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ACOUSTIC EMISSION SNALYSIS OF THE PLASTIC DEFORMATION STAGES OF DEGRADED LOW-CARBON STEEL 
AFTER LONG-TERM OPERATION IN THE OIL REFINING AND PETROCHEMICAL PROCESSING

This paper presents results obtained from a laboratory investigation conducted on material from a pressure vessel after long-
term operation in the oil refinery industry. The tested material contained structural defects which arose from improper heat treatment 
during steel plate manufacturing. Complex tensile tests with acoustic emission signal recording were conducted on both notched 
and unnotched specimens. The detailed analysis of different acoustic emission criteria allowed as to detect each stage of plastic 
deformation and microstructural damage processes after a long-term operation, and unused carbon steels during quasi-static axial 
tension testing. The acoustic emission activity, generated in the typical stages of material deformation, was correlated by microscopy 
observations during the tensile test. The results are to be used as the basis for new algorithms for the assessment of the structural 
condition of in-service pressure equipment.
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1. Introduction

Different types of pressure equipment are widely used in oil 
refining and petrochemical processing. A lot of these were made 
from carbon steels and have been used for a few decades. Long-
term operation under extreme conditions causes defect initiation 
and growth in the microstructure of the equipment materials. The 
defects, which grow due to work loads, may damage the entire 
structure and may lead to the failure of the entire industrial unit. 

Consequently, the development of new non-destructive 
evaluation methodologies which allow the assessment of the 
condition of materials comprising the pressure equipment after 
long-term operation in the refinery industry is very important. 
The development of non-destructive evaluation (NDE) method-
ologies is possible as a result of complex destructive laboratory 
tests combining different experimental techniques. This research 
was conducted in order to study the influence of microstructural 
degradation of low carbon steel on acoustic emission (AE) 
generated by plastic deformation and fracture processes during 
quasi-static axial tension. The tested material was cut out from 
a pressure vessel shell which had been in operation for many 
years in the oil refining processing. The tensile tests of unnotched 
and notched flat specimens with AE signals recording were 
performed. Microstructural damage processes were correlated 
by in situ examinations with use of optical microscopy (OM). 
The results of the studies will be used to develop AE criteria for 
assessing the condition of in-service pressure vessel material. The 

investigations presented in this paper were supported as a part of 
the project of LIDER VII Programme financed by the National 
Centre for Research and Development of Poland.

The AE behaviour in structural materials during deforma-
tion, fracture and other processes continues to be systematically 
examined with advances in AE measuring systems and signal 
processing methods. Extensive studies of AE behaviour under 
tension of Armco (pure) iron and ultra-low carbon steels [1-3] as 
well as two-phased (ferrite-pearlite) low carbon steels (<0.2%C) 
[4-14] unnotched specimens were conducted.

In the case of plastic deformation of Armco iron specimens, 
AE is generated starting at the yield drop, followed by Lüders-
band propagation and macroscopic strain localisation associated 
with necking followed by crack nucleation and propagation. 
The AE signals from both Lüders instability and necking with 
a significant shift of the power spectral density towards low fre-
quencies are observed [1]. The AE technique also allows for sen-
sitive detection of the deformation and damage mechanisms of 
ultra-low carbon steels (<0.08%C) in early loading stages [2,3].

As a result of the tensile process of structural low carbon 
steel (i.e. Q235, Q345 steels), AE signals with the typical features 
at different stages of loading are generated [4-12]. The beginning 
of plastic deformation is detected by AE in two stages [7]. At 
the early stage of plastic deformation (the microyield stage), AE 
is generated by dislocation activity at grain boundaries; a rapid 
increase of AE activity is then observed after massive plastic 
deformation at yield due to intense motion of slip bands [7]. 
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According to [4,12], the first low-energy AE signals can be 
attributed to the dislocation multiplication and unpinning from 
the Cottrell atmosphere or dislocation tangling, while the lat-
ter AE signals may be generated by the simultaneous motion 
of high-density dislocations during Lüders-band propagation. 
Generally, the activity of AE increases near the yield point and 
reaches maximum at the beginning of plastic deformation, but 
then the activity decreases significantly (exponentially [5]) with 
further straining when the material reaches the initial fracture 
region [4,7,10,14]. The related AE behaviour and deformation 
properties have been analysed [7]. Two typical AE signals were 
obtained: the lower amplitude and higher energy AE signals in 
the yielding stage and the higher amplitude and lower energy 
AE signals in micro-plastic deformation and the strain-hardening 
stage. The AE signals show a waveform with a long rise time 
and low amplitude. The peak of the signal frequency spectrum 
occurs at the relatively high frequencies of 170 kHz [12] and 
270-300 kHz [11].

According to [12,13], the grain size of low carbon steel also 
influences the AE generated by plastic deformation and cracking. 
AE activity from coarse-grained microstructure is higher than the 
activities from the normalised microstructure. The coarse-grained 
microstructure is more prone to damage than the heat-treated 
(normalised) specimen material, which is stable [13]. In the case 
of tensile tests of low carbon steel with different martensite mor-
phologies and volume fractions (0.3-0.8), the AE energy rate and 
amplitude exhibits two peaks: the first peak is located around the 
yield point [15, 16] and the second peak is in the post-yielding 
stage [12]. The amplitude of the AE signals is different for each 
deformation stage. In addition to the low-amplitude AE signals 
which were generated around the yield point there are many AE 
events which occur at amplitudes higher that 50 dB (in reference 
to 0 dB at 1 μV input). High amplitude signals are characteris-
tic of the second AE activity peak. Both AE amplitude and the 
number of events increase if the volume fraction of martensite 
increases. Some AE sources were recognised by [12,15,16] as 
being: ferrite deformation, the martensite phase fracture and 
ferrite-martensite interface decohesion. AE signals with a short 
rise time and a higher amplitude of waveforms are generated 
by ferrite-martensite interfacial cracking. The frequency range 
of AE signals from ferrite deformation is 150-175 kHz and the 
range for martensite is between 520 and 700 kHz [15, 16]. AE 
signals generated by ferrite-martensite decohesion occur in the 
frequency range 110-130 kHz [12, 15, 16].

The analysis of fracture mechanisms during three-point stat-
ic bending test of specimens, machined from 20GL (G21Mn5) 
grade steel with a different heat-treatments was prepared by 
authors [17]. These investigations allowed to develop the system 
for damage monitoring of train solebars using AE method. Quan-
titative analysis of damage processes, obtained in AE measure-
ments, was also carried out by authors [18,19]. The necessary 
conditions for the quantitative evaluation of fracture process by 
AE were shown. Examples were considered of quantitative AE 
measurements in hydrogen embrittlement of 40Kh2GMF steel 
[18]. Acoustic emission method has been also used for analysing 

the mechanisms and kinetics of fracture processes and classify-
ing the formed cracks. This has made it possible to determine 
the structural causes of the decrease in plasticity and fracture 
toughness among others for G7Kh2MF steel [19].

As the review of existing literature demonstrates, the AE 
method is highly sensitive to steel deformation and fracture dur-
ing tensile testing. The AE method allows attributing different 
AE signals to various deformation and damage mechanisms in 
the structure materials, such as: dislocation glide, twinning, crack 
initiation and propagation. It is also worth noting that not many 
publications are dedicated to this topic.

2. Materials and Methods

Two materials were tested in this study. The first material 
– St3S hot-rolled low-carbon steel plate – was obtained from 
a crude oil distillation column shell which had had fifty years 
of operation in a petroleum refinery. The second material was 
unused S235 grade steel plate with a similar chemical composi-
tion as the used material. The new material was tested in order 
to conduct a comparative analysis. The chemical compositions 
and mechanical properties of the tested materials are presented 
in Tables 1 and 2.

TABLE 1
Chemical composition of the tested St3S 

and S235 low-carbon steels [20,21]

Material
Chemical elements, [%]

C Mn Si P S

St3S 0.14-0.22 0.40-0.65 0.12-0.35 Max. 
0.080

Max. 
0.060

S235 Max. 0.17 Max. 1.40 — Max. 
0.035

Max. 
0.035

TABLE 2
Mechanical properties of the tested St3S 

and S235 low-carbon steels [20,21]

Material Re, MPa Rm, MPa A5, %
St3S 220-240 380-470 21-27
S235 Min. 223 Min. 360 Min. 26

Microscopic observations of the metallographic section 
of St3S steel by OM showed an overheated coarse-grained 
ferrite-pearlite microstructure (Fig. 1a). These changes to the 
microstructure morphology arose due to material overheating 
in the Ar3 and Ar1s temperature range and could not have been 
caused by the operating conditions of the distillation column. 
These microstructural defects arose from improper normalisation 
treatment after hot rolling during steel plate manufacturing. Steel 
with such a microstructure has a tendencies for brittle fracturing, 
reduced impact strength and mechanical properties such as Re, 
Rm during tensile test.

Metallographic examination of unused S235 grade steel 
plate showed a ferrite-pearlite microstructure that is typical 
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for this steel (after normalising treatment) (Fig. 1b). The mi-
crostructures of both materials contain non-metallic inclusions 
(manganese and iron sulphides) with shapes orientated in line 
with the direction of rolling. The inclusions were caused by the 
steel production technology.

The static tensile tests with AE recording were conducted on 
both unnotched and notched flat specimens (Fig. 2a) machined 
from each material. The unnotched specimens were designated as 
‘St3S-unnotched’, ‘S235-unnotched’ and notched samples were 
designated as ‘St3S-notched’, ‘S235-notched’. The notch from 
the one side of the specimen was made using the electroerosion 
method (tip radius – 0,05 mm). The work zones of the specimens 
(flat side of specimens between shoulders) were polished and 
etched with the use of portable metallographic techniques.

The specimens were axially loaded on a testing machine 
with hydraulic serrated grips. As shown in Fig. 2b, the AE sig-
nals were recorded using VS150-M and VS75-V type resonance 
sensors (resonance frequency of 150 kHz and 75 kHz) with 
external preamplifiers 34 dB. The acquisition threshold was 
35 dB. The calibration of AE-channels was conducted with the 
use of the 2H/0.5 mm Hsu-Nielsen source according to the PN-
EN 13554:2011 standard [22].

3. Results and discussion

3.1. The AE generated during unnotched 
specimens tension

The representative tensile test results, such as stress-
displacement curves with AE signal parameter distribution and 
material microstructure images for each stage of unnotched 

a)

b)

Fig. 1. The microstructure of St3S steel (a) and S235 steel (b), mag-
nification 500×

a) b)

Fig. 2. Technical drawing of tested specimens (a) and diagram of the testing station (b)
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a)

c)

b)

d)

e)

g)

f)

Fig. 3. Stress-displacement curves of ‘St3S-unnotched’ type specimen with AE signal amplitude (a, b) and DA signal parameter (c, d) distribu-
tions for type VS150-M sensors (a, c) and type VS75-V sensors (b, d) as well as material microstructure images (e-g) for different stress levels, 
magnification 400×
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specimen tension, are shown in Figures 3 and 4. Only AE signals 
located in the work zones of specimens were taken into account. 
The results of conducted analysis demonstrated significant dif-
ferences in the parameters of AE signals generated during the 
tensile testing of degraded and new material.

The rapid increase of AE activity with burst signal peak 
amplitudes of approx. 45-60 dB (Fig. 3a,b and Fig. 4a,b) was 
recorded by all AE channels during the tensile tests of materi-
als designated as ‘St3S-unnotched’ and ‘S235-unnotched’. The 
highest activity of the DA parameter value (DA = the duration/
the maximum amplitude [23]) was also noted when the materi-
als reached the yield point (Fig. 3c,d and Fig. 4c,d). The DA 
values for signals recorded by channels with a type VS75-V 
sensor were much higher than those recorded by type  VS150-M 
sensors. It was confirmed that AE sensors with a resonance 
frequency of 75 kHz are more sensitive with regard to the 
plastic deformation of steel. According to [1,4,7,12] AE at the 
early stage of plastic deformation, preceded by a yield point, 
is generated by dislocation movement at grain boundaries. 
A rapid increase of AE activity is then observed after massive 
plastic deformation – intensive development of slip bands (shear 
deformation on multiple slip planes) in ferrite grains as well as 
during Lüders-band propagation in the lower yield point. The 
DA parameter allowed separation of the AE-signals gener-

ated by dislocation movement near the yield point (Fig. 3c,d 
and Fig. 4c,d).

The processes of intensive slip band formation in ferrite 
grains inhibit material deformation after the yield point (dislo-
cation blocking); this is the start of the strain hardening stage. 
In this stage, the dislocations accumulate, interact with one 
another, and serve as obstacles for their movement. This leads to 
a change in the deformation mechanism from a strong dislocation 
motion to a short-range motion. The strain hardening process 
requires a higher stress level than slip bands. The linear plastic 
deformation zones are formed in ferrite grains of low carbon 
steel as a result of the strain hardening processes. These zones 
can already be observed with the use of OM (Fig. 3f) during the 
tensile test. The decrease of AE activity was observed during the 
strain hardening stage (Fig. 3a,b and Fig. 4a,b). It was found that 
the plastic deformation of overheated coarse-grained St3S steel 
clearly generates lower AE activity than new material.

The next stage was the micro-crack formation process in 
the linear plastic deformation zones of ferrite grains (Fig. 3g). 
These processes started after reaching the maximum load. Each 
micro-cracking process generates a single burst signal with 
peak amplitudes of approx. 50-60 dB. The growth and linkage 
of micro-cracks as well as macro-cracks development occurs 
on the final fracture stage when load decreases are observed.

a)

c)

b)

d)

Fig. 4. Stress-displacement curves of ‘S235-unnotched’ type specimen with AE signal amplitude (a, b) and DA signal parameter (c, d) distribu-
tions for type VS150-M sensors (a, c) and type VS75-V sensors (b, d)
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a)

e)

c)

b)

f)

d)

Fig. 5. Stress-displacement curves of ‘St3S-notched’ type specimen with AE signal amplitude (a, b) and Historic Index signal parameter (c, d) 
distributions for type VS150-M sensors (a, c) and type VS75-V sensors (b, d) as well as fractography images (e, f)

3.2. The AE generated during notched 
specimens tension

Example results of notched specimen tension tests such as 
stress-displacement curves with AE signal parameter distribution 
are shown in Figs. 5 and 6. The analysis of results demonstrated 
significant differences in AE behaviour which were generated 
during the tensile testing of two specimen types. The AE signals 
with high values of burst peak amplitudes were recorded almost 
from the beginning of the tensile test of notched specimens. By 
contrast, a rapid increase of AE activity was observed only near 
the yield point in the case of the unnotched samples (Figs. 3 
and 4).

The detailed analysis of AE signal parameters (max am-
plitude distributions and Historic Index parameter – MONPAC 
criterion [24]) allowed us to identify each stage/mechanism of 
deformation and fracture processes during the tensile test of 
carbon steel notched specimens (Figs. 5 and 6). The first stage 
was the formation of the plastic deformation area in the material 
near the notch tip (Fig. 5c,d and Fig. 6c,d). The plasticising in 
the notch tip of the St3S steel specimens occurred after exceed-
ing a stress value approx. 40 MPa (in the stress-displacement 
curve). For S235 steel specimens, this value was approx. 60 MPa. 
This fact has been validated by in situ observations of material 
microstructure changes in the notch tip with the use of OM. 
In addition, the finite element method (FEM) calculations 
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a)

c)

b)

d)

Fig. 6. Stress-displacement curves of ‘S235-notched’ type specimen with AE signal amplitude (a, b) and Historic Index signal parameter (c, d) 
distributions for type VS150-M sensors (a, c) and type VS75-V sensors (b, d) as well as von Mises stress distribution in work zone of the speci-
men (e-g) for different loading levels (points 1-3 on stress-displacement curves a and b)

(with nonlinear analyses) showed a stress concentration in the 
specimen notch tip (Fig. 6e). The values of these stresses exceed 
material yield strength (for S235 steel – Re = 340 MPa) for the 
abovementioned load conditions. The process of plastic defor-
mation zone formation generated high AE activity (practically 
from the beginning of loading the sample). The next stage of 
the fracture process was crack initiation at the notch tip, which 
was also confirmed by the FEM calculations and fractography 
investigations with the use of scanning electron microscopy 
(Fig. 5e,f). Crack initiation caused an active increase in the AE 
parameter values. The burst peak amplitudes of the AE signals 
reached their maximum values of approx. 60-70 dB at this point. 
For example, in the case of S235 steel, the crack was developed 
after exciting approx. 170 MPa on the stress-displacement curve 
(Fig. 6a-d). This load exceeds of the material ultimate strength 
(for S235 steel – Rm = 545 MPa) at the notch tip according to 
the FEM analysis (Fig. 6f).

The materials plastic deformation in the work cross-section 
of specimens (yield point in the stress-displacement curves) was 
observed in the next stage of the material damage process. The 
plastic deformation and strain hardening of material in the work 
cross-section served as obstacles for crack propagation.

Next, there was rapid crack growth after material strain 
hardening. The increase of AE activity was also noted when the 

crack propagation started (Fig. 5a-d and Fig. 6a-d). The crack 
propagation was gradual. The plastic deformation zones around 
crack tip were formed in the intervals between ‘crack’s sudden 
jumps’. These processes generated AE signals with maximum 
amplitudes of approx. 60-65 dB. The last stage was the critical 
propagation of the crack.

It was confirmed the known fact that AE sensors with 
a resonance frequency of 75 kHz were more sensitive with regard 
to plastic deformation of steel, but sensors with a frequency of 
150 kHz had a higher sensitivity to crack initiation and propaga-
tion processes.

4. Conclusions

1. The AE method allowed the detection of the early stages 
of plastic deformation and damage processes in long-term 
operation St3S and unused S235 carbon steels during 
quasi-static axial tension testing of unnotched and notched 
specimens.

2. The AE generated by the damage processes of steel was 
correlated with in situ microstructural observation with 
optical microscopy as well as fractography examinations 
and FEM simulations of stress/strain fields.
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3. The tested St3S grade carbon steel of a distillation column 
shell (after 50 years of operation) showed overheated mi-
crostructures. The steel microstructure was coarse-grained 
with sharp-shaped pearlite grains. These microstructural 
defects arose from improper normalisation treatment after 
hot rolling during steel plate manufacturing. 

4. The maximum AE activity around the yield point on the 
stress-displacement curves of the unnotched samples was 
observed. It was found that AE at the early stage of plastic 
deformation, preceded by a yield point, is generated by 
dislocation movement – the intensive development of slip 
bands in plastic ferrite grains. The decrease of AE activ-
ity is observed during the strain hardening stage when the 
dislocations accumulate and serve as obstacles for their 
limited motion. 

5. The micro-cracking process in the linear plastic deforma-
tion zones of ferrite grains, immediately before and after 
the maximum load, generates single burst signals with peak 
amplitudes of approx. 50-60 dB. The growth and linkage 
of both micro-crack and macro-crack formation are found 
in the final fracture stage.

6. The detailed analysis of parameters of AE signals generated 
during the tensile testing of notched specimens allowed the 
identification of each stage/mechanism of the deformation 
and fracture processes: material plastic deformation and 
crack initiation near the notch tip; deformation and strain 
hardening in the whole work cross section of specimens; 
stable crack growth.

7. It was as confirmed that AE sensors with a resonance 
frequency of 75 kHz were more sensitive to plastic defor-

e)

g)

f)

Fig. 6. Continued. Stress-displacement curves of ‘S235-notched’ type specimen with AE signal amplitude (a, b) and Historic Index signal param-
eter (c, d) distributions for type VS150-M sensors (a, c) and type VS75-V sensors (b, d) as well as von Mises stress distribution in work zone of 
the specimen (e-g) for different loading levels (points 1-3 on stress-displacement curves a and b)
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mation of steel, but S150-M type sensors with a frequency 
of 150 kHz had a higher sensitivity to crack initiation and 
propagation processes.
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