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Abstract High pressure waterjet technology has received a wider acceptance for 
various applications involving machining, cleaning, surface treatment and material 
cutting. Surface texturing is a popular method to improve the wear resistance of a 
surface. The present study applied a masked abrasive waterjet texturing process to 
produce a circular crater on a surface of stainless steel 304. The effect of machining 
parameters namely traverse rate, water pressure, standoff distance and number of 
passes on the roughness of the crater surface was analysed. Taguchi method of 
experimental design was employed by utilizing the L9 orthogonal array. The result 
shows that the water pressure is the most significant parameter in determining the 
roughness of the crater surface. Also, based on at the optimum parameters has shown 
an improvement of surface roughness as compared the initial optimal setting. The 
optimum parameters to deliver an improved Ra are u at 100 mm/s, p at 100 MPa, s 
at 5 mm and n at 1. This shows that the Taguchi method can be conveniently used 
to analyse the surface roughness during the AWJ texturing process of stainless steel 
304. 
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1 Introduction 

The abrasive waterjet (AWJ) machining process has been used widely in many indus-
trial applications. This technology is versatile to the material workpiece and flexible 
to machining since it has minimal chatter, no heat effect, and imposes minimal stress 
on the workpiece [1]. Compared with other processes, AWJ machining can machine 
almost any material since there is no heat damage, minimal force, and environmen-
tally friendly [2]. The fundamental of the AWJ machining mechanism is by jetting 
a high pressure of water stream combined with abrasive particle force through a 
nozzle thus removing the surface material [3]. This high-velocity mixture with high 
kinetic energy jetted from the nozzle impinges the target material, causing the surface 
material to be eroded. Surface texturing is a technique widely used in industries 
to improve the surface wear resistance and its friction characteristics [4]. Surface 
texturing can be defined as purposely producing specific forms and shapes on mate-
rial surfaces [5]. The surface texturing produces certain design features on surface 
structure for specific desirable purposes and functions [6]. This purpose includes 
producing specific surface geometry which affect its tactile friction as well as the 
look and feel for the sensation to the touch [7]. 

It is a challenge for AWJ machining process to generate small textures on the 
surface normally because the crater or channel width has a larger dimension than 
its waterjet stream diameter approximately greater than 0.5 mm [8]. Micro nozzle 
is recently available as tiny as 130 µm, nevertheless, reducing the size of nozzle 
remarkably may cause its blockage and inconsistency in abrasive flow [9]. A potential 
method to generate a smaller crater size during AWJ surface texturing is using a 
mask placed on the workpiece surface. Hence, the present study examines the effect 
of parameters during masked AWJ surface texturing in generating circular craters on 
the surface of stainless steel. 

2 Main Experiment 

2.1 Material 

The material used in the present study is a commercially available tainless Steel 
SS304 having dimension of 25 mm (length) × 25 mm (width) × 4 mm (height). 

2.2 Equipment 

A commercial waterjet cutting machine was used for the entire experiment. It uses 
a pneumatic-driven water pump with water pressure capacity of up to 200 MPa. 
A computer numerically controlled (CNC) system manages the movement of the
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nozzle in 3-dimensional directions. A ruby orifice having a diameter of 0.127 mm 
and a tungsten carbide focusing tube with diameters and lengths of 0.76 mm and 
76.2 mm, respectively, were used for all experiments. 

2.3 Experimental Design 

The experiment was conducted using Taguchi method. Overall, four machining 
parameters were selected namely traverse rate (u), water pressure (p), standoff 
distance (s) and number of passes (n). Additionally, the type of material is also 
selected as another control factor in the Taguchi’s design of experiments. With a 
total of five control factors, consequently, a L9 orthogonal array with 9 rows which 
corresponds to the number of experiments was chosen. Table 1 shows the experi-
mental layout using the L9 orthogonal array and their measured surface roughness 
(Ra) values. 

In all experiments, orifice diameter and impact angle were kept constant at 
0.127 mm and 90°, respectively. During the experiment, a mask made of stainless 
steel 304 having a similar dimension and thickness of 2 mm was clamped together 
with the workpiece. The mask consists of many through holes with a diameter of 
1 mm. The jet hits the workpiece by passing through the hole on the mask thus 
creating a crater over the surface as illustrated in Fig. 1a. The machining parameters 
were set to the intended levels based on the L9 orthogonal array for each experimental 
run. Once all the parameters were set to their respective levels, then the workpiece 
were textured according to the row. Each row represents different experimental run 
as shown in Fig. 1b. The surface roughness measurement was determined by using 
a 3D measurement laser microscope (Olympus Lext OLS5000). The average rough-
ness profile of three craters was assessed using the average arithmetic roughness 
parameters (Ra). 

Table 1 Experimental design using L9 orthogonal array 

Experiment No. u (mm/s) p (MPa) s (mm) n Ra (µm) 

1 50 50 5 1 5.346 

2 50 75 10 2 6.677 

3 50 100 15 3 5.631 

4 100 50 10 3 5.186 

5 100 75 15 1 4.336 

6 100 100 5 2 3.809 

7 150 50 15 2 6.208 

8 150 75 5 3 4.701 

9 150 100 10 1 3.022
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Fig. 1 a illustration of masked abrasive waterjet texturing process, b textured surface (arrow 
indicates the nozzle traverse movement) 

3 Result and Discussion 

3.1 Effect of Process Factors on Surface Roughness 

An example of 3D surface structure of the crater is shown in Fig. 2a. Its rough-
ness profile is shown in Fig. 2b. The values of Ra for the L9 orthogonal array were 
determined to be between 3.022 and 6.677 µm as shown in Table 1. 

The effect of parameters was analysed based on Taguchi’s signal to noise (S/N) 
ratio. Based on the information of sample variances, it defines the relationship 
between the magnitude of the control factor effects and the magnitude of the experi-
mental error [1]. The results of S/N ratio for each parameter in determining the crater 
surface roughness are shown in Table 2. It is ranked according to the criteria of having 
a smaller Ra is better (i.e., smaller the better). It can be observed that the pressure 
has the most significant effect on the surface roughness of the crater surface. It is 
then followed by the traverse speed and the number of passes. The standoff distance 
has the least significant effect on the surface roughness. 

Figure 3 shows the main effect plot for S/N ratios. The mean S/N ratio shows 
the relative effects of various parameters on Ra during the AWJ surface texturing 
process, where a higher value of the mean S/N ratio is considered as a better quality 
characteristic [1]. According to Fig. 3, the optimum parameters for resulting in a 
smoother surface of the crater are given by the combination of traverse speed at 
100 mm/s, pressure at 100 MPa, standoff distance at 5 mm and the number of passes at 
1. A confirmation test was later conducted at the optimum combination of parameters. 
This test is used to verify the improvement of Ra against the initial parameter setting 
at middle levels for all parameters (i.e., u at 100 mm/s, p at 75 MPa, s at 10 mm 
and n at 2). It was found that the Ra at the optimum parameters has improved to
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Fig. 2 a 3D structure of crater surface for experimental run no. 1, b roughness profile of crater 
surface for experimental run no. 1 

Table 2 Response table surface roughness 

Level Traverse speed Water pressure Standoff distance Multi passes 

1 −15.35 −14.91 −13.21 −12.30 

2 −12.88 −14.23 −13.46 −14.66 

3 −12.97 −12.08 −14.54 −14.25 

Delta 2.47 2.83 1.33 2.35 

Rank 2 1 4 3

3.12 µm from the initial optimal setting with Ra of 3.5698 µm. 3D structure of the 
crater surface at optimum parameters is shown in Fig. 4a. Its roughness profile is 
shown in Fig. 4b. Although, the Ra at the optimum parameters is slightly higher 
than experiment number 9 with Ra of 3.022 µm, the difference is almost negligible. 
Therefore, this shows that Taguchi’s S/N ratios can be conveniently used to optimize 
the surface roughness during the AWJ texturing process of stainless steel 304. 
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Fig. 3 Main effects plot for S/N ratios 

3.2 Modeling 

In the present study, the predictive model based on linear regression analysis for Ra 

as a function of traverse speed, pressure, standoff distance, and the number of passes 
was developed using Minitab software tools. The predictive model is shown in Eq. 1. 

Ra(µm ) = 6.66 − 0.01241u − 0.0285p + 0.0773s + 0.469n (1) 

The residual plot was used to check the significance of the predicted model. The 
capability of the model was determined by the value of R2, which was found about 
0.71. This value is closer to 1 thus indicating that the model is capable to sufficiently 
predict the surface roughness of the crater within the limit of the present study [10]. 
The residual plot for the study is shown in Fig. 5. The plot shows that the residual 
falls nearly straight line thus suggesting the significance of the model produced. 

4 Conclusion 

The optimization of the parameters in producing a smoother circular crater during 
AWJ texturing process of stainless steel 304 was successfully conducted using 
the Taguchi method. The optimum parameters to deliver an improved Ra are u at 
100 mm/s, p at 100 MPa, s at 5 mm and n at 1. The optimum parameters have 
shown an improvement of surface roughness as compared the initial optimal setting.
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Fig. 4 a 3D structure of crater surface for optimize parameter, b roughness profile of crater surface 
for optimize parameter

This shows that the Taguchi method can be conveniently used to analyse the surface 
roughness during the AWJ texturing process of stainless steel 304. 
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Fig. 5 Normal probability plot of the residual for surface roughness 
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