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Abstract:  

In technologically advanced industries like Aeronautical, nuclear reactor etc, there has been huge demand for high strength 

temperature resistant alloys. Hence there is a scope for research in the area of developing with high material strength, hard ness, 

toughness and other diverse properties. This paper deals with experimental study and optimization of the process parameters of 

Abrasive water jet machine (AWJM) for Incoloy 825 super alloy. The objective of optimization is to attain min imum surface 

roughness (Ra) and min imum kerf width. In this study, Incoloy 825 super alloy of 8 mm thickness is used as a work piece. Three 

parameters were chosen as process variables; they are nozzle traverse speed, abrasive flow rate and standoff distance. The 

experiments are conducted based on Taguchis L27 orthogonal array (OA), for each experimental run Ra was measured by using 

Talysurf, kerf width was measured by using tool makers microscope. Optimal levels of process variables were identified by using 

Grey- relational analysis. The main objective of present work is to study the optimization of AWJM process parameters  
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I. Introduction  

Machining has become indispensable to the modern man.  It 

is used directly or indirectly in the production of almost all 

the goods and service being created all over the world. 

Whenever the metal is used in manmade object, one can be 

sure that it most has reached its final stage through 

processing with machine tools. Even the parts made from 

plastics require metal dies made with machine tools. Unt il 

the advent of first industrial revo lution i.e ., till about 1750, 

machine were made skilled crafts man over numbers of 

years. But the requirement of mass production resulting 

from the industrial revo lution made it necessary to create 

machines in order to produces machine. Most the rapid 

growth of machine tool industries and technology has 

occurred in the 20
th

 century. Man’s curiosity is the main 

source of developments we see around us. Now it is possible 

to the outer space and return safely in extremely vary ing 

conditions. Recent development has witnessed 

improvements in jet cutting technology by using Abrasive 

Water Jet where water is used as carrier fluid . These 

processes often advantage of cutting electrically non-

conductive as well as difficu lt to machine materials 

comparat ively more rap idly and efficient ly than other 

processes. Other advantage claimed for this process may be 

listed as, practically no dust, high cutting speed, multi 

direct ional cutting capacity, no fire hazards, no thermal or 

deformation stresses, high quality of machined edge, easy 

adaptation for remote control, recycling of abrasive 

particles.  In AWJM, an erosive action o f an abrasive laden 

water jet is used for drilling, cutting and cleaning of hard 

materials. The pressure at which water jet operates is about 

400 Mpa which is sufficient to produce a jet speed as high as 

about 900m/s. Water abrasive mixture jet exit ing from the 

nozzle at such a high velocity is fu lly capab le to cut 

ceramics, rocks, composites, metals etc. Other advantage of 

this processes are listed as no dust, no thermal or 

deformation, high cutting speed, no fire hazards, 

multid irectional cutting capacity, h igh quality of machined 

edge, easy adaptation for remote control, recycling of 

abrasive particles, low power requirements, almost no 

delaminating and deduced striations.  

 

 
Fig 1: Layout of abrasive water jet machine 

 

1.1 Problem Identification 

The present work “Optimization of AWJM Parameters on 

Machining Super Alloys Using Grey-Taguchi Method” has 

been undertaken keeping into consideration the following 

problems. It has been identified that the process parameters 

nozzle traverse speed, abrasive flow rate and standoff 

distance should be selected to optimize the machining 

parameters. Mechanical industry has needed HSTR alloy 

materials. To fabricate such type of materials conventional 

machining process parameters. Incoloy 825 alloy is one such 

material which can be used in applications of chemical 

processing, pollution control, oil and gas well pip ing, nuclear 

fuel processing, components like heat coils, tanks, chains etc. 

 

1.2 Objectives of the Present Investigation:-  

Experimental determination of the effects of AWJM process 

parameters like nozzle traverse speed, abrasive flow rate and 

standoff distance on the like kerf width and surface 

roughness in the AWJM process. 
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Optimizing the process parameters effect on the output 

responses using Grey – Taguchi technique. 

 

1.3 Taguchi Approach 

The objective of the robust design is to find the controllable 

process parameter settings for which noise or variation has a 

minimal effect on the product's or process’s functional 

characteristics. It is to be noted that the aim is not to find the 

parameter settings for the uncontrollable noise variab les, but 

the controllable design variables. To attain this objective, the 

control parameters, also known as inner array variables, are 

systematically varied as stipulated by the inner orthogonal 

array. For each experiment of the inner array, a series of new 

experiments are conducted by varying the level settings of 

the uncontrollable noise variables. The level combinations of 

noise variables are done using the outer orthogonal array.  

 

The influence of noise on the performance character istics can 

be found using the ratio. Where S is the standard deviation of 

the performance parameters for each inner array experiment 

and N is the total number of experiment in the outer 

orthogonal array. This ratio indicates the functional variation 

due to noise. Using this result, it is possible to predict which 

control parameter settings will make the process insensitive 

to noise. Taguchi method focuses on Robust Design through 

use of 

 

 Signal-To-Noise ratio  

 Orthogonal arrays. 

 

The Smaller-the-Better 

The Signal-to-Noise rat io for the Smaller-the-Better is: 

S/N = -10 *log (mean square of the response) 
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The Larger-the-Better   

The Signal-to-Noise rat io for the bigger-the-better is: 

S/N = -10*log (mean square of the inverse of the response) 
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Nominal-the-Best 

The S/N equation for the Nominal-The-Best is: 

S/N = 10 * log (the square of the mean divided by the 

variance) 
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1.4 Grey Relational Analysis 

Grey relational analysis is an impacting measurement method 

in grey system theory that analyses uncertain relations 

between one main factor and all the other factors in a given 

system.  

 

Grey Relational Coefficient 

In grey relat ional analysis, the measure of the relevancy 

between two systems or two sequences is defined as the grey 

relational grade. When only one sequence, (k), is available 

as the reference sequence, and all other sequences serve as 

comparison sequences, it is called a local grey relation 

measurement. After data pre-processing is carried out, the 

grey relation coefficient (k) for the Kth performance 

characteristics in the ith experiment can be expressed as: 

 = ‖ (k) (k) ‖  

= (k)                                    

= (k)  

Where,  is the deviation sequence of the reference 

sequence and the comparability sequence 

(k) Denotes the reference sequence  

And (k) denotes the comparability sequence. 

 ζis distinguishing or identification coefficient: ζ [0, 1] (the 

value may be adjusted based on the actual system 

requirements). A value of ζ is  the smaller and the 

distinguished ability is the larger. ζ = 0.5 is generally used. 

 

II.EXPERIMENTAL S ETUP AND PROCESS 

PARAMETERS  

 Machine tool S pecifications: 

  
 

Experimental setup: 

All experimental runs were carried out on flow mach 2 

machine and the momentum of water jet is transferred to the 

abrasives. As a result, velocity of the abrasives rises rapidly. 

Thus a high velocity stream of mixture of abrasives and 

water impinges on the work pieces and removes material. 

Depending upon the type of the work pieces material being 

cut, material removal may occur due to erosion shear failure 

under rapidly changing localized stress fields. An erosive 

action of an abrasive water jet is employed for cutting of hard 

materials. The pressure at which water jet operates is above 

400Mpa which is sufficient to produce a jet speed as high as 

about 900m/s, Gran ite powder is used as abrasive particles, 

orifice diameter of 0.8mm, Air pressure of 2.4 bars and 

0.558mm of jet offset. 

 

 Work Piece Material: 

In this experiment, Square block of 200 mm X 200 mm X 

8mm thickness of Incoloy 825 super alloy was used as work 

piece material. Incoloy 825 is High strength and high 

temperature resistant alloy. The chemical composition and 

mechanical properties of Incoloy 825 are shown in table 4.2 

and table 1.2 respectively. 

 

 Table 1.1 :Chemical composition (wt. %) of Incoloy 825 
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Table 1.2 : Mechanical Propert ies of Incoloy 825: 

 
2.1 Preparation of specimens: 

 The preparation of Incoloy 825 of Square block is 

200 mm X 200 mm X 8mm thickness which is cut by a size 

of20mm X20mm are removal with AWJM process. The 

amount of work is done by using CNC coding for success of 

complet ion to given task. The total numbers of slots were 

automatically cuts by varying according to different input 

conditions. The working and cutting process as shown in 

figure 4.2.    

 
Fig4.2: Cutting Process of Incoloy 825 by AWJM 

 

2.2  Measurement of experimental parameters: 

The output parameters are measured by using two different 

equipments they are Talysurf and Tool maker’s microscope 

for surface roughness and kerf width.  

 

2.2.1  Surface Roughness: 

Surface roughness Ra is a desirable performance variab le for 

AWJM process. It should below stylus. It is quantified by 

the vertical deviations of a real surface from its ideal fo rm. 

Talysurf instrument was used to measure Ra.The working 

principle of Talysurf instrument is as follows. The 

measuring head of the Talysurf instrument consists of a 

sharply pointed diamond stylus of about 0.002mm t ip radius 

and skid which is drawn across the surface by means of a 

motorized driv ing unit.  

 

By using Talysurf equipment the surface fin ishing of square 

blocks where measured. 

                    
Fig.2 Specimen of Incoloy 825 

 

 
Fig 3. Specimen Slot of Incoloy 825 

The each surface of three side of the square blocks where 

measured and the tabular column were prepared and shown 

in table 4.4. The three different side values are averaged by 

the equation (1) which is given below. 

      Ra = [(R1+R2+R3) ÷3]    ----- (1) 

Where R1, R2 and R3 are side of a square block.  

  

 
Fig 4 Specimen Gaps Used For Finding Kerf Width 

Table 1.3 Experimental data for AWJM 

 
 

Surface roughness and Diametrical Error values are analysed 

using Taguchi S/N ratio analysed by applying smaller is 

better as quality character. The Signal-To-Noise ratio for the 

Smaller-The-Better is: 
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 Material Removal Rate values are analyzed using 

Taguchi S/N ratio analyzed by applying larger is better as 

quality character. The Signal-To-Noise ratio for the bigger-

the-better is: 
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3.1  Taguchi S/N Res ponse Table for Kerf width 

Table 1.4 Taguchi S/N res ponse for Kerf width 

 

Level  Nozzle 

Traverse 

speed 

Abrasive 

flow rate  

Standoff 

distance 

1 -2.622 -4.342 -4.183 
2 -7.242 -5.511 -3.955 
3 -4.620 -4.058 -5.773 
Delta 4.620 1.453 1.818 
Rank 1 3 2 

For the min imum kerf width , the optimal parameter values 

are nozzle traverse speed 70 mm/min, abrasive flow rate 0.5 

gm/min and standoff distance 1.65 mm, Smaller is better 
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         Fig 1.5 Graph of S/N ratio for kerf width 

 

 Table 1.5  ANOVA Results for Surface Roughness  

 
 

Table 1.6 ANOVA results for surface roughness 

From the Table 1.6, the percentage contribution of values for 

Speed (39.85%), Feed (8.79%), Drill Size (32.54%) and Drill 

Material (10.18%) is shown. It is observed that the Speed 

have great influence on Surface Roughness. 

 

Table 1.7 Taguchi S/N res ponse for surface roughness  

Level  Nozzle 

Traverse 

speed 

Abrasive 

flow rate  

Standoff 

distance 

1 -9.015 -10.058 -10.123 

2 -10.683 -9.768 -10.132 

3 -10.595 -10.467 -10.038 

Delta 1.668 0.698 0.094 

Rank 1 2 3 

For min imum surface roughness, the optimal parameter 

values are nozzle t raverse speed 50 mm/min, abrasive flow 

rate 0.4gm/min and standoff distance 4 mm 

Smaller is better 

 

 
 

 

3.2  ANOVA Results for Surface Roughness 

Table 1.7 ANOVA results for surface roughness 

Sourc

e 

Degree 

of 

Freedom 

Sum of 

Squares 

Mean of 

Squares 

F 

Ratio 

Percent

age 

Contrib

ution 

Speed

(S) 3 0.66589 0.66589 10.75 39.85 

Feed(

F) 3 0.14692 0.14692 2.37 10.18 

Drill 

size 1 0.54391 0.54391 26.35 32.54 

Drill 

Mater

ial 1 0.17016 0.17016 8.24 8.79 

Error 7 0.14447 0.14447  8.64 

TOT

AL 15 1.67135   100 

 

From the Table 4.6, the percentage contribution of values for 

Speed (39.85%), Feed (8.79%), Drill Size (32.54%) and Drill 

Material (10.18%) is shown. It is observed that the Speed 

have great influence on Surface Roughness. 

 

 Grey Relational Analysis 

From the Above Tables, calculate the optimum parameters 

by using grey relation analysis. If the target value of original 

sequence is infinite, then it has a characteristic of the “higher 

is better”. The orig inal sequence can be normalized as 

follows 

(k) =  

 

When the “lower is better” is a characteristic o f the original 

sequence, then the original sequence should be normalized as 

follows 

(k) =  

After data pre-processing is carried out, the grey relation 

coefficient (k) for the kth performance characteristics in the 

ith    experiment can be expressed as: 

(k) =   

Where, is the deviation sequence of the reference 

sequence and the comparability sequence 

 = ‖ (k) (k)‖ 

 

= (k)  

 

= (k)  

  

(k) denotes the reference sequence and (k) denotes the 

comparability sequence. ζis distinguishing or identification 

coefficient: ζ [0, 1] (the value may be adjusted based on the 

actual system requirements). A value of ζ is  the smaller and 
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the distinguished ability is the larger. ζ = 0.5 is generally 

used. 

 

Table 1.8 Taguchi S/N ratio values and normalized S/N 

ratio values for AWJM process 

 
 

Table 1.9 Grey Relational Coefficient and Grey Grade  

 values for AWJM process 

Trail no  Grey relational coefficient  

GREY 

GRADE 

GRC for kerf 

width GRC for Ra 

1 1 0.9875 0.99375 

2 0.984184 0.971428 0.977806 

3 0.836778 0.441553 0.639166 

4 0.861959 0.34343 0.602694 

5 0.997237 0.441553 0.719395 

6 1 0.333329 0.666664 

7 0.694715 0.596486 0.645601 

8 0.869 0.686 0.7775 

9 0.837555 0.245483 0.541519 

10 0.632613 0.232873 0.432743 

11 0.631285 0.218646 0.424965 

12 0.636181 0.195399 0.41579 

13 0.689934 0.198827 0.444381 

14 0.699563 0.257377 0.47847 

15 0.743978 0.160375 0.452176 

16 0.701739 0.212496 0.457118 

17 0.615145 0.180848 0.397997 

18 0.711983 0.228184 0.470084 

19 0.774637 0.37158 0.573108 

20 0.689144 0.336629 0.512886 

21 0.612016 0.236107 0.424062 

22 0.657506 0.2446 0.451053 

23 0.695518 0.365586 0.530552 

24 0.692051 0.300881 0.496466 

25 0.933 0.663 0.798 

26 0.683144 0.499995 0.591569 

27 0.67522 0.407181 0.5412 

 
 

Graph 1: Plot fo r Number of experiments Vs Grey relat ion 

grade The plot was drawn between number of experiments 

and grey relat ion grade in Graph 1. Higher value of g rade 

indicates the best relational grade between the process 

parameters. From Table 6.4 the highest grade was found at 

1
st 

condition. The optimized values to get minimum kerf 

width and surface roughness are nozzle t raverse speed at 50 

mm/min, abrasive flow rate at 0.4 gm/min and standoff 

distance at 4. mm.  

 

III. III.Confirmation Experiment 

Considering maximization of grey grade values, for AWJM 

process can obtain the optimal parameter conditions 50 

Nozzle traverse speed, 0.4 Abrasive flow rate and 4mm 

Standoff distance material for Incoloy 825 Material can 

obtain the best outputs responses.  

The conformation experiment is conducted at the optimum 

settings to verify the quality characteristics for Abrasive 

water jet machin ing process of Incoloy 825 work p iece 

material is recommended by the multi response Grey 

relational analysis. The response values by the confirmation 

experiment trial at the optimal settings are: 

 

Table Confirmation Test Values  

Processes Kerf width Surface Roughness  

Experimental 1 2.54 

Grey relation 

coefficients 0.612016 0.160375 

 

IV.CONCLUS ION 

The present paper was the experimental investigation and 

optimizat ion of p rocess parameters in AWJM of Incoloy 825 

super alloy using Grey-Taguchi technique. The process 

parameters examined in this investigation are nozzle 

traverse speed, abrasive flow rate and standoff 

distance.Taguchi Technique is a simple, systematic, reliable 

and more efficient tool fo r optimization of machin ing 

parameter.The optimal process variables based on ‘Grey -

Taguchi method’ fo r the AWJM of Incoloy 825 super alloy 

are nozzle traverse speed was 40 mm/min, abrasive flow rate 

was 0.52 gm/min  and Standoff d istance was 4.5 mm. 
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