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Abrasive water jet (AWJ) cutting is an advanced manufacturing process for machining hard to cut
materials. In this study, brass-353 samples of different thicknesses were cut by AWJ using different feed
rates to identify the relationships between depth of cut (material thickness), feed rate, and deflection of
cutting edge geometry. The effects of material thickness on the AWJ cut surface roughness were investi-
gated and discussed. Deflection of cutting edge geometry in AWJ cutting process was assessed. Cutting edge
geometry was characterized by analyzing the surface properties of cut samples.
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1. Introduction

Abrasive water jet (AWJ) cutting is an advanced manufac-
turing tool that is used for machining hard to cut materials.
There are essentially two types of water jets: pure water jet
(WJ) and abrasive water jet (AWJ). The primary difference
between the WJ and AWJ is the addition of an abrasive medium
to increase the abrasive water jet cutting ability (Ref 1). WJ and
AWI cutting processes do not generate heat as other processes,
so there are no heat-affected zones. This is useful for cutting
materials for which heat may change their properties (Ref 2-7).
To cut complex shapes with a variety of corners and curves, the
feed rate must be carefully adjusted. Deflection of the jet causes
increased taper, inside corner errors, and sweepings out of arc.
AWI] cuts materials with feed rate of abrasive particles not
pressure. The cutting power is obtained by means of a
transformation of hydrostatic energy into a jet of a sufficient
kinetic energy to disintegrate the material (Ref 1, 4-7). A
schematic figure of water jet cutting system is given in Fig. 1.
Cutting operations form a corner termed as “cutting front
geometry.” In the literature it is reported that stage formation in
AW]J affects the cutting front geometry in AWJ cutting
processes (Ref 8). Stages in cutting front geometry formation
are given in Fig. 2. Energy losses during the cutting process
with AWIJ cause the cutting front geometry to be different from
that of ideal geometry as shown in Fig. 3. A mathematical
model of cutting front shown in Fig. 4 was developed by
Momber (Ref 9). Experimental studies to concurrently find
energy losses have shown that relative cutting depth (O(#) = A/
hmax) can be represented with an adjunct polynomial. It has
been ascertained that regression parameters of these polyno-
mials are independent of sample material and processing
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conditions. In this study, correlation coefficients could be
determined from parabolic modeling, whereas equations to be
used to predict energy losses were mathematically modeled.
The starting point of mathematical model that Momber
developed is based on parabolic of Fig. 8, which is obtained
by comparing cutting front geometry during real operation and
ideal cutting front geometry without any energy loss (Ref 9).
This parabolic model was obtained by comparing the ideal
cutting front geometry and ideal cutting front (Ref 8-12).
Studies in the literature validate the parabolic model. Wang and
Wong (Ref 13) have improved empirical models for kerf
geometry, and quality is finally established for the prediction
and optimization of AWJ cutting performance. Hlavaca et al.
(Ref 14) have explained the relationship between the declina-
tion angle and cutting surface quality. Hascalik et al. (Ref 15)
have examined the profiles of machined surfaces, kerf geom-
etries, and microstructural features of the machined surfaces.

In this study, brass-353 samples of different thicknesses
were cut by AWJ using different feed rates to identify the
relationships between cutting front geometry and feed rate. The
effects of thickness on the AWIJ cut surface roughness were
investigated and discussed. Deflection of cutting edge geometry
in AWJ cutting process was assessed. Cutting front geometry
was characterized by analyzing the surface properties of cut
samples.

2. Experimental Work

Brass-353 material was cut with AWJ process using
different feed rates. Brass is widely used in manufacturing
industry. The nominal chemical composition of brass-353 is:
0.831% S, 2.21% Pb, 36.37% Zn, 0.216% P, 0.293% Fe,
0.442% Al, <59.23% Cu, and 0.237% Ni. In this study, sheet
plates with thicknesses of 5, 10, 15, and 20 mm were cut with
AW]J. Two different feed rates were used for cutting each of the
thicknesses as shown in Table 1. First feed rate was recom-
mended by manufacturer of AWJ system for the studied
material. The second feed rate was arbitrarily selected as
20 mm/min for all samples. The other parameters in cutting
processes were kept constant. The characteristics of AWJ
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Fig. 3 Energy loss comparison between ideal cutting and actual cutting with AWJ (Ref 9)

system and cutting parameters are shown in Table 2 (Ref 1).
“Rand” brand in the cutting operations of the material with
AW]J was performed on Ingersoll Rand AWJ system. Surface
roughness measurements of the cut surfaces were made using
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Mitutoyo Surface Analyzer 402 device. Surface hardness of
workpieces was measured with Instron Wolpert Testor based on
HV 30 value. Micrograph of the cut surfaces of samples were
taken by Panasonic WVCP410 model type N334 microscope.
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The samples were etched with 2 mL HNO; and 98 mL
methanol mixture for 20 s. To identify cutting front geometry,
two of the samples with the 10 and 20 mm thicknesses were cut
by AWIJ to half of their length. These samples were then
separated (cut) with a milling machine to observe the cutting
front geometry of AWJ. A relationship between the cutting
depth (material thickness) and cutting front geometry was
developed.
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Fig. 4 Parabolic models of different materials in the processing by

AWJ (Ref 9)

Table 1 Lateral improvement feed rate chosen in the
cutting process based on material thickness

5 mm 10 mm 15 mm 20 mm

a b a b a b a b
Material Recommended and identified fixed feed rate, mm/min
Brass-353 R 1 R 1 R 1 R 1

140 20 63.16 20 39.62 20 2846 20

3. Results and Discussion

When the samples were examined, it was observed that
surface roughness had increased as the depth of cut (material
thickness) was increased. This can be explained with the
deformation of the sharp edges of the abrasive particles as
illustrated in Fig. 5. Pressure loss occurs in the jet after contact
with the material because of the friction of the abrasive particles
with the abraded particles of the material. Cut surface topology
of the studied brass-353 (o + B brass) was similar to that
reported in the earlier studies on ductile aluminum (Ref 8,
16-22). The results show that there are two different wear
mechanisms: cutting wear and abrasive wear for ductile and

-
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Cutting Wear

Deformation Wear

Fig. 5 Formation of different regions in AWJ cutting (Ref 1)

Table 2 Technical data on the abrasive water jet system and the pressure unit (Ref 1)

Cutting frame with the abrasive water jet and the pressure unit

Orifice diameter 0.25 mm
Pump capacity 3 L/min
Water consumption ~3.5 L/min
The temperature of the water used 48 °C
by the system
The working pressure of the booster 20 MPa
The outlet pressure of water from the pressure 2 MPa
booster
Water flow rate 3 L/min
The outlet velocity of water from the nozzle 800 m/s
Temperature at the instance of cutting ~55 °C
Current consumption during work 380 V
The amount of abrader consumed 250 g/min
The abrader used GMA Garnet
Abrasive hardness 7.5-8 Mohs
The pressure boost capacity At a rate of 1/20
Abrasive water outlet diameter from the nozzle 1 mm
Slurry content % 18
Mixing tube diameter 1.27 mm

Energy consumption 58 kWh

The booster working pressure Min 35 — Max 200
The pump piston diameter 20 mm

The inlet pressure of water into the pressure booster 0.6 MPa

The inlet diameter of water into the nozzle 0.25 mm

The inlet diameter into the abrasive nozzle 0.75 mm
Stand-off distance 4 mm

Water pressure at the instance of discharge 400 MPa

Jet angle 90°

Electric engine capacity and consumption 22 kW, 58 kWh
The material used in the nozzle head Sapphire
Chemical composition Fe,03Al, (S104)3
Abrasive particle size 300 pm

Nozzle length 76.2 mm

Garnet mesh number 80 Mesh

Mixing tube length 88.9 mm

Orifice life 40-50 h
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Fig. 6 Surface roughness obtained upon cutting Brass-353 at different lateral feed rates and depths of cut

fragile materials. Surface roughnesses of the samples with four
different thicknesses that are cut with manufacturers’-
recommended feed rate and fixed feed rate of 20 mm/min are
given in Fig. 6(a, b) and 7(a, b), respectively. The surface
roughness of the 5 mm samples was higher than that of the
thicker samples. This result reveals that in AWJ cutting process,
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the pressure of the jet causes greater deformation as the thickness
of the material reduces. When the cut surface was examined it
was seen that the surface roughness and quality of the upper
region of the cut surface was better than that of the lower region.
These results reveal that cutting mechanism yields a better
surface finish and quality than wear mechanism in AWJ cutting
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Fig. 7 Parabolic models for surface roughness values (Ra) in cutting Brass-353 at different lateral feed rates

applications. These results are in accordance with the literature
(Ref 19, 23-33). Surface roughness values of different thick-
nesses are given in the Fig. 6.

The mean surface roughness (Ra) for the AWJ cutting of
5 mm thick brass-353 sample at the manufacturer-suggested
feed rate of 140 mm/min was measured as 8.525 um, and
2.8 um for 20 mm/min feed rate. Moreover, surface roughness
values found for the 5 mm thick samples are higher than those
for 10, 15, and 20 mm thick samples. These results are in
agreement with the studies in the literature which suggest that
thin specimens should not be cut by AWJ (Ref 30, 31). Mean
Ra values of the cut surfaces and second-degree polynomial
equations of those values are shown in Fig. 7 for feed rate
proposed by the manufacturer and the selected fixed feed rate.
For all the thicknesses, it is seen that surface quality and
roughness of the cut surfaces deteriorate as the depth of cut

Journal of Materials Engineering and Performance

(material thickness) increases. From Fig. 7 it is seen that there
is a significant difference between the results of surface
roughness values obtained with the manufacturer-recommended
feed rate of 140 mm/min and selected fixed feed rate of
20 mm/min for 5 mm thickness sample. Maximum surface
roughness values were measured as 8.525 and 2.8 um for feed
rate of 140 and 20 mm/min, respectively, for 5 mm thickness.
These results reveal that reducing the feed rate improves the
surface quality and roughness in AWJ cutting processes. From
Fig. 7 it is seen that reducing the feed rate from the
manufacturer recommended value to 20 mm/min improves
the surface roughness to a limited extent for 10, 15, and 20 mm
thicknesses. These results show that there is a cutting range for
materials in AWJ cutting process. The graph and equations
characterizing mean surface roughness (Ra) in Fig. 7 subject to
cross-section depth in AWIJ cutting reveals the fact that they
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Table 3 Equations and the coefficient of determination R% characterizing mean surface roughness provided for different

materials in different thickness measurements

Lateral feed rate,

Coefficient

Material Thickness, mm mm/min Equation(a) of determination (Rz)
Brass-353 (o + B) 5 140 Ra = 0.0527x% + 0.4777x + 4.91 0.9855
20 Ra = —0.0384x” + 0.4666x + 1.435 0.9979
10 63.16 Ra = 0.0049x% — 0.0051x + 2.2276 0.9947
20 Ra = 0.0043x% + 0.004x + 2.2188 0.9962
15 39.62 Ra = —0.0002x* + 0.0085x + 2.8168 0.9962
20 Ra = 0.0017x* + 0.0667x + 1.9112 0.9983
20 28.46 Ra = —0.0021x% + 0.148x + 2.2031 0.9998
20 Ra = —0.0011x% + 0.0865x + 2.1141 0.9999
(a) Equation of average surface roughness
Cutting Direction 5 [ Liaterarculﬁl}ﬂoirecﬁon _— P
- + 1
] ] | | —
! SEEIGEER  INELE —{y=-3,923x7 + 11,52x + 1,125 | 2 E
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33 : j H+ H I s g
Surface cut with AWJ — : 4
=t 7 E
— g ©
| e | g
—tT1 | 10
16 14 1,2 1 0.8 0,6 04 02 0

Un - cut section

Fig. 8 Determination of cutting front section geometry separated
from ideal geometry

may be characterized by a second-degree polynomial as a
parabolic function. Nearly, in all the examined thicknesses, the
coefficient of determination (R*) is found to be greater than
0.99. Thus, for any depth level and feed rate it is possible to
keep the surface roughness under control. In the equations,
variable Ra corresponds to deviation from an ideal geometry
and variable x corresponds to cutting depth (material thickness)
in the form of second-degree polynomials. Equations and the
coefficient of determinations for studied thicknesses of brass
material (R%) are given in Table 3.

Deflection from the ideal cutting geometry (“cutting front
section geometry’) is characterized in Fig. 8 in units of mm. To
identify cutting front geometry, two of the samples with 10 and
20 mm thicknesses were cut by AWIJ to half of their length.
These samples were than separated (cut) with a milling machine
to observe the cutting front geometry of AWIJ. Those surfaces
on which the final cutting line existed were magnified under an
optical microscope and their images transferred to a millimeter
segmented paper. Deviation from the ideal geometry was
calculated and is plotted in Fig. 9 and 10. Graphs and equations
characterizing the cutting front section geometry prove the fact
that, during AWJ cutting operation, the cutting front section
formed by deviation from the ideal geometry is possible and
can be characterized by a second-degree polynomial as a
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Fig. 9 Cutting front section geometry in 10 mm thick samples
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Fig. 10 Cutting front section geometry in 20 mm thick samples

parabolic function. For the studied brass samples, 10 and
20 mm thicknesses, the coefficient of determinations (R?) were
found to be over 0.99. These results are in agreement with the
studies characterizing the cutting front section geometry in the
literature (Ref 9, 34, 35). These values were used to model
cutting front geometry mathematically by utilizing a parabolic
function for studied brass material. The equations of cutting
front geometry are given in Table 4. In the experimental study,
no significant alterations are found in the metallurgic properties
of the materials. The original microstructure, composed of
alpha and beta phases, and the cut edge microstructure change
after the cutting process is seen in Fig. 11. Because of the
properties of cutting processes, deformation strain results in
reduction in grain size, and failures in the microstructure are
observed. Hardness measurements on the cut surface and base
materials showed no variation between base materials and cut
surface as seen in Table 5.
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Table 4 Characterizing cutting front geometry, second-degree polynomial equations, and correlation coefficients

Lateral feed rate, Correlation
Material Thickness, mm mm/min Equation(a) coefficient (R?)
Brass-353 (o + B) 10 63.16 = —-3.9233x% + 11.529x + 1.1256 0.9712
20 28.46 h = —3.0423x + 14.442x + 2.548 0.9801

(a) Equation of deflection from ideal cutting geometry. x = cutting depth (measured distance) and /# = deflection from ideal cutting geometry

Fig. 11 Microstructure of Brass-353 material and cut section

4. Conclusion

From the results given above, the following conclusions can
be drawn.

e In AWIJ cutting process, the pressure of the jet causes
higher deformation on thinner material. Reducing feed rate
for thinner brass material results in better surface rough-
ness value.

e The lateral deflection of jet changes due to material and
cutting range. Reducing feed rate from upper limit to low-
er limit results in better surface roughness. These results
are in line with current studies.

e Cutting mechanism gives better surface roughness and
quality than wear mechanism in AWJ cutting applications.

e Surface quality and roughness of the cut surfaces deterio-
rate as the cutting depth increases.

* Mean surface roughness values (Ra) of brass material cut
by AWIJ are approximately around 2.65 and 3.475 pum.

e During AWJ cutting process, cutting front geometry is
formed by deviation from the ideal geometry because of
energy losses of the jet.

¢ Cutting front geometry caused by energy losses of jet and
surface roughness of AWJ cut surfaces can be represented
by a second-order parabolic function.
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Table 5 Hardness variations of brass materials after
and before cutting by AWJ

Hardness Brass-353
Base material 115.20 HV
Cut surface 118.50 HV
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