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Abstract
Owing to its outstanding properties such as corrosion resistance, low density, relatively low cost, and stiffness, Al2024-T3 
aluminium alloy has been widely applied in aircraft manufacturing. To perfectly assemble an aircraft, numerous high-quality 
holes are drilled into its structures employing conventional drilling processes. Conventional drilling poses some challenges 
such as thermal distortions, burr formations, and tool wear. Alternatively, abrasive water jet drilling (AWJD) is a thermal-
free machining process that can be employed as an alternative to conventional drilling of aeronautical structures. Hence, in 
this work, the effect of abrasive water jet parameters, namely stand-off distance, water jet pressure, and abrasive mass flow 
rate, on hole-quality parameters was evaluated at traverse speed = 10 mm/min. Three parameters were stand-off distance = 1, 
2, and 3 mm, abrasive mass flow rate = 200, 250, and 300 g/min, and water jet pressure = 1800, 2100, and 2600 bar. Using a 
6 mm circular-movement diameter of the nozzle tip, optimal stand-off distance, water jet pressure, and abrasive mass flow 
rate obtained by multi-objective optimization were 2 mm, 250 g/min, and 2600 bar, respectively. The corresponding hole-
quality parameters were Diameter = 6.232 mm, Kerf angle = 0.018°, Cylindricity = 0.051 mm, Perpendicularity = 0.033 mm, 
Circularity = 0.0041 mm and Surface roughness Ra = 2.909 µm. The results showed that water jet pressure had the greatest 
influence on Perpendicularity, Circularity; stand-off distance had the highest effect on Kerf angle; and abrasive mass flow 
rate has the largest influence on Hole diameter, Cylindricity and Surface roughness Ra, and Rz at the given value of traverse 
speed. The adopted optimization process for abrasive water jet of Al2024-T3 aluminium alloy was successfully verified 
through confirmation runs, clearly illustrating its benefits.

Keywords  Hole-quality parameter · Machinability · Circular-motion diameter of nozzle tip · Al2024-T3 aluminium alloy · 
Abrasive waterjet drilling

Abbreviations
AMFR	� Abrasive Mass Flow Rate (g/min)
AWJ	� Abrasive Water Jet
AWJD	� Abrasive Water Jet Drilling
CI	� Confidence Interval
CMD	� Circular-Motion Diameter (mm)
EDX	� Energy-Dispersive X-ray
GRC​	� Grey Relational Coefficient
GRG​	� Grey Relational Grade
MD	� Mechanical Drilling
SOD	� Stand-Off Distance (mm)

S/N	� Signal-to-Noise
TS	� Traverse Speed (mm/min)
WJP	� Water Jet Pressure
Cyl	� Cylindricity (mm)
D	� Diameter (mm)
Den	� Average diameter of a hole at the entry (mm)
Dex	� Average diameter of a hole at the exit (mm)
Dm	� Average diameter of a hole at the middle 

(mm)
ΔD	� Difference of diameters at the entry and exit 

(mm)
h	� Thickness of Al2024-T3 aluminium alloy, 

h = 8.0 mm in the current work
H	� Hole depth (mm)
Kf	� Kerf angle (°)
max(x0(p))	� Maximum value of parameter p measured in 

the current experiment
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min(x0(p))	� Minimum value of parameter p measured in 
the current experiment

n	� Total number of measured data of a certain 
parameter p, or total number of measured 
data at a certain level of parameter p

Ob	� Nominal value of diameter, Ob = 6.000 mm 
in the current work

p	� A certain hole-quality parameter
Perp	� Perpendicularity (mm)
Δ0i(p)	� Deviation sequence
Ra	� Average surface roughness (µm)
Re	� Average roundness error (mm)
Rem	� Roundness errors at the hole middle (mm)
Ren	� Roundness errors at the hole entry (mm)
Rex	� Roundness error at the hole exit (mm)
Rz	� Ten-point average surface roughness (µm)
S2	� Mean square error of a certain parameter at 

this level
T	� Average value of this hole-quality parameter 

for all holes
Tdof	� Total main factor degrees of freedom
V2	� Error of freedom degree
Ve	� Error variance
x 	� Average value of a given hole-quality param-

eter at a certain level
xi	� iTh value of this parameter
xi(p)	� iTh normalized value of parameter p
xi

0(p)	� iTh value of measured results
Y	� Result predicted by single-objective optimi-

zation or by regression model
γi	� Value of grey relational grade
Δmax	� Maximum value of deviation sequence
Δmin	� Minimum value of deviation sequence
ωp	� Weight factor of the pth hole-quality 

parameter
ξi(p)	� Grey relational coefficient of the ith value of 

parameter p

1  Introduction

To assemble an aircraft, approximately 1.5 to 3.0 mil-
lion holes requires drilling [1–3]. The diameters of these 
through-holes are usually from 4.8 to 10 mm [4, 5]. It has 
been reported that nearly 70% of fatigue failures in an air-
craft body are from the poor assemble of its parts and nearly 
80% of fatigue cracks are originated from poor quality holes 
[6, 7]. In order to solve the fatigue-failure and fatigue-crack 
problems, high-quality holes need to be drilled prior to 
the assembly of an aircraft. Al2024-T3 aluminium alloy is 
an important material employed in the production of air-
crafts. In addition to manufacturing of fibre metal laminates 
(FMLs) like GLARE, CARALL, and ARALL [4, 8], it has 

been used to produce fuselage skin and wing sections [9, 
10]. While there are numerous methods for drilling Al2024-
T3 aluminium alloy, conventional drilling also known as 
mechanical drilling (MD) and AWJD are the most useful 
when it comes to producing holes in the manufacture of air-
craft. [11]. High-quality holes in FML structures are difficult 
to obtain when using mechanical drills because the machina-
bility of Al2024-T3 aluminium alloy is very different from 
that of S2/FM94 laminate due to the variation in thermal and 
mechanical properties, but this problem can be overcome 
by AWJ processing [12, 13]. However, as previously stated, 
only a handful of studies have been reported on AWJ drilling 
of Al2024-T3 aluminium alloy, let alone FMLs.

Numerous investigations on drilling of Al2024 alu-
minium alloys have been reported using the MD approach, 
as reviewed by Giasin et al. [9]. Nouari et al. [14, 15] and 
Davoudinejad et al. [16] drilled Al2024 aluminium alloy 
with HSS drills, WC–Co cemented carbide drills, and 
cemented tungsten carbide drills. They mainly studied the 
influence of MD parameters on the hole quality, tool wear, 
and tool life, summarised the wear mechanisms of drills; 
and obtained the optimal MD parameters. Kurt et al. [17, 
18] drilled Al2024 alloy with coated and uncoated HSS 
drills, evaluated the influence of MD conditions on the hole 
quality, and optimised the MD parameters. Ralph et al. [10] 
and Elajrami et al. [19] studied the effect of pilot holes on 
the drilling quality of Al2024 alloy under different MD 
conditions. They found that pilot holes could effectively 
improve the hole-surface finish and Kf. Köklü [20] drilled 
Al2024, Al7070, and Al7050 aluminium alloys using high-
speed-steel twist drills, investigated the influence of MD 
parameters on Ra and burr height, and optimized the MD 
parameters.

To improve the drilling quality, Amini et al.[21, 22]. 
added ultrasonic vibrations to the drilling process of Al2024 
aluminium alloy. Compared to the ordinary drilling meth-
ods, they found that the ultrasonic drilling approach could 
effectively reduce thrust force and thus, improve the hole 
quality. Abdelhafeez et al. [23] drilled Al2024 aluminium 
alloy using solid WC twist drills and studied the influence 
of cutting speed and feed rate on Re, burr parameter, and 
tool wear. High-quality Re and deviation of D of the same 
hole were obtained. Giasin et al. [9] used carbide twist drills 
to drill Al2024 alloy and evaluated the influence of spindle 
speed and feed rate on the hole-quality parameters. They 
also used a finite-element model to predict the hole quality 
under the same condition. Good agreement was obtained 
between theory and experiment. Aamir et al. [24] drilled 
Al2024 aluminium alloy using twist drills and studied the 
influence of spindle speed and feed rate on certain hole-qual-
ity parameters. They concluded that multi-spindle simulta-
neous drilling could machine holes with high-quality Re, 
Perp, and Cyl without regard to drilling parameters.
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Compared to numerous MD studies, only one group of 
AWJD work about Al2024 alloy is currently available in the 
literature [25], as commented in [26]. Including AWJD of 
all types of aluminium alloys, only seven groups of exper-
imental studies have been found in the literature thus far 
[25, 27–32]. Cenac et al. [25] used nozzle size, WJP, TS, 
AMFR, and H as AWJD parameters to drill Al2024-T3 alu-
minium alloy. They proposed a model of optimal AMFR and 
established an analytical relationship between the optimal 
AMFR and H. Orbanic and Junkar [27] used AWJ to drill 
AlMg1SiCu alloy, studied the influence of cutting time on 
H and D, and evaluated the analytical relationship between 
the D, H and the cutting time. Using AWJ to drill Al6061 
aluminium alloy, Akkurt [28] studied the influence of mate-
rial thickness on drilling time and established an empiri-
cal equation used to predict H and D at different machining 
times. However, no hole-quality parameters were evaluated 
in these experimental studies [25, 27, 28].

Recently, Nyaboro et al. [29] simulated AWJD of Al7075-
T6 aluminium alloy using CFD software and performed 
the AWJD trials to verify their simulated results. In detail, 
they used WJP, SOD, and machining time as AWJD param-
eters to study the material removal rate, diameter at the 
hole entrance, aspect ratio, kerf profile, and hole diameter. 
A favorite agreement was attained between the simulated 
results and the measurements. Lathif et al.[30]. studied the 
influence of TS, SOD, AMFR, and WJP on Ra when drilling 
Al7075 aluminium alloy; and developed a formula to predict 
Ra with enough accuracy in the given experimental range. 
Tekaüt [31] studied the effect of TS on Re and Cyl when 
using AWJ to drill AA7075 aluminium alloy, displayed 
many images at the surface of hole entry and exit sides, and 
concluded that smaller TS could generate better Cyl and Re. 
Ravi and Srinivasu [32] investigated the influence of WJP, 
TS, and AMFR on D, Kf, Cyl, Re, MRR, and hole profile, 
observed surface morphology, damage region, burr forma-
tion, edge radius, and uncut material, and obtained several 
interesting conclusions.

As per the above-mentioned reviews, it is evident that 
the MD properties of Al2024 aluminium alloy have been 
studied to some extent in the open literature. Several hole- 
quality parameters such as D [9, 14–18, 23, 24], Cyl [24], Re 
[9, 17, 23, 24], Perp [24], Ra [9, 10, 14, 15, 17–20], and Rz, 
were measured; and Kf [10, 19] and ΔD were calculated. 
In contrast to these, only limited hole-quality parameters 
were measured when drilling various types of aluminium 
alloys with AWJ [29–32], let alone Al2024-T3. Furthermore, 
multi-objective optimization has not been done for all hole-
quality parameters to date, even for holes drilled using MD 
approaches [9, 10, 14–29]. As a non-conventional drilling 
approach, AWJD has been extensively employed in various 
drilling processes due to its advantages such as small cut-
ting force, versatility, no heat-affected zone, and flexibility 

[33]. According to the above-mentioned reviews, only four 
experimental groups have reported very few hole-quality 
parameters when using AWJ to drill various aluminium 
alloys [29–32]. Hence, AWJD is used to study the drilling 
machinability of Al2024-T3 aluminium alloy in this work. 
In addition, the results reported herein can provide useful 
guidelines when using AWJ to drill holes in FMLs.

2 � Materials and methods

2.1 � Materials, experimental setup, 
and experimental design

Al2024-T3 aluminium alloy plate was supplied by Dongguan 
Yida Metal Materials Co., LTD, China. Its dimensions are 
160 mm in length, 160 mm in width, and 8 mm in height. 
Its percentage compositions are 90.7 – 94.7% aluminium, 
3.4 – 4.9% copper, 1.2 – 1.8% magnesium, 0.3 – 0.9% man-
ganese, 0.5% iron, 0.5% silicon, 0.25% titanium, 0.25% zinc, 
and 0.1% chromium [9]. Figure 1a shows the AWJD setup 
and workpiece. An aluminium alloy test coupon was fixed 
on the machine table. All holes were drilled by using the 
AWJD setup (iCUTwater, Germany), which was controlled 
by a computer. Figure 1b shows the AWJD path. The steps 
undertaken to perform the setup to drill holes is described 
briefly in previous work [34].

As TS has a great effect on Re and Cyl of holes drilled 
through aluminium alloy with AWJ, it is very important to 
choose appropriate TS to perform high-quality drilling [31]. 
For this reason, a series of drilling tests were done only with 
the variation of TS. For SOD = 2 mm, WJP = 2100 bar, and 
AMFR = 200 g/min, visual inspection confirmed that Cyl and 
Rex were bad when TS ≥ 50 mm/min and the edge surface fin-
ish of holes was very poor when TS exceeded 100 mm/min. 
When TS ≤ 30 mm/min, the edge surface finish of holes was 
visually satisfactory. Figure 2 illustrates the images at the 
entry and exit surfaces of the hole drilled with TS = 10 mm/
min, SOD = 3 mm, AMFR = 300 g/min, and WJP = 2100 bar. 
From Fig. 2, one can clearly see that no burrs were formed 
on the hole edges at the entrance and exit sides. It is the 
reason why burr formation was not evaluated in this work.

It should be noted than drilling time was approximately 
9.5 min for TS = 5 mm/min and 5.0 min for TS = 10 mm/
min. Further inspection with CMM showed that the quality 
of holes drilled with TS = 5 and 10 mm/min was almost the 
same. Taking into account the drilling time and consumption 
of abrasives, TS was set as 10 mm/min in this experiment.

Three variable AWJD parameters were AMFR, SOD, and 
WJP. Each parameter had three levels, as listed in Table 1. 
AMFR in Table 1 was the value set by computer. Abrasive 
grits were 120# garnets. Figure 3 illustrates their SEM 
images and EDX spectroscopy. Abrasives hit the target zone 
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at an impingement angle of 90°. The nozzle was made of 
tungsten steel. The orifice diameter is 0.25 mm. CMD of the 
nozzle tip is 6.000 mm. The required diameter of holes was 
6.000 mm. Based on the full factorial design of experiment, 
a total number of 27 holes were drilled.

2.2 � Measurement of geometrical parameters D, 
ΔD, Kf, Re, Cyl, and Perp and measurement of Ra 
and Rz

Figure 4a shows a schematic diagram of Mitutoyo CMM 
(Crysta-Apex S) to measure the geometrical parameters, 
D, Re, Cyl, and Perp. To accurately determine the geometri-
cal parameters, coordinate data were measured at the three 

positions (entry, middle, and exit) of each hole. D, Re, 
Cyl, and Perp of each hole were directly fitted using these 
coordinate data. The workpiece was tightly clamped on the 
CMM worktable. The convenience of CMM measurement 
was considered when designing the positions of the holes 
being drilled. As a result, CMM was able to continuously 
measure all required coordinate data of 27 holes without 
any interruption.

When coordinate data at the three locations were meas-
ured and Den, Dm, and Dex of the same hole were fitted, the 
average D was calculated according to [9]

ΔD of the same hole and was calculated by,

Of these values, the largest one was regarded as the final 
ΔD and reported in this work. Kf was calculated with [19]

Similar to D, Re was also calculated by averaging three 
values: Ren, Rem, and Rex.

(1)D =
(
Den + Dm + Dex

)
∕3

(2)
ΔD = ||Dm − Dex

||;ΔD = ||Dm − Dex
||; or ΔD = ||Den − Dex

||

(3)Kf = arctan
[(
Dex − Den

)
∕2h

]

Fig. 1   Diagrams of (a) AWJD 
experimental setup and work-
piece and (b) AWJD path

(a) (b) 

Fig. 2   Images at (a) entry 
surface and (b) exit sur-
face of a hole drilled with 
SOD = 3 mm, WJP = 2100 bar, 
and AMFR = 300 g/min

(a) (b) 

Table 1   AWJD parameters used for Al2024-T3 aluminium alloy

Variables unit Level 1 Level 2 Level 3

WJP bar 1600 2100 2600
SOD mm 1 2 3
AMFR g/min 200 250 300
TS mm/min 10 - -
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(a) (b) 

(c) 

Fig. 3   120# garnets employed in the experiment: (a) SEM image, (b) and (c) EDX spectroscopy of abrasives 1 and 2

Fig. 4   Diagram to measure (a) 
coordinate data and (b) surface 
roughness of holes

(a) (b) 
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Figure 4b shows the roughness tester (Mitutoyo S-3000, 
Japan) employed to measure surface roughness parameters. 
Only Ra and Rz were analysed in this work. To improve the 
measurement accuracy and experimental reliability, the sur-
face roughness of each hole was measured along the four 
hole-axis directions (0°, 90°, 180°, and 270°). The mean 
value of the four directions represented the final Ra and Rz 
of each hole and was reported in this work.

2.3 � Single‑objective optimization based on Taguchi 
method

Single-objective optimization employs three approaches, 
smaller-is-better, nominal-is-better, and larger-is-better, to 
predict optimal drilling parameters [35]. Eight hole-quality 
parameters, D, ΔD, Kf, Re, Cyl, Perp, Ra, and Rz, were studied 
in this work. The smaller are ΔD, Kf, Perp, Cyl, Re, Ra, and 
Rz, the better the hole quality is, predicting that the smaller-
is-better approach can be used to calculate the S/N ratio for 
these seven parameters. The closer the D is to the nominal 
value, the better the quality of drilled hole will be, showing 
that the nominal-is-better method can be employed to cal-
culate the S/N ratio for D.

The smaller-is-better approach employed Eq. (4) to calcu-
late the S/N ratio of a hole-quality parameter [35],

The nominal-is-better approach employed Eq. (5) to cal-
culate the S/N ratio [35],

The largest S/N corresponded to the optimal level of 
this drilling parameter. Three variable AWJD parameters 
were used in this work and each had three levels, as seen in 
Table 1. After determining the optimal level corresponding 
to the maximum S/N ratio, the optimal value of this hole-
quality parameter could be predicted by [36]

In Eq. (6), A, B, and C were the mean value of this param-
eter only at the corresponding optimal level. CI of the pre-
dicted value was computed based on [35]

with

(4)
S

N
= −10���(

1

n

∑n

i=1
x2
i
)

(5)
S

N
= 10���(

x

S2
)

(6)Y = T + (A − T) + (B − T) + (C − T)

(7)CI =

√

F�,1,V2
∙ Ve ∙ (

1

neff
+

1

r
)

In Eqs. (7) and (8), α = 0.05, r = 1, and Texp = 27 in this 
work. V2, Ve and Tdof were given by ANOVA.

2.4 � Multi‑objective optimization based on Taguchi 
method

Multi-objective optimization is employed to determine the 
optimum values of more than one hole-quality parameter 
simultaneously. The following is a brief introduction to 
multi-objective optimization of WJP, SOD, and AMFR for 
D, ΔD, Kf, Re, Cyl, Perp, Ra, and Rz.

2.5 � Normalization of experimental results

Different hole-quality parameters may possess different physi-
cal units, resulting in difficult comparisons between them. In 
this work, the unit of D, ΔD, Re, Perp, and Cyl is mm; and Kf is 
in degree; while the unit of Ra and Rz is µm. These parameters 
must be normalized to be dimensionless to calculate the GRCs 
[35, 36]. Seven smaller-is-better parameters, ΔD, Cyl, Re, Kf, Ra, 
Rz and Perp, were normalized with [35, 36]

One nominal-is-better hole-quality parameters, D, was 
normalized as per [35]

2.6 � Calculation, determination and ranking of GRC​

�i(p) was calculated by [35, 36]

Here, Δ0i(p) was determined with

In Eqs. (11) and (12), ζ was 0.5; xi(p) was calculated by 
Eq. (9) or (10).

γi in a grey system was calculated by [35, 36]

Here, n = 8 was the total number used for multi-objective 
optimisation. ωp should meet the following equation,

(8)neff =
Texp

1 + Tdof

(9)xi(p) =
max(x0

i
(p)) − x0

i
(p))

���(x0(p)) − ���(x0(p))

(10)xi(p) =

|||
x0
i
(p) − Ob

|||
���[���(x0

i
(p)) − Ob,Ob − ���(x0

i
(p))]

(11)�i(p) =
Δmin + �Δmax

Δ0i + �Δmax

(12)Δ0i(p) =
||xi(p) − 1||

(13)�i =
∑n

p=1
�p�i(p)
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Assuming that the weight factor of each hole-quality 
parameter was the same, Eq. (13) could be simplified as 
[35, 36]

GRG values were ranked in order from the smallest to the 
largest, with the highest order corresponding to the optimal 
AWJD parameters. The hole quality was optimal when holes 
were drilled with the optimum AWJD parameters.

3 � Results and discussion

3.1 � Effect of AWJD parameters on D, ΔD, and Kf

Tables 2 and 3 gives Den, Dm, Dex, D, ΔD, Kf, Ren, Rem, Rex, 
Cyl, Re, Perp, Ra, and Rz of 27 holes drilled with all possible 

(14)
∑n

p=1
�p = 1

(15)�i =
1

n

∑n

p=1
�i(p)

combinations of WJP, SOD, and AMFR. It can be observed 
from Table 2 that Den, Dm, and Dex increase with an increase 
of AMFR at the same WJP and SOD without exception. This 
change rule can be explained by the fact that: the greater the 
AMFR, the more the abrasives with material removal ability 
in unit volume of AWJ beam, and the more abrasives with 
material removal ability arrive at the target unit area per unit 
time and therefore, the more material could be removed from 
the target zone, resulting in large Den, Dm, and Dex.

Similar to Den, Dm, and Dex increasing with AMFR, the 
three parameters increase with WJP when keeping SOD and 
AMFR invariable. This can be explained due to the kinetic 
energy of abrasives increasing with WJP, naturally increas-
ing the effective material removal ability of abrasives.

In the current experiment, on one hand, if TS was small 
enough, a sufficient number of abrasives with material 
removal ability arrived at the target unit area in unit time, 
resulting in observable material removal. On the other hand, 
if TS was large enough, only a small number of abrasives in 
the outer area with large kinetic energy arrived at the target 
unit area in unit time compared to small TS. Proper material 

Table 2   Experimental values 
for Den, Dm, Dex, D, ΔD, and Kf

Hole SOD WJP AMFR Den Dm Dex D ΔD Kf

No (mm) (bar) (g/min) (mm) (mm) (mm) (mm) (mm) (°)
1 1 1600 200 6.098 6.068 6.071 6.079 0.003 0.097
2 1 1600 250 6.116 6.121 6.117 6.118 0.005 0.004
3 1 1600 300 6.144 6.147 6.142 6.144 0.005 0.007
4 1 2100 200 6.103 6.118 6.107 6.109 0.015 0.014
5 1 2100 250 6.119 6.133 6.145 6.132 0.026 0.093
6 1 2100 300 6.166 6.183 6.182 6.177 0.017 0.057
7 1 2600 200 6.130 6.131 6.136 6.132 0.006 0.021
8 1 2600 250 6.124 6.143 6.165 6.144 0.041 0.147
9 1 2600 300 6.164 6.175 6.198 6.179 0.034 0.122
10 2 1600 200 6.094 6.068 6.070 6.077 0.026 0.086
11 2 1600 250 6.025 6.123 6.116 6.088 0.098 0.326
12 2 1600 300 6.159 6.154 6.150 6.154 0.009 0.032
13 2 2100 200 6.098 6.098 6.093 6.096 0.005 0.018
14 2 2100 250 6.125 6.145 6.139 6.136 0.020 0.050
15 2 2100 300 6.156 6.184 6.174 6.171 0.028 0.064
16 2 2600 200 6.137 6.142 6.141 6.140 0.005 0.014
17 2 2600 250 6.162 6.169 6.170 6.167 0.008 0.029
18 2 2600 300 6.173 6.186 6.205 6.188 0.032 0.115
19 3 1600 200 6.150 6.122 6.083 6.118 0.067 0.240
20 3 1600 250 6.189 6.168 6.147 6.168 0.042 0.150
21 3 1600 300 6.209 6.186 6.183 6.193 0.026 0.093
22 3 2100 200 6.154 6.150 6.137 6.147 0.008 0.061
23 3 2100 250 6.204 6.189 6.185 6.193 0.019 0.068
24 3 2100 300 6.216 6.232 6.231 6.226 0.016 0.054
25 3 2600 200 6.170 6.160 6.154 6.161 0.016 0.057
26 3 2600 250 6.194 6.193 6.202 6.196 0.009 0.029
27 3 2600 300 6.228 6.234 6.233 6.232 0.006 0.018
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removal was difficult since only a small number of abra-
sives had sufficient material removal ability via their kinetic 
energy. It may be the reason why poor quality of holes was 
observed at high TS.

TS was small and AMFR was large, suggesting that 
numerous abrasives hit the target unit area per unit time. 
Although the proportion of abrasives with effective mate-
rial removal ability in the outer region of AWJ was small, 
due to a large number of abrasives arriving at the machin-
ing zone in unit time, numerous abrasives could effectively 
remove the material from the target zone. Table 2 shows that 
a reduction of AMFR and/or WJP can bring Den, Dm, and 
Dex closer to the required value. The reason is that the total 
amount of abrasives with effective material removal power 
was reduced by reduction of AMFR and/or WJP. Table 2 
also shows that all Den, Dm, and Dex were larger than the 
required D, indicating that adjusting CMD to an appropriate 
value might be an effective approach to make D and Cyl very 
close to 6.000 mm.

The influence of abrasives in the outer area on the hole 
diameter can be evaluated by comparing Den, Dm, and Dex 

of the same hole. Table 2 shows that Dm is usually large 
compared to Den and Dex. The reason is probably twofold. 
One is that the dimension of the AWJ beam expands with 
the forward motion [29]. The other is owing to secondary 
erosion by broken abrasives bouncing back from the blind-
hole bottom [37, 38]. Ravi and Srinivasu [32] reported that 
D decreased with increasing H, different from the change 
rule reported in the current work.

The distances from the nozzle tip to the top and middle 
of each hole were 2 and 6 mm for SOD = 2 mm, and 3 and 
7 mm for SOD = 3 mm, respectively. AWJ expanded with 
an increase in transmission distance [29], indicating that 
the material removal ability of abrasives in the outer area 
of AWJ became weak or even lost due to the reduction of 
kinetic energy [38]. Although the abrasives with material 
removal power in the outer area had a low concentration, 
for very small TS, abrasives with effective material removal 
power were still enough since the total amount of abrasives 
arriving at the target unit area in unit time was enormous, 
thus resulting in relatively large Dm as SOD increased.

Table 3   Experimental results 
for Ren, Rem, Rex, Cyl, Re, Perp, Ra, 
and Rz results as well as their 
multi-objective optimization 
analysis

Hole Ren Rem Rex Cyl Re Perp Ra Rz GRG​ Ranking

No (mm) (mm) (mm) (mm) (mm) (mm) (µm) (µm)
1 0.033 0.059 0.086 0.090 0.059 0.285 3.289 27.614 0.5537 6
2 0.029 0.050 0.073 0.073 0.051 0.160 3.144 26.313 0.6695 17
3 0.032 0.056 0.080 0.074 0.056 0.133 3.138 25.947 0.6928 20
4 0.039 0.036 0.074 0.055 0.050 0.078 3.483 26.756 0.6478 13
5 0.030 0.034 0.045 0.049 0.036 0.099 3.424 28.044 0.6026 11
6 0.025 0.044 0.057 0.065 0.042 0.065 2.832 28.124 0.7180 22
7 0.027 0.041 0.063 0.064 0.044 0.078 3.299 29.995 0.6508 15
8 0.026 0.027 0.041 0.073 0.031 0.037 2.915 23.727 0.6796 23
9 0.023 0.054 0.052 0.070 0.043 0.109 2.876 25.488 0.6759 18
10 0.043 0.075 0.071 0.078 0.063 0.290 3.161 27.890 0.5326 4
11 0.130 0.051 0.065 0.130 0.082 0.721 3.345 27.690 0.3773 1
12 0.025 0.047 0.057 0.057 0.043 0.265 3.026 30.196 0.6488 14
13 0.036 0.060 0.060 0.060 0.052 0.278 3.098 25.007 0.6684 19
14 0.042 0.040 0.066 0.075 0.049 0.271 2.992 28.959 0.5996 9
15 0.037 0.050 0.054 0.064 0.047 0.022 2.935 24.038 0.7416 24
16 0.031 0.046 0.063 0.062 0.047 0.024 3.307 26.516 0.7060 21
17 0.023 0.043 0.056 0.051 0.041 0.023 2.909 26.480 0.7721 27
18 0.026 0.043 0.045 0.079 0.038 0.171 3.297 25.949 0.6125 10
19 0.034 0.063 0.102 0.102 0.066 0.132 3.687 29.864 0.4498 2
20 0.035 0.054 0.100 0.100 0.063 0.168 3.418 25.041 0.5658 5
21 0.031 0.074 0.081 0.081 0.062 0.255 3.274 26.246 0.6179 7
22 0.044 0.057 0.075 0.075 0.059 0.186 3.591 27.599 0.5997 8
23 0.033 0.074 0.069 0.084 0.059 0.121 3.214 24.785 0.6840 12
24 0.022 0.027 0.039 0.050 0.029 0.195 3.406 29.340 0.7408 25
25 0.049 0.060 0.102 0.102 0.070 0.144 3.808 31.987 0.5586 3
26 0.035 0.065 0.062 0.073 0.054 0.242 3.214 26.009 0.6952 16
27 0.024 0.050 0.061 0.057 0.045 0.193 3.078 27.156 0.8073 26
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The above conclusion is reinforced by the variation of 
Den with SOD at the same AMFR and WJP. For example, 
when WJP = 2600 bar and SOD = 1, 2, and 3 mm, the Den 
values are 6.130, 6.137, and 6.170 mm for AMFR = 200 g/
min, respectively; those are 6.124, 6,162, and 6.194 mm 
for AMFR = 250 g/min, respectively; and those are 6.164, 
6.173, and 6.228  mm for AMFR = 300  g/min, respec-
tively. The largest Den is 6.228 mm, which is located at 
SOD = 3 mm, WJP = 2600 bar, and AMFR = 300 g/min. Den 
does not increase greatly when SOD increases from 1 to 
2 mm. The reason might be that the AWJ expansion is not 
obvious in such a short distance. In the drilling trials, this 
phenomenon was not obvious at high traverse speeds such 
as TS = 150 mm/min, when keeping WJP and AMFR con-
stant. Nyaboro et al.[29]. reported that Den of Al7075-T6 
aluminium alloy increased with SOD and WJP when they 
simulated AWJD employing CFD. The present experimental 
results compare favorably with those simulated by Nyaboro 
et al. [29].

After passing through the middle section of the hole, AWJ 
continued to expand with the forward motion, and the con-
centration of abrasives with material removal ability in the 
outer zone became relatively less. According to the previous 
discussion, although the total amount of abrasives arriving 
at the target unit area in unit time was large, the total num-
ber of abrasives with effective material removal power was 
reduced compared to that at the top and middle sections of 
the hole. Therefore, the diameter of drilled holes became 
small, resulting in Dex being often smaller than Dm and Den.

Some broken abrasives bouncing back from the blind-
hole bottom still had strong material removal power because 
of large stagnation pressure [37, 38]. It is another rea-
son resulting in a large Dm. As evaluated previously, Den 
increased with SOD and AMFR, indicating that the first rea-
son discussed above might be the main cause leading to a 
large Dm. However, it needs more experimental evidence 
for confirmation.

D of each hole was calculated with Eq. (1), whose bar 
graphs are illustrated in Fig. 5a. The required diameter of 
drilled holes is Ob = 6.000 mm. As seen in Table 2, Den, Dm, 
and Dex increase with each of SOD, WJP, and AMFR, result-
ing in D much larger than Ob. Based on these, the largest 
D naturally appears at the largest SOD, WJP, and AMFR. 
According to Table 2, the mean D of all 27 holes is nearly 
6.151 mm.

Using the results listed in Table  2, single-objective 
optimization determines that the largest S/N ratios of 
D are located at levels = 1, 1, and 1 for SOD, WJP, and 
AMFR, respectively, corresponding to SOD = 1  mm, 
WJP = 1600 bar, and AMFR = 200 g/min, at which D was 
measured as 6.077 mm, showing that the optimal D appears 
at the smallest SOD, WJP, and AMFR, agreeing with the 
conclusion obtained previously. Employing Eq.  (6), the 

optimal D is predicted as approximately 6.078 mm, devi-
ating from the measured D at the optimum levels by only 
0.001 mm.

Table 4 gives the ANOVA results of eight hole-quality 
parameters, D, ΔD, Kf, Cyl, Re, Perp, Ra, and Rz. The con-
tributions to D from AMFR, SOD, and WJP are 45.86%, 
29.18%, and 20.47%, respectively, indicating that AMFR has 
the greatest influence on D, followed by SOD and WJP. In 
addition, the total contribution from the quadratic product 
terms is no more than 2.94%, indicating that their effect on 
D can be negligible. For D, each linear factor has statistical 
significance, while each quadratic product term is not statis-
tically significant. The error of contribution to D from other 
sources not included in Table 4 is only 1.55%, showing that 
other sources can be negligible.

ΔD is a more important parameter than D when evaluat-
ing the quality of holes. The reason is that ΔD is the reflec-
tion of the uniform consistency of D, while D can be easily 
adjusted to the required value by changing CMD. Figure 5b 
illustrates that the largest ΔD is 0.098 mm, corresponding 
to the 11th hole. Based on Table 2, the mean ΔD of all holes 
is only 0.022 mm, which is not large. A small average ΔD 
indicates that ΔD is easy to satisfy the requirement under 
the current drilling condition.

As per Table 2, the largest S/N ratios of ΔD are deter-
mined to be at levels = 1, 2, and 3 for SOD, WJP, and AMFR, 
respectively, at which ΔD was measured as 0.017 mm. Using 
Eq. (6), the optimal ΔD is predicted as nearly 0.009 mm. 
No ΔD value of the same hole is currently available in the 
literature about AWJD of various aluminium alloys [29–32]. 
Naturally, a comparison with previous experimental results 
cannot be performed.

Table 5 lists the parameters used to calculate CI of the 
predicted ΔD, Perp, and Kf. Three of the parameters (Tdof, 
V2, and Ve) were calculated by AVONA. In combina-
tion with Eq. (8), CI of the predicted ΔD was computed 
as ± 0.023 mm. The range of predicted values covered the 
measured ΔD.

As tabulated in Table 4, the contributions to ΔD from 
the linear model and 2-way interactions are 22.10% and 
49.83%, respectively, suggesting that the influence of the 
linear model on ΔD is smaller than that of 2-way interac-
tions. WJP is the most important factor affecting ΔD for the 
linear model. All P-values are considerably higher than 0.05 
for ΔD, indicating that all variables collected in Table 4 are 
statistically insignificant. In addition, the error of the con-
tribution from other sources not listed in Table 4 amounts to 
28.07%, illustrating that other sources not listed herein have 
a the great influence on ΔD.

Kf reflects the relationship between H and the difference 
in Den and Dex. For a given material thickness, Kf is deter-
mined only by the difference in Den and Dex. The variation 
rule illustrated in Fig. 5c is not the same as that in Fig. 5b. 
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Fig. 5   Bar graphs of (a) D, (b) ΔD, (c) Kf, (d) Re, (e) Perp, (f) Cyl, (g) Ra and (h) Rz versus each AWJD parameter
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It can be explained by the fact that ΔD used in Fig. 5b is 
the largest change in D, while ΔD used in Eq. (3) is the 
difference only between the entrance and exit. Figure 5c 
illustrates that Kf has a complicated relationship with SOD, 
WJP, and AMFR. Even if two variables remain invariable, 
Kf has almost no obvious relationship with the remaining 
one. Based on Table 2, the average Kf of all 27 holes is 
0.077°, which is very small. From Fig. 5c, it can be observed 
that the poorest Kf is 0.326°, corresponding to SOD = 2 mm, 
WJP = 1600 bar, and AMFR = 250 g/min. At the same time, 
Fig. 5c shows that only a few holes have Kf larger than 
0.100°. To the authors’ knowledge, no Kf values have been 
reported to date for AWJD of various aluminium alloys with 
AWJ.

Only Ralph et al. [10] and Elajrami et al. [19] measured 
Kf when drilling aluminium alloys employing MD approach. 

The mean values of Kf reported in [10] are collected in 
Table 6. Their results are much poorer than the present one 
with or without pilot holes. Elajrami et al. [19] measured Kf 
and found that it was greatly reduced by pilot holes, but no 
accurate Kf results were reported. Ravi and Srinivasu [32] 
reported that the minimum value of Kf measured in their 
experiment was 0.114°, significantly larger than the present 
one.

Using the data given in Table 2, the largest S/N ratios of 
Kf are determined to be at levels = 1, 2, and 3 for SOD, WJP, 
and AMFR, respectively, which are the same as those of 
ΔD. Kf was measured as 0.057° under the optimal condition. 
Using Eq. (6), the optimal Kf is predicted as 0.025°. Using 
the results in Table 5, CI of the predicted Kf was computed 
as nearly ± 0.184°. The range of predicted values covered the 
experimental Kf of 0.057°.

Table 4   ANOVA results for D, 
ΔD, Kf, Cyl, Re, Perp, Ra, and Rz

Source D ΔD Kf Cyl

Contrib P-value Contrib P-value Contrib P-value Contrib P-value
Model 98.45% 0.000 71.93% 0.447 82.67% 0.140 71.75% 0.453
Linear 95.51% 0.000 22.10% 0.461 57.93% 0.028 41.89% 0.183
SOD 29.18% 0.000 1.72% 0.788 25.09% 0.028 14.10% 0.198
WJP 20.47% 0.000 14.90% 0.182 12.92% 0.108 23.56% 0.088
AMFR 45.86% 0.000 5.47% 0.490 19.92% 0.047 4.23% 0.572
2-way interactions 2.94% 0.378 49.83% 0.417 24.74% 0.547 29.86% 0.718
SOD × WJP 1.33% 0.239 22.86% 0.258 11.16% 0.351 3.64% 0.897
SOD × AMFR 0.85% 0.418 11.28% 0.556 5.34% 0.663 11.00% 0.569
WJP × AMFR 0.76% 0.468 15.69% 0.412 8.24% 0.483 15.22% 0.428
Error 1.55% 28.07% 17.33% 28.25%
Total 100.00% 100.00% 100.00% 100.00%
Source Re Perp Ra Rz

Contrib P-value Contrib P-value Contrib P-value Contrib P-value
Model 91.39% 0.015 78.38% 0.250 93.09% 0.007 88.51% 0.040
Linear 40.14% 0.011 40.23% 0.117 51.48% 0.002 24.54% 0.087
SOD 17.48% 0.012 11.23% 0.188 12.96% 0.015 0.09% 0.970
WJP 13.88% 0.023 25.13% 0.046 4.76% 0.123 5.88% 0.192
AMFR 9.28% 0.054 3.87% 0.517 33.77% 0.001 18.48% 0.022
2-way interactions 51.25% 0.029 38.15% 0.421 41.61% 0.028 64.06% 0.036
SOD × WJP 13.81% 0.075 19.43% 0.223 13.14% 0.051 22.39% 0.048
SOD × AMFR 15.39% 0.059 7.96% 0.593 11.32% 0.072 23.21% 0.044
WJP × AMFR 22.05% 0.025 10.76% 0.463 17.15% 0.026 18.47% 0.075
Error 8.61% 21.62% 6.91% 11.49%
Total 100.00% 100.00% 100.00% 100.00%

Table 5   Parameter to calculate 
CI of ΔD, Perp, and Kf

Parameter ΔD Perp Kf Parameter ΔD Perp Kf

Texp 27 27 27 V2 20 20 20
Tdof 6 6 6 Ve 0.000099 0.01555 0.006208
α 0.05 0.05 0.05 neff 3.8571 3.8571 3.8571
r 1 1 1 Fα, 1, V2 4.35 4.35 5.35



5210	 The International Journal of Advanced Manufacturing Technology (2024) 130:5199–5218

Based on Table 4, the contributions to Kf from SOD, WJP, 
and AMFR are 25.09%, 12.92%, and 19.92%, respectively, 
showing that SOD has the most effect on Kf, followed by 
AMFR and WJP. Furthermore, only AMFR and SOD have a 
P-value smaller than 0.05, indicating that only the two linear 
factors have statistical significance. In addition, all quadratic 
product terms have P-values greatly larger than 0.05, pre-
dicting that they are all statistically insignificant. Different 
from that of D, for Kf, the error from another source not 
listed in Table 4 reaches 17.33%, showing that other vari-
ables ignored in the current model also have some influence 
on Kf, while they were not considered in this model.

3.2 � Effect of AWJD parameters on Re, Perp, and Cyl

As shown in Table  3, Rem is almost the poorest at 
SOD = 1 mm. Rex is relatively poor among the three values of 
the same hole. All Rem, all Ren except for the 11th hole, and 
all Rex except for the 19th, 20th, and 25th holes are smaller 
than 0.100 mm, illustrating that almost all Ren, Rem, and Rex 
are encouraging except for only a few holes. Re of the holes 
in this work is good except for the 11th, 19th, 20th, and 25th 
holes, for which Ren or Rex is no less than 0.100 mm. Since 
Re of one hole is determined by the difference in D between 
the minimum circumscribed circle and maximum inner cir-
cle as well as Re is determined by Ren, Rem, and Rex, it is not 
difficult to understand why the four holes (11th, 19th, 20th, 
and 25th) have poor Re.

Figure 5d displays that the smallest and largest values of 
Re are 0.029 and 0.082 mm, corresponding to the 24th and 
11th holes, respectively. As per Table 3, the average Re of 
all 27 holes is nearly 0.051 mm, which is larger than that of 
holes drilled through Al2024 aluminium alloy using twist 
drill bits [24], as seen in Table 6. Giasin et al.[9]. employed 
carbide twist drills to drill Al2024-T3 aluminium alloy and 
measured Ren and Rex. Kurt et al. [17] reported that the Re 
was smaller than 0.1 mm for all holes when they used HSS 
drills to machine Al2024 aluminium alloy. Abdelhafeez 
et al. [23] reported that the Re of all holes was smaller than 
30 µm when they used carbide drills to cut Al2024 alumin-
ium alloy. Ravi and Srinivasu [32] found that the minimum 
values of Ren and Rex were 0.0515 and 0.1394 mm when 

drilling Al6061 aluminium alloy, respectively. As a result, 
Re in [9, 17, 23, 24] is overall superior to those measured in 
this work, showing that the present AWJD parameters should 
be further optimized although Ren and Rex measured in this 
work are significantly superior to those reported in [32].

Similar to Den, Dm, and Dex, single-objective optimiza-
tion was not done for Ren, Rem, and Rex. Using the data pre-
sented in Table 2, the largest S/N ratios of Re are calculated 
to be at SOD = 1 mm, WJP = 2600 bar, and AMFR = 200 g/
min, at which Re was measured as 0.044 mm. Equation (6) 
predicted that the optimal Re was 0.034 mm. The deviation 
between them is only 0.010 mm. The optimal predictive Re 
was slightly larger than those reported in [9, 23] and close 
to those available in [24]. No matter what the value of TS 
was, the minimum Re measured by Tekaüt was greater than 
0.2 mm whether for Re, Rex, or Ren when using AWJ to drill 
Al7075 aluminium alloy [31]. The quality of their Re was 
much poorer than that reported in this work. The reason 
might be that the AWJD parameters used in the current work 
were the results of screening by drilling trials, which might 
not be in [31].

According to Table 4, the percentage contributions to 
Re from SOD, WJP, and AMFR are 17.48%, 13.88%, and 
9.28%, respectively, indicating that SOD has the most impor-
tant effect on Re among the three linear factors. The total 
contributions from the linear model and 2-way interactions 
are 40.14% and 51.25%, respectively, showing that the effect 
of 2-way interactions on Re is more important than the lin-
ear model. As observed in Table 4, only SOD, WJP, and 
WJP × AMFR have P-values smaller than 0.05, indicating 
that only these three terms are statistically significant for 
Re. As listed in Table 4, the contribution to Re from other 
sources not listed is only 8.61%, showing that other variables 
neglected herein have little effect on Re.

As can be observed in Table 3 and Fig. 5e, Perp varies 
from 0.022 to 0.721 mm and the smallest Perp corresponds 
to the 15th hole, which was drilled with SOD = 2 mm, 
WJP = 2100 bar, and AMFR = 300 g/min; and the largest 
Perp corresponds to the 11th hole, which was drilled with 
SOD = 2 mm, WJP = 1600 bar, and AMFR = 250 g/min. 
Figure 5e clearly shows that Perp values of most holes are 
larger than 0.100 mm. According to Table 3, the mean Perp 

Table 6   Comparison of Kf, Re, Ren, Rex, and Cyl reported in the open literature with those measured in the current work

Source Kf Re Ren Rex Cyl

(°) (mm) (mm) (mm) (mm)

MD method 3.925° without pilot holes [10]; 
0.700° with pilot holes [10];

0.020 – 0.055 [24]
 < 0.1 [17]; < 0.03 [23]

0.00692 – 0.00274 
[9]

0.0041 – 0.00338 [9] 0.025 – 0.095 [24]

AWJ method  ≥ 0.114° [32]  ≥ 0.0515 [32]  ≥ 0.1394 [32]  > 0.3 [31]
 ≥ 0.089 [32]

This work  ≤ 0.326°  ≤ 0.082  ≤ 0.130  ≤ 0.102  ≤ 0.130
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of all holes is approximately 0.176 mm, which is larger than 
that of holes drilled through Al2024 aluminium alloy using 
twist drills [24]. However, no Perp of holes drilled through 
aluminium alloy with AWJ has been reported to this day. 
Perp measured herein is somewhat large compared to those 
reported in [24]. As discussed in [10, 19], some hole-quality 
parameters such as Kf, Perp, and Cyl could be improved by 
pilot holes.

Based on the data collected in Table 3, the largest S/N 
ratios of Perp are determined to be at levels = 1, 3, and 3 
for SOD, WJP, and AMFR, respectively, corresponding to 
the 9th hole. As listed in Table 3, Perp of the 9th hole is 
0.109 mm. Equation (6) predicted that the optimal Perp was 
nearly 0.034 mm. Using the results listed in Table 5, CI of 
the predicted Perp was determined to be ± 0.292 mm. There-
fore, the range of the predicted Perp covered the measured 
one at the optimum levels although the difference between 
them looked a bit big.

As listed in Table 4, the contribution to Perp from all lin-
ear factors reaches 40.23%, while that from all quadratic 
product terms is 38.15%, suggesting that the contribution to 
Perp from the three linear factors is equivalent to that from 
three quadratic product terms. According to Table 4, the 
P-value of only WJP is smaller than 0.05, indicating that 
only it is statistically significant. Similar to Re, Kf, and ΔD, 
the contribution to Perp from another source is large, indicat-
ing that another source not considered in the current model 
has an important effect on Perp, too.

Cylindricity is the degree to which a hole deviates from 
the ideal inscribed cylinder. The smaller the deviation, the 
better the cylindricity will be. Carefully examining the bar 
graphs shown in Fig. 5f, it can be immediately found that 
the lowest Cyl is located the 5th hole, which was drilled 
using SOD = 1 mm, WJP = 2600 bar, and AMFR = 250 g/
min. Table 3 shows that the smallest Cyl is 0.049 mm. The 
highest Cyl is located the 11th hole, which was drilled with 
SOD = 2 mm, WJP = 1600 bar, and AMFR = 250 g/min. 
Table 3 shows the largest Cyl is 0.130 mm. Based on Table 3, 
the mean value of Cyl is calculated as 0.077 mm.

Only Tekaüt [31] measured Cyl and evaluated the effect 
of TS on Cyl of holes drilled through Al2024 aluminium 
alloy using AWJ. The smallest Cyl was 0.3 mm [31], which 
was greatly larger than the maximum reported in the present 
work. Only Aamir et al.[24]. measured Cyl and evaluated the 
effect of spindle speed and feed rate on Cyl of holes drilled 
through Al2024 aluminium alloy employing twist drills. 
Their Cyl was 25 to 95 µm [24], which was slightly superior 
to the present results. Ravi and Srinivasu [32] reported that 
the minimum value of Cyl was 89.3 µm, which was greatly 
poorer than the present one.

Based on Table 3, Single-objective optimisation obtains 
that the optimal Cyl is at levels = 1, 2, and 3, correspond-
ing to SOD = 1 mm, WJP = 2100 bar, and AMFR = 300 g/

min, respectively, at which Cyl was measured as 0.065 mm. 
Equation (6) predicted that the optimum Cyl was 0.045 mm. 
The difference between the predicted and measured Cyl is 
0.020 mm, which is small.

Based on Table 4, the percentage contributions to Cyl 
from SOD, WJP, and AMFR are 14.10%, 23.56%, and 
4.23%, respectively, indicating that WJP has the most impor-
tant effect on Cyl, followed by SOD, among the three linear 
factors. The largest contribution to Cyl is from WJP × AMFR, 
followed by SOD × AMFR, among the 2-way interactions. As 
seen in Table 4, all factors of Cyl have P-values larger than 
0.05, indicating that none of them was statistically signifi-
cant for Cyl.

3.3 � Effect of AWJD parameters on Ra and Rz

Figure 5g in combination with Table 3 shows that the high-
est and lowest values of Ra are 3.808 and 2.832 µm, corre-
sponding to the 25th and 6th holes, respectively. Figure 5h 
in combination with Table 3 illustrates that the largest and 
smallest values of Rz are 31.987 and 23.727 µm, located at 
the 25th and 8th holes, respectively. Based on Table 3, the 
mean values of Ra and Rz are 3.228 and 27.139 µm, respec-
tively, which are slightly larger than the requirements by 
SANDVIK tool manufacturer [4]. Carefully examining Ra 
and Rz in Figs. 5g and 5h, almost no clear change rule can 
be found.

Using the data listed in Table 3, the largest S/N ratios of 
Ra are determined to be at levels = 2, 2, and 3, correspond-
ing to SOD = 2 mm, WJP = 2100 bar, and AMFR = 300 g/
min, respectively; and the largest S/N ratios of Rz are located 
at levels = 1, 2, and 2, which correspond to SOD = 1 mm, 
WJP = 2100 bar, and AMFR = 250 g/min, respectively. Equa-
tion (6) predicted that the optimal Ra and Rz as 2.978 and 
25.911 µm, respectively. Drilling holes with the optimal 
parameters, Ra was measured as 2.935 µm, deviating from 
the predictive one by only 1.47%; and Rz was measured as 
28.044 µm, deviating from the predicted one by 7.59%.

Only Lathif et  al. [30] used AMFR, WJP, SOD, and 
TS as AWJD parameters to cut 29 holes through Al7075 
aluminium alloy and measured Ra. The Ra range and aver-
age Ra in [30] is collected in Table 7. As seen in Table 7, 
Ra values measured in this work are distributed in a nar-
row range compared to those in [30] and the average Ra 
available in [30] was slightly larger than that reported in 
this work. The optimal Ra in [30] was 1.494 µm, located 
at SOD = 1.99 mm, WJP = 3403.3 bar, TS = 311.36 mm/
min, and AMFR = 477.31 g/min [30]. However, using their 
optimal processing parameters to drill holes in the current 
work, the visual inspection showed that Rex was very poor. 
No experimental Rz results are currently available in the 
open literature using AWJD.
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Several experimental groups drilled holes through 
Al2024 aluminium alloys using twist drills and measured 
Ra [9, 15, 17–20]. The values of Ra were summarised in 
Table 7. A comparison illustrates that only some results of 
Ra in [9, 15] are superior to the current ones. Note that Ralph 
et al. [10] and Elajrami et al. [19] employed pilot holes to 
improve the quality of holes drilled with MD approaches. 
The conclusion was that Ra could be significantly reduced. 
As further investigations, our experimental group will soon 
employ pilot holes to improve the quality of holes drilled 
through Al2024-T3 aluminium alloy with AWJ.

As seen in Table 4, the percentage contributions to Ra 
from the linear model and 2-way interactions are 51.48% 
and 41.61%, respectively, showing that they have almost the 
same influence on Ra. Of the three linear factors, AMFR 
had the greatest effect on Ra, followed by SOD. Of all quad-
ratic product terms, WJP × AMFR had the greatest influence 
on Ra. In addition, for Ra, P-values of SOD, AMFR, and 
WJP × AMFR are less than 0.05, showing that only these 
three terms have statistical significance.

However, the contribution to Rz from the quadratic prod-
uct terms amounts to 64.06%, while that from the linear fac-
tors is only 24.54%, showing that the influence of quadratic 
product terms on Rz is more important than that of the linear 
factors. For Rz, only AMFR, SOD × WJP, and SOD × AMFR 
are statistically significant. The errors of contribution from 
the sources not listed in Table 4 are only 6.91% and 11.49% 
for Ra and Rz, respectively, indicating that the effect of other 
sources not considered on Ra and Rz is not important.

Finally in this section, for convenience of comparison, 
Table 8 summarises the mean value, optimal AWJD param-
eters obtained by single-objective optimisation, and meas-
ured and predicted values of each hole-quality parameter at 
the optimal levels.

3.4 � SEM analysis of machined surface of holes

To show a full hole-quality image, Figs. 6a – 6c give SEM 
pictures of the machined surface of the same hole at its top, 
middle, and bottom sections, which were taken by SEM 
with nearly 40 × magnification. The hole used in Fig. 6 was 
drilled at SOD = 1 mm, WJP = 2100 bar, and AMFR = 250 g/
min.

As seen in Fig. 6, the machined hole-wall surfaces are 
smooth at low magnification. Certain surface chips and cra-
ters can be observed, especially in Fig. 6(c), showing that 
machined surface at the hole top is highly smooth compared 
to that at the bottom section. No embedded abrasives can be 
found in Fig. 6. No obvious burrs, damages or surface cracks 
can be observed. Hole-wall surfaces of many holes were 
inspected by SEM at the various levels of sub-millimetre 
scale. A similar conclusion is obtained for each hole.

Figure 7a shows the local surface image of the hole drilled 
at SOD = 1 mm, AMFR = 200 mm/min, and WJP = 2100 bar, 
which was taken by SEM with 13.2 k × magnification. Note 
that certain local surface was rather smooth even at such 
high magnification. In this figure, surface chips are clearly 
seen; traits from abrasive plough are distinctly illustrated; 

Table 7   Comparison of Ra 
and Rz reported in the open 
literature with those measured 
in this work

Source Average Ra Ra Rz

(µm) (µm) (µm)

MD method 1.159 – 7.96 [9], 0.6 – 3.6 [15],
3.0 – 8.0 [17], 5.91 – 7.9 [18],
6.118 – 8.114 [20]

unavailable

AWJD method 3.988 [30] 1.53 – 6.1 [30] unavailable
This work 3.228 3.808 – 2.832 31.987 – 23.727

Table 8   Summary of the eight 
hole-quality parameters

Hole-quality 
parameter

Average 
value

Optimal drilling parameters Optimal expt Predicted value

WJP (bar) AMFR (g/min) SOD (mm)

D (mm) 6.151 1600 200 1 6.077 6.078
ΔD (mm) 0.022 2100 300 1 0.017 0.009
Kf (°) 0.077 2100 300 1 0.025 0.057
Re (mm) 0.051 2600 200 1 0.044 0.034
Perp (mm) 0.176 2600 300 1 0.109 0.034
Cyl (mm) 0.077 2100 300 1 0.065 0.045
Ra (µm) 3.228 2100 300 2 2.935 2.978
Rz (µm) 27.139 2100 250 1 28.044 25.911
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(a) (b) (c) 

Fig. 6   SEM pictures of the hole drilled through Al2024-T3 aluminium alloy at (a) hole top, (b) middle, and (c) bottom of at low magnification

(a) (b) 

(c) (d) 

Fig. 7   SEM pictures about smooth zone, surface chipping, ploughing trait, crater, striation zone, micro-hole, and crack
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and craters and micro holes generated from abrasive 
impingement are expressly shown. The situations described 
in Fig. 7a can be observed at many places of each hole. 
Surface roughness was generated due to these micro holes, 
craters, surface chips, and ploughing traits [39].

Figure 7b illustrates several ploughing marks and long 
grooves generated by abrasive plough and micro holes 
originated from abrasive hits due to the turbulence of AWJ, 
taken by SEM with 980 × magnification. The hole used for 
Fig. 7b was drilled at SOD = 3 mm, WJP = 1600 bar, and 
AMFR = 250 mm/min. It should be noted that the magnifi-
cation of picture illustrated in Fig. 7a is more than 13 times 
that in Fig. 7b, further proving that the surface in Fig. 7a was 
rather smooth compared to Fig. 7b and that surface chips in 
Fig. 7b should be much larger than those in Fig. 7a. Plough-
ing marks and long grooves shown in Fig. 7b were also seen 
by Ravi and Srinivasu [32] when they drilled Al6061 alu-
minium alloy using AWJ.

Striation zone was generated by a series of ridges which 
were produced by ploughing action of abrasives, as shown 
in Fig. 7b. Craters and micro holes were generated from 
abrasive strikes on wall surface due to the turbulence of AWJ 
[37, 38], while ploughing marks were produced by abrasives 
with high kinetic energy when machining hole-wall surface. 
Both ploughing action and strike on the hole-wall surface 
by abrasive particles could form the surface chips. Plough-
ing action usually generated a narrow and aligned mark 
along the direction of AWJ transmission [38], as illustrated 
in Fig. 7b. Abrasive ploughing action was one of the main 
processes of material removal from Al2024-T3 aluminium 
alloy. A continuous ploughing action caused a smooth zone 
illustrated in Figs. 7a and 7b.

Figures 7c and 7d demonstrate more surface chips, abra-
sive ploughing traits, craters, and micro holes, which were 
taken for holes drilled with SOD = 2 mm, WJP = 1600 bar, 
and AMFR = 200  g/min as well as SOD = 2  mm, 
WJP = 2100  bar, and AMFR = 300  g/min, respectively. 
EDX spectroscopy confirmed that the embedded abrasive 
particle in Fig. 7d was an abrasive. It should be that Ravi 
and Srinivasu [32] also observed numerous surface chips, 
ridges, craters, and micro holes with various dimensions 
when they employed AWJ to drill Al6061 aluminium alloy. 
In addition, Fig. 7d shows a crack. As seen in Fig. 7d, the 
width of the crack was greatly smaller than the dimension 
of abrasive embedded into the hole-wall surface. Hence, the 
crack should be generated by abrasive impingement on the 
surface, not by an abrasive plough. The abrasive entering the 
crack was embedded by impinging.

Figure 8a presents the hole-surface image taken by SEM 
at the sub-micron scale. In Fig. 8a, one can find an abrasive 
particle embedded into the surface at the sub-micron scale. 
The hole employed for Fig. 8a was drilled at SOD = 1 mm, 
WJP = 1600 bar, and AMFR = 200 g/min. To confirm that 

the abrasive particle shown in Fig. 8a was indeed an abra-
sive, Fig. 8e gives its EDM spectroscopy. By comparison of 
spectroscopy in Fig. 8e with that in Figs. 3b and 3c, one can 
instantly conclude that the abrasive particle shown in Fig. 8a 
is an abrasive. From the ploughing marks shown in Fig. 8a, 
one could clearly see the drilling direction of AWJ. Com-
pared to Fig. 7, Fig. 8a shows more surface chips. Similar 
to Fig. 7, these surface chips consisted of peaks of surface 
roughness; while ploughing traits, craters, and micro holes 
were composed of valleys [39].

Figures 8b and 8c show pictures of embedded abrasives, 
smooth zones, surface chips, and abrasive ploughing marks 
taken by SEM at high magnification. The hole employed in 
Figs. 8b and 8c was the same one, drilled at SOD = 1 mm, 
WJP = 2600 bar, and AMFR = 200 g/min. EDX spectroscopy 
clearly confirms that the embedded abrasive particles in 
Fig. 8b and Fig. 8c are abrasives. Then embedded abrasives 
were also observed by Ravi and Srinivasu in their experi-
ment [32]. From these ploughing traits, one can clearly 
observe the drilling direction of AWJ, as marked by the 
arrow in Figs. 8b and 8c. Similar to Fig. 7, smooth zones can 
be clearly seen in Figs. 8b and 8c at such a high resolution.

Surface microstructures illustrated in Figs. 7 and 8 were 
almost seen for each hole, showing almost the same mecha-
nisms of material removal from Al2024-T3 aluminium alloy 
under various AWJD conditions used in the current work.

Various furrows ploughed by abrasives as well as vari-
ous craters, micro holes, and cracks generated by abrasive 
impingement formed various valleys. And surface chips 
and ridges originating from abrasive plough formed various 
peaks, as discussed above. These valleys and peaks formed 
the surface roughness. It is worth noting that the distribu-
tions of these valleys and peaks were in irregular patterns 
[39], which explain why no variation rules of Ra and Rz with 
AWJD parameters are observed in Sect. 3.3. Figure 8d illus-
trates the image of a broken abrasive embedded into the 
surface of the hole, taken by SEM at 1.21 k × magnifica-
tion. The hole used in Fig. 8d was drilled at SOD = 1 mm, 
AMFR = 300 g/min, and WJP = 1600 bar. Figure 8e shows 
EDX spectroscopy of the broken abrasive particle. Accord-
ing to EDX spectrum shown in Fig. 8e, it is concluded that 
the broken particle is indeed an abrasive particle since it is 
smaller than nominal abrasive size.

Figure 8d illustrates many ploughing traits of abrasives. 
According to these traits, one could accurately determine the 
drilling direction of AWJ, as shown by the arrow in Fig. 8d. 
Numerous surface chips in Fig. 8d were generated by abra-
sives, similar to Figs. 7 and 8. When a broken abrasives 
returned from the bottom of a blind hole, it might possess 
high kinetic energy and could remove materials from the 
wall surface. These abrasive particles were embedded into 
the surface because of the turbulence of AWJ generated by 
the counter- action between the forward-moving waterjet 
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(a) (b) 

(c) (d) 

(e) 

Fig. 8   (a) Surface microstructure containing embedded abrasives at 1.81 k × , (b) 1.01 k × , (c) 2.42 k × magnification, (d) 1.21 k × , and (e) their 
EDX spectroscopy
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and returning waterjet [37, 38]. Hence, secondary removal 
of abrasives was also one of the material removal mecha-
nisms. The embedded abrasives and broken abrasives were 
found most commonly in the middle section of a hole. It is 
the turbulence that made the abrasives deflect the forward 
direction of AWJ and impact the surface, forming craters 
and micro holes shown previously in Fig. 7 and in Fig. 8, 
which also made the abrasives embedded in the crack shown 
previously in Fig. 7d.

3.5 � Multi‑objective optimization

D, ΔD, Kf, Re, Cyl, Perp, Ra, and Rz, were employed for multi-
objective optimization [35, 37]. Through a series of calcu-
lations, the values of GRG of each hole were obtained, as 
presented in Table 3. Table 3 also gives the order of the 
GRG from smallest to largest. Note that ωp of each hole-
quality parameter was equal when calculating the GRG. As 
per the GRG ranking, the 17th hole has the optimal quality, 
for which the optimum SOD, WJP, and AMFR are 2 mm, 
2600 bar, and 250 g/min, respectively; and the optimal 
hole-quality parameters are D = 6.167 mm, ΔD = 0.008 mm, 
Kf = 0.029°,  Cyl = 0.051  mm, Perp = 0.033  mm, 
Re = 0.041 mm, Ra = 2.909 µm, and Rz = 26.480 µm.

3.6 � Adjustment of CMD

The above hole-quality parameters determined by multi-
objective optimization were measured for holes drilled at 
CMD = 6.000 mm. As discussed previously, D was always 
larger than the nominal value when using AWJ to drill 
Al2024-T3 aluminium alloy. To make D close to 6.000 mm 
required in this work, CMD was adjusted to 5.900, 5.800, 
and 5.700 mm to perform the confirmative drilling tri-
als to reduce D at the optimal levels. Three holes were 
drilled at each CMD using the optimal AWJD parameters 
at TS = 10 mm/min. Table 9 collects these results and their 
comparison with the ideal values.

As observed in Table 9, the differences between the D, 
ΔD, Re, Perp and the ideal values when CMD = 5.800 mm 
are smaller than 0.050 mm, indicating that the quality of 
these four parameters is very good. Both Kf and Re are very 
small, similar to the results obtained at CMD = 6.000 mm. 
Ra and Rz measured at CMD = 5.800 mm are very close to 
those obtained at CMD = 6.000 mm. The comparison shows 
that adjustment of CMD is an appropriate approach to make 
D close to 6.000 mm. As a conclusion, drilling holes at the 
optimal levels with an appropriate CMD can make D close to 
the nominal diameter without reducing the quality of other 
hole-quality parameters.

As a conclusion, the quality of the holes drilled at the opti-
mal levels of SOD, WJP, and AMFR when CMD = 5.800 mm 
is encouraging compared to that reported previously.

4 � Conclusions

In this work, three variable AWJD parameters, WJP = 1600, 
2100, and 2600 bar, SOD = 1, 2, and 3 mm, and AMFR = 200, 
250, and 300 g/min, were used to drill Al2024-T3 aluminium 
alloy for keeping TS = 10 mm/min. A full factorial experi-
mental design was used to plan the holes being drilled. Eight 
hole-quality parameters, namely D, ΔD, K, Cyl, P, Re, Ra, 
and Rz, were measured and compared to the available meas-
urements. Single- and multi-objective optimization was 
performed. The effect of SOD, AMFR, and WJP on these 
parameters was evaluated. Summarizing the results in the 
present work, three main conclusions are obtained.

(1)	 Re was significantly affected by TS. Generally, the 
greater the TS, the poorer the Rex would be. Visual 
inspection confirmed that Rex was very poor when 
TS ≥ 50 mm/min. The edge surface finish of holes 
was visually satisfactory for TS ≤ 30 mm/min when 
SOD = 2 mm, WJP = 2100 bar, and AMFR = 200 g/min.

Table 9   Measured data at the 
optimal levels (SOD = 2 mm, 
AMFR = 250 g/min, and 
WJP = 2600 bar) and different 
values of CMD as well as 
comparison with the ideal 
values

Type CMD D ΔD Cyl Kf Perp Re Ra Rz

(mm) (bar) (mm) (mm) (o) (mm) (mm) (mm) (mm)

Ideal 6.000 0.000 0.000 0.000 0.000 0.000 the smaller, the 
better

Expt 6.000 6.167 0.008 0.051 0.029 0.033 0.041 2.909 26.480
Difference 0.167 0.008 0.051 0.029 0.033 0.041
Expt 5.900 6.080 0.011 0.045 0.018 0.025 0.052 3.509 28.157
Difference 0.080 0.011 0.045 0.018 0.025 0.052
Expt 5.800 5.966 0.020 0.048 0.036 0.030 0.056 3.821 28.568
Difference 0.034 0.020 0.048 0.036 0.030 0.056
Expt 5.700 5.899 0.004 0.064 0.014 0.029 0.042 3.678 24.578
Difference 0.101 0.004 0.064 0.014 0.029 0.042
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(2)	 Optimum processing parameters determined by 
multi-objective optimization for all hole-quality 
parameters were SOD = 2  mm, WJP = 2600  bar, 
and AMFR = 250  g/min when TS = 10  mm/min. 
Drilling holes using these optimum parameters 
at CMD = 6.000  mm, the hole-quality parameters 
were D = 6.167  mm, ΔD = 0.008  mm, Kf = 0.029°, 
Cyl = 0.051  mm, Perp = 0.033  mm, Re = 0.041  mm, 
Ra = 2.909 µm, and Rz = 26.480 µm. The quality of 
drilled holes was overall satisfactory.

(3)	 The size of holes generated by the AWJD approach 
was always larger than CMD, resulting in large D. 
The approach to making D very close to 6.000 mm 
was to adjust CMD to an appropriate value. Using 
CMD = 5.800 mm to drill holes at the optimal lev-
els, the hole-quality parameters were measured as 
0.030 mm, 0.048 mm, 5.966 mm, 0.056 mm, 0.036°, 
0.020 mm, 3.821 µm, and 28.568 µm for Perp, Cyl, D, 
Re, Kf, ΔD, Ra, and Rz, respectively.

(4)	 Machined surface of holes is highly smooth at roughly 
40 × magnification of SEM. At high magnification, 
ploughing marks were observed on the machined sur-
face, showing that ploughing action was one of the 
main material removal processes. Ploughing traits of 
abrasives clearly illustrated the drilling direction of 
AWJ. Broken abrasive particles were found, showing 
that secondary material removal process occurred. 
Images at a low resolution indicated that the machined 
surface of holes at the top was highly smooth compared 
to that at the bottom section.

As further investigations, pilot holes will be used to 
improve Perp and Cyl of holes. To reduce the hole-making 
costs, increase the drilling efficiency, and improve the 
quality of holes, AWJD parameters will be further opti-
mized at higher TS.
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