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Abstract: Acoustic emission (AE) is a phenomenon where transient waves of stress are generated
during deformed material, which is applied to detect and monitor the cracks and cracks propagation.
The majority of related literature studied simulated wave sources, which were utilized for a single
point of a pipe and have been strictly controlled by temporal characteristics. Therefore, the realistic
wave sources which do not have known temporal characteristics are studied in the present work. The
realistic source is quasi-static crack propagation under three-point bending. The distortions of AE
signals are experimentally evaluated by testing the AE signals of crack propagation using simulated
sources. A variety of stress intensities are applied on a steel pipe to determine the effect of stress type
and intensity on the characteristics of the source using time and frequency domains. Sensors are
mounted on the steel pipe to locate and reconstitute the features of time and frequency domain of the
AE sources. It is concluded that the AE energy was sensitive to the crack size which was concerning
to the transition of plane-stress to plane-strain. The potential of AE technique for identifying the
nature, intensity and location of crack propagation is demonstrated.

Keywords: acoustic emission; bending; quasi-static crack

1. Introduction

Acoustic emission (AE) is one of the most effective and efficient techniques which can
be used for monitoring and detecting fracture and fatigue in metals, wood, ceramics, fibre-
glass, composites, plastics and concretes [1]. AE detection uses the energy released from the
defected structure during its failure and no external energy source is involved, and hence is
considered as a passive technology [2,3]. Accordingly, movements within a material can be
detected by AE, whilst other techniques have limited detection of geometrical distortions,
and hence AE technique has superior capabilities compared to these methods [2]. Many
researchers demonstrate that AE is an effective flaw-monitoring technique [4–8].

The AE signals are prone to dispersion and attenuation due to the wave elasticity
features [9,10], given that the AE signal propagation in thin plates is dispersive due to the
varying phase velocities at which several frequencies are propagated [11–16]. Consequently,
the majority of performed AE monitoring tests showed an interest in specimens with thin
plate geometries [11,14]. The correlation between AE events count rates and the rates
of crack growth in the steel and welded steel of the compact tension specimens under
fatigue were outlined in different studies [17,18]. It was concluded that some parameters
(e.g., duration, rise time and rise angle) were very sensitive to the crack propagation rate
and were beneficial for the transition characteristics of shear failure under conditions of
fatigue [19]. For instance, a study utilized a manipulated metal powder drop test on a
metal plate and demonstrated that the number of waveform counts generated correlates to
the metal particle diameter [18]. It was demonstrated that the structural damage produced
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during fatigue can be monitored using the emitted waves which are sensitive to fractural
trends [20]. Research studies applied several types of stress concentration (e.g., circular
holes) on tensioned steel plates [21]. They reported that the AE event rates increased
between the yield and the ultimate tensile strength (UTS); also, the specimens having stress
concentrators started emitting waves earlier than those without. It was suggested that
the AE waves were concentrated in three triggering activities: around, and just following,
yield; in the advanced stages of work hardening approaching the ultimate tensile strength
(UTS); and after the UTS, prior to rupture [22]. Hao et al. [23] utilised AE methods to
monitor the plastic deformation during a deep drawing process. Uniaxial tensile tests
were performed for initial system calibration. A model was developed for Root Mean
Square (RMS) AE (essentially the AE energy) that is directly proportional to the product
of strain and strain rate and is similar to an approach used by Carolan et al. [24] to model
the AE waves released during metal cutting. Dunegan et al. [25] have suggested that the
AE generated is associated with the dislocation motion (plastic deformation) in the plastic
zone ahead of a crack tip and are credited with the relationship that the total number,
N, of AE counts is proportional to the fourth power of the stress intensity factor. Palmer
and Heald [26] found that crack-tip plasticity is a crucial AE wave-generating mechanism
and have noted that the total emission count is directly related to plastic zone size which
was characterised in terms of the Dugdale strip yielding model. Further experiments
on notched stainless steel specimens concluded that the power law dependence of the
Dunegan crack extension model varies with the specimen’s thickness, thus supporting
Palmer and Heald’s approach to linking AE with the plastic zone size, and hence, plastic
yielding fracture mechanics [27]. Earlier studies [28–31] suggested that the linear elastic
fracture mechanics demonstrate the released AE energy during fracture and correlate the
AE energy to the strain energy release rate (Gc) in brittle fractures. Several researchers
agreed that the plastic deformation at the crack tip is similar in the aforementioned static
fracture where the degree of crack tip plasticity is substantial with the increase of the plastic
zone size, as in low cycle fatigue or with relatively ductile materials [32–34]. Shehadeh et al.
were concerned about monitoring pipeline bending and bucking using the AE technique
(e.g., references [35,36]). They used cross correlation with the wavelet transform method
for AE source localisation in long pipes [37]. Shehadeh et al. established in subsequent tests
that utilized a linear array of the AE sensors to locate and reconstitute the time domain
signatures of AE sources in pipes [38]. The correlation between AE signal attenuation with
a discontinuous steel pipe was examined by Shehadeh et al. [39]. The distortions of AE
continuous and semicontinuous sources (i.e., untemporal) were evaluated in time and
frequency domains. Moreover, a study [40] introduced a novel strategy of phased array AE
localisation by considering the actual trajectory of the propagating elastic waves in order
to localise both the defect axial and radial positions.

The continuous AE sources simulate that the crack propagation of steel pipes is
investigated and represented in the current study. A set of tests were conducted to extract
significant features of the AE signal associated with untemporal sources in a steel pipe
using energy in the time domain method. A variety of intensities were simulated during
the crack propagation tests and the effects of type and intensity on time and frequency
domain characteristics of the source were evaluated.

2. Materials and Methods

The locative and temporal distribution of the AE sources are less controlled compared
to that with simulated sources that were examined in the previous studies [37,39]. Subse-
quently, the present study aims to evaluate the behaviour of the realistic AE sources. The
employed realistic source is quasi-static crack propagation under three bending point. The
specific nature of the sources was not known prior, but a series of tests were carried out to
perform plastic deformation on a steel pipe. This study developed analytical techniques
to gather significant characteristics of the AE signals associated with realistic sources.
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This was achieved using energy in the time domain methods by taking the propagation
characteristics established in the aforementioned studies into account.

The energy associated with an AE signal over a time, t, can be determined as follows:

E =

t∫
0

ν2(t) dt (1)

where v(t) is the amplitude of the AE waveform in volts, t is time in seconds and the AE
energy is given in V2.s.

A universal testing machine was used to perform three-point bending (destructive
testing) on predefined locations of five identical steel pipes 1900 mm in length and 7.35 mm
in thickness. A couple of AE sensors were mounted on each pipe, where each sensor was
axially located 250 mm either side from the mid-span and circumferentially opposite to a
machined notch, as shown in Figures 1 and 2. Five different notch sizes (one notch for a
single pipe) of varying depth and constant length to depth ratio (10.3) were used as shown
in Figure 3.

Commercial broadband AE sensors (Physical Acoustics Micro-80D type) were used
to detect AE. These sensors had a fairly flat frequency response but with two bands
of relatively high sensitivity at around 150 kHz and 350 kHz and are based on lead
zirconate titanate (PZT). The AE sensor converts detected waves propagating through
the material under examination into a time varying voltage signal. This AE sensor is
omnidirectional and is sensitive over the frequency range from 175 to 1000 kHz, over an
operating temperature range from −65 to +177 ◦C. The sensors are 10 mm in diameter and
12 mm high and were held onto the test object surface using in-house-designed magnetic
clamps. In order to obtain good coupling of the AE, the surface was kept smooth and clean
and silicone grease was used as couplant to fill any gaps caused by surface roughness and
eliminate air gaps which might otherwise impair AE transmission.

The experiments in this research were concentrated on acquiring raw AE signals and
data acquisition (DAQ) was based on an in-house built desktop PC with a 12-bit, National
Instruments (NI), PCI-6115 board. This board can be used to acquire simultaneously the
raw AE signal at 10 M samples/s for up to four channels and uses a full-length PCI-6115
slot. It is a multifunction analogue, digital and timing device without on-board switches or
jumpers so that it can be configured and calibrated by software.

The uncertainties for the experimental results in different parameters, AE energy,
mechanical energy, fracture energy and intensity factor were around 4%, 5%, 3.5% and
4.5%, respectively.

The notches were loaded in three bending point by a universal testing machine of
50 kN, using 1.66 mm/s crosshead speed. Two simple supports 1300 mm apart and 30 mm
high supported the pipes. Rubber coating was applied to the supports and the crosshead’s
indenter to enhance noise reduction. To measure the displacement of the crosshead, a linear
variable displacement transformer (LVDT) was mounted on the test rig. A 4-channel data
acquisition device was connected to the outputs of the two AE sensors, the LVDT and the
machine load cell for synchronised signal recording.

Figure 1. The bending test schematic layout.
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Figure 2. Geometry of circumferential crack.

Figure 3. Dimension of the circumferential defect in each pipe.

In the three bending point test, the load is exerted at the mid-span; thus, the bending
moment M in the plane of load application can be calculated as the following:

M =
Pl
4

(2)

where P is the exerted load and l is the distance between two supports. The notch geometry
(in Figure 4) is of an external circumferential defect on a cylindrical pipe under quasi-static
loading of bending for which the collapse moment, for β < π

1+η is given by [41]:

Sr =
M

4R2hσf
= cos

(
(1− η)β

2

)
− (1− η)sinβ

2
(3)

where R represents the cylindrical radius (m), M is the bending moment for plastic collapse
(kN.m), h is the wall thickness, σf represents the flow stress which can be taken as the
average of the tensile and yield strengths (MPa).
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Figure 4. Typical pipe failure from 3-point bending test.

3. Results and Discussion

Processing of frequency and time domains were used to evaluate the raw AE signals
and the energy content for all tests. Table 1 shows the calculated moment that caused the
collapse and the corresponding geometry of the ligament area in each pipe during the five
experiments.

Table 1. Calculated collapse moment and geometry values for the ligament area.

Pipe Number Collapse Moment (kN·m) Ligament Length (mm) ηh (mm)

1 4.75 30.90 4.35
2 4.17 41.20 3.35
3 3.47 51.50 2.35
4 2.95 61.80 1.35
5 1.13 76.00 0.00

The AE signal from the three bending point tests have been recorded at 90 s total time
of 1450 batches of 4 ms at a 5 MHz sampling rate. A typical raw AE batch was captured as
in Figure 5, while Figure 6 showed a normalised frequency domain plot for the same batch.
Unlike the indentation tests, where currently the energy was mostly in a high frequency
band at around 350 kHz, some peaks were still visible at a frequency band of 100–150 kHz.

Sensors 2021, 21, 0 6 of 16

Figure 5. Raw acoustic emission (AE) signal at deflection of 3.22 mm.

Figure 6. Normalised frequency for pipe 2 at deflection of 3.22 mm.

The mechanical notch first cracked through the wall and subsequently propagated
around the pipe across its circumference, where the latter was having the features of ductile
rapture as opposed to fracture.

As shown in Figure 4, a typical two stage failure of one of the pipes occurs where the
mechanical notch first cracks through the wall and subsequently propagates circumferen-
tially around the pipe, the latter having all the features of ductile tearing as opposed to
fracture. The maximum moment which was measured from the curve of deflection load
versus the calculated collapse moment which was obtained from Equation (2) represents
the values of the measured failure moment which are generally higher than that calculated

Figure 5. Raw acoustic emission (AE) signal at deflection of 3.22 mm.
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Figure 6. Normalised frequency for pipe 2 at deflection of 3.22 mm.

The mechanical notch first cracked through the wall and subsequently propagated
around the pipe across its circumference, where the latter was having the features of ductile
rapture as opposed to fracture.

As shown in Figure 4, a typical two stage failure of one of the pipes occurs where the
mechanical notch first cracks through the wall and subsequently propagates circumferen-
tially around the pipe, the latter having all the features of ductile tearing as opposed to
fracture. The maximum moment which was measured from the curve of deflection load
versus the calculated collapse moment which was obtained from Equation (2) represents
the values of the measured failure moment which are generally higher than that calculated

Figure 6. Normalised frequency for pipe 2 at deflection of 3.22 mm.

The mechanical notch first cracked through the wall and subsequently propagated
around the pipe across its circumference, where the latter was having the features of ductile
rapture as opposed to fracture.

As shown in Figure 4, a typical two stage failure of one of the pipes occurs where the
mechanical notch first cracks through the wall and subsequently propagates circumferen-
tially around the pipe, the latter having all the features of ductile tearing as opposed to
fracture. The maximum moment which was measured from the curve of deflection load
versus the calculated collapse moment which was obtained from Equation (2) represents
the values of the measured failure moment which are generally higher than that calculated
and consistent with the slight underestimate of yield stress as anticipated when using
specified values. The smaller the difference for pipes with smaller defects suggests a shift
from failure by plastic collapse to failure by fracture at smaller defect sizes.

The load deflection curves for each pipe are demonstrated in Figure 7, with time
evolutions of the AE signals (integrated for each batch of 4 ms). Four zones have been
generated from the load deflection curves which have a featured shape: pipe elastic
deformation (Zone I); Zone II: pipe plastic deformation, expected to be most intense at the
notch root; pop-through of a notch (Zone III) which is fast ductile fracture; Zone IV: the
popped-through crack extended around the circumference (ductile rapture) and plastic
deformation of remaining pipe wall ligation.

Figure 7. Cont.



Machines 2021, 9, 73 7 of 13

Figure 7. The mechanical load and AE batch energy versus deflection; (a) pipe 1; (b) pipe 2; (c) pipe 3; (d) pipe 4; and (e)
pipe 5.

The AE energy is calculated by adding the energy batches for each of the relevant
files (defect). The mechanical energy is estimated by calculating the area under the curve
of force deflection. The AE and mechanical energies for the entire experiment are shown
in Figures 8 and 9 and then split between that up to maximum load (Zones I and II) and
that after maximum load (Zones III and IV). It is found that the AE energy for pipe 3 is at
a maximum with regards to the total mechanical energy input and that this is associated
with the period after maximum load. Zones I and II show an increase in the defect size.

Figure 8. AE energy and mechanical energy.
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Figure 9. AE energy and mechanical energy before and after maximum load.

There was no considerable change in AE energy in Zones I and II with mechanical
energy. However, it dramatically drops off with significantly large defect sizes. The afore-
mentioned observations were caused by the AE signals being sensitive to local deformation,
which can be determined by the stress intensity factor, however, were relatively insensitive
to the bulk plastic deformation which was the main source of the load resistance. Subse-
quently, the standard approach in Equation (3) can be used to determine the Mode I stress
intensity factor (KI) for Zones III and IV:

KI = (Yσ)
√

aπ (4)

where a represents the depth of notch for Zone III as shown in Figure 10 and circumferential
length for Zone IV as shown in Figure 11.

Figure 10. Flaw geometry for Zone III.

Figure 11. Flaw geometry for Zone IV.
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(Yσ) can be determined, taking into account bending stress and membrane, as follows:

Yσ = M fw(σm Mm + σb Mb) (5)

where M represents correction factor of the bulging, M = 1 in this case, and magnification
factors are represented by Mm and Mb which can be determined for Zone III from graphs as
in reference [42], and for Zone IV (Mb = Mm = 1); σb = (σouter − σinner)/2 and σm = (σinner +
σouter)/2 are the bending stress (MPa) and the membrane, respectively; and fw =(sec((a/h)0.5

(πc/w))0.5 for Zone III, and (sec(aπ/w))0.5 for Zone IV, where h is the wall thickness and w
is (diameter × π), as illustrated in Figures 11 and 12.

Figure 12. Total AE energy and fracture energy for Zones III and IV.

Ef, the fracture energy, which is associated with the area formation, A, can be deter-
mined from Gc, the Griffith toughness, which related to KI at fracture:

E f = A× Gc = A×
K2

I
E

(6)

where E is the modulus of elasticity. Since the stress at the end of pop-through or ductile
tearing are not zero, the Zone III and Zone IV energy of fracture (EIII and EIV) can be
determined by:

EI I I = Alig ×
(

G1
c − G2

c

)
(7)

EIV = Atear ×
(

G2
c − G3

c

)
(8)

where Alig and Atear are the areas of pop-through and the ductile tear, respectively; G1
c and

G2
c are the toughness at the start of the fracture process at the end of Zone III and start of

Zone IV, respectively, where the toughness at the end of Zone IV is represented as G3
c .

Interesting observations can be noticed from the AE energy plotted against two
components of fracture energy. Zone III fracture energy was a particularly small proportion
of the total mechanical energy. Subsequently, this approach proved that there was a change
in the AE energy trends between pipe 1 and pipe 5 that also occurred at pipe 3. The test was
conducted for A plane-stress/plane-strain by comparing the product of the yield stress, σy,
(240 MPa) with the apparent value of KI and the length of the crack front, L:

K2
I

σ2
y L

(9)

where L is the ligament length for pop-through which is given in Table 1 and, for circum-
ferential tearing, L represents the wall thickness of the pipe. Table 2 shows the calculated
results of plane-stress/plane-strain results and these should be seen in the context that
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the transition from plane-strain to plane-stress took place over a range of K2
I /σ2

y L from
unity to around 3. Therefore, pipes 3 and 4 can be subject to a process of fracture during
pop-through, whereas only pipe 5 was subjected to fracture during the circumferential
tearing.

Table 2. Plane-stress/plane-strain results calculated using K2
I

σ2
y L .

Pipe 1 Pipe 2 Pipe 3 Pipe 4 Pipe 5

Pop-through 8.22 3.9 1.9 0.6 -
Circumferential tearing 65.5 34.7 19 5.4 0.9

True measures of KIc can be determined for pipe 4 (pop-through) and pipe 5 (circum-
ferential tearing) when K2

I /σ2
y L < 1 and taking values of KI at the failure. Consequently, the

degree of plasticity of the fracture can be measured by KI/KIC, which showed interesting
findings as shown in Figure 13 when it was plotted against AE energy.

Figure 13. AE energy for Zones III and IV with stress intensity factor.

The plastic deflection in the region prior to maximum load was mostly achieved for
pipes 1, 2 and 3 at larger KI/KIc, in other words, at general yielding in the pipe wall. On the
other hand, AE energy appeared less in pipes 4 and 5 with smaller KI/KIc and the yielding
was more confined to the notch area. Two behaviours were created after the maximum load
that were based on plasticity of crack propagation degree; thus two groups subsequently
appeared, first group: pipes 1, 2 and 3 and second group of pipes 3, 4 and 5. In the first
group, the AE energy of pop-through is a relatively small component, a larger one from
circumferential tearing and a third from continuous deformation in the pipe wall. Pipe 3
has experienced the least general yielding up to the maximum load; this third component
was greater after maximum load than the other two. In pipes 3, 4 and 5, the majority of the
AE energy postmaximum load was located in Zone IV and was directly proportional with
the tearing energy, which was linearly related to the mechanical energy.

4. Conclusions

The focus of this work was to examine the behaviour of real sources, where the
temporal and, to an extent, spatial distribution of the AE source was less controlled than in
the case of the simulated sources. The sources chosen were quasi-static crack spreading
under three-point bending. The precise nature of the sources was not known a priori but
was expected to include crack opening and local general plastic deformation. Consequently,
the following findings were derived from the aforementioned study:

• AE due to crack spreading tends to manifest itself mostly in higher frequencies, with
contributions from general plastic deformation, and crack spreading by intense plastic
deformation and fracture mechanics.
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• The cumulative AE energy was mostly produced during periods of intense plastic
deformation during the three bending point test, predominantly, the maximum AE
energy occurred at the end of Zone I (yield of the pipe section) and the starting of
Zone IV (plastic tearing).

• The experiments reported here have spanned the plane-stress/plane-strain transition
and, as such, have provided two distinct trends with crack size. The AE energy was
sensitive to where the size of crack lay regarding the transition of plane-stress to
plane-strain.

• Transitions of the plane-stress to plane-strain have extended and, as such, have sup-
plied two distinct trends with crack size.

• The emitted AE signals due to crack propagation tends to be obvious in higher frequen-
cies, with contributions from general plastic deformation, and the crack propagation
by fracture mechanics and extensive plastic deformation.

• The time domain can also clearly be used to recognize between these specific crack
sizes.
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