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Abstract 
Acoustic emission (AE) monitoring of pressure vessels has more than 20 years history. Over the years, many 

studies have been conducted on the propagation of defects in lab tests, particularly in connection with the param-

eters of fracture mechanics. Most of that work is inadequate to the real case of pressure vessels because of the 

difficulty in correlating the results with those tested specimens and industrial structures. Furthermore, only the 

base metal has been the studied when it is clear that the breaks are introduced mainly in the vicinity of welds.  

This article aims to study the behavior of weld defects in pressure equipment. It will focus specifically on the 

lack of penetration in longitudinal welds of small cylindrical vessels subjected to a load simulating a series of 

stress cycles on a pressure vessel during its life. 

The first part of this work is devoted to the study and determination of the acoustic signatures of weld defects in 

pressure vessels. Tests are monitored by acoustic emission. Emphasis is placed on the evolution of acoustic 

signals from the lack of penetration in order to highlight the signature of each stage of damage until failure.  The 

second part of this study is to investigate the influence of cracks at the ends of the lack of penetration to the 

mode of failure of the vessels. Finally, the acoustic emission parameters representative of a weld defect in a tank 

were determined allowing the prediction of premature failures of pressure equipment. 
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1. Introduction  
 

Pressure equipmenst are required to withstand in their lifetime a number of loading cycles 

under pressure. This fatigue loading generates an initiation and a propagation of defects that 

lead to the break after cycling. This is usually done in several stages and the presence of 

welds makes the cracking phenomenon even more complex. However, the acoustic emission 

is an effective means to detect and monitor damage during pressure cycles. In recent decades, 

acoustic emission has been strongly developed in the industrial control by detecting danger-

ous defects, which could have led to catastrophic failure [1]. Being able to achieve control in 

real time without stopping production is an important economic factor for the industrial opera-

tor. Some studies have been performed on pressure equipment under static and fatigue stress 

and have shown the benefit of the acoustic emission [2-4]. Rauscher [5] for example identi-

fied the propagation of weld defects by means of parameters of amplitude, energy and the 

waveform of the signal. Jeong et al. [6] showed that the study of energy is effective in identi-

fying the defect evolution of lack of fusion and lack of penetration into vessels of carbon steel 

subjected to cyclic loading and unloading. 

In this study, it is important to note that during cyclic fatigue that simulates 10 years of ser-

vice, the maximum pressure is 27 Bar with a cycling period of 16s . The different phases of 

initiation and crack propagation are highlighted by the acoustic emission. This study allows us 

to understand the mechanisms involved in such propagation and helps us identify their acous-

tic signature. 
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2. Experimental conditions  
 

2.1 Tank under test 

 
The geometry of the tank under test is representative of a real tank. It is made of P265GH 

steel material with a longitudinal weld, which has lack of penetration flaw in the zone 2 (mid-

dle of the weld). From the ends of this flaw, cracks were created during welding (Figure 1).  

 

 
 

Figure 1: scheme of the tank 
 

2.2 Acquisition system 

 

The acoustic emission testing is done using Vallen AMSY4 system, with the preamplifiers 

(Vallen AEP4, gain 34 dB) between the sensors and the digital acquisition board. 

 

2.3 Test bench. 

 

Vessels tested in this study are subject to a hydraulic loading provided by the test bench at 

CETIM, whose maximum capacity is 250 bars. It is used during the initial test and the fatigue 

cycling (Figure 2). The acquisition parameters used in these tests are: 

• Fixed threshold: 30 dB; 

• Gain: 40dB;  

• Sampling frequency: 5 MHz; 

• Number of sampling: 4096; 

• Time window studied: 820µs 

 



 
 

Figure 2: Vessels on the test bench 

3 Results and Discussion 
 

In this section we will study the acoustic signature of each defect, knowing the mechanisms 

that led to the failure of structures and the role of cracks created at the ends of the lack of pen-

etration. 

 

3.1 Analysis of the cumulative number of events and the number of counts as a function 

of cycling  

 

The acoustic activity in terms of cumulative number of counts and events during the life of 

the tank is shown in Figure 3 The literature shows that the parameter of cumulative number of 

events or the number of counts is an important parameter in acoustic emission testing of pres-

sure vessels. The study of these curves shows the existence of three different slopes, which 

show three different stages of acoustic activity during the fatigue test. 

Step One: There is almost no acoustic activity during approximately the first 250 cycles. 

Step Two: It presents most of the fatigue test and is characterized by low acoustic activity. 

Step Three: It is characterized by an important activity for a small number of cycles near 

the failure. 

These three stages could be associated with different stages of fatigue failure of the vessels. 

To confirm this result, a multi-parametric analysis of signals for each of these steps is re-

quired. 

 



 
 

Fig. 3 Cumulative number of events generated by weld defect during fatigue test 
 

3.1.1) First step  

This stage begins at the start of cycling until a time equal to 4000 sec (250 cycles). The ab-

sence of AE confirms that this defect did not change during this stage and the load reached is 

not sufficient to make it grow. This first step is a phase of stress concentration around the de-

fect. 

It is interesting to study for each fatigue cycle the pressure producing the AE. During the 

loading cycle, the majority of events are recorded during the rise phase up to the maximum 

pressure as few events are recorded during the decay phase pressure. During a cycle of pres-

surization of the first stage, the majority of events occurred at low pressure (10 bar), as shown 

on Figure 4.  Bayray [6] has observed the same phenomenon during his experiments. 

In conclusion, the acoustic emission recorded during this stage of failure is due to friction 

between the two faces at the crack tip. This phenomenon is active only at low pressures. 

 

 
 

Figure 4: Amplitude of events from defect of lack of penetration during a cycle (step 1). 

Step-wise curve in blue represents applied pressure in bar (scale to right).  



 

3.1.2) Second step: 

This stage presents the longest part of the fatigue test. It results in a low acoustic activity as 

shown in Figure 3 which shows the curve of cumulative number of counts. The end of this 

stage is recorded to 15000 sec (938 cycles). The acoustic emission generated by the defect of 

lack of penetration appears for the first time at the beginning of the second stage of cycling. 

The values of acoustic parameters (amplitude, energy, duration and number of events) record-

ed during this stage of failure are low at the beginning and then evolve as a function of cycles 

to become more important just before the start of the third stage (Figure 5). At the beginning 

of all cycling, events recorded were issued by the defect of lack of penetration. On the contra-

ry signals from cracks at the ends of the defect only begin to appear until several cycles before 

the start of the third stage. Events generated by the failure of the lack of penetration have been 

located over the length of the defect. The study of the distribution of the number of events 

shows that the maximum of these events has been generated by the center submitted to the 

concentration of the most important constraints. These constraints are due to the expansion of 

the shell and the presence of the weld, which is a discontinuity. This has the effect of focusing 

the pressure in the zone of discontinuity. 

The study of acoustic emission as a function of each cycle shows that during this step, the 

pressure level responsible for the acoustic emission defects increased (Figure 6). This pressure 

increased from 10 bar during the first stage to 25 bar during the second stage. It is important 

to note that during this stage, the acoustic emission sources are not the same as the previous 

step. The signals recorded during this stage are no longer generated by the friction of the 

crack edges at the ends but are generated by the lack of penetration defect, which explains the 

increase of the pressure level inflicting the damage to the vessel.  

  



a)       b) 

 
c)         d) 

Figure 5: a) Durée b) Amplitude c) Energy d) Location of events from lack of fusion defect 
 

 
Fig. 6 Amplitude of events from defect of lack of penetration during a cycle (step 2) 

Step-wise curve in blue represents applied pressure in bar (scale to right).  
 

3.1.3) Third step  

This stage occurs immediately before final fracture. It is characterized by a significant acous-

tic activity, and therefore, the cumulative number of events and the number of counts increas-

es rapidly after a relatively small number of cycles. This increase in the cumulative number of 

counts is observed after 80% of cycling (Figures 3, 7). The events of this stage are located 

throughout the lack of penetration defect with amplitude of 98 dB. This emission is also char-

acterized by a large number of events and high energy. The study of the evolution of values of 

acoustic signals as the amplitude (Figure 7a), and energy (Figure7b) shows that during this 

third stage, the number of events characterized by high acoustic emission, increased. This 

Center of lack of 

penetration 



increase reached its maximum just before the failure of the tank, when the lack of penetration 

defect fully opened. These results show that the physical mechanisms occurring during the 

final stage of rupture of lack of penetration defects are highly emissive. 

 

a) b) 

Figure 7: Distribution of amplitude and energy during fatigue test 
 

During this phase, an increase in amplitude and especially the rise time is observed. This in-

crease is larger for the final stage of failure than the previous steps. Note that for a given am-

plitude range the rise time increases and reached its maximum before the failure. Most events 

have amplitude between 56 and 80 dB. The signals, whose amplitude is in this range, are pre-

sent from the beginning of the second stage until it breaks. Their numbers increase with the 

progress of fatigue cycling, reaching its maximum just before the failure. This emission is 

characteristic of the physical mechanism involved in the stable propagation of the lack of 

penetration defect, which continues until tank failure. 

We assume that the strong acoustic emission recorded at the end of cyclic fatigue is caused by 

the physical mechanisms occurring during the final ductile tearing located in the center of the 

lack of penetration defect. This assumption is validated by metallurgical observations present-

ed in the following paragraph. The study of the pressure level that causes the AE during this 

step shows that it is similar to that of the previous step. Like the latter, the events were rec-

orded during the phase of pressure increase but also at the maximum pressure. No event is 

detected during the decay in pressure. On the contrary, an increase in the number of events 

was observed during a loading cycle. At the end of this stage we begin to record events gener-

ated by the ends of the defect. These signals are emitted at a pressure level greater than that of 

the first step (Figure 8). 

During the three stages of failure, all acoustic events occur during the first phase of the cycle. 

A difference in the pressure causing the defect is still observed. This result shows that the 

physical mechanisms involved during each step are different and require a different pressure 

for them to be generated. The emission during a cycle can be an indicator of the stage of dam-

age of a lack of penetration defect in a vessel. 

 

4 Metallurgical observation  
 

Metallurgical observations of fracture surface of the tank allow us to know the failure mode of 

these structures and to correlate the results of acoustic emission to the physical mechanisms 

Final step of 

failure 



occurring during the failure. The examination of the tank after the failure shows that cracking 

affects only the initial defective weld area and more precisely the central part of the lack of 

penetration. Crack propagation in the weld or in the sound metal has been very limited or ab-

sent. Metallurgical examination of these areas is essential to understand the important acoustic 

emission recorded during the pressurization test, localized in the weld (in the defective area of 

lack of penetration). These observations were based on morphological analyses, which identi-

fy the failure zone and identify the dimensions of the defects and microscopic observations by 

SEM. The rupture can identify the various failure modes that occurred during pressurization. 

 

 
Figure 8: Amplitude of events from lack of penetration defect during a cycle (step 3) 

Step-wise curve in blue represents applied pressure in bar (scale to right) 
 

4.1 The defect propagation mode of the lack of penetration.  

 

To examine the fracture surfaces, we opened the samples using a press. The central part of the 

sample from the reservoir has a crack opening out to a distance of 139 mm. The fracture sur-

face is strongly oxidized; there are still a few crest lines, indices of initiation sites that are 

close to the heel of the entire welding formed between the defect zone and the weld seam. The 

fatigue crack propagation zone from the defect through the thickness is 3.12 mm. Different 

areas of the fatigue fracture surface starting from the lack of penetration defect are shown in 

Figure 9. 

 

Figure 9: Fracture surfaces of the defect 



 
a) Zone 1:      b) View of the crest lines 

Detailed view of the border of 

defect with presence of a layer on the 

whole length 

 
c) Fatigue striations     d) Stop lines and dimples 

Figure 10: SEM pictures of the lack of penetration defect 
 

4.2 Process of fatigue cracking. 

 

This microscopic observation also shows the existence of three different zones, which normal-

ly corresponds to the three stages of progression of a fatigue crack: 

Stage 1: the initiation.  

This stage corresponds to the appearance of microcracks at a point of high stress concentra-

tions. Several studies including the work of Bathias [10], define the initiation roughly as the 

number of cycles for the crack has advanced to 0.1 mm. This definition does not correspond 

to the presence of crest lines that we observe, since they can exist until an advanced crack in 

the mm range. However, this definition of initiation corresponds more to the narrow and dis-

turbed zone that is observed along the initial defect (Figure 10a) 

Stage 2: the crack propagation.  

It represents the stable propagation of fatigue cracks. During this period, it moves incremen-

tally at each stress cycle in the plane of defect. At the beginning of this area we notice the 

presence of crest lines that appear perpendicular to the border of the defect (Figure 10 b). 

These lines highlight the fact that the propagation of defect presents at first, at the macroscop-

ic scale, a multitude of directions because this propagation takes place in different planes. 

Between these ridges, streaks and stop lines appear. After a number of cycling, variable from 

one case to another, a single plane of propagation is established. Propagation occurs in the 

form of very fine fatigue striations (in the order of microns) and of small extent at the begin-

ning (Figure 10 c). These ridges are separated and intersected by numerous stop lines. As the 

number of cycle increases, the striations become sharp and deep. Loading influences the dis-



tance between striations, which characterizes the fatigue. The lower the stress level is, the 

smaller the distance between the striations. 

Stage 3: the final break. 

It occurs very quickly once the crack reached a critical size. This stage is noticed by the grow-

ing presence of dimples, whose density increases with the approach of the rupture. The ap-

pearance of more dimples in streaks and stop lines means a change in the mode of propaga-

tion of the defect and the appearance of a localized ductile tearing (Figure 10 d). In cycles 

toward the end, the fatigue striations have disappeared and only the dimples appear. They 

symbolize the ductile fracture that occurred at the end of this cycling. 

 

The correlation of the results of acoustic emission to those of metallurgical observations helps 

us establish the scenario that occurs during cyclic fatigue. Initially, the depth of the lack of 

penetration defect is quite important since it represents about 50% of the ligament of the weld 

(3 mm). Since ends are stiffer than the shell itself, the defective area is elongated under pres-

sure, and irreversible deformation is visible to the naked eye. The failure criterion is first 

reached at the center of the shell (deformation is maximum). This rupture takes place entirely 

by ductile tearing of the ligament junction. The large number of events that was located in the 

middle of the lack of penetration defect shows that the tank failure occurred in the center of 

the defect and then spread to the extremities of the defect. 

The study of the distribution of events according to the stages of rupture is shown in Figure 

11. To monitor the acoustic emission, we have assigned to each step of breaking a different 

color as shown in the following configuration. 

 

Presents AE has recorded during the first stage of fatigue loading 

Presents AE has recorded during the second stage of fatigue loading 

Presents AE has recorded during the third stage of fatigue loading 

 

 
Figure 11 Location of AE events during the different steps of fatigue cycling. 

 

This figure shows that all the signals recorded during the first stage have been emitted by the 

crack ends. On the contrary the majority of signals of the second stage have been located in 



the center of the lack of penetration defect and a few in the end, proving that the failure of the 

defect began in the middle. During the final phase of failure, signals have been located over 

the entire length of the defect and at the ends of the cracks. These results confirm the hypoth-

esis that the failure of structures began in the center of the lack of penetration defect and it has 

evolved progressively as the number of cycles increased. These results are consistent with 

those of Shiwa [11], who studied rings with lack of penetration defects during the failure. He 

showed that there is an average acoustic activity with an average energy localized in the cen-

ter of the defect. 

 

5 CONCLUSION  
 

The analysis of acoustic emission recorded during these tests highlighted the mechanisms 

related to different mechanical behaviors. The results show a good correlation between micro-

scopic observations and acoustic emission and allow identifying the damage mechanisms that 

have evolved in the vessels. Above tests enabled to: 

• Identify the acoustic signature of the propagation of weld defect 

• Establish the different stages of propagation of the lack of penetration. The acoustic 

emission emitted during evolution of damage in the shell can be classified into three 

populations, each representing a step of damage in the shell. It is important to remem-

ber that this failure is caused mainly by the defect of lack of penetration. 

During the first stage, there is no acoustic emission localized in lack of penetration defect: this 

is the stage of stress concentration, and the deformation of the shell around the defective weld. 

During this first step, the stresses applied to the vessels, are not yet sufficient to make the de-

fect evolve. During the second stage, acoustic signals appear. They are located initially at the 

center of the defect, then to the ends. Taking into account location curves and metallurgical 

observations damage begins in the center of the defect of lack of penetration and covers rapid-

ly the defective area to both ends. The signals recorded in the ends of the defect at the end of 

this step, indicate that the propagation of the damage has reached this area and the next step 

will be the failure of the structure. 

The third step presents the final phase of failure. The large amplitude and energy of the sig-

nals recorded and located in the center of the defect of lack of penetration are due to the re-

maining ligament failure. During this step we also recorded signals from cracks at the ends. 

This emission, characterized by high amplitudes and energy, is due to the opening of the lack 

of penetration defect reaching a stage where cracks at the ends are active. The AE has shown 

that vessel failure is caused by changes in the lack of penetration defects instead of cracks at 

the ends. The latter affects only the distribution of stresses around the defect. This study 

shows that the acoustic emission testing of pressure vessels allows the detection of defects 

that propagate and may lead to premature failure of the structure during the test or in service. 

The acoustic parameters that allow the assessment of damage to vessels with lack of penetra-

tion defects are:  

• The cumulated number of hits and the number of events: the evolution of this curve is 

used to identify the different stages of rupture. The duration and number of acoustic 

events emitted at each stage of damage are different. 

• The amplitude, energy and duration of signals: during the initial test, these parameters 

have identified the plasticity of cracks at the ends. This deformation is characterized 

by large amplitude and duration.  

• The rise time is a relevant parameter for the identification of the third stage of failure. 

• The number of events: the number of events recorded during the test evolves from one 

stage to another and is a good parameter to identify failure steps. 
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