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Abstract: Cutting using an abrasive water jet is a complex process involving several physical phenom-
ena. This research studies some of them, mostly the influence of selected variables on the measured
forces and vibrations. The traverse speed represents one of the key parameters when cutting using the
AWJ. In the presented research, a set of experiments was performed on twelve different metal samples,
while the force sensor measured the exerted forces and accelerometers measured the vibrations. Ten
different types of steel samples of the same dimensions were cut applying five different traverse
speeds. The data obtained during these measurements show that an increase in the traverse speed
leads to an increase in the measured forces and vibrations. An analogous experiment performed on
bronze and duralumin samples of the same dimensions, having applied higher speeds to compensate
for the difference in the material structure and properties, completes the presented data. The most
important results of the research are that exerted forces in the z-axis are higher than those in the
x-axis, whereas measured vibrations are higher in the x-axis. According to our research, the elemental
structure, especially the carbide formation, affects the measured forces and vibrations substantially.

Keywords: abrasive water jet; forces; vibrations; cutting; normal force; tangential force; traverse speed

1. Introduction

Although quite extensive research has been carried out to find the ways to use the AWJ
for other machining operations than cutting, such as milling [1], turning [2], piercing [3],
grinding [4] and polishing [5], cutting remains its most widely used application. The
main advantage of the AWJ machining is its ability to cut through almost each type of
material of any given thickness if the jet energy is sufficient. The AWJ machining has
been around for approximately 40 years, whereas no complex model enabling machining
outcome predictions for all types of materials is available. Both theoretical and regression
models have been published describing the behaviour of some specific groups of materials
and AWJ parameters. If we consider the publications devoted to the action of the abrasive
water jets, which deal with the action of jets on different types of materials (e.g., [6,7]), we
can distinguish two different groups of materials based on their properties and, therefore,
two basic types of cutting models. One type of model is focused on ductile materials,
namely aluminium, copper, or mild steel. One of the basic studies concerning this type of
material is presented in [6], where the authors researched the depth of the cut achieved
on ductile materials using the AWJ. The second type of model focuses on brittle materials,
namely ceramics, glass, or rocks. In publication [7], the authors aimed to develop a
model describing the depth of the cut in brittle materials. Various regression models can
provide more precise predictions compared to theoretical models, if the parameters used for
machining are similar to those used when creating the models. However, when different
parameters are applied, predictions gained from a regression model and experimental
results might start to differ substantially [8].

The models mentioned above allow users of the AWJ cutting to predict the outcome
before the process begins. Throughout the world, there are ongoing studies investigating
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the possibility of monitoring the process, while it is happening, to ensure that the result is
satisfactory. Due to the nature of the AWJ, irregularities in the jet flow, or inhomogeneities
of the used material, are not uncommon. Those may manifest themselves as imperfections
on cut materials. Monitoring the process is one of the fundamental setbacks of the research.
While other machine tools do not disrupt electronic or optical devices used for the process
monitoring, the AWJ does, because of the inevitable presence of water and abrasive particles
in the environment. That is why some less common monitoring methods are necessary. One
branch of research focuses on studying the vibrations of the cutting head used with the help
of accelerometers and tries to find ties with the quality of the machining process in relation
to the abrasive mass flow [9] and the traverse speed [10,11]. Similarly, some research
focuses on the vibrations of the cut material to monitor the cutting process [12], specifically
on determining the metrology and topography of the surface [13] or its roughness [14,15].
Other studies aim at researching the relation between vibrations and changing parameters
such as the abrasive mass flow rate or the traverse speed [16,17] or the capability of the
vibration measurement and analysis to indicate the wear progression of the focusing
tube [18]. Another work focuses on the vibrations of the focusing tube influencing the AWJ
cutting capability [19].

Different research branches aim toward the acoustic emissions measurement and
determining the machining quality based on those emissions [12]. However, due to the
amount of information contained within the signals from the acoustic emissions and
vibrations, more than 25 percent of the information may be interpreted incorrectly. Mikler
stated this in [20], mentioning at the same time that common signal descriptors such as
mean value, RMS, or standard deviation do not allow discovering over- or under- abrasion.

The problems mentioned in [20] arise from the dependence of the measuring results
on the proportions of the used machine, its stiffness and the size or shape of the machined
material. Therefore, some researchers focused on finding and monitoring parameters that
depend only on the cutting process. Most of these studies study the forces acting on the
machined material. The first study of forces exerted by the AWJ was published in 1989. It
was focused on the measured forces concerning the sapphire orifice diameter, the stand-off
distance, the abrasive flow rate and the abrasive size [21]. Throughout the years, the
measurement of the acting forces has been used to determine the different parameters. For
example, in publications [22,23], the authors study whether exerted forces allow the jet
diameter calculation for the pure water jet and the AWJ. Study [24] uses exerted forces to
investigate the pulsation of the water jet. Nevertheless, studies on the force of the AWJ
impact are very rare, because they need a special device for force measurements and the
results are quite difficult to interpret.

When talking about exerted forces, we recognize three components. Those components
denoted in the Cartesian system are forces in x-, y-, and z-axes. Force in the x-axis, called the
tangential force (TF), acts in the direction of the traversal speed. Force in the y-axis, called
the lateral force (LF), acts in the same plane perpendicularly to the tangential force. Force in
the z-axis, called the normal force (NF), usually acts in the direction of the flow of the water
jet and it is perpendicular to both the tangential and the lateral force. The tangential force
should coincide with the cutting force (CF). The lateral force values usually vary around
50–100 times lower than those of the tangential force [25]. The normal force corresponds
with the deformation force (DF). The directions of the exerted forces are sketched in Figure 1.

To measure all the mentioned forces, one must use a particular type of sensor, which
measures exerted forces separately for each axis. One specific version of such a force
sensor was designed at the VSB–Technical University of Ostrava in 2011 and patented one
year later [26]. From this year on, the sensor has been used for a variety of experiments,
including the measuring of the exerted forces during the AWJ cutting process. Moreover,
2019 marked the year in which the first reports about the measurements performed using
the sensor were presented. Since then, some articles about the results obtained using the
sensor, including articles discussing the influence of the material structure on the measured
forces [27] and articles researching the possibility of using the force measurement to find
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the cutting system malfunctions [28] and/or prediction of the machining quality [25],
were published.
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In the last decade, there has been a significant increase in interest in the use of an
abrasive water jet for the micromachining [29,30]. These applications are accompanied by
a number of technical difficulties that need to be resolved [31,32]. These problems result
in the new challenges that await scientists in this area [33,34]. One of the main problems
concerns the sucking of the abrasive material in the very fine fraction (typically, at least
MESH 200 and higher), because the abrasive material tends to clog the feed tubes. In order
to quickly identify the problems that can affect the quality of the product and the progress
of the machining process, it is good to develop the online monitoring and control for the
AWJ micro-machines operation. The advantage is that the workpieces are small in size, and
therefore it is possible to construct a support device for the workpieces, similar to the force
sensor mentioned in this article, which will allow continuous measurement of the forces
and possibly also the vibrations. This should help with the monitoring and control of the
machining progress so that it is as high-quality and economical as possible.

2. Materials and Experimental Setup

The abrasive water jet (AWJ) is generated in two ways. The field machines usually use
the so-called slurry jet. This is generated by pressurising of the mixture of water with the
abrasive material through the nozzle with the diameter of the millimetre order. The pumps
used for generation of this jet are often the direct driven plunger pumps with a rather
high flow rate but lower pressures (up to approximately 300 MPa). The machines located
in halls, the stable ones, operate usually with pumps multiplying the oil pressure up to
the high water-pressure by the piston area ratio (pressures are typically between 250 MPa
and 650 MPa). The high-pressure water flows through the water nozzle, often called the
orifice, due to its construction. The resulting water jet flows through the chamber, called
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the mixing chamber, with one or more side inlets for air and the abrasive material. The
negative pressure produced by the passing water jet causes a suction of air and abrasive
material being poured into the flowing air from the reservoir under its own weight. The
mixture of the water, air and abrasive material then flows through the focusing tube that
reduces the divergence of the resulting abrasive water jet to the acceptable value.

A series of experiments was performed, upon which this research is based on. The
aim of these experiments was to measure simultaneously the exerted forces and vibrations
during the AWJ cutting for multiple materials and for five different traverse speeds (TS).
The used materials are listed in Table 1.

Table 1. Properties of used materials selected from the material sheets summarized in lexicon [35].

Material Type Grade Density kg/m3 Hardness HB Max Yield Strength MPa

1.2379 Tool steel X153CrMoV12 7600 250 845

1.3343 High speed tool
steel HS6-5-2C 8200 255 850

1.4034 Stainless steel X46Cr13 7700 245 780
1.4404 Stainless steel X2CrNiMo17-12-2 8000 - 595
1.4541 Stainless steel X6CrNiTi18-10 7900 - 600
1.4713 Heat resisting steel X10CrAlSi7 7700 192 520
1.4762 Heat resisting steel X10CrAlSi25 7700 223 620
1.4828 Heat resisting steel X15CrNiSi20-12 7900 223 650
1.4845 Heat resisting steel X8CrNi25-21 7900 192 600
1.7225 Alloy special steel 42CrMo4 7850 - 1100
2.1176 Bronze alloy CuSn10Pb10 8900 65 180
3.2315 Aluminium alloy AlSi1MgMn 2700 83 295

The selected materials were machined to have the same dimensions: 90 × 90 × 20 mm.
A round 6 mm diameter hole was drilled into them. This hole was used to screw the holder
with the accelerometers to the sample for measuring its vibrations. Three 352C33 accelerom-
eters made by PCB Piezotronics (Depew, NY, USA) were used to measure vibrations in the
three axes of the Cartesian system. To measure forces in the identical axes, the patented
force sensor [26] was used. The sample was tightly attached to a metal plate that was then
inserted into the sensor frame. The used setup and axes can be seen in Figure 2.

Both the accelerometers and the force sensor were connected to the A/D transducer
PXIe-1071 (National Instruments, Austin, TX, USA). Using NI PXIe-4492 (National Instru-
ments, Austin, TX, USA) for the accelerometers and NI PXIe-6363 (National Instruments,
Austin, TX, USA) for the force sensor deformation elements, the signals were transferred to
the TravelMate P215-53 laptop (Acer, San Jose, CA, USA) using PXIe-8301 card (National
Instruments, Austin, TX, USA). All signals were recorded using the program Signal Express
from the National Instruments (Austin, TX, USA). Afterwards, the data were processed us-
ing the program LabVIEW (National Instruments, Austin, TX, USA) to receive the average
exerted forces and vibrations of the sample from each experiment. Traverse speeds (TS)
used during experiments are listed in Table 2.

The front panel of the program prepared in LabVIEW for processing of data is pre-
sented in Figure 3.
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Figure 3. Front panel of the LabVIEW program processing the measured data for steel 1.4034 for the
40 mm/min traverse speed.

Table 2. Traverse speeds used during experiments.

Used Material Used Traverse Speeds (mm/min)

1.2379, 1.3343, 1.4034, 1.4404, 1.4541, 1.4713,
1.4762, 1.4828, 1.4845, 1.7225 20, 40, 60, 80, 100

2.1176 30, 60, 90, 120, 150

3.2315 80, 120, 160, 200, 240

Later on, the traverse speeds are labelled as A, B, C, D, E, where A is the lowest speed
and E is the highest one, to allow comparison of these speeds for different materials in one
table that is more illustrative.
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Experiments were performed at the VSB—Technical University of Ostrava using high
pressure pump PTV 19/60 on the Flow HSQ 5X basis and the cutting table X-Y CNC
WJ1020-1Z-EKO. During all experiments, the identical experimental factors and settings
were used. Those are summarized in Table 3.

Table 3. Factors and settings applied in all experiments.

Variable Value

Pump pressure 380 MPa
Water nozzle diameter 0.25 mm
Focusing tube diameter 0.76 mm

Focusing tube length 76 mm
Abrasive mass flow rate 250 g/min

Abrasive material mean grain size (input) 0.250 mm
Abrasive material mean grain size in jet 1 0.024 mm

Abrasive material type Australian garnet (GMA80)
Stand-off distance 2 mm

1 Calculated from the initial factors and settings according to [36].

3. Results

The measured average forces and vibrations were saved and analysed in the program
Microsoft Excel. To make a full use of the measured data, the multiple theorems were put
to the test. The theorems are based on the theoretical descriptions prepared by Hlaváč [37]
and they use of the ratio of the pre-set traverse speed and the limit traverse speed for a
specific material and the respective AWJ settings.

Theorem 1. Exerted force in the x-axis is always lower than exerted force in the z-axis. Their ratio
is closely dependent on the traverse speed ratio.

In the previous works, a study of the relation between the ratio of the exerted forces
(traverse-to-normal force ratio—TNR) and the traverse speed ratio has been carried out.
In [25], an influence of the sample thickness on the relation was studied, while the study
presented in [27] was focused on the proof that the behaviour of the ratio is not dependent
on the metal composition, strength and density. This was achieved by using the material
with the identical elemental composition but different strength characteristics (due to the
different heat treatment). The contemporary research is focused on studying the effect of
different metal samples with the identical dimensions on the forces ratio regarding the
traverse speed ratio.

While other studies aimed at using the corresponding relative traverse speeds so that
the results are comparable, the different relative traverse speed is used for all the materials
in this research, so that universality of the theorem is reached.

The limit traverse speeds were calculated from equations derived and presented by
Hlaváč [37]. The resulting limit speeds were rounded up to tens of millimetres per second,
because the regularly used speeds during experiments are dividable by ten. Measured
results are listed in Table 4.

vPlim =

CA Sp π do

√
2ρj p3

j e−5ξ j L
(
1 − α2

e
)

8 H
(

pjρmα2
e e−2ξ j L + σmρj

)


2
3

− vPmin (1)

αe = 1−

√
2p3

j HVti

8√ρj σmam
(2)

Nomenclature (basic SI units where available):

vPlim the limit traverse speed;
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CA the coefficient modifying abrasive water jet performance according to the chang-
ing content of abrasive material below “saturation level” (above this level, the jet
performance increases no more and CA = 1);

SP ratio between the quantity of non-damaged grains (i.e., not containing defects) and
the total quantity of grains in the supplied abrasive material;

do diameter of the water nozzle (orifice);
ρj density of the abrasive jet (conversion to homogeneous liquid);
pj pressure obtained from Bernoulli’s equation for liquid with density and velocity of

the abrasive jet;
ξ j attenuation coefficient of the abrasive jet in the environment between the focusing

tube outlet and the material surface;
L stand-off distance (distance between exit of the focusing tube and material surface);
αe coefficient of the abrasive water jet velocity loss in the interaction with material

(experimentally determined);
H material thickness;
ρm density of material being machined;
σm strength of material being machined;
vPmin minimum limit traverse speed of cutting—correction for the traverse speed zero

(usually vPmin = an/60 is used, where an is the average abrasive particle size after
the mixing process inside the mixing head and focusing tube);

HV material hardness;
ti interaction time;
am mean size of particles (elements) of material—grains or their chips.

The detailed description of the theoretical base was published in [38].

Table 4. Limit traverse speed (LTS) and the traverse speed ratios for selected values of TS.

Material LTS (mm/min) TS A TS B TS C TS D TS E

1.4541 120 0.17 0.33 0.50 0.67 0.83
1.7225 110 0.18 0.36 0.55 0.73 0.91
2.1176 200 0.15 0.30 0.45 0.60 0.75
3.2315 360 0.22 0.33 0.44 0.56 0.67

Theorem 2. Elemental structure of steel affects exerted forces.

As mentioned in Theorem 1, the elemental structure of the sample affects the forces
that are exerted during the AWJ cutting. It has been studied in [39] that the declination
angle of the surface striations is dependent on the structure of the cut material. Certain
elements might help to harden the steel, thus increasing the exerted forces, while other
elements can reduce the hardening and make the steel more ductile. The elemental structure
of the used steel samples can be seen in Table 5, because a comparison of differentness of
the composition for bronze and duralumin is redundant.
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Table 5. Maximal elemental composition (mass percentage) selected for used steels from lexicon of
steels [35].

Material C Si Mn P S Cr Mo V Ni N Ti Al W

1.2379 1.60 0.40 0.45 0.030 0.030 12.0 0.80 1.10 - - - - -
1.3343 0.94 0.45 0.40 0.030 0.030 4.5 5.20 2.00 - - - - 6.70
1.4034 0.50 1.00 1.00 0.040 0.015 14.5 - - - - - - -
1.4404 0.03 1.00 2.00 0.045 0.015 18.5 2.50 - 13.0 0.11 - - -
1.4541 0.08 1.00 2.00 0.045 0.015 19.0 - - 12.0 - 0.70 - -
1.4713 0.12 1.00 1.00 0.040 0.015 8.0 - - - - - 1.00 -
1.4762 0.12 1.40 1.00 0.040 0.015 26.0 - - - - - 1.70 -
1.4828 0.20 2.50 2.00 0.045 0.015 21.0 - - 13.0 0.11 - - -
1.4845 0.10 1.50 2.00 0.045 0.015 26.0 - - 22.0 0.11 - - -
1.7225 0.45 0.40 0.90 0.035 0.035 1.2 0.30 - - - - - -

Theorem 3. The traverse speed and vibrations of the sample are closely connected. Vibrations
increase with increasing traverse speed. The same can be said about the traverse speed and ex-
erted forces.

When the AWJ cuts through the sample, its kinetic energy is transferred to the sample.
Lower speeds cause higher losses of the applied energy because only a fraction of the
jet actually hits the sample. Using higher speeds should result in higher values of the
measured vibrations and higher values of the exerted forces.

Theorem 4. Vibrations are dependent on the elemental composition of the used steel.

As with the forces, the measured vibrations should be influenced by the type of the
steel used for the sample, specifically by its elemental composition.

Theorem 5. Vibrations in the z-axis are lower than those in the x-axis.

While the exerted forces in the z-axis are higher than the ones in the x-axis, this theorem
claims that vibrations have the opposite behaviour. Due to the continuous effect of the
gravity, the vibrations in the z-axis are dampened, while those in the x-axis are amplified
by the flow fluctuation due to the curvature inside the kerf.

4. Discussion

Due to the nature of the performed experiments, there are many factors influencing
the results of the measured forces. Those factors are connected either to the samples, the
measuring devices or the environment, in which the experiments are carried out.

For the samples, those factors include the dimensions of the sample, the homogeneity
of the sample, the fixture of the sample and its position on the measuring device. For the
force sensor, it can be its hysteresis and stiffness. For the accelerometers, the accuracy of
their positioning in the axes is crucial; otherwise, the vibrations may be projected to two or
three axes without a definite ratio of their values.

Environmental factors might include the positioning and the weight of the elements
used to hold the force sensor in its position on the cutting table, the height of the water
level in the attenuating vessel, the type and quality of the grid used to hold the force sensor
and the positioning of the sensor on this grid.

These factors are hard to replicate if they are changed. For the performed experiments,
the factors remained identical, or if they changed, their change was insignificant. Therefore,
performing the repeated experiments might bring different results, but the qualitative
behaviour should remain the same.
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4.1. Discussion of Theorem 1

The authors of [25] already proposed and tested the theorem regarding the ratio of
the tangential to the normal force and the ratio of the used traverse speed to the limit
traverse speed. According to this theorem, the ratio of forces increases with increasing
the speed. When using thicker samples, the respective ratio can stay high and does not
decrease, whereas when thinner samples are used, the ratio decreases as the traverse speed
approaches the limit traverse speed. The results are presented in Figure. 6 in the cited
article [25].

When the traverse speed increases, more of the kinetic energy of the AWJ is transferred
to the cut material, resulting in the increase in the normal force. This also leads to an
increase in the tangential force, because of the lagging and the flow curvature that is
connected to it. When using thinner samples, the normal force can increase over the limit
seen in the thicker samples, resulting in a decrease in the TNR.

To test the theorem, four samples—steel 1.4541; steel 1.7225; bronze 2.1176; duralumin
3.2315—were selected. The values of the measured forces can be seen in Table 6, whereas
their ratio is presented in Table 7. Respective data are plotted on a graph in Figure 4 and
interleaved with a second order polynomial curve. The uncertainty of the measurement
was up to 5%.

It can be seen that the highest number of the measured values appears close to the
regression curve, which means that the results are fairly accurate. The measurement
performed on the duralumin has a higher uncertainty and, therefore, more experiments
should be performed in the future to figure out the cause.

Table 6. Forces in the x- and z-axes in relation to the selected materials and the traverse speeds.

Material Axis Force for
TS A (N)

Force for
TS B (N)

Force for
TS C (N)

Force for
TS D (N)

Force for
TS E (N)

1.4541
x 0.37 1.39 1.28 2.40 1.83
z 3.00 4.58 5.29 8.10 9.16

1.7225
x 1.51 1.98 4.19 4.37 3.86
z 2.54 2.31 4.71 5.88 5.43

2.1176
x 0.44 0.77 2.13 1.61 0.89
z 2.13 3.51 5.06 9.28 7.00

3.2315
x 0.17 0.61 3.61 1.30 3.50
z 2.26 3.92 5.99 0.14 9.37

Table 7. Ratio of x- and z-axes forces (TNR) in relation to selected materials and traverse speeds.

Material TNR Using
TS A

TNR Using
TS B

TNR Using
TS C

TNR Using
TS D

TNR Using
TS E

1.4541 0.12 0.30 0.24 0.30 0.20
1.7225 0.59 0.86 0.89 0.74 0.71
2.1176 0.21 0.22 0.46 0.34 0.13
3.2315 0.08 0.15 0.60 0.14 0.37

Proof of Theorem 1. Results presented in Table 7 and Figure 4 confirm that never during
the experiments was the average tangential force exerted higher than the respective normal
force. This behaviour of the ratios matches the behaviour predicted in Theorem 1 and in
the article [25].
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Figure 4. Ratio (Rx/z) of the x-axis forces to the z-axis forces in relation to the relative traverse speed.

4.2. Discussion of Theorem 2

The elemental composition of studied steels (see Table 5) indicates that the most
significant difference distinguishing the selected steels is their content of chromium. The
articles aimed at the wear of the cast iron with a high amount of chromium state that the
chromium increases the carbide formation [40,41]. The higher percentage of chromium
also increases the brittleness and abrasive resistance [42,43]. Opposite to it, the higher
amount of nickel increases the steel toughness and plasticity [44,45]. Because carbides are
made up of carbon and other metallic and semi-metallic elements, the amount of carbon in
steels needs to be also considered. Higher number of carbides usually strengthen the steel,
which means that higher force must be applied to successfully cut the sample. Another
reason why carbides increase forces is that carbides are often harder than the used abrasive
material and the whole grain of carbide must be removed during impact. Therefore, the
greater carbides increase vibrations and forces, while the smaller ones do not. Measured
forces can be seen in Table 8, and the bar graph presented in Figure 5 shows their plots. The
experiments, performed applying the identical speed (40 mm/min), have been selected for
this comparison.

Table 8. Measured forces at the traverse speed 40 mm/min on selected steels.

Material Force in the x-Axis (N) Force in the z-Axis (N)

1.2379 2.10 4.51
1.3343 0.84 3.87
1.4541 1.39 4.58
1.4713 1.75 3.50
1.4845 1.47 5.78
1.7225 1.98 2.31



Materials 2022, 15, 7423 11 of 19Materials 2022, 15, x FOR PEER REVIEW 11 of 20 
 

 

Figure 5. Measured forces at the traverse speed 40 mm/min on selected steels 

Restricting Table 5 to the tested steels (Table 8, Figure 5), Table 9 presents only the 

important elements—carbon and chromium. It can be seen that the steel 1.4845 with the 

highest percentage of chromium also has the highest force in the z-axis. This is caused by 

a higher number of small carbides influencing the deformation mode of the material re-

moval. On the other hand, the steel 1.7225 with the lowest percentage of chromium inside 

shows the lowest z-axis force. The similarity in the measured forces on steels 1.2379 and 

1.4541 can be caused by a compensation of the higher percentage of chromium by the 

lower percentage of carbon and vice versa. Forces in the x-axis seem to be less dependent 

on the structure, and more research needs to be done in this area. Figure 6 shows the 

carbides in the 1.4034 steel. 

Table 9. Elemental structure selected from Table 5 for steels presented in Table 8 and Figure 5. 

Material C (%) Cr (%) 

1.2379 1.60 12.0 

1.3343 0.94 4.5 

1.4541 0.08 19.0 

1.4713 0.12 8.0 

1.4845 0.10 26.0 

1.7225 0.45 1.2 
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Restricting Table 5 to the tested steels (Table 8, Figure 5), Table 9 presents only the
important elements—carbon and chromium. It can be seen that the steel 1.4845 with the
highest percentage of chromium also has the highest force in the z-axis. This is caused
by a higher number of small carbides influencing the deformation mode of the material
removal. On the other hand, the steel 1.7225 with the lowest percentage of chromium inside
shows the lowest z-axis force. The similarity in the measured forces on steels 1.2379 and
1.4541 can be caused by a compensation of the higher percentage of chromium by the lower
percentage of carbon and vice versa. Forces in the x-axis seem to be less dependent on the
structure, and more research needs to be done in this area. Figure 6 shows the carbides in
the 1.4034 steel.

Table 9. Elemental structure selected from Table 5 for steels presented in Table 8 and Figure 5.

Material C (%) Cr (%)

1.2379 1.60 12.0
1.3343 0.94 4.5
1.4541 0.08 19.0
1.4713 0.12 8.0
1.4845 0.10 26.0
1.7225 0.45 1.2

Proof of Theorem 2. It has been proven that the elemental structure has impact mainly
on the measured forces in the z-axis; the results in the x-axis seem to be less affected. The
number of carbides in the steel sample helps to determine the level of the exerted force,
whereas knowledge of the concentration of certain elements allows knowing approximately
the number of carbides in the sample.
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Figure 6. Carbides in the steel 1.4034 (picture from the SEM microscope). Red circles show the largest
carbides in the picture.

4.3. Discussion of Theorem 3

The traverse speed is one of two parameters that directly impacts the quality of the cut,
the other one being the pump pressure. All other parameters are in some form linked to
the various parameters. For example, the abrasive mass flow rate is dependent on the used
pump pressure and the water flow rate. The applied water nozzle and the focusing tube
diameters affect quality in relation to one another—the changing of one without the other
might result in both an increase or a decrease in the quality at all times. Simultaneously,
the water nozzle diameter and the focusing tube diameter determine an appropriate mean
abrasive grain size that can be efficiently sucked into the mixing chamber, as well as the
resulting mean particle size in the mixture outflowing from the focusing tube.

The question remains whether the traverse speed affects the vibrations and forces
in the same way as it does with the quality of the cut. Experiments were conducted on
the steel 1.2379 and the measured vibrations can be seen in Table 10, while the measured
forces are presented in Table 11. Data from Table 10 were plotted in Figure 7 and data from
Table 11 were plotted in Figure 8.

Table 10. Measured vibrations on the steel 1.2379 in multiples of gravitational acceleration (g).

Speed (mm/min) Vibration in x-Axis
(g)

Vibration in y-Axis
(g)

Vibration in z-Axis
(g)

20 0.35 0.24 0.18
40 0.48 0.35 0.22
60 0.61 0.44 0.25
80 0.78 0.59 0.33

100 1.12 1.43 1.01
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Table 11. Measured forces on the steel 1.2379 in Newtons.

Speed (mm/min) Force in the x-Axis (N) Force in the z-Axis (N)

20 2.75 2.84
40 3.60 4.50
60 5.08 5.53
80 7.09 8.14

100 16.80 16.12
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Figure 8. Measured forces in relation to the traverse speed on the steel 1.2379.

From the results in both the tables and the figures, it can be seen that the vibrations and
the exerted forces really increase with the increasing traverse speed. The rapid growth of
values at the speed 100 mm/min might be attributed to the slight hitting of the support grid,
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on which the force sensor was situated, by the residual abrasive water jet. The reflected
jet impacts the support with the steel sample, thus increasing both the vibrations and the
measured forces. However, the functional dependency of the forces and vibrations on the
traverse speeds strongly resembles the dependencies for the declination angle presented in
the article [37].

Proof of Theorem 3. Data from the presented experiments prove that the theorem is
correct at least for the studied steel sample. Repeating this experiment might result in
slight deviations but both the vibrations and the forces should increase with the increasing
traverse speed.

4.4. Discussion of Theorem 4

Just as the exerted forces are dependent on the elemental structure, the vibrations
should be also somehow affected by the concentration of certain elements in the structure.
Findings from Theorem 2 are considered, and attention is paid especially to chromium
and carbon.

Table 12 shows the measured vibrations in the x-axis, and Table 13 shows those in the
z-axis. In Figure 9, vibrations in the x-axis are plotted, and Figure 10 presents data from
Table 13.

Table 12. Vibrations measured in the x-axis in relation to the respective steel and the traverse speed.

Speed
(mm/min)

1.2379
(g)

1.4034
(g)

1.4404
(g)

1.4541
(g)

1.4762
(g)

1.4828
(g)

1.4845
(g)

1.7225
(g)

20 0.35 0.44 0.43 0.49 0.40 0.45 0.44 0.42
40 0.48 0.54 0.52 0.58 0.48 0.53 0.55 0.55
60 0.61 0.60 0.61 0.67 0.56 0.58 0.67 0.66
80 0.78 0.80 0.74 0.77 0.68 0.88 0.72 0.72

100 1.12 1.25 0.82 0.90 0.78 1.01 0.66 0.51

Table 13. Vibrations measured in the z-axis in relation to the respective steel and the traverse speed.

Speed
(mm/min)

1.2379
(g)

1.4034
(g)

1.4404
(g)

1.4541
(g)

1.4762
(g)

1.4828
(g)

1.4845
(g)

1.7225
(g)

20 0.18 0.18 0.18 0.17 0.20 0.20 0.18 0.22
40 0.23 0.22 0.18 0.19 0.19 0.21 0.20 0.24
60 0.25 0.25 0.18 0.20 0.22 0.21 0.20 0.27
80 0.33 0.42 0.23 0.21 0.26 0.28 0.26 0.32

100 1.01 0.91 0.31 0.32 0.51 0.42 0.50 0.34

Table 14 shows the reduced elemental concentration of selected steels, highlighting
the percentage of carbon and chromium.

Table 14. Elemental concentration of carbon and chromium in selected steels.

Material C (%) Cr (%)

1.2379 1.60 12.0
1.4034 0.50 14.5
1.4404 0.03 18.5
1.4541 0.08 19.0
1.4762 0.12 26.0
1.4828 0.20 21.0
1.4845 0.10 26.0
1.7225 0.45 1.2
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A higher percentage of carbon and chromium increases the number of chromium
carbides, which can cause a higher resistance of steel against the AWJ penetration at higher
traverse speeds in the case of the cutting and deformation mode. This is particularly
noticeable on 1.2379 and 1.4034 steels. On the other hand, if the percentage of chromium is
low, the formation of carbides is limited, and the result can be a decrease in vibrations at
higher traverse speeds (steel 1.7225). The low percentage of carbon limits the formation
of carbides even with a higher percentage of chromium, and the resulting vibrations in
the x-axis then increase practically linearly with the increasing traverse speed, which is
noticeable mainly on steels 1.4404, 1.4541, 1.4762 and 1.4828. Vibrations in the z-axis follow
the behaviour of the relation between the declination angle and the traverse speed.

Proof of Theorem 4. The results presented in Tables 12–14 and Figures 9 and 10 prove that
vibrations in the x- and the z-axes are affected by the number of chromium carbides in
the steels.

4.5. Discussion of Theorem 5

Vibrations were measured for the different types of steel materials using the iden-
tical traverse speed for all of them (60 mm/min) and the higher speeds for the bronze
(90 mm/min) and the duralumin (160 mm/min). The traverse speeds were selected so that
the expected declination angle [37] was similar to the one on steels. Measured results are
listed in Table 15 and plotted in Figure 11.

Table 15. Vibrations in relation to the material type using speed C.

Material Vibration in x-Axis
(g)

Vibration in y-Axis
(g)

Vibration in z-Axis
(g)

1.2379 0.61 0.44 0.25
1.3343 0.65 0.38 0.22
1.4034 0.60 0.41 0.25
1.4404 0.61 0.30 0.18
1.4541 0.67 0.40 0.20
1.4713 0.51 0.32 0.26
1.4762 0.56 0.34 0.22
1.4828 0.58 0.28 0.21
1.4845 0.67 0.54 0.20
1.7225 0.66 0.39 0.27
2.1176 0.90 0.47 0.28
3.2315 1.05 0.45 0.52

As it is evident in Figure 11, vibrations in the x-axis are always the highest ones,
while vibrations in the z-axis are almost always the lowest ones with the exception of the
duralumin. Low vibrations in the z-axis can be attributed to the gravitational force acting
as a damper of the sample movement. The duralumin sample has lower weight, so the
gravitational force is lower, and vibrations are not so dampened. Vibrations in the y-axis
are similar for all samples. The material effect in this axis seems to be insignificant. These
vibrations are influenced mainly by the instabilities of the pressure and the respective
fluctuation of the abrasive flow rate. Vibrations in the x-axis are the highest ones because
they include the effect of the cutting mode of the material removal and the respective
fluctuation of the curved motion of the jet inside the produced kerf. The force relief during
the local removal of the material from the kerf head and the re-increase in the force action
on the newly formed kerf head are the main sources of fluctuations in the cutting forces.
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Proof of Theorem 5. The theorem that vibrations in the x-axis are higher than the ones in
the z-axis has been proven by the measured data and their discussion.

5. Conclusions

For the research presented in this article, the multiple experiments aimed at the
physical phenomena present during the AWJ cutting were performed using the force sensor
and accelerometers, with the goal of testing several theorems. The conclusions resulting
from those experiments are as follows:

1. The measured forces in the x-axis are always lower than forces in the z-axis;
2. The exerted forces are dependent on the elemental structure of the material;
3. The number of carbides in steels affects the measured forces—a higher concentration

of carbides results in higher forces;
4. The concentration of chromium and carbon substantially affect the formation of

carbides in steels and, subsequently, their response to the AWJ machining;
5. Increasing the traverse speed increases both the measured forces and the vibrations;
6. The measured vibrations are affected by the elemental structure of machined material;
7. The vibrations are dependent on the number of carbides in steels; a higher number of

carbides leads to higher vibrations;
8. The vibrations in the x-axis are higher than those in the z-axis due to the gravitational

force damping the movement in the z-axis in used configurations.

The further research will be aimed at some nonhomogeneous materials, namely rocks,
glass and composites. One of the future steps is a preparation of the device enabling the
monitoring of the micromachining process in real time and possibly even the ability to
control it. Nevertheless, the priority in the nearest future is to perform more experiments
on a broad scale of materials, not only metals.
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