum parametric combination observed in single-objective  optimization for MRR is 

A1B3C1D3 i.e. pressure 1.5 bar, amplitude 47 micron, laminate thickness 1.2 mm and 

abrasive grit size 200 and optimum value of MRR is 8.31 mg/sec. 

(2) The optimum parametric combination observed in single-objective  optimization for 

Adjusted Top Delamination Factor is A3B3C3D1 i.e. pressure 3.5 bar, amplitude 47 micron, 

laminate thickness 3.6 mm and abrasive grit size 200 and optimum value of Adjusted Top 

Delamination Factor is 1.2342. 

(3) The optimum parametric combination observed in single-objective  optimization for 

Adjusted Top Delamination Factor is A3B3C1D3 i.e. pressure 3.5 bar, amplitude 47 micron, 

laminate thickness 1.2 mm and abrasive grit size 600 and optimum value of Adjusted 

Bottom Delamination Factor is 1.765. 
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(4) Composite desirability approach (using RSM) is collectively applied for the achievement of 

optimization of the process variables for the combined objectives of maximum MRR with 

minimum ATDF & ABDF. The set of parameters at maximum value of composite 

desirability 92.3 % is: pressure 3.5 bar, amplitude 36 micron, laminate thickness 1.2 mm and 

abrasive grit size 200, results are validated by confirmation test and prediction error remain 

within 4 %. 

(5) From the analysis of response surface graphs, it has been observed  that MRR up to 8.31 

mg/sec increases with the increase in amplitude and abrasive grit  size and decreases with 

the decrease in laminate thickness and pressure. 

(6) From the analysis of response surface graphs, it has also been observed that adjusted top 

delamination factor is maximum of 2.78 at the middle values of process parameters and 

decreases more rapidly to 1.24 with the increase in amplitude, pressure and laminate 

thickness and decrease in abrasive grit size. 

(7) From the analysis of response surface graphs, it has also been observed that Adjusted Bottom 

Delamination Factor is maximum up to 4.54 at the middle values of process parameters and 

decreases to 1.62  at the both end level of parameters like amplitude, pressure and abrasive 

grit size but its value increase with the increase in laminate thickness. 

(8) It is recommended to use less than 3mm thickness of laminate for  ultrasonic machining 

process because it not only increases the top and bottom delamination but it also reduces the 

MRR, other defects like fuzzing is found for 3.6 mm thickness. 
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