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Abstract

Integration of acoustic emission (AE) monitoring with traditional mechanical testing presents an attractive methodology for the
prediction and assessment of material failure processes. While AE monitoring during mechanical testing has been extensively applied
to study deformation and fracture in individual materials, conducting a comparative analysis across various monolithic materials using
a single AE system provides valuable insights. This approach helps identify material-specific signal characteristics and behaviors that
are essential for predicting failure in complex, multi-material structures. In this study, uniaxial testing with AE monitoring was
conducted for evaluating failure behaviors of four different materials, namely low-carbon steel, aluminum alloy, acrylic and white
Portland cement (WPC). The AE patterns obtained from tensile testing of ductile metallic materials, low-carbon steel and aluminum
alloy clearly indicated the regions of elastic, plastic and fracture by difference of peak amplitude intensity of AE signals. AE signals
obtained from brittle materials, PMMA acrylic and WPC specimens showed fluctuated AE peak amplitude intensities throughout the
linear deformation region until specimen fracture. The AE signals and their corresponding Fast Fourier Transform spectra provide data
indicating failure of different materials, as well as failure behaviors, i.e., elastic, plastic and fracture, of ductile metallic materials.
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1. Introduction

Standard mechanical testing approaches, such as tension or compression testing, can give the basic characteristics of materials.
However, they have some limitations. In particular, they are unable to detect the details of deformation and fracture processes and
mechanisms such as plastic deformation, microcracking, void formation, coalescence of void or crack, crack propagation, and final
fracture. Combining Acoustic Emission (AE) monitoring or other non-destructive testing with standard mechanical testing would be
an interesting approach for predicting and evaluating failure processes. AE monitoring techniques have become accepted as non-
destructive testing methods. These techniques hold the potential to predict material failure behaviors during their operational lifespan
[1-3]. This is a useful material research approach for monitoring defect development, such as micro- and macro-fractures, as well as
structural material failures. AE signals correspond to sound waves released during deformation, nucleation and propagation of cracks
in a material due to the development of sudden localized deformations. When any of these failure mechanisms occur in materials,
energy is released and part of this energy is scattered in the form of acoustic waves.

The mechanical properties obtained by standard mechanical testing are useful for designing machine parts and structures using as-
received materials. However, only mechanical properties are insufficient. Detailed information on deformation and fracture obtained
from AE monitoring is essential when parts and structures are fabricated through processes such as stamping [4, 5], bending [6],
forming and grinding [7]. Additionally, it is also important to understand the material behavior, especially when it is non-metallic and
sensitive to the production process, such as ceramics, acrylic [8, 9], bone cement [10, 11], thermoplastic and thermoset polymeric
coatings [12] and calcium phosphate coatings utilized as biomaterials [13, 14]. For the AE analysis, AE signals are detected by a sensor,
amplified and then the AE parameters are recorded. AE parameters, such as event count, ring-down count, energy, duration, and
amplitude, are commonly used to investigate fracture behavior and the severity of damage during a test [15]. Additionally, Fast Fourier
Transform (FFT) analysis serves as a valuable tool in waveform signal processing that helps in understanding the behavior and
characteristics of the signals from a frequency-based perspective. This approach is a widely used technique for converting AE signals
from the time domain to the frequency domain, enabling extraction of valuable information. The frequency characteristics of AE signals
are directly linked to specific damage mechanisms. Various damage modes generate AE signals with distinct frequency profiles,
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enabling the identification and differentiation of failure mechanisms [16]. According to the literature, AE monitoring during mechanical
testing has been widely used to investigate deformation and fracture processes in individual materials, including metals (e.g., steels
[17, 18], aluminum alloys [19, 20]) and non-metals (e.g., acrylic [8, 9], cement mortar [21, 22]). A comparative analysis of various
monolithic materials using a single AE system would be beneficial, as inconsistencies in results can arise when different AE systems
are employed. By using a single AE system, it would be possible to identify distinct signal differences among various materials,
providing valuable insights into their unique characteristics and behaviors. This understanding of AE behavior is crucial for future
studies focused on predicting failure in complex, multi-material structures.

The present study conducts a comparative analysis of AE signals generated by various monolithic materials, including low-carbon
steel, aluminum alloy, PMMA acrylic, and white Portland cement (WPC), using a standardized AE system. This comprehensive
selection offers a more integrated understanding of how different materials behave under stress. The differences in AE signal
characteristics and the failure mechanism of each material were examined.

2. Experimental procedures
2.1 Material and specimen preparation

Four types of materials were used in this investigation: low-carbon steel plate (5S400), aluminum alloy plate (Al1100), PMMA
acrylic plate and cube-shaped WPC. The selection of these four materials was based on their representation of the major material
categories, including ferrous, nonferrous, polymer, and ceramic. The low-carbon steel, aluminum alloy and acrylic plate specimens
were prepared according to JIS Z2201 standard guidelines (No. 13-B) for tensile testing [23]. Figure 1 illustrates the shape and
dimensions of the dog-bone specimen. The as-received plate thickness of the low-carbon steel, aluminum alloy and acrylic plate is 4,
6 and 3 mm, respectively. These specimens were cut from the as-received plates using a CNC milling machine. The loading direction
of the low-carbon steel and aluminum alloy specimens was adjusted to the rolling direction of the plate. WPC pastes were prepared
with distilled water at a cement to liquid ratio of 2:1 on a weight basis. The WPC pastes were cast into 25x25x25 mm? acrylic cubic
moulds for compression testing. Freshly mixed samples were compacted using a vibrating machine for 15 sec to remove entrapped air,
then wrapped with plastic sheets and cured in a temperature-controlled chamber at 23 °C for 24 hours. After curing, samples were
removed from the moulds and further cured in water for 28 days at room temperature. The cured samples were then dried at 40 °C for
24 hours and stored in a desiccator.
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Figure 1 Schematic diagram of experimental setup and AE monitoring system for tensile and compression testing
2.2 Uniaxial (tensile and compression) testing with an acoustics emission monitoring system

A schematic diagram of the experimental setup and AE monitoring system for uniaxial (tensile and compression) testing is
illustrated in Figure 1. Uniaxial tests were conducted using a hydraulic testing machine with a load cell of 100 kN capacity under room
temperature (25-30 °C). Tensile tests on steel and aluminum alloy were conducted using a loading speed of 0.1 mm/sec. For brittle
materials, both the tensile test for PMMA acrylic and the compression test for WPC cement were conducted under a loading speed of
0.01 mm/sec. An AE sensor was attached to the upper side (outside gauge section) of the tensile specimens, as seen in Figure 1. A
rubber sheet, 1 mm thick, was placed between the tensile specimen and the machine clamp to eliminate the noise generated by the
clamped parts. On the other hand, for the compression specimen, the AE sensor was attached to the center of the cube surface. A small
amount of grease was spread on the specimen surface to transfer the elastic wave to the AE sensor. The AE monitoring system was
composed of an AE sensor (AE 900M, NF Corporation), preamplifier (AE 912, NF Corporation), discriminator (AE 9922, NF
Corporation), signal conditioning module (As-712, NF Corporation), portable digital 1/0 device (NI USB 6501, National Instruments)
and an oscilloscope (DS2302A, RIGOL), as found in Figure 1. The sensor (AE 900M), with wide frequency capabilities ranging from
300 kHz to 2 MHz, was chosen for this study. This wideband sensor enables the detection of AE signals across a wide frequency
spectrum, making it particularly beneficial for monitoring materials with diverse failure mechanisms, where AE signals may exhibit
varying frequency characteristics. A gain of 20 dB was preset on the discriminator, along with a high pass filter set at 20 kHz and a
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threshold value of 0.35 V. The AE system used for AE peak amplitude monitoring had a sampling rate of 1 Hz. Before initiating the
test, environmental signals were carefully monitored and controlled to eliminate any potential influence on the test results. AE signals
were monitored during the whole test until final fracture for all the specimens to investigate the deformation and failure processes. Ten
samples of each material were tested to study the correlation between the stress-time curve and AE behavior. The relationship between
the peak amplitude of the detected AE signal and the stress behavior of the samples was obtained to investigate the failure mechanisms
of the tested samples. During the tests, raw AE waveforms were recorded at a sampling rate of 1 MHz using an oscilloscope. These
time-domain signals were then processed using Fast Fourier Transformation (FFT) to convert them into the frequency domain for
analysis. This analysis enables the identification of specific frequency ranges associated with distinct failure mechanisms characteristic
of each material.

3. Results and discussion
3.1 Uniaxial testing and AE behavior

Figures 2(a-d) show two examples of AE peak amplitude variations along with the stress-time curves of materials (steel, aluminum
alloy, acrylic, and WPC) during uniaxial testing. The AE signals were continuously recorded from the start of initial loading until the
final fracture. Variations in AE peak amplitude and pattern were not substantially different for each type of material. The fracture and
AE behaviors of the four materials can be classified into two distinct groups. These are ductile materials, represented by steel and
aluminum alloy, and brittle materials, represented by acrylic and WPC. For ductile materials, similar behavior of the AE signals was
observed (Figures 2(a) and (b)). Based on the level of AE peak amplitude, the signals could be divided into three levels related to the
failure behavior of ductile materials: an initial stage (low level of AE peak amplitude during elastic deformation and yield region), an
intermediate stage (medium level of AE peak amplitude during the plastic deformation region), and a final stage (high level of AE peak
amplitude during necking and final fracture). Notably, the AE signals detected from steel are denser than those from aluminum alloy.
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Figure 2 Stress—strain curves with AE signals for (a) steel, (b) aluminum alloy, (c) acrylic, and (d) WPC specimens
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AE signals obtained from the steel specimens (Figure 2(a)) exhibit varying levels of peak amplitude at different stages of fracture.
Multiple low AE peak amplitudes were recorded during the initial stage. The main AE signals exhibited peak amplitudes that were
lower than 2 V. During plastic deformation, there was a consistent observation of a significantly increasing AE peak amplitude, ranging
from 2 to 7 V, along with the presence of low AE peak amplitudes. In the final stage, specimen fracture, a noticeable increase in AE
peak amplitude greater than 7 V was observed. In contrast, the amplitude of AE signals observed in aluminum alloy specimens (Figure
2(b)) was considerably lower compared to those observed in steel specimens. The AE signals were detected predominantly during the
initial stage of the testing process. Few AE signals with very small peak amplitudes below 1 V were observed during the early stage.
AE signals were rarely observed in the intermediate stage. A peak amplitude higher than 1 V was observed from some samples. In the
final fracture stage, a considerable increase in AE peak amplitude, exceeding 7 V, was detected.

Normally, the peak amplitude of an AE signal is correlated with the intensity of the source within the material producing an acoustic
emission [24, 25]. The initial low level of AE peak amplitudes reported during the initial stage would correspond to dislocation
movement, localized deformation mechanisms, or micro-crack formation inside the material. The observed rise in AE peak amplitude
during the intermediate stage suggests a higher intensity and energy release during plastic deformation. This would correspond to a
continuing dislocation movement and the propagation of cracks inside the materials. The differences in magnitude and number of the
AE signals produced from steel and aluminum alloy specimens can potentially be attributed to different crystal structures and
mechanical properties, such as the modulus of elasticity, yield strength and tensile strength. The critical resolved shear stress (the stress
required for dislocation) exhibits a magnitude approximately 100 times greater for the body-centered cubic (BCC) structures, such as
steel, compared to the face-centered cubic (FCC) structures, such as aluminum alloy [26]. Consequently, this difference contributes to
the elevated elastic modulus and yield stress observed in steel. The FCC structure has more slip planes and directions, which
significantly enhance dislocation mobility. In contrast, the BCC structure, with its lower atomic packing factor (0.68) compared to the
FCC structure (0.74), has fewer slip planes. This characteristic of the BCC structure restricts dislocation movement and inhibits crack
propagation, leading to higher intensity AE signals in steel compared to aluminum alloys. Moreover, Mlikota and Schmauder [26] and
Guo et al. [27] reported that aluminum alloy has low crack nucleation and work hardening rates compared to steel. Inferior crack
nucleation and work hardening rates of aluminum alloy may result in reduced dislocation activity and hindered crack propagation,
leading to a comparatively lower generation of AE signals. These identified characteristics may potentially contribute to a reduced
intensity of AE signals that are observed in aluminum alloy. Finally, the high level of AE peak amplitudes observed in the final stage
would correspond to the final fracture of the specimens.

The AE behaviors observed during uniaxial testing of brittle material specimens exhibited distinct differences compared to those
observed for ductile materials, as shown in Figures 2(c) and (d). The stress-time curves predominantly displayed an almost linear
deformation region. Fluctuating values of AE peak amplitude were observed throughout the test. The AE signals detected from acrylic
are fewer in number and have lower peak amplitude compared to those from WPC. The AE signals for the acrylic specimens showed
a low peak amplitude (less than 2 V) throughout tensile loading until a high peak amplitude (approximately 10 V) was observed at the
point of final fracture. In contrast, the AE peak amplitude for the WPC specimen exhibited fluctuating values, between 0.35 V and 10
V, throughout compression testing. The increased number of signals and higher peak amplitude indicate a greater occurrence of AE
events during the testing process, suggesting a higher level of internal damage and cracking within the WPC material. Low acoustic
AE peak amplitudes detected in brittle materials suggest the initiation of micro-cracks. Additionally, high AE peak amplitudes detected
at the end of acrylic testing would correspond to a final fracture. Furthermore, high levels of AE peak amplitudes detected in WPC
would be consistent with the creation and propagation of macro-cracks resulting from continuous loading. AE behaviors have been
reported for PMMA acrylic by Guo and Wong [9] and for cement paste by Anay et al. [21] and Gu et al. [22]. Guo and Wong [9] noted
that detection of AE signals was challenging due to the relatively low occurrence of microcracks in the PMMA specimens. This
difficulty may be attributed to the low tensile strength of pure PMMA [28]. Anay et al. [21] and Gu et al. [22] reported that AE signals
detected primarily at the end of loading in cement paste were attributed to unstable crack formation and propagation of cracks. In
contrast, AE signals related to micro-crack initiation were observed throughout the entire duration of the test.

3.2 Frequency domain analysis

Almost all detectable signals were processed using Fast Fourier Transform (FFT) analysis to clearly understand variations in signal
frequencies related to the failure behavior of each type of specimen. The waveforms were selected from signals recorded at various
stages of material damage, including peak amplitudes derived from duplicate data of ten tested samples for each specimen type. From
the steel results (Figures 3(a) — (f)), AE signals and FFT spectra provide distinct indications of different stages in the deformation and
fracture processes of steel specimens by analyzing AE peak amplitude, waveform characteristics, and the frequency range of the AE
signals. Figures 3(a) and (b) show two typical waveforms and their corresponding AE signal frequency spectra obtained from steel
specimens during the initial stage of tensile loading. The graphs in Figure 3(a), relating to the low AE peak amplitude of less than or
equal to 1 V (lasting for approximately 0.4 ms), show a small broad peak in the FFT spectrum, with the most dominant frequency being
around 225-275 Hz. AE peak amplitudes ranging between 1 and 2 V reveal two significant frequency bands, 25-75 kHz and 425-475
kHz, as shown in Figure 3(b). The signal length is approximately 0.6 ms. These two forms of AE signals and frequency spectra were
also observed from AE signals with peak amplitudes below 2 V during the intermediate stage. Three typical waveforms and frequency
characteristics of AE signals detected from steel specimens during the intermediate stage are depicted in Figures 3(c), (d) and (). The
quick attenuated signal, lasting less than 0.1 ms, with AE peak amplitude higher than 1 V was detected at this stage. The signals shown
in this format did not have a notable frequency spectrum (Figure 3(c)). The signal displayed in Figure 3(d) demonstrates another set of
characteristics, revealing a wide peak in the FFT spectrum with the most relevant frequencies between 250 and 350 kHz. The signals
had amplitude peaks ranging from 2 to 3 V and duration of approximately 0.5 ms. Furthermore, the rapidly attenuated signals, lasting
less than 0.2 ms with AE peak amplitudes greater than 3 V, were also detected at this stage. The broad frequency ranges between 25
and 150 kHz, with a maximum peak at around 50-60 kHz, are shown in Figure 3(e). The typical waveforms and frequency
characteristics of AE signals observed during the final stage are depicted in Figure 3(f). Other signals were similar to those in the
intermediate stage. Signals showing high peak amplitudes and relatively long continuous waveforms (>14 ms) were observed in the
frequency range between 25 and 150 kHz, with the most notable frequencies at approximately 35 kHz.
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Figure 3 Typical AE waveforms and corresponding frequency spectra of AE signals of steel specimens during (a and b) the initial
stage, (c, d and e) the intermediate stage and (f) the final stage of tensile loading

Selected typical AE signals along with their corresponding FFT spectra recorded from aluminum alloy specimens are presented
graphically in Figures 4(a)—(c). The AE signals, along with the FFT spectra, also provided clear indications of different stages of
aluminum alloy tensile behavior. According to the results, AE signals detected from aluminum alloy exhibited different characteristics
and frequency spectra from those observed from steel. During the initial stage of the tensile testing, AE signals with low peak
amplitudes of approximately 1 V (lasting up to 0.5 ms) were observed, as illustrated in Figure 4(a). These signals did not exhibit a
dominant frequency spectrum. Two distinct frequency ranges are apparent, as shown in Figure 4(b), describing the behavior during the
intermediate stage. The more prominent range was observed at 100-150 kHz, while less significant signals were observed at 350-400
kHz. The maximum peak amplitude was detected at about 6 V with a duration of around 1.0 ms. In the final stage, a signal with high
peak amplitude, a relatively long continuous waveform (>1.4 ms) and a significant frequency range spanning 25 to 150 kHz was
observed. The most significant frequency was seen at about 50 kHz, as depicted in Figure 4(c). These waveform and frequency
characteristics were similar to those identified in steel at the final stage, but the most significant frequency was different.

Acrylic specimens revealed three characteristic AE signals and their corresponding FFT spectra (Figures 5(a—c)) from initial
loading until specimen fracture. Initially, as depicted in Figure 5(a), a rapidly attenuated signal was observed, lasting less than 0.1 ms,
with an AE peak amplitude ranging between 1 and 2 V. However, this signal did not exhibit a significant frequency spectrum. Also,
the typical waveform had an AE peak amplitude within the range of 1 to 2 V, accompanied by a waveform length of approximately 0.6
ms. This waveform revealed the presence of several small frequency bands, as depicted in Figure 5(b). Last, at the final fracture, a high
peak amplitude with a continuous signal lasting longer than 1.4 ms was detected. This signal exhibited a broad frequency range from
25 to 250 kHz with the most significant at about 40 kHz, as illustrated in Figure 5(c). Figures 6(a—c) depict selected typical AE signals
and their corresponding FFT spectra obtained from WPC specimens. Peak amplitudes of varying sizes, lasting approximately 0.6-0.8
ms, were detected throughout the testing. The signals exhibit similar patterns in their FFT spectra, encompassing several frequency
ranges. However, distinctive variations in peak intensity can be observed in each frequency range. AE signal characteristics and failure
stages during uniaxial testing of low-carbon steel, aluminum alloy, acrylic and WPC are summarized in Table 1.
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Figure 4 Typical AE waveforms and corresponding frequency spectra of AE signals of aluminum alloy specimens during (a) the initial
stage, (b) the intermediate stage and (c) the final stage of tensile loading
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Table 1 Summary of AE signal characteristics and failure stages during uniaxial testing of low-carbon steel, aluminum alloy, acrylic
and WPC.

Material Failure stage AE Peak amplitude (V) Signal duration (ms) Frequency range (kHz)
Ductile materials
Low-carbon Initial <1 ~04 225-275
steel 1-2 ~0.6 25-75, 425475
Intermediate >1 <0.1 No notable spectrum
2-3 ~05 250-350
>3 <0.2 25-150
(peak: 50-60)
Final High (> 10) >14 25-150
(peak: ~35)
Aluminum Initial ~1 <05 No dominant frequency
alloy spectrum
Intermediate Upto6 ~1.0 100-150, 350-400
Final High (> 10) >1.4 25-150 (peak: ~50)
Brittle materials
Acrylic Linear deformation 1-2 <0.1 No dominant frequency
spectrum
1-2 ~0.6 Several small bands
Final High (> 10) >14 25-250 (peak: ~40)
WPC All Stages Varying 0.6-0.8 Several frequency ranges,
with variations in peak
intensity

In summary, the dissimilarity observed in the characteristic AE signals and their corresponding FFT spectra during each stage of
failure behavior in individual materials may be related to distinct deformation and failure mechanisms inherent to the respective
materials, as discussed in the previous section. From the overall analysis of the four tested materials, small AE peak amplitudes (<3 V)
with higher AE frequency peaks (>200 kHz) are associated with the initial damage stages in ductile materials, while higher AE peak
amplitudes (>3 V) with lower AE frequency peaks (25-150 kHz) correspond to the middle damage and the final fracture stages in both
ductile and brittle materials. This trend can be attributed to the nature of the fracture mechanisms occurring at different stages of
deformation. In ductile materials such as low-carbon steel and aluminum alloy, localized or minor damage tends to emit higher-
frequency AE signals, whereas larger-scale damage (such as crack propagation or final fracture) shifts the spectrum toward lower
frequencies due to longer-wavelength energy dissipation. In brittle materials like acrylic, no dominant frequency spectrum is observed
initially; however, lower frequency bands emerge at final fracture, with peaks appearing around 40 kHz. In contrast, WPC exhibits
multiple frequency peaks throughout all failure stages, indicating a more complex fracture pattern. The results show that AE signal
data and its corresponding frequency spectra have potential for the prediction of failure stages and identification of material sources.
The specimen material plays a critical role in determining the range of the AE signal frequency spectrum. Variations in intrinsic
mechanical properties, microstructural characteristics, and failure mechanisms significantly influence the observed frequency ranges.
For example, ductile materials often exhibit clear and well-defined peaks, occasionally presenting multiple dominant frequency bands
depending on the failure stage. In contrast, brittle materials produce less distinct frequency spectra, with fewer dominant peaks,
although specific bands become more noticeable in the final stage. In addition to material properties, variations in experimental
conditions, such as tensile or compressive loading, could significantly affect the characteristics of the AE signal frequency spectrum.
Tensile loading predominantly induces microcrack initiation and propagation, producing AE signals with distinct frequency peaks
associated with these fracture mechanisms. In contrast, compressive loading generates AE signals related to mechanisms such as
frictional sliding, crack formation, or pore collapse, potentially leading to multiple overlapping frequency spectra. However, further
investigation is needed, particularly in the context of multi-material structures, to enhance the system's accuracy and applicability
across different materials. This will help in better understanding the diverse failure mechanisms and improve the predictive capabilities
of AE monitoring.

4. Conclusions

Based on AE signal monitoring and evaluation during uniaxial testing of low—carbon steel, aluminum alloy, PMMA acrylic and
WPC specimens, the findings of this study can be summarized as follows:

1. The characteristics of AE peak amplitude detected during uniaxial testing differ among materials and are closely associated with
their type, deformation mechanisms, and fracture behaviors. In ductile materials, steel and aluminum alloy, AE peak amplitude intensity
distinctly identifies the regions of elasticity, plasticity, and fracture. Conversely, PMMA acrylic and WPC display fluctuating AE peak
amplitudes throughout the linear deformation region, reflecting their unique fracture characteristic in brittle materials.

2. The diversity in the magnitude and number of AE signals generated during uniaxial testing was influenced by various factors,
including crystal structure, failure behavior, mechanical strength, type of material and loading direction.

3. Analyzing the peak amplitude intensity and corresponding frequency spectrum of AE signals could offer distinct indications of
failure behaviors in different materials, including specific behaviors in metal materials such as elastic and plastic deformations, as well
as final fracture. This analytical approach allows precise identification of the fracture behavior exhibited by different materials.
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