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Abstract– Technologically advanced industries have been 

demanding high strength temperature resistant alloys. So, there 

is a huge demand for materials with the properties like high 

material strength, hardness, toughness and other diverse 

properties. The AWJM process is used in manufacture of 

electronic devices, permanent making on rubber stencils etc. 

 This paper investigates the experimental study and 

optimization of Abrasive water jet machine (AWJM) process 

variables for super alloys (Incoloy825). The objective is to 

identify the values of process variables where the surface 

roughness (Ra) and kerf width (K) is minimum. In this study, 

Incoloy825 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. 

By using Taguchi’s L27 orthogonal array (OA) experiments are 

conducted, for each experimental run Ra was measured by using 

Talysurf equipment, kerf width was measured by using tool 

maker’s microscope. The main objective of present work is to 

study the optimization of AWJM process variables to get 

minimum Ra and K .Optimal levels of process parameters were 

identified by using Grey- relational analysis. 

Keywords - Abrasive Water Jet Machine, Surface roughness, 

Kerf width.   

Nomenclature 

AWJM  Abrasive water jet machining 

Ra  Surface roughness 

K  kerf width 

OA Orthogonal array  

DOF Degree of freedom 

I. INTRODUCTION 

brasive water jet machining is an unconventional 

machining process, in which abrasives are used along 

with pressurised water for machining of materials. Recent 

development has witnessed improvements in jet cutting 

technology by using abrasive water jets where water is used as 

carrier fluid. In Abrasive water jet machine water fluid is used 

as a carrier in place of gas. From two different sources, a 

water jet and a stream of abrasives are supplied and mixed in 

a chamber passes through the abrasive jet nozzle which 

impinges on the work piece and material removal takes place 

occur due to shear, erosion or failure under rapid changing 

localized stress fields. It is used for cutting, drilling and 

cleaning of hard materials. It is capable to cut ceramics 

composites and rock metals. 

 The AWJM process often advantage of cutting 

electrically non-conductive materials. When compared with 

unconventional machining process it is very difficult to 

machine materials more rapidly and efficiently. Other 

advantage claimed for this process may be listed as, 

practically no dust, high cutting speed, multi directional 

cutting capacity, no fire hazards, no thermal or deformation 

stresses, high quality of machined edge, easy adaptation for 

remote control, recycling of abrasive particles, low power 

requirements, almost no delaminating  and reduced striations. 

 

II. LITERATURE REVIEW 

 M. Saleem et al.[1] investigated the effect of 

machining process parameters  on the mechanical behaviour 

of composite plates with circular holes. The mechanical 

characteristic of CFRP plates was calculated by using a 

Thermo graphic Damage Criterion (TDC) based on heat 

dissipation. When the loads have less than 46% Ultimate 

tensile strength, both specimens shows equal in damage. 

When compared with conventional machining the endurance 

limit is 10% more in AWJM. NeeleshK.Jain et al. [2] 

analysed on the Optimization of process parameters of AWJM 

processes using genetic algorithms. The optimization models 

are formulated. According to formulated optimization model, 

the optimum solution is MRR increases linearly with mass 

flow rate while surface roughness produced does not depend 

on abrasive particles flow rate. .A.A. Khan et al. [3] 

investigated on different types of abrasives are used in 

abrasive water-jet machining like garnet, aluminium oxide, 

olivine, silica sand, silicon carbide, etc. silicon carbide 

maintains its cutting capacity while the abrasives are move 

down. That means it does not affect the flow rate that causes a 

smaller taper of the cut slots. Due to higher hardness, silicon 

carbide produced the maximum width of cut followed by 

aluminium oxide and garnet. For all types of abrasives the 

taper of cut decreases with increase in jet pressure. 

UshastaAich et al. [4] did experiment on cutting of 

A 
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Borosilicate glass by AWJM. Depth of cut is considered as 

the response for this process. Optimum condition of control 

parameter setting is also searched through particle swarm 

optimization (PSO). Vijay Kumar Pal et al. [5] conducted 

experiments to get surface characterization and machining of 

blind pockets on Ti-6Al-4V by AWJM. The process 

parameters considered for the experiment were pressure, 

stand-off distance and abrasive size. Deeper pocket were 

formed at higher pressure, craters and high waviness were 

observed on machined surface. It is observed that as the 

pressure increases, the depth of the pocket increases due to 

high kinetic energy of the jet. Depth of the pocket is also 

slightly affected by the SOD. 

 Based on the literature review the process parameters 

are selected in this experiment are Nozzle traverse speed, 

Abrasive flow rate and Standoff distance. These parameters 

play a significant role on effect of performance of AWJM 

process. So, those parameters are selected as process or input 

parameters for this experiment. In this study, a detailed review 

on effect of parameters on performance of AWJM process is 

discussed. The main objective of present work is to 

optimization of process parameters to get minimum surface 

roughness value and kerf width by using Grey-Taguchi 

optimization technique. 

III. EXPERIMENTAL PROCEDURE 

 

A. Experimental Setup 

 All experimental runs were carried out on AWJM 

machine (Flow mach 2) at M. B. Engineering industries (P) 

Ltd. The pictorial view of AWJM is as shown in Figure 1. In 

AWJM, an erosive action of an abrasive water jet is employed 

for cutting of hard materials. There are so many process 

parameters in AWJM process. Some of the process 

parameters for this experiment considered as constant such as 

the pressure at which water jet operates is about 400Mpa 

which is sufficient to produce a jet speed as high as about 

900m/s, Granite powder is used as abrasive particles, orifice 

diameter of 0.8mm, Air pressure of 2.4 bars and 0.558mm of 

jet offset. These are all constant values throughout the 

experiment. 

 

Fig. 1 Pictorial view of AWJM process 

 In this research, the experimental design has three 

input parameters namely, Nozzle Traverse speed, Abrasive 

flow rate and Standoff distance. The output parameters are 

Surface roughness (Ra) and Kerf width (k) are measured by 

using Talysurf (Mitutoyo) and Tool maker’s microscope. 

 The three levels of process parameters were chosen 

in the present work are collected from the machine hand book. 

The table 1 as shown below includes process parameters and 

their levels. 

Table 1: Process parameters and their levels 

Process parameters Units Notation 

Levels 

 

1 2 3 

Nozzle Traverse 

speed 
mm/min A 40 60 80 

Abrasive Flow rate gm/min B 0.46 0.52 0.60 

Standoff distance Mm C 4.0 4.5 5.0 

B. 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 temperature 

resistant alloy and this is nickel composite alloy. The 

chemical composition and mechanical properties of Incoloy 

825 are shown in table 2 and table 3 respectively. 

Table 2: Chemical composition (wt. %) of Incoloy 825 

Ni Cr Mo Mn Cu Si C S Ti Al Fe 

38-

46 

19-

23 

2.5-

3.5 

Max 

1.00 

1.5 

-

3.0 

Max 

0.05 

Max 

0.05 

Max 

0.03 

0.6-

1.2 

Max 

0.2 

Min 

22 

Table 3: Mechanical properties of Incoloy 825 

Yield 

strength 

(Mpa) 

Ultimate tensile 

strength 

(Mpa) 

Melting point 

temperature 
0c 

% of elongation 

220 550 1400 30 

Design Of Experiments (DOE) 

 Design of experiment (DOE) technique is employed 

to acquire maximum amount of conclusive information from 

the minimum amount of experimental run. In Taguchi 

technique, an orthogonal array (OA) is used to reduce the 

number of experimental runs for identifying the optimal 

machining process parameters and to determine the main 

effects as well as interaction effects of process parameters 

simultaneously. The choice of an appropriate orthogonal array 

depends upon the total degree of freedom (DOF) required for 

studying mean and interaction effects. In this study, there are 

three process parameters and three levels each so, the DOF for 

this experimental is 12 [3 X (3 – 1) X (3-1)]. As per Taguchi 

technique, the total degree of freedom of selected OA must be 
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greater than to the total DOFs required for the experiment. So 

L27 OA has been selected for this experiment. The 

experimental results for surface roughness (Ra) and kerf width 

(K) are included in table 4. 

 

Table 4: Design of experiment for process parameters and Experimental 

results 

Ex

p. 

Ru

n 

Nozzle 

traverse 

speed(

mm/mi

n) 

Abrasive 

flow 

rate(gm/m

in) 

Stando

ff 

distan

ce 

(mm) 

kerf 

width 

(mm) 

surface 

roughn

ess 

(µm) 

S/N  

Ratio for 

Kerf 

width 

 

S/N 

Ratio 

for 

surface 

roughn

ess 

1 40 0.46 4.0 0.875 2.589 1.15984 -8.2626 

2 40 0.46 4.5 1.010 2.569 -0.08643 -8.1953 

3 40 0.46 5.0 1.960 2.892 -5.84512 -9.2240 

4 40 0.52 4.0 2.205 2.829 -6.86817 -9.0327 

5 40 0.52 4.5 0.935 2.545 0.58377 -8.1138 

6 40 0.52 5.0 0.930 2.998 0.63034 -9.5366 

7 40 0.60 4.0 1.230 3.333 -1.79810 
-

10.4567 

8 40 0.60 4.5 11.510 3.363 -3.57954 
-

10.5345 

9 40 0.60 5.0 2.045 3.329 -6.21387 
-

10.4463 

10 60 0.46 4.0 1.910 3.588 -5.62067 
-

11.0970 

11 60 0.46 4.5 2.215 3.594 -6.90747 
-

11.1116 

12 60 0.46 5.0 1.685 3.572 -4.53200 
-

11.0582 

13 60 0.52 4.0 0.590 3.351 4.58296 
-

10.5035 

14 60 0.52 4.5 1.310 3.315 -2.34543 
-

10.4097 

15 60 0.52 5.0 1.940 3.161 -5.75603 -9.9965 

16 60 0.60 4.0 2.260 3.307 -7.08217 
-

10.3887 

17 60 0.60 4.5 1.355 3.669 -2.63879 
-

11.2910 

18 60 0.60 5.0 2.005 3.539 -6.04229 
-

10.9776 

19 80 0.46 4.0 1.575 3.065 -3.94561 -9.7286 

20 80 0.46 4.5 1.210 3.354 -1.65571 
-

10.5113 

21 80 0.46 5.0 2.100 3.684 -6.44439 
-

11.3264 

22 80 0.52 4.0 2.400 3.480 -7.60422 
-

10.8316 

23 80 0.52 4.5 1.590 3.357 -4.02794 
-

10.5190 

24 80 0.52 5.0 1.450 3.343 -3.22736 
-

10.4827 

25 80 0.60 4.0 0.965 3.468 0.30945 
-

10.8016 

26 80 0.60 4.5 1.480 3.377 -3.40523 
-

10.5706 

27 80 0.60 5.0 1.495 3.408 -3.49282 
-

10.6500 

 

IV. STEPS IN GREY TAGUCHI METHOD 

 The steps to be followed in Grey-Taguchi technique 

is as shown in figure 2. 

A. Step 1: 

 In this, the original response values are converted 

into S/N ratio values. The S/N ratios means the control factors 

that may contribute to reduced variation can be quickly 

identified by looking on the amount of variation present as a 

response. The S/N ratios are available depending on the type 

of characteristic such as Lower is better (LB), Nominal is best 

(NB) and Higher is better (HB). 

 

Fig. 2 Grey-Taguchi method flow chart 

B. Step 2: 

 Grey relational generation is the next step in grey 

relational analysis in which experimental results should be 

normalized in the range of 0 to 1. For normalizing, surface 

roughness (Ra) data and kerf width (k) data lower-the-better 

(LB) criterion is used. Equation for lower-the better criterion 

is given by eq. 1  

Z i j =  (1) 

Where, Z ij is the grey relational generation value, max. yij is 

the greatest value of yi j  for k
th

 response.  Min yij is the 

smallest value associated with yijfor k
th

 response, i=1,2,....n , 

j=1,2....n and k=1,2,...m.  

n is the number of experimental data items, 

m is the number of responses. 

The experimental normalized values are shown in table 5. 

Table 5:  Normalized values of experimental data 

Exp. No. Kerf width (k) Surface roughness(Ra) 

1 0.8430 0.9610 

2 0.7680 0.9790 
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3 0.2430 0.6950 

4 0.1080 0.7510 

5 0.8090 1 

6 0.8120 0.6020 

7 0.6460 0.3080 

8 0.4920 0.2820 

9 0.1960 0.3120 

10 0.2710 0.0840 

11 0.1020 0.0790 

12 0.3950 0.0980 

13 1 0.2920 

14 0.6020 0.3240 

15 0.2540 0.4590 

16 0.0770 0.3310 

17 0.5770 0.0131 

18 0.2180 0.1270 

19 0.4560 0.5430 

20 0.6570 0.2890 

21 0.1660 0 

22 0 0.1790 

23 0.4480 0.2870 

24 0.5250 0.2993 

25 0.7930 0.1890 

26 0.5080 0.2690 

27 0.5000 0.2420 

 

C. Step 3: 

 The Grey relational Co-efficient is calculated to 

express the relationship between the ideal and actual 

normalized experimental result and it is denoted by . 

 =        (3) 

Where, ∆oi = Yoi(k) – Yi (k), ∆oi is the difference of absolute 

value between Y0 (k) and Yi (k). ∆ Min is the minimum value 

of ∆oi and ∆max is the maximum value of ∆oi. Is the 

identification coefficient, the value of  in the range of 0 ≤ 

≤ 1, the recommended value of the distinguishing 

coefficient,  is 0.5, due to moderate distinguishing effects 

and good stability of outcomes. In this study,  value is taken 

as 0.5 for further analysis. The grey relational coefficient 

values for k and Ra are shown in table 6. 

Table 6:  Grey relational coefficient for k and Ra 

Exp. No. 
Kerf width 

(k) 

Surface roughness 

(Ra) 

1 0.7610 0.9280 

2 0.6830 0.9590 

3 0.3980 0.6210 

4 0.3590 0.6670 

5 0.7240 1 

6 0.7270 0.5570 

7 0.5850 0.4190 

8 0.4960 0.4110 

9 0.3830 0.4210 

10 0.4070 0.3530 

11 0.3580 0.3520 

12 0.4520 0.3570 

13 1 0.4140 

14 0.5570 0.4250 

15 0.4010 0.4800 

16 0.3510 0.4280 

17 0.5420 0.3360 

18 0.3900 0.3640 

19 0.4790 0.5220 

20 0.5930 0.4120 

21 0.3750 0.3330 

22 0.3330 0.3780 

23 0.4750 0.4120 

24 0.5120 0.4160 

25 0.7070 0.3810 

26 0.5040 0.4060 

27 0.5000 0.3970 

 

D. Step 4: 

 Grey relational grade is taken as overall process 

response instead of multiple process responses such as K and 

Ra. Grey relational grade is calculated by averaging the grey 

relational coefficient values of multi responses as follows and 

it is indicated by i. 

i =  (4) 

Where, n= number of process responses 

 Higher value of grade indicates the best relational 

grade between the Yo (k) and Yi (k). Table 7 shows that the 

grey relational grade and their orders. 

Table 7:  Grey relational grade and order 

Exp No. Grey Grade Order 

1 0.8445 2 

2 0.8210 3 

3 0.5095 8 
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4 0.5130 7 

5 0.8620 1 

6 0.6420 5 

7 0.5020 11 

8 0.4530 15 

9 0.4020 21 

10 0.3800 23 

11 0.3550 25 

12 0.4045 20 

13 0.7070 4 

14 0.4910 12 

15 0.4405 18 

16 0.3895 22 

17 0.4390 19 

18 0.3770 24 

19 0.5005 10 

20 0.5025 9 

21 0.3540 27 

22 0.3550 26 

23 0.4435 17 

24 0.4640 13 

25 0.5440 6 

26 0.4550 14 

27 0.4485 16 

 

V. RESULTS 

A. Grade effect: 

 

Fig. 3 Plot for Number of experiments Vs Grey relation grade  

  The plot was drawn between number of 

experiments and grey relation grade as shown in Fig. 3. 

Higher value of grade indicates the best relational grade 

between the process parameters. From figure 3 the highest 

grade was found at 5
th

 condition. The optimized values to get 

minimum kerf width and surface roughness are Nozzle 

traverse speed at 40 mm/min, Abrasive flow rate at 0.52 

gm/min and Standoff distance at 4.5 mm. 

B. Factor Effects On Means: 

 The Fig. 4 explains the main effect plot for means by 

using Grey-Taguchi method. The graph was drawn in between 

mean of means (on X-axis) and Nozzle traverse speed (A), 

Abrasive flow rate (B) and Standoff distance(C) (on Y-axis). 

The plot line which has more inclination that shows more 

effect on process variables and vice versa. From the figure it 

is clear that Nozzle traverse speed has more effect and 

Standoff distance has less effect. The optimized values are 40 

mm/min Nozzle traverse speed, 0.52 gm/min Abrasive flow 

rate and 4.0 mm Standoff distance. 

M
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e
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n
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3.3

3.2

3.1

3.0

nozzle traverse speed abrasive flow rate

standard off distance

Main Effects Plot (data means) for Means

 

Fig. 4 Main effects plot for means by Grey-Taguchi method 

VI. CONCLUSION 

 According to Grey-Taguchi Technique the optimum 

solution for machining of Incoloy 825 by using AWJM 

process is Nozzle traverse speed shows more effect and 

Standoff distance shows less effect on means. The optimized 

values of process parameters are 40 mm/min Nozzle traverse 

speed, 0.52 gm/min Abrasive flow rate. 
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