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Abstract 

The acoustic emission (AE) technique is unique in that it enables real-rime monitoring of processes of 
plastic deformation and fracture in materials by receiving signals originating from the entire volume of 
the testing. This capacity is hardly achievable by any other non-destructive methods aimed at 
continuous and/or in-situ monitoring of deformation processes. However, the price paid for the high 
sensitivity of the AE method is well known – the AE signal is buried into the electric noise: the higher 
the gain the higher the noise. This noise is a natural physical limit of the sensitivity of the method.  In 
this paper, we overview the factors that interfere with the detection and identification of AE signals of 
very low amplitude. For probing these factors, the indentation and scratch testing were used as these 
testing methods are gaining popularity in modern laboratory and industrial practice.  The low-amplitude 
AE arises in these tests from the sources caused by plastic deformation in small volumes loaded 
locally in the micrometre scale. Procedures for of analysing and suppressing the external noise and 
the noise from testing equipment are proposed and discussed. Results of detection of AE events with 
low signal-to-noise ratio (SNR) during scratch testing of pure polycrystalline metals are presented. The 
efficiency of proposed algorithms for noise reduction and SNR improvement by AE digital signal 
processing is demonstrated on the examples of (1) wavelet-based “Phase Picker” signal detection 
algorithm, (2) spectrum noise gating procedure (Audacity), (3) spectral signal analysis. In this way, the 
AE technique has been proven to be a viable and versatile tool for investigations of local deformation 
mechanisms in situ.  

Keywords: acoustic emission, scratch test, deformation mechanisms, signals detection, spectrum 
analysis. 

1. Introduction 

The acoustic emission method is highly sensitive to processes of local stress relaxation 
occurring in a crystal under external influence. These relaxation processes are associated 
with dynamic changes in the microstructure caused by phase transitions, fracture or plastic 
deformation. The latter is most often related to dislocation slip and/or twinning in crystals. 

An estimate of the minimum sensitivity limit of the AE method is an interesting and 
challenging practical and theoretical task. An analysis of the theoretical sensitivity limit of the 
AE method is well presented in [1, 2] for various mechanisms. In particular, the theoretical 
sensitivity limit to dislocation motion has been explored in the continuum mechanics 
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approach within the Green’s function formalism. The authors substantiate analytically that the 
elementary dislocation jump at a distance equal to the value of the Burgers vector forms an 
amplitude response on the surface at the AE sensor location of the order of the regular 
background noise level. However, the practical sensitivity threshold is significantly worse. 
The main factors complicating the registration of AEs from single dislocation glide events are 
related to signal attenuation during propagation and transformation, mechanical and 
electrical noise. Increasing the AE sensitivity to the elementary dislocation reactions in solids 
is a long standing fundamental and technical problem, the solution of which can bring the AE 
method to the foremost positions among other in-situ techniques used in modern material 
science.  

We demonstrate a practical approach aiming at determining the actual level the AE method 
sensitivity to discrete dislocation events detecting during plastic deformation. The key points 
exploited in the present work are the controlled local deformation and the advanced signal 
processing algorithms for increasing the practical sensitivity of AE to low-amplitude events in 
in continuous time series with very low signal-to-noise ratio. 

2. Experimental 

To address these issues we have developed a versatile threshold-less AE signal recording 
and analysing procedure and applied it to the instrumented micro-scratching of copper 
polycrystals with the well-characterised initial microstructure. 

Pure polycrystalline copper is a model material which deformation is mediated by dislocation 
glide at room temperature. Acoustic emission in pure single- or poly-crystalline copper 
appears as a powerful continuous wide-band signal under tension or compression [3-5]. 
Such a signal is formed by a huge number of gliding dislocation. It is not possible to separate 
an individual signal from a single dislocation slip source by amplitude, signal duration or any 
other AE parameter even if the low-noise equipment and high sensitivity resonant sensors 
are used. 

The samples of 3N (99,9% Cu) polycrystalline copper with dimensions of 20 × 20 × 2 mm3 
were annealed in vacuum at 1170 K for 1 h and electrolytically polished to a mirror-like finish. 
The microstructure was investigated by electron backscattered diffraction (EBSD) 
measurements in a field-emission scanning electron microscope (SEM) ZEISS-SIGMA 
equipped with the EDAX/TSL EBSD detector.  

To promote highly localised AE within individual grains, scratch tests were carried out using 
the Nanovea tester. The driver of the setup was previously examined by AE and configured 
to exclude mechanical noise. It is the noise level that limits the amount of loading and speed 
of the indenter's movement. To reduce the effect of interfacial friction between stylus and 
specimen [6, 7] the Berkovich diamond indenter in the edge-forward orientation was moved 
linearly at relatively high constant dragging speed Vs = 12 and 24 mm/min until the scratch 
reaches 2 mm length. The normal load F during the test was set constant at the minimum 
stable controllable value 1 N and 2 N. 

The piezoelectric sensor AE-900S-WB (NF-Electronics, Japan) with a frequency band of 
100–1000 kHz was attached to the samples through vacuum oil with a rubber band. The 
short distance between indenter to sensor was a few millimetres. The signals were amplified 
by 60 dB by the low-noise pre-amplifier and acquired by the 16-bit PCI-2 board (MISTRAS, 
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USA) operated in a continuous threshold-less mode at the sampling rate of 5 MSamples/s. 
The on-board filters were set in the widest possible range of 20 kHz to 2 MHz and the 
additional +6 dB gain was pre-set. The AE waveforms were continuously recorded and 
synchronised with the scratch path. 

The stationarity of loading conditions and propagation of AE waves is the main advantage of 
indentation and scratch-testing in comparison to other mechanical testing modes. During the 
test, the shape of the sample does not change and the transfer function for AE waves 
propagation is constant. The indentation techniques allow for precise positioning and 
localisation of the deformation zone. However, the local strain rate and the deformed volume 
change considerably while the indentation test in progress. In the present work we confine 
ourselves to the scratch test, in which the average strain rate remains constant and the 
stationarity of the deformation process is ensured. This feature of the scratch test makes it 
possible to control test duration within a comfortable range. 

When a scratch test is performing, the indenter deforms serial crystals (grains) separated by 
boundaries. Generally, the crystal axes of grains have an arbitrary crystallographic 
orientation with respect to the test surface. Therefore, the spatial configuration of slip 
systems is different for each grain and is characterised by the Schmidt factor. This difference 
in dislocation glide activation in different grains should result in a distinct relaxation response 
of the AE signal. To identify the AE of dislocation, three different approaches to signal 
detection were tested: 

1) The Wavelet-based “Phase Picker” signal detection algorithm proposed in [8]. This 
method demonstrates an excellent temporal localization of the picked phases even for the 
signals with the very low signal-to-noise ratio. This procedure detects the time of arrival of AE 
hits with high accuracy. Furthermore, it is efficient in the analysis of distributions of 
amplitudes and time intervals between the signals. 

2) Spectrum noise gating procedure implemented in the Audacity software [9]. This is a 
nonlinear procedure for reducing noise spectral components and restoring the waveform by 
inverse FFT. It can reveal the nonstationary fluctuations inside streaming data, which are 
associated with dislocation line growth. 

3) Analysis of the spectral parameters of the AE signal is Power and Median frequency 
coordinates calculated using a sliding time window technique applied to the continuous 
stream [10].  

The AE signal processing workflow includes the following steps:  

- A continuous raw stream was divided into successive frames of 8192 (1.6 ms) readings. 

- For each frame, the forward FFT was applied, and two parameters were calculated in the 
frequency domain – the Power as the integral over the power spectral density and the 
Median frequency as the frequency which separates the low and high frequency spectral 
domains with equal power. 

- The obtained time series of Power and Median frequency were smoothed by a low-pass 
Butterworth filtering procedure with the cut-off frequency, 19 Hz at present tests. 
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3. Results 

The footprint of indenter tip and the initial AE stream are shown synchronously in figure 1. 
The footprint has the uneven width because of anisotropy of deformation in differently 
oriented grains in fcc crystals. The variation of crystallographic orientations in neighbouring 
grains is shown in figure 1 by the EBSD map. 

 

Figure 1 – Scratch test raw data, load force 1N and scratch velocity 12 mm/min: EBSD scan map of 
test surface superimposed with the continuous acoustic emission stream. 

The test duration was of 10 seconds. The background noise was recorded before and after 
the test and this can be seen in Figure 1. An amplitude of AE signal does not exceed the 
amplitude of the noise signal significantly so that any amplitude-based threshold detection is 
impossible. 

The Wavelet-based "Phase Picker" algorithm was applied to detect the signals with the low 
signal-to-noise ratio. At the output, one obtains a set of arrival times and signal durations. 

The distinct feature of the “Phase Picker” detector is a statistically determined distance a ·  
which is introduced in the algorithm a measure of the difference between the useful signal 

and pre-analysed noise. The parameter a is a scale coefficient, and  is a variance of the 

noise statistics. For a low-amplitude signals detection 1<a2. The obtained data can be 
represented by distributions shown in figure 2. The AE amplitude increases in response to 
(1) the increasing indenter velocity and (2) increasing volume of the material deformed by the 
indenter tip. The longer intervals between the AE events were observed at slower indenter 
movement and lower load. As opposes to this, at higher loads (larger material’s volume 
involved in the deformation process), the intervals between AE events are shorter. 
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Figure 2 – Distributions of AE features during scratch test of a copper polycrystal. Amplitude 

distribution (left); Signal duration distribution (top right); Inter-arrival interval distribution (bottom right) 

 

When a small load was applied during the scratch test, the relatively long duration of 
intervals between signals was detected. Duration of inter-event intervals was longer than a 
characteristic relaxation time of the applied sensor. The intervals between neighbouring 
signals are filled with the background noise. We tried to highlight it using the noise-reduction 
procedure implemented in the open-access Audacity software. The noise-reduction is based 
on the "Spectrum Noise-Gating" algorithm [9]. It consists of a few steps. At the first stage, the 
signal was amplified by +40dB. On the second stage, an average spectral characteristic of 
the noise signal was determined from the AE record immediately after the test completion. 
The final stage is the "Noise Subtraction" procedure was applied with the noise suppression 
of 60 dB. One should bear in a mind that the noise reduction procedure is substantially non-
linear.  As such, it strongly distorts the frequency spectrum of the original signal. 

Figure 3 (inset) shows the signal after noise-reduction. Discrete signals and pauses between 
them are clearly visible. Figure 3 also illustrates a fragment of the surface area in front of the 
indenter tip. The correspondence of distances between the slip lines on sample surface and 
intervals between transients in the AE time series is evident. It should be noticed that the 
coarse and long slip lines correspond to the most powerful signals. 
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Figure 3 - Comparison between the surface topology in front of the indenter tip and the AE signal after 
noise reduction. 

We assume that the sources of recovered AE transients are associated with long slip lines 
formed by dislocations escaping from the crystal lattice to a free surface. The “active” zone of 
a perfect crystal lattice, where plastic deformation initiates, is located in front of the indenter 
tip as shown on the EBSD map in figure 1. We should expect that all variations in the AE 
response stems from variations of the Schmid factor when the indenter passes through grain 
boundaries. However, the AE response should be stationary as long as the indenter moves 
within the grain and as long as the effect of grain boundaries is minimised. To verify this, we 
performed the analysis of major spectral parameters of raw AE data using a sliding window. 
The result of the behaviour of AE Power and spectral Median frequency (see definitions 
given, for example, in [3]) is shown in figure 4. This figure shows the bi-variate distribution of 
AE Power vs. Median frequency, where the colours correspond to those of inverse pole 
figure colours from the EBSD maps of respective grains. The grey dots indicate the transition 
stages when the indenter passed through the boundaries between the grains. 
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Figure 4 - Power and Median Frequency of Acoustic Emission for a Scratch Test 
(Copper, 12 mm / min, 1N) 

4. Discussion 

The acoustic emission method is a highly sensitive tool capable of analysing of crystal lattice 
dynamics on a very fine scale corresponding to individual slip lines. A sensitivity of the 
method to highly localised deformation of polycrystalline copper is shown in the present 
paper. The dislocation slip is a major mechanism of deformation in pure copper at room 
temperature. The AE Power and Median frequency exhibit a good response to different 
crystallographic orientations of grains. A similar effect was observed in [3, 5] in tensile testing 
of samples with different crystallographic orientations of loading axes. 

During the scratch test, the crystal deforms locally, which allows detecting discrete events of 
dislocation glide in the AE signal if the appropriated nose cancelling procedure is used to 
rectify the signal and increase the signal-to-noise ratio. Admittedly, the largest fraction of 
elastic energy is released when a dislocation escapes to a free surface [11]. It is therefore 
plausible to suppose that the "loudest" events corresponding to dislocation annihilation at the 
surface on the early stage of strain hardening resent most of the AE signal. Plastic 
deformation commences in the local zone ahead of the indenter where the stress exceeds 
the critical resolves shear stress for dislocation nucleation and where long slip lines are 
formed resulting in the intermittent plastic flow such as that reported in [12] for 
nanoindentation tests. The slip lines in plastic zone ahead of the indenter are featured by a 
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reasonably larger height, of up to 50 nm (as has been confirmed by scanning white light 
interferometry) in a large grain. This roughly corresponds to 200 dislocation segments in the 
same slip line. This can be now seen as a reasonable lower bound estimate of the 
detectability threshold for the AE method.  

Conclusions 

The AE response during a scratch test is highly sensitive to the crystal orientation and the 
grain boundary properties. The thresholdless data acquisition technique and the noise-
reduction signal processing methods demonstrate an outstanding capacity of the AE 
technique to reflect the collective dislocation behaviour within individual slip lines emerging to 
a free surface of a crystal in front of the moving indenter. 
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