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Abstract This paper details the studies on the use of single mesh 
size garnet abrasives in abrasive waterjet machining for cutting 
aluminum. The influence of three different single mesh size abra- 
sives, pressure, traverse rate, and abrasive flow rate; on depth of 
cut, top kerr width, bottom kerr width, kerf taper, and surface 
roughness are investigated. Experiments designed using standard 
L9 orthogonal array and the analysis of variance helped in the 
determination of highly significant, significant and weakly sig- 
nificant cutting parameters. Single mesh size abrasives are found 
to yield decreased surface roughness than multi mesh size abra- 
sives. Based on these studies, response equations are developed 
to predict the target parameters. Using single mesh abrasives, 
a practitioner not only can cut faster but also achieve reduced 
surface roughness. 

Keywords Abrasive waterjet machining �9 abrasive particle 
size distribution �9 orthogonal array �9 design of experiments �9 
machining of aluminum �9 ANOVA analysis 

1 Introduction 

Abrasive waterjet machining (AWJM), with its wide-ranging ap- 
plications, offers a wide variety of advantages [1]. It is very ef- 
fective even in machining materials that are hard to machine [2]. 
It does not result in heat affected zone and involves minimum 
reactive forces [3, 4]. On the basis of jet  generation, AWJs can 
generally be categorized as injection jets or suspension jets. An 
injection type AWJM system consists of a high-pressure intensi- 
fier, abrasive cutting head, positioning system, vibratory abrasive 
feeder, demineralization plant and a catcher tank. In this system 
the water jet emerges from a primary nozzle (typically 0.25 mm 
diameter) made of sapphire or diamond. Abrasives get mixed with 
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the jet in a mixing chamber and moves through a focusing nozzle 
(typically 0.8 mm diameter) made of tungsten carbide with a vel- 
ocity of 700-900 m/s  [4]. Injection jets are currently being used 
in technically developed countries as shop floor facilities. 

The intensity and the efficiency of the cutting process depend 
on several AWJM process parameters [4, 5]. They are classified 
as hydraulic, mixing/nozzle, cutting, and abrasive parameters. 
Depth of cut, surface roughness, volume removal rate, and kerf 
geometry - top kerf width, bottom kerr width and kerr taper 
are often used as target parameters. Hydraulic parameters con- 
sist of jet  pressure (P) and the orifice diameter. Focusing tube 
length and tube diameter are the mixing/focusing nozzle parame- 
ters. Cutting parameters are traverse rate (TR), stand off distance, 
angle of impact, and number of passes. Abrasive parameters in- 
clude the type of abrasive material, particle size, shape, particle 
size distribution (PSD), abrasive flow rate (AFR), recycling cap- 
acity, and the hardness of abrasives. Among these parameters, 
certain abrasive parameters such as abrasive particle size and 
shape of the abrasives and their distribution influence the target 
parameters [6-12]. 

Abrasive particles disintegrate during the acceleration and 
focusing process and also during cutting [8-12]. During the 
cutting process, breakdown of the abrasive particles occurs in 
two stages; 1) Particle/particle, particle/waterjet and particle/wall 
collisions in the mixing chamber/focusing tube assembly, and 
2) Particle/particle and particle target collisions [8]. These inter- 
actions indicate that the particle size, shape as well as particle 
size distribution of abrasives before passing through the nozzle, 
after the nozzle exit, and after cutting differ widely from each 
other [8, 11, 12]. The changes in size, shape and PSD are based 
on the other process parameters as well as the target materi- 
als. Literature indicates that limited attempts are made to study 
the influence of PSD in machining. For the first time Momber 
and Kovacevic [7] studied the influence of two different par- 
ticle size distribution parameters; size modulus of 150 microns 
to 400 microns and a distribution modulus 1 to 4, in aluminum 
machining. The distribution parameters used by them are derived 
from a Rosin-Rammler-Sperling grain size distribution The in- 
fluence of these parameters on the depth of cut is not significant 



in the selected parameter range, where as surface roughness in 
the smooth cutting zone is sensitive to changes in both of the 
particle size distribution parameters [7]. Kantha babu and Krish- 
naiah chetty [10, 11] also studied and reported the influence of 
particle size distribution on AWJM. 

Cost of abrasives contributes substantially to the produc- 
tion cost. Industries prefer garnet abrasives (one of the popular 
abrasives) drawn from established sources [4, 13, 14]. Indian in- 
dustries are focusing attention on the possible benefits of using 
AWJM in their production systems. Abrasives, if locally avail- 
able may prove economical. Industries can be encouraged to 
use this efficient technology if cost reductions are demonstrated. 
This will provide them a competitive edge for manufacturing. 
This work therefore aims at the use of the locally available gar- 
net abrasives obtained from southern part of India and study 
the influence of single mesh size abrasives. Preliminary work 
done with multi-mesh size particles of these local abrasives is 
reported [10, 11, 15-18]. Though single mesh size abrasives did 
not yield better results than multi-mesh size abrasives, there 
could be a bias on the single mesh size chosen [10, l lJ. Hence 
this paper attempts to vary single mesh size abrasives and investi- 
gate. This is also an element of the strategy to harness the power 
of AWJM to help precision manufacturing. 

The target parameters considered are depth of cut (d), top 
kerf width (kwt), bottom kerf width (kWh), kerf taper (kt): de- 
fined as ratio of top kerf width to bottom kerf width, surface 
roughness (Ra) (refer Figs. 1 and 2). The fragmentation of abra- 
sives during various stages are studied using American Foundry- 
men's Society (AFS) grain fineness number. The AFS grain fine- 
ness number is defined as the sum of product of weight of abra- 
sive particles retained in each sieve in percentage and previous 
sieve mesh number, divided by the total percentage of  abrasives 
retained in the set of sieves and the pan. This paper analyses 
the performance of garnet abrasive with three different single 
mesh size abrasives along with other process parameters and re- 
ports the findings achieved through standard L9 orthogonal array 

i 
100 

Direction of cut [ ~ A W J  Cutting 
�9 L H , _ A  

315 

Fig. 1. Schematic of workpiece 
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Fig. 2. Schematic view of a cut surface 
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(OA) experimentation. The response equations [19] are also es- 
tablished to predict the target parameters. 

2 Experimental setup and procedure 

The details of an injection type abrasive waterjet machine (Fig. 3) 
along with other equipment used for experimentation are shown 

Fig. 3. Abrasive waterjet machining facility 



534 

in Table 1. The constant process parameters are shown in Table 2. 
The variable process parameters shown in Table 3, describe the 
three levels of  parameters namely pressure (P), traverse rate 
(TR), and abrasive flow rate (AFR), and abrasive samples (AS). 
The abrasive samples used are particles retained on three dif- 
ferent single sieves designated as SC1, SC2, and SC3 (SCI :  
0 . 3 1 5 - 0 . 3 5 5 m m / # 5 2  mesh size, S C 2 : 0 . 2 5 0 - 0 . 3 1 5  m m / # 6 0  
mesh size, and SC3:0 .180-0 .200  m m / # 8 0  mesh size). 

A trapezoidal work piece has been cut and the depth of  ma- 
chining d, (d = AB sin25 ~ is determined as shown in Fig. 1 
Each combination of  parameters can achieve certain depth of  cut, 
indicated to the operator by splashing of  jet. The length of  cut 
over each test run is therefore a variable that depends on the 
chosen process parameters. The top and bottom kerf widths are 
measured at three locations on the cut length; at the start of  cut, 
middle, and end of  cut and then averaged (Fig. 2). The kerf taper 
is computed. In an AWJM cut surface, the upper section con- 

sists of  a smooth cutting zone (SCZ) characterized as roughness, 
while the lower section consists of  rough cutting zone (RCZ) 
characterized as waviness [20]. Kovacevic [19] has measured the 
surface roughness at three levels across the thickness of  the cut at 
1.58 mm, 3.17 mm, and 4.76 mm. In this experimentation work, 
upper (2 mm from the top surface), middle and lower (two third 
height from the top surface) sections of  the machined surface of  
aluminum material are selected for surface roughness measure- 
ment and compared. The photographs of  a typical cut surfaces 
are shown in Fig. 4. The measurements of  surface roughness (Ra) 
are made in the direction of  jet  traverse. Abrasive particles have 

Table 2. Constant process parameters 

Abrasive material Garnet 
Abrasive particle shape Angular (random) 
Primary Nozzle diameter 0.25 mm 
Secondary Nozzle diameter 0.8 mm 
Secondary Nozzle Length 70 mm 
Stand off distance 3 mm 
Jet impact angle 90 ~ 

Table 3. Variable process parameter 

S. Variable parameter Low Medium High 
No 1 2 3 

1 Pressure [MPa] 150 
2 Traverse rate [mm/min] 50 
3 Abrasive flow rate [g/s] 0.5 
4 Abrasive sample code SC 1 

[mm] (0.315-0.355 
Single mesh size #52 
AFS number 44 

225 300 
125 200 
1.0 1.5 

sc2  SC3 
(0.250~).315) (0.180~).200) 

#60 #80 
52 72 

been collected at the exit of  the focusing nozzle, and also after 
cutting the material and AFS grain fineness number are deter- 
mined. Collection is done through a special catcher, consisting 
of  a cylindrical drum with a screening cloth. The collected abra- 
sives are cleaned (aluminum debris is dissolved by adding 20% 
NaOH solution), dried and sieved. 

Table 1. Details of the equip- 
ments Item Description 

Abrasive Waterjet Machining System 
Power 
Max. Discharge pressure 
Abrasive feeding system 
CNC work table 
British Standard Sieves, Mesh number 
Surface Finish measuring equipment 
Kerf width measurement 
Work piece material 
Single mesh size abrasives used for experimentation 
Primary nozzle material 
Secondary nozzle material 

Pressure intensifier, Injection type nozzle 
22 kW, 50 Hz 
360 MPa 
Vibratory conveyor with heating facility 
Two-axis control (X=I000,Y=I000) 
30,36,44,52,60,72,80,100,120, 
Perthometer, Cut off length: 0.8 mm, traverse length: 4.8 mm 
Optical microscope, 0.5 microns accuracy 
Aluminium 6063 T6 
#52, #60, #80, 
Sapphire 
Tungsten Carbide 

Fig. 4. Photographs of typical cut surfaces 



T a b l e  4. L90rthogonal Array 

Ex. No Pressure (P) Traverse Abrasive flow Abrasive sample 
rate (TR) rate (AFR) code (AS) 

A B C D 

1 1 l 1 l 
2 1 2 2 2 
3 1 3 3 3 
4 2 l 2 3 
5 2 2 3 1 
6 2 3 l 2 
7 3 l 3 2 
8 3 2 1 3 
9 3 3 2 1 

T a b l e  5. Allocation of parameters 

Ex. Pressure (P) Traverse rate (TR) Abrasive flow Abrasive sample 
No [MPa] [mm/min] rate (AFR) [g/s] code (AS) 

A B C D 

1 150 50 0.5 SC1 
2 150 125 1 SC2 
3 150 200 1.5 SC3 
4 225 50 1 SC3 
5 225 125 1.5 SC 1 
6 225 200 0.5 SC2 
7 300 50 1.5 SC2 
8 300 125 0.5 SC3 
9 300 200 1 SC 1 

L9 orthogonal array (OA) has been used to minimize experi- 
mentation [ 16, 19, 22-26]. The details of the standard L 9 0 A  and 
allocation of parameters are shown in Tables 4 and 5. Statisti- 
cally designed experiments perform more efficiently than tradi- 
tional methods as they consider multiple factors simultaneously 
and can detect important interactions. The results are analyzed 
through ANOVA technique. ANOVA is a computational tech- 
nique that helps to estimate the relative contributions of each 
control factor. ANOVA provides insight into the main effects, 
interaction effects of factors and as well as noise. This will be 
useful in decision making to determine the control factors for 
further expenditure of resources. Randomized experimentation 
without replication has been done. 
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3 Results and discussion 

Analyses considering depth of cut, top kerr width, bottom kerf 
width, kerf taper and surface roughness are presented hereunder. 
The experimental results are shown in Table 6. 

3.1 Depth of cut 

Detailed ANOVA analysis in Table 7 concerning depth of cut in- 
dicates that only TR is found to be weakly significant at 10% 
level. Its linear effect is significant at 10% level, while quadratic 
effect is not significant. The mean response in Fig. 5 indicates 
that lower traverse rate (TR1) results in maximum depth of cut. 
Lower traverse rate implies prolonged exposure time and hence 
increased depth of machining. Hence the behaviour of single 
mesh size abrasives is in line with multi-mesh size abrasives [4, 
5, 9-11,  21,27, 28]. The response equation for depth of cut of 
individual main parameters, Yooc is: 

YDOC = 18.43 + 0.113(P -- 225) -- 0.150(TR - 125) 

+ 1.70 • 10-3(TR - 125)2+ 12 .66 (A FR-  1) 

+ 50(AS - 0.250) (1) 

3.2 Kerf width 

Kerr width (average of three measurements) is measured by 
using optical microscope at the top and bottom surfaces of the 
cut. The kerf taper is computed in each case. The results of kerf 
geometry are shown in Table 6. It is observed that the bottom 
kerf width is smaller than top kerr width, resulting in a conver- 
gent cut. These findings concerning single mesh size abrasives 
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Fig. 5. Mean responses - parameters vs depth of cut, mm 

SCl SC2 SC3 

T a b l e  6. Experimental results 

Ex. Depth of cut Kerf Width [ram] Surface Roughness, [R~] AFS No. AFS No. 
No [mm] Top surface average Bottom surface average Kerf taper Upper Middle Lower at nozzle exit after cutting 

1 9 1.01 0.74 1.36 8.1 9.6 11.0 77 98 
2 7 1.07 0.86 1.25 5.5 6.0 6.6 78 92 
3 6 0.94 0.88 1.06 7.4 8.1 9.1 96 109 
4 40 0.95 0.69 1.39 6.7 6.9 8.1 97 124 
5 17 0.94 0.78 1.20 6.5 5.5 7.6 84 107 
6 14 1.05 0.90 1.16 7.1 8.1 11.3 81 99 
7 50 1.12 0.97 1.15 7.5 7.2 8.5 98 112 
8 12 1.15 0.68 1.69 5.7 6.6 10.9 92 96 
9 11 1.04 0.73 1.43 5.1 5.3 6.6 95 110 
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Table 7. Detailed ANOVA analysis on depth of cut 

Source Pool DF S V F* S' p, % Remarks 

P 2 556.22 278.11 2.53 336.00 17.19 Ns 
TR 2 957.56 478.78 4.35 737.34 37.73 * 
TRL 1 770.89 770.89 7.00 660.78 33.81 * 
TRQ 1 186.67 186.67 1.69 75.56 3.87 Ns 
AFR Y 2 244.22 122.11 - - - Ns 
AS Y 2 196.22 98.11 - Ns 
(e) 4 440.44 110.I 1 - 880.89 45.08 - 
Total 8 1954.22 244.28 . . . .  

�9 F' 0.10. 2, 4 = 4.32, F' 0.05, 2, 4 = 6.94, F' 0.01, 2, 4 = 18.0 
�9 F' 0.10, 1, 4 = 4.54, F' 0.05, 1, 2 = 7.71, F' 0.01, 1, 2 = 16.3 

Nomenclature 

Y Pooled DF Degree of freedom 
* Weekly significant at 10% level. S Sum of squares 
** Significant at 5% level. V Variance 
*** Highly significant at 1% level. F F-ratio 
Ns Not Significant S' Pure sum of square 
L Linear effect p.% Percentage contribution 
Q Quadratic effect 

are  found  to be in l ine wi th  the  resul ts  ob ta ined  wi th  m u l t i - m e s h  

sizes o f  garne t  abras ives  [4, 5, 9 - 1 1 ,  21, 27, 28]. 

3.2.1 Top ker f  wid th  

Deta i led  A N O V A  analys is  in Table 8 c o n c e r n i n g  top  ker f  wid th  

indica tes  that  only  p ressure  is found  to be weak ly  s igni f icant  at 

10% level. The  l inear e f fec t  o f  p ressu re  is weak ly  s ignif icant  at 

10% level,  whi le  its quadrat ic  ef fect  is not  s ignif icant .  F r o m  the 

mean  r e sponse  Fig.  6, it is o b s e r v e d  that  m e d i u m  pressu re  (P2) 

resul ts  in m i n i m u m  ke r f  width.  M i n i m u m  ke r f  wid th  is advan-  

t ageous  in mach in ing  because  o f  m i n i m u m  mater ia l  is lost. T h e  

TableS. Detailed ANOVA analysis on top kerf width 

Source Pool DF S V F* S' p, % Remarks 

P 2 0.026 0.013 9.337 0.023 46.939 * 
PL 1 0.014 0.014 10.815 0.013 26.531 * 
PQ 1 0.011 0.011 8.446 0.010 20.408 Ns 
TR Y 2 0.003 0.001 1.000 0.001 2.041 Ns 
AFR 2 0.008 0.004 2.888 0.005 10.204 Ns 
AS 2 0.012 0.006 4.410 0.009 18.367 Ns 
(e) 2 0.003 0.001 - 0.011 22.449 - 
Total 8 0.049 0.006 . . . .  

* F' 0.10, 2, 2 = 9.0, F' 0.05, 2, 2 = 19.0. F' 0.01, 2, 2 = 99.0 
* F' 0.10, 1, 2 = 8.53, F' 0.05, 1, 2 = 18.5, F" 0.01, 1, 2 = 93.5 

E 1.1 

~ 1 .  

J 
o 

0 9 P1 P 2  P 3  T R 1 T R 2  TR3 AFRIAFR2AFR3 SCl SC2 SC3 
Parameters 

Fig. 6. Mean responses - parameters vs top kerf width, mm 

r e s p o n s e  equa t ion  for  t op  ke r f  w i d t h  o f  ind iv idua l  m a i n  and  s ig-  

nif icant  pa ramete r s ,  YKWT is: 

YKWr = 0 . 9 8 + 6 . 4  • 1 0 - 4 ( P - -  225) + 1.33 • 1 0 - 5 ( P -  225) 2 

- 1.13 • 1 0 - 4 ( T R  - 1 2 5 ) -  0 . 0 7 ( A F R -  1) 

+ 0 . 1 1 4 ( A S  --  0 .251)  (2) 

3.2.2 B o t t o m  ker r  w i d t h  

De ta i l ed  A N O V A  ana lys i s  in Table 9 c o n c e r n i n g  b o t t o m  k e r f  

w id th  ind ica tes  that  abras ive  f low rate is weak l y  s ign i f ican t  and  

abras ive  s amp l e s  is s igni f icant  at 5% levels .  T h e  l inear  e f fec t  o f  

A F R  is weak l y  s igni f icant  at 10% level and  its quadra t ic  e f f ec t  

is not  s ignif icant .  T h e  l inear  e f fec t  o f  A S  is not  s igni f icant ,  wh i l e  

its quadra t ic  e f fec t  is s igni f icant  at 5% level.  This  is in dev ia t ion  

f r o m  the m u l t i - m e s h  s ize  abras ives  behav iou r  [11]. 

The  m e a n  r e s p o n s e  in Fig.  7 ind ica tes  that  at m e d i u m  abra-  

s ive f low rate ( A F R 2 )  and  abras ive  s amp l e s  bo th  SC1 and  SC3  

result  in m i n i m u m  b o t t o m  ke r f  width .  This  m a y  be  c o n s t r u e d  

as m e d i u m  abras ive  f low rate resu l t ing  in o p t i m u m  abras ive  

f low rate,  wh i l e  m a c h i n i n g  wi th  s ingle  abras ive  par t ic les .  M i n -  

i m u m  b o t t o m  ke r f  w id th  m a y  resul t  w h e n  the  ene rgy  avai lable  

is r educed  or  j e t  de f lec t ions / ins tab i l i ty  is r educed .  T h e  c o m p l e x  

c o m b i n a t i o n s  o f  A F R 2 ,  SC1,  and  SC3 s e e m  to r educe  j e t  def lec-  

t ions/ instabi l i ty .  T h e  r e s p o n s e  equa t ion  for  b o t t o m  k e r f  w i d t h  o f  

indiv idual  m a i n  and s igni f icant  pa ramete r s ,  YKWB is: 

YKWB = 0 . 8 5 9  --  2 .27 • 1 0 - 4 ( P  - 225) 

+ 2 . 4 7  • 1 0 - 4 ( T R  - 1 2 5 ) +  0 . 1 4 4 ( A F R -  1) 

+ 0 . 2 6 4 ( A F R  - 1)2 + 30.61 (AS - 0 .250)  2 (3) 

Table 9. Detailed ANOVA analysis on bottom kerf width 

Source Pool DF S V F* S' p, % Remarks 

P Y 2 0.003 0.001 1.000 0.001 1.163 Ns 
TR 2 0.006 0.003 2.547 0.004 4.651 Ns 
AFR 2 0.025 0.013 9.859 0.023 26.744 * 
AFRL 1 0.016 0.016 12.202 0.015 16.984 * 
AFRQ 1 0.010 0.010 7.445 0.009 9.909 Ns 
AS 2 0.052 0.026 20.467 0.050 58.140 ** 
ASL 1 0.000 0.000 0.001 0.001 1.161 Ns 
ASQ 1 0.052 0.052 40.785 0.051 59.494 ** 
(e) 2 0.003 0.001 - 0.010 11.628 - 
Total 8 0.086 0.011 . . . .  

* F' 0.10, 2, 2 = 9.0, F' 0.05.2, 2 = 19.0, F" 0.01, 2, 2 = 99.0 
* F' 0.10, 1, 2 = 8.53, F' 0.05. 1, 2 = 18.5, F' 0.01, 1, 2 = 93.5 

| l "---._ 
. 0 . 9  

"o O.8 

1:: 0.8 ~ 

OE 0.7 

~- 0 O P1 P2 P3 TR1 TR2 TR3 AFRIAFR2AFR3 SC1 SC2 SC3 rn 
Parameters 

Fig. 7. Mean responses - parameters vs bottom kerf width, mm 
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3 .2 .3  K e r f  t ape r  

A N O V A  a n a l y s i s  in Tab le  10 i n d i c a t e d  tha t  no  p a r a m e t e r  inf lu-  

e n c e s  ke r f  t ape r  e v e n  at 10% level.  T h i s  b e h a v i o u r  is s i m i l a r  to 

tha t  o f  m u l t i - m e s h  s i ze  ab r a s i ve s  r epo r t ed  [11].  T h e  va r i a t ion  

o b s e r v e d  in the  p r e s e n t  c a s e  m a y  be  e x p l a i n e d  by  the  o b s e r v a -  

t ions  o f  H a s h i s h  [20];  tha t  the  cu t t i ng  c o u l d  be  i r r egu la r  b e c a u s e  

o f  n o n - u n i f o r m i t y  o f  f r a g m e n t e d  ab ra s i ve  d i s t r ibu t ion  in the  je t ,  

a n d  s ide  de f lec t ion  o f  cu t t i ng  s t r e a m  r e su l t i ng  in j e t  ins tabi l i ty ,  

l e ad ing  to e r o s i o n  tha t  m a y  m a s k  the  ba s i c  g e o m e t r y .  T h e  m e a n  

r e s p o n s e  is  g iven  in Fig.  8 and  t he  r e s p o n s e  e q u a t i o n  fo r  ke r r  

t aper  o f  i nd iv idua l  m a i n  p a r a m e t e r s ,  YKT is: 

YKT = 1 . 2 9 9 +  1.33 X 10 -3  (P - 225)  - 1.77 • 1 0 - 3 ( T R  - 125) 

- 0 . 0 8 3 ( A F R -  1 ) +  1 8 . 5 5 8 ( A S -  0 .251)  (4) 

3.3 Su r face  r o u g h n e s s  

Su r face  r o u g h n e s s  (Ra)  m e a s u r e m e n t s  a re  m a d e  u s i n g  p e r t h o m e -  

ter  at th ree  l oca t ions  o f  the  cu t  sur face ,  a) u p p e r  s ec t i on  b) m i d d l e  

sec t ion ,  and  c) l ower  sec t ion .  T h e  r e su l t s  are  s h o w n  in Tab le  6. 

De ta i l ed  A N O V A  a n a l y s i s  for  the  s u r f a c e  r o u g h n e s s  is s h o w n  in 

Tab le s  11, 12, a n d  13 a n d  the  m e a n  a n a l y s i s  is  s h o w n  in F igs .  9, 

10 and  11. 

3.3.1 U p p e r  s ec t ion  

De ta i l ed  A N O V A  a n a l y s i s  in Table  11 c o n c e r n i n g  s u r f a c e  r o u g h -  

n e s s  at the  u p p e r  s ec t i on  o f  the  ma t e r i a l  i nd i ca t e s  tha t  p r e s su re ,  

t raverse  rate,  and  ab ra s ive  f low rate a re  s ign i f i can t  at 5 %  level.  

T h e  s ign i f i cance  o f  l inear  and  quad ra t i c  e f fec t s  is a l so  s h o w n  in 

this  table.  T h i s  is in dev ia t ion  f r o m  the  f ind ings  o f  [10, 11 ,27] .  

T h i s  m a y  be  a t t r ibu ted  to the  wide  r a n g e  o f  ab r a s i ve  pa r t i c l es  

u s e d  in the i r  e x p e r i m e n t a t i o n .  T h e r e f o r e  p r e c i o u s l y  con t ro l l ed  

Table 10. Detailed ANOVA analysis on kerf taper 

Source Pool DF S V F* S' p, % Remarks 

P 2 0.071 0.035 1.808 0.032 10.93 Ns 
TR Y 2 0.039 0.020 1.000 0.001 0.345 Ns 
AFR 2 0.120 0.060 3.072 0.081 28.05 Ns 
AS 2 0.059 0.030 1.507 0.020 6.86 Ns 
(e) 2 0.039 0.020 - 0.157 54.15 - 
Total 8 0.290 0.036 . . . .  

* F' 0.10, 2, 2 = 9.0, F' 0.05, 2, 2 = 19.0, F' 0.01, 2, 2 = 99.0 

*~ 1"!1 ~ 1.2 
~' 1.1 
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Fig. 8. Mean responses - parameters vs kerf taper 

SCl SC2 SC3 

a b r a s i v e  s a m p l e s  a l o n g  w i th  o t h e r  p a r a m e t e r s  c o u l d  i n f l u e n c e  t h e  

s u r f a c e  r o u g h n e s s  at the  u p p e r  s e c t i o n  a lso .  T h e  m e a n  r e s p o n s e  

in Fig.  9, i nd i ca t e s  tha t  h i g h e s t  p r e s s u r e  (P3) ,  m e d i u m  t r ave r se  

ra te  (TR2) ,  and  m e d i u m  a b r a s i v e  f low rate  ( A F R 2 )  r e su l t  in de -  

Table l l .  Detailed ANOVA analysis on surface roughness in the upper 
section 

Source Pool DF S V F* S' p, % Remarks 

P 2 1.309 0.654 45.308 1.280 15.54 ** 
PL 1 1.215 1.215 86.785 1.200 14.57 ** 
PQ 1 0.094 0.094 6.714 0.080 0.97 Ns 
TR 2 3.562 1.781 123.308 3.533 42.90 ** 
TRL 1 1.215 1.215 86.785 1.201 14.58 ** 
TRQ 1 2.347 2.347 167.64 2.332 28.31 *** 
AFR 2 3.336 1.668 115.462 3.308 40.15 ** 
AFRL 1 0.039 0.039 2.785 0.025 0.30 Ns 
AFR O 1 3.321 3.321 237.214 3.307 40.15 *** 
AS Y 2 0.029 0.014 1.000 0.986 11.97 Ns 
(e) 2 0.029 0.014 - 0.001 1.40 - 
Total 8 8.236 1.029 . . . .  

* F' 0.10, 2, 2 = 9.0, F' 0.05, 2, 2 = 19.0, F' 0.01, 2, 2 = 99.0 
* F' 0.10, 1, 2 = 8.53, F' 0.05, 1, 2 = 18.5, F' 0.01, 1, 2 = 93.5 

Table 12. Detailed ANOVA analysis on surface roughness in the middle 
section 

Source Pool DF S V F* S' p, % Remarks 

P 2 3.707 1.853 14.256 3.447 22.21 * 
PL 1 3.510 3.510 27.000 3.380 21.77 ** 
PQ 1 0.197 0.197 1.153 0.067 0.43 Ns 
TR 2 5.307 2.653 20.410 5.047 32.52 ** 
TRL 1 0.799 0.799 6.146 0.669 4.31 Ns 
TR O 1 4.508 4.508 34.676 4.378 28.20 ** 
AFR 2 6.247 3.123 24.026 5.987 38.57 ** 
AFRL 1 2.050 2.050 15.769 1.920 12.37 * 
AFRQ 1 4.197 4.197 32.284 4.067 26.20 ** 
AS Y 2 0.260 0.130 1.000 0.000 - Ns 
(e) 2 0.260 0.130 - 1.040 6.70 - 
Total 8 15.520 1.940 . . . .  

* F' 0.10, 2, 2 = 9.00, F' 0.05, 2, 2 = 19.0, F' 0.01, 2, 2 = 99.0 
* F' 0.10, 1, 2 = 8.53, F' 0.05, 1, 2 = 18.5, F' 0.01, 1, 2 = 93.5 

Table 13. Detailed ANOVA analysis on surface roughness in the lower 
section 

Source Pool DF S V F* S r p, % Remarks 

P Y 2 0.176 0.088 t.000 1.000 3.66 Ns 
TR 2 1.136 0.568 6.468 0.960 3.52 Ns 
AFR 2 24.536 12.268 139.759 24.360 89.35 *** 
AFRL 1 10.690 10.690 121.47 10.602 38.88 *** 
AFRQ 1 13.846 13.846 157.34 13.758 50.46 *** 
AS 2 1.416 0.708 8.063 1.240 4.55 Ns 
(e) 2 0.176 0.088 - 0.702 2.58 - 
Total 8 27.262 3.408 . . . .  

* F' 0. I0, 2, 2 = 9.00, F' 0.05, 2, 2 = 19.0, F' 0.01, 2, 2 = 99.0 
* F' 0.10, 1, 2 = 8.53, F' 0.05, 1, 2 = 18.5, F' 0.01, 1, 2 = 93.5 
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Fig.9. Mean responses - parameters vs surface roughness, Ra at upper 
section 
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Fig. 10. Mean responses - parameters vs surface roughness, R~ at middle 
section 
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Fig. 11. Mean responses - parameters vs surface roughness, R, at lower 
section 

c reased  surface  roughness  whi le  using s ingle  m e s h  size abrasive.  

The  r e sponse  equa t ion  for  the  upper  sec t ion  o f  individual  m a i n  

and s ignif icant  pa ramete rs ,  Yslcu is: 

Y s R u  = 6.40 - 6 • 10 -3  (P - 225) + 4.41 • 10 - 5  (P - 225) 2 

- 6 • 1 0 - 3 ( T R  - 125) + 1.92 • 1 0 - 4 ( T R  - 125) 2 

+ 0 . 1 6 ( A F R  - 1) - 0 . 3 2 3 ( A F R  - 1) 2 

- 0 .214 ( A S  - 0.250) (5) 

3.3.2 M i d d l e  sec t ion  

Deta i led  A N O V A  analys is  in Table 12 c o n c e r n i n g  surface  rough-  

ness  at the  m idd l e  sec t ion  o f  the  w o r k  mater ia l  ind ica tes  that  

p ressure  is s ignif icant  at 10% level,  whi le  t raverse  rate  and  abra-  

sive f low rate are s ignif icant  at 5% level.  The  s ign i f icance  o f  

l inear and quadrat ic  ef fec ts  is a lso  s h o w n  in Table 12. The  sig- 

nif icant  fac tors  here in  are s imi lar  to that  o f  the  upper  sect ion.  

F r o m  the m e a n  r e sponse  in Fig.  10, it is found  that  h ighes t  p res -  

sure (P3),  m e d i u m  t raverse  rate (TR2),  and  m e d i u m  abras ive  

f low rate ( A F R 2 )  resu l ted  in d e c r e a s e d  surface  roughness .  

H ighe r  p ressure  normal ly  inc reases  the  f r agmen ta t i on  o f  

abras ives  be c a use  o f  inc reased  kinet ic  ene rgy  [28]. Ana lys i s  o f  

A F S  n u m b e r  wi th  m u l t i - m e s h  size abras ives  has  s h o w n  this  

t r end  [11]. H o w e v e r  wh i l e  m a c h i n i n g  wi th  s ing le  m e s h  s ize  

abras ives ,  t h o u g h  A F S  gra in  f inesses  n u m b e r  (Figs .  12 and  13) 

changed ,  it is f o u n d  to be  ins ign i f ican t  (Tables  6, 14, 15). H e n c e  

s ingle  m e s h  abras ives  b e h a v i o u r  dev ia ted  f r o m  that  o f  mul t i -  

m e s h  size abras ives .  

In the  case  o f  t raverse  rate,  m e d i u m  t raverse  rate (TR2)  re-  

su i ted  in d e c r e a s e d  sur face  r o u g h n e s s ,  h o w e v e r  t raverse  rate  d id  

not  s igni f icant ly  in f luence  the  f r agmen t a t i on  o f  s ing le  m e s h  s ize  

abras ive  par t ic les  (Tables  14, 15). S imi la r  t rend  was  r epo r t ed  

wi th  m u l t i - m e s h  s ize  abras ives  [11 ], H o w e v e r  l ower  t raverse  rate  

95 
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Fig. 12. Mean responses - parameters vs AFS no. after nozzle exit -llh y ; 
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Fig. 13. Mean responses - parameters vs AFS no. after cutting 

Table 14. Detailed ANOVA analysis on AFS grain fineness number after 
nozzle exit 

Source Pool DF S V F* S' p, % Remarks 

P 2 200.667 100.333 2.787 128.667 21.73 Ns 
AFR 2 72.000 36.000 - - - Ns 
AS 2 138.667 69.333 1.926 66.667 11.26 Ns 
E 2 180.667 90.333 2.509 108.667 18.36 Ns 
(e) 2 72.000 36.000 288.000 48.65 - 
Total 8 592.000 74.000 . . . .  

* F" 0.10, 2, 2 = 9.00, F" 0.05, 2, 2 = 19.0, F' 0.01, 2, 2 = 99.0 

Table 15. Detailed ANOVA analysis on AFS grain fineness number after 
cutting 

Source Pool DF S V F* S' p, % Remarks 

P 2 162.889 81.444 1.443 50.000 6.33 Ns 
TR 2 256.222 128.111 2.270 143.333 18.15 Ns 
AFR 2 257.556 128.778 2.281 144.667 18.32 Ns 
AS Y 2 112.889 56.444 - - - Ns 
(e) 2 112.889 56.444 - 451.556 57.19 - 
Total 8 789.556 98.694 - - - 

* F' 0.10, 2, 2 = 9.00, F' 0.05.2, 2 = 19.0, F' 0.01, 2, 2 = 99.0 



539 

(TR1) emerged as the best option for minimum surface rough- 
ness. This finding is significant; since the practical user can in- 
crease the traverse rate as well achieve better finish. 

In the case of  abrasive flow rate, the medium abrasive flow 
rate (AF2) results in minimum surface roughness, while it is 
insignificant with multi mesh size abrasives [11]. Hence single 
mesh size abrasive behaviour differs from multi-mesh size abra- 
sive. The response equation for the middle section of  individual 
main and significant parameters, YSRM is: 

YSRM = 3.187 -- 0.01 (P -- 225) + 5.38 • 10 -5 (P -- 225) 2 

- 4 . 8  • 1 0 - 3 ( T R - -  125)+  2.67 x 1 0 - 4 ( T R -  125) 2 

- 1 . 1 7 ( A F R -  1 ) +  5 . 7 7 ( A F R -  1) 2 

+ 2.85(AS - 0.250) (6) 

3.3.3 Lower section 

Detailed ANOVA analysis in Table 13 concerning surface rough- 
ness at the lower section of  the work material indicates that only 
the abrasive flow rate is highly significant at 1% level. The signif- 
icance of  linear and quadratic effects is also shown in Table 13. 
The mean response in Fig. I 1 indicates that medium abrasive 
flow rate (AFR2) results in decreased surface roughness. With 
single mesh size abrasives the abrasive flow rate is highly signifi- 
cant, while with multi-mesh size abrasive particles, pressure was 
found to be significant [11]. Hence single mesh size abrasive be- 
haviour deviates from multi-mesh size abrasives. The response 
equation for the lower section of  individual main parameters, 
Ysgv is: 

YSRU = 1.826-- 1.53 x 10 -3 (p - -225 )  

-- 1.33 x 10-3(TR - 1 2 5 ) -  2 . 6 7 ( A F R -  1) 

+ 10.54(AFR - 1)2 _ 6.92(AS - 0.250) (7) 

4 Conclusions 

Abrasive waterjet machining is emerging as an effective machin- 
ing technique at shop floor level. In this context, it is essential 
to optimize the process parameters. This paper discusses the 
abrasive waterjet machining of  aluminum with the use of  de- 
sign of  experiments L9 orthogonal array and the establishment of  
response equations. The influence of  pressure, traverse rate, abra- 
sive flow rate and specially formulated abrasive samples having 
three different single mesh size abrasives are analyzed. The tar- 
get parameters namely depth of  cut, top kerf width, bottom kerr 
width, and kerf taper, and surface roughness are studied. The re- 
sults are summarized as follows: 

1. Single mesh size abrasives behave similar to mult i-mesh size 
abrasives in the achievable depth of  cut. 

2. Single mesh size abrasives deviates in its behavoiur from 
multi-mesh size abrasives considering top kerf width, bottom 
kerf width and kerf taper. 

3. Considering surface roughness of  machined surface, single 
mesh size deviates in its behaviour compared to mult i -mesh 
size. The results of  the surface roughness with single mesh 
size abrasives at the upper and middle section of  the material 
are note worthy. 

4. The response equations developed in this work will be useful 
to the manufacturing engineers to select suitable parameters 
of  abrasives for a specific application of  aluminum cutting. 

The overall influence of  single mesh size is that it provides 
a faster cutting (TR2) than while using mult i-mesh size abra- 
sives. This will help the practitioner to cut at a faster rate and 
also achieve reduced surface roughness. From a research point of  
view this helps to harness the power of  A W J M  towards precision 
manufacturing. 
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