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Abstract
Abrasive water jet (AWJ) machining is considered as one of the most 
powerful cutting processes. It can be used for cutting heat sensitive, 
hard and reflective materials. It can cut thin sheets to very thick plates. 
Aluminum 2024 is widely used in aerospace and aviation industries. 
The objective of this study is to investigate the effect of AWJ control 
parameters on surface geometry quality. Design of experiments (DoE) 
is used for establishing an experimental matrix. Statistical modeling 
is implemented to control the process behavior. It is used to present a 
relation between the cutting parameters (pressure, speed, and distance 
between nozzle and cut surface) and responses (taper angle and surface 
roughness). The taper kerf angle can be improved by decreasing standoff 
distance and speed, and increasing water pressure. While decreasing 
(cutting speed, pressure and distance between nozzle and cut surface) 
improve the surface roughness in the operating window of cutting 
parameters. 
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I. INTRODUCTION

Aluminum alloy 2024 has varied applications, because 
of its fatigue resistance. It is widely used in aircrafts, 
especially wings and fuselage structures under tension[1]. 
Additionally, it is used for aircraft fittings, truck wheels, 
and some parts in transportation industry. Most of these 
applications depend on large plates processing. AWJ 
cutting technique can use a very high cutting speeds 
compared with conventional cutting process especially 
with thick sections, which will improve the productivity. 
However, controlling the quality of cutting surface by 
using AWJ cutting technique is considered difficult due to 
interacting control parameters.

Abrasive waterjet cutting is a modern non-traditional 
cutting process.It is used for cutting hard metallic materials 
without inducing thermal stresses and heat affected zone on 
the target material[2-4]. AWJ is used effectively for cutting 
some special alloys which used for satellite structures, such 
as aluminum  alloys with a small cutting forces[5].

Despite that the working ranges of the cutting speed 
in AWJ cutting process for hard alloys are considered 
high comparing with conventional machining, the surface 
quality parameters need more improvement especially for 
space structures manufacturing[6]. Investigating the effect 
of the control parameters is the key point for improvement 
the cutting quality of AWJ process[7].  

Cutting speed for milling process is very limited 
compared to AWJ process specially for cutting thick plates. 
Xu, Jin Yang et al.[6] applied an analytical and experimental 
investigation on the cutting aluminum alloy 2024-T351, 
with low and high speed. This study showed that max feed 
rate equals 1.425 m/min for high speed machining.

Many of the previous work concluded that taper angle 
increases with increase of the jet traverse speed[8-12]. 
Because at high traverse speed, available time for the 
cutting process decreases. this leads to decrease in the 
waterjet interaction with material target[2, 12].

Hajdarevic et al.[13] and Li, Rongrong et al.[14] observed 
that the roughness value increases by increasing speed. 
Also Deepak et al.[15] concluded that at low speed, the 
available cutting time is enough for a primary cutting and 
so the secondary cutting (which called smoothing) resulting 
in good surface roughness. By increasing the speed, the 
available cutting time is not enough for the jet to perform a 
secondary cutting action which creates striations, and bad 
surface roughness.

In practice, kerf taper angle increases with increasing 
standoff distance[12,16-20]. Wang and Wong[19] discussed this 
trend by jet divergence. As the waterjet loses its kinetic 
energy when penetrates the target material, consequently 
outer edge diameter will increase.

Ali, Hussein et al.(21) and Selvan et al.[22] found that 
roughness value increases with increasing standoff distance 
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due to non-homogeneous energy distribution. 
It has been concluded that taper angle is decreasing 

with increasing the water pressure[8, 11, 12, 23, 24]. When jet 
water pressure increases, the kinetic energy increases. This 
tends to increase the abrasive particles momentum, which 
generates wider bottom kerf. Consequently, taper angle 
is reduced due to decrease the difference between bottom 
and top width[23]. The effect of pressure on taper angle was 
found to have an opposite trend when cutting polymer 
composites[16]. 

Wang et al.[19] found that behavior of surface roughness 
is not linear with water pressure. Initially, it decreases 
with the increase of pressure. With further increase 
of water pressure, the quality of surface deteriorates 
dramatically. This was also observed by Kovacevic[25] and                           
Ramulu et al.[26]. The pressure increase leads to energy 
increase in jet outer rim which tends to more irregularities. 
Consequently, surface is deteriorated as a result of non-
homogeneous energy distribution in the jet region.

Li, Rong. et al.[14], M. Azmir[27], and Trivedi et al.[28]

concluded that the value of surface quality is improved by 
increasing cutting pressure. The abrasives kinetic energy 
increases with increasing the pressure, consequently 
increase the capability of material removal. The same 
results investigated by Selvan, M. et al.[22, 29]. 

According to previous researches, the influence of 
control parameters on the taper angle and roughness 
was studied. However, deep investigation for the effect 
of these parameters with interactions is not reported                            
clearly[22, 27, 28, 30-32]. The effect of the control parameters 
especially pressure on taper and surface roughness show 
contradicting conclusions[8, 11, 12, 14, 16, 19, 22-24, 27]. 

The aim of this study is improving the cutting quality 
(kerf taper angle and surface roughness) of AWJ process 
by experimental and statistical studies. A mathematical 
model was established for understanding the behavior 
of AWJ cutting process for Al alloy 2024. It establishes 
an acceptable correlation between input parameters and 
output responses at different cutting conditions.

II. EXPERIMENTAL SETUP
The AWJ machine (model CL-510) have been used. 

Maximum pressure of 420 MPa carried on intensifier (SL 
VI50). A self-aligning cutting head is controlled by AWJ 
CAM software. Lantek CAD software was used for create 
the cutting program for the required pass. The cutting head 
contains a mixing chamber for mixing the water jet with 
abrasives.  Diameter of the output orifice ranges from 0.1 
to 0.3 mm.

II.I. TEST SPECIMENS AND PREPARATION
The working window of each parameter is specified to 

cover approximately most of available working range for 
each control parameter, and according to recommendation 
of previous work for AWJ cutting process[14, 16, 22, 26-29]. A set 

of screening cutting experiments were done for confirming 
these recommended ranges. 

The initial working window for the selected control 
parameters is; speed (30-150) mm/min, (100-300) MPa 
pressure, and standoff distance “SOD” (1-3) mm. 

Thirty samples are used of aluminum alloy 2024 with 
thickness of 6 mm. Experiments were executed to estimate 
the influence of control factors on top width, bottom width, 
taper angle, and roughness as will be discussed in detail in 
section 3. 

II.II. EXPERIMENTAL PLAN 
The experimental plan depends on changing speed, 

pressure and standoff distance, while keep abrasives mass 
flow rate with (420 g/min). The abrasive used is super 
garnet (natural mixture of Almandine garnet) with 80 mesh 
grain size. 

Cutting process with AWJ was carried out with a single 
pass jet on the target samples. Taper was measured by the 
MitutoyoTM optical microscope.

The kerf width values were measured at top and bottom 
surfaces of each sample. Five readings were recorded 
for each level spaced by 5 mm. The kerf taper angle is 
calculated for each specimen according to average value 
of top and bottom kerf width readings with the equation 
below. AWJ generated surface is shown in Figure 1.
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Fig. 1: AWJ generated surface.  

Where,
θ: Kerf taper angle                  tn: Workpiece thicknes
Wt: Top width                          Wb: Bottom width

Taper angle is calculated via following equation

Eq. 1

The roughness value (Ra) is measured by using the 
instrument “TAYLOR HOBSON” (Surtronic 25). 

The surface roughness parameter Ra (center line 
average parameter) was measured at 3 levels; top, 
bottom and middle for each machined surface. Surface 
roughness value is assigned for each specimen depending 
on the average values of the Ra at all levels. The surface 
roughness evaluation span was = 5 mm per each read. 
Then, value was calculated and referenced to the mid-
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distance. Five different reads were applied for three 
levels. The total readings were 15 readings per specimen. 
The absolute Ra value of each specimen is the average                                                                                     

of all 15 readings. Figure 2 is showing the profile                                                           
of surface roughness for sample experiment No. 9                                                                                                                   
as an example.

Fig. 2: Profile of surface roughness at three levels (run no. 9)

III. STATISTICAL MODELLING
Implementation of the control model of AWJ cutting 

process was carried out by using Design Expert® 
software. Design of experiment was applied to identify the 
experimental matrix to implement the control model.  

Response surface method (RSM) is used for modelling 
and expecting the responses behavior with respect to 
input variables. It consists of statistical and mathematical 
techniques. It is useful tool for investigating the effect 
of control parameters with interactions on the different 
responses[28, 33]. RSM depends on fitting order (linear, 
interacting, squared, or cubic). Required number of 
experiments is increased by increasing the order of fitting 
model. In this study a modified cubic order model was used 
by excluding non-significant factors. The total experiments 
are 30 runs.

Central Composite Design (CCD) technique is used to 
identify number of experiments within the experimental 
matrix according to number of design levels and order of 
fitting model[34]. CCD depends on two different bases of 
design the experiments, (three levels base or five levels 
base). It can be represented graphically with a square                  

for 2 control factors and with a cube for 3 control factors as 
shown in Figure 3. There are three types of design points 
(points of applying cutting experiments with different 
parameters) central, axial, and factorial. 

Central point is labelled by star at mid-value of the 
control parameters. Factorial points are at the both ends of 
the range for each control parameter, and labeled with red 
circle.  Axial points are labeled with blue circle with red-
cross as shown in Figure 3.  Axial points have 3 possible 
positions according to value of (α), which is defined by a 
coded value. If value of α=1, the points are on the cube 
surface (called: surface design). These factors have three 
levels (-1, 0, 1). If the value of α is more than one, the 
axial point is outside the cube and extra 2 levels are added                                                                                                
(-α, α). So, the factor has 5 levels (-α,-1, 0, 1, α). The present 
design includes five-levels of design matrix experiments 
(-1.68, -1, 0, 1, 1.68) as shown in Table 1. The design of 
experiment will include runs at: 8 points on the corners 
of cube (factorial), 6 points on the surfaces (axial), and 
one point in the center (center), Number of runs will be 15 
cut with 2 repetitions for each cut. Consequently, the total 
number of runs are 30 cuts as revealed in Figure 3.

Fig. 3: Central Composite Design (CCD) cube.
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The control parameters are: A: speed (mm/min), 
B: pressure (MPa), and C: distance between nozzle 
and cut surface (SOD) (mm). The responses are: R1: 
upper kerf width (mm), R2: lower kerf width (mm),                                                          

R3: taper angle (°), and R4: surface roughness                                                                                             
Ra (µm). The experimental data are presented                                                     
in Table 1. R3 is a result of R1 and R2 by                                                  
substituting in Eq.1.

Table 1: Experimental data

R4
(µm)

R3
(°)

R2
(mm)

R1
(mm)

C
(mm)

B
(MPa)

A
(mm/min)

TypeRun

CodedActualCodedActualCodedActual
2.9-0.091.11.0802.000200.00-1.6830.00Axial1
2.5-0.041.121.1102.000200.00-1.6830.00Axial2
3.000.980.9812.59-1140.54-154.32Fact3
3.201.051.05-11.411259.46-154.32Fact4
2.8-0.521.271.16-11.41-1140.54-154.32Fact5
3.801.141.1412.591259.46-154.32Fact6
3.00.090.930.9512.59-1140.54-154.32Fact7
3.10.230.920.97-11.41-1140.54-154.32Fact8
2.901.111.1112.591259.46-154.32Fact9
3.101.071.07-11.411259.46-154.32Fact10
3.70.331.011.081.683.000200.00090.00Axial11
3.600.990.991.683.000200.00090.00Axial12
3.10.090.960.98-1.681.000200.00090.00Axial13
3.7-0.041.021.0102.001.68300.00090.00Axial14
2.9-0.041.241.2302.001.68300.00090.00Axial15
3.200.950.9502.000200.00090.00Center16
4.50.380.630.7102.00-1.68100.00090.00Axial17
3.00.140.930.96-1.681.000200.00090.00Axial18
4.00.331.121.1902.000200.00090.00Center19
4.50.760.760.9202.00-1.68100.00090.00Axial20
3.600.950.95-11.411259.461125.68Fact21
3.10.091.121.1412.591259.461125.68Fact22
4.3-0.090.970.95-11.411259.461125.68Fact23
3.4-0.040.840.83-11.41-1140.541125.68Fact24
3.80.090.820.8412.59-1140.541125.68Fact25
4.00.950.961.1612.591259.461125.68Fact26
3.31.050.851.07-11.41-1140.541125.68Fact27
3.80.950.70.912.59-1140.541125.68Fact28
3.610.851.0602.000200.001.68150.00Axial29

4.00.760.881.0402.000200.001.68150.00Axial30

IV. RESULTS AND DISCUSSION
This study revealed the effect of the process parameters 

on the quality of the AWJ cutting process using statistical 
modelling. Kerf taper angle and surface roughness values 
were used to evaluate the cutting quality. In experimental 
study, the surface roughness is measured for side surfaces 
and perpendicular to waterjet stream direction. Taper 
angle is calculated as a function of sample thickness,                                     

upper, and lower kerf width according to Eq.1. 

IV.I MODELLING OF SURFACE ROUGHNESS 
QUALITY

The ANOVA results for surface roughness 
model are shown in (Table 2). It reveals the reduced                                                        
cubic model variance of surface roughness due                                           
to control factors.
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Table 2: ANOVA for surface roughness model

P-valueF-ValueMSdfSS
significant< 0.00018.650.9854.88Model

0.000121.522.4212.42A- Speed
0.002611.291.2711.27B- Pressure
0.01217.370.8310.83A2
0.04164.640.5210.52C2
0.002411.541.3011.30A2B

0.11242.70Residual
not significant0.61480.810.09890.88Lack of Fit

0.12151.82Pure Error
297.58Cor Total

Values of "Prob > F" < 0.05 reveal that model is 
significant[34]. A, B, A2, C2, and A2B are significant. The 
P-value of < 0.0001 shows that model is significant.
Final equation of roughness model:
Ra =3.78 + 0.30A - 0.34B - 0.21A2 - 0.16C2 + 0.44A2B

IV.I.I. SURFACE ROUGHNESS MODEL RESULTS 
AND VERIFICATION 

Ra value increases with the speed increase                               

Eq. 2
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(Figure 4). The high speed decreases the exposure time 
and machining action between the cutting jet and the 
target material surface. Increasing standoff distance leads 
to an increase in surface roughness value as shown in 
Figure 4. When the jet beam spreads out from the nozzle, 
the waterjet defocuses and its diameter increases which 
tends to a decrease of the abrasive particles density 
in the target area. However, surface roughness value                                                                                                                                  
is less sensitive to SOD change with respect to speed 
change.

Fig. 4: The interactive effect of speed and SOD on surface roughness.
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Figure 5 shows that the water pressure increase is 
inversely proportional with surface roughness value. 
Increasing the water pressure value during cutting leads 
to unsteadiness of the stream of both water and abrasives 
which tends to deteriorate the surface. The interaction 
between pressure and speed (Figure 5) shows that the 
increase of traverse speed with higher pressure tends to 
bad surface quality and vice versa. Little exposure time, 

low machining action, and instability of stream lead to bad 
surface roughness. Cutting speed is considered the most 
significant parameters to control the surface quality with 
respect to other control parameters as shown in Figure 4 
and Figure 5. The results revealed tangible improvement 
of the surface quality of cutting by AWJ with a very high 
cutting speed with respect to other techniques, consequently 
productivity[6].  
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Fig. 5: Interacting behavior of speed and pressure on surface roughness.

Table 3 shows the actual values of surface roughness 
as measured, and the model prediction values for the 
surface roughness at all cutting parameters. The model 
was validated by calculating the model prediction 
accuracy. It compares the predicted values of surface                                                                          

roughness with the actual measured values.                                                                   
Most of the prediction accuracy for surface                                               
roughness exceed 90% as shown to Table 3.                                                             
The average value of the model accuracy is                                                                                    
calculated = 92.887 %

Table 3: Surface roughness model accuracy

Model
accuracy

Model 
prediction 

value

Actual 
measured valueExp. No.Model

accuracy
Model 

prediction value
Actual measured 

valueExp. No.

84.63.783.21592.522.682.91
96.694.354.51693.162.682.52
90.133.323.01799.663.013.03
94.53.784.01899.6883.213.24
96.694.354.51993.0233.012.85
94.483.813.62084.473.213.86
81.363.813.12199.663.013.07
88.603.814.32297.093.013.18
94.183.613.42390.343.212.99

953.613.82496.573.213.110
95.253.814.02589.953.323.711
91.413.613.32692.4563.323.612

953.613.82793.133.323.113
97.533.693.62886.723.203.714
92.283.694.02990.373.2082.915
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IV.II. THE MODELLING OF TAPER ANGLE

The results of analysis of variance (ANOVA) for 
taper angle model are presented in Table 4. It reveals the 
reduced cubic model variance of kerf taper angle. P-value                                        
Prob < F is one of ANOVA significance parameter. If 
the value of "Prob > F" is  less than 0.05, the model is 

significant[34]. Results show that terms A, B are significant 
terms in single form and C is significant model term in 
interacting form as shown in Table 4.

Final equation for the control model in terms of 
significant factors:

Taper Angle = 0.21+ 0.23A - 0.11B + 0.096A2C    Eq.3

Table 4: ANOVA for kerf taper angle

P-valueF
Value

Mean
Square (MS)dfSum of

Squares (SS)
Significant0.00066.760.6531.96Model

0.001615.441.4911.49A-Traverse Speed
0.04063.310.3210.32B- Pressure
0.02631.540.1510.15A2C

0.097262.51Residual
Not-significant0.87460.500.061110.67Lack of Fit

0.12151.84Pure Error
294.47Cor Total

IV.II.I TAPER ANGEL MODEL RESULTS AND 
VERIFICAITON 

The results of the kerf taper angle control model reveal 
that SOD is not significant as a single factor. However 
the interaction between speed and standoff distance is 
significant. 

Figure 6 illustrates interacting effect of the speed and 
cutting pressure on kerf taper angel. It is clear that taper 
angle value is directly proportional with cutting speed. 
At high speed, interacting time available for the cutting 

process decreases. Finally, at high speed, time could be in-
sufficient for full penetration, this tends to cut on the top 
kerf wider than in bottom and leads to higher taper angle. 

Figure 8 shows that Jet pressure is inversely 
proportional with kerf taper angel. Pressure Increase leads 
to increase in the kinetic energy of abrasive particles in 
main cutting stream.  This improves the penetration and 
generates a wider cut in the bottom. Hence, the width 
difference between the bottom and top is reduced, which 
tends to taper angle decrease. 
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Fig. 6: The interacting influence of speed and pressure on taper angle.

Figure 7 shows that taper angle is inversely proportional 
with pressure. This behavior is similar to water jet pressure 
trend as shown in Figure 6, and discussed in previous 
paragraph. Standoff distance is directly proportional 
with kerf taper angel with minor effect. Slope of surface 

graph tends to zero in SOD direction on surface graph 
as shown in Figure 7. This is mainly due to limited                                                  
range of SOD. The property of the main cutting                                                               
stream is approximately constant along specified                                        
range of SOD. 
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Fig. 7: The interacting influence of pressure and SOD on taper angle.

The interacting influence of speed and SOD on the 
taper angel is shown in Figure 8. Kerf taper angle increases 
at high speed and high SOD. Because at higher speed, the 
available time for cutting decreases, which tends to less 
interaction time then consequently the particle density per 
unit length decrease. This leads to less material erosion by 
abrasives and causes a difference between top and bottom 
cut surface. When SOD increases, the waterjet loses its 

kinetic energy and so it has a low energy to affect the 
lower part of the kerf. It is clear from the control model 
equation and output surface graphs as shown in (Figure 6,                                                                                                   
Figure 7 and Figure 8),  that kerf taper angel is more 
sensitive to change in cutting speed with respect to water 
pressure and stand of distance . Taper angel model shows a 
good prediction results with respect to actual taper angles 
with maximum angel deviation less than 0.3 degree. 
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Fig. 8: The interacting influence of speed and standoff distance on kerf taper angle.

V. CONCLUSION
• Surface roughness quality and taper angel for AWJ 

cutting of Al-alloy 2024 were modeled successfully by 
using statistical modelling.
• Kerf taper angle value is more sensitive to change in 
cutting speed with respect to water pressure and standoff 
distance

• Kerf taper angle value can be improved by decreasing the 
traverse speed and SOD with increasing the water pressure.
• Ra value is enhanced mostly by decreasing the water 
pressure and speed with decreasing the standoff distance.
• Cutting speed is considered as the most significant factors 
to control the taper angel and surface roughness value.
• Experimental data illustrates that, to reach the target of 
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best surface roughness value (2.5 µm), the applied traverse 
speed is 30 mm/min, water pressure is 200 MPa, and SOD 
of 2 mm.
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