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Abasic study of a surface topography generated by an abrasive waterjet cutting is performed by means of the spectral analysis of these surfaces. The initial data
were acquired by using an optical profilometer MicroProf FRT in the form of 2D maps of the surfaces' heights. The basic notions of the spectral analysis applied
to the surface topography are presented. Limitations of the measurement procedure are considered. Distortions of the areal power spectral density are discussed.
An estimation of the areal power spectral density is carried out using a periodogram method combined with the Welch’s method. A comparison of surfaces
prepared by the abrasive waterjet cutting with different values of the cutting technological parameters is performed. It has been demonstrated that the areal
spectral analysis of the aforementioned surfaces offers new possibilities of their topography characterization.
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Spektralna analiza topografije metalnih povrsina stvorenih pomoc¢u abrazivnog vodenog mlaza

Izvorni znanstveni ¢lanak

Osnovna studija topografije povrSina nastalih rezanjem abrazivnim vodenim mlazom izradena je uz pomo¢ spektralne analize tih povrsina. Pocetni podatci su
prikupljeni primjenom optickog profilometra MicroProf FRT u obliku 2D karata visina povrsina. U radu se predstavljeni osnovni pojmovi spektralne analize
primijenjeni na topografiju povr§ine. Razmotrena su ograni¢enja postupka mjerenja. Raspravljena su iskrivljavanja povr§inske gustoce spektra snage. Procjena
povrsinske gustoce spektra snage je obavljena pomocu metode periodograma u kombinaciji s Welchovom metodom. Usporedene su povrSine dobivene
rezanjem pomocu abrazivnog vodenog mlaza uz razli¢ite vrijednosti tehnoloskih parametara rezanja. Pokazano je da se spektralnom analizom navedenih

povrsina nude nove moguénosti karakterizacije njihove topografije.

Kljuénerijeci: rezanje abrazivnim vodenim mlazom, spektralna analiza, topografija povrsine

1
Introduction

Development and applications of new materials in
mechanical engineering practice bring a lot of questions
concerning their technological treatment. Nowadays
classical machining of these materials is complemented by
new technologies. The machining of materials by an
abrasive waterjet (AWJ) represents one of such relatively
new and progressive methods. AWJ offers a versatile
flexible tool to allow machining of all natural and artificial
materials which may get in contact with water. A wide range
of such materials brings a lot of unanswered problems
concerning their mutual interaction with the AWJ. The first
pioneering works in this field were accomplished by
Hashish [6] who studied the influence of technological
parameters on the depth of cutting profile. He also proposed
a mathematical model for the prediction of the maximum
depth of the cut. A great deal of attention was paid to a study
of the surface topography of cutting walls generated by
AWI. A study of the surface topography is important for
AWIJ modelling and prediction. A mechanism of the AWJ
stock removal is still a poorly studied field of the AWJ
technology. A disintegration of materials by means of AWJ
involves a mechanism of cutting, plastic deformation,
fatigue and fracture of those materials. Due to the
investigation of the surface topography generated by the
AWIJ machining process it is possible to gain a better
understanding of this process; to specify its theory and to
quantify correctly the AWJ stock removal mechanism
[7-10]. Surfaces generated by means of AWJ machining
show a characteristic topography. The picture of a surface
(see Fig. 1) includes specific zones, namely the initiation
zone, smooth zone, transition zone and rough zone. The
surface has four topographical different zones with different
values of surface parameters Ra, Rg, Rz [1-5].
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Figure 1 Individual zones within a surface generated by AWJ cutting

2
Experiments

Investigated surfaces generated by AWJ cutting were
prepared from 10-mm thick steel plates (material AISI 304)
of size 300x50x10 mm’. The schematic diagram of the
cutting AWJ head used in experiment is presented in Fig. 2.
Ultra high - pressure water goes through the water nozzle
into the inlet chamber where it is mixed together with the
garnet abrasive. The abrasive waterjet is formed in the
cutting nozzle and interacts with the upper surface of
sample, which is perpendicular to the abrasive waterjet. The
constant parameters of the AWJ cutting were: Jet diameter =
0,1 mm, focusing tube diameter = 1 mm, abrasive grain size
80 MESH, nozzle—surface distance =3 mm.

Several AW cutting technological parameters of the
surface preparation were selected to observe their influence
on the surface topography. These parameters were the
following: the pressure of water on the input of the cutting
AWIJ head, the traverse speed of the AWJ head and the
abrasive flow rate.

The values of the AW cutting technological parameters
being changed are presented in Tab. 1.
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Figure 2 Schematic view of AWJ cutting head

Table 1 Experimental conditions of AWJ

Factors Sign | Unit Value
Pressure on the input of
cutting head p MPa | 200 and 350
Traverse speed v | mm/min | 70 and 120

Abrasive mass flow rate | m, g/min | 350 and 500
MESH 80
Australian garnet GMA

Abrasive size -

Abrasive material

3
Topography measurement

The aforementioned surfaces were measured by using
an optical profilometer (Fig. 3). This profilometer
MicroProf FRT enabled us to obtain a map of the surface
heights with regard to a reference plane. It is useful for 3D
surface topography assessment. The principle of the optical
profilometer operation is based on utilization of chromatic
aberration of the positive lens of the optical sensor CHR 150
N (Fig. 4). White light from a halogen bulb goes through the
positive lens with high chromatic aberration. Different light
monochromatic components are focused in different
heights from the reference plane at the output of the optical
fibre. The same optical fibre collects scattered light from the
surface under study. This light is analysed by means of a
spectrometer. The light is best captured when focused on the
surface. It means that the spectral intensity distribution of
the light being processed by the spectrometer has a
maximum at a wavelength of a monochromatic component
exactly focused on the surface. The height of the surface
irregularities is deduced by means of a calibration table
from the wavelength of the spectral distribution of
maximum intensity. The optical sensor is non-movable, the
sample under study lies on a scanning table.

The same optical fibre collects scattered light from the
surface under study. This light is analysed by means of the
spectrometer. The results of the measurement have the form
of a vector and/or the matrix of heights of the surface
irregularities. The basic parameters of MicroProf FRT are as
follows: minimal range xy : 200 x 200 um’, maximal range
xy: 100 % 100 mm’, measurement range z: 300 pum — 3 mm,
vertical resolution: 3 nm, lateral resolution: 2 um,
maximum angle of inclination of the surface roughness to
the mean plane: 30°.

® s Spectrometr

blue red
focus focus

l OF

S

Figure 3 LS — halogen bulb, OF — optical fibre, L — positive lens
of the sensor CHR 150 N, S — sample under study,
Spectrometer — micro-spectrometer
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Figure 4 Different light monochromatic components are focused in
different heights from a reference plane at the output of the optical fibre

4
Spectral analysis of surface topography

Spectral analysis of a surface topography provides a
special view of the surface topography characterization.
Analysis of the topography in the frequency domain makes
it possible to accentuate some surface topography features
which are noticeable worse within the spatial domain. It is
interesting to apply the spectral analysis to surfaces
generated by AWJ cutting. These surfaces are of a random
character (the detailed specification can be found in [13]).
The process of their topography measurement provides
individual realization of a 2D random function which
represents the surface under study (so called surface
function). This function is non-stationary within its
complete extent. As already mentioned in the introduction,
it is possible to select the individual zones of the surface in
which the surface function can be considered as a stationary
function (i.e. there is not any change of the surface character
within the whole individual zone) and ergodic (i.e. it is
possible to evaluate the features of the whole surface
topography within the individual zone from an individual
sufficiently large surface realization within the zone) 2D
random function. Considering the surface under study as the
random function it is necessary to describe the surface by
means of the mean quantities derived from an amplitude of
Fourier's spectrum realization or, as usually, from the
squares of these spectra in the frequency domain. These
squares of Fourier spectra are called the energy or power
spectra of surface realization. The expected value (mean) of
Fourier transforms of individual surface realizations
usually tends to zero function identically due to the
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distribution of their phases. Thus, the mean of these Fourier
transforms does not provide any information.

A non-limited (i.e. defined along the whole plane x, y)
realization of the random surface under study by the surface
function z = z(x, y) in the coordinate system Oxyz will be
described, where z is the surface height with respect to the
plane x, y at the point [x, y]. Hence, the function z = z(x, y) is
the realization of a stationary and ergodic random function
z, = z(x, y) selected by a process of measurement. The
function z = z(x, y) is defined along the whole plane x, y. But
information on the function of z = z(x, y) is acquired only
from a finite region X, Y of the plane x, y by the MicroProf
FRT profilometer measurement. So, it is necessary to deal
with the function Z, ,= Z, (x, ) defined as follows:

Zyy(x,y)=z(x,y) for |x|SX/\|y|SY (1)

Zyy(x,y)=0 otherwise.

This function has the Fourier integral

Zes(f £)= [ Tzes Gnexplizn(fox £, |axdr.2)

—00 —00

Then it is possible to define the areal power spectral
density (APSD) of the function z = z(x, y) as follows
(Remark: The expression areal power spectrum is used for
this quantity in literature alternatively):

P(f,.7,)=lim —|ZX’Y|2 . 3)

A, Xy

X—>o
Y >

APSD of the whole random function z, is defined as:

(2

Pzr(fx’fy)zlim Ty I 4)

X—>w
Y—>o

where the symbol ( ) denotes the mean of the surface
realizations population. The quantity P,, (f, f,) indicates in
what way the mean power of the studied surface is
distributed within the frequency domain. This quantity will
be used for the characterization of surfaces generated by
AWI. The characterization of the surface topography within
these zones along an individual surface profile can be
performed by means of a frequency-amplitude analysis (2D
surface evaluation) [12]. A more advanced approach is the
surface topography characterization by means of the
discrete fast Fourier transform (DFFT) [11, 12] of 2D data
(maps of surface heights) within these zones (in accordance
with the technical practice so called 3D evaluation of
surfaces is performed). Of course it is possible to base the
spectral analyses on other transforms. The aim of the work
presented is to find the characteristic features of the surface
within the individual zones by means of this technique, to
link them to the technological parameters of the surface
preparation and to obtain their relationship to the
mechanism of the surface generation during the cutting of
materials by AWJ. According to our best knowledge the
application of the areal data spectral analysis has not been
used yet for the topography characterization of the surfaces

generated by the AWJ cutting. More detailed quantitative
description of a random function within the frequency
domain is allowed by the following quantities derived from
APSD of the function. These are angular power spectral
density (AnPSD) and radial power spectral density (RPSD)
of the function. It is possible to characterize the shape of
APSD, i.e. the distribution of the random function power
within the frequency plane by means of both [13]. To define
these quantities it is necessary to transform the APSD (see
Eq. 4) into polar coordinates within the frequency domain

IDZr(fxﬂfy) _)Pzr(frae), where

X

fo=f,cos0, f, = f,sin0, f,=1/f,> + f,}.0= arctan[%}

Then AnPSD is defined as follows [13]:

JANT)
B©O)= [P(1,.0)d, (%)
0

where 0<6<n and f . (0) is a maximum frequency
contained within the cross-section of APSD given by the
angle 6. A Distribution of the power of the studied random
function along the individual directions within the
frequency plane can be described by this quantity. RPSD is

defined as follows [13]:

179

Py, (f,)= [ P(f,.0)d0. (6)
0

where 0 < f < min{f..» frmas- RPSD describes the
distribution of the power in the frequency domain of the
studied random function components. It neglects the
orientation of these components.

41
Limitations of measuring procedure

The measurement of the studied surface heights by the
optical profilometer MicroProf FRT provides a discrete
form of the function Z,(x,y), i.e. the sampled function
Z(x,.y,), where me0...M—1, n€0...N-1, m, n are integers.
The surface of the sample in the squared grid of equidistant
points, i.e. M=N, is usually measured. It is obvious that the
integral Fourier transform Z,(f.f,) of the continuous
function Z, (x.,y) must be replaced by the discrete Fourier
transform Z v (fiof) of the sampled function Z, (x,,.y,). It is
defined as follows:

= k /
Zyy| oo 1T
M Ax NAy
M-1N-1

m=0

O

where 0 <k < M—-1; 0 <k £ N-I, Ax is the sampling interval
along the x axis, Ay is the sampling interval along the y axis,
k/(M Ax) is the I" value of the spatial frequency along the f;

axis, I/(N Ay) is the [" value of the spatial frequency along
the £, axis. The function Z,, isused to determine P(f,, f,) in
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Eq. (3). Nevertheless a distortion in this procedure is

necessarily committed, the cause of which is as follows:

o  The limit transition in Eq. (3) supposes a possibility to
enlarge the X, Y region (where the topography of the
surface is measured) without any stint. But the surface
topography can be measured only from a limited region
X, Yofthe surface.

o Thesampled discrete function is used.

ZX’Y(xm’yn):

—zXY(x,y) ZS(x mAx)ZS(y nAy)

n=-ow

®)

instead of the continuous function Z, (x,y) from Eq. (2).
Meaning of symbols in Eq. (8) is as follows:

. 28 (x—mAx) is the sequence of the Dirac

m==o0 distributions dlsplaced with a step
Ax along the x axis,
o ZS(y—nAy) is the sequence of the Dirac
n=—o0 distributions displaced with a step Ay
along the y axis.

4.2
Discussion of APSD distortions

Letus discuss these distortions. The surface topography
is measured within the finite region described by Eq. (1).
The surface function can be written within this region as
follows:

Zyy (x, y): z(x, y)rect (%) rect (%} 9)

where the truncation function

rect [ij rect (l)
X Y

is defined in the following way:

rect(X]rect[Yj—l |x|<X/\|y|<Y

rect(;jrect[yj—l/Z =X A=Y (10)

rect (ij rect (Zj =0 otherwise.
X Y

Product in Eq. (9) leads to a convolution of the Fourier
transform of the function z(x,y) (this Fourier transform
exists in a generalized sense of the Fourier transform within
the limit) and also the Fourier transform of the function
rect(x/X)rect(y/Y), i.e. the function |XIIY] sinc(Xf,)
sinc(Xf)). Because of the finite extent of the definition
domain of the function rect(x/X)rect(y/Y) this convolution
leads to a distortion of the Fourier transform of the function
z(x,y) being sought. This distortion gives rise to nonzero
components of the spectrum in new frequencies. It is so
called the leakage spectrum in these new incorrect
frequencies. This phenomenon can be suppressed by a

selection of the largest possible domain of definition X, ¥ of
the function rect(x/X)rect(y/Y), i.e. the region of the surface
topography measurement. Another possibility suppressing
the leakage of the spectrum is to use another more
appropriate function — so called weighting function w(x,y)
(e.g. Hann function — see below) instead of the function
rect(x/X)rect(y/Y) in Eq. (9). Then so called weighting the
function z(x,y) by the data-weighting function w(x,y) is
carried out. Further consequence of the aforementioned
convolution is a smearing or blurring of the Fourier
transform of the function z(x,y). Of course, the less
frequency smears, the better the frequency-resolving power
is possible. It is possible to decrease the frequency smear by
the selection of a wider truncation function. In that case the
function | X1|Ylsinc(Xf,)sinc(Xf,) is narrower and its
convolution with the function Z(f.f)) shows the lower
frequency smear. As it can be seen from Eq. (7), the size of
the region X= M Ax, Y= N Ay influences also the resolution
(i.e. the sampling interval) within the frequency domain. An
increase in X or Y leads to a decrease of the sampling
intervals Af, Af, in adequate frequencies f, f,, i.e. the
resolution in the frequency domain improves. The size of
the region X, Y can be regulated in two ways. One of them is
the selection of the sampling intervals Ax, Ay of the function
zy y(x,y) within the spatial domain, and the second one is the
selection of the values of the numbers M, N. The first of the
aforementioned possibilities is limited by the Nyquist
theorem in the case of frequency — limited functions
(maximum frequencies Af, .., Af.. exist within the
spectrum of these functions. The functions obtained from
the measuring process are frequency-limited in practice
since a measuring apparatus records the frequencies only up
to the certain maximum values given by the construction of
an apparatus or the measuring method used by the
apparatus). According to this theorem it is necessary to
select the sampling intervals as Ax< 1/2f,  and Ay<1/2f
to avoid the distortion of the Fourier transform caused by
aliasing. In the case of the frequency non-limited functions
it is possible only to minimize this distortion by the
selection of the lowest possible sampling intervals Ax, Ay or
by using an anti — aliasing filter as a function of pre-
processing. The choice of the lowest possible sampling
intervals Ax, Ay increases the sampling interval within this
spectrum and thus it decreases the resolution within the
frequency domain. Hence it is necessary to choose the
utmost possible values of M, N (numbers of samples of the
function under study) for the given values of the sampling
intervals Ax, Ay (considering the Nyquist theorem) to
increase this resolution within the frequency domain. Of
course when doing it in this way, there is a limit given by a
maximum data range which can be processed by a computer
still effectively. It is obvious from the aforementioned in
what way the limitation and the sampling of the measured
surface distort the sought spectrum of the function z(x,y).
Necessarily the areal spectrum power density P(f,, f,) in the
Eq. (3)isalso distorted.

4.3
Periodogram APSD estimation

Hitherto the individual finite realization of the random
function z, = z(x,y) has been discussed. The ASPD of the
whole random function z, is given by the Eq. (4). It is again
valid that, in principle, it is not possible to accomplish the
limit transition in the Eq. (4) to the infinite region X, Y of the
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planex, y. Itis not also possible to find <IZ,, | ’>because it is
not possible to analyse an infinite number of possible
realizations of the function z,. These two reasons lead to the
fact that the result must be only an estimate of the APSD
from the Eq. (4). The mean value <|Z, ,I> can be estimated
in the Eq. (4) from a finite number of realizations of the
random function z, as the arithmetic average

0 2
é Z|Z X.v.q| » 1- the following approximation is used:
1€ 2
<|ZXYq >;§Z“I|ZXM| . (11)
a=

Hence, it is possible to express approximately the Eq. (4) as
follows:

2

zo, Kk T
p [k le: 19 MY Nay 12
i MAx’NAy 04

MNAxAy

where 0 <k < M-1; 0 < k £ N-1. Using the relation (12) so
called periodogram method of the determination of the
ASPD estimation of the random function z, is employed.

4.4
Welch's method

The calculation on the right side of the Eq. (12) can be
carried out in several ways. The Welch’s method has been
selected because only one finite discrete realization
zy (x,,,y,) of the random function z, is available. This method
is based on the assumption that the relevant function z, is
ergodic, i.e. the measured realisation z,(x,,y,) provides
representative information about the whole random
function z,. Within the framework of this method the
measured domain of the given realisation is resolved into a
sufficient number of the mutually overlapping sub-domains
Zy (X,.y,). As the next step of the Welch’s method
weighting the surface function in each sub-domain by a
chosen weighting function w(x,,,y,) was carried out. The
following expression for each weighted sub-domain
denoted by the indices ¢' was determined:

. k i
AL A AT N AY
M'N'Ax Ay

(13)

for 0<k<M'-1;0<I<N-1L,M'<M,N'<N
k

The Symbol ZW’X,’Y”q'(m’N'_A)}

] in the expression

(13) denotes the Fourier transform of the surface function
weighted by the function w(m 'Ax, n’Ay) within the selected
q’th domain X’, Y". The resolution within the frequency
domain is again decreased by the selection of M'<M, N<N
in the Eq. (13) and simultaneously an undesired smoothing
of the APSD estimations from the individual sub-domains
accompanied by the improved leakage of the adequate

spectra is performed. In conclusion the arithmetic average
of the O 'spectra of the weighted surface function within the
all sub-domains was calculated:

2

7 kL
O AT N Ay

M N AxAy

(14)

%)
0%

Considering the assumption of the function z,
ergodicity the term (14) is equivalent to the arithmetic
average of the given number of finite realizations of z,. The
term (14) is the resulting statistical estimate of the APSD
defined by the Eq. (4). Hence

pl kL |s
M'Ax’ N'Ay )
(15)

5 k I
_n (k1)1 % AT MAY N Ay
"M Nyy) 05 M'N'Ax Ay ‘

_ Itis obvious that the dispersion of the resulting estimate
P, of the ASPD was decreased by increasing the number of
sub-domains used in averaging on the one hand, but
simultaneously the resolution within the frequency domain
was decreased by reducing the sub-domains size on the
other hand. Thus the information about the details of the
averaged APSD shape was lost. The choice of the domains
size and the number of them is a question of a compromise.

The estimate P}, (L ,Lj

M'Ax N'Ay
of the APSD of the surface under study gives an interesting
view about the typical features of this surface (see below).
As regards the discrete form of terms (5) and (6) for the
APSD and RPSD an appropriate numerical algorithm for
their calculation was used.

5
Results and discussion

The surface topography was measured within the one-
piece region of 6 x 2 mm’ inside the individual zones. 18
overlapping sub domains (with a 50 % overlap) with a size
0f 0,6 x 0,6 mm’ (M’= N'= 300 were used for estimation of

= k /
P, ——,—
M'Ax N'Ay
ofthe APSD of'the surface under study. The Hann weighting
function (16) was used

Wty )= cosz(n ’"‘—M”j cosz{n M) (16)
M N

for each sub-domain to suppress the leakage of its spectrum.
The minimum sampling interval of the surfaces measured
by the optical profilometer MicroProf FRT is Ax = Ay =2
um. Hence, it is not possible to distinguish the surface

details corresponding to the spatial frequencies f, > 1/2M'
(1/um), f, 2 1/2N" (1/um). So, the upper frequency limit of
surface topography measurements is 1,7x10° (1/m) for
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both frequencies f, f. These limitations should be
considered when the results are interpreted.

5.1
Influence of water pressure variation

First the results for two selected values of the water
pressure (for the constant values m, = 500 g/min, v = 70
mm/min) are compared (see Fig. 5 - Fig. 12). A half-width of
the main peak of the normalized RPSD within the individual
surface zones is studied to find a quantitative parameter
characterizing the variations in the APSD of the surface
under study. Values found are presented in Tab. 2. It is
obvious from Tab. 2 that the half-width of the normalized
RPSD peak does not significantly change with the water
pressure variations within the smooth zone. The half-width
of the normalized RPSD peak is wider for higher water
pressures. Another way to characterize the variations in
APSD of the studied surface can be the AnPSD utilization.
The angular coordinate 8 of a maximum of the normalized
AnPSD is monitored within the individual surface zones.
Values found are presented in Tab. 3. It should be noted that
the maxima of the normalized AnPSD are relatively flat, i.e.
the significant fluctuations in their values can be observed.

Table 2 Half-width of the normalized RPSD peak
(influence of water pressure variation)

Table 4 Half-width of the normalized RPSD peak
(influence of abrasive flow rate variation)

Zones Smooth Rough
Abrasive flow rate, g/min 300 500 300 500
Half-width of the peak, 1/m 2934 | 289,4 | 4404 | 437,3
Relative difference, % 1,4 0,7

Zones Smooth Rough
Water pressure, MPa 200 350 200 350
Half-width of the peak, 1/m | 289,4 | 287,5 | 437,3 | 535,6
Relative difference, % 0,0 20,2

Table 3 Angular coordinate ¢ of the normalized AnPSD maximum
(influence of water pressure variation)

Zones Smooth Rough
Water pressure, MPa 200 | 350 | 200 | 350
Coordinate 6 of the maximum, © | 48,0 | 48,0 | 192 | 6,6
Relative difference, % 0,0 97,7

It can be seen from Tab. 3 that no changes of the angular
coordinate 6 of the normalized AnPSD maximum occur
with the water pressure change within the smooth zone.
However the displacement of the maximum angular
coordinate of normalized AnPSD is significant in the case of
the rough zone. It can be seen from values of 6 in Tab. 3 that
the curvature of waterjet surface striation within the rough
zone is higher for the lower water pressure.

5.2
Influence of abrasive mass flow rate

Now the results for two selected values of the abrasive
flow rate (for constant values p =200 MPa, v= 70 mm/min)
will be compared. For further explanation the presentation
of digital maps of the studied surfaces and images of their
APSD, normalized RPSD and normalized AnPSD will be
omitted. The half-width of the normalized RPSD peaks and
the angular coordinate 6 of the normalized AnPSD maxima
of surfaces under study will be determined likewise in the
case of the water pressure variation. It can be seen from Tab.
4 that the half-width of the normalized RPSD peak does not
change significantly with the variation of the abrasive flow
rate within the smooth and rough zone.

Tab. 5 shows that the angular coordinate 6 of the
normalized AnPSD maximum is the same for both values of
the abrasive flow rate being studied within the smooth zone.

Table 5 Angular coordinate ¢ of the normalized AnPSD maximum
(influence of abrasive flow rate variation)

Zones Smooth Rough
m, /g/min 300 | 500 | 300 | 500
Coordinate # of the maximum, © | 48,0 | 48,0 | 25,2 | 19,2
Relative difference, % 0,0 27,0

It is observed within the rough zone that the coordinate & of
the normalized AnPSD maximum is lower for the higher
abrasive flow rate. It means that the curvature of the surface
striation is higher within the rough zone at the lower
abrasive flow rate.

-3 15 3
mm

Figure 5 Digital map of the surface for the water pressure of 200 MPa
(measured by MicroProf FRT)

o

o 15 30
mm

Figure 6 Digital map of the surface for the water pressure of 350 MPa
(measured by MicroProf FRT)
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Figure 7 Normalized areal power spectral density of the surface
obtained from Fig. 5 (water pressure 200 MPa) — semilogarithm scale
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Figure 9 Normalized radial power spectral density of the surface
obtained from Fig. 5 (water pressure 200 MPa) — semilogarithm scale

5.3
Influence of abrasive mass flow rate

Here the results for two selected values of the AWJ
traverse speed (for constant values p = 200 MPa, m, = 500
g/min) will be compared. The values of the half-width of the
normalized RPSD peak are almost the same within the
smooth zone in this case (Tab. 6). The significant difference
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Figure 10 Normalized radial power spectral density of the surface
obtained from Fig. 6 (water pressure 350 MPa) — semilogarithm scale
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Figure 11 Normalized angular power spectral density of the surface
from Fig. 5 — semilogarithm scale

between the half-width of the peak occurs within the rough
zone case. The half-width of the normalized RPSD peak is
wider at the lower traverse speed of the cutting head.

Table 6 Half-width of the normalized RPSD peak
(influence of the AWJ head velocity)

Zones Smooth Rough
v /mm/min 70 120 70 120
Half-width of the peak, 1/m 287,5 | 289,2 | 535,6 | 324,9
Relative difference, % 0,6 49,0

As evidenced by Tab. 7, the angular position of the
normalized AnPSD maximum is the same for both values of
the traverse speed selected within the smooth zone. Within
the rough zone the coordinate 0 of the normalized AnPSD
maximum is higher when the higher AWJ head velocity is
utilized. It means that the curvature of the surface striation
within the rough zone is greater at the higher traverse speed
ofthe cutting head.

Table 7 Angular coordinate 0 of the normalized AnPSD maximum
(influence of the AWJ head velocity)

Zones Smooth Rough
v /mm/min 70 120 70 120
Coordinate # of the maximum, © | 48,0 | 483 | 6,6 | 11,4
Relative difference, % 0,6 53,3
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Figure 12 Normalized angular power spectral density of the surface
from Fig. 6 — semilogarithm scale

6
Conclusions

This paper presents the results of applying the areal
spectral analysis to selected surfaces generated by AWJ
cutting and measured by means of the optical profilometer
MicroProf FRT. The main notions concerning the areal
spectral analysis are introduced. It is followed by the
discussion of the measurement procedure limitations, and
the unavoidable distortions in numerical results are pointed
out. The RPSD and AnPSD are used for the quantitative
evaluation of the surface topography. These two quantities
were derived from the ASPD being estimated by the
periodogram method in combination with the Welch’s
method. The changes within the RPSD and/or AnPSD are
quantitatively characterized by means of the half-width of
the normalized RPSD peak and/or the angular coordinate of
the maximum of the normalized AnPSD. The conclusions
following from the comparison of the results obtained for
the selected values of technological parameters (pressure of
water at the input of the AWJ head, abrasive flow rate, and
traverse speed of the AWIJ cutting head) of the
aforementioned surfaces can be summarized as follows (see
Tabs 2-7). There are no significant changes observed in the
half-width of the normalized RPSD peak or the angular
coordinate of the maximum of the normalized AnPSD
within the smooth zone of the surfaces under study within
all the values of the technological parameters being
monitored. The significant changes in the mentioned
parameters were observed within the rough zone of the
surfaces being studied:

o  The half-width of the normalized RPSD peak increases
with the increase of the water pressure at the input of the
AW/ cutting head. It means that the spectral power of
the surface extends to higher spatial frequencies (higher
spatial frequencies become more significant).

o  The half-width of the normalized RPSD peak does not
change with the change of the abrasive flow rate. The
spectral power distribution of the surface is not affected
by possible variations in the abrasive flow rate.

o  The half-width of the normalized RPSD peak decreases
with the increase of the traverse speed of the cutting
head. The spectral power density of the surface moves
to the lower spatial frequencies (lower spatial
frequencies become more significant).

o The angular coordinate of the maximum of the
normalized AnPSD decreases very significantly with
the increase of the water pressure at the input of the
AWI cutting head. Greater curvature of the surface
striation within the rough zone is obtained by using
lower water pressure. This result indicates that the
higher the water pressure, the more easily the water jet
cuts the samples. This conclusion must be proved by a
more detailed research with an even higher number of
samples.

e The angular coordinate of the maximum of the
normalized AnPSD significantly decreases with the
increase of the abrasive flow rate. Alike in the previous
case the curvature of the surface striation within the
rough zone is greater by using the lower abrasive flow
rate. It could be interpreted in the way that the water jet
loses its kinetic energy markedly within the upper part
of the cutting wall at the higher traverse speed of the
cutting head.

e The angular coordinate of the maximum of the
normalized AnPSD significantly increases with the
increase of the traverse speed of the AWJ cutting head
(the curvature of the surface striation within the rough
zone is greater at the higher traverse speed of the cutting
head). It means that the water jet loses its kinetic energy
markedly within the upper part of the cutting wall at the
higher traverse speed of the cutting head.

It is possible to conclude that the spectral analysis of
surfaces generated by AWJ can provide the results useful for
the surface topography characterization. The main
advantage of this technique with respect to topography
parameters usually utilized in that case consists in a
different view of the surface topography characterization.
Particularly it allows quantitative evaluating directions of
surface irregularities orientation within individual zones of
the surfaces.
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