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Abstract 

 
For acoustic emission (AE) testing of pressure vessels during in-service inspection, special 

experiments must be performed to get the appropriate information in some cases. Design of such 
experiments is the focus of this paper. The main point is the loading history. Limitations on the 
experimental load history, which result from the Kaiser-effect and the goal of the test, are given. 
The next important point is the generation of an appropriate defect. An example with an initial 
artificial weld defect and defect growth by pressure cycling is given. The measured low AE activ-
ity during this test shows that experimental verification for AE testing may be necessary, even if 
standard procedures are used. 

 
Introduction 
 

In the last decades acoustic emission (AE) testing was developed further [1], and many dan-
gerous defects were found [e.g., 2-4], and probably accidents have been prevented. Frequently, 
economic reasons are the determining factor of whether or not AE testing is used during in-
service inspection. To get an optimum on safety, the question whether or not defects and failure 
modes, which are probable in the specific case, can be detected by AE testing should dominate 
the decision. Of course, AE is an integral testing method and able to detect unforeseeable defects, 
which is a favorable property for inspection strategy. 

Finding experimental evidence that a specific type of defect is detectable is difficult. One of 
the reasons why the transfer of results from experiments to AE testing is difficult is the compli-
cated load history, which is applied to pressure vessels prior to AE testing. Therefore, this paper 
focuses on experimental loading histories for studying the AE characteristics of defects during 
AE testing of pressure vessels. 

Here, AE testing during in-service inspection, not during pressure testing after fabrication, is 
mainly considered. The focus lies on local defects, like welding defects, cracks, pitting, etc., and 
global wall thinning and design failures are outside of the scope of this paper. 

 
Loading History 
 

Loading histories of pressure vessels (Fig. 1) start with the pressure tests after fabrication. AE 
testing during the first pressure test is not the focus of this paper. During service, the vessel is 
usually pressurized with more or less pressure variations, but pressure has to be below maximum 
allowable pressure pS, which is the relief pressure of the safety valve. Because of limited tight-
ness of safety valves near the relief pressure, operating pressures are usually below pS. When the 
safety valve opens, according to the European Pressure Equipment Directive (PED), the pressure 
is allowed to exceed pS by 10%. For AE testing the pressure should be raised to a value higher 
than the maximum value reached during the operating period before the test, but the maximum 
pressure of the first pressure test is usually not exceeded. 

Initial defects may be present after fabrication. If they are not detected before the vessel goes 
into service, they may grow during the service period. Other defects may be initiated and grow 
during service. The goal of the in-service inspection is to detect all dangerous defects before they 
lead to catastrophic failure. 
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Fig. 1. Typical loading history of pressure vessel; p, pressure; pS, maximum allowable pressure; 

ptest, test pressure; pAE, maximum pressure at AE testing.  
 
Plastic Deformation 
 

For the AE generation, plastic deformation is important. First yielding produces AE itself, 
and the resulting large deformations activate many secondary AE sources. To see the possible 
plastic deformations of vessels, in [5] a finite-element (FE) simulation was performed for an ex-
ample vessel (Fig. 2a). The chosen vessel was tested during a European research project. This is 
the reason why for this vessel, stress-strain curves for the base materials as well as for the weld-
ing materials were available. It is a vessel made of high strength steel, and for the allowable pres-
sure, the largest allowable one was evaluated. Some artificial shrinkage was introduced into the 
welding material to simulate residual stresses from the welding process. For further details see 
[5]. 

After introducing the shrinkage due to the welding process, the first pressure test up to the test 
pressure ptest = 419 bar (Fig. 2b 1-2) was simulated. Afterwards, the simulation continued with 
one operating cycle up to pS = 293 bar (Fig. 2b 4-5) and a second pressure test (Fig. 2b 6). After 
reaching the maximum pressure of the pressure test the pressure was further increased to 486 bar 
(Fig. 2b 7). Figure 2c shows the von Mises equivalent stress vs. the circumferential strain at the 
Point A (Fig. 2a): Due to shrinkage of weld material, large stresses and some initial strain are 
present at the beginning (Fig. 2c 1). At the first pressurization, plastic deformation starts at the 
beginning (Fig. 2c 1-2). During unloading and the operating cycle, practically no plastic strain is 
accumulated (Fig. 2c 2-5). Also in the second pressure test, almost no plastic deformation occurs, 
as long as the maximum pressure of the first pressure test is not exceeded (Fig. 2c 5-6). Only if 
the maximum pressure of the first pressure test is exceeded, plastic deformation starts again (Fig. 
2c 6-7). 

Due to yielding the residual stresses are changed in a way that the subsequent unloading and 
reloading can take place without plastic deformation. Only exceeding the first maximum pressure 
leads to new plastic deformations. Like the plastic deformation, AE activity is also relatively 
small as long as the previous loading is not exceeded (Kaiser effect - compare to Fig. 6). 

 
Experimental Load History 

 
When designing experiments for studying AE testing, one has to consider that during AE test-

ing for in-service inspection the maximum loading of the first pressure test is usually not ex-
ceeded. Only the maximum of the operating load, at which defect initiation and/or growth took 
place, should be exceeded during the AE testing. 
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a)  b)  c)  
Fig. 2. Example, plastic strain in spherical vessel with residual stress [5]; a) FE model with point 
A shown, b) simulated cycles; c) circumferential strain vs. von Mises equivalent stress at point A. 

 
Therefore, for finding an appropriate experimental loading history, the following procedure 

(Fig. 3) is proposed: 
At first a load LS, which corresponds to the load of the vessel at the maximum admissible 
pressure pS, has to be specified. This can be a pressure, if a vessel is tested, or a force result-
ing in an appropriate stress level, if simple tension specimens are used. At this point the usual 
safety factors in pressure vessel design have to be considered (usually a safety factor of at 
least 1.5 to the appropriate proof or yield stress is applied at operating conditions). Starting 
from this load the following procedure can be applied: 
a) If an initial defect from fabrication should be simulated, a sample with an initial defect 

can be used, or an initial defect can be introduced at the beginning (Defect introduction 1 
at Fig. 3). 

b) The test itself should start with a loading cycle, which simulates the first pressure test. 
The appropriate load Ltest can be evaluated by multiplying the load corresponding to pS 
(LS) with the appropriate pressure test factor. 

c) After this loading cycle, an optional reference cycle up to the load Ltest can be applied. 
This cycle gives some reference for the AE of the sample without defect or with the initial 
defect after the first pressure test. 

d) If defect initiation during operation should be simulated, a defect can be introduced after 
the first pressure test (Defect introduction 2 at Fig. 3). 

e) Now load variations should be applied. In this phase, the load has to be smaller than the 
maximum load, which will be reached at the vessel during operation. At least a few load 
cycles up to the maximum load, which can be reached at this phase, should be applied. 
Simulating defect growth by the investigated mechanism (fatigue, corrosion, etc.) would 
be optimal in this phase. 

f) Now a loading cycle simulating the AE test can be applied. Here, it is clear that the load 
should only be increased up to a value LAE reached during the planed test. If the load is 
raised to a larger value, may be up to burst or fracture, AE above the load LAE would not 
arise at a comparable AE test. At least AE above the load Ltest is not comparable to AE 
during AE testing during in-service inspection. 

g) Simulation of further defect growth and further AE tests are of course possible. 
 
Fatigue Cracks Starting from an Artificial Notch as Examples of Defects 
 

Saw cuts (Fig. 4a), which cause U-shaped notches, have been used in connection with gas 
cylinders made of high strength steel [5, 7]. These U-shaped notches cause fatigue cracks grow-
ing from both sides of the notch into the ligament. Frequently during crack opening, shear cracks 
are formed, which connect these two cracks. Increased friction at the crack surface may result. V-
shaped notches (Fig. 4b) cause crack initiation nearly in one plane, but the fabrication may be 
more complicated. 
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Fig. 3. Load history for experimental testing; LS, load according to load at allowable pressure, 

Ltest, load according to load at pressure test. 
 

a)  b) c)  
Fig. 4. Examples of artificial defects: a) saw cut (U-notch), b) V-notch, c) artificial weld defect. 

 
Introduction of welding defects in a defined way is difficult. In [6] a special procedure was 

used (Fig. 5c) to introduce a welding defect inside of an existing vessel. Here a notch was cut 
through the whole wall thickness. Afterwards a strip was pressed into the bottom of the notch. 
Onto this strip the weld was placed. The resulting crack-like notches are somewhat similar to 
welding defects like lack of fusion at the weld root. 

The introduced notches have to be relatively deep to get fatigue crack growth within a practi-
cable number of cycles, and with the usual nominal stresses in pressure vessels. Notches of 1/3 to 
1/2 of the wall thickness in connection with cycle numbers of 10,000 full pressure cycles may be 
necessary. Careful monitoring of defect growth during cycling is needed to do the AE tests at 
appropriate time. In [6] online crack growth measurement based on strain gauge measurements 
was used. 

The pressure cycling with pressure variations as large as possible and with the large defects 
(both necessary to get crack initiation and growth with a practicable number of cycles) causes 
large cyclic plastic deformation in the ligament, which causes brittle material components to 
break. Therefore, AE activity during pressure tests after this cycling may be low. This was seen 
in a test with a defect in ferritic weld material as described in the following: 

Example 
Within this test [6] an old vessel (Fig. 5a) was tested by means of pressure tests and cyclic 

pressurization. The vessel was made of St41KT (0.17%C, 0.018%P, 0.022%S), a material ac-
cording to ÖNORM M3121. This material corresponds to P265GH of 10028-2. The vessel di-
ameter was 800 mm and the wall thickness 15 mm. 

As an initial defect, before the first pressure test, an artificial weld defect of the type given in 
Fig. 4c was introduced on the vessel. For reference, a second new weld with the intention of hav-
ing no defect was placed at a different location. 

The testing procedure started with a pressure test, consisting of three pressure cycles (Fig. 6) 
up to a pressure of 1.43pS. After the pressure test, the vessel was cycled with sinusoidal pressure 
variation between 2 bar and pS until crack initiation was indicated by the online crack detection 
based on DMS measurements. Afterwards a pressure test and the next cycling followed. The pro-
cedure was repeated until the vessel failed at the 6th pressure test through leakage at the artificial 
weld defect. 
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AE was measured with 5 SE150 sensors with a resonance frequency of 150 kHz. During cy-
cling the threshold was set to 35 dBAE. A 0.5-mm pencil-lead break results in an AE event of 
about 84 dBAE at 30 cm distance (distance of the artificial weld defect to the first hit sensor). 

The micrograph (cross section a short distance from the leak) of the defect after the test 
(Fig. 5c) shows the crack starting at one side of the steel strip, almost in a single plane, and clear 
crack blunting at the 5th and 6th pressure tests. 

 

a)   

b)              c)  
Fig. 5. Experiment ST6599 [6]: a) Test vessel, b) sketch of artificial weld defect, c) micrograph 

of an artificial weld defect (after cycling and pressure tests). 
 

 
Fig. 6. First pressure test with three pressure cycles of experiment ST6599 - events located at 

defect region (longitudinal weld defect). 
 
Table 1 gives an overview of the AE activity measured during the pressure tests. Only in the 

first pressure test, a large activity was measured. In the last pressure tests, where crack extension 



EWGAE 2008  28-European Conf. AE Testing 

 36  

(at least crack blunting) can be seen in the micrograph, only a small activity was detected. For the 
base material, a comparable small AE activity can also be found in the literature [e.g. 8]. Here the 
weld material has a fine-grained microstructure, which may be one of the reasons for the small 
AE activity. 

The applied procedure may possibly not detect the applied type of fatigue crack (pure fatigue, 
without corrosion) in weld metal of low carbon steel. Most pressure vessels have only a small 
number of fatigue cycles and failure modes due to corrosion and interaction between corrosion 
and mechanical action dominate. When doing experimental verification for AE testing, which 
focuses on theses failure modes, the corrosion effects have to be included in the experimental 
testing. 

 
Table 1: Experiment ST6599 [6]: Located events with A≥60 dB during pressure tests on the  

whole vessel and for the region of an artificial defect. 

 

Conclusion 
 
Limitations on the loading history for experiments in connection with AE testing were dem-

onstrated. One experiment following the guidelines was conducted with an initial artificial weld 
defect in connection with fatigue crack growth. AE activity during the simulated AE tests was 
small. This shows that standard procedures of AE testing are not always appropriate. Analysis of 
probable defects and the possibility to detect these defects by AE testing is necessary. For some 
types of defects experimental verification is necessary. In the experiments the investigated de-
fects have to be reconstructed in a proper way. Using fatigue cracks instead of cracks from stress 
corrosion or corrosion fatigue interaction may not be sufficient. Procedures of verification ex-
periments, which include corrosion in an appropriate manner, are not established. 
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