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ARTICLE INFO ABSTRACT

Article History Inconel 939, the nickle-based superalloy has exceptional properties that include its high
Received: December 25, 2025 thermal and mechanical behaviours. Owingto this properties Inconel 739 demand in various
Reviewed: January 9, 2026 industries like aerospace, automobile. Machining is unavoidable to use Inconel 739 alloys.
Accepted: January 16, 2026 Abrasive water jet drilling (AWJD) adopted to analysis and Optimize the MRR (Material
Published: March 31, 2026 Removal Rate) and SR (Surface Roughness) by integrating the RSM (Response Surface
Keywords: Methodology)-CCD (Central Composite Design)-Desirability approach. The L27
Inconel-939, Experiments conducted by adopting variation in the Pressure, Traverse Speed, Abrasive
Pressure, Flow Rate and Standoff gap distance. The developed model validated statistically, its
Roughness, suitable for further analysis. Analysis of Variations (ANOVA) illustrations the Pressure was
Erosion, high influential variable in the responses and optimization processes. The developed model
Optimization. of regression shows minimal error between predicted and actual values. Three dimensional

plots and used for capture the parameters effect in the responses. Pressure was influencing
the 72.7% and 78.8% on SR and MRR Respectively. Desirability approach shows the
validation error less than the acceptable limits.

Copyright ©2026 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
By under the Creative Commons Attribution International License (CC BY 4.0).

. INTRODUCTION

Inconel 939 material adoptability is very high due to its unique high mechanical and thermal behaviours, when compared to other
alloys such as aluminium alloys and Ti based alloys [1]. The material removed from Inconel alloys has discrete issues for conventional
methods [2]. Abrasive water jet (AWJ), laser beams, exemplify unconventional machining techniques that operate through material
removal mechanisms such as mechanical erosion and vaporization [3]. AWJ machining was, high pressurized water jet with abrasive
particle used to cut the materials [4]. The moving Abrasive particles impacting the machined surface creates erosive wear [5]. AWJ
machining can be used for many different types of machining due to its minimal barrel error.[6].

Researchers have done thorough investigations cut the material accurately and reliably so that it satisfies the needs of the product
joining and assembly operations. [7]. Researchers have found crucial input parameters that significantly influence abrasive waterjet (AWJ)
operations, including drilling, milling, turning, and cutting. Water jet pressure, type and size of abrasive, traversal rate, abrasive flow rate,
and gap distance are essential variables [8], [9]. The suitable range of input parameters of abrasive waterjet machining can be found by
optimization techniques [10]. The process needs to be optimized by suitably maximizing certain variables while keeping other variables
constant [11].

Researchers have utilized many multi-objective optimization techniques, including artificial neural networks, evolutionary
algorithms, the Taguchi method, and response surface methodology (RSM) to determine optimal process parameters for unconventional
machining [12]. Using several such methods, multi-objective optimization strategies can improve the quality of a material. It goes beyond
the problems or limits that the traditional method puts in place [13]. There is a lack of research on optimizing the inputs for abrasive
waterjet drilling (AWJD) of Inconel alloys. The primary aim of this study is to regulate the most critical input parameter for the AWJD
process. The cutting quality features are affected by gap distance, flow rate, travel speed, and pressure.
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Desirability analysis was used to find the suitable input parameter for the different responses of Surface Roughness (SR) and
Materials Removal Rate (MRR). The results obtained from the presented investigation can be effective in improving the machinability
of Inconel 939 alloy and achieve higher productivity in industries.

Il. MATERIALS AND METHODS

The MAXIEM 1515 type abrasive waterjet machine was used for the experiments. The drilling operation is performed as
represented in Figure 1. The number of passes is restricted to one. All of these variables remain constant during the machining process.
The INX-939, with a thickness of 8 mm, is utilized for AWJD. This alloy was selected as the workpiece due to its extensive utilization in
many industrial applications. Tables 1 and 2 delineate the attributes and composition of INX-939.

b)

Catchment 44

Figure 1: (a). AWJD on INX-939 cutting head, (b)
Source: Authors, (2026).

Table 1: INX-939 Chemical Configuration (wt%)

Al | Zr C Cr Co Nb S P w B Ti Ta Ni
1.99 | 0.09 | 0.14| 22.38 [19.25 | 0.99 | 0.001 | 0.002 | 1.97 | 0.011 | 3.65| 1.45| Bal.
Source: Authors, (2026).

Table 2: Mechanical properties of INX-939.

Yield Strength Ultimate Tensile Elastic Modulus
Structure Hardness (HRC) (MPa) Strength (MPa) (GPa)
Plate 38-42 850 — 950 1200 — 1400 MPa 210

Source: Authors, (2026).

This study applies several drilling conditions at 25 mm of length on target material, with an emphasis on critical output factors
like undulation and circularity characteristics. During the experiment, four various levels of parameters were varied, including P, FR, TS,
and SOG and their ranges were chosen based on the trial experiments are shown in Table 3 [14]. The observed reaction was analysed
using the response surface methodology, and the CCD (27 trials) statistical method was employed to do rails. The trials were conducted
at random [15] in order to reduce the influence of confounding variables, and two replications were obtained for each experiment. Using
a contact stylus-type tester model (Surfcorder: SE3500), the top and bottom surfaces were assessed for surface roughness (SR) at the mid-
depth position along the cut route. With an assessment length of 4 mm and a cut-off length of 0.8 mm, the SU was measured at a probe
speed of 0.1 mm/s. For MRR, W1 is the beginning workpiece sample before machining, W2 is after machining, the density of work =8.19
g/cm3 is the cutting time (t) in minutes. as given equation (1)

MRR(mm3/ sec) o= MW, x 1000 €))
p Xt
Table 3: The characteristics of the cutting process and the corresponding levels.
Drilling Parameters Levels
pressure (P), MPa 120, 180, 240, 300, 360
flow rate (FR), g/min 0.45, 0.50, 0.55, 0.60, 0.65
Travel Speed (TS), mm/min 65, 73, 81, 89, 97
Standoff gap (SOG), mm 15,2,25,3,35

Source: Authors, (2026).
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I1l. RESULTS AND DISCUSSIONS
111.1 RSM-CCD EVALUATION AND ANOVA ANALYSIS

This study used a central composite second-order quadratic design including a total of 27 runs. Table 4 delineates the process
parameters and their respective levels within the L27 orthogonal array, along by response values for INX-929. The definitive regression
models for the examined variables, specifically surface roughness and taper angle. ANOVA, executed via Design Expert software (V13),
was utilized to examine the influence of process variables on machining results in the context of AWJD. The equations representing the
quadratic models of the input process parameters are provided in Equations (2) and (3). Table 5 presents the results of an Analysis of
Variance (ANOVA) test that evaluates the influence of process parameter values upon surface roughness (SR). The overall model has a
very significant relationship as indicated by its F-statistic (F=806.88), which is associated with a very small probability (p<0.0001),
therefore the regression model can be relied upon to predict surface roughness.

Pressure had the largest single factor effect on surface roughness (SR) as shown by its sum of squares (SS) (6.86), large F-statistic
(F=2362.62) and extremely low p-value (p<0.0001). In addition, flow rate (§S=2.08; F=716.52) also exhibited a significant effect upon
surface roughness, and then came the effects of standoff distance (S5=0.6368; F=219.22) and traverse speed (TS) (SS=0.2001; F=68.89),
all three being statistically significant at p<0.0001. Additionally, there was very little residual error (SS=0.0639), and both the lack of fit
and pure error were equal to the residual error, thus supporting the use of this model to make predictions of surface roughness. Table 6
presents the results of an ANOVA test that assesses the influences of process parameters upon material removal rate (MRR). The model
had a very significant fit as demonstrated by its large F-statistic (F=1060.76), and its p-value was less than 0.0001, indicating that the
model was good at making predictions of MRR.

The greatest individual effect of the various process parameters on MRR was due to pressure (P), as it had the largest sum of
squares (SS) of 5253.51 and the highest F-statistic (F=3364.34). In addition, standoff gap (SOG), flow rate (FR), and traverse speed (TS)
also showed a statistically significant effect on MRR as shown by their respective F-statistics of 493.35, 255.47 and 68.71, and all three
were significant at p<0.0001. Furthermore, the residual error was minimal (SS=34.35), and the lack of fit and pure error were equal to
the residual error, therefore the results demonstrate that pressure was the primary influence on MRR and that the entire set of process
parameters studied had a collective influence on MRR.

(SR) =4.12 + -0.6458 * P + 0.1965* FR + 0.1102 * TS -0.3553* SoG 2

(MRR) = 124.83 +17.87 *P + 6.84 * FR + 2.55 * TS +4.98* S0G 3)
Table 4: Experimental design matrix and results for INX-929.

S.No P SOG TS FR SR MRR
1 300 1.5 65 0.65 3.09 128.85
2 360 15 97 0.65 2.88 144.22
3 360 3.5 65 0.65 3.24 152.3
4 360 1.5 65 0.45 3.51 126.05
5 360 3.5 97 0.65 3.45 157.39
6 360 3.5 65 0.45 3.88 142.63
I 360 15 97 0.45 3.72 132.24
8 360 2.5 81 0.55 3.59 141.31
9 360 3.5 97 0.45 4.09 147.97
10 120 15 65 0.65 4.08 102.78
11 240 25 81 0.6 3.97 129.36
12 240 2.5 73 0.55 4.08 123.41
13 240 2 81 0.55 4.05 121.32
14 240 2.5 81 0.55 4.13 124.79
15 240 2.5 81 0.55 4.13 124.79
16 240 2.5 81 0.55 4.13 124.79
17 240 25 89 0.55 4.19 126.25
18 240 3 81 0.55 4.25 131.16
19 120 1.5 97 0.65 4.33 107.41
20 240 2.5 81 0.5 4.33 122.11
21 120 3.5 65 0.65 4.45 114.82
22 180 2.5 81 0.55 4.46 116.15
23 120 3.5 97 0.65 4.73 119.06
24 120 15 65 0.45 4.84 94.1
25 120 3.5 65 0.45 5.12 106.19
26 120 15 97 0.45 5.07 98.47
27 120 3.5 97 0.45 5.38 110.57

Source: Authors, (2026).
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Table 5: ANOVA analysis and effects of process parameter on SR.

Source SS DOf | MS | F-value | p-value
Model 9.38 4 2.34 806.88 | <0.0001
PRESSURE 6.86 1 6.86 | 2362.62 | <0.0001
Standoff distance | 0.6368 | 1 | 0.6368 | 219.22 | <0.0001
TS 0.2001 | 1 | 0.2001 | 68.89 | <0.0001
flow rate 2.08 1 2.08 716.52 | <0.0001
Residual 0.0639 | 22 | 0.0029
Lack of Fit 0.0639 | 20 | 0.0032
Pure Error 0 2 0
Cor Total 9.44 26

Source: Authors, (2026).

Table 6. ANOVA analysis and effects of process parameter on MRR

Source SS dof MS F-value p-value
Model 6625.64 4 1656.41 1060.76 < 0.0001
P 5253.51 1 5253.51 3364.34 < 0.0001
SOG 770.38 1 770.38 493.35 < 0.0001
TS 107.3 1 107.3 68.71 <0.0001
FR 398.93 1 398.93 255.47 < 0.0001
Residual 34.35 22 1.56
Lack of Fit 34.35 20 1.72
Pure Error 0 2 0
Cor Total 6659.99 26

Source: Authors, (2026).

The tight clustering of data points in figure 2 (a), which is a scatter-plot of actual vs. predicted values on a normalized range of 2.5
to 5.5, indicates that there was good agreement between actual and predicted values. On average, most of the predictions were within
0.2 units of their respective actual values, with little spread throughout the range. Therefore, it can be concluded that the model had
relatively low prediction error, and therefore a high level of model fidelity in the normalized domain. In addition, figure 2 (b) shows the
predicted vs. actual values on an expanded range of 90 to 160. Like figure 2 (a), the scatter-plot in figure 2 (b) also demonstrates similar
alignment to the diagonal, and thus has similar predictive performance. Additionally, the majority of data points are less than +5 units
from the ideal prediction line, with the greatest density of data points found at values between 110 to 140. Overall, the proximity of each
figure's data points to the ideal prediction line, regardless of the output range, further supports the overall robustness of the model for
predicting values across different scales.

(a) Predicted vs. Actual (b) Predicted vs. Actual
5.5 -
- Color points by value of SR 160 4 Color points by value of MR
150 |
- 3 140 |
@
> = 130
s 4
2 = 120
& 4
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100 |
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T T T T T T T L _l. L L L L 'L 'L
25 3 35 4 45 5 55 S =B Z2ZE23
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Figure 2: Pred vs Actual plot (a) SR and (b) MRR.
Source: Authors, (2026).

111.2 RSM ANALYSIS OF SR

Pressure and standoff distance in relation to surface roughness are shown in figure 3(a). In general, as pressure is increased (from
120 to 360 MPa), there will be a decrease in SR and this is especially true for low standoff distances (i.e., 1.5-2.0 mm) and when viewed
on a surface plot, it shows the surface to appear smoother. Pressure and traverse speed (TS) interaction effects on SR are presented in
figure 3(b). Once again, it can be seen that pressure increases coupled with moderate traverse speeds (approximately 80 mm/min) produce
lower SR values, indicating that a range of optimal processing parameters exists. As presented in figure 3(c), the correlation of pressure
and flow rate indicates that increased pressure and reduced flow rates (approximately 0.45-0.50 kg/min) contribute to minimizing SR. All
three figures indicate that the model's predictions of SR are accurate based upon the placement of red data points along the surface
contours and that pressure is the most influential parameter in achieving better surface finishes.
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Figure 3: (a,b & c) 3D Undulation plots for SR.
Source: Authors, (2026).

111.3 RSM ANALYSIS OF MRR

As shown in figure 4(a), it is clear how the pressure and the distance from the workpiece surface affects the material removal rate
(MRR) since it can be seen in this surface plot that an increase in pressure from 120 MPa up to 360 MPa has a very significant impact on
MRR; especially when the distance from the workpiece surface is low (i.e., 1.5-2.0 mm). For example, MRR almost reaches its highest
point of approximately 160 mm3/sec at these lower distances from the workpiece surface. In addition, as indicated by the interaction plot
in figure 4(b) between pressure and traverse speed (TS), it can be observed that as the pressure is increased so does MRR. Additionally,
the MRR is at an optimal level for moderate TS (i.e., 80 mm/min); after which it will plateau. Finally, figure 4(c) depicts the effects of
pressure and flow rate on MRR, and indicates that high pressure combined with low flow rate (i.e., 0.45-0.50 kg/min) produces the highest
MRR. In all three plots, the red data points are close to the surface contours, thus verifying the accuracy of the model and demonstrating
the effect of pressure as the key factor in achieving the maximum MRR
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Figure 4: (a,b & c) 3D Undulation plots for MRR.
Source: Authors, (2026).

111.4 DESIRABILITY ANALYSIS

In figure 5 (a) we have a perturbation plot that illustrates how sensitive the entire desirability function is to changes in each process
variable (pressure A, standoff B, traverse C, flow D) in coded units. The steep slope of the green line representing pressure suggests it
has a large impact on what the best optimized solution is. The flat lines of the other variables indicate less sensitivity in this region. In
figure 5(b) we have a desirability bar chart displaying the individual and collective desirability scores of the optimal solution (solution 1
of 100) for the process parameters of interest (pressure, standoff, traverse, flow). Each of the four process parameters of interest; pressure,
standoff, traverse, and flow all reach the highest desirability of 1.0, which is the ideal setting for each variable.
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The response desirability values are; 0.870951 for surface roughness, 0.913342 for material removal rate (MRR), and 0.891894
for the combined objective, as they represent an acceptable balance of surface finish with machining efficiency. Figure 5(c) presents the
optimal values for the process parameters and associated response values. This set of conditions includes; maximum pressure (360 MPa),
maximum standoff (3.5 mm), minimum traverse (65 mm/min), and maximum flow (0.65 kg/min). With these conditions the predicted
surface roughness is 3.20262 microns and the MRR is 151.905 mm”3/sec, both of which fall in the desired operating range. This confirms
the effectiveness of the multi-objective optimization method in finding a robust process window that will optimize both surface finish
and material removal efficiency [16-18].

(@) Perturbation (b) Desirability

APRESSURE

0800 B:Standoff distance

crs
0.600 —

Dflow rate

Desirability

0.400 -

surface roughness [N - B 07095

1 I I 1

MRR . . ] 0913242

0000 Combined . ]0891394

T T T T T T
2.000 1.000 0.000 1.000 2000 0.000 0250 0.500 0750 1.000

Deviation from Reference Point (Coded Units)

©

Solution 1 out of 100

APRESSURE = 360 ] L 8:Standolt distance = 3.5 L CTs = 65

D:flow rate = 065 Surface roughness = 320262 MRR = 151905

Figure 5: (a) Perturbation, (b) Bar & (c) Ramp.
Source: Authors, (2026).

Table 7: Desirability results.

Number P SOG TS FR SR MRR Desirability
1 360 3.5 65 0.65 3.203 151.905 0.892
2 359.999 3.499 66.779 0.65 3.215 152.179 0.892
3 360 3.483 65.786 0.65 3.205 151.915 0.892
4 360 3.5 66.952 0.65 3.216 152.216 0.892
5 360 3.5 67.27 0.65 3.218 152.267 0.891
6 360 3.499 68.095 0.65 3.224 152.393 0.891
7 360 3.446 67.045 0.65 3.206 151.863 0.891
8 359.816 3.5 68.363 0.65 3.227 152.413 0.891
9 359.957 3.5 69.6 0.65 3.235 152.629 0.891
10 360 3.482 70.697 0.65 3.238 152.692 0.891
11 359.999 3.499 71.687 0.65 3.249 152.968 0.891
12 359.892 3.5 71.119 0.65 3.245 152.865 0.89
13 359.917 3.5 71.562 0.65 3.248 152.939 0.89
14 359.609 3.5 70.319 0.65 3.241 152.695 0.89
15 360 3.299 65.884 0.65 3.169 150.67 0.889
16 360 3.5 65.004 0.647 3.212 151.778 0.889
17 360 3.396 74.125 0.65 3.245 152.652 0.889
18 359.987 3.459 76.954 0.65 3.277 153.526 0.889
19 360 3.274 65 0.65 3.159 150.355 0.889
20 360 3.5 80.67 0.65 3.311 154.403 0.888
21 359.741 3.5 79.091 0.65 3.301 154.113 0.888
22 360 3.499 81.135 0.65 3.314 154473 0.888
23 360 3.5 80.221 0.65 3.308 154.319 0.888
24 359.999 3.221 66.465 0.65 3.158 150.234 0.888
25 360 3.5 82.72 0.65 3.325 154.728 0.887
26 360 3.165 65.002 0.65 3.137 149.614 0.887
27 359.999 3.499 83.822 0.65 3.332 154.898 0.887
28 360 3.322 79.343 0.65 3.266 152.973 0.887
29 359.578 3.201 65.001 0.65 3.146 149.801 0.887
30 359.997 3.5 84.457 0.65 3.337 155 0.887

Source: Authors, (2026).
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111.5 CONFIRMATION TEST

The experimental validation of the optimized process parameters for maximizing the Material Removal Rate (MRR) and
minimizing the Surface Roughness (SR) are shown in Table 8. The initial working parameters of 200 MPa pressure, 0.4 kg/min flow rate,
60 mm/min traverse speed and 2 mm standoff gap resulted in a SR of 4.3 microns and an MRR of 149.21 mm"3/s. Following the
completion of the multi-objective optimization process, the optimized parameters of 360 MPa pressure, 0.65 kg/min flow rate, 65 mm/min
traverse speed and 3.5 mm standoff gap were experimentally verified. Under the above conditions the actual measured SR was 2.84
microns and the MRR was 153.57 mm”3/s; which is very similar to the predicted values of 3.2 microns and 151.9 mm~3/s. Therefore,
there has been a 12.67% improvement in SR and a 1.08% increase in MRR over the base case. The close correlation between the predicted
and experimental results indicate that the optimization model is reliable and applicable for optimizing machining performance [19], [20].

Table 8. Experimental Validation.

Confirmation Parameters Range SR MRR
Initial condition P =200 Mpa, FR = 0.4 Kg/min, TS= 60 43 149.21
mm/min, SOG=2 mm
. P =360 Mpa, FR = 0.65 Kg/min, TS= 65
Predicted mm/min, SOG= 3.5 mm 3.2 151.90
P =360 Mpa, FR = 0.65 Kg/min, TS= 65
Actual mm/min. SOG= 3.5 mm 2.84 153.57

Improvement (%) 12.67 1.08
Source: Authors, (2026).

IV. CONCLUSIONS

The study demonstrated the effectiveness of process parameter optimization for AWJD machining process for INX -939 through
systematic evaluation of the key process parameters like pressure, flow rate, travel speed and standoff gap. The experimental investigation
employed the response surface technique to improve the input settings of abrasive water jet drilling (AWJD) process for the superalloy.
The objective was to reduce surface roughness and increase MRR, two significant variables that influence the precision and quality of the
machined products. The research showed that the MRR and surface roughness may be greatly enhanced by modifying the input
parameters. During the investigation, the following particular observations were made:

» The ANOV A results show that both surface roughness (SR) and material removal rate (MRR) are significantly influenced by the
factors included in the model, and that the models are very reliable given the very high F-values and p-values less than 0.0001 for all
parameters evaluated. Pressure is found to be the most influential parameter affecting both surface roughness and material removal rate.
However, flow rate, standoff distance, and traverse speed also have a significant impact on response variables. Low pure error and minimal
residual error support the validity of the models used to predict machining performance. As a result, the ANOV A provides evidence that
the selected process parameters affect the machining performance through a quantifiable mechanism. It further establishes pressure as a
primary variable controlling machining performance and supports the robustness of the models for use in both predictive and optimization
efforts.

+ An analysis of the desirability function indicates that the optimal process parameter setting yields a balance of performance
improvements for multiple objective functions. Given that all of the process parameters reach their optimal desirability (i.e., value = 1.0),
the model determines that pressure, standoff distance, traverse speed, and flow rate are all at their optimal operating points. The
desirability-based technique yields a total desirability of 0.891894, corroborated by individual desirability scores of 0.870951 for surface
roughness and 0.913342 for material removal rate. So, the desirability-based optimization technique works well to lower surface
roughness and raise the efficiency of material removal. This shows that the desirability-based approach can improve machining quality
and productivity.

« Validation experimental trials depicted that the modified process parameters lead to greater machining performance. When we
looked at the optimized process parameters and the original machining parameters side by side, we saw that the surface roughness went
down by 12.67% and the rate of material removal went up by 1.08%. The fact that the projected values were close to the measured values
during the validation experiments shows that the multi-objective optimization model is reliable and might be used to improve machining
performance.
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