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ABSTRACT

Acoustic emission is a method especially suitable for the pressure vessels monitoring. The purpose of
this study is to determine some patterns of flaw evolution via an original experimental approach. Static
and fatigue cycles have been combined in order to duplicate accurately the loading undergone by a
pressure vessel in service. Moreover, many parameters have been studied: different materials, several
kinds of flaws, different forms of flaw. The research allows us to understand microscopic evolutions of
some defects, to determine the efficiency of the acoustic emission method applied to the flaw detection
according to the evolution state, and to evaluate the harmfulness of weld defects from their acoustic
emission during the successive proof test simulation.

INTRODUCTION

The regulation requires that the pressure vessels be subjected before any use to a proof test and
periodically every ten years thereafter. In general, this test consists of a hydrostatic pressure test. If this
kind of test allows one to check the ability of a vessel to withstand its maximum pressure service, it does
not allow to detect the presence of all the growing defects. Moreover, the Pressure Equipment Directive
97/23/CE [1] and the work of the TC54 (in particular the draft standard prEN 13445) introduce the
possibility to replace the hydrostatic test by another proof test, hydraulic or pneumatic. All this explains
the will of manufacturers and industrialists to lay out a method able to evaluate the vessel integrity
during the different proof tests and also to guarantee the safety of such a test especially when the test is a
pneumatic one.

The final objective of the research program is to replace the first proof test (hydrostatic or otherwise) or
to propose a method of vessel re-qualification by some in-service test, pneumatic or hydraulic,
monitored by acoustic emission (AE). The first part of this program deals with tension tests on
specimens to study the behavior of welding defects subjected to a cycle of loading representative of
what a pressure vessel can bear during its life, from the point of view of their mechanical behavior and
of their AE.

In the present case, to study:
1) the fatigue behavior of one defect, a long and shallow notch;
2) the abilities of detecting by AE the defect during the pressure vessel lifetime;
3) the evaluation of the harmfulness of a defect by the AE, and
4) the estimation of the life duration of a structure from the AE recorded during a proof test or
following tests.

EXPERIMENTAL SET UP

Specimens and defects features
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The research relates to large-sized tensile specimens drawn from a 6-mm thickness sheet of a carbon-
manganese steel, (C: 0.17%; Si: 0.02%; Mn: 0.7% and YS = 336 MPa; TS = 469 MPa). A weld seam
has been produced in the center of the sample by a TIG technique, and at its foot, a long and shallow
notch has been made by EDM.

The AE equipment
Four sensors, manufactured by CETIM and resonant at 180 kHz, are connected to an AMSY4 AE
acquisition system from Vallen Systeme. They form a linear mesh around the weld seams, the two
external sensors eliminating the noise coming from outside. The location of the events is very sharp and
the signals resulting from the weld area, with or without defect, can be located easily.

One of the main difficulties encountered during the AE survey of fatigue tests comes from the noise
generated by the hydraulic system of the fatigue machines since significant mechanical vibrations can
mask the AE generated in the center of the test-piece by saturating the sensors. To avoid this problem, a
system of vibration insulation has been designed and set between the piston rods and the hydraulic
wedge grips. This system allowed the detection threshold decrease from 55 to 34 dB.

Cycle of loading representative of a pressure vessels life
In order to simulate more precisely the flaw evolution during the life of a pressure vessel, a combination
of proof and fatigue tests has been applied to the specimens (Fig. 1).
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Fig. 1 Combination of cycles of tests and tests in fatigue applied to the specimens.

During the cycle of loading representative of a proof test, all the loads are compared to Pc, the design
pressure. The maximum of load reaches 1.5Pc, which is equivalent to 90% of the yield stress of the base
material. The fatigue cycle is composed of sinusoidal oscillations at a 5-Hz frequency; the maximum of
the load corresponding to Pc. The ratio between the minimal and maximal loads is 0.2. The number of
cycles applied between two successive tests corresponds to a several daily uses of the vessel.

DEFECT BEHAVIOR DURING FATIGUE LOADING ONLY

Under only fatigue cycling, the life duration of the specimens is expected from 86000 to 93000 cycles.
The AE resulting from the defective zone is often masked during the fatigue cycles by a general
emission of the specimen related to the resonance of the fatigue test machine. The vibration insulation
system was unable to filter the significant vibration, and the signals of amplitude lower than 55 dB are
not detected. Some of the specimens tested show an amplification of the emission recorded around the
defective area to the two-thirds of the cycle. The rate of events and the average energy of the signals can
increase then temporarily on a few thousands of cycles in the middle of the cycle. However, for each
specimen, a final increase of the AE, in a number of events and in energy, is observed in the last
thousands of cycles (Fig. 2).



127

Fig. 2. Acoustic emission recorded on the level of the defective zone during cycling in fatigue;
(a) Amplitude of the events. (b) Rate of true energy.

Correlation between the mechanical behavior and the recorded acoustic emission
The mechanical behavior of the defect is composed of three successive stages: the initiation, the stable
propagation and the final unstable propagation. The phenomenon of initiation features some ridges
regularly laid out on the defect’s initial boundary, which is synonymous with several starting points. The
boundary of the defect quickly becomes uniform and propagates in the form of a succession of small
striation and micro-cracks. Not very visible in the first half of the fatigue cycle, the striation becomes
increasingly clear as the speed of the crack propagation increases. During the last stages of the stable
cracking, the face presents a tangle of striation and dimples, synonymous with the appearance of a static
tearing. Finally, the fatigue crack propagation becomes unstable, and a static fracture of the remaining
ligament happens.

The stable propagation at low speed is undetectable by AE under the test conditions. Only the last stage
of the stable propagation is clearly identifiable. It results in a rate of events and a rate of energy much
more significant, the average amplitude of the signals remaining moderate. The small dimples thus do
not generate events of strong amplitude. Schematically, the propagation speed of the crack, the rate of
events and/or the rate of energy vary in time in a similar way and show in particular a strong increase
during the last thousands cycles. The increase of the acoustic emission observed on some specimens at
the two-thirds of the fatigue cycle is not related to a specific mark on the face of the crack.

DEFECT DETECTION BY AE DURING THE LIFE OF A PRESSURE VESSEL

Defect detection during the first proof test
Some previous studies [2,3] have shown that the long and shallow crack, submitted to a proof test,
generates few AE and that the majority of the emission appears mainly in the second part of the loading
cycle. However, different situations happen in the present case: Figure 3a shows a crack that generates a
significant AE, but whose detection is paradoxically late since few insignificant events are observed
until the load overtakes Pc. The detection of the defect is certain only during the last load rise towards
1.5Pc. Figure 3b shows on the other hand a specimen far less emissive on the whole of the cycle, and
whose events are not clearly indicative of the presence of a defect in the specimen.

In comparison with the behavior of a sound weld seam, the presence of a long and shallow crack in the
vicinity of the weld is detected mainly by the amplitude of some of the recorded signals and by the
temporal density of the AE appearance. The aspect of the Kaiser effect and the recurrence of the
emission are not in the present case some criteria, which could allow us to detect the presence of the
crack. Emission during holds is sometimes detected, but in a random way, which does not make it
possible to be a relevant criterion.
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Figure 3: AE amplitude recorded during the first cycle of loading applied to two specimens
containing a long and shallow crack.

Detection of the defect from one proof test to another
Several specimens containing a long and shallow crack at the foot of their weld seam are submitted to a
succession of proof and dynamic loading as described in Fig. 2.

In this situation, the fracture topography shows the following features (Fig. 4):
! The first proof test is not visible.
! The post-proof test behavior is typically like overloads and generates plastic deformation at the crack

tip more significant in comparison with each previous fatigue cycle. The proof tests can be visually
located on the fracture topography by a ribbon of smooth and bright surface. The width of this
ribbon increases with the propagation of the crack since, the deeper is the crack, the bigger is the
plastic deformation created ahead of the crack for a same load. Some ribbons are also accompanied
by small dimples.

! Between the marks of the proof tests, the fatigue surface described in the first paragraph is observed.
The width of these areas increases in time, whereas the number of cycles between the tests remains
constant, thus representing the increase of the propagation speed of the crack in time.

The AE recorded during the second and the third successive proof tests undergone by the same specimen
is described in Fig. 5 below (the first proof test of this specimen is related in the Fig. 3a).

Initial defect geometry Third proof testFatigue propagation

Fig. 4 Schematic fracture topography of a specimen which has undergone a succession of proof
tests and fatigue loading.

The maximum of load reached during the fatigue cycling is equivalent to Pc, whereas it reaches 1.5Pc
during the different proof tests. The AE increases from a proof test to another since it is connected
without any ambiguity to the volume of plastic deformation created during the overload. An increase, in
quantity more than in quality, of the AE recorded from one test to the following is clearly correlated to
the presence of a defect. However, as shown in the following paragraph, every defect is not announced
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Fig. 5 Evolution of the acoustic emission (event amplitude) recorded during the second and the
third proof tests undergone by a specimen (the first one corresponds to the Fig. 3a).

systematically by an increase in its AE from one test to another. That means that the comparison of the
AE recorded from one test to another does not always make it possible to detect a growing defect.

During the second proof test, some AE can be recorded exclusively between Pc and 1.5Pc, which means
that the Kaiser effect can be observed whereas the defect propagates itself significantly during the
previous fatigue loading (Fig. 5a). Some emission on the two holds at 1.5Pc exist and, even if only two
events appear clearly in the middle of these two stages, the emission observed on a hold is a best
criterion for defect detection than the Kaiser effect can be. The final static fracture of the specimen
happens during the third proof test at 1.1Pc. Among the many tests performed, this is the only one where
the Kaiser effect has not been observed (Fig. 5b).

The quantity of AE recorded during a test is thus in direct relationship to the level of damage undergone
by the specimen and depends on the stage of evolution of the defect.

ESTIMATION OF A DEFECT HAMFULNESS BY ACOUSTIC EMISSION

Three specimens, containing the same long and shallow crack are subjected to the same cycle of loading
of Fig. 2. Although the defects are similar, the life duration of the third specimen is quite higher than the
other two (+30%). Figure 6 represents below the number of events found during the different proof tests
for each specimen.
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Fig. 6 Comparison of the number of events emitted in the defective area by three specimens during
the three proof tests.
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During the first proof test, the acoustic emission of the three specimens is relatively similar. After the
first fatigue loading, the AE recorded during the second proof test is quite different among the three
specimens. The specimen 1 is very emissive, and generates four times more events than during the first
test. The specimen 2 shows a significant but limited growth in its AE. For the third specimen, the AE
recorded during this second test is less than during the first one.

Compared to the evolution of the recorded emission from the first to the second, specimen 1 will break
during the second fatigue test. The specimen 2 will complete its second fatigue load but will break
during the third proof test and only the specimen 3 will bear the third proof test and will undergo a good
part of a third fatigue test before breaking.

It is not thus possible to deduce the fatigue life-time of a specimen according to the AE, which it emits
during the first proof test. The quantity of AE (in number of events or in energy) recorded during the
second test appears to correlate to the life-time of the specimens if it is compared with the emission of
the first test. The harmfulness of the defects is absolutely not quantifiable by the AE recorded at the time
of the first test. Only the comparison of the acoustic emissions recorded during tests 1 and 2 gives a real
indication of the tendency to the growth of a defect and thus of its harmfulness. Some defects being
propagated significantly in fatigue cannot be detected during a proof test.

CONCLUSION

By combining two kinds of loading, the experimental setup makes it possible to understand the real
evolution of the defect during the life of a pressure vessel. The tests show that the AE emitted is directly
correlated to the evolution stage of the defects. There is then a real relation between AE and the damage
of the structures. The first test does not make it possible to have an idea of the harmfulness of the
defects. On the other hand, the AE recorded during the second test is directly in correlation to the
number of cycles borne by the structures up to the fracture. Furthermore, it is the comparison of the
appearance of the AE between the two tests, which makes it possible to give an idea of the tendency to
the growth of the defects and thus of their harmfulness.
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