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Abstract:  

Gas evolution is an important source of acoustic emissions (AE) in many chemical and electrochemical 
reactions. Specifically, AE accompanies gas evolution during uniform and pitting corrosion of metals. 
Therefore, monitoring of gas evolution provides valuable information on degradation processes and their 
rates during corrosion.  In the present work, gas evolution on a steel surface was investigated in detail 
to get the deeper insight into the properties of AE sources. The polished surface of the plane steel 
sample was used as an electrode for water electrolysis. Evolution of hydrogen and oxygen bubbles was 
filmed via a long-distance microscope with the high-speed-camera operating at a frame rate up 
to 100 000 fps. The processes of bubbles nucleation, merging and breaking away from the surface were 
observed and analysed frame by frame. The possible sources for acoustic emissions are associated 
with merging and breaking away of gas bubbles. The characteristic futures of the AE generated by gas 
evolution were estimated. 

1. Introduction 

Gas evolution is an important source of acoustic emissions (AE) in many chemical and 
electrochemical reactions. Specifically, AE accompanies gas evolution during uniform and 
pitting corrosion of metals. The acoustic emissions connected with the corrosion processes 
have been studied in many works. As a main result, the correlation has been established 
between the AE rate and the corrosion rate [1–6]. However, the details of relations between 
the AE parameters due to gas evolution are still missing and are of great interest. In several 
attempts, AE from gas bubbles formation was characterized by means of various parameters 
such as rise time, amplitude and duration [7–10]. Two types of acoustic signals associated 
with gas evolution were found: the low-amplitude resonant signals with the long duration and 
rise time and burst-type transients having the short rise time and duration and greater energy. 
The first type signals were attributed to the hydrogen formation inside the pits in case of 
localized corrosion [7–9], while the second category of signals was linked to the gas formation 
in case of the uniform corrosion [7,10]. A more elaborated approach implements the analysis 
of AE spectral features. It was noticed that evolution of the hydrogen bubbles during pitting 
corrosion was accompanied by discrete AE signals with the frequency peak in the range 100 
– 120 kHz [11,12]. The resonant signals with the frequency of about 150 kHz were observed 
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in [13] in relation to the same process. On the other hand, in [14] the frequency maximum was 
used for discrimination of the AE sources during corrosion of the austenitic stainless steel. 
Acoustic emission produced by hydrogen bubbles formation during pitting corrosion was 
observed in the frequency range of 120 – 350 kHz whereas the signals with peak frequencies 
in the 120 – 450 kHz range were recorded during uniform corrosion. Similarly, on the basis of 
the frequency peak position the discrimination between different corrosion processes in 
aluminum was performed in [15,16]. Hydrogen formation was claimed to produce the AE 
signals in the range of 200 – 300 kHz. Both hydrogen and oxygen formation in the course of 
potentiodynamic polarization of the stainless steel generated the AE signals with the peak 
frequency of 100 – 300 kHz [10]. In [17] the AE signals from corrosion pitting of stainless steel 
were divided into 4 categories with respect to their waveforms. Some waveforms were similar 
to those described above but none was related to gas formation. As a resume, understanding 
of phenomenology of acoustic emission caused by gas evolution in corrosion processes is 
incomplete as yet. To get a deeper insight into this phenomenon, gas bubbles formation on 
the metal surface has to be investigated in more details. 

The self-resonant frequency � of the gas bubble inside the liquid was calculated in [18] for the 
first time and then was frequently used in relevant publications [12,14,19,20] in the following 
form: 

� = � 1��0� �3��0� �1/2          (1) 

where �0 is the bubble equilibrium diameter, �0 is a static pressure, � is the density of the liquid 
and � is the so-called polytropic index, which takes values between unity and the ratio of heat 
capacities at constant pressure and volume, i.e. is � = 1.4 at room temperature and 
atmospheric pressure. 

The resonant frequencies calculated for bubble diameters ranging from 10 µm up to 1 mm, 
which are commonly observed in corrosion studies, are shown in Fig. 1. 

 

 

Fig. 1. Resonance frequencies of the hydrogen bubbles according to Eq.(1) 

It is evident that the calculated self-frequency range corresponds to the frequency response of 
the most common acoustic transducers. The gas bubbles with the diameters smaller than 30 µm are rare. Thus, the upper frequency limit of ca. 400 kHz found in literature can be 
reasonably explained. The lower frequency of the common AE transducers is often limited to 
20 kHz. Therefore, according to the calculation given above, the bubbles with the diameter 
greater than ca. 400 µm should not produce AE detectable by conventional transducers.  
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2. Description of work 

Hydrogen bubbles formation occurs on the metal surface during the electrolysis of water. The 
austenitic steel plate with the thickness of 3 mm was ground and polished up to surface 
roughness of 1µm. The specimen’s surface was covered with the isolating tape so that only a 
small area was exposed to the electrolyte. This ensured that all processes occurred within the 
view field of the high-speed camera used for direct observations of gas production.  The 
schematics of the measurement unit is represented in Fig. 2.  

 

 

Fig. 2. Schematics of the measurement unit 

Acoustic emissions were acquired using the PCI-2 system by Physical Acoustic Corporation 
(PAC, USA). The continuous waveform recording mode was implemented with the sampling 
frequency of 2 MHz. Two different transducers - WD from PAC, and 1045D from Fujicera - 
were connected to the preamplifier PAC 2/4/6 operated at 60 dB gain. The measurements with 
different transducers were performed separately. 

The high-speed camera (Photron Fastcam SA-Z) operated at the shutter speed of 80000 
frames per second with the resolution of 384 x 256 pixels and 108,667 pixel per millimeter. 
The field of view was calibrated using the stage micrometer to provide the measurement of the 
observed bubbles diameter. Using this way of measurement, the accuracy of bubble dimension 
measurements was ±10 µm. The camera’s TTL trigger output was used to synchronize the 
acoustic stream with the camera record. When the camera started recording, the TTL output 
sent the triggering signal to the PCI-2 board and the waveform streaming acquisition started 
simultaneously. 

3. Results 

During the experiments the metal surface was usually covered with gas bubbles. Direct 
observations revealed that the predominant process controlling the generation of acoustic 
emissions was the merging of bubbles. The breaking away of a gas bubble without preliminary 
merging with the other bubble was observed rarely. This event generated the waveform similar 
that observed during the bubble merging. Furthermore, it was noticed that the nucleation of 
the new bubble on the surface did not produce any detectable AE signal. An example of 
merging of two hydrogen bubbles is shown in Fig. 3a, and the corresponding acoustic signal 
in Fig. 3b.  
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Fig. 3. Merging two hydrogen bubbles (a), and the corresponding acoustic signal (b), transducer 
Fujicera 1045D. 

AE signals produced by the bubble merging process had relatively low amplitudes. Importantly 
is that the correlation between the amplitude of the signal and the final size of the merged 
bubble was not evidently observed, see Fig. 4, for example. 

 

  

Fig. 4. Amplitude of the acoustic signals and the final size of the merged bubbles:  
(a) transducer WD by PAC; (b) transducer 1045 by Fujicera. 
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4. Discussion 

In order to identify the AE parameters resulting from gas evolution, the collected AE signals 
were analyzed by means of their spectral characteristics. At first, the peak frequency - the 
frequency corresponding to maximum magnitude in the FFT- spectrum, was found. At second, 
the median frequency, fm, of the Fourier power spectrum G(f) was computed by definition as: ∫ �(�)d� = ∫ �(�)d�∞�m�m0           (2) 

where f is frequency. 

The dependence of the median frequency and the peak frequency on the final diameter of the 
merged bubbles was hardly to found when AE was acquired by the WD transducer, Fig. 5. 
Most of the AE events concentrated in two frequency bands, from 100 to 200 kHz and from 20 
to of 70 kHz. The frequencies higher than 200 kHz were unlikely to observe. Most of the values 
were markedly higher than it could be expected from Eq. (1). It was evident, that the spectral 
characteristics of the used transducer affected the results of the measurements quite 
substantially. 

  

Fig. 5. (a) frequency peak and (b) median frequency of the  signals collected by the 
transducer PAC WD. 

When the measurements were repeated under similar conditions, but using the Fujicera 
broadband 1045D transducer, unlike the above results, the frequency peak and median 
frequency appeared to be lower for AE signals produced by larger bubbles, Fig. 6. This effect 
was more pronounced for the peak frequency than for the median frequency.  

  

Fig. 6. (a) frequency peak and (b) median frequency of the signals collected by the 
transducer Fujicera 1045D. 
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Nevertheless, the observed characteristic frequencies were markedly higher than those 
expected from calculations by Eq. (1). This could be explained by the fact that Eq. (1) describes 
the vibrations of the ideal spherical bubble. During merging, the bubbles deform heavily, as 
illustrated in Fig. 3. Thus, Eq. (1) provides only a rough approximation of the expected 
frequency. On the other hand, the non-flat multiresonant frequency response of AE 
transducers has to be taken into account when experimental data are compared with 
calculations.   

5. Conclusion 

The conducted in situ rapid video observations synchronized with AE measurements allowed 
to clarify the AE features related to the gas bubbles evolution on the metal surface. Main AE 
sources were associated with gas bubble merging and breaking away from the surface. No AE 
signals corresponding to the nucleation of a gas bubble were observed in the present work.  

The size of the gas bubbles cannot be simply correlated with the AE amplitude. However, the 
correlation does exist between the AE characteristic frequency and the size of bubbles. The 
larger bubbles tend to produce the AE signal with the lower peak frequency in the power 
spectrum. A strong distortion of the spherical form of bubbles during merging made the exact 
prediction of the characteristic frequency impossible. This frequency can be only approximately 
estimated from the bubble diameter. The nonlinearity of the transducer frequency response 
significantly affects the results of measurements, and therefore the judicious choice of sensor 
is of key importance if any quantitative characterization of the gas bubble evolution is aimed. 

Acknowledgement 

The authors gratefully acknowledge for the financial support of this study by the German 
Research Foundation as part of the Collaboration Research Centre 799 “TRIP-Matrix 
Composites”, subproject B6. 

6. References 

[1] Kasai N, Utatsu K, Park S, Kitsukawa S, Sekine K. Correlation between corrosion rate 
and AE signal in an acidic environment for mild steel. Corrosion Science 
2009;51(8):1679–84. 

[2] Jones RH, Friesel MA. Acoustic Emission During Pitting and Transgranular Crack 
Initiation in Type 304 Stainless Steel. Corrosion 1992;48(9):751–8. 

[3] Skal’s’kyi VR, Nazarchuk ZТ, Dolins’ka ІY, Yarema RY, Selivonchyk ТV. Acoustic-
Emission Diagnostics of Corrosion Defects in Materials (a Survey). Part. 1. Detection of 
Electrochemical Corrosion and Corrosion Fatigue. Mater Sci 2017;53(3):295–305. 

[4] Kim Y, Fregonese M, Mazille H, Féron D, Santarini G. Ability of acoustic emission 
technique for detection and monitoring of crevice corrosion on 304L austenitic stainless 
steel. NDT & E International 2003;36(8):553–62. 

[5] Rettig TW, Felsen MJ. Acoustic Emission Method for Monitoring Corrosion Reactions. 
Corrosion 1976;32(4):121–6. 



 

 

7 

 

[6] Seah K, Lim KB, Chew CH, Teoh SH. The correlation of acoustic emission with rate of 
corrosion. Corrosion Science 1993;34(10):1707–13. 

[7] Fregonese M, Idrissi H, Mazille H, Renaud L, Cetre Y. Initiation and propagation steps in 
pitting corrosion of austenitic stainless steels: Monitoring by acoustic emission. 
Corrosion Science 2001;43(4):627–41. 

[8] Fregonese M, Idrissi H, Mazille H, Renaud L, Cetre Y. Monitoring pitting corrosion of 
AISI 316L austenitic stainless steel by acoustic emission technique: Choice of 
representative acoustic parameters. Journal of Materials Science 2001;36(3):557–63. 

[9] Xu J, Wu X, Han E-H. Acoustic emission during pitting corrosion of 304 stainless steel. 
Corrosion Science 2011;53(4):1537–46. 

[10] Mandel M, Kietov V, Dubberstein T, Krüger L. The Potentiodynamic Polarisation of a 
High-Alloy Steel—An Analysis by Acoustic Emission Testing and Long-Distance 
Microscopy. Electrochimica Acta 2017;240:350–60. 

[11] Calabrese L, Galeano M, Proverbio E, Di Pietro D, Cappuccini F, Donato A. Monitoring 
of 13% Cr martensitic stainless steel corrosion in chloride solution in presence of 
thiosulphate by acoustic emission technique. Corrosion Science 2016;111:151–61. 

[12] Wu K, Jung W-S, Byeon J-W. Acoustic Emission of Hydrogen Bubbles on the Counter 
Electrode during Pitting Corrosion of 304 Stainless Steel. Mater. Trans. 2015;56 :587–
92. 

[13] Wu K, Jung W-S, Byeon J-W. In-situ monitoring of pitting corrosion on vertically 
positioned 304 stainless steel by analyzing acoustic-emission energy parameter. 
Corrosion Science 2016;105:8–16. 

[14] Jirarungsatian C, Prateepasen A. Pitting and uniform corrosion source recognition using 
acoustic emission parameters. Corrosion Science 2010;52:187–97. 

[15] Bernard J, Boinet M, Chatenet M, Dalard F. Contribution of the Acoustic Emission 
Technique to Study Aluminum Behavior in Aqueous Alkaline Solution. Electrochem. 
Solid-State Lett. 2005;8:E53. 

[16] Boinet M, Bernard J, Chatenet M, Dalard F, Maximovitch S. Understanding aluminum 
behaviour in aqueous alkaline solution using coupled techniques. Electrochimica Acta 
2010;55(10):3454–63. 

[17] Shiwa M, Masuda H, Yamawaki H, Ito K, Enoki M. In-Situ Observation and Acoustic 
Emission Analysis for Corrosion Pitting of MgCl2 Droplet in SUS304 Stainless Steel. 
Mater. Trans. 2012;53(6):1069–74. 

[18] Minnaert M. XVI. On musical air-bubbles and the sounds of running water. The London, 
Edinburgh, and Dublin Philosophical Magazine and Journal of Science 
2009;16(104):235–48. 

[19] Leighton TG, Fagan KJ, Field JE. Acoustic and photographic studies of injected 
bubbles. Eur. J. Phys. 1991;12(2):77–85. 

[20] Leighton TG, Lingard RJ, Walton AJ, Field JE. Acoustic bubble sizing by combination of 
subharmonic emissions with imaging frequency. Ultrasonics 1991;29(4):319–23. 


	1. Introduction
	2. Description of work
	3. Results
	4. Discussion
	5. Conclusion
	6. References

