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ABSTRACT

The Acoustic Emission technique was applied to standard tests devoted to evaluate sulfide
stress cracking susceptibility of steels for oil and gas industry. The mapping of the density of
AE signals vs. their location on the specimen gauge length as a function of time allowed early
detection of cracking, and gave meaningful information on incubation times and propagation
rates. Sulfide stress cracking initiation was correlated with the presence of critical surface
defects. A mechanism involving plastic strain and/or metal dissolution was proposed to

account for crack propagation.

INTRODUCTION

Hydrogen embrittlement (HE) of steels in H,S media is a major issue in the oil and gas
industry. This type of damage can lead to the failure of important production equipment.

Several kinds of damage may be caused by H,S in contact with low alloy steels [1]. One of
the main cracking processes is Hydrogen Induced Cracking (HIC), which is caused by the
accumulation of hydrogen at internal traps, such as non-metallic inclusions, regions of
anomalous microstructure produced by the segregation of impurities and alloying elements,
and other weak interfaces (e.g. the boundary between pearlitic and ferritic phases). When
hydrogen concentration reaches a critical value at the defect, recombination to gaseous

hydrogen occurs, with the corresponding build-up of high pressure gas leading to internal



cracking. Under conditions of applied or residual tensile stresses, HIC cracks can become
aligned in the through thickness direction resulting in 'ladder like' crack arrays referred to as
Stress Oriented Hydrogen Induced Cracking (SOHIC). This phenomenon is usually associated
with low-strength welded ferritic pipe and pressure vessel steels.

The present work is focused on a third kind of wet H,S cracking mode: Sulfide Stress
Cracking (SSC). SSC leads to early failure of the metal due to the combined effect of both
hydrogen penetration and tensile stress (residual and/or applied). Crack initiation of SSC
always occurs on the surface. High strength metallic materials and hard welded zones are
prone to SSC. Although the mechanisms proposed to account for HIC and SOHIC are
generally well accepted, the SSC mechanism is still controversial, with several models
proposed in the literature. A model based on the reduction of cohesive forces induced by
hydrogen was introduced by Troiano [2] and further developed by Oriani [3]. Hydrogen
insertion in solid solution would decrease the forces required to fracture the metal along the
crystal lattice i.e. decrease cohesion forces of the lattice and the energy necessary to induce
cleavage, in particular at defects and interfaces. Other models are based on hydrogen induced
local plasticity. Beachem [4] proposed that hydrogen absorbed at the crack tip enhances
dislocation glide and therefore plastic strain processes leading to metal fracture. In the
hydrogen enhanced localized plasticity (HELP) model, hydrogen increases dislocation
mobility. Dislocations can then pile-up more easily, resulting in a distribution of microscopic
highly strained areas surrounded by less ductile areas. Fracture is then micro-ductile, with a
brittle appearance [5]. Similarly, Lynch [6] proposed the weakening of interatomic bonds by
hydrogen adsorption at the crack tip. Localized plastic strain would then lead to the formation
of microvoids ahead of the crack tip. Consequently, crack propagation would occur by
microvoid coalescence.

In H,S environment, Crolet [7] proposed a high energy process where proton absorption into
the metal induces a dilatation of the crystalline lattice and a local increase of triaxial stress
within the first surface layers. The applied stress would then induce SSC initiation and
propagation. Moreover, proton absorption within the metal would be enhanced by H»S itself
via the formation of adsorbed HS™ on the metallic surface. On the other hand, in the presence
of H,S, a scale of iron sulfide is formed on the surface of the steel. The first stage of iron
sulfide formation consists in the nucleation and growth of mackinawite that can be considered
as stoechiometric FeS [8]. In longer term exposures, a multi-stage film growth mechanism is
involved where mackinawite forms and ruptures. Then, depending on the exposure time, the

temperature, the H,S and the chloride contents, the pyrrhotite and pyrite forms of iron sulfide



can grow. Mackinawite was demonstrated to be non protective towards corrosion [9][10] or
even suspected to promote corrosion, in incorporating FeSH 4 ion as: FeSH 4 — FeS + H".
FeSH ",y formation results from sequential chemisorption followed by anodic discharge: Fe +
H,S — FeSH s + H' then FeSH,gs — FeSH u4 + 2¢. [11]. FeSH s can also suffer
hydrolysis liberating Fe*": FeSH s + H — Fe*™ + H,S.

H,S induced damage evaluation usually consists of ex situ examination of fractured
specimens after standard tests. However, this methodology is often insufficient to identify and
deeply study the different steps of crack propagation, particularly in the case of SSC.
Therefore, the use of an in-situ evaluation method appears to be an interesting development.
Among the possible in-situ methods, acoustic emission (AE) exhibits interesting potentialities
for corrosion study and monitoring. Indeed, the detection possibility was established and good
correlations were obtained between specific AE parameters and the amplitude of corrosion
damage in various cases: stress corrosion cracking [12-15], abrasion or erosion corrosion [16],
pitting corrosion [17-24], crevice corrosion [25-27], exfoliation corrosion [28], uniform
“acidic” corrosion [17][29-30], and also to monitor cracking in sour media [31-36]. Weng et
al. [31] found a correlation between HIC damage evaluated by Crack Length Ratio (CLR)
[37] and the AE cumulative energy level. Cayard et al. [32] and also Gingell et al. [33]
showed that during sour exposure tests under stress, a higher amount of cumulative AE
energy was recorded for the experiments leading to fracture compared to non-failure tests.
This critical energy build-up associated with specimen failure remains dependent on the steel
tested and on the applied stress level. They also showed that AE could be used to discriminate
between the initiation and propagation stages of SOHIC.

As far as AE detection of SSC is concerned, most of the published works [34-36] are based on
monitoring during standard SSC tests described in NACE TMO0177-96 [38]. From these
studies, AE appears to be a powerful tool for monitoring H,S cracking. Some correlations
between the AE energy and the extent of cracking were found. However, for most of the past
studies, the cracking process was not always clearly identified or documented, especially for
SOHIC and SSC, which were not systematically differentiated. Furthermore, the AE signals
associated to the cracking process itself were not discriminated. Considering this last point, a
step forward was recently reported by the authors [39-40]. Indeed, the AE contributions from
H, evolution due to acid corrosion, FeS layer build-up, and cracking, all constituting AE
sources, were separated by identifying the acoustic signature of each process. This

discrimination was performed by isolating physically the active sources through specific



electrochemical polarization procedures. The characteristics of the corresponding AE signals
were identified. The most discriminating representation was obtained by plotting absolute
energy of the signals as a function of their duration (Figure 1). On this correlation chart, it was
possible to separate AE events related to HIC from those related to the corrosion reactions,
allowing a better analysis of cracking associated signals. However, this discriminating
analysis demonstrated that SSC development led to the emission of AE signals that could not
be directly identified on the same energy-duration correlation chart [39]. For that particular
process of HE, a specific analysis giving the evolution of the density of AE signals vs. their
location and the time of test was necessary.

In that context, the aim of the present work is to validate this new discriminating AE
analysis of SSC, and to establish its performance for better understanding and evaluation of

this particular H,S induced cracking process.

EXPERIMENTAL PROCEDURE

Material

This study was conducted on a C110 steel grade usually used as well tubing material. The
chemical composition of the steel was analyzed by optical emission spectroscopy (OES),
except for carbon and sulfur, analyzed by a chemical method (Table 1). The C110 grade
contains alloying elements, such as chromium and molybdenum, providing a good resistance
to hydrogen embrittlement. Tensile properties of the steel in the longitudinal direction are
given in Table 2. The microstructure of C110 grade is a tempered martensite with
macrosegregation. This microstructure is usually resistant to HIC [41]. Two surface states
were studied: 1/ mechanical polishing as recommended in NACE TMO0177-96 standard (final
surface roughness below 0.81 um) [38] and ii/ electrochemical polishing in 42 %vol.
phosphoric acid and 34 %vol. sulphuric acid at 1A for 30 min. In this latter case, diameter of

the as-machined samples was reduced by 0.8 %.

Experimental set up

The experimental set up (Figure 2) was based on the standard tensile test described in NACE
TMO0177-96 (method A) [38]. Constant load was applied with the proof ring. NACE standard
specimens were adapted to allow positioning two AE sensors at the bottom of the specimen.

The geometry of the gauge section of the standard specimen was unchanged (length = 25.4



mm, diameter = 6.35 mm). During the test, only this section was immersed in the corrosive
solution. Tests were conducted in buffered solution according to EFC 16 [42] (50 mg/L NaCl
and 4 mg/LL. CH3COONa in distilled water) and under 1 bar H,S. De-aeration of the solution
was performed by nitrogen bubbling ensuring less than 15 ppb by weight dissolved oxygen
before H,S introduction. The corrosive fluid (sour media) was circulated between the test cell
and a separate glass vessel, in which H,S bubbling was maintained. This procedure avoided
any interfering AE noise detection (e.g. gas bubbling in the test cell would result in AE) and
to maintain constant electrochemical conditions in the cell during the test (easier pH control).
The pH was measured with a pH meter located in this glass vessel and buffered every day by
HCI or NaOH additions.

AE instrumentation consisted of a transducer, a preamplifier and an acquisition device
(MISTRAS with AEWIN software from Physical Acoustic Corp.). The gain of the
preamplifier was set to 40 dB. A band pass filter with frequency range from 100 to 400 kHz
was used. In this study, the threshold was set to 28 dB. The transducers were Nano 30 type
from PAC (piezo-electric disks). For each detected AE signal, several acoustic parameters
were calculated and recorded, e.g. event amplitude, duration and energy. For each AE signal,
the location of source on the specimen was determined by measuring the delay of event
detection time between the two sensors. Spatial and temporal post-filtering treatments were
also made on the AE data. Only the AE signals located on the gauge section and detected
before failure are taken into account for the analysis. The analysis of AE data was first
performed according to previous works [39], allowing identifying three typical sources: i/
HIC, i1/ H; evolution at the steel surface, 1ii/ FeS build-up (see Figure 1). In a second
configuration, another procedure was applied by using source location. Because the two
sensors were placed at either extremity of the specimen, it was possible to determine the
position of the source for each AE signal detected on both sensors. This was achieved by
comparing the times at which an identical AE signal was detected on each sensor. Then,
knowing the distance between both sensors, the position of sources is obtained. Using AE
source position as additional parameter, the analysis of AE data consisted in mapping the
density of AE signals as a function of position on the gauge section of the specimen and as a

function of the time during the test.

RESULTS



Table 3 summarises the different sets of experimental conditions and the observed times to
failure. Condition 1 consists of H,S exposure without applied load. Therefore, no SSC is
expected. The goal of this test is to validate that the tested steel is not sensitive to HIC.
Conditions 2 and 3 consist of 90 %YS strained specimens exposed to H,S, with two distinct
surface preparations. Corresponding AE results, plotted on absolute energy vs duration
correlation charts are shown on Figures 3a, 3b and 3¢ for conditions 1, 2 and 3 respectively.
According to previous results [39], analysis of AE data for condition 1 (Figure 3a) suggests
that the only active AE sources are hydrogen evolution and the FeS layer. Both
metallographic examination and ultrasonic analysis of the specimens confirmed the absence
of HIC phenomena. For condition 2 (Figure 3b), when a constant load is applied on an
electropolished specimen, no failure was obtained after 800 h testing and no crack was
detected by metallographic examination. AE results are in agreement with these observations:
according to previous results [39], only populations of AE signals associated with H, and FeS
are identified on the correlation chart. For condition 3 (Figure 3c), all of the mechanically
polished specimens failed. Times to failure varied between 64 and 200 hours (Table 4). Figure
4a shows a typical fracture surface observed by SEM. Two areas can be identified. Fracture
seems to be initiated on the surface of the sample perpendicular to the loading direction (area
1). A brittle type transgranular fracture is observed in area 1, (Figure 5) while microvoids
typical of a ductile failure are identified only in area 2 (Figure 6). A profile of the fracture
surface along the line drawn on Figure 4a can be extracted from a 3D reconstruction of the
surface using a 3D microscope (Figure 4b). Area 1 which is brittle-like corresponds to a flat
surface perpendicular to the direction of applied load. Area 2, identified as ductile,
corresponds to the 45° region. This profile is typical of a SSC rupture: initial hydrogen
assisted crack corresponds to the 90° brittle area. Then, as the cross-sectional area of the
loaded part is reduced, the applied stress reaches the UTS and the sample fails by 45° ductile
fracture. Corresponding AE results are plotted in the energy vs. duration plane on Figure 3c.
In this correlation chart, we cannot distinguish any new population of signal which would
correspond to SSC. Either there is no specific acoustic emission related to SSC, or the
corresponding signals do not differ from H, and FeS signals by energy and duration
characteristics. This result is in agreement with previous results providing evidence that SSC
signals can not be discriminated from H, and FeS signals on absolute energy-duration
correlation charts [39]. Therefore, other approaches were tested to extract AE information
related to SSC. The best results were obtained by mapping the density of AE signals as a

function of position on the gauge section of the specimen and of the time of the test (Figure



7). The density of AE signals is quite homogeneous on the whole gauge length, except in well
defined zones where it is higher for a certain period of time. The direct reading of this figure
indicates that an AE activity well above the background level was detected at some location
and after a certain time. More remarkably, such intense AE activity was always found at the
position corresponding to the final failure. Surface examination was also performed at other
areas where high AE activity was found, and crack initiation was detected (Figure 8). It could
therefore be concluded that these high density signals could be associated with SSC initiation,
as previously demonstrated [39].

In order to obtain time and energy information on AE signals associated with SSC,
characteristics of AE signals located on the final rupture area (zone 1 on Figure 9) are
compared with those of signals located just above the final rupture area, where neither
cracking nor increase in AE signals density were detected (zone 2 on Figure 9). Both zones
have a surface area of 60 mm”. For each zone, both number and energy of AE signals are
plotted versus time (Figure 10). During the first part of the test, signals recorded on both areas
(zone 1 and zone 2) exhibit the same evolution. From the start of the test to 370 ks, the same
cumulative AE activity is recorded for both areas of the specimen. However, from 370 ks
until final fracture, the number and energy of AE signals increase drastically on the area of the
specimen corresponding to the final fracture (zone 1). At the same time, AE activity of the
other area continued to increase at the same rate (zone 2). At the end of the test, 2.5 x 10
signals have been recorded on zone 2 with a cumulative energy of 5 10° aJ, with a constant
increase, compared to 10° signals and 8.2 x 10° aJ on zone 1, where the final rupture is
located, with a sharp increase of both parameters when SSC initiates. Comparing the
evolution of signals recorded on both areas, it can be assessed that a signal related to
hydrogen or FeS layer evolution (the only signal type that is detected on zone 2) carries an
average energy of 20 aJ, whereas a signal associated to SSC development (detected on zone 1,
together with H, and FeS layer evolution signals after SSC initiation) carries an average
energy that is 5 times lower ((8.2-5):(1-0.25), see Figure 10). SSC propagation is therefore
associated with a sharp increase in AE signals density, but SSC associated AE signals have
low energies.

From the representation of the location of the density of detected AE signals on the gauge
length of the specimen versus the time of test (Figure 7), it is also possible to define the SSC
incubation time as the time before signals density increases locally, together with the
propagation time of the cracks until final failure. On the other hand, the observation of the

brittle areas on the fracture surfaces of the failed specimens (Figure 5) allows measuring the



SSC depth and therefore calculating the SSC propagation rate. SSC propagation rates that can
be evaluated with this methodology exhibit good reproducibility: 2 x 10® + 0.5 x 10®* m.s™.

From the representation of the location of the density of detected AE signals on the gauge
length of the specimen versus time (Figure 7), it is also possible to define the SSC incubation
time as the time before signal density increases locally, together with the propagation time of

the cracks until final failure.

DISCUSSION

The present results demonstrate that the steel grade studied here is not prone to HIC when
tested without external stress. Metallographic examination, as well as ultrasonic scans showed
the absence of internal cracks, in agreement with AE signals analysis: no HIC associated AE
signals were detected in any experiments. Both the tempered martensite microstructure and
chemical composition of C110 grade can account for its good HIC resistance [41]. When
C110 specimens were tested under 90 %YS applied load at pH 3.5 under 1 bar H,S, most
experiments led to SSC fracture. Acoustic Emission analysis consisted first to apply a
methodology that gave excellent results in HIC analysis [39-40]. For all SSC experiments, no
AE data typical of HIC were detected. This is a clear confirmation that SSC and HIC proceed
by different mechanisms. However, another type of analysis of AE data proved the ability of
the AE technique to detect differences between failed and non failed experiments. Also, the
representation of the density of detected AE signals on the gauge length of the specimen
versus the time of test (Figure 7) allowed locating the initiation sites and the final failure zone
tens of hours before failure. Early detection of SSC by AE was therefore confirmed to be
possible. More detailed analysis of AE signals associated with SSC revealed that most of
them seem to have a low energy compared to H,, FeS and HIC AE signals [40]. When HIC
propagation occurred, high AE energy jumps associated with decohesion of interfaces
exhibiting cleavage features were observed. From the present AE results, it was therefore
confirmed that SSC does not initiate as sub-surface HIC, which is now well recognized.
Surface preparation of the specimen had an impact on SSC. Electropolishing provided a
higher resistance to SSC vs. mechanical polishing performed as recommended by NACE
TMO0177-96 [38]. Indeed, for all electropolished specimens, no fracture was observed after
more than 720 h. testing. Furthermore, no evidence of SSC initiation was detected by acoustic

emission, and no crack was observed at the surface of the specimen by optical microscope



observation. On the other hand, all mechanically polished specimens failed. Fracture surface
analysis confirmed that cracking occurred through a SSC rather than a SOHIC mechanism.

Therefore, surface preparation appears to be a first order factor for SSC initiation.

SSC initiation:

At the beginning of exposure tests, homogeneous AE data was recorded on the whole
specimen surface. This AE activity could be linked with a randomly distributed localised
corrosion. Indeed, cross section observations of specimen areas exhibiting a high AE signal
density revealed the presence of pits prior to crack propagation (Figure 11). After a certain
exposure time, higher AE activity at specific locations at the steel surface was detected. This
was associated with crack initiation. The time before such local increase of AE activity was
detected was scattered between replicate experiments. This suggests that initiation is not
linked with the accumulation of a certain level of absorbed hydrogen. it is more likely that
initiation starts at surface defects. Indeed, initiation can occur after more than 100 hours
testing, whereas estimations of hydrogen charging kinetics have shown that a HIC standard
massive specimen (X65 grade) is saturated with H, in about 10 hours in similar experimental
conditions [43]. On the contrary to HIC initiation, hydrogen charging time of the material is
therefore not the limiting factor for SSC initiation. This explains the importance of surface
preparation for SSC specimens. Cernoky et al. [44] demonstrated the importance of specimen
surface preparation when tested in acidic H,S media under constant load. The steel specimens
exhibited an increasing resistance to SSC when chemically polished compared to mechanical
polishing, itself compared to as-machined surface state. According to Cernoky [44],
machining was responsible for the existence of a sub-surface strain-hardened zone, at the
origin of SSC susceptibility. Another author [45] also observed that cracking hardly initiated
on smooth surfaces in the presence of hydrogen. According to this author, a localized
corrosion enhancing pitting would promote crack initiation. Indeed, mackinawite scale growth
involves the formation of FeSH 4 which can generate a porous sulfide layer and increase the
localized corrosion of the steel [11]. It was reported elsewhere that the formation of such a
porous sulfide deposit could retain the pit electrolyte within the pits and propagate pit growth
[46]. Moreover, immersion of steel in H,S containing solutions leads to the formation of a
rough surface [11]. In the present case, pitting initiation could be enhanced by the presence of
H,S, as reported for martensitic stainless steel [47], or the presence of a relatively rough
surface could constitute occluded cells and play the part of initiating pits in which acidic

electrolyte can be retained.



SSC propagation:

In the present work, the SSC propagation step was defined to start when a significant local
increase of AE signals density was detected. Therefore, the duration of crack propagation
could easily be calculated, considering the length of the brittle zone of the fracture surface.
From the above results, the corresponding duration of SSC propagation was about 30-35
hours in the present experimental conditions. AE data that were detected in the crack area
several hours before the final fracture was detected. They exhibited low energy (< 10° aJ) and
low duration (< 1500 ps), as compared to HIC AE data [39-40]. This could be an indication
that SSC propagation involves local plastic strain [4-6], and/or dissolution on the microscale,
which is known to be hardly detectable by AE [13][48]. This dissolution mechanism could
also account for the difficulties to discriminate SSC AE signals from the signals related to H,
and FeS, since these two last corrosion processes are also closely linked to anodic dissolution.
Evaluation of crack propagation rates was obtained from AE data analysis and SEM
observations of fracture surfaces. Although times to failure appeared to be scattered (Table 4),
propagation rates lie in the range of 2 x 10%+ 0.5 x 10® m.s™ for all tested specimens. In the
literature, SSC propagation rate values have already been evaluated through DCB tests. Ernst
et al. measured propagation rates ranging from 107 to 10® m.s™ on a C110 steel grade in sour
media [49]. Szklarz et al. obtained a 10 m.s™ propagation rate in the same conditions for a
T95 grade steel [50]. The average propagation rates obtained in the present work from AE are
therefore in good agreement with literature results. Yet, it is worth noting that during constant
load tests, crack propagation is probably not uniform, as suggested by AE results. Indeed,
local high AE signal density tended to decrease until failure (Figures 7 and 10), which could
indicate a change in the propagation rate. Interrupted tests before failure would then be
helpful to obtain a better understanding of the details of the cracking process. The time when

the test has to be interrupted could be determined by AE monitoring.
CONCLUSIONS

This work was aimed at investigating the different propagation stages of SSC in a low alloy
steel in the presence of wet H,S, by the use of an acoustic emission technique. The first
conclusions of this study concern the acoustic emission technique and its performance for the

detection of H,S assisted cracking:



1. As expected, AE characteristics of SSC exhibits different features from HIC: HIC is
associated with high energy AE signals, whereas an emission of low energy signals
accompanies SSC propagation.

2. A representation of the density of AE signals vs. their location on the gauge length of the
specimen and the time of test allows obtaining reproducible, quantitative information on the
incubation-initiation time and on the propagation rate.

Initiation and propagation mechanisms were analysed the light of the AE data recorded during
SSC experiments.

3. Initiation of cracks is closely linked to surface preparation of the material. It depends on the
presence of defects and/or strain-hardened zone at the surface of the metal. SSC initiation is
not related to hydrogen saturation of the steel, but to the formation of a critical pit, associated
with a surface defect.

4. The low energy of AE signals indicates that SSC propagation is not the result of sub-
surface HIC. It is suggested that SSC propagation is the result of a cracking mechanism

involving hydrogen embrittlement associated with local plastic strain and/or metal dissolution.
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Table

Tables

Table 1. Chemical composition (wt %) of C110 steel.

C Mn Si P S Cr Ni Mo Cu Nb
0,309 0,394 0,343 0,015 0,002 0,964 0,037 0,834 0,018 0,033

Table 2. Mechanical tensile properties of C110 steel (tests conducted according to EN10002-1
standard) (YS: Yield Strength, UTS: Ultimate Tensile Strength, El: Elongation)

YS(MPa) UTS (MPa) El1%
798 887 20

Table 3. Experimental conditions and corresponding times to failure.

Experimental Applied load Surface Time to failure

Conditions pH pH,S (bar) (%YS) preparation

1 35 1 0 Mechanical No failure

’ polishing No HIC cracks

Chemical No failure

2 3,5 ! 20 polishing (800 h)

3 3.5 1 90 Mephgmcal [64-200h]
polishing

Table 4. Cracks incubation time, propagation time and propagation rates

Test # Time to failure (h) | Incubation time (h) | Propagation time
(h)

1 132 99 33

2 140 104 36

3 90 60 30

4 113 85 28

5 200 121 79

6 64 5 59

7 116 83 34




Figure

Figure 1. Correlation chart representing absolute energy as a function of signals
duration for a test conducted in the EFC 16 solution at pH 4.5 under 1bar H,S, on
a X65 SwS specimen [33].

Figure 2. Experimental device.

Figure 3. Correlation chart representing absolute energy as a function of signals
duration for a test conducted in the EFC 16 solution at pH 3.5 under 1bar H,S
(a) on a C110 specimen without applied load — (b) with an applied stress of 90%
YS on a C110 chemically polished specimen — (c) with an applied stress of 90%
YS on a C110 standard polished specimen

Figure 4. (a) Fracture surface of C110 steel tested in the EFC 16 solution at pH
3.5 under 1bar H,S with an applied stress of 90% YS — (b) Profile of the fracture
surface (red line on figure 5a).

Figure 5. Detail of the brittle area (1) of C110 fracture surface.
Figure 6. Detail of the ductile area (2) of C110 fracture surface.

Figure 7. Density representation of the location of all the AE signals in function of
time (C110 steel, pH 3.5, 1 bar H,S, 0=90% YS).

Figure 8. SEM observation of the area identified by a circle on the figure 10.

Figure 9. Amplitude of AE signals vs. their location on the gauge length of the
specimen: identification of AE signals located on the final rupture area of the
gauge length (zone 1 - x between 6.7 and 7.0 cm reported from the position of the
sensor located at the bottom of the specimen) and AE signals located just above
the final rupture area, where no crack neither no increase in AE signals density
were detected (zone 2 - x between 6.3 and 6.6 cm).

Figure 10. (a) Number and (b) cumulative energy of AE signals vs. time of test for
zones 1 and 2.

Figure 11. Cross section observations of high AE density areas.
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