


(Fig. 4b) and other igneous rocks (Fig. 4c and 4d).

When the grains do not touch one another but are separated with a weak clayey ferruginous dlicate or
carbonate cement, the cracking takes place in the cement and is of intergranular character. This effect occurs in
most of weak sedimentary rocks, for example in the Dwikozy sandstones with carbonate cement (Fig. 5a).
Similar phenomenaof intergranular cracking can be observed in carbonate rocks, especialy organogenic rocks,
for example in Pinczow limestones (Fig. 5b). The failure fracture in carbonate rocks usudly has a very rough
surface and displacements typica of shearing processes (Flg 5c)

St

Fig. 5. Formation of centres of intergranular cracking: a - in clastic rocks with carbonate cement
(Dwikozy sandstone); b - in organodetrital limestones (Pinczow limestone); ¢ - fracture with
displacements (Ogrodz eniec limestone).

Cracking in metamorphic rocks is conditioned by the anisotropy of the medium. Generdly, it has an
intergranular character and is concordant with the lamination. Cracking is connected with shearing, for example
inthe marble of Kletno (Fig. 6a). However, locd intrusons of other sronger grains may form barriers modifying
the propagation of the crack. Barriers originating from the intrusion of quartz in marble are presented in Fig. 6b.

Fig. 6. Example of fracture propagation in metamorphic rocks. a — use of structural surfaces (coarse
marble of Kletno); b - modification of crack propagation on accessory quartz grains.

Different grain Szes quantitatively influence the formation of defects in the rock; the destabilisation of a fine-
grained rock structure can occur only when a greater number of fissures gppears than is required in a coarse-
grained rock. Therefore, eg the fine-grained Zimnik granites are stronger than the medium-grained Strzegom
granites, and the fine-grained Przedborowa syenites are stronger than the coarse-grained Braszowice gabbro.

The irregular shape of grains having complex geometry induces new processes of shearing of edges, which can
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be observed, for example, in the Pinczow limestones (Fig. 5b). The cracking is of inter-, intra- and transgranular
(with displacements) mixed-type character. The susceptibility to tightening of fractures increases (Fig. 7). The
nude of microcracking concentrate and this leads to the formation of macrofractures and the development of
unstable cracking. The process of macrofracturing can be localy modified with varying directions of anisotropy
of individud grains or through transgranular cracking, which in the course of ungtable cracking destabilises the
structure of rock.

Fig. 7. Transgranular cracking in limestones from Ogrodzeniec.

RELATION OF THE MECHANISM OF CRACKING TO THE MODEL OF ACOUSTIC
EMISSION

The above-discussed properties of the rock structure cause the formation of nuclel of microcracking and the
development of macrocracking to have a varying dynamics, related to the given strain mechanism. They are
followed by AE-event specific digribution. In the case of intragranular cracking of periodic media, cycles
representing destruction of individua grains appear on the strain curve as repestable results of relaxation and
stress concentration, and as a continuos, regular increase and decrease of signa energy in acoustic emission on
the micro and macro scale. The processes follow the modd of deformation type M, and modd of podfalure
acoudtic emisson type H (Fig. 8d).

In rocks with dip surfaces resulting from shearing, considerable pogt-critica volumetric strains are observed
(Pininska, 1994, 1995). Eventudly, in the course of find failure, loca strengthening and dowing down of the
process can take place.

The deformation curves and acoustic emission paths related to intergranular cracking in a medium with random
composition of grains show irregular patterns of relaxation and concentrations of strain and energy emission. The
processes follow the modd of deformation type M, and model of postfailure acoustic emission type M or L
(Fig. 8b).
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Fig. 8. Regular (a) and irregular (b) effects of cracking registered on the strain curve and acoustic
emission path and the models of deformation and acoustic emission (after Pininska (4)).

As dready mentioned, due to the influence of the shearing processes in intergranular cracking, considerable
volume changes can be observed, the decrease of strength is dowed down and residud strength is significantly
maintained. Intragranular cracking results in a rapid loss of strength. This is accompanied tightening of the
fractures, which localy strengthens the rock, but no significant volume changes occur and the find destruction of
the sructure is usudly violent.

COMPARATIVE STUDY

The presented phenomena observed in the mgority of rocks subjected to uniaxid compresson can be
interpreted in a view of amulation sudies by Napier & Perce (1995). They moddled the development of
cracking in brittle materias having a polygond and trigond structure (Fig. 1a and b). The analyses showed that
the finer the materid, the higher the dengty of falure fissures and the state of mohilisation of dl cracks causng
fina dedtruction of the Structure a a given stage of dtrain is much lower in the fine-grained materid than in its
coarse-grained counterpart. This confirms the strength experiences in actua rocks, where unstable cracking in
coarse-grained material takes place much faster. Less fractures are necessary to originate the unstable cracking
process.

Fissures in the polygona structure develop much harder than in the trigonal one, therefore the structure is much
more stable than the trigona one. However, this is true only to a certain extent as, a more advanced cracking,
additional tensile centres caused by the siress of the displacing grains can occur. As a result of the additiona
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factor mobilisng the new nucle of cracking, the polygond structures undergo a rgpid decomposition without
dipping displacements. In contrast, considerable zones of dipping, diagond to the rock sample, are formed in
the trigond structure. The actud structure of rocks is more complex than suggested in the trigona and polygona
models presented by Napier and Peirce. None the less, these models explain the way in which the dructure is
destroyed in most rock types. Rocks with carbonate mineral compaosition follow the description of the trigond
model, whereas the behaviour of clastic sedimentary rocks and igneous rocks corresponds to the polygona
modd. These phenomena directly influence the generd paths of cracking and acoustic emisson.

The cracking mechanisms of polygond modds apply to polymingd dadtic and crystdline igneous and
metamorphic rocks with condgderable quartz grains. On the drain curve they show regular oscillations of
stresses related to intragranular tengle defects of seeds-point type. These models explain the reasons for the
lack of extensive pogt-failure volume strains and low values of residua strength and represent repetitive acoustic
ogcillations mode.

The cracking mechanism explained by the modd of trigona structure is characteristic of carbonate rocks, and
clagtic rocks with high feldspar or clayey materia content, showing varying dynamics of stress and represent
acoudtic irregular oscillations modd. This is rdated to intergranular cracking with a predominance of shearing
processes and considerable podfalure volumetric strains and the pick of acoustic emisson before the find
destruction. It is accompanied by a considerable residua strength.

Acoudtic indicators of rock structure degradation can be determined for crystaline rocks and carbonate rocks
according to their varying acoustic emisson dong the rock deformation path. Especidly diagnogtics are the
indicators for determination of the pre-failure thresholds of microdilatancy and macrodilatancy as well as for the
dable fracturing range. These three indicators are Strictly related to the grade of fracturing mobility and show the
number of acoudtic events a the limit of initid stabile fracturing, and a the limit of sabile fracturing - i.e. a the
ungtable fracturing threshold. In crystaline rocks the acoudtic indicators are related to the volume density and
strength of rock. In carbonate rocks they manifest the random pattern of fracturing and effects of attenuation by
the shearing processes.
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RELATION BETWEEN ACOUSTIC EMISSION SIGNAL SEQUENCESINDUCED BY
THERMAL LOADING AND THE STRUCTURE OF SEDIMENTARY ROCKS

Bogdan ZOGALA and Ryszard DUBIEL
University of Silesia, Sosnowiec, Poland

ABSTRACT

Sedimentary rock samples were subjected to thermal loading. During the heating both AE activity
(number of counts per 100s) and temperature were recorded. The results showed that significant
increases of acoustic emission activity and cumulative acoustic emission counts were different for
various kinds of rocks. Four types of AE signals sequence were distinguished. The type of sequence is
directly related to structure of sample regardless of the kind of rock.

INTRODUCTION

Mineral composition of rocks, lamination, porosity, fracturing and micro-fracturing directly influence
their elastic properties. Thus, the structure of rocks influences the course of acoustic emission (AE)
induced by mechanical (1) as well as thermal loading (2). A study carried out on sedimentary rocks
subjected to thermal stresses showed that, for various kinds of rocks, AE significantly increased at
different temperatures and various kinds of rocks are characterised by different AE activity (3). It was
also shown that AE signal sequence depends on structure of rock (4). The goal of our investigation was
to determine the relation anong AE signal sequence and the structure and lithology for various kinds of
sedimentary rocks.

MEASUREMENTS

The measurements were carried out on sedimentary rock samples. mudstone, sandstone and limestone.
All the samples were taken from the Upper Silesian Coal Basin and belong to carboniferous (sandstone
and mudstone) and triassic (limestone) strata. The rock samples (cylinders of 100-mm diameter and 100-
mm height) were obtained by cutting the cores. On each sample, two holes were drilled to the depth of
50 mm. In the first hole, the temperature gauge and in the second one the waveguide for AE transducer
were installed. All the samples were heated in unconfined conditions up to 140°C. During the heating
both the AE activity (number of AE counts per 100s) and temperature were recorded. The heating rate
was approximately 2.1-2.3°C/min.

SAMPLES

Mudstones were composed of sharp edged quartz grains with admixture of silty minerals, ferric
oxides and siderite grains. Some of investigated samples have been laminated whereas the other had
chaotic and compact structure. Fracturing, variable granulation, and pores of several mm have aso
been noticed in some of the samples.

Sandstones were medium and variable-size grained, laminated, and were composed of quartz,

feldspars, micas, and chips of rock with argillaceous and calcareous cement. Quartz grains were
chaotic oriented and sharp edged. Colour of the samples was light grey and grey.
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Limestones were compact, hard, unbedded, breccious structured. It was noticed that pores with
calcite druses, cracks about 30 mm filled by sharp-edged chips of marlaceous and calcareous
breccia. Some of the samples were composed of macroclastic breccia cemented by argillaceous
substance. One aso observed stylolitic sutures. Colour of the samples was white and light grey.

DISCUSSION

Investigation concerned sixty rock samples: forty sandstone, ten mudstone and ten limestone samples.
They were subjected to thermal loading to maximum temperature 140°C. Next, sequences of acoustic
emission signals were analysed. Significant increase of acoustic emission activity was observed in
different temperature range for various kinds of rocks (table 1):

from 64.8 to 75.8°C for sandstone samples (average 70°C)

from 60.4 to 103.7°C for mudstone samples (average 86°C)

from 64.2 to 81.8°C for limestone samples (average 74°C)

Cumulative AE counts were also different for various kinds of rock. The largest for limestone samples
(average 1950 signals), less for sandstone samples (average 1800 signals) and the least for mudstone
samples (average 1700 signals) (see Table 1). One distinguished four types of acoustic emission signal
sequences(Flgs 1, 2, and 3); these were found in al kinds of samples:

type 1 — main shock (crack) is very strong and is not proceeded by foreshocks. The AE quickly

decays.

type 2 — main shock is not so strong as for type 1 and the foreshocks are observed

type 3 — main shock is not observed. First the number of signals increases then decreases.

type 4 — main shock is not observed. High AE activity is observed to the end of the heating.

Table 1 AE Signal Sequences

Rock | -1- -2- -3 -4 5 | 6 | -7- | -8 | -9
Sandstone | 40 | 64.8-75.8 70 | 983847 | 1800 | 4 | 12 | 16 | 8
Mudstone | 10 | 60.4-103.7 | 86 | 126-2687 | 1700 | 1 3 2 4
Limesione | 10 | 64.2-81.8 74 | 2253247 | 1950 | 1 3 4 2

1 —number of samples; 2 —temperature range of AE significant increase; 3 — average temperature of significant AE increase;
4 —range of AE cumulated count number for particular samples; 5 — average AE cumulated count number;

6 — number of samplesfor sequencetype 1; 7 - number of samples for sequence type 2; 8 - number of samples for sequence
type 3; 9 - number of samplesfor sequence type 4

The sequence type is found to relate to the structure of rock. Sequences of type 1 and 4 were obtained
for homogenous rocks with low porosity and few cracks. The main feature of the rocks is uniform
distribution of stresses. The heterogeneous cracked rocks with low porosity were characterised by
sequence of type 2. Sequences of type 3 were obtained for extremely heterogeneous cracked rocks with
high porosity. The stress distribution in these rocks is not uniform. The largest number of AE signals
was observed for samples characterised by sequence type 3 and 4 whereas the least AE counts for
samples characterised by sequence type 1. Figure 4 shows percentage shares of particular sequence
types for tested rock samples; i.e., mudstone (a), sandstone (b) and limestone (c).

We also compared four AE signal sequences with sequences obtained in our previous research
concerning the thermal memory effect in the course of AE (5-8). We found that the therma memory
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Fig. 4 Percentage share of particular sequence types for tested rock samples. @) mudstone samples, b)
sandstone samples, ¢) limestone samples.

effect was observed in homogeneous and heterogeneous rocks (sequence type 2, 3, 4), but was not
observed in extremely homogeneous rocks (sequence type 1).

CONCLUSIONS

Thermal stresses induce four types of AE signal sequences in sedimentary rocks.

AE sequence type depends on the structure of sedimentary rock sample.

Cumulative AE counts are large for sequence type 2, 3 and 4 and the least for sequence type 1.
Previous and present research showed existence of the thermal memory effect in the course of AE
for sequence type 3 and 4. For sequence type 1, the thermal memory effect is not observed

Eal SN
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ACOUSTIC EMISSION/ACOUSTO-ULTRASONIC DATA FUSION
FOR DAMAGE EVALUATION IN CONCRETE

Apostolos TSIMOGIANNIS, Barbara GEORGALI™ and Athanassios ANASTASSOPOUL OS
Envirocoustics S.A., Athens, Greece
"Hellenic Cement Research Center Ltd., Athens, Greece

ABSTRACT

The nature of concrete poses a number of difficulties to conventional non-destructive testing (NDT)
methods. Due to the existence of several geometric discontinuities, such as voids and particle
interfaces, microscopic damage is not usually evaluated by NDT. To retrieve this information from
concrete, techniques such as microscopy and chemical analysis are used. Damage accumulation on a
microscopic level may not always affect the static behavior of a structure but is crucial for dynamic
loading conditions. Although acoustic emission (AE) techniques can detect damage at early stages on
structures that can be loaded to typical loads (bridges, piers etc.), they cannot be applied to structures
that are not suitable for loading (buildings). In the present work, mortar specimens are monitored
using, simultaneously, AE and Acousto-Ultrasonic (AU) techniques, during compressive strength tests.
The purpose is to monitor damage by AE and evaluate this damage with AU measurements, a
technique independent of load. The results show the efficiency of AU in characterizing the level of
microscopic damage in mortar specimens and are in agreement with AE monitoring during loading.
AU results are also compared against microscopy findings regarding the amount of damage in the
specimens.

INTRODUCTION

The majority of modern infrastructure and buildings use reinforced concrete as the main construction
material. It is of importance to monitor and evaluate the structura integrity of such constructions.
Especidly in areas with seismic activity, this becomes of crucial importance in order to ensure the
safety of buildings and other concrete based structures. This is emphasized when the mechanical
properties of concrete are considered: concrete is a delicate mixture requiring precise mixing of the
various elements for each use, according to manufacturer’s specifications, and care must be taken
during solidification so as to achieve the desired properties. Microscopic damage in concrete caused
under such conditions is difficult to monitor due to the nature of concrete (porosity, aggregates, etc.)
although it can accelerate damage and weaken the structure to future adverse loadings. Conventional
NDT methods [1] face a number of difficulties when applied to concrete and even more so when
applied in an attempt to locate or characterize damage on the microscopic level. Therefore, it has been
standard practice to assess the condition of concrete by the extraction of specimens and the use of
optical microscopy and chemical analysis to assess the effects of adverse loads, environment, etc.

Acoustic Emission (AE) can provide information about developing damage at early stages and the
application of advanced data analysis can provide crack orientation and mode [2,3]. As AE requires
loading of the structure, it cannot be applied to buildings. Acousto-Ultrasonics (AU) can be used as a
dynamic method to assess the level of damage as the interaction of an induced stress wave with the
medium will introduce medium-related alterations to the origina wave [4]. Based on this assumption
experiments were performed using several techniques on mortar cement specimens.
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The results are indicative of AU capabilities in assessing sustained damage. Furthermore, AU signal
characteristics, as opposed to ultrasonic velocity measurements, have demonstrated high sensitivity to
changes in the material a low loads. As a result, during the experiments, AU was considered as a
means of non-destructively assessing some of the mechanical properties and behavior of concrete. The
results are in agreement with the production of AE by the material and, also, with microscopy results of
the unloaded specimens.

MATERIALS

The mortar cement mixtures used for

the present work are presented in IE Age (Zdays) AZC \(/)\//6%
Table 1 with some details regarding A = 7 0.60
their composition. For each type and A 8 2 0.60
age, two specimens were tested. The B > 3 050
specimens were kept in a 90% B 7 3 0.50
humidity  controlled  temperature C > 3 0.65
environment as required by standards C 7 3 0.65
for concrete and were removed from

this environment 2 to 3 hours prior to Tahle 1. Snecimen snecifications and data.
testing.

INSTRUMENTATION & EXPERIMENTAL SETUP ﬂ Load
The equipment used were a PAC MISTRAS-2001 AE system

and a PAC C-101-HV pulser. The sensors used for pulsing and

receiving were PAC R6, 60kHz resonant, with PAC 1220A 28 0 puicer
preamplifiers. The sensors used were chosen for their high

sensitivity, frequency response for concrete measurements [5]

and their ability to be used for ultrasonic velocity measure- ﬁmad
ments according to ASNT recommendations [1].

Fig. 1. Experimental setup.
Microscopy results are available for specimens A for al three

ages. Prior to the test each specimen was loaded to 150kN to remove AE produced from debris (dust,
small particles etc.) on the surfaces of the specimen and to allow for any irregularities on its surface to
settle. All specimens were compressed to failure and monitored throughout simultaneously by AE and
AU. During compression one AE sensor was constantly recelving AE signals from the specimen. The
pulses were generated at specific loads. Synchronous triggering of pulser and AE systems was used.
The setup is shown in Fig. 1. The AE acquisition system recorded both features and waveforms for
further analysis.

MICROSCOPY

The application of by petrographic (microscopical) examination to building materials such as mortar
cement or/and concrete, detects the quality of aggregates, cement paste characteristics, water to cement
ratio (w/c), structure porosity, cracking and defects, etc. The procedure is according to ASTM
standards [7]. The microscopic examination is performed on epoxy impregnated “thin sections’
(thickness<25 pm), typically using magnifications of 30-250x. The results shown are for specimens A
for all ages. The following parameters were measured:
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Air void Size: The average air void size decreases with age as the size distribution of air voids shifts to
smaller sizes with age. This can be explained, either by alocation of air voids, or by reduction of
pore size, due to filling with hydration products (see Fig. 2).

Air void content: The air voids percentage can be said to remain constant, if the method error is
considered.

Specific Surface and Spacing Factor: The spacing factor (the maximum cement paste distance from the
air void) increases with mortar age. Air void specific surface increases with mortar age, giving
confirmation of the decrease in air void size. Given the total air void volume as constant, this can
be explained by the large pore alocation to smaller ones. It must be emphasised that with the
petrographic examination the identified air void size is greater than 10 pm, and as a result they
don’t enlist to the micro-pores category, which are filled by cement paste during the plastic stage.
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ACOUSTIC EMISSION

The first observation regarding AE data is the fact that the specimens exhibited different behavior
depending on their age. The 2 day specimens produced significant AE at lower load levels, with a
subsequent decrease in activity until the fracture load is approached. As the specimens age (7 and 28
days) this behavior changes with most AE produced near the fracture load. In addition, aged specimens
demonstrated the Kaiser effect. The onset of AE was clearly after the 150kN initial load. This can be
justified taking into consideration the increased elasticity of the 7 days specimens and even more so the
2 day specimens. This can be observed repeatedly in all specimens with various aggregate to cement
(A/C) and water to cement (W/C) ratios. To draw more conclusions from this type of behavior and to
be able to assess the observed AU signals further, a more detailed analysis of the AE data is performed
using NOESIS, a commercially available Pattern Recognition (PR) and Neural Networks (NN)
Software package. The classification scheme is not for distinguishing among a number of falure
mechanisms, but instead is used to separate data in different categories so as to review the behavior and
progress of each type of signals among different specimens and improve the understanding of the data
produced by each specimen. Some of these classes of signals may be related to a physical phenomenon
and a discussion is made on this with results supported by AE, AU and microscopy findings. In
addition general considerations regarding the behavior and aging of concrete are used in this respect.

Data from specimen A (2 days) were used for the initia clustering. The origina data were normalized
using a non-linear space transformation based on logarithmic functions. to avoid biasing due to large
vector distances. In addition, a reduced set of six features (AMP, DUR, SIG. STRENGTH, CNTS,
RSTM, ABS ENER) was used for the unsupervised algorithm. The agorithm used was the Max-Min
Distance [6] agorithm as implemented in the Noesis software. The final classification is composed of 7
AE classes and the two AU classes. The results were then used to train a classifier so as to
automatically apply to other data sets. The training method used was the k Nearest Neighbor Classifier
(k-NNC)[6] using Octagonal distance type for optimized performance in the present type of data.
Typical clustering results are shown in Fig. 3. Figure 4 presents the percentage of total hits per class for
all ages of specimens A.
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Class 1 comprises signas, which appear in older specimens. It is apparent from Figures 3, 4 and 8 that
these are low energy signals, which appear throughout the compression test but mainly at fracture. The
behavior of other type of specimensis similar but reduced A/C ratio samples produce more AE in class
1. This, dong with the fact that class 1 appears in older specimens, may suggest that class 1 is related
to mechanisms in the cement paste. These may also be related to air content as well as void size,
parameters, which are affected by age.

Class 2 is another important class with medium energy signals which diminishes as the specimens age.
This class of signals appears from low loads and demonstrates high activity at intermediate loads. The
decrease of the number of signals in this class and its behavior with the applied load is indicative. The
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Fig. 5. Class amplitude distribution (top) and cumulative hits (bottom) for all agesfor specimen A (2, 7 and 28
daysleft toright)

same reasoning holds for class 2, which appears at low loads and is more pronounced in new
specimens. Class 2 appears to be produced by mechanisms related with the aggregates as it diminishes
with age and with A/C ratio. The behavior of Class 3 is different and the phenomena, which cause it,
seem to become after 7 days. This class may be related to internal friction as it appears only very early
in the specimens’ lives. Figure 6 illustrates typical amplitude distributions and hit cumulative plots for
the three discussed classes. The above results will aso be discussed in relation to the AU data, which
can provide an impression of permanent or recoverable changes in the microstructure of the material.

ACOUSTO-ULTRASONICS
The experiments conducted during the present work demonstrate clearly that AU signals can show
oncoming failure at early stages. It is obvious from all specimens that AU signals weaken significantly

after approximately 80% of maximum load. An important observation regarding AU measurements is
their sengitivity at lower loads.
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Throughout the loading procedure specimens produced AE depending mainly on their age and
composition and AU data exhibited a significant variation indicating changes in the specimens,
throughout each test. Transmitted AU energy increased as the load was applied, indicating that the
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be an indication that they become denser. This . Lo s Moar o
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load. As specimens age, the initia behavior is of R = e
variations in AU energy with a general trend for Fig. 9. Typical behavior of Class6 (*) and Class 2
decrease. The initia fluctuation and the general (.) with AU energy in normal and log scale.

decrease tendency may indicate some sort of
micro-structural damage.

Using ultrasonic velocity measurement [1], it can easily be observed that the velocity drops sharply at
about 80% max load. Velocity measurements are insensitive, though, to any changes the material
undergoes at relatively low loads and therefore the sengitivity of the technique in assessing minor
damage cannot be determined. Other AU characteristics vary significantly as the load is increased from
zero to some value whereas the velocity of the wave remains constant and can thus provide more
information about the materia’s behavior.

DISCUSSION

As mentioned, the behavior of AU signals is unique in the sense that the specimens become better
wave guides as the load is applied. After a certain load some break-down appears to take place and the
signals energy decreases. Waveform analysis using Fast Fourrier Transforms (FFT) did not indicate
any significant change in the frequency spectrum. FFTs of AU signals throughout a number of tests
were studied but the only information related to the total energy transmitted through the material with
insignificant frequency changes or shifts.

The behavior of AU signals can in general be correlated to AE and microscopy results. It is interesting
to observe the behavior of AU signals with respect to class 6. The increase or variations in the AU
signals energy appears at the same time with class 6, especialy in younger specimens (2 and 7 days)
(see Figure9). Class 6 is composed of relatively high energy signals at small loads. The appearance of
ahigh energy class at small loads aong with the change in AU characteristics may indicate a change in
the structure of the material, such as friction, void collapse etc. The energy contained in class 6 signals
remains constant for all specimen ages.
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At early loads, when variations in AU characteristics occur, other classes of signals show variations in
the amount of AE produced, such as classes 3 and 2. These classes, as mentioned, may be correlated
with mechanisms in the material and can thus affect AU.

CONCLUSIONS

It has been demonstrated in the present work that a combination of various techniques can provide
important information and better understanding of the results of each technique. In addition, application
of pattern recognition techniques has proven a powerful tool for signal discrimination as a means for
advanced data analysis in Acoustic Emission.

The results are indicative of AU sensitivity and ability to assess damage in mortar specimens. AU can
be related to physical changes in the specimens and can thus provide information regarding their
internal structure. This is crucial for the use of AU techniques utilizing signal characteristics as
opposed to ultrasonic velocity, in an attempt to assess early stages of damage in concrete. Although
concrete is somewhat different in its behavior than mortar, initial work has shown similar behavior and
research is being focused in that direction.
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CONCRETE CROSSBEAM DIAGNOSISBY ACOUSTIC EMISSION METHOD

Zdenek WEBER, Petr SVADBIK, Marta KORENSKA, Lubos PAZDERA
Technical University of Brno, Brno, Czech Republic

ABSTRACT

Centred cyclic bending load was applied to a reinforced concrete crossbeam. Crack controls were
carried out by AE method and simultaneously by visual reference. Smultaneously, the rise and growth
of the cracks were measured. The amplitude of AE events depends on the crack velocity, which itself
depends on the stress intensity of the crack. The increase of AE energy and counts during cyclic loading
indicated the absence of Kaiser effect in the reinforced concrete crossbeam. The frequency content of
AE signals is the function of the transducer's frequency response. The experiment demonstrates high
sengitivity of the AE method at monitoring stress states. These results provide information about
behaviour of building structures in standard and extreme situations.

INTRODUCTION

In a project of new variable bridge system with a span of 6 to 30 m, the most important connection was a
steel concrete girder with a monolithic steel-reinforced concrete crossbeam (Fig. 1,2,3). The crossbeam
model was designed and made at scale 1:1 and was tested all at Brno University of Technology. On the
basis of positive results by numerical analyses and loading tests, it has resulted in building the integrated
bridge system across the river Plouznice in Struznice at Ceska Lipa at end of year 1999. The
experimental check of reliability of coupled girder, the detection of transmission of tension in the areas
of negative moment under hold and ways to find fault of the construction before the exhaustion of the
ultimate tensile capacity were the main aims in this work.
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Fig. 1. Reason about segment test model in longitudinal direction.

A part of static load test of the model steel-concrete monolithic crossbeam was:

- afew cycled loading (100 cycles each) with subsequent measurement of its ultimate loading-capacity,
- the behaviour of the construction at cracks and their expansion (acoustic emission method)

- monitoring responses on this loading by X-ray non-destructive testing on the shear connector.
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Fig. 3. Tested model of composite steel concrete girder.

This article describes measurement results and monitoring by acoustic emission (AE) method,

verification of correlation between fatigue and AE activities, generated during the controlled cyclical
load test.

The monitoring of AE, generated by cracks during the tests, proceeded on the test specimens aged 7, 28
and 90 days and further on the final crossbeam model from February to the end of April 1999 (Fig. 4,5).
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Fig. 4. Age 7 days, three points bending load.
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EXPERIMENTAL SET UP

Following AE systems were used in the cyclic tests:

- 6 channel PAC LOCAN 320 system with preamplifiers and filters. The four channels were arranged
on planar localisation in the middle part of upper surface of the girder (in corners of area 40 x 60 cm?).
These were piezoelectric sensors with the resonance frequency of 225 kHz, The fifth channel with a
broadband (from 100 to 1000 kHz) sensor and the sixth one with a resonance (225 kHz) sensor were
placed at the bottom of the steel frame in the lower parts of the crossbeam.

- the notebook CARRY 6500 with an extension box containing 3 measuring cards for monitoring and
sampling AE signals and collecting loading information.

RESULTS

The measuring of ultimate tensile capacity of the model crossbeam was achieved with loading graded in
% from theoretically computed ultimate load-carrying capacity. It is at 30, 60, 90, 100, 150 and 200 %.
Simultaneoudly, the start and development of cracks were measured. The measurement results are
shown in Fig. 6 to Fig. 11. The solid line in these graphs presents the cumulative AE, and the dot-and-
dash line gives the level of force.

Fig. 6: The model was first step-by-step loaded to 20, 40 and 60 kN. Already from 40 kN, there are
indicated structural disturbances, which were visually checked and drawn in after each stop of loading.

Fig. 7: The holds were removed and model was permanently loaded by dead weight (about 19.3 kN).
Then, it was further super-loaded by a press to 60.8 kN. Recorded fall in tension load was caused by a
defect of hydraulic pumps.

Fig. 8: In this period, the measurement model was subjected to 20 load cycles from 17.8 to 80.9 kN. In
figure, it is evident that Kaiser phenomenon disappearsin theinitia three cycles.
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Fig. 9: The model was put through variable loading in the remaining 80 cycles with the force range
being the some as the previous experiment (below). The loading characteristic was deleted from graph to
better show results.

Fig. 10: In thistest period, the model was loaded step by step from 82 kN to 141.5 kN and then to 168
KN. There was model evauation, visualy recorded new cracks and then it was examined
radiographically at the surroundings of selected shear connectors. The crossbeam loading continued
until 252 kN; it is 1.5 times the theoretical ultimate load-carrying capacity. In this moment, the sample
showed a deflection of 32 mm. The next load step was not applied by reason of double defects of the

pump.

Fig. 11: In this last cycle, the model was loaded to the previous maximum value of 252 kN. After this,
load was raised step by step to 275 kN. Shortly after reaching this value, the general collapse of the
steel-concrete girder occurred; namely, first, local crushing of the lower left parts of pressured flange
and followed by the local warp of the right parts of pressure flange. Very fast fall of force followed and
experiment was finished.

CONCLUSION

The AE measurement demonstrates its extreme sensitivity to the start and successive development of
bend and shear cracks in tested concrete specimens and the whole steel-concrete construction. AE
signals contain information to enable the precise determination of cracks and their subsequent activities
that affect the qualities of the tested structure. The loss of Kaiser phenomenon indicates accurately the
moment of tested matters passing from the elastic to plastic material status. Here, AE signals have
especially high amplitudes (over 70 dB).

This research has been conducted by CEZ J22/98 N0.~261100007 and GACR 103/97/P140.
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WAVEFORM BASED ANALYSISTECHNIQUESFOR THE RELIABLE
ACOUSTIC EMISSION TESTING OF COMPOSITE STRUCTURES

M. SURGEON, C. BUELENS, M. WEVERS*, and P. DE MEESTER*
METALogic n.v., Heverlee, Belgium, *KU Leuven, L euven, Belgium

ABSTRACT

Although the acoustic emission (AE) technique has now aged for more than thirty years, the analysis
techniques that are used in practical field testing are still very basic. The last decade has seen a
growing awareness of the dangers involved in reducing an AE signal to its basic parameters and thus
eliminating most of the information. This awareness has resulted in the development of practical AE
analysis techniques that are based on the complete waveform rather than on the parameters. These
techniques also make use of a growing insight into the theoretical principles of AE signal generation
and propagation, which is evidenced by e.g. the use of the classical plate wave theory. This paper will
lay out the principles of the classical plate wave theory and will demonstrate how this simple theory
combined with a complete waveform acquisition can lead to a more reliable testing of composite
materials.

INTRODUCTION

The acoustic emission technique (AE) has for many years been considered as the prime candidate for
structural health and damage monitoring in loaded structures. It offers the user a number of inherent
advantages, the main of which are its continuous and in situ monitoring capabilities and the possibility
to examine the whole volume of a structure simultaneously with alimited number of sensors.

The increasing use of composite materials in loaded structures and their complex damage devel opment
has created a need for an efficient and reliable NDT technique that can be used during the service life of
these materials. AE clearly has the potential to serve as a continuous damage detection technique for
composites and during the past decades many studies have been undertaken to develop the technique to
higher levels of performance. Three main types of data analysis have been extensively explored so far.
That is, AE activity analysis (focussing on the amount of signals that are detected during a test), AE
parameter analysis (studying evolutions in the basic signal parameters like amplitude, duration or
energy) and AE frequency analysis (analyzing the frequency content of AE signals). Although many
applications can be envisaged in al of the areas where composite materials are being used or could be
used, it is surprising to see that the number of practical applications exploiting the AE technique has
remained relatively limited. The main reasons for this are the limitations of the analysis techniques
discussed above, which make it difficult to extend laboratory results to industrial structures. Commonly
encountered problems are the large amounts of gathered data, the difficult separation of noise from rea
damage signals, the material anisotropy, the large wave propagation paths, etc. Summarizing these
observations, one can state that AE has remained mainly a qualitative technique and that its further
acceptance and practical use require a more quantitative approach based on theoretical concepts, which
can reliably take into account source phenomena and wave propagation effects.

Another attempt at providing a better theoretical background for AE testing is now known as modal

acoustic emission (MAE) or waveform based acoustic emission. MAE starts from the observation that
AE waves are mechanical in nature and should therefore be treated as such. Following the genera
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theory of wave propagation in solids, AE waves should propagate through a structure in a variety of
modes. The separation of these modes at the sensor could make it possible to extract information about
the source event that produced the wave. Additionally, wave propagation theory offers theoretical tools
to study the influence of attenuation and dispersion.

This paper will first provide a ssmple, yet practical, theoretical background for AE signal analysis. It will
then be demonstrated how this theory can be used to make composite testing more reliable by
demonstrating, on a laboratory scale, how signal recognition and discrimination, noise elimination and
source location can be performed in a more consistent manner.

PLATE WAVE THEORY

A comprehensive overview of wave propagation theory as it applies to solid materials can be found in
reference 1. Solutions to wave propagation problems in structures of arbitrary geometry can be obtained
by using the three-dimensional equations of the elasticity theory. In the case of plate-like structures,
however, a smpler theory can be used, i.e. classical plate wave theory. According to this theory,
mechanical waves propagate through plate-like structures in three modes: the extensional mode (particle
displacement in the plane of the plate and in the direction of wave propagation), the flexura mode
(particle displacement perpendicular to the plane of the plate) and the shear mode (particle displacement
in the plane of the plate and perpendicular to the direction of wave propagation). MAE has up to now
made extensive use of the extensional and the flexural mode.

Based on the classical plate wave theory, the velocities of propagation of both modes can be calcul ated.
Plate wave theory predicts a non-dispersion extensional mode: all frequency components of this mode
propagate at the same velocity. Although practical results show that this is a reasonable approximation,
it will not be satisfied completely. An analysis of the extensional mode based on higher order theories
shows that the extensional mode exhibits limited dispersion behavior in which the velocity of
propagation decreases with increasing frequency. For the flexural mode, plate wave theory predicts
dispersion behavior in which the velocity increases with increasing frequency. A more detailed overview
of classic plate wave theory and the way it has been applied in AE testing can be found in references 2-
6.

MATERIAL AND EXPERIMENTAL TECHNIQUES

All tests performed in this study made use of a carbon/epoxy composite material, which was produced in
three different 8 ply cross-ply lay-ups. [0, 90s]s, [0z, 90,]s and [0s, 90]s. Tensile samples were used
having a length of 150 mm, awidth of 12 mm and a thickness of 1 mm. Tensile tests were performed on
the MTS 810 loading frame. All tests were monitored by attaching two broadband AE sensors (Digital
Wave Corp., B1025) to the specimens. The AE signals captured by these sensors were fed into a
Fracture Wave Detector (Digital Wave Corporation) system.

RESULTS
Wave mode recognition

Figure 1 shows a signa that was generated by transverse matrix cracking in a [0, 90s]s laminate. The
figure shows both the time and frequency domain of the signal. As is indicated on the time domain
graph, the signal can generally be divided in two zones. The wave package that arrives first at the sensor
shows a behavior in which the period of the subsequent cycles decreases with increasing time. The

35



frequency content of this mode increases with increasing time which also means that the lower
frequency components arrived first at the sensor and propagated at the higher velocities. As was
discussed before, this dispersion behavior is typical for the extensional mode. The wave package that
arrives at approximately 40 us exhibits a behavior, in which the period of the subsequent cycles
increases with increasing time. The frequency content of this mode decreases with increasing time and
thus the higher frequency components arrived first at the sensor and propagated at the higher velocities.
This dispersion behavior is typical for the flexural mode.

Both plate wave modes can be recognized in this signal. Generally, the extensional mode propagates at a
higher velocity than the flexural mode and exhibits a higher frequency content. As is indicated on the
frequency domain graph, the range between 400 and 800 kHz corresponds to the extensional mode and
the range between 0 and 200 kHz to the flexural mode.
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Fig. 1: Matrix crack signal generated in a[0, 90z)s sample: a) time domain, b) frequency domain
(E: extensional mode, F: flexural mode)

The wave package that arrives at approximately 40 pus exhibits a behavior in which the period of the
subsequent cycles increases with increasing time. The frequency content of this mode decreases with
increasing time and thus the higher frequency components arrived first at the sensor and propagated at
the higher velocities. This dispersion behavior is typical for the flexural mode.

Both plate wave modes can be recognized in this signal. Generally, the extensional mode propagates at a
higher velocity than the flexural mode and exhibits a higher frequency content. As is indicated on the
frequency domain graph, the range between 400 and 800 kHz corresponds to the extensional mode and
the range between 0 and 200 kHz to the flexural mode.



Discrimination between damage phenomena

The two main damage phenomena that are active during tensile testing of a cross-ply composite
laminate are transverse matrix cracking at the early stages of testing and fiber fracture during the later
stages of testing. An example of a matrix crack signal as it was generated in the [0, 90s]s lay-up was

given in Fig. 1. Further investigation of the matrix crack AE signals revealed that the frequency content
of these signals increased as the 90-ply thickness decreased.

Figure 2 shows a signa that was attributed to fiber fracture, due to the load level at which it appeared.
The signa exhibits a dominant extensional mode and its main feature is its higher frequency content as
compared to the matrix crack signal. This is reflected in the frequency domain: the signa exhibits large
frequency components above 1000 kHz. This is in contrast with the matrix crack signal (see Fig. 1) in
which no significant content could be observed above 1000 kHz. It thus seems feasible to base
discrimination between different damage phenomena on the properties of the plate wave modes.
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Fig. 2: Fiber fracturesignal generated in a [0, 905]s sample: a) time domain, b) frequency domain
Noiseelimination

One of the main problems preventing the widespread use of AE in practical applications is the
elimination of noise signals from the data set. Based on the classic parameter based analysis procedures,
this elimination has proven to be very difficult. As will be shown here, noise signals can be eliminated in
a more consistent manner based on the complete waveform and the modal properties. The main noise
phenomena that are active during laboratory type tensile tests are EMI (electromagnetic interference)
and grip noise. Figure 3 shows an example of an EMI signal, measured by two sensors. The
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shape of these waves is quite different from the ones shown above. Both signals are detected at exactly
the same time. Additionaly, the signals are very high frequent in nature and do no exhibit plate wave
characteristics or propagation effects. It should be noted here that a traditional AE analysis would have
treated this signal as a signal with amplitude comparable to the one of the real damage signals, a short
duration and a high number of counts. Reducing the wave to these parameters would have made it very
difficult to eliminate this noise type.

Figure 4 shows an example of a grip noise signal. A clear signa was only observed at sensor 2. The
signal appears not have propagated to sensor 1, which suggests that it originated outside the sensor
region, at the sensor 2 side. The signal at sensor 2 does exhibit plate wave characteristics, but they are
markedly different from the ones of the damage signals as the low frequency content is much higher.
Both examples demonstrate how more consistent noise elimination should be based on the complete
waveform and the modal properties of AE signals.

Sour ce location

AE does not only offer the user the possibility to determine when damage occurs and what type of
damage is active, but it aso makes it possible to obtain information about the spatial location of the
damage. Based on the arrival time of an AE wave at a limited number of sensors, a source location can
be calculated, if the velocity of propagation in the material under study and the position of the different
sensors are known. The key element in a good and accurate location procedure is the determination of
the arrival times of the AE wave at the different sensors. Arrival times are traditionally determined by
using a fixed threshold value: the arrival time of a wave is the point where it first crosses the threshold.
This procedure is prone to an error as it does not take into account the modal nature of the AE wave.
Using a fixed threshold, one can never be sure which part of the wave first reaches the threshold. A good
location implies that the arrival times are determined on a part of the wave that has traveled with the
same velocity to all of the sensors.
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Fig. 3: EMI noisesignal: a) sensor 1, b) sensor 2.
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A detailed discussion of this problem can be found in reference 8. During the tests performed in this
work, two sensors were used and a linear location procedure was applied. Some signals were observed
that could pose problems to the classic AE location procedure as for some threshold values, the arrival
times are determined on the extensional mode at one sensor and on the flexural mode at the other sensor.
Using a fixed wave velocity, this led to location errors up to 35 %. This demonstrates that for an
accurate source location, the modal nature of AE waves should always be taken into account.

CONCLUSION

Waveform based AE analysis techniques use simple theoretical concepts as a theoretical background to
study AE signals generated in composite plates. Here, it was demonstrated how plate wave modes can
be recognized in real damage AE signas. Furthermore, a number of examples showed how the
technique can discriminate between different damage phenomena, how it can be used to consistently
eliminate noise signals from the data set and how it can improve on the location procedures as they are
offered by traditional AE systems.

On a more general note, it is believed that more reliable techniques are needed if AE is to further
improve into a generally accepted testing technique. Potentia users of the technique are still put off by
the empirical nature of the classic analysis techniques, which lack a theoretical basis and a general
validity. It is believed that the evolution into an analysis of the complete waveform and its properties can
be a big step into the right direction.
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ABSTRACT

The complex damage development process in composite materials demands a system that could
continuously monitor their damage state in particular structural applications. Fibre optic sensors
embedded in the composite material could offer an alternative for the robust piezoelectric transducers
used for acoustic emission (AE) monitoring. For simplicity and robustness reasons, intensity-modul ated
optical fibres were chosen to detect damage in CFRP composite laminates based on the microbending
concept. Advanced signal processing techniques based on time-frequency analysis have been applied on
the signals collected during loading of the CFRP composites. The short-time Fourier transform has
been computed and noise reduction algorithms (adaptive filtering and spectral subtraction filtering)
have also been used. The transient signals being detected can be correlated with AE signals, analysed
with a modal AE system. The signals are attributed to the initiation of damage in the materials and thus
the optical signal contains, besides the level of overall strain, information in the elastic energy released
whenever damage is introduced in the host composite.

INTRODUCTION

The emergence of optica fibre communication technologies in the 1970's has enabled the development of
embedded optical sensors for process condition monitoring and for smart materials/'structures gpplications (1,2).
We ds0 initiated a study to incorporate optica fibres in carbon-fibre reinforced epoxy laminates in order to
monitor the fatigue behaviour characterised by a gradua damage development. The method of embedding the
opticd fibres and ther influence on the mechanica behaviour of the host material has aready been evauated for
anumber of laminates and the embedding positions have been optimised (3,4,5).

The present paper is focused on the signd processing of the optical fibre data, done in collaboration with the
Department of Electrical Engineering. The sSgnd processing has been done in order to find a relaion with the
interna gtrains in the composite produced on one hand by the externd loading (stresses and temperature) and
on the other hand by the internd damage development. Especidly for the latter an attempt will be made to
correlate the Sgnal's measured with the AE technique, in which we dready have proven its competitiveness more
than once (6,7) and the sgnds of the embedded opticd fibres. With optica fibres embedded in composite
materids and intelligent data processing of the opticd fibre sgnds, one can integrate a NDT-system into this
complex material, or derived component or structure, Smilar to the neura system in ahuman body.

The fibre optic sensors have severa advantages compared to the dectronically based sensors like piezo-
ceramics such as light-weight, al passve configuraions, low power utilisation, immunity to eectromagnetic
interference, high sengbility and bandwidth, compatibility with optical data transmisson and processng, long
lifetimes and low cot (as long as using slicon fibres). Disadvantages exist with reparability as long as optica
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fibres have to be integrated into the materid and placed according to mgor occurring stresses and dtrains to
obtain religble data.

PRINCIPLE OF OPERATION

To detect damage, two kinds of optical sensors can be used: phase-modulated sensors (interferometers) and
intengty-modulated sensors. The former is usudly more sendtive but dso very fragile. A senang system, which
is smple and robugt enough for indudtrid use, is offered by intensty-modulated optica sensors. The intengty
variations of the transmitted light are caused by a perturbing environment. If for instance the opticd fibre is bent
(8), smdl amounts of light are lost through the cladding because the condition of tota reflection is violated. The
amount of intengity loss depends on the amount of bending. The stress fidd in a composite materid is influenced
by the externd loading and the interna damage in the materid. This may cause the opticd fibre to bend in the
material S0 that a decrease in intendty of the tranamitted light can be seen. Initigting and growing damage is
associated with acoustic Stress waves propagating in the materia. When awave encounters an opticd fibre, this
bends locdly and so some light might dso be lost. A high sampling rate (SR) can be used to detect those
trangent sgnas released by matrix cracking, ddlamination or fibre fracture phenomena. To reved this
information from the opticd sgnds, sgnd andyss tools such as filtering, time andyss and time-frequency
andysisis required.

EXPERIMENTS

Our previous study addressed the choice of fibres, the embedding procedure and the influence of the optica
fibres on the mechanicd properties (monotonic tension, three and four point bending and tension fatigue) of
different carbon-epoxy composite laminates. The next step was to evauate the performance of the optica fibre
NDT system.

Fig. 1: Thesensing system

: Laser source

: Optical coupler

: Optical fiber

: Composite specimen

: Photodiode + amplifier

: Computer (oscilloscope card)
: Workstation
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Laminates were produced from a Vicotex 6376/35/137/T400 Clepoxy prepreg. The prepreg was cut and
stacked into a (0,°, 904°)s lay-up. The optica fibre was embedded in the 90° direction in the middle plane of
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the specimen. A polymeric bore tube was put around the optica fibre at its exit point from the composte
gpecimen. It shrank around the fibre during the cure and so protected this weak point. The samples tested had
the fallowing dmengons. 150 mm length, 25 mm width and 1.2 mm thickness.

A He-Ne laser source was used to power the multi-mode optical fibre embedded in the carbon-fibre reinforced
composite materia. The output light intensity was collected by a photo-diode, and was sent to a computer via
an oscilloscope card as seen in Fig. 1 of the sensing system.

The optica signa post-processing was done on a SUN workstation using MATLAB? software, in particular
the signa processing toolbox. A program was written to filter the Sgnd, to compute its STFT and to visudise
the changes in its power spectrum over time (9). Additiona tools were developed to extract damage related
information from this time-frequency anayss.

An acoudtic emisson (AE) system was dso used to monitor the damage development in this composite
laminate: the Wave Explorer from Digita Wave Corp. This system is equipped with broadband sensors (Digita
Wave B1025) with a nearly flat frequency response in the 50-3000 kHz frequency range. It uses the plate
wave theory as a theoretica background and analyses the waves according to their mechanica nature, namely,
extensona and flexural waves. Itis caled amodad AE (MAE) system (10,11). MAE dlows a more convenient
way to identify the kind of damage by looking at the frequency content of the acoustic waves produced. The
presence (or absence) of extensiona and flexura modes is the key to the damage mode characterisation. It has
been proven to work in an efficient way for matrix cracking and fibre fracture (12). It dso dlows a clear
recognition of noise grip and EMI.

On the oscilloscope card, three channels were used. One channel was used to collect the optical signal, another
channd collected the opticad signd filtered using a cgpacitor to get only the ac component amplified 11.5 times,
and a third one to collect a trigger Sgnd sent by the AE system each time an AE event is detected. The
sampling rate (SR) was set to 10 kHz.

Tendle tests were performed on Ingtron 4505 universa testing machine with a 100 kN load cell. To prevent
grip fallure, duminium end tabs were bonded to the specimens using a two-components Araldite 2011 epoxy
glue. The displacement rate was 0.5 mm/min and a Labview program drove the tensle machine and the
oscilloscope card.

RESULTS AND DISCUSSION

Ten specimens were tested and at the beginning of each tensle test, pencil-lead break tests were performed for
cdibration purpose.

L ow passfiltering

The tensle load curve of onetest is shown in Fig. 2. During the first 90 s, severa pencil-lead bresk tests were
performed to calibrate the AE system. Then, the loading was applied until the fina fracture. After 261 s of te,
there was a sudden decrease in the gpplied strain due to some damage near one of the duminium tabs. Figure 3
shows the optical signdl for the sametest. A 4™-order low pass (L P) Butterworth filter was applied with a5 Hz
cut-off frequency. The curve has been reversed for better comparison with the preceding one. The optica
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intengty starts to decrease when the loading starts to be applied. A low-frequency oscillation can be seen on
the curve and is due to vibrations produced by the Ingron machine. The find fracture is dearly seen and the
drain release at 261 s a0 gppears as a change of dope on the curve. It is thus shown that the optical signal
contains information on the strain produced by externd loading.

Fig. 2: Theloading versustime curve. Fig. 3: Theoptical signal filtered with alow pass
Butterworth filter.

Some sharp spikes are dso hidden in the curve of Fig. 3. To see them more clearly, the same low pass filter
was gpplied to the ac component of the optical sgnd (amplified 11.5 times). As can be seen on Fg. 4 the
sgnd is congtant except for some big spikes. The time ingant a which those spikes gppear is the same as the
time of occurrence of some AE events. These AE events can be related to damage inside the materid, so those
gpikes can dso be rdated with the damage, which causes a sudden dtrain energy release in the materia. By
removing the 5 digits offset and taking the absolute vaue of this sgnd, a threshold can be set and damage
detection is achieved.

AC Optical Sighal with a 4th arder LP Butterwarth filter (w = 5 Hz)
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Fig. 4: The ac component of optical signal filtered with a low pass Butterworth filter.
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The main limitation is the sengtivity; the events detected by this method are only the most energetic ones. The
less energetic events detected by AE cannot be seen on the optical sgna or are smdler than the curve
oscillations and can therefore not be detected by the threshold technique. Removing the polyimide coating from
the optica fibre may increase the system sengtivity.

Mogt of the high-frequency components are filtered out with this low-pass filtering technique so the sgnd cannot
be used for damage identification. Another drawback is that changes are less sharp and some delay may aso
appear. This method shows that damage detection is possible with intensity modulated optical sensors based on
the microbending concept, but some more advanced signa analysis techniques are required to have information
on the kind of damage o this low-pass filtering has to be replaced.

Noisereduction

If one has to look for smal effects on the optica sgnd the Signd to Noise Ratio (SNR) has to be increased.
The biggest noise source is from the laser power supply (50 Hz and the harmonics from the net). An adaptive
filter was used to remove this noise only up to 1 kHz (13) because this filter was computation time consuming.
Subsequently, spectral subtraction, a filtering technique used in speech processing (14), was applied to see
more clearly the expected ‘optical events. This technique requires that the background noise environment
remains localy sationary to the degree that its expected spectra magnitude vaue just prior to an expected
event equals its expected vaue during the event. 1t is also assumed that Significant noise reduction is possible by
removing the effect of noise from the magnitude spectrum only.

These techniques were applied to pencil lead bresk tests (Fig. 5) and on optica signals from red damage (as
indicated by AE) during tengle tests (Fig. 6). They alow a good noise reduction without reshaping too much
thesgnd.
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Fig.5: Theoriginal optical signal, the signal filtered with an adaptive filter and
with the spectral subtraction method of a pencil lead break.
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with the spectral subtraction method of areal damage event.
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Fig. 7: Final fracture of a specimen in the time domain (top), its spectrogram (middle) and the frequency projection of the
spectrogram (bottom).

Fig. 8: Thefiltered optical signal of a pencil-lead break in the time domain.
Time-frequency analysis. STFT

Since the expected sgnas were non-dationary (transent), their frequency content, visualised by the Fourier
transform, varied in time.  The short-time Fourier transform (STFT) can be used to visudise the frequency
content of asignd over time (13). This so-called spectrogram is visudised in Fig. 7 (middle) for the 400-3500
Hz frequency range. This figure corresponds to the specimen find fracture event that can be seen in the time
domain in the top curve. For better view and analyss, the frequency projection of the spectrogram can be
computed (see bottom).

Damage identification

The filtered optical sgna corresponding to a pencil lead bresk was extracted and a time-frequency andyss
(STFT) was performed. Both the AE time Sgnd and the opticd time signal (respectively seenin Figs. 8 and 9)
show a smdl extensond component followed by a big flexurd mode. This is coherent with what can be
expected from a pencil lead break test done on the surface of the specimen. Waves produced by a pencil-lead
break test are quite smilar to those produced when damage occurs in a composite materid.
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Figure 9: The AE signal in thetime domain at two sensorstypical for an in-plane lead break test.

Figures 10 and 11 show the ac opticd signds corresponding to AE events recorded during the tensile test
(middle and bottom). The time-frequency analysis clearly identifies specid features in the sgnds, which can be
attributed to matrix cracking or fibre fractures based on their time of occurrence.
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Fig. 10: Theac optical signal, thefiltered signals (adaptive filter and spectral subtraction method) and the frequency
spectrogram of an AE event detected in the middle of thetensiletest.
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Fig. 11: Theac optical signal, thefiltered signals (adaptive filter and spectral subtraction method) and the frequency
spectrogram of an AE event detected at the end of the tensile test.

CONCLUSION

It has been shown that an intensity modulated optical sensor based on the microbending concept can be used
for continuous damage monitoring of a carbon-fibre reinforced laminate composite. The NDT system issmple
and robugt, but requires some advanced sgnd andysis tools like adaptive filtering, gpectrd subtraction filtering,
and time-frequency andysis (STFT).

The intensty-modulated optica fibre sensor (microbending principle) can detect pencil-lead bresks, the overal
drain in the composite and drain vaidions due to damage development during loading. The smilarities
between opticd and MAE sgnds should permit damage identification. The damage location has not been
sudied so far, this may require to embed severd opticd fibresin the specimen.
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LAMB WAVE SOURCE LOCATION OF IMPACT
ON ANISOTROPIC PLATES

H. YAMADA, Y. MIZUTANI, H. NISHINO, M. TAKEMOTO and K. ONO*
Aoyama Gakuin University, Tokyo, JAPAN, *UCLA, Los Angeles, CA, USA.

ABSTRACT

This study reports the development of a new source location method using Lamb waves on anisotropic
carbon-fiber reinforced plastic (CFRP) plates. We monitored Lamb waves produced by pencil-lead
breaks and steel-ball impacts using four resonant-type AE transducers mounted on 300-mm square
corners within 500-mm square plates and determined arrival time of 65 kHz Ap-Lamb waves, extracted
by using a wavelet transform. For sgquare arrangement, source location was first narrowed into one of
four quadrants by the first arrival to the nearest sensor. Next, the source location in the particular
guadrant was determined by sequential iteration. Here, the measured arrival-time differences were
matched with those computed by moving a virtual source position in selected steps. We developed an
algorithm providing automatic determination of arrival times and coordinate computation. It takes less
than one second for each source location identification. Orientation dependence of Lamb waves for the
CFRPs are experimentally measured and included in the algorithm. Accuracy of the source location for
a unidirectional-CFRP plate is better than 5.6 mm within the 300 x 300 mm square. The average error
of 2.4 mm was obtained for a quasi-isotropic CFRP plate. Results for several other CFRPs will be
reported.

INTRODUCTION

Accurate source location of an impact and fracture is an important engineering problem for the precise
identification of a damaged area. The source location of acoustic emission (AE) signals is impractical
for many structures of fiber reinforced plastics (FRPs) due to strong orientation and frequency
dependence of wave velocities (anisotropy and dispersion) and large attenuation. The velocity
anisotropy can be measured, and for samples of limited dimensions, we can achieve three-dimensional
source locations within 1.0 mm of a microfracture source in unidirectional FRPs [1-3]. The source
location in thin plate is reduced to a planar (two-dimensional) problem, but a difficulty arises due to the
dispersive nature of the Lamb waves [4]. Strong orientation dependence of Lamb wave velocities poses
another problem. Several recent studies [5-9] attempted to improve source location methods. For
example, Kwon et al. [9] recently utilized wavelet and inverse-wavelet transform for locating lead-
breaks on aluminum and cross-ply CFRP plates. They utilized the arrival-time differences with threshold
crossing method of single frequency Ao-component. This method improves the source location accuracy,
but the anisotropy issue remains unresolved. We have developed a new method for the source location
based on dispersive, anisotropic Lamb waves. Here, measured arrival-time differences are matched with
those computed by moving a virtual source position in small steps. We report the algorithm for source
location and source location accuracy of impact on CFRP plates.

SOURCE LOCATION METHOD

The present source location method consists of the following steps; 1) Perform wavelet transform of
detected waveforms, extracting the Aog-mode component at a selected frequency. This frequency is
chosen to be the major component of the observed signals and to best differentiate the desired wave
mode from others. 2) Determine the arrival times of the detected waveforms. The arrival time is defined
a the instant when the wavelet coefficient reaches 20% of the peak value. (The position of the peak
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value, or peak-arrival time, can also be used.) 3) Select a zone. Utilizing the sequence of the arrival
times, the source location is confined to a zone, e.g., one of the four quadrants for a square four-
transducer arrangement. 4) Determine the source location by sequentially minimizing the differences of
the measured arrival times and the arrival time differences computed by moving a virtual source position
in the quadrant determined in the previous step. The position is moved by a preset amount (typically 10
to 20 mm) in the X- and Y-directions. When a minimum is found, the preset amount is halved and a
minimum is searched again in the immediate neighborhood. This is repeated several times until a certain
level of accuracy is achieved. 5) In the calculationof step 4, experimentally measured, anisotropic group
velocity of A;-mode Lamb waves is used. The velocity is frequency dependent and the values must
correspond to those of the selected frequency.

MATERIALSAND VELOCITY PROFILES

We used in experiment three types of carbon-fiber reinforced plastic (CFRP) plates of 500 mm square.
One is 24-ply unidirectional (UD-)CFRP, where the X-direction refers to the fiber direction of UD-
CFRP. The second plate is 32-ply and quasi-isotropic (0°4/45°4/90°4/-45°)s and the X-direction is along
the 0° top/bottom lamina fibers. The third type is cross-ply CFRPs ((0°,/90%)s, n=4, 6, 8) d various
thickness (2.0, 3.0, 4.0 mm). We measured the orientation dependence of Ay-Lamb waves, produced by
pencil-lead breaks. The waves were detected by two transducers (PAC, type PICO) located at 40 and 90
mm along the angle q (measured from the O° fiber). Examples of detected waveforms and their wavelet
coefficients at 65 kHz, in the direction of g = 0° (fiber direction), 30° and 90° for UD-CFRP, are shown
inFig. 1.

6=0° {fiber direction) 6=30° 6=90° (perpendicular to fiber)
Detected
wave
100 200 3060 400 100 ‘ 200 300 4
Time, s v Time, s
et
Wavelet [ i
coefficient | e /| |/ \ YN YR AN
vs. time it A
(65kHz) ;j 12‘ R ‘x‘ R
geh 44 geh & pch S
100 200 300 400 100 200 300 400 100 200 300 400
Time, ys Time, us Time, us

Fig. 1 Examples of Lamb waves and their 65 kHz componentsin UD-CFRP plate as a function of the
propagation direction g

The wavelet coefficients were extracted by a wavelet transform with Gabor function as the mother
wavelet. Ve ocities were measured by dividing the inter-transducer distance (50 mm) by the first-peak
arrival time differences Dt of 65 kHz As-Lamb. Orientation dependence of 65 kHz Ay-Lamb velocities
for UD-, quasi-isotropic and cross-ply (thickness=2.0 mm) CFRP are shown in Fig. 2 Measured data
was approximated by a 6-th order polynomia equation (solid line). Velocity anisotropy of the quasi-
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isotropic plate is small, or 6 %, whereas a strong velocity anisotropy exists for the UD-CFRP with the
ratio of maximum to minimum velocities of 1.7. It is aso noted that the velocity variation for the quas-
isotropic plate is asymmetric to the Y-axis. That is, the velocity at g = 135° (1312 m/s) is faster by 152
my/s than that (1160 m/s) at 45° probably due to the eight -45° plies at mid-thickness.

SOURCE LOCATION

Figure 3 shows the schematic illustration of source location method. Source location experiment used
four AE transducers (PAC, type PICO; 4.0 mm diameter; nominal resonant frequency, 0.45 MHz). These
were mounted on the corners of a 300 mm square on 500 mm square CFRP plates. The origin of the
coordinate is set at the channel 1 transducer. Lamb waves were produced by simulated impacts (pencil-
lead break and steel-ball drops). Outputs of the transducers were amplified 40 dB and digitized at an
interval of 800 ns with 1024 points at 10 bit amplitude resolution, and fed to a work station (Sun Spark
Station 5) for analysis. Wavelet transform is useful in getting arrival-time information with a high S/N
ratio and sharp peak definition. Shown in the top row of Fig. 4 are examples of Lamb waveforms
produced on the quasi-isotropic CFRP plate by a pencil-lead break (left) and a steel-ball drop (right) at
#2 position, corresponding to the coordinate (150, 225). These waves were monitored by channel-4
transducer. The waves produced by the pencil-lead break contains both the Sp-Lamb component
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Fig.3 Schematic illustration of source location method of Lamb waves produced
by impacts at #1 to #9 positions on CFRP plate.
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Fig.4 Examples of Lamb waveforms (the top) produced by pencil-lead break (the left) and
steel ball drop (theright) on (0°4/45°4/90°4/-45°;)s CFRP plate. The bottom two figures
represent thetime transient of wavelet coefficients at 65 kHz

(arriving first, high-frequency, low-amplitude) and the late-arriving large amplitude Aog-Lamb
component. The wave due to steel-ball impact contains only the Ap-Lamb component, having lower
frequency and large amplitude. The bottom two figures represent the time transient of 65 kHz wavelet
coefficient, corresponding to the 65 kHz-components of the signals. The $-components can not be seen
in these figures because of their low amplitude.

Selection of a particular frequency component for the source location depends on two factors. One is to
use the strong frequency components of propagating Lamb waves. This is affected by the mechanism of
wave generation, wave propagation characteristics and transducer parameters. The other is a sufficient
velocity difference of the S- and Ap-Lamb waves, so that the Ap-Lamb arrival is adequately separated
from the S-Lamb wave component. For example, in the quasi-isotropic CFRP plate used here, the
velocity of Ap-Lamb at 65 kHz is calculated as 1.3 mm/ns while that of S-Lamb is 5.5 mm/nms. These
were obtained by Adler's matrix transfer method [10]. At 250 kHz, both velocities are similar and it is
impossible to separate the Ap-Lamb from the S-Lamb waves. This means that the utilization of low
frequency Lamb waves is better for determining the arrival times of impact-induced waves. The use of
even lower frequenciesis limited by the lack of transducer sensitivity, athough the attenuation is lower.
It is also expected that spatial definition becomes poor as the wavelength increases proportionately.
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a. Sour ce L ocation on Quasi-isotropic CFRP Plate

The source location on a quasi-isotropic CFRP plate was determined by first exciting Lamb waves by
breaking a pencil-lead and by dropping a steel-ball (7 mm diameter, 1.4 g mass, 20 mm height) at
position #1 to #9 in Fig.3. Square transducer arrangement was used. The upper row of Fig. 5 shows
typical waveforms excited by pencil-lead breaks at position #2 (150, 225) and monitored by four
resonant transducers (ch.1 to 4). Their 65 kHz wavelet coefficients (or Ap-components in this case) are
shown in the bottom row. From the wavelet coefficients vs. time curves, we determined the arrival
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Fig.5 Examples of Lamb wave (top) and their 65 kHz Ap-components (bottom) produced by pencil-
lead break at #2 position and monitored by four AE transducers on (0°4/45°4/90°%/-45°)s CFRP plate.

times of the detected waveforms, which were taken at the points in time when the wavelet coefficient
reaches 20% of the peak value. This compensates for the attenuation of wave amplitude. We aso
compared them with the positions of the peak value, or peak-arrival times, but the 20%-threshold
approach was dightly better in final location accuracy. Although the peak position coincides better with
the arrival of the particular frequency component judging from the shape of the waveform, broadness of
the peaks probably contributes to the observed discrepancy. The determination of the arrival time was
performed as a part of computer program along with the wavelet transform. Owing to a good SN ratio
and sharply rising wavelet profiles, arrival times can be accurately identified. Using the arrival time
data, we obtained next the sequence of the arrival times. This identifies the source location within one of
the four quadrants for the square four-transducer arrangement used. The final step of this source location
method is to use measured arrival time differences and orientation dependence of Ay-Lamb waves, and
to estimate a source location. The differences of the measured arrival times are matched to computed
arrival time differences, by using one of iterative processes. Results are shown in Fig. 6 for pencil-lead
break (left) and steel-ball drop sources (right), which indicate an original position by a sgquare and
estimated source position by an X. The estimated source locations agree well with the given locations.
The location results are given in Table 1. The maximum error of 6.8 mm and average error of 2.4 mm
were obtained for pencil-lead break sources on this quasi-isotropic CFRP plate. For steel-ball drops, the
maximum error of 6.3 mm and average error of 3.0 mm were obtained. Computation time was less than
one second. The importance of utilizing anisotropic Lamb wave velocities can be demonstrated by a
comparison with source location results with an isotropic velocity. Table 2 summarizes the results,
which indicate the maximum error of 26.4 mm and average error of 17 mm. Even though 65 kHz Ao-
Lamb velocities only varies from 1.17 mm/ns to 1.33 mm/s (or 6%), this velocity variation decreases
the location accuracy to an unacceptable level.
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Fig.6 Comparison of given source location () and estimated location (X) of pencil-lead break (the
left) and steel-ball drop (the right) on (0°%/45°4/90°4/-45°%)s CFRP plate.

Table 1 Source location of pencil-lead break (the left) and steel-ball drop (the right)
on (004/4504/ 9004/-4504)3 CFRP plate.

Pencil lead break Steel ball drop
Impact location |Estimated location |error Impact location |Estimated location |error
No. No.
x{mm) y{mm)| x{mmj | y{mm) ({mm) x (mm)| y (mm) | x{mm) | y{mm) [(mm)

#1 75 225 75.9 2240 | 1.3 #1 75 225 77.6 2272 | 34
#2 150 225 150.1 2278 | 28 ¥2 130 225 150.0 2282 | 3.2
#3 225 225 2220 2311 #3 225 225 2232 229.0 | 44
#4 75 150 74.8 1507 | 0.7 #4 75 150 76.5 1508 | 1.6
#5 150 150 151.0 1516 | 1.9 #5 150 150 1508 1522 | 24
#6 225 150 2253 1529 | 29 #6 225 150 2258 151.8 | 20
#7 75 75 75.6 729 | 22 #7 75 75 78.4 89.7
#8 150 75 148.0 749 | 20 #8 150 75 1511 717 | 35
#9 225 75 224.8 76.1 1.1 #9 225 75 225.3 750 | 03

Average error 2.4mm Average error 3.0mm

b. Source Location on UD-CFRP Plate

The source location analysis of pencil-lead breaks and steel-ball drops is performed on a UD-CFRP
plate that has stronger anisotropy. Specimen size and transducers layout are the same as those used for
the quasi-isotropic CFRP plate. Procedures are identical to those used earlier and 65 kHz Ac-
components were utilized. The source location results for pencil-lead breaks and steel-ball drops are
summarized in Table 3.
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Table 2 Source location on (0°%/45°4/90°4/-45%)s CFRP plate using 65 kHz Ag-component assuming
the symmetric velocity distribution to the Y-axis.

Impact location |Estimated location |error
No.

x (mm) |y (mm)| x(mm) |y {(mm) |(mm)
#1 75 225 77 2125 | 127
#2 150 225 140 2085 | 193
#3 | 225 | 225 209 246
#4 75 150 77 1495 | 21
#5 150 150 150 1335 | 165
#6 225 150 203.5 144 22.3
#7 75 75 89.5 57 23.1
#8 150 75 159 90.5 17.9
#9 225 75 223 875 | 127

Average error 17mm

Table 3 Source location of pencil-lead break and steel-ball drop on UD-CFRP plate.

Pencil lead break

Steel ball drop

Impact location |Estimated location |error Impact location |Estimated location |etrror
Ne. No.

x{mm): y(mm)| x(mm) | v{mm) |(mm) X (mm)|y(mm)| x{mm) | yv(mm) |(mm)
#1 75 225 72.0 2271 | 37 #1 75 225 72.8 229.0 | 4.6
#e 150 225 150.9 2264 | 1.7 #2 150 225 150.8 229.0 | 4.1
#3 225 225 227.3 2263 | 26 #3 225 225 227.3 2241 | 2.5
£#4 75 150 69.5 1512 #4 75 150 66.6 150.8
£5 150 150 148.2 1493 | 1.9 #5 150 150 153.7 1495 | 3.7
#6 225 150 228.3 1500 | 3.3 #6 225 150 228.0 1509 | 3.7
#7 75 75 72.5 71.7 4.1 #7 75 75 73.4 71.8 36
#8 150 75 151.7 73.1 3.8 #8 150 75 148.3 71.0 4.3
#9 225 75 224.6 73.8 1.3 #9 225 75 225.2 73.0 2.0

Average error 3.1mm Average error 4.0mm
The source location for pencil-lead break was determined within 5.6 mm maximum error with the
average error of 3.1 mm. Accuracy of source locations for steel-ball dropsis aso good, with the average
error of 4.0 mm and 8.4 mm maximum error. The results demonstrate that, in spite of a higher velocity
anisotropy of UD-CFRP, the source location can be accurately estimated by the present method.

c. Source Location on Cross-ply CFRP Plates

The source location analysis of pencil-lead breaks is performed on cross-ply-CFRP plates of three
different thickness (2.0, 3.0 and 40 mm). Specimen size and transducers layout is the same as those
used for the quasi-isotropic CFRP plate. Procedures are identical to those used earlier and 65 kHz Ay-
comporents were again utilized. The source location results for pencil-lead breaks are summarized in
Table 4. The source location for pencil-lead break was determined within 6.5 to 11.8 mm maximum
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Table 4 Source location of pencil-lead break on Cross-ply-CFRP plates.

Thickness: 2.0 mm Thaickness: 3.0 mm Thickness: 4.0 mm

impact location |Estimated |ocation (ervor impact location (Estimated location (error impact location |Estimated localion jerror
Mo, MNo. Mo,

*¥ (rom): y {mm}| x{mm} |y ({mm) (mm) % (ram) iy fmm) | x{mm) | v (ram) (mm) s (ram) |y {mm} | x(mm) | y(mm) {mm)
#1 IE] 225 Fe.d 2303 | 890 #1 73 225 733 22840 | 43 #1 73 225 T23 235 | 2

#2 | 150 @25 | 1500 2320 70 #2 | 150 25 | 1500 | 2308 56 42 | 150 | 25 1488 | 2367 [115
# | 225 205 | 287 2319 78 43 | 225 | 205 | 2287 | 2078 46 43 | 225 | 225 2268 | 320 FE
#4 75 150 B7.4 1800 | 78 #4 75 150 TO.B 1800 | 44 #4 73 150 708 1808 | 42
#5 150 150 1507 1514 | 18 #5 150 150 1423 1821 | 22 #5 150 150 1508 1534 g

#5 225 150 2344 1522 @ &7 #5 225 150 2308 1484 @ 59 #6 225 150 2285 1454 4.5

# 75 7E 713 654 103 %7 75 75 68.9 Ter [_6,5 #7 75 ] 726 GEE | B4

#3 150 7 148.9 o3 48 #3 150 I 1483 701 52 #3 150 75 148.8 668 42
#9 225 75 2311 s A8 #3 225 75 2288 728 | 44 #3 225 75 2345 e | 1d5

Auatage errot 8.9mm Average efrot 4.8mm Average etror 7.0mm

error with the average error of 4.8 to 7.0 mm for these plates. The results demonstrate that, in spite of a
lesser velocity anisotropy of cross-ply CFRP plates, the source location accuracy was comparable to the
other plates. This implies that the accuracy limitation is due to the lack of homogeneity in the plates
used rather than the source locationalgorithm.

CONCLUSION

We developed a new source location method applicable to anisotropic plates, and demonstrated its utility
for the source location of quasi-isotropic, unidirectional and cross-ply CFRP plates with velocity
anisotropy and dispersion. The orientation dependence of Ay-Lamb velocities for CFRPs plates was
measured at selected frequencies by a wavelet transform of AE signals. This velocity data was
incorporated for the source location analysis. The computer algorithm developed provides performing
wavelet transform, determining the arrival time of a selected frequency Ao-Lamb component and
computing the source coordinates. The source was first estimated to one of four quadrants within 4
transducers by using the arrival times, and then accurately determined by sequential iteration. Here, the
measured arrival-time differences were matched with those computed by moving a virtual source
position in pre-set steps. The source locations of pencil-lead breaks in 300 x 300 mm square enclosed by
four transducers on both the quasi-isotropic and unidirectional CFRP plates were determined with the
maximum (average) error of 6.8 (3.1) mm. Steel-ball drop sources were located withthe average error of
3.0 mm for the quasi-isotropic plate and 4.0 mm for the UD-CFRP plate. Speed of the source location
was less than one second in al the cases.
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ABSTRACT

In this paper we report on the study of the acoustic emission (AE) produced during room temperature
deformation of polycrystalline, fully dense, bulk samples of the ternary carbide, TisSC,. This material is
a damage tolerant ceramic that deforms plastically by a combination of delamination of individual
grains, shear, and kink band formation. To further evaluate the deformation and fracture mechanisms,
AE was monitored during compression tests. The AE activity is a strong function of strain rate and grain
size. Unlike regular metals, this ceramic does not exhibit a peak of AE activity associated with the point
of non-linearity in the stress-strain curve. An attempt has been made to quantify the AE and correlate it
to the various damage mechanisms occurring during room temperature compression. AE can be used to
continuously monitor the evolution of the damage, and its onset.

INTRODUCTION

Acoustic Emission (AE) is a well-proven technology for studying the mechanisms accompanying
deformation and fracture. The AE produced during deformation of solids is a function of their elastic
moduli, temperature, and microstructural features such as grain size, strength and fracture toughness.
The various damage processes (dislocation motion, crack initiation and propagation, plastic deformation,
etc.) radiate elastic waves that can be detected by piezoelectric transducers. Typicaly, each of these
mechanisms is accompanied by a different AE signature, and in principle it is possible to differentiate
between them. Furthermore, AE activity can be used as an indication of the onset of failure. The
determination of failure modes by various AE signals and their correlation with mechanical propertiesis
a base for developing evaluation criteriafor damage characterization of ceramic materials.

To date, two limitations have restricted the use of AE to study the fracture of brittle solids in general,
and ceramics in particular. The first is the high AE event rates that sometimes exceed 1000/sec [1]. A
solution to this problem is to use the MISTRAS-2000 system (Physical Acoustics Corp.) that is capable
of performing waveform and signal recording with a maximum event rate exceeding 1200/sec. The
second limitation, which is more difficult to overcome, is related to properties of ceramics being brittle
and damage intolerant by their nature. Recently, however, a new class of materials was discovered, that
are extremely damage tolerant [2-5]. The power of combining AE with this new class of materials is
demonstrated in this work.

For the current study we selected the ternary carbide, TisSC, recently fabricated and characterized in
fully dense, bulk, single phase samples P]. This materia is rather stiff (Young's moduli »300 GPa
[2,6,7]) but relatively soft (Vickers hardness, »4 GPa). At the same time, it is readily machinable by
regular high speed tool steels with no lubrication or cooling required. 1n addition to the aforementioned
characteristics, TisSIC» is also oxidation [8] and creep resistant [9]. Most relevant to this work is the fact
that TisSC, deforms by a combination of regular glide kink and shear band formation [10,11]. The
dislocations are overwhelmingly confined to the basal planes [12], are mobile, and multiply at room
temperature [11].
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We have also shown that highly oriented macro-grained samples are ductile at room temperature and
deform by forming macroscopic shear bands that, for the most part, extended across the samples tested.
Because the deformation is constrained to the shear bands, the latter are areas of considerable upheaval,
with delaminations, crack bridges and other evidence of intense deformation clearly obvious in post-
deformation micrographs. The details and sequence of events that lead to the formation of the shear bands
has not been studied in detail. The results presented in this paper, do shed some light on the problem. To
date polycrystalline samples loaded in compression at room temperature failed in a brittle manner. In our
most recent work, we demonstrated that the mechanical response of TizSC> is a strong function of strain
rate [13]. The results shown in this paper clearly show that when loaded slowly, even randomly oriented
polycrystalline samples will exhibit some plasticity at room temperature. Finally, it is important to note
that since TizSC, does not possess 5 independent dip systems, it does not possess a yied point. The
transition is thus one from elastic to in-elastic deformation, which is often not easy to determine from
load deflection curves. The stress at which the transition occurs is henceforth referred to as the inelastic
deformation stress or IDS.

This paper describes the quantitative results from application of the AE for determination of the role the
microstructure and test parameters play during the deformation and fracture of TisSC,. The goa of this
work is to carry out a detailed study of the acoustic emission accompanying initiation and subsequent
damage evolution in Ti3sSIC, samples during compression. The analysis of AE data allows us to evaluate
the effect of the grain size and strain rate on AE activity and aso gan further insight into the
deformation mechanisms of this material.

EXPERIMENTAL PROCEDURE

The materia for fabricating TisSIC, samples was prepared using reactive hot isostatic pressing (HIPing)

[14]. In this work, three microstructures were tested: a fine grained (FG) with average grain size of 5
pum; acoarse-grained (CG) with average grain size of 100 um, and a duplex microstructure (DM) which
consisted of very large grains of the order of 500-800 um plates, about 100 um thick, embedded in a
matrix of 100 um grains. All tests were performed on cylindrical specimens (7 mm diameter and 15mm
length) machined by electro-discharge machining.

Figure 1 shows the set-up of AE monitoring hardware used in this study. The compression tests were
performed on an Instron-type testing machine at room temperature. The nominal strain rate was varied
from 0.00056 to 0.0056 s*. In a few samples the strain was measured with a specially designed fiber
optic strain gage that attached to the lateral side of the specimen. The MISTRAS-2000 system (Physical
Acoustics Corporation) used in this work is capable of performing waveform and signal recording with a
peak event rate exceeding 1200/sec. The AE signa was recorded with a broadband PAC S9208 and
resonant PAC R15 transducers mounted on the free side of the specimen under test.

RESULTS AND DISCUSSIONS

Stress-strain curves of two CG samples tested at 0.00056 s$* are shown in Fig. 2. In both cases, a
deviation from nonlinearity is observed at ~ 200 MPa, which is followed by what can be best described

as aregion of distinct hardening, or in-elastic deformation, until failure at ~ 500 MPa. One sample failed

at astrain of 1.2 %, the other at ~ 2 %. In these tests the strain was directly measured using the optical

strain gauge. The reproducibility between the two runs is excellent. The straight line represents the

stiffness cal culated based on the measured modulus of 333 GPa [6]. Also plotted in Fig. 2 (lower curve)

is the cumulative AE event rate for Sample # 1. Below 200 MPa, there is very little AE activity. Beyond

the IDS, the AE activity (RMS, hit rates and energy) increases monotonically until fracture.

62



PC with continuous AE
Monitoring

Preamplifier
40 dB

AE sensor

f

Fig. 1. Set-up of the AE monitoring hardware used in this study.

E =330 GPA

calculated modulus

T T
AE event rate

for sample #2

sample #1

200
- 180
- 160
~ 140
- 120
- 100
- 80

-1 60

Specimen

T T
0.010 0.015

Strain , e

T
0.005

0.020

Fig. 2. Stress—strain curve and cumulative AE eventsvs strain for CG sample.

In order to evaluate the effect of experimenta variables in this work, the AE was measured as a function
of strain rate. Figure 3 shows the AE RMS voltage Vims plotted as a function of strain rate ( ce/dt )
(cross-head speed) at 95% of the stress to failure. A least squares fit of the data (dashed line) yields a
sope of ~ 0.6. The solid line represents (slope 0.5) the normal strain rate dependence Vims ~ (de/dt)®> .
This norma strain rate relationship implies that the AE source mechanism, associated with moving
didocations, remains unchanged over the range of strain rates measured [15]. The origin of this behavior
in TkSCzisnot clear yet and more work is required.

The results shown in Fig.4 demonstrate the effect of grain size on AE activity obtained during the
monotonic compression test using a strain rate of 0.00056 s*. This figure displays the load (top set of
curves), cumulative RMS (middle set of curves) and cumulative hits (bottom set of curves) versus time
for the FG (a), CG (b) and DM (c), samples As can be seen, cumulative hits and RMS increase with a
grain sizeincreasing. Note the change of scale of the y-axis when going from the FG to the CG and DM
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Figure4. Time history AE resultsfor three various grain size sample: (a), CG (b) and DM (c).

samples. These results clearly show that the AE activity is a strong function of microstructure. Thisisin
a good agreement with the theoretical approach [16]. Furthermore, as the point at which the cumulative
AE event rate increases dramatically (Fig. 4b, lowest curve) corresponds to a stress of » 250 MPa, it is
comparable to the IDS determined from Fig.2 (»200M Pa), and the former must be associated with the
initiation of damage. This can be used to quickly and accurately measure the IDS in these damage
tolerant ternary compounds; a quantity that has not been easy to determine.

It is important to contrast the behavior of TisSIC, with that of ductile metals and other more brittle
ceramics. In metals, including Ti, the AE activity and RMS are at a maximum at the yield point. Typical
ceramics behave more like the FG response shown in Fig. 4a. The AE activity of DM samples starts at
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early stages of deformation is amost an order of magnitude higher than that for FG samples. The AE
behavior of the CG and DM samples is distinctly different (see Fig.4b and Fig.4c). In light of what is
currently known about the deformation modes of TisSIC», i.e. grain delaminations, kink and shear band
formation in individua grainsthis is not too surprising.

It is reasonable to assume that the AE signature of the aforementioned deformation modes is different
than that due to the simple glide of dislocations along basal planes that must precede them. In the CG
and DM samples, it is also reasonable to assume that the first AE events occur at stresses that are much
lower than those required for the formation of the first macroscopic shear bands. This in turn suggests
that there may be several AE signatures. The analysis of individual waveforms and their spectra support
this notion. Figure 5a and 5b show the AE hits amplitude distributions, waveforms and their spectra for
CG sample at two levels of the applied stress: (a) initia stage I, (» 300 MPa, just after IDS); (b) stage Il
(at » 450 MPa, near failure stress). The AE signals measured at stage | were typicaly burst type with a
relatively low energy per event and with dominant low frequency component centered around 150 kHz
(Fig. 5a, lower curve). This AE is most likely due to dislocation motion, array formation and kink band
formation and possibly initial delaminatiors. At the higher strains (Fig. 5b, lowest plot) the spectrum is
distinctly different; the events are high energy and contain higher frequencies. These are AE signals of
the second type. It is therefore reasonable to associate this AE signal with the formation of the
macroscopic shear bands. The amplitude distribution plots (Figs. 5ab, top plots) aso indicate
differences. The amplitudesin both stages have a peak between 40-50 dB. However, a second peak can
be observed in loading stage 11 (Fig. 5b, top curve, marked with the arrow) between 60 and 70 dB. This
indicates the presence of at least one other mechanism after the IDS. In order to distinguish AE signals
from the different damage mechanisms, it also possible to apply pattern recognition analysis.

The Physical Acoustics Corporation NOESIS software that was used for this purpose illustrates (Fig. 6)
the evolution of the various AE features during the loading of aDM sample. The onset of the shear band
can be clearly identified, as the signals forming cluster #1 have relatively low mean frequencies.

One important result of the performed study is that deformation induced AE is shown to be very
effective and useful for the evaluation of fracture mechanismsin TizsSC,. Also, we have proved that AE
frequency spectrum data and pattern recognition analysis could be used to characterize various AE
sources associated to damage evolution of this material. The AE results demonstrate the unique damage
tolerance characteristics of TisSC»; the amount of damage these solids can accumulate before failing is
guite remarkable even at room temperature. Finally, our AE results clearly indicate that both the design
stresses, which probably would have to be less than the IDS, and the amount of damage the material can
withstand before failure, are strong functions of grain size and microstructure.

CONCLUSIONS

In this study acoustic emission was used to evaluate the damage mechanisms occurring during room
temperature compression of Ti3SIC,. The AE generated during compression tests of the TisSC, samples
has been measured and characterized. Three types of microstructures were investigated, and the
measured AE was found to be dependent on the grain size and strain rate. Analysis of the AE signals
suggests that more than one mechanism was responsible for the signal. Based on this work, AE can be
effectively used to evaluate the fracture mechanisms and damage evolutionin this material. Further
studies on the quantitative correlation between AE and material micro-mechanics are under way and will
be published soon.
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EVALUATION OF MARTENSITIC TRANSFORMATION DYNAMICS OF Cu-Al-Ni SHAPE
MEMORY ALLOY SINGLE CRYSTAL BY ACOUSTIC EMISSION METHOD

Kenichi YOSHIDA, Shinichi KIHARA* and K. SAKAMAKI
Department of Mechanical Engineering, Tokushima University, Tokushima, Japan
*Yamaguchi NEC Corporation, Yamaguchi, Japan

Abstract

Cu-Al-Ni shape memory alloy exhibits a super-elasticity, which shows perfect recovery of plastic
deformation. The super-elasticity used in this study results from a perfect reversible martensitic
transformation. Acoustic emission (AE) behavior during the stress-induced martensitic transformation
has been investigated using two types of specimens of Cu-Al-Ni shape-memory alloy single crystal, each
of which has different stress concentration factors. AE total event counts generated during martensitic
transformation did not depend on the specimen volume. AE event rate and the amplitude distribution
were associated with the nucleation and growth of martensite plates during loading and their
disappearance and shrinkage during unloading. Sequential change of AE waveforms during deformation
was different in the two specimens because of differing martensite plate shapes. The martensitic
transformation rate obtained by AE waveform analysis increased with increase of fatigue damage.

Introduction

Martensitic transformation is known as a transient shear process in materials. The dynamic property of
the transformation must give an important information on the nature of the transformation [1]. In
general, the martensitic transformation proceeds both by nucleation and growth of martensite plate [2].
The dynamic behavior of martensitic transformation phenomena has been measured by transient
electrical resistivity change in Fe-Ni alloy [3], magnetic permeability change in Fe-Ni alloy [4] and AE
method in 304 stainless steel [5,6]. These results have two weak points to explain the dynamic behavior
of individual martensite plates. One is that the studies included the constraints due to grain boundaries
because materials used were polycrystalline. Another is that these could not be distinguish between
nucleation and growth of martensite plates because of difficulty of in situ measurement.

In this paper, the dynamic properties of the stress-induced martensitic transformation in two types of
Cu-Al-Ni shape-memory alloy single crystal were investigated using AE method. The martensitic
transformation used in this study was the b,’(DO; structure)<=> b,’(18R structure) transformation,
which can be observed by an optical microscope during tensile deformation at room temperature.
Therefore, the nucleation and growth behavior of martensite plates was examined in detail.

Experimental procedures

Material used was a Cu-14.1mass%Al-4.1mass%Ni alloy (M=250K, A{=280K) for stress-induced
martensitic transformation. It was melted in argon in a high-frequency induction furnace and cast into a
plate-shaped copper mold. It was next put into a graphite mold. An oriented single crystal of the Cu-
Al-Ni alloy was grown using a seed crystal by the Bridgman method at a speed of 32 mm/h. They were
solution-treated at 1273K for 1 hr. and then quenched into water at room temperature in order to keep
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the b, matrix phase. Two kinds of tensile specimens (shown in Fig. 1) were prepared by an electron-
discharge machine, polished mechanically and then electro-polished in a solution of phosphoric acid
supersaturated with chromium trioxide. These were nearly smooth (specimen No. 1) and double-side
notched (specimen No. 2) specimens. Stress concentration factors in these specimens were 1.01 and
2.65, respectively. For volume dependency on AE activity, rectangular samples (size: 12 mm x 4 mm x
0.9~1.8 mm were also used. The orientation of the single crystal specimen was determined by the
back-reflection Laue method. The specimen had (001) surface and [100] tensile direction, respectively.
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Fig. 1 Specimen shapes and AE sensor locations.

Tensile test was carried out with an Instron-type testing machine at a strain rate of 5.6 x 10~ s™*. Fatigue
test by plate bending was also carried out with a Schenk-type testing machine at a cyclic rate of 6 Hz.
Surface appearance during tensile test was observed and photographed microscopically by an optical
microscope.

Acoustic emission measurements were performed using 2-channel AE monitoring system (PAC:
MISTRAS-2001). The AE signals were detected by two AE transducers (M5W) with wide frequency
band. These were directly attached on the grip part of a specimen with a quick-acting glue. The distance
between the two transducers was 50 or 20 mm. Detected AE signals were amplified by a constant gain
of 60dB through a band-pass filter of 0.1 to 1.2 MHz. Acoustic emission parameters measured consisted
of the AE events, the peak amplitude and the waveforms. Threshold level was 50dB, which
corresponded to 316 pV at the preamplifier input.
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Results and Discussion

(1) Effect of specimen volume on AE activity

All the specimens exhibited super-elasticity and completely recovered the matrix phase upon unloading
because of the lower As point of the material. When a given plastic strain is exclusively due to the
martensitic transformation, an amount of transformation is considered as proportional to the given
plastic strain energy. So effect of specimen volume on AE activity has been examined. All the specimens
were given the same plastic strain energy per unit volume and an amount of transformation changed by
the specimen volume. Results obtained during loading and unloading at the constant plastic strain of 2%
are shown in Fig. 2. Total AE event counts decreased with an increase in the specimen volume. AE
activity does not seem to depend on the amount of the martensitic transformation in material, but
strongly depends on the dynamic behavior of the transformation. Especially the tendency becomes
stronger under the reverse transformation. This indicates that it is possible to track nucleation and
growth of transformation by AE method.

15000 -

12500 : g

Total AE Event Counts

0 25 50 75 100
Specimen Volume / mm3

Fig. 2 Effect of specimen volume on total AE event counts (constant plastic strain of 2 %).

(2) Difference of AE activity under different stress conditions

Relations between load-elongation curve, AE event rate and amplitude in the smooth (No. 1) and notched
(No. 2) specimens during loading are shown in Fig. 3 and 4. Typical sequential surface appearances at
the four elongation values by optical microscope are also shown. Less AE events were detected in the
smooth specimen than those in the notched specimen, but higher AE amplitude was observed in the
smooth specimen. According to the surface appearances in Fig. 3 and 4, the AE activity is related to the
nucleation and growth of a few, large martensite plates in the smooth specimen and to the nucleation of
many small martensite plates in the notched specimen.
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(3) Nucleation and growth behavior of the martensitic transformation

Acoustic emission behavior in the smooth specimen was different from that in the notched specimen in
the early stage of the transformation as mentioned above. In the case of the smooth specimen, martensite
plates extended to a single direction nucleated at first, and these grew in length and width directions and
expanded through the thickness direction during yielding. Acoustic emission, which occurs sporadically
during nucleation in the early stage of the transformation, had small amplitude, but AE changed to
medium or high amplitude with the growth in length and width directions and still higher with expanded
martensite plates. In the case of the notched specimen, many small amplitude acoustic emissions were
detected when numerous small-sized martensite plates nucleated near the notch roots into two or three
directions. There was only a small number of medium and high amplitude acoustic emissions because
many martensite plates nucleated near the notch roots did not grow in the width direction because of
stress concentration. Many higher amplitude acoustic emissions occurred with growth to the length and
thickness directions.

100+ 300
Loading
2y 250
804 &
8 Qé?ﬂ(ﬁl-
S0 & Roiky
< ~ 150 Elongation 0.565mm
EER
_ =
5 50 = 1004
| 2
Al 50
30-
]

0 01 02 03 04 05 06 07 08 — : .
Elongation (mm) Elongation 0.560mm Elongation 0.580mm
Fig. 3 Relations between load-elongation curve, AE event rate and amplitude during loading; in specimen
No. 1 (smooth). Sequential surface appearance at different elongation by optical microscope.

50
i 4sn] Loading Fl4
E 4000 — - 1.2
v M- 1 =~  [i0um
g ] A
o — [ =  Elongation 0.260mm Elongation {290 mm
g 60 4 I
E 5 06 5
TE’i-m- B oL
3o
e
' : . - 0
o 0.1 02 6.3 1.4 0.5
Elongation {mm) Elongation  0.280mm Elongation 0.360mm

Fig. 4 Relations between load-elongation curve, AE event rate and amplitude during loading in specimen
No. 2 (notched). Sequential surface appearance at different elongation by optical microscope.
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Remarkable characteristics of acoustic emission waveforms in the smooth and notched specimens were
found. In order to understand that, we divided into three stages the region from the loading start to yield
point: Stage 1: starting point of loading to the nucleation region of martensite plates, Stage 2: mainly the
growth region of martensite plates, Stage 3: near yielding. FFT analysis of detected AE waveforms has
been performed in each transformation stage. A typical frequency spectrum of the waveform during
tensile deformation is shown in Fig. 5. First and secondary peaks were selected as the characteristic
parameters. Changes of these parameters during tensile deformation in the smooth and notched
specimens are shown in Fig. 6 and 7, respectively.
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Fig. 5 A typical frequency spectrum of detected AE waveform.
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Fig. 7 Changes of first and second frequency peaks in waveforms detected in each stage during tensile

deformation in Specimen No. 2 (notched).

First frequency peak is distributed near 200 kHz. This frequency seems to be characteristic of the
martensitic transformation. The second peak frequency shifted to higher frequency in the latter half of
Stage 2 in the smooth specimen but steeply to higher frequency in the latter half of Stage | in the notched
specimen. The shift of the second frequency to higher frequency seems to depend on a degree of
constraint against growth to length and thickness directions of the martensite plates. The shift suggests
that the rise time in the martensitic transformation becomes short as discussed next.

(4) Rise time change of the martensitic transformation with fatigue damage

The rise-time analysis of the martensitic transformation has already been conducted using AE waveform
analysis in the previous papers [7,8]. Takashima et al. tried to approximately conduct the source
characterization using the dynamic Green's function in an infinite isotropic medium, assuming the
Gaussian error function as the time shape function characterizing the dynamic property of the acoustic
emission source. As a result, the mean rise time of the source was calculated by the gradient of the
spectrum as the log-log expression in the frequency range of interest. Results obtained were apparently
valid because the rise time of pencil-lead breaking as reference in this method was consistent with that in
other method [9]. We applied the method to the martensitic transformation with fatigue damage. Change
of the mean rise time due to the fatigue cycles in the smooth specimen during loading and unloading are
shown in Fig. 8. Both of the mean rise times decrease with an increase in the fatigue cycles. Even if
fatigue is given to 30000 cycles, we could not find out a macrocrack on the specimen surface. In this
case, we could evaluate the growth rate of the martensite plates, which changed from 310 m/s to 500 m/s.
The martensitic transformation is indicated to be able to occur more easily with increase of fatigue
damage. Therefore, it is clearly possible to non-destructively evaluate the fatigue damage in the stage
before crack formation in this type of material using AE waveform analysis.
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Fig. 8 Effect of mean source rise time on fatigue cycles in loading and unloading process. Mean source
rise time was obtained by the acoustic emission wave analysis of Takashima et al. Decrease in mean
source rise time corresponded to increase in growth rate of martensite plate of 310 to 500 m/s.

Conclusions

Acoustic emission behavior during stress-induced martensitic transformation of Cu-Al-Ni shape-memory
alloy single crystals, which exhibit super-elasticity, has been investigated using the smooth and notched
specimens. Results obtained are as follows:

(1) There is no effect of specimen volume on AE activity.

(2) Sequential AE activity consisting of AE events, amplitude and waveforms in the smooth specimen is
different from that in the notched specimen because of different stress concentration.

(3) Acoustic emission method is effective to evaluate such dynamic processes as nucleation and growth
of martensitic transformation.

(4) It is possible to evaluate this type of material with fatigue damage using the acoustic emission
waveform analysis.
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THE IDENTIFICATION OF BASIC FATIGUE PARAMETERS ON
ELECTRORESONANCE PULSATOR WITH HELP OF THE ACOUSTIC
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Abstract

Exemples of chosen experimental results were introduced in the paper, that had been gained during the
application of the technology of acoustic emission on the observing of fatigue failure of carbon steel
and nodular cast iron with the surface treated by low temperature plasma nitriding. Gained parameters
show that this non-destructive testing method is also suitable in the area of fatigue properties
evaluation on the electro-resonance pulsators. Different types of AE data treatment are presented here.

1. INTRODUCTION

One of the important research areas, which are being solved in the Institute of Design in BUT Brno is
the problem of influencing of the fatigue limit and other fatigue parameters of materials by help of up-to-
date surface treatment. Low-temperature plasma nitriding, oxinitriding, laser treatment of the surface
etc. are examples of these treatments [1]. Electro-resonance testing machine RUMUL Cracktronic
observes fatigue qualities of materials treated in this way. Technical solution of this pulsator makes
possible only very restricted analyses of fatigue processes that really happen in loaded material.

Due to the fact that we have been dealing with the application of the acoustic emission technique (AET)
in the area of contact loaded materials, we try to use this modern technology of non-destructive testing
of damaged materials and constructions with such samples, that were loaded with classical fatigue on
Rumul machine. First experimental results that proved the possibility to use AET for fatigue process
observing on above mentioned pulsator have already been presented at the conference AE"99 [2]. First
experiences have been deepened and the basic database of necessary AE parameters has been gradually
created.

2. MATERIAL AND EXPERIMENTAL EQUIPMENT

In this paper, chosen results gained by cyclic loading of carbon steel CSN 41 2060 (= C55) and nodular
cast iron CSN 42 2305 (= GJS-500-7), the surfaces of which have been treated by low temperature
plasma nitriding (430°26 hours) are introduced. By this heat treatment, the surface of material is
saturated with nitrogen in gas atmosphere. The result of this quite complicated process is the appearance
of very thin hard layer on the surface (so-called “white layer”) and diffusion layers of various thickness
(usually 0,2 — 0,3 mm — “dark layer”), that are gradually getting into basic structure. The example of
metalographic cut of plasma nitrided nodular cast iron with appointed areas can be seen in figure 1.

By a number of materials, plasma nitriding causes important growth of microhardness and especially
development of favourable pressure stress in surface layer. Fatigue limit of the material usually grows
due to these changes. The area of so-called time fatigue limit is very important for common construction
application. In this area, the moment of the initiation of microcracks and especially the length of
following period of growth of fatigue crack is an important criterion. These parameters are very difficult
to identify on electro-resonance loading equipment.
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Fig.1 Example of tested plasma nitrided Fig. 2 Schematic illustration of fatigue test
structure (nodular cast iron) (Nital) arrangement with AE sensing

Three types of AE analysers have been used for analysing of possibilities of distinguishing individual
phases of fatigue process in our case. The process of testing itself was described in details in another
paper [2]. Schematic illustration of fatigue tests arrangement with using of acoustic signal sensing can be
seen in figure 2. The pulsator works in the area of flat four points bending with the frequency of loading
obout 130 - 150 kHz. Symmetric alternating loading cycle was used for all experiments. AE sensors
with waveguide had to be used due to the limited size of samples.

3. EXAMPLES OF EXPERIMENTAL RESULTS

Samples of typical possibilities of AE signal processing in the area of fatigue loading are shown in
following pictures.

In picture 3 there are summation curves, in which counts from the beginning of loading are gradually
added. This curve can be drawn even for individual levels and gradual connecting of higher individual
measured levels of the signal can be seen. Individual basic periods of fatigue process can usually be seen
quite well on the curve.
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Fig.3 Records of total number of AE counts during fatigue loading in all levels and levels No. 1,2,3.
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Fig. 4 Counts rate record in nodular cast iron in the whole process of fatigue test (AE 10C, levels 1-3)

Further possibility how to show acoustic activities in cyclic loaded material is its expressing by so called
counts rate. In this case the number of counts measured in certain time period is drawn in graphic.

In picture 4 a record can be seen that was gained on nodular cast iron with surface treated by plasma
nitriding. Mentioned sample was loaded in the area of so-called time fatigue limit (durability cca 150000
cycles). On the basis of quite detailed knowledge of behaviours of this material, we suppose that
individual parts of the record can be interpreted as follows:

1) Slight softening of the whole volume of the material appears in the initial period (Fig.5).

2) Thin surface layer, which is very hard and fragile, cracks in case that the amplitude of loading is high
enough. This process shows important growth of the number of recorded AE counts in the record.
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Fig.5 Detail of initial period of growth of fatigue crack in nodular cast iron - the area of crack of white
layer (left) and following difficult spreading in nitrided layer (right) - Det A in Fig.4.



3) This obstacle is followed by comparatively quiet period in which damage in diffusion layer (dark
layer) under the white layer is gradually cumulated. Due to the important oversaturation of the structure
by nitrogen, quite high-pressure stresses appear, that restrict effective value of fatigue loading and,
lower amplitudes of loading can stop spreading of fatigue cracks. Higher amplitudes cumulate sufficient
energy cumulated for new re-starting of the whole fatigue process — Fig.5 - right.
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Fig.6 Counts rate in the last period of the fatigue test (nodular cast iron) — Det. B in Fig.4.

4) In the graphical dependence the releasing of energy and the beginning of spreading can be seen again.
In the period of fatigue cracks spreading step shape of records can be seen by nodular cast iron. We
suppose that this character of AE corresponds with jump damage of nodular cast iron. Fatigue cracks by
its spreading do not grow regularly, but they gradually get over individual areas of basic material
between graphitic globules and they are gradually connected into the only one main crack. Step
character of AE records could correspond with these jumps.

The activity in higher levels is gradually being increased with the development of fatigue damage. It
might be possible to get certain information for objective evaluation of the state of fatigue damage of
material from so called histograms, in which AE activities in individual levels (mV) of recorded signal
are observed.
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Fig.7 Typical amplitude distribution — histograms - from the different periods of fatigue loading (levels
1-100 = 0 — 800 mV) (analyser AED FTA4).



The shape of the AE events itself can be considered to be an important source of information about
fatigue process in progress. Our up-to-date knowledge shows that it is possible to watch very important
differences in the shape of the event in individual phases of fatigue process. Typical examples of
characteristic shapes of this parameter are introduced in figure 8. To be able to make use of this
characteristic it is necessary to gather much wider sets of information than those that are available up to

now.
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Fig.8 The shape of the typical events in initial area of fatigue loading and in the area of spreading of
main fatigue crack (material A - carbon steel, material B - nodular cast iron) — coordinates: amplitude
[mV] vs. time [ps], amplitude vs. frekvency [kHz].

4. DISCUSSION ABOUT RESULTS AND CONCLUSION

Introduced results of chosen typical ways of acoustic emission signal treatment show wide possibilities
of application of this modern NDT method for the identification of fatigue process even on the electro-
resonance fatigue testing machine. Mastering and automation of measuring with use of AE signal might
enable more detailed analysis of cyclic process in quite complicated structural states, e.g. materials with
various surface treatments.



The technology of acoustic emission makes possible observing of status in the whole loaded volume of
material and it might enable observing of cracks that appear under the surface. These cracks are difficult
to detect up to now. Precious working out of the process and mastering the elimination of undesirable
influences to AE signal, it might enable to evaluate the intensity of initial softening, eventually hardening
of material and especially, it might enable to identify the moment of the initiation of microcracks and the
beginning of spreading of short cracks.

Processing of above-mentioned procedure will require a lot of experimental work and subsequent
software processing of common trends. This work requires a lot of time and material. That is why it is
recommendable to co-ordinate the work in this field on international level. We would appreciate any
information about other places dealing with similar problem.

Acknowledgements:

Work in this field have been made possible thanks to the support of Grant Agency CR - Grant project
nr. 101/96/K264.

References et literature

1) MAZAL,P.- STUCHLIK, J.- DLOUHY,L: Fatigue properties of structural materials with plasma nitrided and
lasered surfaces. In:11™ Congres of IFHT, Florence, 1998, Vol.3, p.91-100.

2) MAZAL,P.- RICHTER,].: Application of AET on fatigue testing machine Rumul. In: Acoustic Emission’99,
Brno, 1999, p.157-164.

3) HUANG,M. et al: Using Acoustic Emission in Fatigue and Fracture Materials Research. JOM, Vol.50, No.11,
November 1998, web page.

4) WEVERS,M. et al: The fatigue failure of steel wires monitored with acoustic emission. In: 23™ EC on AE
testing, Vienna, p.114-119, TUV Austria, 1998.

5) LEE,C.S. et al: AE measurement of fatigue crack closure. Scripta Metall. et Mater., Vol.32, No3, pp.701-706,
1995.

6) SIEDLACZEK,J. et al.: AE of the 4SHNMFA structural steelduring Low Cycle fatigue. Journal of AE,
Vol.10, No.3/4, p.1-11, 1992.



THE PHASE OF CONTACT DAMAGE AND ITSDESCRIPTION BY HELP OF
ACOUSTIC EMISSION

Jiri DVORACEK, Jiri PETRAS, and L ubo% PAZDERA
Technical University of Brno, Brno, Czech Republic

Abstract

Characteristics of acoustic emission (AE) signal from individual phases of contact damage are
explained in the contribution. The shape of AE signal by running-in and by permanent damage of the
sample surface are described. Their comparison of emission duration, time of running-in, number of
overshooting, maximum value of amlitude and energy of emission event is done on a sample of typical
changes of AE signals in time. A sample of amplitude resolution of AE signal for individual phases of
the test is shown. AE signal was sensed by testing of material resistance against contact fatigue on
testing stations. The samples that underwent contact loading had been made of standard bearing steel.
The contact was lubricated by plastic lubrication. AE signal was sensed and processed by 16-channel
acoustic emission analyser AE FTAL16. For the signal analyses, we selected not only the frequency
analysis with utilisation of the Fourier transform, but the time-frequency transformation, the Wigner—
Ville transform.

Experimental equipment

The experiments were done on the experimenta testing stations Axmat. It is located in the laboratories
of the Institute of Design of the VUT FSI in Brno. This equipment is designed for tests of bearing
material resistance against the contact fatigue. Test principle consists in loading of aflat sample through
layer of rotating balls by force, which develops contact stress of 5 GPa. The contact is lubricated by
plastic lubricant. The test runs until when a permanent damage, so called pitting, occurs on the sample.
This time is recorded and statistically evaluated. Sample surface deterioration process was observed by
the introduction of the AE signal and its evaluation by a suitable mathematical system. In the
contribution are presented results of sample from bearing material tests. The AE signa at a running-in
and at a permanent surface damage is described.

Theory

For the signal analyses, we selected not only the frequency analysis with utilisation of the Fourier
transformation, but the time-frequency transformation of the Wigner—Ville transform. Calculation of the
Wigner-Ville transform WV/(t,f) is done by means of the correlation function by the integral relation:

VW (7, £) = [ x(t+7/2) DXt - 7/2) Cexp(— 2rt) et

where T isthe time parameter,

f isthe frequency parameter,

X(t) isthe signal being analysed.
This transform belongs among the basic time-frequency distribution, which is not limited by the
Helsenberg's uncertainty relation. However its disadvantage is, similar to the Fourier transform,
interference at the cal culation and especialy the necessary high calcul ation performance.
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Fig. 1 History of AE
Description of results

Experiment results are shown in the Figs. 1 to 11. In Fig. 1 is demonstrated the whole course of the test.
AE count rates in 5 seconds intervals are recorded. In Fig. 1, areas 1 and 2 are marked out, from which
were taken samples of the AE signals for further analysis. Signal analyses of the area 1 are introduced in
Figs. 2, 4, 6, 8 and 10 and they are from the running-in phase. Signal analyses of the area 2 are shown in
Figs. 3,5, 7, 9 and 11. These are from the phase, where permanent surface damage occurred.

From the Wigner-Ville spectrum from the AE signal of the area 1, we find significant frequency,
especialy in the band around 1 MHz in time of about 20 to 30 us, and further around 2 MHz in time of
about 5 ps. Thisis in coincidence with both the frequency spectrum and the time change, where it may
be the burst type of acoustic emission signal. The higher values in area over 2.5 MHz correspond
probably an electric noise.

For the AE signa from the area 2 (Fig. 1), pitting occurred on the surface. By the Wigner-Ville
spectrum, the most meaningful frequency range is estimated between 0.5 to 1.5 MHz and that in time
intervals of about 15 pus and further between 24 and 32 ps. Here, in contrast with the previous spectrum,
no apparent maxima over 2 MHz are found.

Conclusion
The time-frequency transformation, Wigner-Ville transform, enables more complex view on the acoustic

emission signals than the Fourier transform and time change. It significantly improves information about
the acoustic emission signal.
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ACOUSTIC EMISSION MONITORING OF HYDRIDE CRACKING
IN ZIRCONIUM

A.BARRON and C. ROWLAND*
Bodycote, Daventry, UK and * Pancom, Cambridge, UK

ABSTRACT

This paper describes the use of acoustic emission (AE) to detect the onset of delayed hydride cracking
(DHC) in hydrogen damaged zirconium laboratory notched specimens. The onset of the DHC is an
important factor in the integrity of an in-service component. The testing method described will help to
guantify the number of cycles required to initiate the DHC and determine the critical section of the
thermo-mechanical duty cycle, at which the DHC mechanism would initiate. The DHC mechanism and
the experimental method of AE monitoring during thermo-mechanical cyclic loading are discussed. The
development of on-line linear location via wave-guides proved to be vital to eliminate extraneous noise
because of the test environment. The advantage of AE over the previous use of the DC potential drop
technique is shown and the detection of DHC on the negative temperature slope of the thermo-
mechanical cycle is demonstrated.

INTRODUCTION
General Background

In service, zirconium alloy components may be subjected to loads induced from therma warm-up and
cool-down cycles, causing cyclic stresses and strains, which are potentially a significant factor for the
integrity of these components due to the possible onset of delayed hydride cracking.

Zirconium aloy components can accumulate high levels of hydrogen pick-up during their service
lifetime. In zirconium and its alloys, excess dissolved hydrogen precipitates as zirconium hydrides.
These zirconium hydrides are brittle, and tend to precipitate preferentially at high stress points such as
discontinuities or notches in stressed components subjected to thermal cycles. If failure of either the
hydride or the hydride interface occurs the surrounding ductile material matrix will arrest crack growth.
As hydride formation is enhanced by the application of stress, another and possibly larger hydride can
then form at the newly generated crack tip. Further crack propagation can then occur, caused by this
repeated hydride formation and failure cycle until total fracture of the component occurs. This
mechanism of crack initiation and slow propagation is called delayed hydride cracking (DHC).

TheHydrideand Thermo-Mechanical Problem

As part of the design justification for DHC of certain zirconium alloy components, there is a need to
characterise the hydride behaviour of the zirconium alloy material under ssmulated service conditions.
To create a redlistic, although worst case scenario, notched laboratory specimens were subjected to a
thermo-mechanical cycle, which represents the major, and most damaging, events in the service cycle.

The definition of a thermo-mechanical cycle is when the stress intensity at a stress concentration
changes simultaneously with the temperature. The combination of stress and temperature is the key
factor. Hydrogen is concentrated by the stress field below the notch, and on cool down, hydrides
precipitate locally in this area. These brittle hydrides can then be ruptured by either an increase in the
stress intensity on cooling or by the local stresses applied as the brittle hydride phase precipitates.
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Careful manipulation of the hydrogen level in the material and the thermo-mechanical cycle applied can
hopefully mimic (in test specimens) the actual service conditions experienced when the material isin its
deteriorated condition. A specially developed pulsed DC potential drop (DCPD) system had been used
previoudly to monitor fatigue crack initiation on similar notched bend specimens under isothermal test
conditions [1]. The early detection of hydride cracking, rather than fatigue cracking at its very initia
stages, is essential if laboratory techniques are to be used in characterising the damaging thermo-
mechanical hydride formation fracture process. The use of acoustic emission (AE) was therefore
considered necessary as it was thought that the temperature changes in the thermo-mechanical cycles
would render the potential drop technique impractical. There is also a possibility that the hydride
cracking may initiate sub-surface, and of a localised nature, which would prove difficult to detect with
DCPD.

Literature Review

Work on material more susceptible to hydride precipitates [2] observed that the temperature at the onset
of AE production during hydride formation in Nb, Ta and V was dependant upon the level of hydrogen
concentration. It was concluded that the AE detected was due to cracking of precipitate particles rather
than phase transformation or plastic deformation phenomena.

Investigation into brittle crack growth in metals [3] concluded that in some materials a one-to-one
relationship exists between macroscopic crack movements and AE. A correlation was also derived
between the amplitudes of the emissions and the energy release or size of the cracking event.

A study of stress corrosion cracking in high strength steels [4] used an electrical resistance technique
(DCPD) and AE for smultaneous measurement of the stress corrosion cracking. No particular problems
were highlighted in operating the two systems, although the testing was al performed at room
temperature. The AE system was found to be more sensitive to the initiation of the stress corrosion
cracking than the DCPD system and this was attributed to non-uniform crack propagation during the
early stages of cracking. Initial cracking took the form of localised tunnelling, but eventually the crack
front broadens across the test piece thickness and then propagates as a whole. As the DCPD technique
effectively averages the crack length under its field of view it will therefore underestimate the length of
the crack growth in the early stages. The AE technique, being sensitive to the elastic stress waves
generated by the initial cracking, will therefore be better at detecting crack initiation in the brittle
material.

Research work has been performed on the influence of hydrides on the ductile fracture of zirconium
aloy [5]. Using AE techniques and static tension tests, two types of hydride induced embrittlement were
identified. The first is the delayed hydride cracking process caused by stresses below the yield stress of
the material and at comparatively low temperatures (<100°C). The other is the whole scale reduction of
the aloy toughness due to the precipitation of a large number of hydride platelets. The fracture
toughness (K c) of the zirconium hydride was found to be 1MPaOm at room temperature and 3 - 4
MPaOm at 300°C.

Fracture initiation studies on zirconium hydrides [6], again using AE and static tension tests, showed
that if, at room temperature, the average hydride platelet length was in excess of approximately 50 - 100
pum that a critical applied stress was the governing factor in the failure initiation of the hydride.
Subsequent investigation [7] studied the initiation behaviour at elevated temperatures. Although the
static tension tests performed in this study were under isothermal conditions this is the first reference to
the use of AE at significant elevated temperature (300°C) to measure hydride cracking.
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The results from the specimens showed that up to 100°C to 150°C cracking at the hydrides was initiated
at dightly below the yield stress of the material. When the hydrides fractured, bursts of AE events
occurred in large numbers. However, at higher temperatures, the hydrides were able to flow with the
ductile matrix without cracking, and hence very few AE events were recorded.

All the reviewed work used AE techniques either at room temperature or at elevated isothermal
conditions, recording cumulative AE data to display damage trend analysis. The work reported in this
paper involves AE techniques to detect the individual failure initiation of reoriented hydrides, in notched
specimens, using thermo-mechanical cycling to create a delayed hydride cracking mechanism

OBJECTIVES

= To develop laboratory techniques to allow the AE activity from the initiation of delayed hydride
crack formation in Zr-2.5Nb alloy to be detected during thermo-mechanical loading.

= To develop laboratory techniques to alow the simultaneous use of AE and DCPD crack detection
techniques during thermo-mechanical loading.

TEST ARRANGEMENT

The notch specimen (see Fig. 1) was loaded by a cantilever configuration and mounted in an insulated
hot chamber. Wave-guides and the DCPD are attached to the specimen as shown in Fig. 3, showing the
AE sensors outside the hot chamber. The heating method was a forced air circulation system, where
heating and cooling rates of at least 1°C/min. was achieved to perform the thermo-mechanical cycle.
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Fig. 1: Notch specimen.
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The AE sensors (model Pancom P15W) are resonant at 150 kHz. To avoid coupling interface problems
the element of the sensor is embedded into the conical head and was screwed on to the 6 mm mild steel
wave-guide to provide easy removal and a consistent interface. Likewise the junctions of the specimen
and wave-guide are also threaded joints. The AE system provided on line location analysis of the AE
activity; this was very important because of the high background noise from the rollers, PD and
thermocouple wiring, plus differential expansion activity at the test rig interfaces. The test arrangement
was aso designed with different lengths of wave-guides on either side of the test specimen. This
arrangement was used to shift the null point of the specimen and wave guide assembly to some point
remote to the notched area on the test sample, thereby any spurious electrical noise hitting both AE
sensors simultaneously would then not resemble an AE event at the notch. To verify the ability to locate
signals coming from the notch during the feasibility study, a calibration specimen was used which had
three wave-guides directly attached to the specimen, see Fig. 2.

Two test parameters were fed to the Vallen AE instrument AMSY4; the load output from the servo
hydraulic testing machine and the temperature from a ‘K’ type thermocouple, the latter being connected
directly onto the specimen. The preamplifier gain was 34 dB and the threshold of AMSY 4 set to 50 dB.
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Fig. 4: Thermo-mechanical cycles.

A typical example of the thermo-mechanical cycle is shown in Fig. 4, noting the initial temperature
cycles at no load to provide ‘shakedown’ of some of the mechanical elementsin the system.
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RESULTS

Location calibrations were performed using pencil-lead breaks (2H, 0.7 mm diameter x 2 mm length) on
the special external wave-guides (see Fig. 2), at room temperature and various el evated temperatures up
to 290L1C. The results of the calibration showed that location could be obtained around the notch to an
accuracy of £6 mm. This correlates well within the maximum theoretical accuracy expected when taking
into consideration:

1. the depth of the specimen (4 mm)

2. thetwo different velocities of mild steel and zirconium.

3. wave mode changes introduced at the material/structure interfaces.

Sources of erroneous noise found during the initial thermo-mechanical trials included:

a) theinterface between the jig and the hot box.

b) the high temperature ceramic based adhesive to secure the DCPD current pick up leads.

c) wave-guide and specimen junctions

d) reaction points of the specimen.
The noise from a) was greatly reduced by transferring the main rig reaction point outside the hot box,
then it was not subjected to the thermal cycling as shown in Fig. 2. Extensively modifying the method
by which the specimen wiring was restrained removed the noise condition of b). The remaining noise
from c) and d) was overcome by using on line linear location, which alowed analysis of the data
without stopping the test. Calibration using pencil-lead breaks were made at the beginning and the end
of the test at the notch. A repeatability of +4 mm was obtained.

Initial trials using thermal cycling at a high constant load showed that the DCPD changed linearly with
temperature at an approximate rate of 1 nV/°C. There was a correlation between the AE output
characteristic of hydride failure and a change in the DCPD output. Although the DCPD system used was
stable and sensitive (typically 5 mv change for 50 um fatigue crack growth) it became apparent the AE
was more sengitive, being able to detect isolated hydride failure.

The following results show atypical thermo-mechanical test. Figure 5 shows the total energy against the
load and temperature applied to a specimen over nine full thermo-mechanical cycles. It can be seen from
Fig. 5 that there are two main regions of AE activity;

1) combination of low temperature/high load and

2) combination of high temperature/ low load.
The result of filtering the data on those two criteria is shown in Figs. 6 and 7, respectively. Figure 6
shows that the cracking at the notch, occurring on the rising slope of the load and whilst the temperature
is faling. Whilst from Fig. 7 there is no activity at the notch. All the data in Fig. 7 is erroneous noise
from the reaction points and the wave-guide specimen interface, generally associated with fatigue
cycling during the steady state section.

Hydride cracking was first found in the 4™ cycle as shown by Fig. 8, with the load rising (196 N) and the
temperature faling (100°C). This demonstrates the effectiveness of parametric filtering of the data,
which enhanced the ability to show clearly an individua hydride cracking at the notch.

Performing a series of these tests has alowed the interaction of the crack tip stress intensity (K) and the

number of cycles to the initiation of the DHC mechanism to be investigated. The critical section of the
thermo-mechanical duty cycle, at which the DHC mechanism would initiate has also been identified.
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CONCLUSIONS

The background level of AE associated with temperature and load cycling was such that a twin sensor,
linear location method of AE testing was necessary. The linear location method enabled AE activity
from the notch area of the specimen to be distinguished from the rest of the AE activity. This linear
location method was not sensitive to temperature cycling.

Two crack detection systems, AE and DCPD, were completely compatible. The instrumentation
associated with each technique did not influence the results obtained from the other. This was achieved
for thermo-mechanical cycling conditions. There is a high degree of confidence that an AE signature
associated with hydride failure for this specimen configuration has been identified. This characteristic
signature was found to be extremely repeatable.

The conventional DCPD technique failed to discriminate individual hydride failures and ultimately was
unable to find small hydride cracking. The conclusion is that a stage has been reached when the AE
system can detected hydride cracking, which cannot be found using conventional DCPD or metallurgical
techniques.

The test program showed that manipulation of the crack-tip stress intensity during the thermo-
mechanical cycle influenced the time to initiation of the DHC and the subsequent rate of DHC
mechanism. Under static load conditions, the initiation of hydride failure was consistent with expected
ductile-to-brittle transition temperature. The developed AE technique was able to establish the thermo-
mechanical conditions, at which the DHC mechanism would initiate.

It can be concluded that this programme of development has produced an AE testing technique, which is
capable of detecting the initial stages of spontaneous hydride cracking characteristic of the DHC. The
sengitivity of the system is such that localised hydride failure can be detected at a stage not normally
possible using existing techniques, which are compatible with thermo-mechanical cycling.
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combination of low temp/high load & 2) combination of high temp/low load.
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Examination of Plate Valve Behaviour in a Small Reciprocating Compressor using
Acoustic Emission

J.D. Gill, R.M. Douglas, Y.S. Neo, R.L. Reuben and J.A. Steel

Dept. of Mechanical and Chemical Engineering, Heriot-Watt University, Edinburgh. EH14 4AS.

SUMMARY

The gradual failure of compressor valves due to spring failure or damage to the valve face or seat can
lead to loss of plant efficiency. It would be ideal for plant operators to be able to ascertain the
condition of the valves on a continual basis to avoid expensive shutdowns or extremely conservative
replacement procedures. The use of a non-intrusive detection technique, such as offered by acoustic
emission, has proved to be the least influenced by machine resonances and other external sources of
vibration. By examining the acoustic emission signal associated with the operation of the valves it has
been possible to detect discernable differences resulting from changes in the condition of the valve.

INTRODUCTION

Compressors are, in theory, quite simple machines with few components to malfunction. The majority
of compressors in operation today employ plate valves that open in response to the pressure in the
compression chamber as opposed to a timed mechanical force. Whereas acoustic emission monitoring
has been successfully applied to large compressors employing poppet valves [1] no work has yet been
published on smaller compressors employing the more common plate-type valves. Common faults in
such valves are delay in valve opening, fluttering of the valve while in the open position and delay in
closing [2,3], each of which are associated with valve degradation or process conditions. The effective
timing of valves has been regularly used to signify faults in the operation of compressors [4,5], but this
requires the use of pressure measurements. A large percentage of industrial compressors in use today
operate in hazardous environments and/or compress hazardous gases and so the use of intrusive sensors
1s not ideal as leakage of the gas into the atmosphere may occur, or a costly shutdown of the machine
may be necessary to fit the transducer. Acceleration measurements have long been used to detect the
condition of the compressor valves. However, it has been found that the signal recorded by a
transducer mounted on the external surface of the compressor, is so affected by reverberation and
dispersion that the signal is no longer recognizable as the originating force [3]. The use of acoustic
emission monitoring, which utilises a much higher propagation frequency and across a much larger
bandwidth tends to overcome this problem. This is because a great deal of the interference in the
vibration signal is caused by low frequency structural resonances.

EXPERIMENTAL APPARATUS

A series of tests were carried out on a Broom & Wade two cylinder, reciprocating compressor (Figure
1a), during which both acceleration and acoustic emission were monitored. Two Physical Acoustics
D9203 acoustic emission transducers with outputs band-pass filtered between 0.1 and 1 MHz were
mounted on the cylinder head studs (Figure 1b) using aluminium clamps which also allowed a Bruel &
Kjaer 4334 accelerometer to be fitted in the same axis as the piston. The signals from the two acoustic
emission sensors were fed through a signal conditioning unit which allowed the gain and averaging
time (as required) to be adjusted. Both raw and RMS data was acquired with a shaft encoder signal to
allow the signal to be re-sampled with respect to crank position. All calculations involving timing of
mechanical events were averaged over ten cycles and all RMS measurements were sampled with an
averaging time of 40 ps. A Kistler 6121A1 in-cylinder pressure transducer was also fitted to give
detailed information on the behaviour of the valves during the tests.
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Compressor Cross-Section

Two discharge valve and one inlet valve conditions were examined to simulate; a damaged discharge
valve seat face, a discharge valve sticking partially open as a result of the ingress of dirt into the system
and progressive fatigue failure of the inlet valve spring. As the valve seat and face are both metal even
the slightest damage to either face will cause gas to leak past the valve. The inlet and discharge valves
are identical and consist of the valve seat and guard, two single-coil helical springs and the valve plate

(Figure 2a).
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Figure 2a: Valve Assembly
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Figure 2b: Damaged Valve Seat Figure 2¢: Cut Valve Spring

The seat failure was simulated by introducing a small groove (Figure 2b) into the seat to allow gas to
leak past the valve. The second experiment consisted of attaching a shim, 0.5mm in thickness, to the
valve seat to prevent the valve from seating properly simulating foreign matter on the valve face. The



fatigue simulation consisted of gradually reducing the spring stiffness by introducing a series of cuts of
varying depth into one or both of the springs (Figure 2c).

NORMAL OPERATION :
Figure 3a shows the behaviour of the valves and a p-V trace of a typical reciprocating compressor, and
Figure 3b shows the RMS signal obtained from the acoustic emission sensor attached at position 1

(Figure 1b).
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Figure 3a: Typical Reciprocating Compressor Behaviour Figure 3b: Re-sampled RMS Normal Running AE Signal.

AE Sensor Position 1 & Cylinder Pressure Trace

Superimposed on this is the in-cylinder pressure trace used to determine the general operation of the
compressor. The large AE peaks with high rise time correspond to each of the main valve events, as
labelled. The size of these peaks varies and, because of the timing of the mechanical events in the two

cylinders, some AE peaks coincide

FAULT CONDITIONS
The following sections describe the effects that each of the fault conditions has on the AE and pressure

record of the compressor.

Grooved Discharge Valve Seat
Figure 4a shows the cylinder pressure trace with the compressor operating with the damaged valve seat

(Figure 2b) while Figure 4b shows the AE and pressure trace for the compressor operating with the
damaged valve seat. The compressed air is discharged into a common manifold (i.e. both valves
discharge into the same pipe), which is then allowed to discharge to atmosphere through a relief valve,
maintaining a peak pressure (there are two peak pressure pulses in the cycle caused by each of the two
cylinders) of approximately 8.6 bar in the manifold. As a result of this, when there is a fault causing
the discharge valve not to seat correctly, pressure in the manifold will cause compressed air to leak
back into the cylinder and also reduce slightly the pressure in the manifold. This effect has a number of
influences on all valves on the compressor. The pressure differential between the inlet manifold
(effectively atmospheric) and the cylinder pressure (directly related to the work done by the piston) is
reduced. Therefore, more work is required by the piston to open the valve i.e. the valve opens later in
the cycle. For the same reason, the inlet valve closes earlier in the cycle although this is masked in the
acoustic emission record by the discharge valve in the adjacent cylinder closing. At bottom dead centre
(BDC) and the beginning of the compression stroke the pressure in the cylinder should be
approximately atmospheric. However, as a result of the poor seating of the valve, the pressure is
marginally greater and steadily increasing as the pressure in the discharge manifold slowly leaks back
into the cylinder.
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The air in the discharge manifold continues to leak into the cylinder until the piston has done enough
work to overcome the pressure differential (between cylinder pressure and inlet manifold pressure) and
open the discharge valve. This increase in the cylinder pressure by the leaking valve (and also the
reduced pressure in the discharge manifold) causes the valve to open earlier in the cycle. The groove in
the valve seat causing leakage into the cylinder causes an 11% reduction in peak pressure in the

discharge manifold.

Using the acoustic emission signal it is possible to detect the change in timing of the discharge valve
opening. In the case of the grooved valve seat the discharge valve opens at 295° as opposed to 312.5°
for normal running. It is also possible to detect the valve opening time using the acceleration data.
However, the acceleration data, although it detects mechanical events in the cycle (i.e. opening and
closing of the valves) does not detect the fluid mechanical noise generated by the leaking of gas into
the cylinder. This is seen in the AE signal as a high frequency portion beginning as soon as the
discharge valve closes at approximately top dead centre (TDC). This low amplitude high frequency
signal continues until approximately 270° after BDC when the cylinder pressure equals the pressure in
the discharge manifold. At this point the flow of gas into the cylinder ceases.
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Figure 5: Re-sampled rms AE - Acquired from Position 1 with Valve Closing Fault

Figure 5 shows the AE signal acquired from position 1 (Figure 1b) with the shim attached to the valve
seat. As can be seen the much more severe fault that prevents the valve from seating completely has
caused the discharge valve opening point to be advanced to 242.5° (an advance of 70°). The high
frequency content of the signal during the inlet stroke has increased in amplitude as a result of the
greater flow of gas into the cylinder during this period of the stroke.



Fatigued Inlet Valve Spring

Figure 6a shows the rms AE signal obtained from position 4 with a normal spring and a broken spring.
The compressor is operating under no load conditions i.e. it is venting to atmosphere.
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As the spring pressure is gradually weakened the compressor is required to do less work to overcome
the inlet valve spring. Therefore, the valve opens earlier in the cycle (Figure 6b). However, this
condition is only detectable under no load conditions. When the compressor is operating under load
the cylinder pressure immediately after the discharge valve closes (i.e. approximately TDC) is
marginally less than the discharge pressure. Therefore, the compressor has to do more work to open
the inlet valve i.e. the piston has to move further down the suction stroke. At a working pressure of 8.6
bar the inlet valve opens at 45° after top dead centre (ATDC). At this point the piston is moving with a
much greater velocity as a result of the reciprocating motion. This causes the valve to open more
suddenly and therefore, it has not been possible to detect the change in spring stiffness while the
compressor is under load. However, in larger machines, the behaviour has been found to be more akin
to no-load conditions in terms of the inlet valve opening timing. Therefore, it is expected that it would
be possible to detect weakened springs on large industrial machines under load conditions.

Valve Flutter
The final experiment involved reducing the speed of the compressor to induce valve flutter. Valve
flutter damages both the valve spring and, in particular, the valve face and seat, due to the increased
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number of impacts. Figure 7 shows the effect that this has on the AE signal. As can be seen in the
pressure signal the valve opens and closes a number of times after initial opening. This is clearly

detected in the AE signal as three pulses.

CONCLUSIONS
Acoustic emission has been demonstrated to be a suitable replacement for cylinder pressure

measurements for cases where the environment will not permit such measurements to be made. It has
proved capable of detecting the mechanical operation of the valves on a small, two-cylinder
compressor. Furthermore, it has been shown that, whereas vibration measurement can only detect
mechanical events [3], acoustic emission measurements can be utilised to detect gas flow within the
compressor. This has already been shown to be useful on a much larger scale [1]. Measurements
(reported elsewhere) have been made on a large, two-stage, horizontally opposed reciprocating
compressor used to boost the pressure of ethylene from 260 barg to 3200 barg. Although this machine
was fitted with poppet valves as opposed to plate valves, the AE response due to gas leakage shows
very similar characteristics to those observed here. The compressor was found to have ethylene leaking
past the stuffing plate into the sump of the machine. This was detected using the acoustic emission as a
prolonged high frequency burst (Figure 8), although in this case the amplitude was much greater
because of the increased working pressure.

Work is still being carried out on the Broom & Wade compressor with further work required to gain a
full understanding of the effect that various faults have on the acoustic emission signal. However, it
would appear that, at present, it is possible to detect certain faults that could not be directly detected
using vibration data. It is also possible to detect the faults that can be detected with vibration

measurements with greater confidence.
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A NEW METHOD OF AE SOURCE LOCATION IN PIPES
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SUMMARY

We have devel oped a novel |ocation method of damage in a pipe using cylindrical guided waves detected
by a single AE sensor mounted on the pipe. For the source location in the axial direction, we use arrival
time difference between L(0, 1) and F(1, 1) modes at a certain frequency, extracted by wavelet transform.
The locations in an aluminum pipe are identified within an average error of 5% for wave propagating
distance of up to 500 mm. For location along circumferential direction, we utilize both the amplitude and
phase information of L(0, 1) and F(1, 1) modes. A good relation between the amplitude ratio of L(O, 1)
and F(1, 1) modes and the circumferential source position is shown.

. INTRODUCTION

Analysis of guided wavesin ahollow cylinder poses much difficulty due to the complex circumferential
modes in comparison to plate (Lamb) waves. Gazis [1] first provided the theoretica background of
cylindrical guided waves (cylinder waves). Three modes of the cylinder waves are Longitudina (L-),
Flexural (F-) and Torsiona (T-). Experimentally, Fitch [2] first generated and verified the dispersion of L-
and lowest F-modes using a pair of piezoelectric sensors. Severa studies have been attempted since
utilizing the unique characteristics of alow energy leakage of the cylinder waves. Long range interrogation
of pipes was attempted by using cylinder wave techniques [3-5]. Selective generation of a specific mode of
the cylinder wave was applied by Alleyne et a. [6] for nondestructive testing of piping in chemical plant.
They reported that the cylinder wave can propagate several tens of metersin a 76-mm steel pipe. Rose et a
presented [7] analysis of the cylinder wave attenuation due to energy leakage into liquid around a steam
generator tube. Our group made quantitative analysis of guided waves to determine the location and
dynamics of environmental assisted cracking in metallic rod [8].

We propose here anovel source location method of AE signals from pipe damage. The method can obtain
the source location of AE signals propagating as cylinder waves. The AE signals are monitored by asingle
AE sensor mounted at the end of the pipe. First, we estimate the source location along the axial direction
using the arrival time difference of L(0, 1) and F(1, 1) modes. For source location along circumferential
direction, their amplitude and phase information was used.

. GUDED WAVESIN A HOLLOW CYLINDER

We introduce the vibration mode and velocity dispersion of the cylinder wave. Phase velocity of the
cylinder wave is computed from the characteristic equation, in a 6x6 matrix form derived from the wave
eguation in the cylindrical coordinates with the stress free boundary condition at the inner and outer
surfaces[1]. Vibration modes are Longitudinal (L-), Flexural (F-) and Torsional (T-) modes. These modes
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aredescribed as L(0, m), F(n, m) and T(n, m), where n and m are the circumferentia and radia
(thickness) mode parameters, respectively. L-mode is axially symmetric, sometimes called as a breathing
mode. Schematic illustrations of circumferential modes are shown in Fig. 1.

Meitzler [9] and Silk et al. [3] classified all the high order circumferential modes as the F-mode. In their
classification, T-mode had only the circumferential fundamental mode (n=0). It is natural, however, that
the n-parameter of T-mode is not limited to zero. Each high order T-mode is coupled only with a SH wave
at the cut-off frequency (the so-called longitudinal-shear wave in [1]). This new classification allows usto
correlate the three cylinder modes to plate waves at diminishing wall thickness-to-outer diameter (t/d)
ratios, i.e., L- and F-modes to Lamb waves and T-mode to SH mode plate wave [10].

Figure 2 shows phase velocity dispersion of L- and F-modes for an aluminum pipe of 5 mm diameter and
1 mm thickness. They were computed for the longitudinal wave velocity of 6400 m/s and the shear wave
velocity of 3040m/s. Velocity dispersions of A, and S, Lamb waves for 1 mm thick aluminum plate are
also shown. Shape of the dispersion curvesisidentical for constant t/d. Therefore, the horizontal axisis
normalized by the product of frequency (f in kHz) and wall thickness (t in mm). This behavior isthe same
asthat of Lamb wave dispersion curve [11].

Figure 3 indicates the characteristic features of the velocity dispersions. Effects of t/d on the velocity
dispersion of L(0, 1) and L (0, 2) modes are shown for t/d = 1/2, 1/3, 1/5, 1/10 and 1/16. Note t/d=1/2 is
for asolid cylinder or arod. With reducing t/d or increasing frequency-thickness product ft, L(0O, 1) and
L (O, 2) modes approach the velocity dispersions of A, and S, Lamb waves in a plate whose thickness is
equal to t. At diminishing ft, the dispersion curves converge to that of arod. This demonstrates that the
cylinder waves have the characteristics between the rod waves and Lamb waves [12].
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[11. AXIAL SOURCE LOCATION
3-1 Method of source location

We obtain the source location of an AE signal using the velocity difference of L(0, 1) and F(1, 1) modes
monitored by asingle AE sensor. As shown in Fig. 4 for a1 mm thick aluminum pipe of 5 mm diameter,
we observe alarge group velocity difference of L(0, 1) and F(1, 1) modes at low frequency range. Here,
we select the frequency f = 140 kHz, at which F(1, 1) velocity shows a maximum. Utilizing the group
velocity v, of L(0, 1) mode and v, of F(1, 1), the source location along the z axis (z being the distance
from the sensor in Fig. 5) is given by equation (1),

vv. 0
Z= ? LE =Dt (1)
eVL - VF g '

Dt isarrival time difference between L(0, 1) and F(1, 1) modes at the selected frequency. Though F(2,1)
modes exists in the same frequency range, alarge arrival time difference between F(1, 1) and F(2, 1)
modes makes the separation of F(2, 1) from F(1, 1) possible.
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Fig. 4 Group velocity dispersion with V| and V at frequency f.

3-2 Experiment and results

We monitored cylinder wave signals by a Mach-Zehnder type laser interferometer (BMI, SH-140) having
the 20 MHz bandwidth and by a small AE sensor (PAC, PICO, nominal center frequency 0.5 MHz) at
100, 200, 300, 400 and 500 mm from the distal plane (see Fig. 5). Four aluminum pipeswith d of 4, 5, 6
and 8 mm and t of 1 mm were used. The specific frequencies were selected for the F(1, 1) velocity
maxima and were theoretically determined as 210, 140, 100 and 80 kHz, respectively. Cylinder wave
signals were generated by a point focused pulse YAG laser irradiation at the distal of the pipes.
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Figures 6(a) and (b) show cylinder wave signals monitored by the interferometer and the AE sensor at z =
300 mm for 5 mm diameter pipe. The interferometer output is radial displacement, while AE output is
expected to be velocity. The first portion of the wave around 60 ns is dominant to the L (0, 1), and second
around 120 nsisthe F(1, 1) mode for each AE signal. Time transients of 140 kHz components of the two
waveforms, extracted by wavelet transform, are shown in Figs. 7(a) and (b), respectively. First peaks at
63.6 ns of the interferometer and at 63.9 s of the AE sensor represent L (0, 1) mode, and second peaks at
120mrs represent F(1, 1) mode. Using the Dt's of 56.4 ns and 56.1 s, the source distance z's were
estimated as 297 mm (1.0% error from 300 mm) with the interferometer signal and as 293 mm (2.2%
error) of the AE sensor output, respectively. Here, the theoretically group velocitiesv, and v at 140 kHz
were 4860 and 2520 m/s.
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Fig. 7 140 kHz wavelet coefficient of AE signal detected (a) by interferometer (a) and (b) by AE sensor.

Location errors for another pipe diameters and source distances are summarized in Table | (interferometer
signals) and Table Il (AE sensor output). Several source location attempts for 100 and 200 mm distances
were not successful due to the difficulty in separating the L (0, 1) and F(1, 1) modes. Average error of all
the results obtained using the interferometer was 3.5%, while that using the AE sensor was 4.9%. The
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latter was slightly larger due to alarger sensing area. Despite non-flat response of the AE sensor, we can
estimate the source location in the axial direction with high sensitivity at lower frequency ranges. This
finding can be applied to the AE inspection of slender pipes and tubing, significantly reducing the cost of
damage inspection.

Table 1| Errors (%) of source location using the cylinder
wave detected by the wide-band interferometer.

. ropagation length z (mm
Outer diameter | | PIRERHOl InE 4((10 ) 500
8 mm (%) - 33 3.8 7.0
6 mm - - 2.0 33 3.6
5 mm 10 43 1.0 030  0.20
4 mm 50 2.5 23 3.8 4.0
(Thickness=1 mm)

Table Il Errors (%) of source location using the cylinder
wave detected_by the resonant type AE sensor.

Outer diameter | 00 p;(:)l:)agatlo;ol(e)ngth 1483“1) s
8 mm (%) 55 6.7 15 4.6
6 mm . - 20 95 9.2
5 mm - 5.0 22 13 18
4 mm 7.4 6.0 23 75 6.0
(Thickness=1 mm)

V. CIRCUMFERENTIAL SOURCE LOCATION

Although the source location in the circumferential direction isless critical, we present here a method for
the source location over the circumference of a pipe. The method relies on the amplitude ratio of F(1, 1) to
L (0, 1) modes. Amplitude of F(1, 1) mode (see Fig. 1) changes depending on the source location, while
that of L (0O, 1) mode is independent on the location. Thisis one of "the initial-value problem" of the wave
equation. Out-of-plane displacement in circumference of F(1, 1)-mode is presented by a sinusoidal
function Acos(2g+j ). A is peak amplitude, q indicates the circumferential source location and j the
relative circumferential position between the source and sensor. The largest amplitude is obtained for j =0°
and the amplitudeisthe smallest at j =90° (Fig. 8).

An aluminum pipe of 5mm diameter and 1mm wall thickness was used in the experiment. Using the
system shown in Fig. 5, we monitored cylinder wave signals produced by laser irradiation at five
circumferential positions (j =0, 45, 90, 135 and 180°). Detected waveforms are shown in Fig. 9.
Amplitudes of first peak A, dueto L (0O, 1) mode, were amost independent of j , and the phase showed no
change. In contrast, the phase of peak B, dueto F(1, 1) mode, changed at j =90° and amplitude was the
smallest at j =90° (in fact, buried in other unidentified high-frequency modes). Figure 10 shows the
amplitude ratio of F(1, 1) and L(0, 1) modes as afunction of j . Closed circles indicate experimental data.
Atj =90°, error bar isinserted because no clear F(1, 1) component at j =90° was detectable. Solid curve
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Fig. 10 Amplitude ratio of F(1, 1) and L(0, 1) as a function of probe position j .

represents a theoretically predicted amplitude variation. Here, the peak amplitude A was determined as 8.8
by aleast square fit to the experimental data except the amplitude F(1, 1)/L(0, 1) = 0 at 90°. Experimental
data agrees well with the theoretical prediction.

The present result demonstrates the feasibility of monitoring F(1, 1)/L(0, 1) and comparing it to the
reference in order to identify AE source location in circumference.
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V. CONCLUSION

We have demonstrated a new source location method of the hollow cylindrical guided waves. The source
location along the axial direction can be determined by utilizing the arrival time difference between L(0, 1)
and F(1, 1) modes. Utility of this method was verified for laser-induced signals monitored by a wideband
interferometer and an AE sensor. The axia source location was determined within 5% error using the AE
sensor for up to 500 mm. Owing to the low energy loss of the cylinder waves, the present method is
applicable to pipe inspection over along distance.

We also showed a method for the source location in circumference. It utilizes both the amplitude and phase
information of L(0, 1) and F(1, 1) modes. A good relation between the amplitude ratio of L(0, 1) and F(1,
1) modes and the circumferential source position was shown.

The application to the source location of real AE signalsin long pipes remains as future challenge.
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AE METHOD FOR PRESSURE VESSEL DIAGNOSTICS AT A REFINERY.

B.S. KABANOQV, V.P. GOMERA, V.L. SOKOLOV AND A.A. OKHOTNIKOV
Kirishinefteorgsintez, Kirishi, Leningrad region, RUSSIA

ABSTRACT

Kirishinefteorgsintez was the first refinery in Russia, which introduced AE methods. Due to the
advantages of the AE method for increase of reliability of equipment and the desire to test more
equipment units in less time, own AE group was created and hydraulic and pneumatic tests of pressure
vessels are accompanied by AE testing. The localization of defective zones by the AE method has
proved to be more effective than the application of traditional NDT methods. Per Russian regulations,
all pneumatic tests must be accompanied by AE testing. There is a big demand for the replacement of
hydraulic tests by pneumatic tests, as the refinery operates many special vessels, which cannot be
pressurized by water. For interpretation, the traditional AE criteria are used: the localization of AE
sources, verification of the Kaiser effect, pressure holding AE etc. AE source location with different
wave velocities in the relatively thin shells (the different Lamb waves modes) and some cluster analysis
algorithms are also used. 205 vessels have been tested since 1992. 29 of these vessels had been repaired
due to the result of the AE testing. An AE test database has been formed and includes results of the AE
testing and the corresponding follow-up inspections.

EXAMPLES OF AE TEST METHODS IMPLEMENTATION FOR VESSELS

The importance of the AE method used for testing the refinery’s equipment shall be demonstrated by
examples of defect detection. The capability to detect these defects with traditional control test methods,
without AE was miserable. The results are obtained with AMSY4 from Vallen-Systeme, although the
refinery has used and still uses a LOCAN AT, manufactured by PAC.

EXAMPLE 1

Test subject is a heat-exchanger shell made of carbon steel with stainless steel cladding; thickness: 20
mm; pneumatic test (scheme is presented in Fig. 1). Some results of planar location are shown in Fig. 2.
They had been used for the inspection of vessel shell areas with AE source location analysis. Other
instruments of post-analysis had been applied for more precise localization and classification of AE
activity zones. For example, some parts of such analysis are shown in Fig. 3. Left diagram shows
amplitude vs. counts of 3 channels in different colors, and indicates much higher amplitude at channel
14 compared to channel 6 and 13. These high amplitude signals (85-94 dB) indicate that the source
might be quite near the channel 14. Right diagram in Fig. 3 illustrates the use of information about rise
time in interpretation of planar location results.

The final positions of zone activities and the positions of the AE-sensors are indicated in Fig. 4. These
zones had been classified according their nature as follows: Zone 1 was generated by relaxation in the
weld between shell and fixed support; Zones 2 and 3 were generated by relaxation in the welding zones
between shell and inside elements. (Note that processes of relaxation were usually correlated in Zones 2
and 3; therefore, the signals from different sources were generating the superposition of signals and the
superposition was being registered by sensors from the location group, formed by channels 13, 14, 6,
10.); in Zone 4, by means of traditional NDT methods, with search priority near sensor 14, the defect has
been detected inside the vessel at the welding zone around a dead-end boss (it was 45 mm in diameter).
The defect has developed as a result of corrosion cracking to 8-10 mm in depth.
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Fig. 1. Heat exchanger scheme with construction elements producing the registrated AE signal main
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EXAMPLE 2

Test subject was a vertical vessel, located in the same shell with the other vessel. Both vessels are
divided with the flat one-piece screen shown in Fig. 5. AE test accompanied the hydro-test of the upper
vessel. The tested vessel material was carbon steel with cladding. Wall thickness was 16 mm.

Due to the operation stresses, perforation at some points around the perimeter of the screen had
developed: in the weld between shell and screen, cracks were open. These cracks opened only under the
inner pressure and that is why they could not be detected with the traditional inspection methods during
shut down. Some characteristics of detected AE signals from the low band indicated that there had been
leakage. Some of them are shown in Fig. 6. However, outside of the shell, the leakage could not be
observed visually. In addition, the defects in the welds could not be detected with the other test
methods. For the problem resolution, additional information had been received with the help of signal
shape visualization functions, which in turn were used for AE source quality estimation by signal shape
analysis.

<€ 2000

\ 2500
——
upper

vessel

screen

low weld
defect zones vessel
in the screen

Fig. 5. Scheme of vessels for inspection (two vertical vessels, divided with a screen).
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Fig. 7. Examples of AE signal from leakage (Chan. 3) and crack indication (Chan. 4).

Figure 7 shows an example of two typical signal shapes for different source types. Sensor #4 (bottom
signal of about 5 mV or 74 dB amplitude) was located near the weld with some, not large, corrosion
defects. Sensor #3 (top signal, just above threshold) was located near the screen and it registered
periodic leakage through the open cracks of the defective weld. It is necessary to notice that the low
vessel was also filled with water (prepared for hydro test). Water, pumped into the upper vessel for
pressurization, increased the pressure till the stress in perforation sites reached the value necessary to
open the cracks. Then, the water from the upper vessel leaked into the lower vessel until the pressure in
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both vessels was equalized. Since the defect was only active while the pressures in both vessels differ,
no other NDT methods would have a chance to detect the defects. AE seems to be an optimal method to
detect such defects.

In the considered example, other types of defects were successfully detected and the defect locations
were also determined.

EXAMPLE 3

AE effectiveness is high for large vessels with places that are not easily accessible. For such kind of
vessels, the combination of different location algorithms, as offered by the AMSY 4 system, is most
effective. For example, good results were obtained with a combination of spherical and zonal location at
large spherical vessels.

Vessel characteristics: material - carbon steel, thickness -16 mm, diameter — 10.5 m, cubic capacity -
600 m>. AE testing accompanied the hydro test. Due to AE inspection, there were two corrosion zones
detected at the vessel shell. One of the zones was detected with the help of a spherical location algorithm
(Fig. 8). The second zone (weld piece) was determined by zonal location. Some data, characterizing the
high relative AE activity of sensor #8, is shown in Fig. 9. AE results were confirmed with ultrasonic
inspection and the defects were removed.
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Fig. 8. Location determination of corrosion defects of the vessel shell with sphere location algorithm.
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Fig. 9. Example of graphic form, used for corrosion defect location determination of the vessel shell
with zonal location algorithm.

CONCLUSION

AE methods are currently included in the nondestructive testing program of the plant and supplement
the traditional methods successfully. Recognizing the effectiveness of AE implementation, the
management has expanded the areas of its use and continues making investments in AE development at
the refinery.
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OPTIMIZATION OF ACQUISITION PARAMETERS FOR ACOUSTIC
EMISSION MEASUREMENTS ON SMALL PRESSURE VESSELS

Franz RAUSCHER
Institute of Pressure Vessel and Plant Technology
Vienna University of Technology, Vienna, AUSTRIA

ABSTRACT

For acoustic emission (AE) measurements on small pressure vessels, it is important to perform proper
location calculation for low and high amplitude events. The rate of AE events, which can be properly
located, is also important. Therefore, a test was developed to evaluate the amplitude of the weakest
properly locatable event, and to evaluate the rate of properly locatable events as a function of the
amplitude. For the test, electrical signals were generated by a digital signal generator and transformed
to mechanical waves by a piezoelectric reference source. The test is used to adjust the acquisition
parameters of the AE equipment.

NOMENCLATURE

rate frequency of pulses within the sequence

test number of sequences with predefined parameter variation

amplitude at source  amplitude of the electrical signal in dB with 1 nV reference at the piezoelectric
source

amplitude of event amplitude of the electrical signal in dB with 1 mV reference at first hit sensor
INTRODUCTION

At the Institute of Pressure Vessel and Plant Technology, experiments on small water-filled pressure
vessels, welded and non-welded ones, were performed. Weld failures and cracks at proof tests and crack
propagation at cyclic loading have been investigated [1-3]. When acoustic emission (AE) measurement
is used at such vessels, source location is necessary for the separation of signals coming from the
phenomenon to be investigated from those coming from other sources.

At these vessels acoustic waves are reflected many times and run around the vessel more than once.
Therefore, the signals need very long time to diminish. Use of low threshold levels in this situation leads
to very long duration of the signals, in addition to the problems with regard to noise. The consequence is
that the acquiring channels are busy for long time intervals, and simple location calculation for
subsequent hits is not possible. In this situation, it is necessary to optimize the set-up: It must be possible
to perform location calculation for low amplitude events, and for a reasonable rate of AE events of high
amplitude hits. Therefore, a test for determining the amplitude of the smallest locatable event and the
rate of locatable AE events (rate of hits) depending on the amplitude was required.

The intention was to use it as a standard tool in addition to pencil-lead breaks and auto-calibration.

Therefore, it must be possible to automate the test with standard components, and to extract the results
with the standard software used in AE testing.
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TEST FOR DETERMINING THE QUALITY PARAMETERS

A fully digital signal generator was used to generate well-defined, precisely repeatable electric pulses.
By using the second channel of the signal generator for triggering the pulses, sequences consisting of a
predefined number of pulses with a predefined rate can be generated. A computer program running on a
PC was used to set the parameters of the signal generator, to transmit the parameters to the analog inputs
of the AE-equipment (AMS3 from Vallen Systeme), and to trigger the sequence of pulses. The
generated events with the parameters were recorded at the AE equipment.

In one test, the amplitude and the rate of pulses were varied within predefined ranges, and one sequence
was executed with each parameter combination. The minimal amplitude for proper location and the
maximal rates for proper location depending on the amplitude are extracted from diagrams, which can
simply be drawn by means of the AE-software. With the used signal generator it is possible to control by
software a range of 40 dB in the amplitude without having too much noise. For reaching higher dynamic
in the amplitude, attenuators have to be used. The maximal amplitude of the signal generator, which is
10V, gives the maximum strength of the signal.

The piezoelectric source, which converts the electrical signal into a mechanical wave, and the coupling,
which transfers the wave to the vessels, are the parts, which cause problems for the repeatability and
comparability of the test. Two options for selecting the piezoelectric source seem to be suitable: The
first is to select the same type as for the sensors and performing the tests similar to the reciprocity
calibration method [4] used for sensor calibration. The second method is to use a broad band reference
source. For the tests described in this paper, the second method was chosen, applying a V103 transducer
from Panametrics. Coupling was done in the same way as for the sensors.

In some tests, the piezoelectric source was coupled in the neighborhood of locations from were the
investigated signals are expected to come from (region of the failure, crack etc. - here called failure
region). In other tests the piezoelectric source were coupled near locations from were the noise is
expected (noise location).

Waveform of the test signals (pulse)

It must be expected, that the spectrum of the test signal influences the result. For tests, which address the
influence of the frequency, small band signals are used. In the case of the test described here, the
variation of the frequency was avoided and a broad band signal was used. Therefore, a signal was
constructed with a spectrum of rectangular form from 0.1 to 1 MHz (Fig. 1). The signal is based on the
cosine function, and the signal length is ten times the period of the lowest frequency content (equation
below). A phase shift was used to shift the maximum amplitude of the pulse to 0.25 times the signal
length and having zeros at the beginning and the end of the signal.

T=1E-4
Snin =100000Hz
Soax =1MHz

nnﬁn=fmin'T nmax=fmax'T

nzmj cos{?.m‘ -(x - lﬂ
F(x) = =rmi 4

R =M +1
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The test signal was digitized at 2048 points and transferred to the signal generator with a precision of 14
bits. The resulting frequency for the signal generator is 20.48MHz, large enough for this spectrum.
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Fig. 1: Test signal (pulse) in time (top) and frequency (bottom) domain.

Numbers for characterizing the test results

The number of properly located events at one sequence (10 pulses) determines whether proper location
is possible for the used parameter combination of the sequence. The area in which an event must be
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located, i.e. is properly located, must be chosen according to the goal of the acoustic emission
measurements. In the experiments described below, a tolerance of £10cm in x- and y-direction from the
location of the source was specified. This is a rather large area for the investigated vessels, but in the
planned experiments it is only important that the events are located in the correct region. A filter was
used, to filter out the properly located events, and the number of properly located events is plotted
versus the parameters, which are the amplitude and the rate (Fig. 2).

If ten events are properly located in one sequence (one parameter combination), the test is passed for this
parameter combination. In this plot, the minimal amplitude at source for proper location is the amplitude
of pulses at the utmost left clusters with 10 properly located events. The maximum rate for proper
location depending on the amplitude at source is the largest rate with 10 properly located events at the
corresponding amplitude. In the performed tests it seemed to be appropriate, to build a mean value, if for
a parameter combination 8 or 9 events were properly located.

When AE-measurements are performed for monitoring cracks or failures only the amplitude at the
receiver is known. Therefore, for the interpretation of location quality, it is sometimes more useful to
use the amplitude at the receiver (Fig. 3). According to this diagram, similar numbers as above can be
extracted with the amplitude of the recorded event instead of the amplitude at source.

A very good impression of the quality of the location calculations is given by the location plot y vs. x of
the located hits (Fig. 4) for all sequences performed in one test.
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Fig. 2: Number of properly located hits versus amplitude at source and rate of pulses.
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Fig. 3: Number of properly located hits versus amplitude of event and rate of pulses.
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There are three additional numbers, which are considered for the evaluation:
Total number of events (located and not located ones) in the test.
Total number of located events in the test
Total number of properly located events in the test

Optimization of the acquisition parameters using the test above

There are two important acquisition parameters, which determine how the hits are built from the
incoming signal. The threshold level determines the sensitivity of the arrangement. The time span for
which the channel is blocked by one hit is determined by the rearm time together with the threshold
level.

To find a good combination of both parameters, the test described above was performed, for some
combination of the two parameters. The pulse amplitudes of the test ranged from 100 to 130dB in steps
of 6 dB and the rate of the pulses range from 2 to 128Hz increased from one step to the next by a factor
of two. Therefore, 42 sequences & 10 pulses were used in one test.

The piezoelectric source was coupled near to an artificial notch, which is the expected failure region.
The most important location for noise was the nozzle for the pressurization. The piezoelectric source
was coupled to this region for another test. The results of some of the tests are listed in Table 1.

Table 1: Tests for optimization of the acquisition parameters.

Investigated Min. amplitude | Max. rate for proper | Max rate for proper | Number | Number | Number
acquisition for proper location [Hz] location [Hz] of of of
parameters location [dB] Amplitude at source: | Ampl. of event: events |events | located
Thres | Rearm | source |receiver | 112dB 130dB |45 dB 63 dB :;mated events
-hold | time failure

[dB] | [ms] region

27.7 1041 106 |39 32 16 32 16 261 2050 |261
27.7 11.18 106 |39 64 16 32 12 266 1187 | 266
27.7 13.021 106 |39 48 16 32 16 269 543 269
27.7 15.99 106 |39 32 16 32 12 249 393 249
27.7 11198 106 |39 32 12 32 12 252 362 252
27.7 [24.013 |106 |39 32 16 32 12 254 368 254
29.6 [3.021 112 |45 64 16 48 16 244 437 245
31.2 |3.021 112 |45 64 16 64 16 263 458 263
33.7 [3.021 112 |45 64 16 64 16 242 380 242
36.4 [3.021 118 |51 64/118Db | 32 64/51dB | 54 212 393 212
27.7 |13.021 | Test with source at noise location (near nozzle) 0 520 154

The results show a slight decrease of the maximal rates for proper location when the rearm time is
increased. An exception is the rearm time of 0.41ms, for which this rates are slightly decreased. When
looking at the number of events it can be seen that the number of events can be decreased from 2050 to
543 by increasing the rearm time to 3.021ms, without reducing the number of properly located events. A
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further increase of the rearm time reduces the number of events further, but the number of located events
decreases also slightly and the maximum rates for proper location decrease also slightly. Increasing the
threshold levels leads, as expected, to a reduction of minimal amplitude for proper location, but also to
an increase of the maximal rate for proper location. Within these tests, it was not possible to decrease the
threshold to a level at which a serious decrease of the maximal rate for proper location occurs.

An additional test, with the source at the expected noise location, shows that events from that location
are not mapped into the failure region.

CONCLUSION

A test for the quality of AE arrangements, which focus on the location calculation, was developed. The
most important problems considering repeatability and comparability of the procedure are the
piezoelectric source and the coupling of the source to the vessel. The preparation of the surface, where
the source is coupled, is also important. In the case of the tests described here, a reference source was
used, and it was coupled to the vessel in the same way as the sensors were coupled. The problem, that
the user must perform the test in relatively short time when preparing experiments, was solved by fully
automating the procedure, by controlling a digital signal generator with PC-software, and gaining the
resulting indicators in a simple way from standard AE-diagrams. A limit for the automation of the
procedure is the limited dynamic range of the signal generator, which can be solved by inserting
attenuators manually into the cable. The maximum amplitude of the signal generator is another limit.

Indicators were developed, which quantify the weakest properly locatable event, and the maximum rate
of locatable AE events, depending on the amplitude. With these indicators, it is possible to adjust the
arrangement, acquisition and the location parameters and to test proper filters. The adjustment of the
acquisition parameters with this test was shown.
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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. Satic
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 alows one to check the ability of avessel 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 vessal integrity
during the different proof tests and also to guarantee the safety of such atest especially when thetest isa
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 deas 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, along and shallow notch;
2) the abilities of detecting by AE the defect during the pressure vessdl 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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