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Abstract

Cutting with high speed water jet is believed to be a cold technology in the domain of contour cutting. Water jet
technology is efficient and flexible, thus it lately became widespread in the fields of applications in which temperature
of the water jet and the absence of embedded grains when using abrasive is of primary importance. Because a part of
the kinetic energy of water jet is transformed into heat during the cutting process, it turns out that some materials with
rather low melting point exhibit partial melting in the cutting zone. The quality of cutting is therefore poor, since the
melted material is hardened at the bottom of the cut and forms large burr. It is expected, that by cooling the high
pressure waterjet this issues can be overcome.

In this work the influence of the water temperature, pressure and the cutting speed on the quality of cut of three
different polymer materials is investigated. Polymer materials were chosen since they exhibit different low melting
temperature. A comprehensive plan of experiments and measurements of the efficiency and quality of cut with respect
to burr was implemented.

The results confirm the hypothesis concerning the quality of the cut, while the cutting efficiency is slightly lower
with the decreasing temperature of the water.
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1. Introduction

The water jet (WJ) cutting technology has its origin
in 1960’s. With respect to contemporary understanding
of the high speed WJ machining the first application of
the process was developed and documented in 1964 by
B.V. Voytsekhovskij and G. P. Chermenskij [1][2]. The
first significant application in industry dates back to
1972 where WJ was applied for cutting laminated paper
tubes [3].

WJ cutting is a non-conventional machining
process where the material removal is due to high
kinetic energy of the WJ. WJ exits the water nozzle at a
velocity faster than the speed of sound and erodes the
workpiece material at the area of the impact. Similar
process is an abrasive water jet (AWJ) machining
where abrasive particles are added in the high speed
WJ in order to substantially improve the process
efficiency. The efficiency of cutting is mainly defined by
the maximum depth of cut of particular workpiece
material. Despite reduction of the velocity of WJ due to
addition of abrasive grains the efficiency of cutting
increases because of sharp edges and hardness of the
grains. Commonly used abrasives are from garnet and
aluminium oxides. WJ and AWJ technology show good
potential to be used for micromachining purposes [4] [5]
[6].

Technology of WJ cutting is commonly applied in
several fields such as food industry, medicine and
leather processing. In named application fields the
introduction of abrasive grains is highly unwanted due
to workpiece contamination. To overcome this
deficiency many research efforts are put into replacing
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mineral abrasives with ice particles, which melt after the
cutting process is completed and don’t contaminate the
workpiece [7]-[9].

At WJ cutting process the water heats up due to
kinetic energy conversion into internal energy. Physical
mechanisms behind the conversion are attributed to
friction between high speed WJ with surrounding air
and deceleration of the WJ on the cutting front [8].

Processing of polymer materials with conventional
technologies is hindered due to forming of long chips
and lack of machinability data [10]. When processing
polymers with lower melting points higher amount of
burr occurs. Thus AWJ technology is often used for
cutting purposes since it is known for no heat affected
zone generation in the cutting front [11]. Despite the
advantages of the AWJ cutting of polymer materials
burr occurs and can be reduced with the application of
higher water pressure.

Up until now we could not find any research
publication related to investigation of burr occurrence as
a consequence of WJ temperature. Namely WJ
temperature in the cutting front increases high enough
that it is in the vicinity of polymer melting points which
can greatly influence the amount of burr. The contact
temperature mostly depends on pressure and the
temperature of the water entering the water nozzle. At
the contact the expected temperature at 200 MPa is
around 60°C and at 300 MPa around 80°C, when the
temperature of the water before the water nozzle is
around 27°C [8].

When dealing with polymer materials glass
transition and melting temperature are important
process parameters [12]. When heating the polymer
above the glass transition temperature its structure
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starts to change from crystalline to amorphous.
Modulus of elasticity decreases and the material is
more easily deformed. On the microscopic level
elevated temperature causes movement of the atoms in
polymer molecules. At lower temperatures movements
of the atoms are mainly in the form of vibrations which
propagate in confined space of crystalline structure. At
temperatures above glass transition the molecules have
enough energy that they can stretch and twist. At
temperatures above melting point the polymer
molecules can move translationally. Thus, temperature
has a great influence on mechanical properties of
polymer materials, e.g. yield strength and impact
strength [12].

When cutting polymer materials the temperature of
the WJ should have influence and it would be
favourable if it was pre-cooled. In this work we present
the investigation on the influence of the WJ temperature
on the efficiency and the quality of cut in three different
polymer materials.

2. Experimental setup

In order to perform the water temperature
measurements, a custom made 2-axis AWJ cutting
system was designed and assembled (Fig. 1). It is
equipped with a high pressure direct drive pump (P-
2040, Omax, USA), with maximal pressure up to 280
MPa and flow rate of 3.2 I/min.

The cutting head (Allfi, AT) was connected to the
high pressure pump using two high pressure pipe lines
controlled by two 3-way valves V2 and V3 and a check
valve V4, so that the water could be directed either
directly to the cutting head or through the heat
exchanger unit, positioned in between as shown in Fig.
1. A cooling compressor with 7.3 kW (Danfoss, Sl) of
cooling power was used to cool the cooling medium, a
glycol-water solution, down to -25 °C. Submerged in
this solution were high pressure pipes that were bent
into a coil. Temperature of the cooling medium was
regulated in order to achieve the desired temperature
before the cutting head. Pipes leading from the heat
exchanger to the cutting head were thermally insulated
using 20 mm thick insulating foam (Armaflex, Armacel,
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Fig. 1. Schematic representation of the experimental setup

2.1 Monitoring and control of temperatures and
pressures

In order to measure and regulate the temperatures
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of different parts of the high pressure water system, two
1.5 mm thick K-type class 1 thermocouples (TC) were
used. TCs were connected to a 24 bit USB-2416-4A0
data acquisition card (DAQ) (Measurement computing,
USA), with 16 differential channels for thermocouples
readings, all with cold junction compensation. The data
from DAQ were acquired and stored using a program
created in LabVIEW program package (National
Instruments, USA).

The temperature of the high speed waterjet nozzle
was measured before experiment in the catcher tank,
which was isolated. The thermocouple TP2 (Fig. 1) was
mounted inside the tank. The temperature depends on
the water flow through the valves V2 and V3 (Fig. 1).
The experiment was performed when the temperature
and pressure reached the desired value.

2.2 Plan of experiments

The influence of water temperature on process
efficiency and process quality was studied on three
polymer materials with significantly different melting
temperature (Table 1). All experiments were performed
at the pressure 200 MPa and cutting velocity (traverse
rate) 150 mm/min. The distance between the nozzle
and the workpiece (stand-off distance) was 2 mm. The
varying process parameters are given in Table 2 — all
possible parameter combinations were performed, thus
18 experiments were performed with different process
parameters. Each experiment was repeated five times.

Table 1. Melting temperatures of the materials used in
experiments

Material Tm (°C)

Polyethilene (PE) 135

Polypropilen (PP) 160

Polyethyleneterephthalate (PET) 255
Table 2. Plan of experiments

Parameter Value

Water temperature

before the water 27 0 -10

nozzle (°C)

Water nozzle 015 02 /

diameter (mm)

Material PE PP PET

To determine process efficiency and process
quality, the wedge shaped workpiece was cut as shown
in (Fig. 2).The process efficiency was quantified by the
maximum thickness of the cut h, whereas the quality of
the cut was quantified by the burr volume increment
which occurs on the bottom edge of the workpiece.

The purpose of choosing the wedge shaped
workpiece is in the constant increase of the wedge
thickness along the workpiece [13]. At particular cutting
trial the WJ is traveling in the direction of increasing
wedge thickness. At a certain distance the depth of the
wedge increases to the point, that the WJ cannot cut it
anymore. This depth characterises the cutting
efficiency.

Since three polymer materials with different
machinability were cut, the geometry of the wedge for a
particular polymer workpiece had to be designed
accordingly (Fig. 3). For the polymer with the highest
machinability (PP) the wedge angle 8 was the largest
(15°, wedge length 120 mm). For materials with lower



machinability (PE, PET) the wedge angle was set to 8°.
The wedge length for PE workpieces was set to 200
mm due to its higher machinability compared to PET
(wedge length 120 mm). The wedge lengths were
chosen based on the preliminary experiments.

2.2. Process quality

Burr on the bottom edge of the cut was used to
quantify the process quality. Burr consists of kind of
strings which are randomly orientated, thus the volume
was measured per length unit. Linear laser Keyence LJ-
G080, was used for the measurements with 0.05 mm
resolution in x axis and with the declared repeatability 1
um iin z axis. The movement in y axis was obtained by
the custom made table with step motor. The Matlab was
used for data acquisition and movement of the table.
Profile height was multiplied with traverse of the
measurement table in the x direction and the width of
profile in y direction.

The data acquisition step in y axis was 3 mm. The
relief of the burr was obtained by merging the acquired
data (Fig. 4).
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water jet

cutting
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Fig. 2. Process efficiency is measured by the thickness of
the cut h.
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Fig. 3. Wedges of three different materials and with
geometry suitable for a narrow range of process parameters

3. Results and discussion

The experimentation was rather difficult due to the
extreme conditions such as high pressures and low
temperatures. Some experiments were performed on
the edge of equipment capabilities leading to the data
discrepancy. Variation of the water temperature in
pipeline (see temperatures in Table 2) is definitely a
noise factor, but its influence can be neglected.
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Fig. 4. Burr relief measured by linear laser movement

The influence of temperature to the process
efficiency when using water nozzle with 0.15 mm
diameter is given in Fig. 5. One can notice the efficiency
is lower at lower water temperature. The same
conclusion can be drawn when water nozzle with 0.2
mm diameter is used (Fig. 6). Comparison of both
figures shows that higher process efficiency is achieved
by using the water nozzle of a greater diameter.
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Fig. 5. Process efficiency using water nozzle with diameter
0.15 mm
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Fig. 6. Process efficiency using water nozzle with diameter
0.2 mm

Better cutting quality is reached at lower water
temperatures (Fig. 7 in Fig. 8). Additionally, smaller the
nozzle diameter better the process quality.
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Fig. 7. Volume of the burr when using water nozzle with
diameter 0.15 mm

By cooling the water, the process efficiency of pure
waterjet cutting is reduced. Polymers are harder at low
temperatures thus more energy is needed for material
removal which causes lower process efficiency.
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Fig. 8. Volume of the burr when using water nozzle with
diameter 0.2 mm

The influence of water temperature is greater when
cutting thinner materials such as foils. This can be
noticed when cutting PET foil of 0.5 mm thickness (Fig.
9). The water temperature has greater influence on the
temperature on the cutting front when cutting thinner
materials since thinner materials have greater surface
to volume ratio.

PO o
a) Water temperature 24 °C  b) Water temperature -15 °C

Fig. 9. Material of the workpiece PET (a) cut with uncooled
water and (b) cut with cool water

4. Conclusions

From the results of experiments, the following
conclusions can be drawn:

1. Cooling the water before the nozzle significantly
reduces the efficiency of the process, but the
quality of the cut, measured by the volume of the
burr, increases.

2. Reducing the water nozzle diameter reduces the
volume of the burr therefore increases the quality
of the cut.

3. The water temperature has a greater influence
on process performances when cutting materials
with lower melting temperature.

Results shows that with further reduction of the
water nozzle diameter even better process quality could
be obtained. The process efficiency is reduced indeed,
but still a high cutting velocities can be reached when
cutting thin polymer foils. Further experimentation
supported by numerical simulations will open new
possibilities to use this technology for manufacturing of
microproducts.
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