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1 Introduction

Abrasive waterjet (AWJ) cutting technique can be consid-
ered as one of the most recent nontraditional manufacturing
processes to be introduced. In this technique, the material
removal is primarily through the erosive action of abrasive
particles which are accelerated by a thin stream of high
velocity waterjet and are directed through an AWJ nozzle.
AW]J cutting was first introduced as a commercial system in
1983 for cutting glass. Nowadays, this process is being used
widely for machining hard to machine materials like ceram-
ics, ceramic composites, metal matrix composites, laminates,
fiber re-inforced resin composites, titanium and its alloys,
etc., where conventional machining is often not technically or
economically feasible. High speed and multidirectional cut-
ting capability, high cutting efficiency, ability to cut compli-
cated shapes of even nonflat surfaces very effectively at close
tolerances, easy accomplishment of changeover of cutting
patterns under computer control, etc., are a few of the
advantages offered by this process which make it ideal for a
flexible manufacturing environment.

In AWIJ cutting, as the jet penetrates into the workpiece, it
loses its kinetic energy continuously and starts deflecting.
Thus typically, the surface produced by AWJ has two distinct
regions along the kerf; one is a relatively smooth region
(cutting wear zone) at the top of the kerf and the other a
striated region (deformation wear zone) at the bottom of the
kerf. In order to achieve the desired surface finish, the AWJ
cutting process needs to be monitored on-line and controlled
through a closed-loop feedback and control system. Charac-
terization of the surface profiles generated by AWJ under
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various cutting conditions will give us information about how
to control the process. We know that the kinematics as well
as the dynamics of the cutting process are responsible for the
surface profile generating mechanism in jet cutting processes.
Dynamic characterization of the surface profile will give us
information about the mechanism of surface profile genera-
tion and clues about the influence of cutting parameters on
the generated surface profile.

Characterization of surface profiles generated by AWJ has
been studied by several investigators [1-6]. The concept of
cutting wear mode and deformation wear mode as applicable
to AWJ generated surfaces were introduced [7] by Hashish.
Through a separate investigation, Chao et al. [8] established
that there is a strong correlation between the nozzle vibra-
tion and the waviness of AWJ generated surface. Hashish
developed a physical model [9] to describe the waviness
(striations) phenomenon associated with AWIJ cutting. The
quantitative discrepancies observed in the model were at-
tributed to kerf taper effects. The present authors have
characterized [10] the surface texture generated by AWJ
cutting and laser machining by stochastic modeling of large
sample size data for a comparative study. Several studies
have been conducted in AWJ cutting to establish correlation
between workpiece normal force generated by the AWJ and
surface texture [11-15].

Various methods have been adopted for characterization
of surface profiles generated by different manufacturing pro-
cesses, through static parameters [16-17]. Although the com-
putation of the static parameters is straightforward, they may
not reflect the peculiarities of the profile generating process
due to their empirical nature. It can dlso be noted that there
is a considerable overlap of these parameter values for vari-
ous machining processes. Assessment of surface typology
analysis techniques [18] reveal that there is a need for more
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detailed comprehensive analyses. Time series analysis offers
a surface characterization technique which can readily relate
to the dynamics of the manufacturing process generating the
surface profile. There have been several studies of dynamic
characterization of surface profile data through the dynamic
data system (DDS) modeling technique [19-271.

From the review of the work already done it can be noted
that:

e AW]J cutting system generates striated surfaces which
can be modeled using stochastic modeling technique.

e Stochastic model characterization as a dynamic model-
ing technique has provided insight into the high energy jet
cutting processes.

e However, in previous modeling of surfaces, data sets
having only a few hundreds of observations have been uti-
lized to fit auto regressive moving average (ARMA) models
due to extensive computational burden of conventional mod-
eling approaches. As a result, inaccurate models are fre-
quently obtained.

e Workpiece normal force (static) has been found to be a
good indicator of the surface profile generated by AWJ.

e But no study on the dynamic portion of the cutting
force was conducted to extract information about the surface
profile.

In AWJ cutting, once the striations begin to appear along
the kerf, the surface finish is predominantly decided by
presence of striations (waviness). Hence the objective of this
study is to investigate the role played by the cutting parame-
ters in the striation generating mechanisms of AW] cutting
process. The dynamic workpiece normal force in AWI] is
influenced by process parameters such as fluctuations in
water pressure, change in abrasive flow rate, vibration of the,
positioning system, traverse speed, nozzle diameter, etc. An
attempt has been made in this paper to link the dynamics of
the process to the quality of the generated surface. The focus
will be on investigating the feasibility of using dynamic work-
piece normal force as a parameter for on-line monitoring of
surface profile generated by AWIJ. A new approach called
model distance method [28] is employed for stochastic model-
ing of large sample sizes of surface profile data and dynamic
force data. As the same surface has regions where striations
are present and absent, the terms “roughness” and “wavi-
ness” are used interchangeably here. In other words, for a
striated surface, the term “surface roughness” indicates
“surface waviness” in the very strict sense.

2 Experimental Setup and Procedure

The experimental setup consists of an AWJ cutting system,
a three component dynamometer, charge amplifier, A/D
convertor, PC/AT with suitable software and workpiece. The
AW]J cutting system used for conducting the experiment

consists of a high pressure intensifier pump, abrasive meter-
ing and delivery system, AW]J cutting head, catcher tank and

. X-Y-Z positioning table controlled by a CNC controller. A

schematic of the experimental setup is shown in Fig. 1. The
workpiece used here is aluminum, Al 2024 of 25.4 mm
thickness. A thick workpiece is chosen to study the variation
of surface finish along the kerf wall. The parameters of AWJ
cutting chosen for evaluation are water pressure, stand-off
distance, traverse speed and abrasive flow rate as they are
found to be the most influential on the surface profile. The
process parameters for this experiment are given in Table 1.

The workpiece is kept on a dynamometer to measure the
workpiece normal force which indirectly gives the normal
force exerted by the impacting AWJ while cutting. The
dynamic component of the force is taken for analysis. The
cutting parameters were chosen at four different levels so
that the influence of each parameter on the surface profile
could be studied separately. However, the minimum level of
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Fig. 1 Schematic of experimental setup

Table 1 Process parameters

Abrasive Waterjet Cutting
Abrasive material - Garnet
Abrasive mesh size - 80 (0.180 mm)
Abrasive particle shape - angular(random)
AW] orifice material - Sapphire
AW] orifice diameter -0.254 mm
Mixing nozzle length -76.2 mm
Mixing nozzle diameter -0.762 mm
Method of feed - suction
Condition of abrasive -dry
Angle of Jet - 90 degrees
Workpiece Details
Material - Aluminum Al 2024
~ Material thickness -25.4 mm
Length of cut -50.8 mm
Experimental Variables
Range of Waterjet Pressure - 248 MPa to 331 MPa
Range of Stand-off Distance - 5.08 mm to 12.70 mm
Range of Traverse Speed - 0.42 mmy/s to 1.69 mm/s
Range of Abrasive Flow Rate - 2.27 g/sto4.54 g/s

each cutting parameter is selected to ensure through-cutting
of the workpiece. Different samples were cut by AW]J for a
length of about 50 mm by varying each cutting parameter and
keeping the other parameters constant at their mean value.
The profile of the cut surface was measured using a pro-
filometer at three different levels along the kerf; one at
about 2.5 mm from the top surface, where the striations are
not present (cutting wear zone—level “a”), one at the zone
where the striations start to appear (transition zone—level
“b and the third at about 2.5 mm from the bottom surface,
where the striations dictate the surface finish (deformation
wear zone—Ilevel “c”). To eliminate the effects of the entry
stage and exit stage of the cutting process, the surface profile
is measured at the middle of the cut for a length of about 40
mm. Typical surface profiles generated at levels a, b & c are
given in Fig. 2. Surface roughness parameters like roughness
average (R,), skewness (R ), and kurtosis (R,,) which indi-
cate the static characteristics of the surface,profile, are also
measured.

The ASCII file of each surface profile data set used for
stochastic modeling consisted of about 7,500 observations at
a sampling interval of 5 pm. Considering the measuring
speed of 0.5 mm/s, this represents a sampling frequency of
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Fig. 3 Typical cutting force signals, (a) static force, (b) dynamic force

100 Hz. The number of data points (per data set) used here
is much larger than that used for similar work in this area
which is of the order of only a few hundred [24]. Each
dynamic force data set consisted of about 4000 observations
at a sampling frequency of 100 Hz. Typical static cutting
force signal and the corresponding dynamic force signal are
given in Figs. 3(a) and (b), respectively. The dynamic force
signal has been utilized in this paper for ARMA modeling.
Each data set (of both surface profile as well as dynamic
force) is fitted with suitable ARMA model using the model
distance approach [28]. Even though ARMA modeling has
been verified to be an effective tool for characterization of
various engineering surfaces, there is no suitable approach
for selecting an optimum sampling interval for ARMA char-
acterization. Moreover, the accuracy requirement varies from
case to case. Hence more data is expected to be processed
for more accurate results. The computational burden pre-
vents one from selecting extensive data. As a matter of fact,

342 / Vol. 117, AUGUST 1995

since the parameter estimation of the ARMA models is
nonlinear, and since the computational burden of the con-
ventional methods (for example, the nonlinear least squares
(NLS) method [29] and maximum likelihood (ML) method
[30]) are proportional to the sample sizes, the identification
of large samples will be time consuming. Therefore an alter-
native algorithm for identifying ARMA models has been
proposed [28] based on the concept of model distance.

3 ARMA Modeling Using Model Distance Approach
The aim of this approach is to ingrease the ratio of

accuracy to computational burden, with reliable evaluation of

the final modeling accuracy. The proposed approach consists

of a two step procedure:
(I) AR modeling—Identifying an AR model from the

samples.
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(2) ARMA approximation—Identifying the ARMA
model based upon this AR model.

It has been shown that, by this method, the ratio of
modeling accuracy to computational burden increases with
sample size, whereas this ratio is nearly constant for conven-
tional methods. Also, its computational burden is nearly
independent of sample size. This makes it possible for us to
adequately utilize extra samples to improve the modeling
accuracy without a virtual increase in computational burden.
ARMA models will be identified here using this approach.
The flow chart in Fig. 4 gives the outline of this procedure.
The method is briefly described below:

Suppose the sample of y, is produced from:

M: &(B)y, = 6(B)s (€RY)

" where M is a notation for the model (3.1), B is the backshift

operator, & ~ N(0, ¢,%), and

j=1

P q
#(B)=1- Y &B/, 6(B)=1- Y 6B
j=1

where ¢; and 6, (j=1;,...,p;i=1, ..., q) are real.

Suppose M (ARMA (p, §)) is an estimate of M:
M: $(B)y. = 8(B)3 (32)
where £, is the residual of M, and
-~ v ﬁ ~ . A q‘. -~ .
$(B)=1- Y &B 6(B)=1- ) 68
j=1 j=1

where (f’,— and 6, (j=1, ..., p;i=1, ..., §) are real.
First-order model distance from M to M can be defined as

Journal of Engineering for Industry

: . E(M) — E(M AE(M - M
DI(M—>M)E\/() ()=\/ ShEl

g,

&

E(M)
(3.3)

where, E(M) (E(M)) is the variance of the one-step-ahead :
prediction error when the minimum mean squared forecast is
performed using M (M). Suppose M, M assume the follow-
ing AR model forms:

-]

M: y=Yay_  +e M y=Yay;+& (34)
=1 1

j=
It can be shown:
AE(M - M)=Aa"RAa (3.5)
where Aa = (Aagj, Aas, ..., Aa ) =(a; —d,a, =4y, ...,

a, — a7, Ryx (i, j) = y(j —iD = E(y,_;y,_)), and L (L
> m) is a positive infinite integer (which can be taken to be
a sufficiently large integer in numerical computation). y(;)
can be calculated based upon both ¢;, 6; G=L....,p
i=1,...,q) and ¢ [29]

Let us assume that we have model AR(p,) having less
parameters than model AR(p,). If D(AR(p,)) < D(AR(p,)
— AR(p,)) and &:2(AR(p,)) < 6;2(AR(p))), select AR(p,);
otherwise, do not select AR(p,). This criterion of prediction
is corresponding to the least squares estimation.

Let us discuss the computation of D(4R(p,)). Assume an
AR modg_l\to be‘described by ¢l'-s(j =12, ..., p) and its
estimate AR by ¢/s(j = 1,2, ..., p). It can be shown that
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RN P P
AE(AR—AR) =F =3} Y A¢Ady(li-jl) (3.6)

i=1 j=1

Thus, the corresponding model distance D(AR — AR) can be
calculated. 5

As it is impossible to find the values of #;s and #;s during
modeling and since actual parameter values are not available,
an approximation of A E,(4AR) which is more practical as an
estimate of the modeling accuracy than AE(AR— AR) is
given by,

Aéx(ﬁ) 7= AEl(ZE)m = Z

i=1 j

Voo (i, ¥ (li = ji)

P
=1

3.7
where ¥ is calculated based upon AR.

The method of calculation of accuracy of this approxima-
tion is given in [28]. The resulting AR model can be repre-
sented by AR(K).

As AR(K) is an adequate representation of the samples,
parameters of ARMA(p, q) can be acquired based upon the
following criterion;

b=, 6*: in D?((¢,48

’ tf’eRn;TgeRq 1((4) ) - a)
= i AE((d, 6 3.8
Gl

where a is the parameter vector of the AR(K).

4 Characterization of AW]J Cut Surface
4.1 Static Characterization. Preliminary analysis of the
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Fig. 6 Skewness/kurtosis diagram for different manufacturing
processes

surface profiles generated under different cutting conditions
is conducted qualitatively in terms of static characteristics
like R,, R, & R,,. Roughness average (R,) of the surface
profile measured at three levels is plotted against various
cutting parameters in Fig. 5. It will be interesting to compare
the profiles generated by AWJ with that of other manufactur-
ing processes in terms of their shape parameters, skewness
(R, and kurtosis (R,,). A diagram of skewness vs. kurtosis
for various manufacturing processes is adopted from [31] and
the plot of skewness vs. kurtosis for AWJ cut profiles is
included (Fig. 6). From this figure, it can be noted that there
is considerable overlap between the profiles generated by
AW] and that of grinding as well as EDM. This shows that
AWI is capable of generating surfaces of quality comparable
to that of grinding and EDM. A value of zero for skewness
(R, and three for kurtosis (R,,) is typical for a random
Gaussian profile. It can be seen that the plot of R vs. R,
of AWIJ profile is centered around the random Gaussian
profile. Hence the profiles generated by AWJ can be defined
as predominantly Gaussian in nature.

4.2 Dynamic Characterization. To understand more
about the underlying principle of surface profile generation
in jet cutting processes, we need to obtain the dynamic
characteristics of the generated surface. These dynamic char-
acteristics are in turn derived using time series analysis.
Hence, the surface profile data is modeled using ARMA
modeling technique. Let the surface profiles obtained be
described by the following ARMA(n, n — 1) model

Lo R =Y,
(4.1)

where, Y, is the height of the profile at a distance ¢ and
a, ~ NID(0, o).

The best fit ARMA models generated for the AWJ cut
profiles range from orders ARMA(4, 3) to ARMA(2, 1).
Green’s function, auto co-variance function and power spec-
trum density of the ARMA models are computed [29] for
further analysis. Typical plots of the Green’s function, auto
co-variance function and power spectrum density for the
ARMA models fitted for the AWJ cut profile are given in
Fig. 7(a). The peak values of Green'’s function, auto co-vari-
ance function and power spectrum density for different cut-
ting conditions at the three levels are given in Table 2. Mean
lag (M.Lag) indicates the lag for which the respective func-
tions reach the mean position.

=g -8w. — &~ ... e T T
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The peak values of Green’s function, auto co-variance
function and power spectrum density exhibit the same trend
as that of surface roughness (R,) with change in cutting
parameters. As water pressure increases, R, reduces; so do
the peak values of Green’s function (with one exception),
auto co-variance function and power spectrum density. With
increase in stand-off distance, the surface becomes smoother
until a stand-off distance of about 7 mm and then it rough-
ens. Similarly, the peak values of Green’s function, auto
co-variance function and power spectrum density initially
reduces until a stand-off distance of 7 mm is reached and
then the peak values increase. As traverse speed increases,
the surface roughness (R,) as well as the peak values of
Green’s function, auto co-variance function and power spec-
trum density increase. With increase in abrasive flow rate,
the peak values of Green’s function, auto co-variance func-
tion and power spectrum density have the same trend as that
of change in R,. Thus it can be concluded that Green’s
function, auto co-variance function and power spectrum den-
sity peaks give a well defined and quantified surface rough-
ness value for qualitative analysis of surface profiles. They

Joumnal of Engineering for Industry

also give a common platform for comparison of different
stochastic signals which can be used for process monitoring.

43 Wavelength Decomposition. In order to derive more
information about the generated surface profile and to relate
it with the cutting process in a more tangible way, it will be
necessary to perform the wavelength decomposition of the
roots of the ARMA models. The characteristic frequencies of
the discrete roots give us the corresponding wavelengths. The
relative power of the roots can be obtained from the variance
decomposition. The characteristic roots of the ARMA mod-
els obtained as well as their wavelength decomposition are
given in Table 3. This table also gives the break frequencies
of the real roots and the damped natural frequencies of the
complex roots. The relative power of the discrete roots are
also given. It can be observed that all the ARMA(n, n — D
models are asymptotically stable as they satisfy the stability
criterion [29],

Al <1, (42)

ESd. 2.0
where, A, is a root of the model.
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c [1L43@2.6 92 1.17EDS | 5.27E-02 | S36E-02 |3.54E-07 c |l4s@4as 257 3.47EQS |8.71E02 | 1.01E-01 |621E.
a (1351@28 57 |216 S7 a2 |140@25 176 34 |1.73E03
10.16 b [1.35@23 116{262 116{4.83E03 37 b [133@22 121{25.8 121|S.38E03
c |1.54@5.3 238 3.43E0S |6.42E-02 |721E-02 |5.52B-03 c |1.34@4.1 16 S.S4EDS |7.06E-02 |1.53E-01 {3.11E-0%
a [153@30 52 1230 32 [231E03 a [138@23 60 [162 60 |1.39E03
1270 b |1.33@24 105{27.5 105{4.83E03 434 b [L34@2.1 255{31.4 255/1.04ED4
c |1.60@6.6 441 1.01E06 | 8 26E-02 |201E-01 &“!d c [L45@4.7 s 3.95EQS | 1.02E+00 | 1.08E+00 | 3.07E-03

For all cutting conditions, the primary wavelength of the
model representing level “a” is of the order of one to one-
and-a-half times the average size of the abrasive particles.
Hence we can conclude that the surface roughness at this
level is primarily caused by the abrasive particles. (Even
though different sizes of abrasive particles have not been
tried, it is expected that similar results will be obtained for
different size abrasives too.) The fact that the primary wave-
length is sometimes slightly bigger than the average size of
the abrasive particles could be due to two reasons.

(1) The abrasive mesh size is defined by the average size
‘of the particles. There could be a significant number of
particles, above the average size, which hit the kerf wall.

(2) When particles impinge the surface at spacings very
close to each other, the crater produced by one particle
overlaps with the other such that when measured, it looks as
though it is one big crater.

The secondary wavelength at level “a” is of the order of
1/3rd to half the average size of the abrasive particles. The
cause for this could be attributed to the smaller size abrasive
particles, improper penetration of the abrasive particles or
their fragmentation. Thus, at level “a” the “waviness” (or
striations) of the jet stream does not have any significant
effect on the surface profile. The power of the primary
wavelength is observed to be between 75 percent and 85
percent with one exception of very low traverse speed when it
is 91 percent. Interestingly, all the primary as well as sec-
ondary wavelengths at level “a” have real roots except at very
low traverse speed.

Level “b” is the depth of the transition zone or the depth
at which the striations start to appear. So, it is expected that
the effect of striations at level “b” should be evident on the
wavelength decomposition. We know that the waterjet stream
diverges upon exit from the mixing nozzle. Over a stand-off
distance of about 8 mm, the effective diameter becomes
almost double the nozzle inside diameter. In our case it
becomes approximately 1.52 mm. It can be seen that, the
primary wavelength at level “b” ranges from 1/3rd to one-
and-a-half times the jet diameter. The power of the primary
wavelength at level “b” is above 90 percent at all cutting
conditions and most of them are considerably above 95
percent. This indicates the fact that the effect of jet diameter
becomes more and more predominant as we go downwards
along the kerf wall as expected from visual observations. The
effect of secondary wavelength on the surface profile at level
“b”is insignificant (as denoted by the power and magnitude)
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except at low stand-off distances. The secondary wavelength
is about half to 1/8th the abrasive particle size except at low
stand-off distance when it is twice. We can also note that the
primary wavelength of all the surfaces obtained at this level
has real roots. Most of the secondary wavelengths also have
real roots.

Wavelength decomposition of the surface profile at level
“c” indicates that the contribution of the primary wavelength
is always of the order of about 99 percent of the total power.
Primary wavelength of all profiles have real roots. From the
studies of the mechanism of striation formation, we can show
that primary wavelength at level “c” represents the influence
of the AWJ stream on the surface. At lower pressures, the
primary wavelength of the roots of the model representing
the profile at level “c” is about three times the effective jet
diameter. However, as the water pressure increases, the
primary wavelength decreases and becomes almost one and a
half times the effective jet diameter. The influence of stand-
off distance is considerable on the primary wavelength at
level “c”. At lower stand-off distances it is approximately
five times the effective jet diameter. But at a stand-off
distance of about 7.6mm, it is only about twice the jet
diameter. With further increase in stand-off distance. the
primary wavelength at level “c” increases and becomes about
six times the effective jet diameter. At very low traverse

.speeds the primary wavelength at level “c” is about 1/3rd of

the jet diameter. At the traverse speed of 0.85 mm/s the
primary wavelength is about one and a half times the effec-
tive jet diameter. The primary wavelength increases until it
reaches about seven times the effective jet diameter. At
lower abrasive flow rate, the primary wavelength is about six
times the effective jet diameter. With increase in abrasive
flow rate, it reduces initially; again it increases and finally
reduces. This trend is expected as indicated by the change in
R,. The secondary wavelength at the deformation wear zone
is about half to 1/6th the abrasive particle size. This could be
attributed to the particle fragmentation rather than improper
penetration. The power of the secondary wavelength is only
about 1 percent at this level. Hence the effect of secondary
wavelength on the surface profile can be ignored. We can see
that for all cutting parameters, if the primary wavelength of
the profile at level “c”is smaller, the surface will be smoother.

From this analysis we can conclude that all the cutting
parameters have considerable influence on the striation gen-
eration mechanism in AWJ cutting of thick workpieces. How-
ever, in terms of surface roughness, once the optimum values
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of stand-off distance and abrasive flow rate are known, the
surface finish can be controlled by changing traverse speed or
water pressure. From the power and magnitude of the pri-
mary and secondary wavelengths, it can be inferred that as
soon as the striations start appearing, the surface finish is
dictated by the presence of the striations. Any parameter
which improves the surface finish has a tendency to reduce
the primary wavelength at the deformation wear zone. It may
also be noted that as the complex roots have an exponentially
decaying dynamic mode, their presence (say for a traverse
rate of 0.42 mm/sec) associated with a significant power
(typically greater than 1 percent) has a damping effect on the
surface profile indicating a much better surface finish.

5 Characterization of Workpiece Normal Force

Information revealed by dynamic surface profile character-
ization can be utilized more meaningfully if they help for
on-line monitoring of the surface profile. It can be noted that
jet impacting force can be measured indirectly by measuring
the workpiece normal force. Among the parameters that can
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be monitored on-line during AWJ cutting, workpiece normal
force can be considered to be the most promising one for
surface profile monitoring. Even though these two stochastic
signals, surface profile data and dynamic force data are
generated independently, characterization of the dynamic
portion of the workpiece normal force through stochastic
modeling will provide us a common platform for relating the
surface profile with the workpiece normal force. The purpose
of this investigation is to find out as to how much information
can be extracted from the workpiece normal force which can
be related to the surface profile generation mechanism of the
AWLI cutting process.

The influence of waterjet cutting parameters on the dy-
namic force is studied through stochastic modeling of the
force data. ARMA models are fitted for the dynamic force
data produced under each cutting condition using the model
distance approach. The order of the best fit ARMA models
of the dynamic force signal range from ARMA®4, 3) to
ARMA(Z2, 1). The influence of AWJ cutting parameters on
the dynamic characteristics of the workpiece normal force
signal is discussed below.
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5.1 Influence of AW] Cutting Parameters on Dynamic
Force. Typical plots of Green's function, auto co-variance
function and power spectrum density for the ARMA models
fitted for the dynamic force data are illustrated in Fig. 7(b).
Peak values of Green’s function, auto co-variance function
and power spectrum density are tabulated in Table 2. We can
note that there is a distinct difference in trend of the Green’s
function of the ARMA model representing the dynamic force
signal and surface profile data. From the initial value of 1.0
at G(0) for the surface profile data, the Green’s function
reaches a positive peak and then it drops down to the mean
value; whereas for the force data, it reaches a negative peak
from the initial value of 1.0 and then it stabilizes around the
mean position. (This is true for all force signals except for the
highest abrasive flow rate.) We can attribute the cause for
the difference in behavior to the different mechanisms of
stochastic signal generation. With increase in pressure, the
magnitude of the peak value of Green’s function reduces
initially and then it increases after a pressure of 303 MPa.
This behavior is similar to the trend shown by the Green’s
function of the profile signal at the bottom of the kerf height.
The auto co-variance function also exhibits a similar trend.
The power spectrum density of the dynamic force signals
exhibits a similar behavior as profile signal (level “c”) with
increase in water pressure, i.e., it drops down continuously.
This shows that the surface profile improves as pressure
increases.

With increase in stand-off distance, the peak value of the
Green’s function reduces initially until a stand-off distance of
about 7 mm and then starts increasing. Similar trend can be
noticed for the peak value of the auto co-variance function.
Spectrum density also exhibits a similar behavior indicating
that the surface profile at 7 -mm stand-off distance is the
smoothest. We can see that the power spectrum of the model
representing the surface profile at the bottom of kerf changes
with increase in stand-off distance in the same pattern.

The peak value of the Green’s function steadily increases
with increase in traverse speed. However, surprisingly though
the auto co-variance function peak value does not have any
clear trend with increase in traverse speed. But spectrum
density peak steadily increases with increase in traverse speed
indicating that the surface becomes rougher. The power
spectrum density of the model representing the surface pro-
file (level “c”) also exhibits the same trend with increase in
traverse speed.

The Green’s function or the auto co-variance function do
not show any obvious trend with increase in abrasive flow
rate. But, the power spectrum density peak of the workpiece
normal force exhibits the same trend as that of the surface
profile. It may be noted that this trend is similar to that of
the surface roughness, R,, i.e., with increase in abrasive flow
rate it initially reduces then increases and finally reduces.

6 On-Line Monitoring of Surface Finish by Monitor-
ing the Dynamic Workpiece Normal Force

From the above investigations, it can be observed that the
spectral density of the ARMA model representing the work-
piece normal force signal behaves the same way as that of the
surface profile measurements at the bottom of the kerf (level
“c”) for all cutting parameters. It is interesting to note that
with increase in water pressure, the roughness of the surface
profile reduces; whereas the static component of the work-
piece normal force increases [15]. But with increase in tra-
verse speed the surface roughness increases; so does the
static force [11, 15]. Due to this peculiarity in behavior of the
static force we cannot successfully correlate the surface
roughness (R,) with static normal force. But we have seen
that, the higher the PSD peak of the model representing the
dynamic workpiece normal force, the higher the PSD peak of
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the surface profile data and the rougher the surface profile
will be. Thus, the PSD peak of the model representing
dynamic force data can be correlated with surface roughness

very reliably.

Even though the new generation AWJ cutting system
envisages the on-line control of all the four parameters,
water pressure, abrasive flow rate, traverse speed and stand-
off distance, only the traverse speed controller and the stand-
off distance controller have been implemented. However, in
practice the optimum stand-off distance and optimum abra-
sive flow rate which give the best surface finish for each
material is determined before the actual cutting process
begins. Once these parameters are known, they can be set to
their pre-determined optimum value for the particular mate-
rial. Thus the best in-process control parameters for surface
profile monitoring will be traverse speed and water pressure.
Among these two parameters, the range of surface profile
that can be obtained by changing the traverse speed is much
larger. However, the water pressure can be used to get a
finer control of the surface finish.

Figure 8(a) gives a plot of the log of the power spectrum
density peak of the ARMA model representing the surface
profile vs. the log of the power spectrum density peak of the
ARMA model representing the dynamic force with change in
traverse speed. These power spectrum density peaks are
derived from their respective models. The bottom left hand
corner of the plot indicates the smoothest surface that can be
obtained. The log of power spectrum density peak of the
force has a quadratic relationship with the log of power
spectrum density peak of the profile. It can be mathemati-
cally expressed as follows:

P= —0.10F? + 0.08F + 14.57 (6.1)

where, F — Log of power spectrum density peak of model
representing dynamic force and, P — Log of power spectrum
density peak of model representing surface profile. The plot
of R, vs. log of power spectrum density peak of the ARMA
model representing the surface profile with change in tra-
verse speed is shown in Fig. 8(5). Their relationship is given
by:

R =033P? - 4.43P + 19.63 6.2)

where, R — Surface Roughness (R,) and P as defined above.

Figure 8(c) gives a plot of the log of power spectrum
density peak of the ARMA model representing the surface
profile vs. the log of power spectrum density peak of the
ARMA model representing the dynamic force with change in
water pressure. These peaks are also derived from their
respective models with the bottom left hand corner indicating
the smoothest surface. Here also a quadratic relationship
exists between the two variables and is mathematically given
below:

P= —0511F? - 3.252F + 9.397

where, F and P are as defined above.

The plot of R, vs. log of power spectrum density peak of
the ARMA model representing the surface profile with
change in water pressure is shown in Fig. 8(d). Their rela-
tionship is given by:

R = 0.34P% — 6.50P + 41.69

where, R and P are as defined above.

The R, of the kerf wall can be predicted using the
relationships given by Eq. (6.1)-(6.4), once the control pa-
rameter (traverse speed or water pressure) is chosen. The
predicted R, can be compared with the desired R, and if
they are different then corresponding control signal can be
sent to the AWIJ cutting machine to change the chosen
parameter. Thus, the PSD peak of dynamic cutting force

(6.3)

(64)
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Fig. 8 (a) Plot of log of power spectrum density peak of ARMA model of the surface profile vs log of
power spectrum density peak of ARMA model of the dynamic force with change in traverse speed,
(b) Plat of log of power spectrum density peak of ARMA model of the surface profile vs R, with

change in traverse speed, (c) Plot of log of power spectrum

density peak of ARMA model of the

surface profile vs log of power spectrum density peak of ARMA model of the dynamic force with
change in water pressure, (d) Plot of log of power spectrum density peak of ARMA model of the

surface profile vs R, with change in water pressure

signal can be used for on-line monitoring and controlling the
surface roughness (R,).

The underlying assumption here is that the workpiece
material is homogeneous and that water pressure and abra-
sive flow rate are uniform. It may be noted that the relation-
ships given in Fig. 8 were verified through several trials
conducted under identical conditions and were found to be

repeatable.

7 Conclusions

The conclusions from this investigation can be summarized
as follows:

The AWJ cut surface profile is predominantly Gaussian in
nature. Skewness/kurtosis diagram indicates that AWJ is
capable of generating surfaces of quality comparable to
grinding or EDM. Hence parameters like Green’s function,
auto co-variance function and/or power spectrum density
which measure the dynamics of the AWJ system can be used
for surface profile representation of AWJ.

Primary and secondary wavelengths are responsible for the
surface profile of AWJ cut surfaces. The power of the pri-
mary wavelength at the cutting wear zone is about 75 percent
to 85 percent. The primary and the secondary wavelength at
the cutting wear zone are caused by the abrasive particles. At
this zone, the “waviness” of the jet stream does not have any
significant effect on the surface profile. The power of the
primary wavelength is above 90 percent at the transition
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zone. Primary wavelength at the transition zone is caused by
the jet stream and the secondary wavelength is caused by the
abrasive particles. Primary wavelength ranges from 1/3rd to
about one-and-a-half times the jet diameter. The contribu-
tion of the primary wavelength in the deformation wear zone
is about 99 percent of the total power. This wavelength varies
from 1/3rd to about seven times the effective jet diameter.
The secondary wavelength in the deformation wear zone is
about half to 1/6th the average abrasive particle size. Any
parameter which improves surface finish has a tendency to
reduce the primary wavelength at the deformation wear
zone.

The spectral density of the ARMA model of the dynamic
force behaves the same way as that of the surface profile
measurements at the deformation zone for all cutting param-
eters. The peak of the power spectrum density of the ARMA
models representing the dynamic workpiece normal force
signal can be considered as a potential parameter for on-line
monitoring of the surface finish at the deformation wear
zone.
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