
ACOUSTIC EMISSION

The paper presents results of an analysis of acoustic emission 
(AE) signals obtained during laser cutting of a steel plate, 
which is frequently used in the production of automotive body 
components. The acoustic emission in the plate, which is 
produced by various physical phenomena occurring during 
the laser cutting process, was measured with contact PZT 
sensors. During the laser cutting process, continuous AE 
signals, which are produced by the action of a cutting gas, 
were captured. After laser cutting, AE bursts produced by 
various phenomena during material cooling were captured. 
The results obtained confirm that both the continuous signals 
occurring during the cutting process and the AE bursts after 
laser cutting provide a good insight into the quality of a laser 
cut performed. Results of a factorial analysis of an influence 
of laser cutting conditions on the measured continuous 
AE signals are described. Response surfaces of amplitude 
average and intensity average and their mutual correlation 
are established. An influence of cutting parameters on the 
size of a dross formed at the lower laser-cut edge, which 
is an important indicator of cut quality, is analysed and a 
relation with the measured AE signals is established.

1. Introduction
In laser processing an interaction between a laser beam and a 
shielding or cutting gas with a workpiece material shows in various 
physical and chemical phenomena at the zone of interaction. In the 
presence of a reactive gas, a high power-density laser beam will 
provide rapid heating, melting and even evaporation of the material. 
This will be accompanied by propagation of electromagnetic 
waves and acoustic emission from the interaction point, which 
can be captured at various locations. Laser beam interaction with a 
material is a complex phenomenon that cannot be treated as a simple 
thermal process, rather, it should be regarded as an optodynamic 
process(1,2). 

Acoustic emission occurring during laser cutting provides signal 
variations characteristic of physical phenomena in the cutting front. 
Thermal expansion and shrinkage of the material will cause varying 
of the stress condition next to the cutting front. Solidification of the 
molten material with martensitic phase transformation contributes 
to the occurrence of acoustic emission after laser beam passage(3,4). 
The acoustic emission also indicates changes in internal stresses in 
the material during the cooling process and eventually shows the 
magnitude of residual stresses. Material evaporation in the cutting 
zone and the plasma formed produce AE, which can be measured 
in the surrounding gas and the workpiece material(5). The acoustic 
emission indicates very dynamic phenomena in the cutting front, 
which are related to the melt expulsion from the cutting front 
during the cutting process. The influence of the shielding or cutting 
gas at the interaction zone is also strong, which can be efficiently 
monitored by capturing AE signals(6). 

Several studies of the laser cutting process and analyses of 
acoustic emission measured with microphones close to the cutting 
front were made(7,8). A basic hypothesis is that acoustic emission is 
due to resonance occurring when the gas flow hits the cutting front. 
It turned out that the resonance frequency of the acoustic emission 
measured was important because it permitted the assessment of cut 
geometry and quality. Unfortunately, data on analyses of acoustic 
emission captured with contact PZT sensors, which would permit 
a description of the phenomena in a material in laser cutting, are 
scarce. In the present paper, the acoustic emission captured with 
a PZT sensor, which permits a prediction of various phenomena 
in the material during and after laser cutting, will be treated. 
Monitoring of acoustic emission thus gives an insight into the state 
of a working process and permits carrying out of control actions in 
order to accomplish a quality laser cutting process.

2. Experimental procedure
Plate cutting was performed with an industrial CO2 laser processing 
system, Spectra Physics 820, which has a maximum output power 
of 1500 W and a Gaussian power distribution (TEM00). The laser 
head chosen had a focusing distance of 127 mm and an output 
diameter of a conical nozzle of 2.2 mm. In cutting, oxygen with an 
overpressure of 0.2 MPa was used as a cutting gas. During cutting, 
the focus of the convergence lens was positioned 0.5 mm below the 
surface of the plate with thickness δ = 1.5 mm. Laser cutting was 
carried out at a plate of common structural steel designated DC04 
in accordance with EN 10027-1. The steel chosen is used in the 
automotive industry to produce body parts. During the process the 
plate was positioned on a workbench on a soft rubber support to 
prevent noise during the laser cutting process. 0.5 m-long parallel 
cuts with spans of 2 cm were made at the plate under different 
cutting conditions. The cutting process is shown in Figure 1. 

A measurement device for measuring acoustic emission, AMSY4, 
produced by Vallen Systeme GmbH, and a contact PZT sensor, 
VS150-M, were used to capture acoustic emission. The sensor makes 
it possible to register ultrasonic waves in a frequency range from 100 to 
450 kHz, with the resonance frequency at 150 kHz. The AE sensor was 
10 cm apart from the laser cut. Good acoustic coupling of the sensor 
with the surface was accomplished with coupling silicon grease.
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Figure 1. Representation of cutting procedure and position of 
sensor to capture acoustic emission during and after cutting
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3. Experimental results
During the laser cutting process a turbulent flow of the cutting gas 
produces continuous AE signals. In a continuous signal, changes 
of the signal amplitude value and frequency can be detected. The 
continuous AE signals for the control of the cutting process are 
limited to 0.1 s. The highest amplitude value during the signal 
duration in a certain moment of the cutting process is shown in Figure 
2 with an arrow. In the case of cutting with a power of 430 W and 
speed of 1000 mm/min, signals with a relatively uniform amplitude 
value in the continuous signal can be measured. A lower energy 
input at the interaction zone with increased cutting speed will result 
in a lower melt temperature and, consequently, in increased melt 
viscosity. Under these conditions, the portion of the oxidised melt 
will also decrease. When the forces due to gas flow cannot exceed 
the adhesion forces of the melt to the sheet surface, the melt leftover 
will solidify quickly in the form of droplets at the lower edge of the 
cutting front, and, consequently, dross will form. The solidification 
of the molten material persisting at the lower edge of the cut and 
cracking of the oxide film will produce AE bursts in the continuous 
signal. The distinctive AE bursts increase the amplitude value in 
the continuous signal, which is shown in Figure 2(b). 

When cutting is stopped, acoustic emission in the form of bursts 
with appertaining signal duration can still be captured. The signal 
duration is a time interval between the first and last transition of 
the absolute signal voltage value across the amplitude threshold 
set, ie 0.1 mV (40 dB). The individual points at Figure 2, after 

the termination of cutting, represent the amplitude values of the 
AE bursts. A comparison of the signal amplitudes in Figures 2(a) 
and 2(b) indicates a characteristic difference among the captured 
continuous AE signals as well as in the AE activity after laser 
cutting under different conditions. The increased AE activity is 
related to the size of the dross formed at the lower cut edge and is, 
consequently, an important indicator of laser-cut quality. 

The AE bursts represent cracking of the oxide film due to the 
difference in the coefficient of thermal expansion of the oxides 
and that of the sheet material. Figure 3 shows a cracked and partly 
peeled-off iron-oxide film at the laser-cut face, an image obtained 
with an electronic microscope. The AE bursts are produced 
also by the onset and growth of cracks and microcracks in base 
material. Figure 4 shows that a crack in the oxide film, when the 
adhesion is strong, can result in a crack at the sheet base material. 
A metallographic analysis of the laser-cut surface will confirm that 
the point of onset and propagation of microcracks is usually limited 
to the lower edge of the laser cut and to the dross.

Generation of acoustic signals can also be attributed to phase 
changes, ie martensite formation in rapid cooling of austenite. 
The AE burst signals with lower amplitude values of the voltage 
signal may be caused by events related to microplastic deformation 
of the material in connection with the nucleation and gliding of 
dislocations. Acoustic emission may be produced also by bonding 
defects occurring during solidification and cooling of dross with 
reference to the substrate, and the occurrence of porosity and 
micro cavities in the solidified material. In the evaluation of AE 
signals, the reflection of AE signals from specimen walls or other 
hindrances should also be taken into account.

3.1 Continuous AE signals in laser cutting
A turbulent cutting-gas flow during the cutting process permits 
capturing of continuous AE signals by PZT sensor. The different 
cutting conditions used produced different laser-cut widths, 
different inclinations of the cutting front, different melt thicknesses 

Figure 2. AE during and after laser cutting of DC04 steel sheet 
under two laser cutting conditions

Figure 3. Cracks at cut face in base material and in oxide film 
(DC04)

Figure 4. Crack in oxide film resulting in crack in base material 
(DC04)



and fractions of the material removed from the cutting front(9,10). 
This reflects in the cutting-gas flow, which advances into a laser 
notch and, consequently, in the acoustic emission measured in 
the material. Solidification of the molten material, particularly at 
the lower edge of the laser cut, and cracking of the oxide coating 
produce AE bursts in a continuous signal. Distinctive AE outbursts 
increase the amplitude of the continuous AE signal. 

Research results show that the amplitude of the AE signal is a 
very suitable parameter to be used in the assessment of laser cutting 
quality. In order to assess the measured AE signals, an average of 
amplitudes mA of a series of 20 consecutive signals of continuous 
acoustic emission under the given cutting conditions was used. An 
analysis of the laser cutting process showed that continuous signals 
with a specified time interval of signal duration, ie 0.1 s, are suitable 
for its control. A supposition of an influence of individual factors 
on the variable analysed was confirmed by a factorial analysis 
including analysis of variance. 

The AE signals captured in laser cutting served to determine 
functional dependence between the laser beam power (P), cutting 
speed (v), and the amplitude average of AE signals mA. Because of 
the same distance among individual levels of quantitative factors, 
the method of orthogonal polynomials was chosen to determine a 
polynomial regression model.

The amplitude average of AE signals is described with an 
approximation polynomial:
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where Pi(P) and Pi(v) are the orthogonal polynomials(11) that are 
specified by the equations:
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For the approximation of the response surface, significant effects 
from the analysis of variance are usually taken into account. These 
are the most distinctive effects on the signal amplitude average 
mA. Figure 5(a) shows a contour plot of 3D response surface 
for a signals amplitude average mA, established in equation (2). 
Calculation of the approximation polynomials makes it possible to 
predict averages mA within the scope of tested cutting conditions. In 
Figure 5, the two thick red curves indicate the areas of laser cutting 
conditions at which an evaluation of the size of dross is estimated 
to be O < 2 and O < 1. More on the influence of the laser cutting 
conditions on the size of dross and, consequently, on cutting quality 
is discussed in Section 3.2.

The waveform of the AE signals makes it possible to assess a 
signal also by means of other parameters such as signal energy, 
signal duration, signal rise time, decay time, acoustic emission 
count and others. Signal energy(3) is proportional to signal intensity, 

which is defined by a signal square integral:
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In view of higher reliability of the assessment of the measured 
AE signals, the intensity average mI of a series of 20 consecutive 
continuous AE signals captured under the given cutting conditions 
was taken as a basis. A time interval of the continuous signal of 
0.1 s was chosen for evaluation. Figure 5(b) shows changes of the 
intensity average of AE signals under the given cutting conditions. 
The response surface is determined with a statistical analysis of 
the data obtained from AE signals with the method of orthogonal 
polynomials.

Changing of the intensity average mI as a function of laser beam 
power (P) and cutting speed (v) can be written as an approximation 
polynomial:
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Figure 6 shows a relation between the amplitude averages mA,ijk 
and intensity averages mI,ijk of the AE signals. mA,ijk and mI,ijk designate 
the average values with the ith level of the laser beam power, the jth 
level of the cutting speed, the kth measurement repetition with the 
individual combination of power and cutting speed. 

An analysis of acoustic emission will confirm that the correlation 
coefficient between the amplitude averages mA,ijk and intensity 
averages mI,ijk of the voltage signals of AE captured is good, ie r 
= 0.83. In Figure 6 an ellipse marks the zone of acoustic emission 
measured, which corresponds to an acceptable quality of laser 
cutting with an appertaining small dross (O ≤ 2). 

3.2 Assessment of cut quality from an AE signal
The separation of a material in laser cutting comprises blowing-off 
of the molten material. Blowing-off of the melt from the cutting 
front forming is related to a pressure gradient and friction force 

Figure 5. (a) Contour plot of 3D response surface of signals 
amplitude average mA and (b) intensity average mI 
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exerted by the cutting gas. Poor flowing of the melt from the cutting 
zone will produce poor quality of a laser cut. The capability of the 
melt to flow from the cutting zone is related also to a temperature 
dependence of the surface tension of the melt. The persisting and 
solidified melt at the lower edge of the cut has the form of a droplet. 
The solidified droplet formed remains attached to the lower edge of 
the cut and is called ‘dross’.

A statistical analysis of a dross height and width measured 
at metallographic specimens shows strong dissipation of the 
dimensions. Consequently, it was decided to grade the dross size 
at the lower edge of the cut with grades between 0 (perfect – no 
dross) and 5 (poor – large dross). Figure 7 shows reference images 
of the lower edge of a laser cut and the way the cut quality was 
assessed by means of the dross size. Characteristic AE signals 
of continuous AE emission recorded during laser cutting with a 
relevant estimation of dross size are also shown. An analysis of 
the waveform and frequency spectrum of the AE signal captured 
indicates a relation between the increase of the amplitude value 
of the voltage signal and the dross formation at the lower edge of 
the cut. The AE bursts in the continuous signal are related to the 
occurrence of solidification and cooling of the molten substrate and 

oxides at the laser cut, which is related also to the formation of the 
dross.

Figure 8 shows the relation between the amplitude average of the 
continuous AE signals mA and evaluation of the dross size (O). This 
relation was described with a canonical equation where DE = 87 dB 
is the deviation of ellipse from a coordinate centre, aE = 10 dB and 
bE = 5 are semi-axis of the ellipse in the direction of the coordinate 
axes. It confirms that with increasing dross size at the lower edge 
of the cut the amplitude value of the AE signals is also increasing. 
Assuming that the grade of a still acceptable dross size is 2, we 
can define the applicable range of the laser cutting conditions. This 
range is marked with a thicker curve in Figure 8(b).

Measurement of AE signals and laser-cut surface roughness 
showed no explicit mutual relationship. Figure 9 shows roughness 
variation for a laser-cut surface as a function of a cutting speed 
with different laser beam powers at distances of 1/3 and 2/3 of 
plate thickness measured from the surface. In the calculation of 
cut-surface roughness, a weighting function of the phase-corrected 
filter that corresponds to the equation of the Gaussian density 
function with the cut-off wavelength Lc = 2.5 mm was considered. 
Measurements indicate that laser-cut roughness Ra will increase by 
around 10-20% when the distance from the upper surface towards 
the lower surface will increase. The surface-profile shape at the 
lower cut section strongly depends on the dynamics of cutting-gas 
flow and melt ejection than at the upper cut section. A multiple laser 
beam reflection from the cut surface and cutting front respectively 
will also occur. The laser beam multiple reflection affects, at the 
lower laser cut, random shaping of the surface profile and increases 
cut-surface roughness. The measured arithmetical mean deviation 
of the assessed profile Ra is greater in the estimation of surface 
profile size with a longer cut-off wavelength Lc. A reason for the 

Figure 6. Relation between amplitude averages mA,ijk and 
intensity averages mI,ijk of captured voltage AE signals

Figure 7. Reference images with evaluations of the dross size 
and measured AE signals during laser cutting

Figure 8. (a) Relation between amplitude average and evaluation 
of the dross size and (b) applicable range of the laser cutting 
conditions



deviation of the calculation of the Ra of the profile with regard to 
the cut-off wavelength is related to filtering of a cut-surface profile 
size with the Gaussian filter. The longer the cut-off wavelength, the 
greater the contribution of the surface waviness to the Ra deviation 
of the surface profile. The choice of the cut-off wavelength Lc 
can affect also final conclusions regarding cut-surface roughness 
changes related to cutting conditions.

4. Conclusions
The analysis made of the AE in laser cutting of plate DC04 confirms 
the following:
n Laser cutting conditions affect measured AE signals, which are 

a result of an interaction among laser light, a cutting gas, and a 
plate material, which produces different physical and chemical 
phenomena during the laser cutting process. 

n The statistical analysis of characteristics of the signals captured 
confirmed that the cutting conditions have a more distinctive 

Figure 9. Arithmetical mean deviation of the assessed profile Ra 
at the upper and at the lower cut section of the laser cut surface 
(Lc = 2.5 mm)

influence on the amplitude average than on intensity average of 
the continuous AE signals, but for more precise diagnostics of 
the process state simultaneous monitoring of both parameters of 
the AE sensed is suitable. 

n A relation was established between the amplitude average of 
the continuous AE signals captured and the evaluation of the 
dross size at the lower edge of the cut. The increased dross 
size, characteristic of the poorer cut quality, can be efficiently 
confirmed by increasing the amplitude values of AE signals. 

n The analysis of the waveform of the acoustic voltage signal 
indicates the presence of AE bursts in the continuous signal. 
The AE bursts can be related to the initiation and propagation 
of cracks, particularly in the oxide layer, partially in the heat-
affected zone, and, to a certain degree, also to the martensite 
transformation during material cooling.
The relation established among the characteristics of the 

continuous AE signal captured during laser cutting and the cut 
quality accomplished permits efficient on-line monitoring and 
optimisation of the laser cutting process.
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