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Abstract

Abrasive water jet machining (AWJM) is a popular method used for cutting purposes. It uses a thin jet of ultra-high
pressure water and abrasive slurry to cut the material and the cutting is mainly by erosion. The purpose of this paper is to
investigate the effect of AWJM parameters on the cutting of mild steel and to optimize the process parameters. The process
parameters considered for investigation are traverse speed, abrasive flow rate and standoff distance. The subsequent
response parameters that have been determined are surface roughness and kerf taper angle. Taguchi Ly orthogonal array has
been used to design the experiments. ANOVA is used to decide the influencing process parameters. 3D surface plots are
presented for interaction effects of input process parameters. The study revealed that traverse speed is the prime factor
influencing surface roughness and kerf taper angle followed by stand-off distance and abrasive flow rate. Response models
are verified on the basis of estimation capability. Later on, multi-objective optimization using response surface method-
ology has been used for minimizing surface roughness and kerf taper angle which further resulted in composite desirability
of 0.9497. The optimum values of abrasive flow rate, standoff distance and traverse speed are found to be 420 g/min, 3 mm
and 85 mm/min, respectively. To validate the results, confirmation test is performed using optimum cutting parameters. It
showed 9.17 and 8.57% error for surface roughness and kerf taper angle.

Keywords Abrasive water jet machining - Response surface methodology - Surface roughness - Kerf taper angle -
Multi-objective optimization

1 Introduction

Abrasive water-jet machining (AWJM) process has a rich
history, which dates back to the time of hydraulic gold
mining in California, during the 1800s [1]. AWIM is the
method of removal of material from a workpiece due to the
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erosive exploit of fine-grained abrasive particles colliding
with it at high velocity. The particles pass through a nozzle
with dense carrier gas, generally air, to reach the high
velocity. The primary mechanism of the process is material
erosion by the means of water jet impingement, such that the
force and change in momentum of the abrasive material
erodes the work material [1-3]. Here, each hard abrasive
particle acts like a single point cutting tool. It is mostly used
in machining of soft metals and hard materials such as
ceramics, glass, metals, and composite materials [4]. Abra-
sive water-jet machining (AWJM) technology has wide
usage in automobile and aerospace industries due to various
advantages such as no generation of fumes, capacity to
generate contours, no thermal distortion, good surface
quality, high machining versatility, negligible burrs, etc. [5].

The accomplishment of machining process depends on
the appropriate selection of cutting conditions based on
cost and quality factors. A quality measurement of a pro-
duct and a factor that significantly affects the manufac-
turing cost is surface roughness [6]. Since, high quality of
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surface finish is an intensified demand in various manu-
facturing fields like aerospace, automobile, robotics, etc.
[7, 8], it is an important performance indicator for
machining. Kerf geometry is another important attribute in
abrasive water jet cutting. Kerf geometry is distinguished
by surface topography such as waviness and roughness
along with kerf width and taper angle [9]. It has an
extensive access and as the jet cuts into the material, its
width decreases and kerf is formed. Variation per mil-
limeter of penetration as much as half of kerf width can be
defined as kerf taper. Kerf tapers are developed as the jet
loses its power, it pierces from the top surface to bottom
[10]. The research works focused on AWJM is discussed in
the following paragraphs.

The effect of water pressure, traverse speed and standoff
distance on surface roughness in machining of mild steel
by AWJM have been studied by Rao et al. [11]. They used
Taguchi’s method and analysis of variance (ANOVA) for
examining the input process parameters along with signal
to noise ratio (SN ratio) to optimize the considered
parameters. They concluded that the transverse speed and
water pressure are the major influencing and standoff dis-
tance is sub influencing parameter on surface roughness.
The effects of traverse speed, abrasive mass flow rate and
material thickness on surface roughness while machining
aluminum with abrasive water jet have been reported by
Begic-Hajdarevic et al. [12]. They evaluated that the sur-
face roughness at the base of the cut is greatly influenced
by traverse speed. Mutavgjic et al. [2] performed machin-
ing of stainless steel and aluminum by water jet machining.
They studied the effect of stand-off distance, abrasive flow
rate, transverse rate and water pressure. They concluded
that surface roughness is directly proportional to traverse
speed. Aultrinl et al. [13] investigated the effect of process
parameters such as pressure, abrasive flow rate, orifice
diameter, focusing nozzle diameter and standoff distance in
machining of aluminum alloy. They developed second-
order polynomial model for prediction of material removal
rate (MRR) and surface roughness using RSM. San-
thankumar et al. [14] reported the effect of water pressure,
abrasive grain size, nozzle—workpiece standoff, abrasive
flow rate and jet traverse speed on the surface roughness
and kerf angle using Taguchi’s method. A combined
method of grey-based response surface methodology was
used for finding the optimal level of AWJM parameters.
Nair and Kumanan [15] performed machining of nickel
alloy and studied multiple responses using input parame-
ters such as water jet pressure, abrasive mass flow rate and
standoff distance. Significance of input parameters on
multi-response were studied. It was found that water jet
pressure is most significant parameter followed by mass
flow rate on kerf taper angle and surface roughness. Ahmet
et al. [16] also performed machining of difficult to cut
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titanium alloy. They examined the effect of traverse speed
on machined surface characteristics and found that traverse
speed is the most significant parameter. They also reported
that by increasing traverse speed, the kerf taper ratio and
surface roughness increases. Babu et al. [17] focused on
process parameters in abrasive water jet machining with
the objective of reducing surface roughness in Brass-360.
The input factors were pump pressure, abrasive flow rate,
standoff distance and feed rate. Pump pressure was found
to be the most influencing factor on surface roughness.
RSM modelling and optimization technique was used to
choose the prime factors that reduced the surface rough-
ness. Kumar et al. [18] formulated the relation between
process parameters and response parameters using RSM in
machining of Nickel alloy. Abrasive flow rate, water
pressure, stand-off distance and traverse speed were the
input parameters considered to predict surface roughness. It
was observed that traverse speed and abrasive flow rate has
a most significant effect on surface roughness followed by
stand-off distance. However, water pressure was found to
be the most insignificant parameter. Azmir et al. [19] car-
ried out experimentation on Kevlar- phenolic composite by
implementing Taguchi method. They analyzed the effect of
input parameters (abrasive-mass flow rate, pressure, tra-
verse rate and standoff distance) on surface roughness and
kerf taper ratio. The traverse rate is a most significant
factor on surface roughness compared to standoff distance
and abrasive mass flow. Armagan et al. [20] performed
Taguchi experimental design and ANOVA analysis in jet
machining of glass—vinyl ester composite. They found that
stand-off distance proved to be the most effective process
parameter for kerf width. This was due to the divergence
effect of the water jet. However, the top kerf width was a
bit affected by the traverse speed as less number of parti-
cles were hitting the kerf edge. Jagadish et al. [21] devel-
oped a RSM-based optimization design for optimization of
AWIJM parameters on machining of green composites. The
process parameters were pressure within the pumping
system, stand-off distance, and nozzle speed whereas
response parameters were surface roughness and process
time. The trials were executed based on the Box-Behnken
design and best parameters were selected using multi-re-
sponse optimization. Khan and Hague [22] evaluated the
effect of different abrasive particles in machining of glass
using abrasive water jet. They reported that an increase in
standoff distance widens the water jet and results in
increase of kerf taper. The jet depth increases with
increases in hardness of abrasives. The estimation of the
kerf formation over ceramic plate is reported by Hocheng
and Chang [23]. It is established that a critical grouping of
hydraulic pressure, abrasive flow rate and traverse speed is
necessary during cutting of ceramics. Adequate supply of
hydraulic energy, fine mesh abrasives at reasonable speed
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gives smooth kerf surface. It is concluded that the kerf
width enhances with rising pressure, traverse speed, abra-
sive flow rate and abrasive size. Moreover, the taper ratio
increases with a boost in traverse speed. Gupta et al. [24]
investigated machining of marble for minimization of kerf
taper angle and kerf width using Taguchi’s method in the
abrasive water jet. They used parameters as water pressure,
nozzle traverse speed and abrasive flow rate and concluded
that the nozzle traverse speed is the most influencing factor
on responses.

It is observed that the researchers have discussed the
effect of AWIM cutting parameters on various responses.
The modelling and optimization techniques are generally
preferred to predict the response and to evaluate the opti-
mum process parameters. On the basis of the literature, it
can be observed that very less amount of work is carried
out on modelling and optimization of input parameters of
AWIJM in machining of popularly used material like mild
steel. Therefore, in this paper, an attempt has been made
using three process input parameters to examine the effect
of machining parameters on mild steel in terms of surface
roughness and kerf taper angle. Response surface
methodology (RSM) is used for modelling and to investi-
gate the interaction effects on response parameters. The
multi-objective optimization technique is also used to
obtain the optimal values for minimization of response
parameters.

2 Experimentation
2.1 Work material and experimental setup

In the present work, a mild steel sheet of size
1000 mm x 800 mm with 6 mm thickness is used for

AN

cutting 30 mm x 50 mm plates during experimentation.
The setup consist of a TOPS (Model: SJA T300) AWJM
unit as shown in Fig. 1. The unit has a direct drive pump
and active cutting head. It has a maximum load capacity of
1200 kg/m? and a linear accuracy of =4 0.05 mm. The
cutting head consists of a mixing chamber for sand and
water jet along with sapphire jewel with an orifice diameter
of 0.1 mm and a carbide nozzle with a lifespan of 100 h.
Abrasive garnet (Si0,) with mesh size of #80 is used. The
unit is loaded with an inbuilt software TOPSMASTER
where input parameters are entered. The cutting area is
3.05 m long and 1.55 m wide. The cutting head can move
in the Z-axis over a distance of 200 mm. It has a maximum
traverse speed of 15,000 mm/min.

2.2 Design of experiment

The design of experimentation (DOE) is carried out using
Taguchi’s Lg orthogonal array. DOE using Taguchi method
is simple and easy to imply. It swiftly confines the field of
research work in a minimum number of experimentation
[25, 26]. In this experimentation, three input factors: tra-
verse speed, standoff distance and abrasive flow rate are
considered. Surface roughness (R,) and kerf taper angle (6)
are selected as responses. In Taguchi’s approach, selection
of the appropriate orthogonal array depends on the fol-
lowing three factors: (1) number of input and response
factors along with the interactions that are of key impor-
tance. (2) Number of levels of data for input factors. (3)
Desired resolution of experiment and the limitations placed
on the cost and its performance [27]. Table 1 shows the
three input factors with 3-levels which are selected
according to the literature [28].

Design matrix for experimentation is generated using
Taguchi approach in MINITAB 17 software and presented

Cutting head

Fig. 1 Experimental setup of AWJM (left) and cutting head (right)

Mixing chamber
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Table 1 Levels of input factors

Process parameters Level 1 (— 1) Level 2 (0) Level 3 (4+1)
Abrasive flow rate, A; (g/min) 390 420 450
Stand-off distance, Sy (mm) 3 5 7
Traverse speed, 7, (mm/min) 85 241 567

Table 2 Design matrix and measured responses

Run Abrasive flow rate, A (g/ Standoff distance, Sy Traverse speed, 7, (mm/ Surface roughness, R,  Kerf taper angle, 0
order min) (mm) min) (pm) (degree)
1 390 3 85 2.0 1.43

2 390 5 241 4.2 1.90

3 390 7 567 8.4 3.15

4 420 3 241 32 1.67

5 420 5 567 6.3 2.88

6 420 7 85 2.8 1.49

7 450 3 567 53 2.16

8 450 5 85 2.6 1.19

9 450 7 241 35 2.08

in Table 2. After experimentation, the roughness of the
machined surface is measured using portable surface
roughness tester (Model: Surftest SJ-410, Make: Mitutoyo)
as shown in Fig. 2. The average of four measurements of
surface roughness (R,) is measured. Absolute digimatic
caliper (Make: Mitutoyo) is used for measurement of upper
and lower kerf width. The measured response is considered
for kerf taper angle. Inclination of kerf wall is measured for
obtaining the kerf taper angle at kerf edge as shown in
Fig. 3. Kerf taper angle (0) is calculated using Eq. 1 on the
thickness of workpiece [29].

0= tanfl (—Wt ;t Wd>7 (1)

where 0 is kerf taper angle; W, is upper kerf width; W, is
lower kerf width and ¢ is the thickness of the machined
workpiece. The measured responses are tabulated in
Table 2 for further analysis.

Fig. 2 Surface roughness tester

@ Springer

3 Result and discussion
3.1 Modeling using RSM

Response surface methodology (RSM) is generally con-
sidered in the framework of the design of experiment. It is
a statistical technique for modelling and examining of
difficulties in which a response of interest is affected by
various variables. With aim of finding the correlation
between the response and variables is its primary objective
[30-32]. Determining a proper estimation for the accurate
functional relationship between the response variable (y)
and a set of independent variables is presented in Eq. 2.

k k
y:PO+ZPiXi+ZPiin2+ZZPinin+8a (2)
i=1 i=1

i<j

-
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” Upper kerf width (W,)

Kerf taper angle ()

Lower kerf width (W,)

(a)

Fig. 3 Schematic of kerf profile

where P are the coefficients that are calculated using least
square method and RSM is executed by means of fitted
surface. When estimated surface is an acceptable estima-
tion of the true response function, the outcomes will be
nearly equivalent to examination of the actual system. With
the generated data, regression models are estimated using
RSM to predict the values of output parameter. The pre-
dicted values are thus useful for optimizing the response
parameters by having a thorough understanding of the
significant parameters. Using this technique ensures that
the process and the experimentation are always within
control [33]. The statistical analysis showing the effect of
input process parameters on responses using ANOVA is
discussed in subsequent section.

3.2 Statistical analysis of parameters for surface
roughness

Analysis of variance (ANOVA) is a computational method
that helps to evaluate the comparative influences of each
control parameter. It offers vision into the main effects, as
well as interaction effects of factors. It uses a mathematical
method recognized as the sum of squares to significantly
analyze the variation of the control parameter.

The ANOVA study is performed to examine the statis-
tical analysis of input parameters on output parameters
(surface roughness and kerf taper angle). The significance
of input parameters is investigated using of F test, p value
based on the confidence level of 95% (p < 0.05) and
determination of coefficient (Rz). To remove the insignif-
icant effect of parameters, the stepwise regression analysis
is performed. A second-order regression equation for sur-
face roughness is presented in Eq. 3. Table 3 shows
ANOVA for surface roughness.

R, = —19.13 +0.04837A¢ + 5.057S4 + 0.0013087,,
—0.04167S4 x Sq —0.0110694¢ x Sq 4 0.001203S4

x To(R> = 99. 93%)( g, —98.72%).

(3)

The regression model (Eq. 3) indicates high F value of
2049.84 and low p value (p < 0.05) which merely has

(b)

0.01% chance that the value might happen due to noise
resulted from Table 3. The experimental data (Table 2) is
used in Eq. 3 to examine the error among experimental and
predicted values. Mean absolute error (MSE) is calculated

as 0.5% for surface roughness. Similarly, R* and Rfdj

val-
ues are 99.93 and 98.72%, respectively, which indicates
good correlation among experimental and predicted values.

Figure 4 shows the residual plot for R, consisting of
normal probability plot, residual verses fits, histogram for
residuals and residuals versus experimental values. It is
seen from Fig. 4a that the residuals have close fit to a line
in normal probability graph, which shows that the data is
normally distributed [34]. It means that for R, there is a
good relation between measured and estimated values.
Figure 4b, residual verses fits displays slightest deviation
within residuals and estimated values. Residual informa-
tion is shown in the histogram in Fig. 4c. Figure 4d indi-
cates the values of residuals versus experimental data
which is spread above and below zero line. It is established
from the whole inspection of residual and probability
graphs that the obtained model for R, is well proficient for
precise prediction.

The parametric examination in terms of studying the
effects of abrasive flow rate (Ay), stand-off distance (Sy),
traverse speed (7,) on surface roughness (R,) are presented
in main effect plots shown in Fig. 5. The main effect plots
show the means for each group within a categorical vari-
able. In case of abrasive flow rate, as abrasive flow rate
increases the surface roughness decreases. It can be seen
from Fig. 5a, that higher surface roughness is attained at
low value of flow rate while the lower roughness are
obtained by high abrasive flow rate. Therefore, it is marked
that increase in flow rate up to certain stage causes a
smoothening result on the surface irregularities of
machined surfaces [35]. In case of stand-off distance, the
surface roughness is remarkably greater when the stand-off
distances increased from 3 to 7 mm shown in Fig. 5b. This
is for the reason that greater stand-off distance causes the
divergence of jet before impingement. This results in
reduced kinetic energy density of the jet at impingement
resulting in rougher surface. This jet divergence leads to
low density of abrasive particles [21, 36]. Hence, it is

@ Springer
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Table 3 ANOVA for surface

Source Sum of squares DF Mean square F value p value
roughness
Regression model 34.07 6 5.67 2049.84 < 0.0001
A 0.13 1 0.13 50.11 0.019
Sq 3.40 1 3.40 1229.43 0.001
T, 10.29 1 10.29 3716.69 < 0.0001
Sq X Sq 0.05 1 20.05 20.05 0.046
Ag X Sq4 0.89 1 321.33 321.33 0.003
Sq x T, 0.70 1 255.28 255.28 0.004
Error 0.0055 2 0.0028
Total 34.0822 8
R2 99.93%
Ry 98.72%
Residual Plots for Ra
(b)
99 0.050+
°
920 0.025 L4
°
g 3 o
O 50 T 0000{ ® e
o Q
o [~
10 -0.0251 .
°
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-0.050 -0.025 0.000 0.025 0.050 2 4 6 8
Residual Fitted Value
(c) (d)
20 0.050
0.025
> 15 _
: E
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g &
[V
05 -0.025
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-0.04 -0.02 0.00 0.02 0.04 1 2 3 4 5 6 7 8 9
Residual Observation Order

Fig. 4 Residual plot for surface roughness (R,)

anticipated that a lower stand-off distance can yield better-
machined surface. In case of traverse speed as shown in
Fig. 5c, increase in speed cause fewer number of particles
available that passes through a unit area. Thus, lesser
amount of impacts and cutting edges will be available per
unit area that fallouts in rougher surfaces. Therefore,
increasing traverse speed increases the surface roughness
[36].

Figure 6 indicates the dual effect of two parameters
which are expressed in interaction using 3D surface plots.

@ Springer

In Fig. 6a the standoff distance is shown versus abrasive
flow rate by keeping traverse speed at mid-value of
241 mm/min and their effect on surface roughness can be
learned. For lower standoff distance and higher abrasive
flow rate, surface roughness decreases. Similarly, at
higher standoff distance and lower abrasive flow rate,
surface roughness increases. This is due to the reason that
as standoff distance increases, the driving force of parti-
cles colliding the workpiece reduces, resulting in the
development of uneven peaks on the machined surface. In
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Fig. 5 Main effect plot for R,

Af
7
6
5
C
©
(]
s
4
3
2
390 420
(a)

Fig. 6b the 3D response surface corresponds to the
interaction of abrasive flow rate and traverse speed at a
constant standoff distance of 5 mm. Here, for the high
value of traverse speed and low value of abrasive flow
rate, increase in surface roughness value is observed and
vice versa. This is because low particles collide on the
surface with less amount of time for cutting of the
workpiece. Figure 6¢ shows the combination of standoff
distance and traverse speed at constant abrasive flow rate
of 420 g/min, high surface roughness is observed when
the value of standoff distance and traverse speed is high.
Similarly, lower surface roughness is observed at mini-
mum standoff distance and less traverse speed. This
occurs because it allows the particles of the jet to bom-
bard with greater force and allowing sufficient amount of
time for cutting.

3.3 Statistical analysis of parameters for kerf
taper angle

Similarly, in case of kerf taper angle, a second-order
quadratic equation is formed by eliminating insignificant
terms from the model using stepwise deletion method.
Table 4 shows the significant parameters according to their
F values and p values. The regression model shows F value
of 1285.33 and p value of 0.001 indicating that the model is
significant. Here also, merely 0.1% chance that this F value
might happen due to noise. Using stepwise elimination
method with 95% of confidence level (p < 0.05), the
regression model for kerf taper is refined and shown in
Eq. 4.

Main Effects Plot for Ra

Data Means
Sd Tv
450 3 5 7 85 241 567
(b) (©)

0 = —6.02 + 0.0501A¢ — 1.12254 + 0.001755T,
— 0.000080A¢ x Af + 0.002761A¢ x Sq4 + 0.00028084 x T,

(R? = 99.90%) (R2; = 99.54%) .
(4)

Residual and probability graphs for kerf taper angle of
experimental specimen are shown in Fig. 7. The graphs
showed that there is normal distribution of data specifying
that residuals have close fit to a line in normal probability
graph. A good relation is observed between measured and
estimated values of 0. These test settings are fulfilled which
visibly specify that the reliability of the observations is up
to the mark and follows 95% confidence interval.

The effect of the process parameters on the kerf taper
angle (0) are shown in main effect plots. As abrasive flow
rate increases kerf taper angle (6) reduces as shown in
Fig. 8a. When the stand-off distance increases, increment
in kerf taper angle (0) is shown in Fig. 8b. This is because
the diameter of the jet increases before bombarding on
workpiece making lower kerf width smaller than upper kerf
width. In Fig. 8c it can be seen that increment in traverse
speed increases the kerf taper angle. This is for the reason
that as the traverse speed increases the broadening of the
kerf lower part by the jet decreases.

Figure 9a shows the interaction effect of abrasive flow
rate and standoff distance keeping traverse speed constant
at 241 mm/min. For higher abrasive flow rate and low
stand-off distance the value of kerf taper angle decreases.
Whereas at higher standoff distance and lower abrasive
flow rate, rise in kerf taper angle is observed. This is due to
the fact that as standoff distance increases and abrasive

@ Springer
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Surface Plot of Ra vs Sd, Af

6
5
Ra
4 -
3 :
400
420
Af

Fig. 6 3D surface plots R,

Table 4 ANOVA for kerf taper
angle (6)
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Surface Plot of Ra vs Tv, Af

—

adj

Ra
/15
,'/
6.0
/45 Sd
= //
a0 30
(a) (b)
Surface Plot of Ra vs Tv, Sd
Vs - )
\
|
\
600
“ 400
L= Tv
3.0
45 TT— 200
6.0 e
sd 7.5
(0
Source Sum of squares DF Mean square F value p value
Regression model 3.48 6 0.581 1285.33 0.001
Ay 0.02 1 0.029 66.02 0.015
Sy 0.38 1 0.386 854.04 0.001
T, 1.90 1 1.903 4208.74 < 0.0001
Ag X Ag 0.009 1 0.009 20.68 0.045
Ag X Sq4 0.054 1 0.0549 121.39 0.008
Sqa x Ty 0.034 1 0.0345 76.39 0.013
Error 0.0009 2 0.00045
Total 3.4886 8
R 99.90%
R? 99.54%
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Residual Plots for ©
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Fig. 7 Residual plot for 6
Fig. 8 Main effect plot for 0 Main Effects Plot for ©
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= 200
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1.50 -

390 420 450 3 5 7 85 241 567

flow rate decreases, sufficient abrasive particles are not  and lower value of abrasive flow rate, kerf taper angle
available. Hence, not allowing the jet to penetrate properly.  increases. Here, standoff distance is kept perpetual at
Figure 9b indicates the interaction of abrasive flow rate and 5 mm. But, even at higher abrasive flow rate and higher
traverse speed where for greater value of traverse speed  traverse speed, no significant change can be observed. This

@ Springer



259 Page 10 of 13

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2018) 40:259

Surface Plot of © vs Sd, Af
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45

Sd

Fig. 9 3D surface plots for 0

is due to the higher effect of traverse speed on kerf taper
angle than abrasive flow rate. It is observed in Fig. 9c that
for increase in value of traverse speed and standoff distance
there is boost in value of kerf taper angle keeping value of
abrasive flow rate at 420 g/min. Similarly, low stand-off
distance and low value of traverse speed results in lowest
kerf taper angle. This is because low standoff distance
allows abrasive particles to pierce workpiece with high
kinetic energy density and low traverse speed increase the
number of abrasive particles impinging the workpiece.

3.4 RSM optimization
Optimization algorithms processes are started by picking

up the several point for finding of optimum parameters.
Two solution types for finding the optimal values are local
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6.0

3.0
25
(2]
2.0 n
" 600
1.5
400
Tv
42
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Af
(b)
" 600
~ 400
“200 Tv

7.5

(c)

and global solution. From all the local solutions, the global
solution is one of the finest solution which is regarded as
the pre-eminent relation of input factors for achieving the
optimal response. For optimization of response factors (R,
0) RSM desirability function is used. In desirability
approach, all response values are converted into non-di-
mensional desirability value (d) that changes in the scale of
0-1. Response value is completely undesirable, when
d =0. Whereas d =1 shows the acceptability of the
response. Geometric mean of each single desirability (di)
are measured in combination. Equation 5 shows the
objective function of total desirability.

- (m)z 5)
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Table 5 Constraint for

imizati Conditi
optimization of AWIM ondition

Goal Lower limit Upper limit

machining parameters Abrasive flow rate A¢ (g/min)

Standoff distance S4 (mm)
Traverse speed 7, (mm/min)
Surface roughness R, (m)
Kerf taper angle 6 (degree)

In range 390 450
In range 3.0 7.0
In range 85 567
Minimize 2.0 8.4

Minimize 1.19 3.15

Fig. 10 Response optimization
plot

New
D: 0.9497
Predict

High
Cur
Low

[420.0]

Af Sd Tv
450.0 7.0 567.0
[3.0] [85.0]
390.0 3.0 85.0

Composite
Desirability
D: 0.9497

(<]
Minimum
y = 1.2472

d = 0.97084

Ra
Minimum
y = 2.4540

d = 0.92906

D indicates the objective function of total desirability
and r shows the response significance with other responses.
If value of D is higher, it indicates the finest function and
high desirability attaining the optimum values of response
parameters [26, 34, 37].

In this research, multi-objective optimization is per-
formed using RSM for optimizing input parameters with
respect to surface roughness and kerf taper angle. The
constraints used through the optimization process are
summarized in Table 5. During optimization, equal
weights are distributed among both responses (R, 0).
Figure 10 shows the composite desirability of 0.9497
for optimization of responses which indicates that the
solution is acceptable. Optimal process parameters
obtained are abrasive flow rate (Ay) =420 g/min,
standoff distance (S4) = 3 mm and traverse speed (7,)-

= 85 mm/min.

3.5 Validation of models

Three fresh experiments are conducted for confirmation of
models Egs. (3) and (4), with achieved optimal values of
cutting parameters. The average of measured values for
surface roughness and kerf taper angle are tabulated in
Table 6. The accuracy of the models is analyzed on the
basis percentage error. These errors are found to be 9.17
and 8.57% for surface roughness and kerf taper angle,

Table 6 Validation of process parameters

Parameters Experimental RSM Error
Abrasive flow rate, A (g/min) 420 420 -
Standoff distance, Sq (mm) 3 3 -
Traverse speed, 7, (mm/min) 85 85 -
Surface roughness, R, (um) 2.70 2.45 9.17
Kerf taper angle, 0 (degree) 1.36 1.24 8.57
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respectively. It is possibly due to some vibrations during
machining which affects the measurement techniques.
Since the error is less than 10%), it is evidently proved that
there is a good agreement between experimental and pre-
dicted values [38].

4 Conclusion

The current study shows the influence of the various pro-
cess parameter on the corresponding response parameter
while machining of mild steel. ANOVA was used to
determine the importance and capability of the developed
model. After confirming the capability of response models,
the multi-objective optimization using RSM technique is
used and following conclusions are drawn:

1.

The mathematical models have been framed for
surface roughness and kerf angle in terms of traverse
speed, abrasive flow rate and standoff distance.
ANOVA was performed to analyze the significance
of input parameters. High F values and p values less
than 0.05 signifies that regression models are excep-
tionally significant. Additionally, it resulted that
traverse speed is the foremost significant factor in
both responses followed by standoff distance and
abrasive flow rate.

Mean absolute error (MSE) for surface roughness and
kerf taper angle are found to be 0.53 and 0.49%,

respectively. Similarly, R* and Rgdj

values for surface
roughness and kerf taper angle are 99.93; 98.72 and
99.90; 99.54%, respectively. Thus, good correlation
among experimental and predicted values is achieved.
Effects of process parameters are studied using main
effect plot and 3D surface plots for both responses. It
showed that increment in values of standoff distance
and traverse speed leads to increase in responses.
Abrasive flow rate is comparatively less significant on
response parameters.

Multi-objective optimization using RSM is performed
for minimization of surface roughness and kerf taper
angle which resulted in composite desirability of
0.9497. The optimum values of abrasive flow rate,
standoff distance and traverse speed are found as
420 g/min, 3 mm and 85 mm/min, respectively.

The confirmation test is performed using optimum
cutting parameters which showed 9.17 and 8.57% of
error for surface roughness and kerf taper angle. This
error is within acceptable limits. It is concluded that
prediction of response parameters in machining of
AWIJIM is accurate based on estimation preciseness.
Therefore, the results obtained by this study would be

@ Springer

helpful for machining in modern manufacturing
industries.
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