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Abstract. The paper discusses findings presenting the effect of traverse speed
on the surface quality, obtained due to the procedure of processing with the use
of abrasive waterjet (AWJ). The analyses of surface deviations were carried out
for the samples of three different materials, i.e. steel S235JR, aluminium alloy
PA6 and PEWUHD 1000, applied to sample cuttings within the range of traverse
speeds from 25% up to 200% by using a 25% gradient. The traverse speed cor-
responding to 100% was factory-defined for each tested material. Barton garnet
was used as an abrasive material; mesh 80. The study was conducted with the
maintenance of constant water jet pressure and the abrasive mass flow rate of
350 MPa and 148 g/min, respectively. According to the guidelines of EN ISO
9013:2017-04 standard, the analysis of two parameters characterizing a cutting-
site groove shapewasmade, namely thickness diminution (�a) and deviation from
perpendicularity or inclination (u). Hence, surface deviation values were found in
terms of macrogeometry. Based on the conducted studies, the effect of the AWJ
processing speed values on the geometry of a produced groove was defined and
depicted as a trendline. Also, we have drawn conclusions on the possibilities to
find an optimum machining speed for a given material, which would enable us to
obtain the most favourable final geometry. The authors are therefore convinced
that it is possible to obtain favourable surface finish of semi-products after the
AWJ machining.
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1 Introduction

Before further processing, themajority ofmaterials need to be prepared. Very frequently,
they need to undergo cutting. At the contemporary stage of technological development,
materials can be applied to cutting by using a variety of machines. In the practice, the
cutting can produce waste (using a turning lathe; frame-, disk-, band- or abrasive cutters,
oxygen and plasma ones) or be waste-free (using scissors or impact-related). Apart from
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the above mentioned commonly used methods of cutting, there are plenty of other meth-
ods considered as unconventional, which have been more and more popular in industrial
plants. This is the case especially in the war, aircraft and electronic industries when it
comes to the manufacture of press tools, templates, mold cavities or dams, where special
almost unprocessable materials, products made of special ceramics and composites are
used [1–3]. This principle also refers to elements of inconsiderable dimensions, of small
roughness, as well as products of demanding properties as to their superficial layer.

Main unconventional methods of material cutting include the following: abrasive
waterjet (AWJ) machining, cutting with a string armoured with an abradant, laser
processing, anode-mechanical cutting, and electroerosive machining (cutting out).

2 Abrasive Waterjet (AWJ) Machining

Waterjet was first used as a tool in ore mining in 1940. The advantages of waterjet lead
to the development of this technology and an increase in its use in industrial practice.
On one hand, it allows shaping very soft materials (rubber, fiber composite materials,
foam materials, cellulose mass etc.), on the other – very hard ones [4] (steel, metals and
non-iron alloys, alloys, ceramics, glass, titan).

The rule of developing jet consists in using water to speed up abrasive grains (most
frequently garnet).

After being mixed with water in a mixing chamber and formed in a so-called mixing
tube, the abradant forms a water-abradant jet of a specific diameter [5] capable of cutting
hardest materials [6]. The phenomenon of the so-called ejector abradant suction is taking
place. A very big velocity of water under big pressure causes the underpressure below
the nozzle of the mixing tube [7]. This results in an automatic suction of the abradant to
the chamber, where it is mixed with water. The water-abradant mixture is then formed
in the mixing tube and directed into the machining site. An important benefit of AWJ
machining is little effect of strains on the element that is being machined. It gives
enormous possibilities of manufacturing parts whose well-thickness is of about 0.5 mm
with no concerns that these could break. An extremely positive phenomenon is the fact
that it is the force of the jet itself that acts on the machined material, suppressing it to
the grid. Special plastic pads which protect the part that is being cut out against falling
on the bottom of the bath may be used while cutting out very small elements.

In the literature on the subject matter, an effect of AWJ machining on surface rough-
ness [8–10] has been investigated, especially with reference to the machining velocity
[11]. Spatial parameters connected with surface topography [12] have been used in the
roughness assessment. The analysis is being carried out also with regard to emerging
vibrations [13] and the re-usage of the material [14]. Taking into consideration vary-
ing reliability and comparability of the measurements’ results [15], different metrology
techniques, both contact and contactless [16], can be used to analyze surface roughness
on the microscale. Given that, it seems very interesting and justifiable to make an app-
roach aimed at predicting surface quality obtained as a result of AWJ machining while
particular process parameters are taken into account [17].

There are fewer publications in the literature on changes in the geometry on the
macroscale [18]. Defining the effect of machine cutting speed on surface macrogeom-
etry was therefore the major motivational factor of the conducted studies. The AWJ is
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known as a machining method utilizable for the cutting of almost all types of materials
without taking risk of any thermal deformations [9]. However, having made a litera-
ture review we failed to find any comparative studies on the effect of machine cutting
speed on surface macrogeometry in the case of materials considerably distinct as to their
physicochemical properties. Our article also provides readers with a valuable knowledge
from the field of technological process development depending on a processed material,
with a simultaneous production of satisfactory surface macrogeometry.

Various metrology techniques may be used for macroscale measurements. Most
frequent are optical measurements which use optical scanners, measurement micro-
scopes, and recently also computed tomography (CT) [19]. In our preliminary work, we
attempted to use optical scanning techniques, taking into account their usefulness on
both macro- and meso-scales [20, 21].

3 Materials and Methods

ATMS Water Jet TK-1010-FA machine has been chosen for the experiment. It is a
three-section workstation: big pressure section, the system of mechanic head movement,
and the system of programming and steering of the machine. From the point of view
regarding the cutting process accuracy aspects, its mechanic part plays a pivotal role. Its
construction consists in an open boom system mounted on a stationary basis, on which
the moving of perpendicularly situated beams against one another takes place. Next,
an axis of each beam corresponds to the Cartesian system axis, using the right hand
rule. A digital drive coupled with a ball screw enables repositioning in a given axis. The
sole reposition, however, occurs on the profiled linear slide bearings. This section of the
station is presented in Fig. 1.

Fig. 1. Extension arm system used to move the cutting head [22].

A cutting head installed on the test machine is an IDE head. The head construction
enables a manual change of the tilt angle against the plane of the machined material (in
the ‘Z’ and ‘X’ planes of the machine). The machine used in the experimental work is
designed to cut diverse materials. Therefore, three different material samples of the same
height were used in our study. Material blocks of the following dimensions were used
in our experiment: length 400 mm, width 150 mm and height 35 mm. The samples were
preliminarily prepared by means of the chip cutting method using milling. Materials for
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the samples were as follows: S235JR (St3S) Steel, PA 6 aluminium alloy and PEWUHD
1000 polyethylene.

To the best of our knowledge, in order to make an in-depth analysis of the feed rate
effect on cutting quality, for each studied sample we have decided to perform seven test
cuts within the range from 25% up to 200%, with increments every 25%. The baseline
speed (100%) was defined in factory for each of the materials as the content of abrasive,
due to the optimization of the cutting process. The parameter subjected to change was
the feed rate. For each of the speed rates the abrasive flow rate remained unchanged at
148 g/min. The constant process parameters are shown in Table 1.

Table 1. Constant parameters and their values.

Constant
parameters

Water jet
pressure [MPa]

Abrasive mass
flow rate [g/min]

Focusing tube
diameter [mm]

Standoff [mm] Abrasive type/

Abrasive size

Value 350 148 1,2 3 Barton Garnet/

80 mesh

The appearance of samples after the cutting is shown in the following figures: steel
S235JR (Fig. 2), aluminium alloy PA6 (Fig. 3), PE WUHD 1000 (Fig. 4).

Fig. 2. Sample S235JR.

Fig. 3. Sample PA6.

Fig. 4. Sample PE WUHD 1000.

To evaluate the quality of shaping by cutting, including abrasive waterjet cutting,
the following standard is used: EN ISO 9013: 2017-04 Thermal cutting - Classification
of thermal cuts - Geometrical product specification and quality tolerances. In order to
unequivocally assess the results of the conducted research, methodology included in this
standard was used, and in accordance with its content results were determined.
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According to the scheme of the carried out research on the groove shape in the case
of perpendicular cutting for AWJ machining, characteristic values are the following
quantities (Fig. 5):

• Δa - thickness diminution; 
• u - deviation from perpendicularity or inclination.

Fig. 5. Thickness diminution and deviation from perpendicularity or inclination (vertical cutting)
[23].

Based on these characteristic values, the analysis of the cutting head feed rate effect
on the groove geometry was carried out. The measurements were made on the sta-
tion equipped with Stemi 508 microscope coupled with a digital camera and dedicated
software. Methodology of the analysis was shown in Fig. 6.

Fig. 6. The methodology of sample analysis and values corresponding to the speed at the level
of 25% of the assumed speed.
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4 Results and Discussion

On the basis of the performed analyses, the results were obtained, which are shown below
in a tabular and graphic form in order to highlight the trend of changes during changes
of the traverse speed for the tested material. The values �a are presented separately for
the top and bottom part of the sample.

For the sample made of S235JRmaterial measurement results (Table 1) and the trend
of the deviation of the cut profile walls from the plumb line (Fig. 7) and the edge loss
on the input and output of the jet (Fig. 8) are as follows:

Fig. 7. Analysis results for the steel S235JR – parameter u.

Fig. 8. Analysis results for the steel S235JR – parameter �a.
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For the sample made of PA6 measurement results (Table 2) and the trend of the
deviation of the cut profile walls from the plumb line (Fig. 9) and edge loss on the input
and output of the jet (Fig. 10) are as follows:

Table 2. Analysis results for the sample made of steel S235JR.

Sample No. Speed
[mm/min]

Speed [%] �a [mm] u [mm]

Top Bottom

1 5,8 25 0,59 0,53 0,04

2 11,5 50 0,44 0,46 0,11

3 17,3 75 0,54 0,54 0

4 23 100 0,4 0,47 0

5 28,8 125 0,34 0,37 0,13

6 34,5 150 0,41 0,52 0,14

7 46 200 0,4 0,31 0,16

Fig. 9. Analysis results for aluminium alloy PA6 – parameter u.
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Fig. 10. Analysis results for aluminium alloy PA6 – parameter �a.

For the sample made of PE WUHD 1000 material measurement results (Table 3)
and the trend of the deviation of the cut profile walls from the plumb line (Fig. 11) and
edge loss on the input and output of the jet (Fig. 12) are as follows (Table 4):

Table 3. Analysis results for the sample made of aluminium alloy PA6.

Sample No. Speed
[mm/min]

Speed [%] �a [mm] u [mm]

Top Bottom

1 16,3 25 0,49 0,38 0,11

2 32,5 50 0,56 0,6 0

3 48,8 75 0,6 0,55 0

4 65 100 0,52 0,5 0

5 81,3 125 0,42 0,52 0

6 97,5 150 0,51 0,51 0,15

7 130 200 0,62 0,61 0,8
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Fig. 11. Analysis results for polypropylene PE WUHD 1000 – parameter u.

Fig. 12. Analysis results for polypropylene PE WUHD 1000 – parameter �a.

Table 4. Analysis results for the sample made of polypropylene PE WUHD 1000.

Sample No. Speed
[mm/min]

Speed [%] �a [mm] u [mm]

Top Bottom

1 27,3 25 0,6 0,6 0

2 54,5 50 0,59 0,55 0

3 81,8 75 0,61 0,44 0,08

4 109 100 0,66 0,66 0

5 136,3 125 0,86 0,52 0,07

6 163,5 150 0,69 0,60 0

7 218 200 0,59 0,55 0,12
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Data analysis made on the basis of a series of test cuttings gives a preview of the trend
occurring alongwith increasing theworking feed rate during theAWJ cutting. Collecting
(Fig. 13) the carried out analyses for each of the tested materials on one chart, clearly
demonstrates that along with a growing cutting rate, the deviation of the cut material
wall perpendicularity in relation to the axis of the abrasive waterjet increases, referred
to as parameter u. The clear fact should be also taken into account that at low traverse
speeds a similar phenomenon takes place, too. However, it is of decreasing nature along
with growing speed, until the optimum speed for a particular workpiece is reached.
After crossing this optimum speed, the geometry of the groove deteriorates in relation
to the axis of abrasive waterjet. For materials of a higher density this course is more
easily visible and unequivocal. Comparing the obtained results one should expect that
such a scheme will be duplicated for other materials available for the AWJ treatment,
while bearing in mind that in an analogous manner it will reflect the working feed rate
parameter with respect to the mechanical properties of workpiece.

Fig. 13. The results of analyses for all the materials – parameter u.

Performed tests with regard to the deformation and loss of material at the edges of the
grooves from the input and output of the jet also demonstrate a relationship between the
influence of the working feed rate and the deformation for a particular type of material
(Fig. 14), but it is no longer so evident as in the case of the perpendicularity of the walls
with respect to the axis of the jet. However, it can be observed that for this parameter
(�a) there is also such a traverse speed, at which the loss of the edge of material or
deformation reach the minimum values. Analysing the two parameters, a relationship
between the deviation from the axis of the cut material wall, and the loss or deformation
of the cut material’s edge can be easily seen. Namely, for the two measured parameters
there is such a speed for which the deviation is the smallest. Furthermore, this speed for
both the parameters is present within the same range, making it the optimum speed in
the AWJ machining process for a given material. Due to a continuous development of
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the technology described here, it should be presumed that the greater the pressure the
increase of machining speed for workpiece material will be possible, while maintaining
or even increasing current accuracy values.

Fig. 14. The results of analyses for all the materials – parameter �a.

5 Conclusions

Abrasive jet machining is getting more and more popular mean of cutting various mate-
rials. For the macro-scale evaluation of geometry in the post-cutting section and for the
review of superficial sites of unevenness (inmicro-scale), a variety ofmeasuring devices,
operating based on contact or contactless methods, can be used. The studies presented
in this article demonstrate our view on the possibilities of using this specific machining
in industrial applications and also for atypical materials.

Our study indicates, among others, that it is possible to determine an optimum range
of the traverse speed, at which the final geometry of a processed material would be
the best. In the case of steel the minimum values of deviations for the “u” parameter
exist at the speed of approximately 20 min/min. A similar tendency is manifested by
“�a” parameter, for which the minimum deviations can be observed within the speed
range of 20–30 mm/min. Steel presents greater �a deviations at smaller speeds, and
smaller �a deviations at greater speeds. In the case of aluminium the scope of speeds
at which the “u” parameter deviations are the smallest, is broader than in the case of
steel, and equals from 35 up to 80 mm/min. Also, the effect of speed on “�a” parameter
changes, where smaller deviations are found at lower speeds, while greater deviations
are observed at higher speeds. Optimum values of the speed for “�a” parameter are
within the range of 65–80 mm/min, at the same time being equivalent to the speed
values at which it is feasible to achieve the smallest deviations of the “u” parameter.
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Bearing in mind the polypropylene (PP), it is possible to determine several values of
the speed, at which the “u” parameter deviations are the smallest, their values being
50, 110 and 160 mm/min, respectively. In the case of the PP the effect of speed on
the change of values of “�a” parameter deviations is the weakest compared to the
remaining materials discussed. Having analysed accumulative plots, in comparison with
steel, it was perceivable that the processing of aluminium and PP could be carried out at
greater speeds with the maintenance of the optimum value of “u” and “�a” parameters.
Importantly, the “u” parameter value dramatically increased as soon as the speed of
100 mm/min was exceeded. The greatest values of “�a” deviations were achieved for
the PP, while the smallest for steel.

Due to the irreplaceability of the process and its numerous advantages, the method
will be used with growing interest in the procedures of cutting. Another reason for
its greater and greater popularity is the fact that the material-based technology expe-
riences an increasing development towards composite materials, which easily undergo
the abrasive jet machining nowadays.
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