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Abstract 

Acoustic emission (AE) is used to monitor conditions of various structures across many 

industrial sectors, including containment vessel or storage tank of nuclear materials. 

Periodic monitoring, inspection, and analysis of structure conditions can help prevent 

failure and accidents. Understanding the transient elastic waves in multi-layered structures 

(planar or rounded types) has long been of great interest. This paper experimentally 

investigates changes in AE wave propagation patterns in multilayer planar structures 

(detecting and assessing the effect of coating layers, assumed surrogate of deposits or 

protective layer). Epoxy phenolic coated two mild steel plates were assembled (without 

any adhesion), and two piezoelectric AE sensors were placed on the coating layer. The 

pencil lead break (PLB) test was used to initiate the AE waves from the surface and cross-

section of different layers. From wavelet transforms (WT) analysis, significant energy zone 

changes were observed up to the 450 kHz frequency level with PLB on the surface and 

cross-section of different layers. Love wave propagation on the coated plate structure 

resulted in wave pattern changes with PLB locations and layers. Wave duration, energy, 

energy ratio, and peak amplitude levels were also analysed to characterise the AE wave 

pattern relationship with defect location in a multilayer plate-like (planar) structure. The 

approaches used in this work could potentially be useful in providing a greater 

understanding of defects within multilayer nuclear containment structures, and also 

offering an alternative way to monitor corrosion related degradation of structures with 

insulations. 

 

Keywords: Acoustic emission, multilayer, pencil lead break, wave propagation, 

containment vessel, storage tank, non destrive testing.  

 

1. Introduction 

Acoustic emission (AE) sensor-based monitoring technique is used to detect failures (e.g., 

corrosion, cracks) of materials and structures. It has the advantage of high sensitivity to 

monitoring materials' degradation. AE waves (due to release elastic strain energy) mainly 
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emerge due to cracking, deformation, and degradation of the material or structures 

(Tscheliesnig, Lackner and Jagenbrein, 2016). As summarised by Rajendran et al. (2023), 

there are range of sensor-based detection and monitoring methods (active, passive) for 

degradation and corrosion rate analysis, including those which measures a surrogate, i.e., 

quantifying moisture, temperature, pH, and qualify other changes or degradations at the 

interface, structures, and components. With the emergence of a novel application of 

advanced sensing methods, this research investigates the possibility of the application of 

AE sensor, aimed at advancing wave propagation characteristics in multi-layered 

structures (e.g., containment vessels or storage canister of nuclear materials). 

Importantly, detecting and locating of corrosion (defect, deposit) is one of the major 

challenges in metallic storage structures or structures with one or more than one interface 

or components. 

Waves propagation depends on the material’s properties, structure, and interface 

conditions at the contact region. Wave propagation technique have been used in various 

applications such as monitoring the pipeline, storage tanks, adhesive bonds, and pressure 

vessels to prevent leakages and monitoring metal fatigue, stress, and partial deformation 

on the metal surface (Shehadeh, Steel, and Reuben, 2006). Usage of one or multiple AE 

sensor can be one of the effective methods. However, one of the major difficulties facing 

the development of wave propagation technique to detect, locate, quantify changes in 

materials and structures are challenges related to identifying reflected and transmitted 

wave. Abdulaziz et al. (2021) investigated the AE wave propagation on the honeycomb 

sandwich panel and concluded that the wave propagation mode (i.e., lamb, love) changes 

in sandwich panel, depending on the structure types. Prathuru et al. (2022) investigated 

and assessed the effectiveness of pencil lead break (PLB) tests as a source in detecting 

the defects distributed along the interface of metal-to-metal adhesive bond. Similarly for 

metal-to-metal bonded joints, Crawford, Droubi and Faisal (2018) found that there can be 

a significant change in the received AE waveforms due to the attenuation of high-frequency 

components exhibited by the bonded specimen. Recently, Louda et al. (2022) studied AE 

waves under loading of multilayer structures and established the correspondence of 

clusters with the stages of strain hardening. A detailed study of the AE wave relationship 

with the propagation medium properties, bare and coated pipeline, concluded that coating 

on the pipeline restricts wave propagation and minimizes the wave peaks (Rajendran et 

al., 2023).  

This experimental study aims to understand the wave propagation pattern on the 

multilayer plate-like structure based on the wave source location. This analysis finding 

could help detecting and assessing the effect of coating layers (assumed surrogate of 

deposits or protective layer), failure or degradation location in the multilayer structure 

without removing the layers.  
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2. Methodology 

2.1. Multilayer sample preparation and experimental set up  

A systematic experimental procedure was followed to understand AE wave propagation on 

multilayer plate conditions with wave initiation at different layers. In this experiment, 

coated mild steel plate has a size of 155 mm x 188 mm x 5 mm combined with (without 

any adhesion) another coated mild steel plate. The epoxy phenolic coating was chosen in 

line with the current industrial practice in the energy industry. The pipeline and plate 

surfaces were prepared by removing oil, grease, and other undesirable elements with 

sandpaper (P180, P240 and P1200). Epoxy phenolic coating and hardener were mixed in 

a 4:1 ratio, applied as the first coating layer on a chosen substrate, and dried for 24 hours. 

The second coating layer was applied with the same mixing ratio, leaving it for 24 hours 

of drying. The average coating thickness was 0.272 mm and 0.270 mm for those two 

plates respectively.  

 

Table 1. Multilayer plate sample details and experimental matrix. 

Sr. 

no 

Layer position Length 

(mm) 

Width 

(mm) 

Thickness 

(mm) 

PLB points PLB direction 

1 Layer 1 (epoxy 

phenolic) 

155 188 0.272 1, 2, 3, 4 OA, OB (surface) 

2 Layer 2 (mild 

steel) 

155 188 5 1, 2, 3, 4 WA, WB (cross 

section) 

3 Layer 4 (mild 

steel) 

155 188 5 1, 2, 3, 4 WA, WB and RA, RB 

(cross section and 

surface) 

 

The multilayer experimental conditions and PLB test on various layers with locations 

are listed in Table 1. The experimental samples are shown in Fig 1(a). In all the 

experimental conditions, AE sensors were placed on the first layer’s locations O (S1), and 

Q (S2) and PLB tests were carried out on the surface and cross section of the multilayer 

structure. The distance between two PLB test points was 15 mm in all directions. A 

schematic diagram is shown in Fig 1(b). OA, OB direction was on the top surface of the 

layer 1, WA, WB codes the cross section of layer 2 and 4. RA, RB denotes the bottom 

surface side of layer 4 (exactly opposite to the layer 1 surface points). As shown in Fig 

1(b), PLB test was carried out on the cross sections of two plates parallel to the surface 

PLB test points on layer 1 and layer 4. Due to the limited access and low thickness, no PLB 

test was performed in layer 3.  
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Figure 1. (a) Experimental sample, and (b) schematic of multilayer PLB test point 

locations. 

 

2.2. AE instrument and PLB test 

A Physical Acoustics supplied Micro – 80 D sensor with a frequency range from 100 kHz to 

900 kHz and a resonant frequency of 320 kHz was used. The block diagram of the AE 

instrument is shown in Fig 2. Mistras group preamplifier with three-level of amplification 

levels of 60 dB, 40 dB, and 20 dB. The sensor was connected to the differential input point, 

and the amplified signals passed through the power signal cable to the signal processing 

unit. The signal processing unit had a four-channel system. It amplifies or de-amplifies the 

signals based on the further selection of the -12 dB, 0 dB, +6 dB, and +12 dB gain. The 

National Instrument BNC (Bayonet Neill Concelman) – 2110 (connector block) was used 

to connect the signal processing unit to the data acquisition card, which can record the 

signals at 2.5 MS/s (million samples per second) per channel. A LabVIEW visual interface 

(VI) was built to enable the choice of a number of channels, the number of scans, sampling 

rate, trigger channel, pretrigger scans, pretrigger level. In the experiment, the 

preamplifier gain was set at 60 dB, signal processing unit gain is +12 dB, and the number 

of scans and sampling rate were 100000 and 2500000, respectively, with the trigger level 

of 0.2. 

a) 

b) 
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The pencil lead break (PLB) which is also called the Hsu-Nielsen source, is widely 

used as a reproducible point source for test signals in acoustic emission applications, 

(ASTM, 1999). The advantages of this method with high sensitivity and can be easily 

handled in laboratory environments and field testing, which is a widespread method of 

test source in AE testing. Pressing the lead puts pressure on the structure. When lead 

breaks, the accumulated stress is released suddenly, which causes a microscopic 

displacement on the structure and acoustic wave propagation into the structure.  The PLB 

source frequency range is 40 kHz to 600 kHz (Sause, 2011; Falcetelli et al., 2018). 

 

Figure 2. Block diagram of the AE instrument and testing. 

 

3. Results and discussion 

In this section, the results of the multilayer plate wave propagation relationship with the 

different points of the wave initiations from the various layers presented. The section is 

divided into two subsections. The first subsection explains the results of wave initiation 

from the cross-section of different layers. The second subsection discusses surface points 

wave initiation of different layers. 

 

3.1. Effect of PLB test locations on cross section of layers 2 and 4 

The PLB test points on the cross-section of layers 2 and 4 are shown in Fig 1. Time-domain 

analysis (Fig 3(a,b)) shows that the wave propagation pattern changes based on the 

layer of wave initiation. An apparent wave pattern change is observed in the wave decay 

time and maximum peak amplitude. Wave initiation from Layer 4 has a low maximum 

peak amplitude with a longer decay time because the damping behavior of layers mitigated 

the maximum peak amplitude. The wavelet transform (WT) of layers 2 and 4 (Fig 3(c,d)) 

shows a dominant level in lower frequency and minimized amplitude level above the 100 

kHz frequency level. The wave propagation continues for a longer time on layer 4, which 

can be observed here. The energy level below and above 100 kHz frequency levels with 

standard deviation is shown in Fig 3(e,f) [note: AE signal energy (𝐸) was calculated using 
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𝐸 = ∫ 𝑉2(𝑡)𝑑𝑡
𝑡

0
, which is the integral of the square of the signal over the entire record 

(Prathuru et al., 2022), where 𝑉 is voltage and 𝑡 is time].  

 

Layer 2 Layer 4 

  

  

100 kHz low pass 100 kHz high pass 

  

Figure 3. AE time domain signals and energy analysis: (a) layer 2, (b) layer 4, Wavelet 

transforms: (c) layer 2, (d) layer 4, (e) 100 kHz low pass energy, (f) 100 kHz high pass 

energy. 

 

At lower frequencies, layers 2 and 4 points have mixed energy levels with no 

significant changes. However, layer 2 shows higher energy at higher frequency energy 

levels than layer 4. From layer 4, the wave needs to travel through another three layers 

to reach the sensor on top of the first layer. The properties and thickness of each layer 
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affect the wave propagation and restricts a high frequency wave. The overall energy level 

of the two layers is mixed. Due to the domination of low-frequency wave energy, the 

energy is high on layers 2 and 4. The low-frequency wave has propagated more on the 

multilayer structure, even in wave propagation initiated from the cross-section of the 

structure. 

 

3.2. Effect of PLB test locations on surface of layers 1 and 4 

The results of wave initiation from the surface of layers 1 and 4 are compared and 

analysed. Clear changes in wave propagation are observed based on the wave initiation 

layer, as shown in the time domain analysis (Fig 4(a,b)). Considerable changes are 

observed in the wave decay time and peak amplitude of the wave initiated from different 

layer surfaces. Figure 4(c,d) shows the AE energy level comparison of layers 1 and 4 

based on a digital filter of 100 kHz low pass and high pass with standard deviations. No 

significant changes in the energy level below 100 kHz are observed between the two 

layers, and both exhibit a similar level of energy. However, layer 1 shows a dominant 

energy level compared to layer 4 above 100 kHz frequency level. The wave initiation from 

layer 4 results clearly shows minimized high-frequency waves due to the material 

properties of the different layers. Overall, the surface PLB test points show a small 

difference between the energy levels of different layers (Fig 4e). The dominant level of 

low-frequency waves resulted in an overall energy level similar to the below 100 kHz 

energy level. As seen above, the peak amplitude is reduced in layer 4 compared to layer 

1, and above 100 kHz energy level is low in layer 4 compared to layer 1. The sensor is on 

the surface of layer 1, and the wave needs to travel through the multilayer to reach the 

sensor. The travel on the multilayer structure enhances the wave dispersion, as seen in 

the time domain analysis peaks of layer 4 surface and cross section PLB points. Low 

frequency waves are a recommended analysis to disguise wave initiation layer on the 

multilayer structure compared to other properties of AE analysis. 

The wave pattern changes with the wave initiation on the surface and cross section 

on the multilayer structure, which can be observed in the time-domain analysis of layers 

1 layer 2. In particular, the comparison of energy levels clearly explains changes with 

respect to the wave initiation layers due to the love mode wave propagation on the plate 

structure. Love waves are horizontally polarized shear waves that have velocity changes 

based on the depth of the solid materials (Matikas and Aggelis, 2022). Low frequency 

waves show a dominant response on the multilayer structure, regardless of the wave 

initiation locations (i.e., surface, cross section). The wave pattern changes could be a 

possible way to monitor physical changes in multilayer structure. 
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 Layer 1 Layer 4 

 
 

  

100 kHz low pass 100 kHz high pass 

  

 

Figure 4. AE time domain signals and energy analysis: (a) layer 1, (b) layer 4, (c) 100 

kHz low pass energy, (d) 100 kHz high pass energy, and (e) total energy level. 

 

4. Conclusion 

Detecting and assessing the effect of coating layers (assumed surrogate of deposits or 

protective layer) is one of the major challenges in metallic structures or structures with 
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one or more than one interfaces. Through this case study, we aimed to address one of the 

challenges, i.e., non-destructive measurement of the effect of layers. The results show 

that through introducing wave propagation at sub-MHz range at different surface and 

layers, the proposed method can be effective route to monitor the effect of coating layers. 

Low frequency waves (below 100 kHz) are more appropriate to monitor the multilayer 

structure. The above results explain that high frequency waves are almost damped in 

multilayer structures because of different layers and their properties.  

This study also offers an opportunity to monitor the interface conditions of 

multilayer structures and provides guidance on where to place the sensor to achieve high 

quality monitoring of the primary structure. We believe that such a method could 

potentially be applied for structural components and nuclear materials storage canisters. 

The experimental approach we used here is to use a defect-free or no defect control 

specimen (plate sections) as a reference for characterising acquired AE signal (wave 

propagation) in the absence of a defect. However, further work would include carrying out 

a comparative study with the other defective specimens (corrosion, crack, and deposits). 

The recorded wave features could be examined to distinguish defects from the defect-free 

and to see if it is possible to further identify and characterise each defect correctly based 

on results given by the generated waves. Therefore, multiple samples made of aluminium 

and stainless-steel, a structure that are commonly used for special nuclear materials 

stores, would be used in further study. 
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Degradation in multi-layer structures

In this study 
investigated

• Various industries use multilayer structures for 

wide applications. Especially, materials and 

liquid safe storage, vibration control and etc.

• Materials degradation on the multilayers and 

multilayer interface conditions ends in accidents

and huge amounts of economic losses.
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Nuclear Applications (Storage Canister)

• Special Nuclear Materials (SNM) are packaged 

into stainless steel containers and aluminium 

extrusion for safe and secure storage.

• Presence of electrolytes (e.g., water, soil) leads 

to the initiation of an electrochemical 

reaction (i.e., corrosion). Due to materials 

degradation, the containers could not serve the 

purpose. 

• Especially in the slat environment, aggressive 

pitting, intergranular corrosion and 

chloride formation on the containers. 

• Monitoring the structural health of 

containers is required to maintain a safe 

environment. Particularly, an advanced study 

needs to carry out effective monitoring in 

multilayer structures. 
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AE signal features

Finding source location

𝑐𝑑𝑑 =
24 × 𝐶
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𝒕𝒔𝟏 − 𝒕𝒔𝟐 -arrival time difference of sensors 1 

and 2, X – Source location, V – Wave 

velocity.

• Type of corrosion and failure can be 

classified based on the AE counts.

• Detailed investigation is required to find the 

source location in the multilayer structures. 
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the elastic stress waves
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for monitoring
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source location.
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Sensor and Instrumentation
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Pencil Lead Break (PLB) test scheme and wave propagation

Pencil lead 
2H, Ø 0.5mm

Guide ring 
(Teflon)

Mechanical 
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ASTM: E 976–99 Standard Guide for Determining the Reproducibility of Acoustic Emission Sensor Response. ASTM (1999) 

PLB test illustration (ASTM E 976 – 99)



Experimental Conditions – Bare and Coated Plate

Cross section view

Top view – Plate with coating

188 mm

155 mm

Sensor 1 (S1)Sensor 2 (S2)

11 32 4234

15 mm O

AB

Q

AB

Bare plate Epoxy phenolic coated plate

1 12 2 33 44 W

PLB points

• To understand wave propagation with single layer (i.e., coating).

• Mild steel (ASTM A106) and epoxy phenolic coating are used in 

industry most for storage purposes.

• PLB test is performed on surface and cross section of the bare 

and coated plate.

• Each point PLB test was performed 5 times repeatedly.

Coating

Plate



Experimental Conditions – Two Coated Plates

Epoxy phenolic 
coating (1st layer)

Epoxy phenolic 
coating (3rd layer)

Plate (4th layer) 

PLB 
points

1 2 3 4

1 2 3 41234

1234

15 mm

155 mm

O AB

W A
B

W AB

R AB

15 mm

Cross section view of two coated plates

Plate (2nd layer) 

Sensor 2 (S2) Sensor 1 (S1)

Original experimental plate

• To understand wave propagation with multilayer structures and wave initiation from different layers.

• Plate size is 155 mm (L) * 188 mm (W) * 5 mm (H).

• The coating thickness is 0.272 mm (layer 1) and 0.270 mm (layer 3).

• No adhesion between two coated plates (similar to nuclear storage containers condition).

• PLB tests on surface and cross sections of layers 1, 2, 4.

Surface

Coated plate 1 

Coated plate 2 

Surface



Results – Bare and Coated Plate
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Time domain analysis

Frequency domain analysis

• Time and frequency domains are changed based on the plate 

conditions (bare, coated).

• Wave propagation pattern depends on the layer properties of 

Young’s modulus, density and shape (Mild steel – 190-210 GPa, 

7800-8000 kg/m3, Epoxy coating: 2.7-4.1 GPa, 1200-1400 kg/m3).

• Coated plate shows minimized peak amplitude, low decay time and 

number of rises compared to bare plate.

• Coating layer act as a damping layer and restricts wave 

propagation in the form of dispersion.

Ozevin, D. and Harding, J., 2012. Novel leak localization in pressurized pipeline networks using acoustic emission and geometric connectivity. International Journal of Pressure Vessels and Piping, 92, pp.63-69.



Results – Bare and Coated Plate

100 kHz low pass

100 kHz high pass
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• Digital filter is applied below and above 100 kHz.

• Mixed response in a low frequency level (below 

100 kHz)

• Coated plate has low energy level in high 

frequency level (above 100 kHz).

• Wave velocity decreased with coating.

• Overall, the wave propagation parameters and 

pattern changes with layers on the primary 

material. 

𝐸 = ׬
0

𝑡
𝑉2 𝑡 𝑑𝑡

AE energy calculation

Distance (d) / Time (t)

Wave velocity (v) 

100 kHz lowpass/

100 kHz high pass

Energy ratio

Droubi, M.G., Reuben, R.L. and White, G., 2012. Statistical distribution models for monitoring acoustic emission (AE) 
energy of abrasive particle impacts on carbon steel. Mechanical Systems and Signal Processing, 30, pp. 356-372.



Results – Cross Section Layers 2 & 4

Layer 2 Layer 4

Peak amplitude Decay time

• Wave propagation pattern and frequency changes with 

layer of wave initiation.

• Maximum peak amplitude level decreases as PLB test 

points move away from the sensor location.

• Layer 4 shows a high decay time and number of rises 

as a result of low frequency wave domination. 
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Results – Cross Section Layers 2 & 4

Layer 2 Layer 4
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Wavelet transform

• Wavelet transform is a combination of time 

and frequency domain

• Showed the distributed energy zones across 

the frequency level, however low energy 

level in layer 4. 

• Low frequency waves are not affected by 

multilayer structures and wave initiation 

points. 

• Minimisation of high frequency waves is 

dominated in multilayer structures compared 

to single structure.



Results – Surface Layers 1 & 4

Layer 1 Layer 4

Peak amplitude
Time domain analysis
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Wave duration

• Layer 1 and 4 surface 

points have different 

wave propagation 

patterns.

• Significant reduction in 

the high frequency 

energy level (no peaks).

• Similar to cross section 

points, the peak 

amplitude decreases with 

the addition of layer. 



Results – Surface Layers 1 & 4

Layer 1 Layer 4
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AE energy 

• High frequency waves are fully absorbed when 

wave initiation from layer 4 with domination of 

low frequency waves.

• Overall, AE energy level does not show much 

change, however, the AE parameters are 

changed based on the source initiation layers 

and points.

• Sensor placement on the outer layer of 

storage container could help find the 

degradation in layers. 



Summary

• Detecting and assessing the effect of coating 
layers (assumed surrogate of deposits or 
protective layer) is one of the major 
challenges in metallic structures or structures 
with one or more than one interfaces. 

• Through this case study, we aimed to address 
one of the challenges, i.e., non-destructive 
measurement of the effect of layers. 

• The results show that through introducing 
wave propagation at sub-MHz range at 
different surface and layers, the proposed 
method can be effective route to monitor the 
effect of coating layers. 

• Low frequency waves (below 100 kHz) are 
more appropriate to monitor the multilayer 
structure. The above results explain that high 
frequency waves are almost damped in 
multilayer structures because of different 
layers and their properties. Thank you

v.rajendran1@rgu.ac.uk

Upcoming study

Interface defects and depositions 

Metal
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Coating
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Metal
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Degradation, 
crack
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