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Informational Properties of Surface Acoustic Waves
Generated by Laser-Material Interactions During Laser Precision Machining

Evgueni V. Bordatchev® and Suwas N. Nikumb
Integrated Manufacturing Technologies Institute, National Research Council of Canada
800 Collip Circle, London, Ontario, Canada N6G 4X8

ABSTRACT

Laser precision machining is primarily a CNC-based technology; therefore, the need for on-line process
monitoring and control system is very high, mainly because under usual circumstances the operator has
to make a host of complex decisions, based on trial-and-error method, to set the process control
parameters related to laser, optics, workpiece material, and motion system. However, the crucial element
of any control system is the information about the process and system’s dynamics. The problem of
choosing reliable and at the same time physically observed information on process parameters becomes
more complicated in the case of laser precision machining where the laser-material interactions generate
a number of emissions with a different physical nature. To capture the informational properties from the
measured signals and parameters for the purpose of monitoring and control of the process, a thorough
understanding of the entire laser-machining system performance and the laser-material interactions is
required. This paper describes a method for the analysis of informational properties of surface acoustic
waves to generate the knowledge as an informational basis for future development of on-line monitoring
and process control systems. The study involves measurement of the acoustic emission signal from the
laser-material interaction zone, the statistical and spectral signatures and pattern recognition analysis to
select informational parameters, which could reliably correlate with variations within the incident laser
pulse energy.

1. INTRODUCTION

During the last decade, laser precision machining has attracted significant interest from modern industry,
which is continuously looking for new technologies and machines to make products smaller, more precise
and at lower cost. Generally, “direct-write” laser machining [1-5] is based on standard CNC technology
and therefore recent developments are focused on the design and control of the laser machine tools [6-
10], optimization of process parameters [11,12], and the process control [13-22]. It is essential to control
the process because the operator must make a series of complex decisions, based on trial-and-error
method, to optimize process control parameters related to laser, optics, workpiece material, and the
motion system. In addition, inherent factors such as power fluctuations, intensity distribution, and thermal
effects within the optical components, normally not controlled externally, also influence the machining
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process. Furthermore, the problem of choosing the optimal process parameters becomes more
complicated when parts and features dimensions become particularly smaller (less than a few tens of
microns), when the thermodynamic processes within the laser-material interaction zone could significantly
dominate a change in the part geometry. Therefore, the geometric quality of a machined part is the result
of the complex dynamic performance of an entire laser machining system along with the dynamics of
motion system, on going random changes in laser beam parameters, and the laser-material interactions.

A fundamental necessity in the development of any process control system is the need for reliable and
physically observable information about the on going process. During laser machining, interaction of the
laser beam with material generates a variety of emissions, such as photonic, optical, thermionic,
sonic/ultrasonic acoustic, emerging out of the processing zone. Numerous experimental and theoretical
investigations have been carried out in the literature using a variety of sensing techniques for laser-
material interactions [14-30]. Sonic emission, due to resonance that is created when the gas jet impinges
on the erosion front, was intensively studied [2, 13-16). The sonic signal was acquired by a wide-band
microphone within a frequency range of up to 30 KHz, and was analyzed to determine the erosion front
geometry, hole depth and groove depth. The quality of laser cleaning was analyzed and controlled by
using a sonic wave as the feedback signal [17]. Another approach for in-process monitoring for laser
cleaning was applied by Lee et al. [18,19], where a combination of sonic emission and the spectral
signature of polychromatic light from the processing zone was analyzed. Using numerical analysis of the
frequency characteristic of the sonic signal generated during laser processing, the relationship between
the sound pressure level and the material removal area per pulse was studied by Kurita et al. [20,21]. The
study of acoustic signals from laser back reflections was presented by Weerasinghe et al. [22]. The
advantage of Weerasinghe's study is that several different sensors, a pyroelectric detector, piezoelectric
acoustic transducer, and photodiode, were used to analyse different physical properties of the laser-
material interaction simultaneously. The correlation between various signals was investigated. For
process monitoring during laser beam cutting [23] a photodiode with sensitivity from 450 to 1100 nm
wavelength was used to monitor the correlation between the average surface roughness and standard
deviation of the signal. Observations on temperature gradient were investigated by Haferkamp et al. [24]
to monitor the cut quality, e.g. dross attachment, surface roughness of the kerf and the width of the kerf.

The brief review presented above is by no means intended to be a thorough state-of-the-art work in the
literature. However, the intention is to indicate the problems associated with experimental studies on
laser-material interactions. Applications of standard sonic techniques using microphones and contact
transducers have demonstrated the feasibility of monitoring the state of laser-material interactions and
some parameters of a machined surface. It should be noted that all previous studies deal with continuous
machining processes like cutting or grooving using either pulsed or CW lasers. This paper presents
analysis of the surface acoustic waves, generated by a single laser pulse, with a wide frequency range of
up to 500 KHz. The objective of this work is to lay an informational foundation for understanding of
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complex physical processes in the laser-material interaction zone and for the development of intelligent
process monitoring and control systems for laser precision machining. The study is based on an
experimental investigation of the surface acoustic waves and involves the measurement of the acoustic
emission signal from the laser-material interaction zone, the statistical and spectral signature analysis,
and pattern recognition analysis to select informational parameters, which are reliably correlated with

variations within laser pulse energy.

2. CONCEPT OF LASER PRECISION MACHINING

During the laser machining process, laser pulses are applied according to a prescribed toolpath for
material removal [1,2]. Each laser pulse removes a certain quantity of material. The geometry and the
volume of material removed depend on the material properties and the laser pulse characteristics. Figure

1 shows the schematics of the laser precision machining, which involves a set of process parameters: E -
the pulse energy (J); f - the frequency of laser pulses (Hz); d - the focal spot diameter (mm), assuming
that the focal spot is circular for TEMOO mode; and v - the travel speed of the workpiece (mm/s). Each
laser pulse vaporizes a certain amount of material and produces a crater in the workpiece material. The

crater profile is approximated by a circular paraboloid with a height & (machined depth for one path),

diameter d, and volume V =7d 2h/2. The final surface profile of a machined part P(x,y,z) is a

deterministic combination of n craters P, (x.‘, yi:2i 0,4, ) and is defined as

P(x,)’vz)= ZP:' (xic’)’ic’zic’hi’di) (1)

i=l..n

where x,y,z are the coordinates of the surface profile; x;,y;,z; are the coordinates of the crater

center; and n is the number of craters.

The relative location of two consecutive craters, which is called an overlap, is also a process parameter,

and can be considered either as a 2D or 3D feature. 2D spot overlap, S?P, which is the percentage of
overlapped XY area between two consecutive craters, is calculated by

S =100%x(d, - £,)/d, = (~£,/d, }x100%, i=1..n-1 )

where £ is the distance between two consecutive craters/pulses and £=v/f. 3D spot overlap, S*°,
which is the percentage of overlapped volume between two consecutive craters, is

$:° =1OO%XV(Pi-lnPi)/V(Pi) i=l..n-1 3)

In ideal machining conditions the constant process parameters ( E, f,v) corresponds to a deterministic
concept of the laser precision machining when the desired (ideal) geometry of the machined part is a
geometrical combination of paraboloids with constant geometry parameters (d , k). The total volume of

material removed depends on the selection of the frequency of laser pulses and the travel speed for a
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given focal spot diameter, which is determined by the pulse energy, beam mode, and energy distribution.

Experimental results [31-34] indicate that majority of process parameters of laser machining are not
constant and also are non-deterministic. They are stochastic (random) with certain statistical signatures.
Random variations within the process parameters change the geometry of each paraboloid and
concomitantly change the final geometry of the machined part. The laser itself is a fairly stable dynamic
system where variations of the pulse energy lie usually within 5%. Therefore, our investigations are
mainly focused on the relationship between informational properties of surface acoustic waves and
machining characteristics such as pulse energy and crater geometry, in order to develop more effective
modelling and control strategies for the laser precision machining process.

3. EXPERIMENTAL SETUP AND PROCEDURE

The basic principle of acoustic emission is that a short laser pulse irradiates the workpiece surface. The
interaction of the focused beam with material includes rapid melting, ablation and evaporation of material,
and the formation of vapour-plasma plume and leads to the creation of a shock wave in the air, in the
material and on the surface [2, 13-22]. The sound waves within a frequency range of up to 20 KHz are
detectable by a wideband microphone. The acoustic waves, such as transverse, longitudinal and surface
(Rayleigh wave), have much a broader frequency range, which is up to 1 MHz, and can be measured by

an acoustic emission transducer.

Figure 2 shows the experimental setup used for the measurements of surface acoustic waves. Thin
copper foil with a thickness of 70 um was used in this study for machining. The foil was mounted on a
specially built vacuum fixture. The laser-machining experiments were carried out using a Q-switched
diode pumped solid state Nd:YAG laser (a HPO-1000 laser from Continuum Inc.). The laser has a
pulsewidth of 9.8 ns with a wavelength of 532 nm and a shot-to-shot stability of 5.0% for TEM0OO mode.
The fixture was placed on a multi-axis positioning system. The worktable consisted of a granite base
fitted with precision translation stages (with air bearings) for Xand Y movements. The motion system had
a positioning accuracy in the order of 0.5 um in the X and Y axes. Both the laser and the motion systems
were controlled using an in-house developed software, which allowed the operator to set up the process
parameters and required toolpath.

The data, related to surface acoustic waves, was acquired using a high-fidelity acoustic emission (AE)
transducer SE1000-H! made by Dunegan Engineering Consultants Inc., and was recorded by a digitizing
oscilloscope Tektronix TDS 724C with a maximum sampling frequency of 500 MHz. The sensor has a
maximum frequency of 500 KHz and a dynamic range of 74 dB. The sensor was mounted on a machining
surface 30mm away from the processing area. The continuous signal from the sensor was triggered with
the laser pulse and discretized in time and amplitude, producing time series. Each time series was
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collected for a duration of 1 ms, giving 5000 points with a sampling interval of 0.2 us (sampling frequency
of 5 MHz), which is greater than the highest frequency that can be reliably registered with the sensor and
analysed afterward. The recorded data was statistically analysed using MATLAB™ (The MathWorks Inc.)
signal processing routines.

All the measurements of the pulse energy were carried out using a Gentec laser power meter TMP-300.
An Olympus optical microscope (model PMG 3) and a WYKO surface profilometer were utilized to
measure the geometry and surface topology of the machined craters. Experiments were carried out by
applying a single laser pulse to form a crater, and measuring the surface acoustic waves simultaneously.
The part was then moved to a new position for the subsequent pulse and measurement. The distance
between craters was selected at 100 um to avoid overlapping of the heat-affected zones. The craters
were machined in a matrix order, where each row corresponds to a specified pulse energy and has fifty-
one craters. Eight rows were machined in accordance with the following pulse energies (uJ): 604; 525;
432; 341; 262; 192; 134; 86. Fifty one machined craters were chosen experimentally to obtain consistent
and sufficient statistical data about the crater dimensional parameters.

As the laser machining process involves a large number of parameters, such as pulse frequency, pulse
duration, focal distance, focal spot size, travel speed, workpiece material properties, etc. All these
parameters mutually affect the final geometric quality of the machined part and mutually generate
informational signals from the laser-material interaction zone, such as light, thermo, sonic and acoustic
emissions. Therefore, during actual laser machining it is almost impossible to extract specific
informational properties from the measuring signal which are related to specific machining parameters
without preliminary laboratory experiments. For example, in the case of a study of acoustic emission
during laser welding [35], the output signal is a combination of several overlapped acoustic waves. This
factor significantly reduces the frequency bandwidth of the measured signal because of the integration
and mixing of a number of high-frequency signals. Specific properties of the measured signal with respect
to a specific machining parameter could be obtained from preliminary laboratory experiments and that is a
foundation for on-line monitoring and control of the laser-machining process. The laser pulse energy is
one of the most effective and at the same time easily controllable process parameters of laser precision
machining, and also significantly contributes to the accuracy, precision and the surface finish of laser-
machined parts [1-4]. Therefore, experiments, reported in this paper, are focused on informational
properties of surface acoustic waves generated by the interaction of a single laser pulse and the
workpiece material, in order to explore the correlation with pulse energy for future applications in the area
of on-line monitoring and control of laser precision machining.

4. ANALYSIS, RESULTS AND DISCUSSION

4.1. SPECTRAL ANALYSIS OF AE SIGNAL CAUSED BY A SINGLE LASER PULSE
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Spectral analysis [36] was applied to obtain characteristic information of surface acoustic waves during
single pulse — material interaction in the frequency domain by calculating a power spectrum. The typical
acoustic wave, shown in Figure 2 and used for this analysis, was measured for a pulse energy of 525 uJ
specially to obtain and compare signal properties before and after the laser pulse was applied. As can be
seen, the laser pulse, which has a pulsewidth of 9.8 ns, generates an acoustic emission signal, which
characterizes a surface acoustic wave, with a signal duration of 0.5 ms. This fact confirms that certain
physical-chemical processes have taken place after application of the laser pulse and the corresponding
laser-material interaction. Therefore, these processes are primary sources of surface acoustic waves.

In order to quantify the change of the statistical and spectral signatures during the signal duration, the
signal is divided into eight consecutive time intervals. Each interval has a duration of 0.1024 ms
(sampling time) giving 512 points with a sampling interval of 0.2 us (sampling frequency of 5 MHz).
Statistical signatures of the AE signal are studied by evaluating the variance of each of the above-
mentioned time interval. Figure 3 illustrates a change of variance for each time interval. As can be seen
in Figures 2 and 3, each laser pulse generates a non-stationary random AE signal with time-varying
variance. Naturally, the behavior of variance in the time domain corresponds to the physical processes
within the laser-material interaction zone and evidently has two phases — evolutional and revolutional.
The evolutional phase starts with laser pulse irradiation and corresponds to the period when the material
absorbs energy from the laser pulse. During this phase the variance is increasing in time. The boundary
between evolution and revolution phases is maximum variance. The revolutional phase corresponds to
the period when the material releases energy, material evaporates and melts, and the corresponding
surface acoustic waves are generated. The decrease in variance represents this phase. The moment
when the variance reaches the initial value (before laser pulse was applied) shows a reliable indication of
the signal end, and this fact is used further to estimate the duration of the AE signal.

Figure 4 shows the change of the AE signal in the time and frequency domains represented by time
realization and corresponding power spectrum for each time interval of signal. In order to evaluate the

spectral signatures only, before calculating a power spectrum, the original time interval, x=[x,.],
i=1...512, is tabulated in terms of the normalized (standardized) variable [36]

Z,-=xi_# (@)
(9]

where 4 and o are the mean value and standard deviation of x respectively. This mathematical
procedure produces dimensionless time series with a zero mean value, mean(z)=0, and a unit

variance, var(z)=1. As can be seen in Figure 4, initially (time interval 0 ... 0.1024 ms, before a laser

pulse is applied), the AE signal is random noise because of a nearly even distribution of its power
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spectrum with a maximum amplitude level of 0.3x10°° (dimensionless) within a frequency range of up to
500 KHz. During the next time interval (0.1026 ... 0.2048 ms, where the laser pulse has been applied),
the AE signal immediately and significantly changes its spectral signature, and the power spectrum then
has a dominant frequency of 375 KHz. Contrarily, the subsequent time interval (0.2050 ... 0.3074 ms)
changes its spectral signature again and then the power spectrum has a dominant frequency of 98 KHz.
At the beginning of the next time interval (0.3076 ... 0.4096 ms), the AE signal changes its statistical
signature again and it has the two above-mentioned dominant frequencies simultaneously. During the
next three consecutive time intervals (0.4098 ... 0.7168 ms), the changes in the spectral signatures are
located mainly around these two dominant frequencies and are represented by variations of amplitudes. It
is also necessary to note that there is one more indication that the revolutional phase is finished or almost
finished. Starting at the time interval 0.4098 ... 0.5120 ms, a low-frequency diapason of up to 30 KHz
begins to grow. That is the moment when sound waves, represented by the sonic emission, have begun
to be generated during the laser-material interactions. This fact indicates that the sonic emission is a
secondary source of information and has no advantages over the surface acoustic waves to characterize
the laser material interactions. Finally, at the last time interval (0.7170 ... 0.8192 ms), the low-frequency
diapason of up to 30 KHz has been formed, and there are no indications of previously observed dominant
frequencies of 98 KHz and 375 KHz. All the above-mentioned details characterize the non-stationary
time-varying random signature of acoustic emission signals and acoustic surface waves generated by the
laser-material interactions.

4.2. EFFECT OF VARIATION IN LASER PULSE ENERGY

Figure 5 shows the change of the AE signal in the time domain with respect to the laser pulse energy
within a range of 86 to 604 uJ. Observations of the AE signal reveal that laser pulses with certain energy
produce an AE signal with definite duration and unique amplitude and spectral properties. In order to
estimate the effect of variation in laser pulse energy on the informational properties of the AE signal,
several statistical techniques were applied.

A moving variance was calculated for each of the consecutive 512 points along the time realization of the
AE signal in order to estimate the signal duration. Figure 6 shows the moving variance of the AE signal
for different pulse energies (86, 262, 432, 604 uJ). Figure 6 also shows that when varying the pulse
energy, the signal duration is not changed because all significant changes in the variance are located
within a time duration of 0.5 ms. This observation is important because it proves that the laser-material
interaction process has a constant duration due to a constant laser pulsewidth of 9.8 ns. It also proves
that the source for the AE signal steams from physical processes, such as melting, ablation and
evaporation, within the processing zone. When changing the laser pulse energy, the laser pulsewidth is
not changed; therefore, the nature and time of laser-material interactions remains permanent. In contrast,
the pulse energy significantly changes the variance of the AE signal as shown in Figure 7. For this
reason, the variance of the AE signal for a duration of 0.5 ms was selected as the first informational
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parameter, I,, in order to analyse the properties of the surface acoustic waves as a function I, (E)

According to the theory of information [37], the variance is one of the most valuable informational
parameters which characterizes the average energy of a signal. Therefore, by measuring the variance of
the AE signal, the laser pulse energy can be estimated. The approximated linear relationship between the

energies of the AE signal and the laser pulse with value of R> =0.9304 (see Fig. 7) can be explained
based on principles of fundamental physics when energy has been released as much as it has been
delivered. But it is necessary to remember that the surface acoustic waves are only one effect within a
variety of emissions generated by the laser-material interaction. On the other hand, it is important to

stress the fact that the random variations of I, (E ) overlap each other when the pulse energy is more
than 341 uJ (see Fig. 7). This is a very strong indication that single informational parameter, such as
I, (E ) cannot provide sufficient and reliable information about laser-material interactions; therefore, there

is a need for a multi-variable approach when a set of informational parameters is proposed and analyzed.

It is important to study spectral properties of the AE signal because they are rich in information and can
easily be measured and analysed. Figure 8 shows the change of the power spectrum of the AE signal in
the frequency domain with respect to the pulse energy within a range of 86...604 uJ. Observations of the
power spectrums of the AE signal reveal that each power spectrum has two dominant frequencies of 98
KHz and 375 KHz, which support the analysis in Section 4.1. The amplitudes of these frequencies are
mutually related to the variation in the laser pulse energy. Also, the signals within frequency diapasons of
50-200 KHz and 250-500 KHz are sensitive to the pulse energy variation. The variances of the AE signal
within the two above-mentioned diapasons represent the distribution of frequency components within the

power spectrum, and therefore were selected as the second and third informational parameters, I, and

I,, which can be calculated as

L=l s (rdr, L=l S () (5)

50KHz 250KHz

where Sn(f ) is the power spectrum of the AE signal, and f is the frequency, Hz. There is a significant
difference in the relationships for I, (E ) and I, (E ) (see Fig. 7). The change of variance within a 50-200

KHz range with respect to the pulse energy is fairly linear with the value of R*=0.9933. Contrarily, the

variance within a 250-500 KHz range reaches a maximum at a pulse energy of 432 uJ and falls slightly

afterward. This is the reason I, (E) cannot be linearly approximated correctly. Variances I, and I, are

components of the variance of the AE signal; therefore, I, (E) inherits the relationships I, (E) and

L(E).

In order to statistically analyze the informational properties of informational parameters I,, I, and I,
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classic pattern recognition analysis [38] was applied. In general terms, pattern recognition analysis is
based on the linear discriminant theory and makes it possible to separate data within n-dimensional
informational space into clusters with specific and unique properties. Decisions for the separation obey
strict mathematical rules called linear decision functions, which were calculated using Bayesian classifiers
(Bayes decision functions), and do not involve human concern and preference. Each informational
parameter (I,, I,, I,) cannot be used individually for proper estimation and prediction of the laser pulse

energy because the experimental data is overlapped (see Fig. 7). Therefore, in order to choose the best
combinations of informational parameters (from the point of view of statistics), a multi-variable approach is

selected, and four different informational spaces, {11,12,13 }, {I,,Iz }, {I,,I3 }, {12,13}, are analysed

and compared. The ISODATA algorithm [38] was used for automatic data separation with respect to the
set of the pulse energies E=E,_, , = 186,134,192, 262,341,432, 252, 604 ). The coefficients of

Bayes decision functions were calculated as follows:

For {I,,1,,L,}: d,(1,,1,,1,)=-532.198* I(E)-102.101% I (E)-343.533 % I,(E)+ 473.009
d,(I,,1,,1,)=-1711.026% I (E)-550.658 * I,(E)-911.030 * I(E) + 4557.909
d,(I,,1,,1,)=-844.349% I (E)-193.803 * I(E)-548.480 * I,(E) +1198.502
d,(I,,1,,1,)=-2059.163* I,(E)-820.743* I (E)-914.305 * I (E) + 6377.869
d(I,.1,,1,)=-1358.200% I,(E)-354.242 % L(E)-865.405 I (E) +3084.529 ©
dg(I,,1,,1,)=-1917.674* I,(E)- 692.811% I(E)-986.918 % I(E) + 5734.990
d,(I,,1,,1,)=-1053.266% I,(E)- 240.050 * I (E)- 678.036 * I (E) +1851.917
dg(1,,1,,1,)=-2088.142% I ,(E)-964.757 * I (E)-884.737 * I (E) + 6696.105

For {I,,I,}:  d,(1,,1,)=-538.116* I (E)-104.120 * I(E) +335.883
d,(1,,1,)=-1723.750* I (E)-554.755* I (E)+3582.198
d,(1,,1,)=-853.576* I ,(E)-197.204 I (E)+ 848.585
d,(I,,1,)=-2069.090% I (E)-821.700* I (E)+5378.750
d,(1,,1,)=-1372.314% I (E)-359.604 * I(E)+2212.058 @)
dg(I,,1,)=-1930.542% I (E)-697.137 * I (E) + 4585.972
d,(I,,1,)=-1064.642* I,(E)- 244.178 % I (E)+1317.070
dg(1,,1,)=-2095.345% I (E)-965.757 * L(E)+5749.202
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For {1,,1,}:  d,(I,,1,)=-532.444% I (E)-453.444 % I (E) + 509.542
d,(I,,1,)=-1697.760* I,(E)-1212.363 * I (E) + 4580.434
d,(I,,1,)=-1353.406 % I,(E)-1144.547 * I (E) +3252.784
d,(I,,1,)=-842.949% I (E)-724.534 % [ (E) +1279.547
d,(1,,1,)=-1051.573% I ,(E)-895.811# I(E)+1975.883 ®)
d,(I,,1,)=-1900.165*I,(E)-1314.566 * I,(E)+5633.916
d,(I,,1,)=-2046.926 % I,(E)-1165.929 * I(E) + 5949.668
dg(1,,1,)=-2043.193% I,(E)-1246.380* I,(E) + 6109.153
For {I,,1,}:  d,(I,,1,)=-52.804% I (E)-357.955% I,(E)+155.408
d,(I,,1,)=-544.196* I (E)-1013.552 * I (E)+1571.757
d,(I,,1,)=-116.809% I,(E)-569.542 * I,(E)+397.070
d,(I,,1,)=-233.330%I,(E)-896.478 * I (E) +1006.692
d,(1,,1,)=-820.283% I(E)-898.537 * I,(E) +1751 814 ®)
dy(1,,1,)=-412.195% I (E)-940.402 * I(E)+1249.489
d,(I,,1,)=-673.021% I,(E)-940.822 * I.(E)+1590.268
dy(I,,1,)=-144.306* I (E)-704.301 * I,(E) + 604.940

In theory [38], each Bayes decision function is a function of a minimum-distance pattern classifier. This

means that d, () estimates the distance between an analyzed point and the center of the i cluster.
Therefore the minimum, min(d,.(~),i=1...8), indicates a cluster to which the analyzed point with
coordinates {I (_)(E ¥ (_)(E ¥ (,)(E )} belongs.

Figure 9 shows the Bayesian classification of informational parameters I;, I, and I, with
respect to the pulse energy within three information spaces {I o, }, {II,I 3 }, and {12,13 }, which are the

projections of informational space {11,12,13} onto corresponding planes. Figure 9 also illustrates the

ellipses of equal probability (95%) and the separating lines as the linear boundaries between clusters.
These ellipses frame the area where data belongs to a certain cluster with a probability of 95% or more.
Also, the intersection of ellipses represents the quality of the cluster separation. The results of the pattern

recognition analysis (see Fig. 9) indicate that the combination of informational parameters {II,I 3} has a

lower quality of cluster separation, especially for higher pulse energies, due to significant overlapping of
clusters for pulse energies of 525 uJ and 604 uJ. Therefore, this combination cannot be recommended
for the purpose of monitoring laser-material interactions. More preferable sets of informational parameters

are {I,,Iz}, {12,13}and {11,12,13}.
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CONCLUSIONS

For the laser-material interactions investigated in this study, strong acoustic emission signals were
observed, and their informational properties were analysed. From the results obtained, the following
conclusions can be drawn.

1. Surface acoustic waves represented by the AE signal are a result of complex physical-chemical
processes within the laser-material interaction zone and therefore have non-stationary random
properties and time-varying statistical and spectral signatures.

2. AE signal contains two dominant frequencies of 98 KHz and 375 KHz, for which corresponding
amplitudes are varied for the duration of the AE signal. The particular sources of these frequencies
need further evaluation and validation.

3. Analysis of the informational properties of an AE signal indicates that its statistical and spectral
signatures depend on the pulse energy (e.g. the variance of the AE signal linearly correlated with the
pulse energy). Furthermore, the distribution of frequency components within the power spectrum is
affected by the pulse energy as well. On the other hand, it is important to stress the fact that the pulse
power does not change the duration of the AE signal.

4. The use of only one informational parameter (e.g. variance of AE signal) is not enough to provide
sufficient, reliable information about laser-material interaction for the purpose of on-line process
monitoring; therefore, there is a strong need for a multi-variable approach when a set of informational
parameters is to be proposed and analyzed.

5. The results of the pattern recognition analysis grant the ability to choose the most appropriate
informational parameters, which can be reliably correlated with the variations in laser pulse energy,
and can be more efficient to monitor the dynamics of laser-material interactions and the process
performance.

6. The presented analysis is a new method to discover informational properties of various emission
signals from the laser-processing zone to characterize the effects of laser-machining parameters and
materials on the overall system’s performance.

7. The knowledge generated in this study lays informational basis to develop further on-line monitoring
and process control systems for laser precision machining.
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Fig. 8. Change of the power spectrum of the AE signal with respect to the laser pulse energy.
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Fig. 9. Bayesian classification of informational parameters I,, I, and I, with respect to the pulse energy.
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