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Abstract

This study examines the options available in the unconventional process of abrasive waterjet cutting for making
thermomechanical test samples. A series of experiments was carried out to identify the impact of individual cutting
parameters on machined surface integrity. When using abrasive waterjet cutting, most engineering companies only adjust
the jet pressure, the stand-off distance, the feed rate and, to a limited extent, the type and amount of abrasive in order to
meet customer requirements and the requirements of the workpiece material. Special technologies entitled ProgressJet,
MFC (Material Feed Control) and DRC (Dynamic Radius Correction) were experimentally tested in this study. Cutting
time without traversing, the average cutting speed, abrasive consumption and the roughness and topography of specimen
surfaces were measured. This study of integrity of surfaces produced by abrasive waterjet cutting (AWJ) contributes to
evaluation of performance of individual cutting optimization technologies.

Keywords: unconventional technologies; abrasive waterjet cutting; AWJ; surface integrity
1. Introduction

In order to make high-quality test bars from high-strength metal sheet, a new procedure that could deliver the desired
quality and effectiveness had to be developed and put in place. Materials of this kind are characterized by high hardness,
strength, and toughness. For this reason, making specimens of these materials by classical chip cutting is difficult and
costly. Therefore, it was necessary to design and test a new production process and its effect on the resulting surface
integrity.

Generally, an appropriate cutting process must be chosen for each application. There are four primary options: oxy-
fuel cutting, laser cutting, waterjet technologies and plasma-arc cutting [10]. In this particular case, the purpose was to
make specimens for thermomechanical testing. This requirement dictates the quality specifications for samples. The
samples were to be used for making optimized test specimens (Fig. 1) for thermomechanical treatment [8], [11], [13] in
a thermomechanical simulator [7], [14]. The crucial part of such specimens is the central region (its width and length are
8.2 mm and 11 mm, respectively). This is where the thermomechanical treatment is actually applied. These specimens
are made of sheet metal stock of 6-14 mm thickness. No slag is permissible on the bottom side.
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During production, specimens for thermomechanical treatment must not be affected by heat because their properties are
also measured at room temperature. This is the reason why all high-temperature cutting processes [2],[9] were ruled out,
i.e. those which impose severe heat effects on the cut area. According to literature [1],[4],[5],[6], abrasive waterjet cutting
appears to be the best method. All other methods involve heat effects.

%0°

4ot

103

4x@8

37

O

A
N
10

Fig. 1. Specimen drawing

Abrasive waterjet is suitable for cutting all metals, glass, stones, composite material and others. The workpieces may
range from a very small thickness to 300 mm (or more in some cases). Cuts of the highest precision can be made with the
aid of a taper compensation function in materials of up to approximately 50 (100) mm thickness. Rough cuts, however,
can be made in materials much thicker than 100 mm [3]. The process performs well with steels of reasonable thickness
and produces smooth and extremely precise cuts. In terms of precision, abrasive waterjet cutting can even outperform
laser cutting, as it produces smoother edges free from thermal distortion. Waterjet cutting is not limited by thickness,
unlike laser or plasma technologies. One disadvantage of waterjet cutting, however, is high costs. The costs of the machine
are higher those of plasma equipment (due to an expensive high-pressure pump) but lower than those of laser equipment.
The operating costs of waterjet cutting are much higher than those of laser cutting, mainly due to the price of abrasive

[1].
2. Cutting optimization technologies

Tests were carried out using the WJ2830-2Z-Cobra-PJ60° machine from the company PTV, spol. s r.o. This
manufacturer has developed and implemented technologies for higher speed, better precision and lower production costs,
entitled Progresslet, MFC (Material Feed Control) and DRC (Dynamic Radius Correction). The purpose of these
experiments was to assess the performance of these technologies with respect to cut surface quality and dimensional
accuracy.

2.1 ProgressJet

This technology’s mechanical system can eliminate process related errors on the cut surface caused by the abrasive jet
stream and by its physical effects. It compensates for taper (draft angle) — i.e. the offset of the bottom edge with respect
to the top edge. With ordinary workpiece materials (structural steel, stainless steel, aluminium alloys, titanium, brass,
copper) the ProgressJet function can successfully compensate for a draft angle of +/- 0,05 mm (in thicknesses under 50
mm). With other materials, the basic set-up of ProgressJet may not eliminate the taper correctly. If the taper correction
fails in any material, the set value should be adjusted in the “Custom Settings” dialogue box. [12]
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2.2 Material Feed Control - MFC

This function compensates for the cutting speed increase or decrease in order to prevent kickback, taper, striation
marks and other effects. This algorithm is still under development but it performs relatively well already. Essentially, the
movement speed ramps up until the width of the jet stream at the top and bottom equalizes. The resultant speed is
maintained along a tool path — which is related to the workpiece thickness — and then slowly increases. As the jet stream
approaches a curve or the tool path end, its movement slows down along the same ramp, after which the reduced speed
is maintained until the jet stream tail catches up. The speed settings for cutting individual features are based on the
predicted behaviour of the jet stream tail which lags behind the jet stream entry point. The objective is to keep the deviation
of the jet stream from the cutting path within specified limits. [12]

2.3 Dynamic Radius Correction — DRC

This is another compensation method intended to improve the cut quality. During cutting, the jet stream tail becomes
narrower and lags behind the entry point and even the top kerf width changes. The system attempts to compensate for this
kerf width change based on earlier tests. The jet stream diameter correction is set by the user on the basis of a test cut in
which the “maximum diameter” is determined. During cutting, the system subtracts the estimated diameter change from
this maximum value. This function is now implemented in a trial mode and it will continue to be upgraded. Current results
show that it is more effective in thinner materials in which the difference between the widest and narrowest kerf is largest
[12].

3. Experiments

A series of experiments was carried out to identify the impact of individual cutting parameters on surface integrity.
When using abrasive waterjet cutting, most engineering companies only adjust the jet pressure, the stand-off distance, the
feed rate and, to a limited extent, the type and amount of abrasive in order to meet customer requirements and the
requirements of the workpiece material. For these reasons, special technologies for cutting optimization (as described in
section 2) were tested experimentally. A comparison was made with a specimen which had been cut using a micro nozzle
with a finer abrasive (specimen no. 7). The impact of a 50% reduction of the Q5 quality-based feed rate was studied as
well (specimen no. 6).

The cutting parameters were varied, as shown in Table 1. The arrangement for all specimens was as follows:

Specimen Quality-based
number feed

Q5 X
Q5 X
Q5 X
Q5 X X X
Q5
half of Q5 set
value

Q5 with mesh
200 abrasive

8 Q5 X X

ProgressJet MFC DRC

o |l lwWIN]|F

~

Table 1. Experimental cutting set-up

Test arrangement:
e PTV JETS 3.8/60-COMPACT high pressure pump (max. operating pressure 415 MPa, max. flow 3.8 I/min)

e X-Y cutting table PTV WJ2830-2Z (working space of 30002000 mm)
e  Continuously variable cutting speed 0-20 m/min

Experimental conditions:
e  Operating pressure [MPa]: 415

e  Abrasive type: Indian garnet

e Abrasive particle size [mesh size]: 80, except for specimen 7, where it was 200
e Mass flow of abrasive — [g/min]: 300, except for specimen 7, where it was 50
e  Water nozzle diameter: 0.33 mm, except for specimen 7, where it was 0.1
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e  Abrasive nozzle diameter: 0.91 mm, except for specimen 7, where it was 0.50
e  Stand-off distance (between the jewel and the workpiece) [mm]: 4

Workpiece material:
e S235JR

e  Thickness [mm]: 10

No generally applicable standards for evaluating the topography of surfaces made by AWJ cutting have been
developed or implemented yet. Nevertheless, a classification scale for cut surface quality has been around of quite a few
years. Its range is from Q1, the poorest quality, to Q5, the best surface finish. Although the users of AWJ generally follow
this classification, there are differences between their assigned grades. The main reason is that this classification scale
lacks definitions of surface accuracy and quality for its individual grades.

3.1 Measured values

Surfaces created by AWJ differ in qualitative terms from those produced by conventional methods. Their topography
is rougher and more ragged. Their quality usually decreases with the distance from the point where the jet stream enters
the workpiece. Some deficiencies are visible to the naked eye (burrs, striations) but others must be identified using special
instruments (unfavourable roughness, dimensional accuracy and perpendicularity). As the requirements for the cut quality
differ from product to product, defects should be assessed on a case-by-case basis. The function and the quality of the
part, however, must be ensured.

The characteristics under investigation included the cutting time without traversing, the average cutting speed,
abrasive consumption and the roughness and topography of the cut surface. Roughness was measured near the top edge
and near the bottom edge, in each case on three cross sections. Surface roughness and topography were evaluated using
the IFM G4 scanning optical microscope. The readings are listed in Table 2. For the sake of clarity, the data were averaged
and only suitable type representatives were chosen. They are plotted as percent values in Graph 1 where the poorest result
is represented as 100%.

Fig. 2. Detail of cut specimen 1(ProgressJet)

Fig. 3. Topography of cut specimen 1(ProgressJet)
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Fig. 4. Topography of cut specimen 2(MFC)

Specimen number 1 2 3 4 5 6 7 2
Cutting time [s] 108| 243 107 170 107 206 BOE 243
lBverage cutting speed  [mm,/min 87| 41 85| 57 88 48 11] 41
lAbrasive consumption  [[g] 54 6| 1220 541 859 541 1039 738 1220
Ra [um] 5.5 5.4 5.5 5.4 5.1 5.6 5.1 5.5
o Ra [um] 0.1 0.5 0.4 0.5 0.1 0.6 0.2| 0.5
Rt [prn] 53.1 60.1| 115.04 57 .4 48.2 451 31.2| 517

Top edge
o Rt [um] 9.5 10.0¢ 59.0) 5.5 1.4 10.9 4.5 3.5
2 Rz [um] 39.9 43.0) 56.9 43.8 35.7 40.5 23.4 40.2
_E o Rz [um] 2.4 1.4 105 1.3 6.4 B.5| 7.5 2.0
g Ra [um] 6.9 9.0} 7.1 g5 10.5 5.6 3.1 10.3
e o Ra [um] 0.3 0.2 0.4 0.2 0.2 0.4 0.1 0.5
Rt [lum] 49 4 71.4 55.5 785 81.3 57.0 252 515
Bottom edge

o Rt [pum] 2.5 4.5 3.7 5.5 4.1 11.8 0.7 5.3
Rz [lm] 42.0) 53.0) 45.0 585 62.0 42.2 204 59.5
o Rz [um] 1.5 11.4 2.5 5.0/ 7.1 3.5 2.5 147
£ = O |Topedge  [mm] g1o5 EB193] Bo02]  B.118 7.923) 8.097 8144 8018
_E _E g Centre [rmim)] B.220) B.345 B.138 B.140 3.090 3.194 B.1BDY B.162|
2 ¥ 2 |Bottom edge [[mm] g.182 8434 8258  E.128 8.170 8.260 8197 8.221

Table 2. Measured values
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Measured values
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Graph 1. Graphical representation of measured values

The best roughness was obtained with a micro nozzle and fine abrasive (specimen 7): the difference between the width
on the top and bottom faces was 0.05 mm. This was an excellent outcome, given that no cutting optimization technology
had been employed. The use of the micro nozzle led to the longest cutting time and therefore the highest price. The
smallest difference between the width on the top and bottom faces (the smallest taper) was achieved with the ProgressJet
technology (specimens 1 and 4): 0.01 mm. An interesting observation is that the centre of the specimen was approximately
0.02 mm higher. This was confirmed by documenting the surface topography (Fig. 3). Specimen 1 which was made with
no other optimization technology but ProgressJet contained a prominent notch of approx. 0.3 mm near the R0.5 radius
(see Fig. 1 and Fig. 2) which was probably caused by machine oscillation during dynamic tilting (using factoryset dynamic
parameters, which will be varied in further experiments). Such a notch is unacceptable in thermomechanical test
specimens. In specimen 4 made with the use of Progresslet, MFC and DRC, the notch was less prominent (approx.
0.1 mm). The width of specimen 2 made with MFC was nonuniform due to this technology, and the variation was approx.
0.13 mm. It is because this technology slows down the feed rate before curves and directional changes (in this case, ahead
of R0.5 as shown in Fig. 1) and speeds up again after them. When DRC is activated together with MFC (specimen 8), this
behaviour is eliminated. The effects of this behaviour on surface topography are shown in Fig. 4. Specimen 5 (Fig. 5),
which was made with Q5 quality-based feed rate and without any cutting optimization technologies, exhibited one of the
largest taper values (0.247 mm). Specimen 6, which was made without any cutting optimization technologies and with
the use of only 50% feed rate of the Q5 setting, exhibited 34% less taper than specimen 5 which was also made without
any cutting optimization technologies. The use of DRC (specimen 3) does not substantially change the cutting time,
surface quality or taper, when compared to cutting without cutting optimization technologies.

From engineering and economic viewpoints, the production of specimens for thermomechanical testing is best
performed without cutting optimization technologies because the taper on specimen surfaces is to no detriment here.

4. Conclusion

Because many paths lead to a goal, each product can be manufactured in different ways. In the production of test
samples from high-strength sheets, the aim was to produce the product in a manner that fulfills not only all the essentials
of the drawing documentation, but will also be produced by the cheapest and fastest process. Another aim was to
determine the influence of individual cutting parameters on the resulting surface integrity, resulting cutting time and the
amount of abrasive consumed.

The surfaces created by AWJ machining have a specific texture (see Figs. 2 to 5). Their topography is rougher and
more ragged. Their quality usually decreases with the distance from the point where the jet stream enters the workpiece.
This study of integrity of surfaces produced by abrasive waterjet cutting (AWJ) contributes to performance evaluation of
individual cutting optimization technologies. The smallest difference between the width on the top and bottom faces
(smallest taper) was achieved with the ProgressJet technology (specimens 1 and 4), where the difference was 0.01 mm.
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Specimen 1, which was made with the ProgressJet technology, contains a prominent notch of approx. 0.3 mm near R0.5
radius (Figs. 1 and 2) which was most probably caused by the ProgressJet technology itself. Such a notch is unacceptable
in thermomechanical test specimens. In specimen 4 made with ProgressJet, MFC and DRC technologies, the notch was
less prominent (approx. 0.1 mm). From engineering and economic viewpoints, the production of specimens for
thermomechanical testing is best performed without cutting optimization technologies because the taper on specimen
surfaces is to no detriment here.

In the future, we will focus on optimizing the technological cutting conditions, especially the influence of the type of
abrasive, the amount of abrasive material, and their effect on surface integrity.
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