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The surfaces produced by two different jet cutting processes, namely abrasive waterjet (AW J) cutting and laser machining, are charac-
terized for a comparative study. The surface profile measurements from experiments are modelled using auto regressive moving average
(ARMA) models. The characteristics of the different profiles are identified by analysing these models. To describe the surface ade-
quately, a sufficiently large sized sample is utilized for modelling. A novel method for identifying ARM A models based on the concept of
model distance, which is ideal for large size samples, is adopted here. The relative advantages of this method are quantified in terms of
the accuracy ratio. The profile characteristics (both dynamic as well as static) reveal more information about the nature of these
processes. Scanning electron microscope (SEM) photographs of the surfaces generated by laser and AW J are analysed to obtain more

insight into the physics of these processes.

1 INTRODUCTION

Jet cutting processes like abrasive waterjet (AWJ), laser
and plasma arc cutting are being used more and more
for cutting difficult-to-machine materials. These jet
cutting processes have been found to be very effective in
areas where conventional cutting processes are difficult
to implement. The jet cutting operations can be broadly
classified into cold jet cutting processes and hot jet
cutting processes. Waterjet cutting and AWJ cutting
belong to the former, whereas laser cutting and plasma
arc cutting fall under the latter category. In order to
achieve the desired surface finish, these jet cutting pro-
cesses need to be controlled. Characterization of the
surface profiles gives us information about how to
control the processes.

The surface profiles obtained by different manufac-
turing processes can be characterized using various
methods. The height distribution of the surface profile
of any machined surface can be satisfactorily repre-
sented by asperity functions like roughness average (R,)
or rm.s. roughness (R;) or maximum peak-to-valley
height (R,. The third and fourth central moments,
namely skewness (R,,) and kurtosis (R,,), can be used to
represent the shape of the surface profile distribution
about the mean. However, jet cutting processes produce
surfaces with repetitive striations. In order to character-
ize the repetitive shape of the profile by combining the
height distribution and spatial characteristics, stochastic
models obtained by time series analysis will be pre-
ferred.

Various methods have been adopted for character-
ization of engineering surfaces either through surface
profile height description or stochastic model descrip-
tion (1-5). The mechanism of striation formation on the
AWJ cut surface was investigated by mathematical
modelling (6) and through surface texture and surface
integrity analysis (7). On-line monitoring of the AWJ

The MS was received on 2 September 1992 and was accepted for publication on
25 February 1993.

B05292 © IMechE 1993

0954-4054/93 $3.00 + .05

cut surface was investigated (8-10) by developing a
mathematical relationship between cutting parameters
and surface roughness (R,). Several studies were con-
ducted to optimize the AWIJ surface finish through the
force feedback technique (11-14). By stochastic model-
ling, the role of cutting parameters in surface formation
has been investigated (15-18). From these studies, it can
be seen that stochastic model characterization has pro-
vided an insight into the cutting processes. In this
paper, laser cut surfaces will also be in the scope of
study. There have been several investigations (19-21) on
the characterization of the laser cut surface through
surface profile height distribution.

Although stochastic models have been used to char-
acterize the surfaces cut by AWJ, laser cut surfaces have
been characterized through height distribution only.
Moreover, no comparative studies have been per-
formed. Also, in previous modelling of surfaces, data
sets having only a few hundred observations have been
utilized to fit auto regressive moving average (ARMA)
models due to the extensive computational burden of
conventional modelling approaches. Inaccurate models
are frequently obtained. Thus, in this study, model com-
parison and accuracy become the primary interests.

The present authors have proposed a novel ARMA
modelling approach to sufficiently employ extensive
data to improve accuracy (22) based on the concept of
model distance. This method will be used to identify
ARMA models in this paper. The relative advantages of
this method will be discussed in Section 4. The samples
are cut at different cutting speeds which is the common
predominant factor influencing the surface character-
istics of both jet cutting processes. The workpiece is
copper with ceramic coating (the coating thickness is
approximately 0.050 mm), a composite material of
thickness 1.65 mm used as the printed circuit board for
surface mount devices. A comparative study of the scan-
ning electron micrographs (SEM) of the surfaces gener-
ated by laser and AWJ reveal more information about
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Fig. 1 Schematic of abrasive waterjet cutting system

the physics of these processes. The SEM of sheared
surface and surface produced by bandsaw cutting are
also given for comparison.

2 EXPERIMENTAL SET-UP AND PROCEDURE

The first phase of the experimental study is conducted
using an AWJ cutting system consisting of a high-
pressure intensifier pump, AWJ cutting head, abrasive
metering and delivery system, catcher tank and XYZ
positioning table controlled by a computerized numeri-
cal control (CNC) controller. A schematic of the AWJ
cutting system is shown in Fig. 1. Constant process
parameters for AWJ cutting are given in Table 1.

The second phase is conducted using a laser machin-
ing system. A schematic of the laser machining system is
shown in Fig. 2. It consists of a laser beam generation
system, a beam delivery system, workpiece positioning
system and auxiliary devices. An Nd/YAG laser which
has a wavelength of 1.06 pm is good for cutting most
metals as it couples with metals very effectively. Since

Table 1 Constant process parameters for

AW]J cutting
Waterjet pressure 262 MPa
Water orifice diameter 0.254 mm
Stand-off distance 8 mm
Abrasive flowrate 5.76 g/s
Abrasive type Garnet
Abrasive size 80 mesh (0.180 mm)
Mixing nozzle length 76.2 mm
Mixing nozzle diameter 0.762 mm

the workpiece base material is copper, a gas-assisted
(O, assisted) Nd/YAG laser is used. Constant process
parameters for laser cutting are given in Table 2.
Different samples were cut by AWIJ and laser for a
length of about 25 mm by varying the cutting speed.
The profile of the cut surface was measured using a pro-
filometer. 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
8 mm. The data files used for laser and AWJ cuts in

-,
~,
N

Nd/YAG laser

“':/ Mirror
\

. .
tmcescosesesns covensossess cesares’

Beam generation
system

Workpiece positioning
system ~

system

i Beam delivery

/ Focusing lens

Auxiliary devices

\ Workpiece r
- AN
]
; ==l
A\

system
i
/; /
L Auxiliary

EFd'__= A gas (02)
ccadmliszsichss ezl |

7

Fig. 2 Schematic of laser machining system
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Table 2 Constant process param-
eters for laser cutting

Type of laser Nd/YAG
Power of laser 200 W
Focus lens 150 mm
Mode of operation Pulsed wave
Pulsing frequency 40 Hz
Secondary gas used 0,
Secondary gas pressure 0.414 MPa
Orifice diameter 1.524 mm
Stand-off distance 0.8 mm

reference (23) (except one) are adopted here for analysis.
ASCII file is generated from the data file of the cut
profile using a suitable data exchange protocol. Surface
roughness parameters like R,, skewness and kurtosis
are measured to quantify the static characteristics of the
surface profile.

The ASCII file consisted of about 4480(N) obser-
vations per measurement with a sampling interval of
1.25 pm. 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 350 (18) only. Each
data set is fitted using suitable ARMA models. Even
though ARMA modelling has been verified to be an
effective tool for characterization of various engineering
surfaces, there is no suitable approach for selecting an
optimum interval for ARMA characterization. Further-
more, the accuracy requirement varies from case to
case. Hence, more data are expected to be processed for
more accurate results. The problem is that the computa-
tional burden prevents one from selecting extensive
data. As a matter of fact, since the parameter estimation
of the ARMA models is non-linear, and since the com-
putational burden of the conventional methods [for
example, the non-linear least squares (NLS) method (24)
and maximum likelihood (ML) method (25)] is pro-
portional to the sample sizes, the identification of large
samples will be time consuming. Therefore, an alterna-
tive algorithm for identifying ARMA models has been
proposed (22) based on the concept of model distance.

The concern of this approach is to decrease the com-
putational burden to accuracy ratio with reliable evalu-
ation of the final modelling accuracy, for surface
modelling. The procedure for the proposed approach
consists of two steps: (a) identifying an AR model from
the samples (AR modelling); (b) identifying the ARMA
model based wupon this AR model (ARMA
approximation). The flow chart in Fig. 3 gives the
outline of this procedure. Details of this procedure are
available in reference (22). It has been shown that, by
this method, the modelling accuracy to computational
burden ratio increases with sample size, whereas this
ratio in conventional methods is nearly constant. Also,
its computational burden is nearly independent of the
sample size. This makes it possible to adequately utilize
extra samples to improve the modelling accuracy
without a virtual increase in the computational burden.
In this paper, this approach will be used to identify the
ARMA models. The benefits of utilization of this
approach will be discussed in Section 4.

Using SEM, the cut surfaces are photographed and
the observations are analysed. Higher magnification
(x 500) of the interface of the composite layers is chosen
for SEM to better understand the phenomenon of
delamination associated with the jet cutting processes.
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3 RESULTS AND DISCUSSION

Surface roughness parameters measured for different
profiles are given in Table 3. The surface roughness
parameters for shearing and bandsaw cutting are given
for comparison. The plots of surface roughness (R,)
versus cutting speed for AWJ and laser are shown in
Fig. 4.

It can be seen that, within each process, R, increases
with an increase in the cutting speed. The cut produced
by the jet at an instance overlaps with the previous cut
as the cut progresses. This has a tendency to smooth
the surface. The jet overlap can be considered to be a
function of the cutting speed as well as steps per input
unit of the positioning system. Steps per input unit
remaining constant, the jet overlap decreases with an
increase in cutting speed, making the surface rougher.
This reasoning can be supported by the trend noticed in
the value of R,, (at speeds above 4.23 mm/s) with an
increase in cutting speed for AWJ cutting. It can be
noticed that at higher cutting speeds the laser cutting
produces a” very ro ce compared to the AWJ
cutting. This can be attributed to the fact that a laser
has a heating effect on the material being cut (evident in
the SEM photographs). As a result, the material melts
and loses its surface texture when it becomes
resolidified. In order to ensure through cutting, the laser
cutting has to be much slower than AWJ cutting. It can
also be noticed that R, is approximately equal to zero
and R,, is approximately equal to three for both jet
cutting processes (which is typical of a pure Gaussian
shape). From the values of Ry, and R, obtained, it can
be concluded that the surface profile is predominantly
Gaussian in nature. A similar observation was made by
Query et al. (26) for a laser cut surface.

The surface profiles obtained are described by the fol-
lowing ARMA(p,q) model (25):

Y;—¢1}’t—l_¢2}’t—2_”.—¢th~p

=8 =B e~ Dol — Dol )

where

Y, is the height of the profile at a distance ¢

and a, ~ NID(0, ¢2).

Using the model distance based method ARMA
models of orders ranging from (4,3) to (2,1) were
obtained. Out of seven cases, ARMA(2,1) was found to

Table 3 . Surface roughness parameters

Cutting speed R,
mm/ s pm Rsk Rku
Abrasive waterjet cutting
0.85 3.2282 0.0524 3.2370
4.23 3.9873 —0.1879 29502
10.58 46294 —0.1351 31927
21017 4.6770 —0.1942 34151
44.45 6.2116 0.2772 3.5197
Laser cutting
1.27 5.1272 0.4222 3.5736
3.39 22.8154 0.0123 355152
Shearing
— 301 —0.0250 3.8930

Bandsaw cutting

—_ 12.2494 —0.0213 2.8222
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distance

represent adequately the data for six cases. One case
was represented by ARMA(4,3). Hence, each set of data
was fitted with ARMA(2,1) for uniform comparison.
Green’s function (impulse response function), auto co-
variance function and power spectrum density are
obtained from the fitted ARMA(2,1) model.

The ARMA(2,1) model obtained for AWJ cutting and
laser cutting can be represented by the general equation

,=0,Y%_,+®,Y ,+a—6a_, )
where
Y, and g, are as given above.

The parameters of the ARMA(2,1) models obtained
are given in Table 4. From this table it can be seen that
as the traverse speed increases, the variance (o7)
increases for both AWJ as well as laser cutting (with
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Table 4 Parameters of ARMA(2,1) models

Cutting speed
mm/s (A (2 e, g,
Abrasive waterjet cutting
0.85 1.601 —0.6105 —0.2335 0.0325
423 1.656 —0.6630 —0.2616  0.0424
10.58 1.683 —0.6917 —0.2104  0.0470
2114 1.748 —0.7525 —0.1160  0.0475
44.45 1.772 —0.7790 —0.1887 0.0695
Laser cutting
1.27 1.860 —0.8714 0.2501 0.0427
339 1.925 —0.9652 —0.0399 0.2822

one exception). This gives an indication about the effect
of the traverse speed on the dynamic response of the
system.

Green’s function for an ARMA(2,1) model is given by
(24)

& . ll_@l . 12'—@1 3
jraseied g iy f Al et g S tiel i)
Gi=g1M+9:4 <11 " /12>}~1 +<12 N (3

where j is the lag and A; and A, are the characteristic
roots of the model.
The variance decomposition for each root of the
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ARMA(2,1) model is given by

y 2
g1 9192
A= 4
Y ety T @
nn9ads g
B bl 4 S ©)

The auto co-variance function y, defines the dependence
of Y, on Y,_; (24). It is expressed by

Y= dﬂvi +d, '15 (6)

The power spectrum density function which is the trans-
form of the auto co-variance function is given by (25)

gy 1= 0o/ P2
g(f) T 203 T | e ¢le—i2nf iy ¢ze—i4nf|2

™

where 0 < f< 3.

The spectral density from the original profile and that
from the ARMA(2,1) model representing the surface cut
by abrasive waterjet at a traverse speed of 10.58 mm/s
are given in Fig. 5a and b respectively as a typical
example. Figure 5c gives the surface profile generated
from the original data. It can be seen that the spectral
density from the model very closely resembles that from
the original profile. They almost overlap each other.
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Fig. 5 (a) Spectral density from original profile
(b) Spectral density from model
(c) Surface profile from original data (AWJ speed 10.58 mm/s)
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Typical plots of Green’s function, auto co-variance
function and power spectrum density for the ARMA(2,
1) models fitted for the profile cut by AW]J at a speed of
423 mm/s and laser at a speed of 3.39 mm/s are given
in Fig. 6a and b respectively. The peak values of Green’s

co-variance function and spectral

function, auto co-variance function and power spectrum
density for different cutting speeds are given in Table 5.
The characteristic of the system dynamics can be very
effectively described using Green’s function (G)). It is the
weighting function given in the present response to the

Table 5 System dynamics

Cutting

Green’s function Auto co-variance function Spectrum
speed Peak density
mm/s type Value Mean lag Value Mean lag peak

Abrasive waterjet cutting
0.85 Positive 2.8246 200.0 205.83 200.0 0.1734
at lag 5.8
4.23 Positive 313323 220.0 337.60 250.0 0.3458
at lag 7.0
10.58 Positive 38719 190.0 273.39 170.0 0.3128
at lag 7.0
21.17 Positive 3.9364 220.0 559.59 320.0 0.4962
at lag 9.8
4445 Positive 4.3693 150.0 457.14 170.0 0.6091
at lag 9.1
Laser cutting
1.27 Positive 3.5699 100.0 193.42 100.0 0.0817
at lag 9.0
Negative —0.2929 100.0 —15.87 100.0 0.0862
at lag 45.4
339 Positive 4.6141 340.0 389.89 340.0 0.2734
at lag 6.4
Negative —3.5025 340.0 —295.96 340.0 9.0620
at lag 22.0
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shock or disturbance g, that is caused j-time units back
(24). It can also be said that Green’s function denotes
how well the system remembers the previous shocks.
On seeing-the typical plots of Green’s function of the
AWTJ cut surface (Fig. 6a) it can be concluded that the
roots of the model are real. From Table 5, it can be seen
the peak \{gl_g'g_wo‘f_g,r_ge‘n’s,function,also, increases. It can
also be seen that, as the speed increases, the lag to reach
the peak increases. However, the lag to reach the mean
remains constant between 190 and 220 initially, but at
higher speeds it decreases. This means that at higher
speeds, even though the system takes more time to
reach the peak, it stabilizes at the mean faster. These
phenomena suggest that traverse speed has a consider-
able influence on the dynamic response of the system.
The disturbance caused by higher traverse speeds seems
to be remembered for a less duration of time and is
indicated on the surface profile. However, the dis-
turbance caused in the recent past has a more pro-
nounced effect on the surface profiles at higher traverse
speeds than at lower speeds.

It is evident from Green’s function of the ARMA(2,1)
model of the laser cut surface profile (Fig. 6b) that the
characteristic roots of the models are complex in nature.
The peak value of Green’s function, both positive and
negative, increases as the traverse speed increases. It can
also be seen that as the speed increases, the lag to reach
the peak values of Green’s function reduces. Moreover,
as the speed increases the lag to reach the mean posi-
tion increases considerably. Thus, at higher traverse
speeds the disturbance caused in the recent past has a
more pronounced effect on the surface profile. It reaches
its peak faster. Also, the disturbance caused by higher
traverse speeds is remembered for a longer time and is
indicated on the profile. This difference in trend com-
pared to the response of the AWJ cut surface can be
attributed to the basic mechanism of laser cutting.

It is known that in fusion cutting by laser, the
material is melted at the erosion front and ejected from
the kerf with the help (in the present case) of a reactive
gas (oxygen). The temperature gradient is the most
important factor influencing the cut edge quality. The
larger the temperature gradient from the cut kerf to the
sides, the smaller the heat affected zone (HAZ) and the
thinner the layer of molten and resolidified material
appearing on the sides of the cut kerf. This temperature
gradient is assisted by the presence of secondary gases
like O,. Experimental results (20) show that when
cutting rates close to the maximum obtainable are
applied, the spark shower from the laser cutting kerf
emerges under large angles, indicating a two-
dimensional melt flow around the laser beam in the
kerf. At lower cutting rates, the melt flow is predomi-
nantly one dimensional, indicated by a spark shower
that emerges straight down under the cutting front. The
presence of this two-dimensional melt flow and
resolidified material at higher cutting rates account for
such high surface roughness. (The presence of
resolidified materials and impurities can be clearly seen
in the SEM photographs.) The same reason can be
attributed to the above difference in the trend of
Green’s function. Laser cutting at higher speeds leads to
very narrow kerf width, resulting in rewelding of the cut
surfaces. Hence, laser cutting could not be conducted at

© IMechE 1993

higher speeds. This is in contradiction to the observa-
tions made by Powell et al. (21) on their study on mild
steel using a CO, laser. Powell concluded that kerf
width of the laser cut was not affected by any of the
process parameters. The difference in workpiece
material and laser type can be the cause for this contra-
diction.

The auto co-variance function denotes the depen-
dence of Y, on Y,_,. It can be shown that (24) Green’s
function is really the essence of the auto co-variance
function. For the ARMA models the dynamics and the
auto co-variance represent the same phenomenon,
namely the memory or the dependence of an observa-
tion to the preceding observations in a time series.
However, the variance decomposition of the model pro-
vides the weighting function to be given to the expo-
nential dynamic mode of each root. From the variance
decomposition of the real roots of the model represent-
ing the AWJ cut profile, it can be seen that the minor
root has a negative contribution to the power of the
system. The variance decomposition of the complex
roots related to the laser cut profile indicate that both
roots have equal weights and the roots, being in conju-
gate pairs, give an exponentially decaying sinusoidal
mode to the system dynamics.

Knowledge of the auto co-variance function is mathe-
matically equivalent to the knowledge of spectrum and
vice versa (25) as the power spectrum is the Fourier
cosine transform of the auto co-variance function.
However, the spectral density function is used to define
the spectrum based on auto co-relation rather than the
auto co-variances. Hence, spectral density sheds light on
a different but equivalent aspect of the series. From the

‘power spectrum density of the AWJ cut profile it is very

clear that low frequencies are more predominant. This
predominance increases with an increase in traverse
speed (with one exception) denoted by the peak value of
the spectral density. The power spectrum density of the
laser cut profile indicates the presence of the complex
characteristic root, shown by the shift in its peak value.

Thus, it can be seen that Green’s function character-
izes the ARMA models from a systems point of view. It
is independent of the nature of the input. Green’s func-
tion can be considered as a transfer function that trans-
forms the input g, into the output Y, by (24)

O(B

Tt # a; ®)
(B)

irrespective of whether the input a, is deterministic or
stochastic. Once the basic co-variance structure of the
input g, is defined, it is Green’s function that completely
determines the auto co-variance structure of the output
Y,. In other words, given the input a,, the dynamic
response or output is given by its ‘convolution’ with
Green’s function. Similarly, given the co-variance of the
input, the auto co-variance of the output is given by its
‘double convolution’ with Green’s function. Also, the
auto co-variance function gives the variance decomposi-
tion of the model. The power spectrum density gives
information about the dynamic response of the system
in the frequency domain. Thus, it can be concluded that
Green’s function, auto co-variance function and power
spectrum density are very useful tools in representing
the dynamic characteristics of a system and each one of
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Table 6 Time series analysis

Cutting .

Gphad Discrete roots Wbt
_m—m/T Root Real Imaginary Frequency Power LF I8, o
Abrasive waterjet cutting

0.85 1 0.9746 0.0000 0.0205 0.9479 3.049
2 0.6264 0.0000 0.3722 0.0521 0.168
4.23 1 0.9783 0.0000 0.0175 0.9466 3561,
2 0.6777 0.0000 0.3096 0.0534 0.202

10.58 1 0.9697 0.0000 0.0245 0.9166 2.548

2 0.7134 0.0000 0.2688 0.0834 0.233

21.17 1 0.9807 0.0000 0.0155 0.9316 4.022

2 0.7673 0.0000 0.2107 0.0684 0.296
4445 1 0.9634 0.0000 0.0296 0.8510 2.110
2 0.8086 0.0000 0.1691 0.1490 0.370
Laser cutting
1.27 1 0.9300 0.0806 0.0688 0.5000 0.9083
2 0.9300 —0.0806 0.0688 0.5000
339 1 0.9625 0.1970 0.1606 0.5000 0.3891
2 0.9625 —0.1970 0.1606 0.5000

these characteristics contributes something to the
understanding of the stochastic process, due to their
representational value.

The characteristic roots of each ARMA(2,1) model
obtained and the wavelength decomposition of the
models are given in Table 6. This table also gives the
pseudo-frequencies and relative powers of the roots. We
can see that the model of the AW]J profile has real roots
whereas the model of laser cutting has complex roots,
both being asymptotically stable.

The percentage contribution of each characteristic
root to the total variance of the data is given by the
relative power. It can be seen that the primary (larger)
root leads to the larger wavelength and hence larger
power. The secondary root contributes to minor power
and smaller wavelength. Power for this major root
reached 92 per cent in most of the cases of AWJ cuts.
This secondary wavelength has a damping (smoothing)
effect on the profile compared to the primary wave-
length, as its variance is negative in nature. It is evident
that the major (primary) wavelength does not change
significantly up to a traverse speed of 21.17 mm/s. Tan
(6) has hypothesized that the major wavelength rep-
resents the influence of the AWJ stream on the surface.
In the present case, the mixing nozzle diameter was
0.762 mm. It can be shown that the waterjet stream
diverges immediately upon exit from the mixing nozzle.
The effective diameter of the jet approximately doubles
over the stand-off distance of 8 mm. Thus, the stream
width will be approximately 1.524 mm. The wavelength
decomposition of the cuts made for traverse speeds
from 0.85 to 21.17 mm/s indicates that the primary
wavelength is about twice the jet diameter. A similar
observation was made by Webb and Rajurkar (15).
(However, their assumption was that the effective jet
diameter doubles over a stand-off distance of about 1.6
mm.) Visualization studies conducted by Hashish (27)
indicate that the width of one cycle is approximately the
jet diameter. Tan (6) has shown that the width of one
cycle is approximately equal to 23 times the jet diam-
eter. The relationship between the mixing nozzle diam-
eter and the diameter of the jet at various cutting
conditions and their effect on the surface needs to be
investigated further. At higher traverse speeds (speeds
above 21.17 mm/s) the effective jet diameter reduces
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over the depth of cut. Kerf width taper, which is very
predominant at higher traverse speeds, can be attrib-
uted as the cause for the reduction in the primary wave-
length at higher speeds.

The wavelength decomposition corresponding to the
lower power and minor root (secondary wavelength)
can be considered to represent the abrasive mesh size.
The secondary wavelength of the roots is approximately
the same as the abrasive size of 0.18 mm up to a
traverse speed of 21.17 mm/s. The steadiness (or
unsteadiness) of motion of the AWJ traverse system is
another factor that influences the surface profile signifi-
cantly (7). At speeds higher than 21.17 mm/s, its effect is
more pronounced, making the secondary wavelength
different from the abrasive mesh size. The effect of tra-
verse speed on the relative power of the primary root of
ARMA(2,1) models for AWJ cut surfaces is given in Fig.
7. It can be easily seen that the relative power of the
secondary root of the model behaves opposite to that of
the primary root.

Existence of a single wavelength for the ARMA(2,1)
model representing the surface profile generated by the
laser cutting can be assumed to indicate that the flow of
the laser and the assisted gas are the only factors that
influence the profile. At a traverse speed of 1.27 mm/s

0.954

0.93 1

0.91

0.894

0.87 4

0.854

Relative power of primary root

0.83

4

T y T 5 T
0 15 30 45

Cutting speed
mm/s

Fig. 7 Effect of traverse speed on relative power of primary
root (AWJ)
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the melt flow is one dimensional in nature. The wave-
length of the model is observed to be about two-thirds
of the assist gas orifice diameter. This is in contradiction
to the observation in reference (23). Hence, it can be
concluded that the wavelength of the laser profile model
does not have a simple relationship with the assist gas
orifice diameter. For a traverse speed of 3.39 mm/s the
wavelength of the laser machined surface profile is only
0.3891 mm. This could be attributed to the two-
dimensional flow of molten metal at such high speeds.
The assist gas is not in a position to eject the molten
metal at this cutting speed (maximum speed obtainable
to ensure through cutting).

4 ANALYSIS OF THE MODEL DISTANCE (MD)
APPROACH

The advantages of using the MD approach is twofold:
one is in terms of the improvement in the modelling
accuracy and the other is in terms of saving in the com-
putational burden. It can be seen that (22) both the
computational burden as well as modelling accuracy
have been related to the size of the samples and the
number of parameters. However, the benefit of this
approach is that its computational burden is indepen-
dent of the sample size, while for conventional algo-
rithms the computational burden is proportional to the
sample size. Hence, the extra large samples available
can be conveniently used to increase the modelling
accuracy without an increase of the computational
burden. Thus, the benefit offered by this approach is
quantified in terms of the accuracy ratio of this algo-
rithm to the non-linear least squares (NLS) algorithm.

The minimum sample size that ensures the same
accuracy to the computational burden ratio between
the model distance method and the NLS algorithm can
be defined as the beneficial sample size N, given by (22)
the equation

8K K +5)
T p+qp+3q+49

where p and g are the orders of the best fit ARMA
model, K_(=30) is the maximum possible order of the

©

adequately accurate finite-order AR approximation to
the infinite AR model and K is the order of the best-fit
AR model.

Let N be the sample size of the data set used for mod-
elling in the MD based algorithm. The accuracy ratio ¢
of the MD algorithm to the NLS algorithm is given by

N
o N, (10)
Table 7 shows that the approach of the model distance
criterion provides much more accurate ARMA models
of surface profile data than the non-linear least squares
method. This table also gives the model distance, D,
between the ARMA models obtained through the MD
approach and the respective models of the NLS

approach.

5 SCANNING ELECTRON MICROSCOPY (SEM)

The physics of the jet cutting processes can be further
studied by comparing the scanning electron microscope
(SEM) photographs of the cut surfaces. A comparative
study of the SEM photographs will also yield more
insight into the variation in the quality of the surfaces
generated by different processes. A magnification of 50
was chosen initially for all the surfaces for uniform com-
parison. The SEM photographs are given in Fig. 8a to i.

The SEM photograph of the laser cut surface (Fig.
8b) very clearly shows the presence of resolidified
molten material. The blackened copper surface is clearly
seen on the surface cut at a traverse speed of 3.39 mm/s,
indicating that the heat affected zone is thicker than at
“the surface cut at 1.27 mm/s. The bottom of the surface
is seen to be rougher than the top. The ceramic surface
layer particles are found as inclusions in the resolidified
molten copper base. These inclusions are more for the
surface cut at 3.39 mm/s. Burrs are seen on both sur-
faces. Ceramic layer peel-off at edges is more predomi-
nant for the surface cut at 3.39 mm/s. Pitted holes and
bubbles are seen on the surface cut at 3.39 mm/s. The
cut surface orientation is very random for this surface.
This can be attributed to the presence of two-
dimensional melt flow during cutting and subsequent

Table 7 Model comparison

Cutting ~ Sample Models from
speed size MD method
ik N K ARMA(,1)

Models from

Abrasive waterjet cutting

0.85 4480 4 1.6010, —0.6105
—0.2335
423 4480 4 1.6560, —0.6630
—0.2616
10.58 4480 4 1.6830, —0.6917
—0.2104
2104 4480 6 1.7480, —0.7525
—0.1160
44.45 4480 8 1.7720, —0.7790
—0.1887
Laser cutting
1.27 4480 8 1.8600, —0.8714
0.2501
3.39 4480 3 1.9250, —0.9652
—0.03988

NLS method
ARMA(2,1) N, o D2
1.6069, —0.6121 720 6.20 2.6E—04
—0.2385
1.6511, —0.6581 720 6.20 S5.3E—05
—0.2704
1.6296, —0.6342 720 6.20 7.3E—03
—0.2839
1.7363, —0.7381 1076 4.17 4.6E—03
—0.1626
1.7692, —0.7719 569 7.88 6.0E—03
—0.1926
1.8000, —0.8016 1502 2.98 3.8E—02
0.1817
1.7703, —0.7719 569 7.88 6.4E—01
—0.3007
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(a) Laser (1.27 mm/s)

(b) Laser (3.39 mm/s)

(c) AWJ (44.45 mm/s)

(d) Shearing

Fig. 9 SEM photographs (magnification x 500)

resolidification. To obtain a better idea of the ceramic
layer peel-off, the SEM photograph (with
magnification x 500) of the ceramic layer—copper inter-
face is taken. From Fig. 9a and b the ceramic layer peel-
off at edges is clearly seen for a cutting speed of 3.39
mm/s. These photographs also show the solidified inclu-
sions.

The SEM photographs of the AWJ cut surface (Fig.
8c to g) show that the surface is comparatively much
better. Edges are relatively smooth with very little burr
(burr is observed only at a cutting speed of 44.45 mm/s).
Much less impurities are seen on the surface. No heat
affected zone is present. No ceramic layer peel-off is
observed. Abrasive grains are found loosely attached to
the kerf, but can be removed very easily. Striations are
observed along the direction of AWJ flow. A SEM pho-
tograph of the ceramic layer—copper interface magnified
500 times is shown in Fig. 9c. This photograph also
establishes the fact that ceramic layer peel-off is not
present for the AWJ cut.

The SEM photograph of the sheared surface (Fig. 8h)
indicates two distinct zones of failure—the fracture zone
and the burnished zone. The ceramic layer is crushed at
the edges and is peeled off. Burrs are observed at the
bottom edge. Top layer particles are seen as inclusions
in the sub-surface. Crushed ceramic layer can be seen in
the SEM photograph magnified 500 times (Fig. 9d).

© IMechE 1993

The SEM photograph of the bandsaw cut surface (Fig.
8i) shows that the surface is very rough. Heavy burrs
are observed at the bottom edge. The cut is not straight.
The top ceramic layer is stuck to the copper base. Cut
surface orientation is in a direction perpendicular to the
direction of cut.

6 CONCLUSIONS

1. The AW]J and laser cut surface profiles are predomi-
nantly Gaussian in nature. For the same machining
conditions and the given material, the quality of the
AW]J cut surface is much better than the laser cut
surface. The dynamic response of the system is influ-
enced significantly by the traverse speed (indicated
by the trend of variance).

2. System dynamics is reflected on the surface profile.
Hence parameters like Green’s function and/or
power spectrum density which measure the dynamics
of the system can be used for surface profile represen-
tation.

3. Stochastic modelling is found to be effective in ana-
lysing the dynamic response of the system. The
model distance based approach is a very useful tool
for ARMA identification. This method gives much
more accurate ARMA models than the NLS method.

4. Primary and secondary wavelengths are responsible

Proc Instn Mech Engrs Vol 207
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for the surface profile of AWJ cut surfaces. Jet stream
causes the primary wavelength and is approximately
twice the effective diameter of the jet at lower speeds.
At higher speeds, the primary wavelength is influ-
enced by the reduction in effective jet diameter due
to kerf taper. The secondary wavelength is caused by
abrasive grains. At higher traverse speeds the
unsteadiness of the traverse system affects the sec-
ondary wavelength.

5. The type of flow of the laser jet enveloped by the
secondary gas is the predominant factor that influ-
ences the wavelength of the profile in laser cutting.
Reduction in kerf width and kerf width taper are
observed at higher traverse speeds.
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