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Abstract 
 

There are only a few publication which give hints to the questions, when acoustic emission 
examination should be applied and which defects can be detected? This paper addresses flaws, 
cracks, and crack-like defects in pressure vessels made of ductile steel. Mechanisms which en-
able defect detection are identified, and the characteristics of these mechanisms are described. 
Based on the identified mechanisms and their characteristics, examples of conditions which lead 
to good or poor ability of defect detection are given.  This could be the basis for a quantitative 
grading system for defect detection by acoustic emission examination. Such a scheme could be 
further developed for the evaluation of probabilities of detection (POD), which are necessary for 
quantifying the benefit of acoustic emission examinations in reliability analyses and risk based 
inspections. 

 
1. Introduction 
 

There are many standards dealing with acoustic emission (AE) examination of metallic pres-
sure vessels, e.g. [1, 2]. In these standards, only fuzzy answers are given to the question, which 
defects can be detected by acoustic emission examination. The problem that plastic deformation 
and crack growth in ductile pressure vessel steels may be only a weak AE source [3 - 6] leads to 
frequent discussions about the effectiveness of AE examination. 

 
This paper concentrates on flaws, cracks, and crack-like defects in metallic pressure vessels. 

Because usually high ductility is required for pressure vessel steels, such defects in ductile steels 
(elongation after fracture ≥14% and Charpy-V-notch impact energy not less than 27 J) are con-
sidered here. Of course, material embrittlement in combination with the considered defects is 
possible. 
 

To reduce the complexity of the problem, mechanisms which may activate AE sources dur-
ing AE examination are classified according to the following criteria: 

 
• Within one group of mechanisms the AE characteristics should be similar. 
• Based on the known operating conditions of a vessel, it should be possible to decide 

whether or not a mechanism is relevant for the considered vessel. 
• The expected total AE is the sum of the AE from the different mechanisms. 

 
One of the most important parameters is the loading at which the AE occurs. Because of the 

Kaiser effect, it has to be distinguished between first and subsequent loading. The loading at the 
defect is increased if the pressure is increased but also if the defect size is increased. As single 
loading parameter, which reflects both influences, the rate of the pressure to the burst pressure is 
used. The burst pressure is pressure when a pressure vessel with the considered defect fails by 
burst. 
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Fig. 1 Weld flaw; a) initial flaw after welding; b) flaw after operating period. 

 

 
Fig. 2  Example of bad bonding at weld with incomplete penetration after welding. 

 
2. Description of Flaws, Cracks, and Crack-like Defects 
 

To show the appearance of defects, typical properties of weld defects are shown in Fig. 1. A 
flaw near to the fusion line is sketched. There may be slag or a brittle surface layer in the flaw. 
The flaw may end in a zone of poorly bonded material. Other smaller inclusions may be present. 
After a period of operation, at one side the connection of the flaw may be open to the surface of 
the vessel due to crack propagation. At the opposite side of the flaw, the poorly bonded material 
may be fractured, und crack initiation may have taken place. Due to deformation, brittle fillers 
(slag) and surface layers are broken. Also smaller brittle inclusions may be broken. If the flaw is 
open to the surface, the operating medium may penetrate into the flaw. Corrosion or oxide layers 
may be built at the crack or flaw surface. A combination of such flaws and cracks with material 
embrittlement is probable.  Typically, only some of the properties described above arise in a real 
weld defect. Figure 2 shows an incompletely penetrated weld as an example of a defect. A poor-
bonding zone can clearly be seen at the tip of the notch. 

 
For situations similar to the ones described above, the following source mechanisms for AE 

activities are identified. Most of the described mechanisms can also arise in flaws and cracks at 
the base material. 

 
2.1 Plastic deformation of ductile material 

For the zone where the plastic deformation occurs, material with good quality (comparable to 
material of usual tensile test samples) is considered. Material deficiencies, e.g. embrittlement and 
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inclusions, are dealt with separately. Local plastic deformation of ductile pressure vessel steels 
may be a very weak AE source (see [4, 5]). 
 

For typical ductile pressure-vessel steels, only low amplitude signals are expected. At the 
first loading the AE activity typically increases (Fig. 3) until general yielding; afterwards the 
activity decreases. In the case of subsequent loading or loading of cold-worked material, the ac-
tivity is minimal.  

 
Fig. 3  AE activity due to plastic deformation of defect free material depending on the load level. 
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Fig. 4  AE during plastic deformation of a notch in a pressure vessel. 

 
To obtain information on the AE due to the local plastic deformation, which is expected dur-

ing the loading of a crack or crack-like defect, the following experiment was performed: An old 
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vessel, with a diameter of 800 mm and a wall thickness of 15 mm, was pressurized to the test 
pressure twice. During the second pressurization, the AE activity was low due to Kaiser effect. 
Afterwards, a notch was ground into the longitudinal direction of the cylindrical shell. The shell 
was made of St41KT, which is a carbon pressure-vessel steel with a carbon content of 0.17%C 
according to an old Austrian standard. At the middle the width of the notch was extended, and a 
strain gauge was applied. 
 

The AE was measure with five sensors (VS150M, Vallen Systeme, Germany), the nearest 
one at a distance of 100 mm. A pencil-lead break (0.5 mm, 2H) at the notch results in amplitudes 
over 85 dB at the nearest sensor. Figure 4 shows the pressure, the measured strain at the notch, 
and the AE during the first and second pressurization after introducing the notch. A number of 
signals, most of them with small amplitudes, were recorded. Only a few AE events could be reg-
istered at sensors at larger distances. The test was repeated with a notch in the weld material re-
sulting in even less AE activity. This may be caused by the smaller carbon content and, there-
fore, smaller cementite content of the weld material. 

 
This example shows the possibly small AE activity due to the local plastic deformation. Of 

course this was measured in a simple low-carbon pressure-vessel steel and may be different in 
other materials. 

 
2.2 Crack initiation or crack propagation in ductile material 

For the material in the ligament, good quality (comparable to material of usual fracture me-
chanics test samples) is considered, and material deficiencies are dealt with separately. Crack 
initiation and crack growth in ductile pressure-vessel steel is dominated by the mechanism of 
void coalescence, which is a weak AE source [4, 6, 14]. Acoustic emission may be expected 
from brittle micro-fracture events, which may take place, depending on the material quality and 
stress state, more or less frequently. 
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Fig. 5  Activity due to stable crack growth in ductile materials depending on the load level. 

 
Stable crack growth in ductile materials takes place at relatively large loadings, after crack 

blunting and crack initiation [7 - 9]. Therefore, AE from this mechanism can only be expected at 
the first loading at relatively high ratios of the loading to the limit load (Fig. 5). At subsequent 
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loading stable crack growth may only be expected if the loading approaches to the maximum 
value of the previous loading. If the pressure of the actual pressure test is not larger than the one 
of a previous pressure test, a larger ratio of the pressure to the limit pressure can only be reached 
if the defect had grown during the operating period. 

 

 
 

Fig. 6  AE during stable crack growth in a pressure test. 
 

To obtain information on the AE activity during crack extension the following example is 
given: A longitudinal notch was introduced into the cylindrical shell (diameter 250 mm, wall 
thickness of 7 mm, material similar to 34CrMo4) of a small non-welded vessel, which had al-
ready a pressure test during fabrication. Afterwards the vessel was cycled until crack initiation, 
decreasing the estimated burst pressure below the test pressure. In a pressure test performed af-
terwards, which approached the burst pressure, the AE shown in Fig. 6 was measured. The mi-
crograph from the crack tip (Fig. 6) shows clearly that stable crack growth took place at this 
pressure test. 

 
In the case of this ductile steel (elongation after fracture >14%) with relatively high strength 

(0.1% proof strength of about 900 MPa) a small number of AE events took place at pressures 
relatively near the burst pressure. In this case the AE amplitudes were relatively large, which 
indicates brittle micro-fracture at some instances. For comparison, a Hsu-Nielson source (2H, 0.5 
mm) at the defect location resulted in amplitudes of about 78 dB. In the case of carbon steels 
with low strength and large ductility, it is possible to find stable crack growth with lower rates of 
brittle micro-fracture events, resulting in a smaller AE activity, [1 ]. 4
 
2.3 Fracture, decohesion or friction of fabrication-caused brittle fillers or layers, and opening of 
poorly bonded zones 

In the case of fracture, or decohesion of fabrication-caused brittle fillers or layers, and open-
ing of poorly bonded zones, high amplitude AE signals can be expected, but friction may cause 
low amplitude signals.  Fracture and decohesion of these defects take place at relatively low 
loadings (Fig. 7). Such inclusions and layers fracture only once, and AE is expected mainly dur-
ing the first loading, and for relatively small ratios of the loading to the limit load. Due to the low 
loading required for fracture, or decohesion of such defects, small defects can be detected. 
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After the fracture, such inclusion and layers may split into parts, which may be wedged to-
gether. During subsequent loading AE from friction at the contact surfaces of these parts can be 
expected. This activity will start with low amplitude signals at low loadings - signals which are 
caused by the usual friction of the defects surfaces. Because these fracture surfaces may be 
wedged together, burst signals due to release of wedged surfaces (Fig. ) can be expected when 
the crack is opened. These burst signals may have larger amplitudes and this AE activity is in-
creased, if the crack opening is increased. This AE activity stops when the crack is opened in a 
way that the fracture surfaces are not wedged together anymore. 

10
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Fig. 7  AE activity due to fabrication caused brittle fillers, layers, and poorly bonded zones as 

function of the load level. 

 
Fig. 8  AE at first pressurization of a longitudinal weld with incomplete penetration. 

 
As an example, the AE activity during the first pressurization test of 21 small vessels (diame-

ter 350 mm, wall thickness 3.5 mm) with incompletely penetrated longitudinal seam was investi-
gated in [10]. The distribution of the AE events versus amplitude and pressure (Fig. 8) shows the 
following: There is a maximum of the large amplitude signals at about half the burst pressure. 
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Near the burst pressure the rate of high amplitude signals is small. For the small and medium 
amplitude signals one maximum exists at about half the burst pressure and one at large pressures. 
If it is assumed that most AE activity, mainly the signals with large amplitude, during the first 
loading of an incomplete penetrated weld results from the fracture of slag inclusions and the 
opening of poorly bonded material, the observed distribution indicates clearly that these AE 
events mainly take place at lower loads. A maximum in the AE activity at loads far blow the 
burst pressure is indicated. 

 
2.4 Fracture, decohesion, or friction of inclusions in the ligament 

The difference between brittle fillers at the flaw itself and smaller inclusions is mainly the 
size. Brittle fillers are at the flaw itself, while inclusion may be present in the highly stressed 
ligament. Due to fracture of the material between inclusions larger flaws may be built.  The in-
tensity of the AE sources depends mainly on the size and strength of the inclusion. Larger size 
and strength of inclusions lead to larger amplitudes.  The number of events correlates with the 
number of inclusions. If the density of inclusions is constant, the number of AE events is propor-
tional to the volume of the (plastically) deformed material. 

 
The loading and/or deformation, at which inclusions fracture, depend mainly on the strength 

and size of the inclusions. Inclusion with low strength may fracture before plastic deformation 
starts. The largest rate of AE events due to such events can be expected at the beginning of plas-
tic deformation. Therefore a distribution of the AE signals over the loading similar to the one for 
plastic deformation is expected (Fig. 3). 

 
2.5 Fracture, decohesion, or friction of layers and fillers built due to operation 

Layers and fillers produced during the operation period are different to the ones produced 
during the fabrication process. Layers produced due to operation are not present in the pressure 
test after fabrication, because they are produced during the operation period. If the crack or flaw 
is open to the inside of the vessel, the operating medium can penetrate into the flaw or crack; if it 
is open to the outside surface, the ambient air penetrates into it. At flaws or cracks, which are not 
open to the surface, such layers or fillers are not to be expected.  High amplitude signals can be 
expected from fracture and decohesion of such layers, while friction may cause low amplitude 
signals. 

 
These layers are produced during operation and will be stress-free at the loading at which 

they are produced. Below the loading at which they are produced, they will be mainly in com-
pression, resulting mainly in AE due to friction (Fig. 9). For loadings larger than the one at 
which these layers or fillers are produced, fracture and decohesion of these layers and fillers may 
cause burst signals with large amplitudes. Subsequent loading will cause mainly AE due to fric-
tion. Such layers and fillers may fracture due to changes in the operating load, and, therefore, 
large variations of the operation pressure may decrease the AE in a pressure test. 

 
2.6 Material embrittlement in ligament 

Material embrittlement in the ligament will lead to an enhanced rate of brittle micro-fracture 
events at the crack front and at the ligament. High amplitude signals can be expected long before 
burst [11] especially if hydrogen embrittlement is included [12, 13]. 

 
If the concept of linear fracture mechanic applies also at the micro-scale, fracture at the mi-

cro-scale occurs if K = Kc. Following this concept, micro-fracture occurs mainly during the first 
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Fig. 9  Activity due to operation caused brittle fillers and layers as function of the load level. 
 

loading. In subsequent loadings considerable AE can only be expected, if something has 
changed, e.g. further embrittlement, crack growth, etc. 

 
2.7 Friction at crack surface 

The friction at the crack surfaces without brittle layers or fillers is considered, e.g. fatigue 
cracks without any corrosion or other layers.  Low amplitude events may be expected at low 
loadings if crack surfaces lose contact. Larger AE amplitudes are expected when wedged con-
nections (due to larger irregularities of the fracture surfaces) are released. 

 

 
Fig. 10  Release of surfaces which are wedged together. 

 
Typical small amplitude events from friction at the fracture surface will occur at low loading. 

At higher loadings, when the crack opens, further AE events with larger amplitudes from the 
release of wedged connections (Fig. 10) may be expected. Such AE events occur during the first 
as well as in subsequent loadings. Due to the decreased plastic deformation in subsequent load-
ings, the AE activity due to friction may also be decreased. 
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3. Conclusions 
 

From the different mechanisms for the detection of cracks and crack-like defects in ductile 
material by AE examination, it is obvious that details of the defect are important for the detect-
ability.  Some examples for good detectable defects are: 

• Flaws or poorly bonded regions caused by the welding process: They result in large AE ac-
tivity during the first pressurization test after the fabrication. It has to be noted that also 
very small flaws and inclusions may result in considerable AE activity. 

• Cracks or crack-like defects with layers and fillers produced due to the operational envi-
ronment, e.g. corrosion layers. 

• Cracks and crack-like defects which have their crack-tip in material with insufficient duc-
tility 

• Cracks with irregular fracture surfaces and multiple branches, leading to crack surfaces 
which are wedged together. 

 
Conditions which lead to a low probability of detection of cracks and crack-like defects in 

ductile material: 
• Ductile material with low probability of brittle micro-fracture in the ligament, e.g. low 

strength steel, base material 
• Non-corrosive environment, or in corrosive environment which does not lead to corrosion 

layers or material embrittlement, e.g. acid corrosion. 
• Plane fracture surface and low surface roughness of the fracture surface, e.g. high cycle fa-

tigue cracks, or cracks which started from a single sharp notch. 
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