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Abstract 
 

This paper presents the effects of varying waveguide material and/or shape on the frequency 
and joint-time-frequency characteristics of pulsed acoustic emission (AE) events.  Forty-eight 
solid cylindrical waveguides were fabricated from alumina ceramic, mild steel, stainless steel 
(SS316), 2024-T3 aluminium or extruded Delrin.  Three different lengths, two diameters and 
four sensor face angles were tested.  The effects of a point at the source end of the waveguide 
were also verified.  Analysis methods included continuous wavelets, short time Fourier trans-
forms and standard Fourier transforms.  Results showed that detected signals are dominated by 
the resonant harmonics of the waveguides, particularly with commonly used waveguide materi-
als such as aluminium and steel.  
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1. Relevant Theory 
 

The solutions to the general wave equation for acoustic waves travelling through infinitely 
long isotropic cylinders are detailed in references [1 - 3].  Additionally, key points applicable to 
this research work were summarised in Part 1 [1]. 
 
1.1 Effect of finite ends 

Finite cylinders have natural frequencies according to the following: 

 
  
f n =

c
2nL

 (1) 

where c is the wave speed, n is an integer and L is the length of the waveguide.  For materials 
analysed in this study, the corresponding values based on the longitudinal wave speed are listed 
in Table 1. 
 

Table 1  Approximate natural frequencies of cylindrical rods with differing diameters. 
 

cL fn in kHz 
  for length in m 

Material 
 

(abbreviation) 
 (mm/µs) 0.03 0.043 0.051 

Delrin (DR) 1.8 30 21 18 

Mild Steel (MS) 5.6 93 65 55 

SS316 (SS) 5.7 95 66 56 

AL2024-T3 (AL) 6.4 107 74 63 

α-Al2O3  (ALM) 
10.6 177 123 104 
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1.2 Frequency signal processing 
Traditionally, frequency analysis has not been used to describe AE signals because material 

induced AE is generally broadband (energy is distributed across a wide range of frequencies) or 
unduly influenced by the natural frequency of the sensor.  However, in certain cases amplitude 
spectra can be useful to quickly ascertain the presence of specific frequencies.  Additionally, 
some researchers have observed that certain types of faults change the relative distribution of en-
ergies between different frequency bands [2].  

 
1.3 Advanced joint-time-frequency techniques 

Fourier transformation (commonly referred to as FFT), used in traditional vibration analysis, 
destroys all time information: a FFT calculation returns all frequencies that are present in the 
signal irrespective of whether they exist for its entire duration or are only transitory.  Therefore, 
in general, FFT analysis should only be performed on stationary and ergodic signals.   

Burst emissions are neither ergodic, nor stationary.  Therefore over the last decade many re-
searchers have attempted to characterise AE signals by more advanced techniques such as wave-
lets [3-8], Wigner-Ville functions [9], short-time Fourier Transforms (STFT) [10] and Kalman 
filtering [11], of which wavelets are the most common.  Known collectively as joint-time-
frequency-analysis, these techniques investigate how frequencies change with time, but require 
significantly more computing power to implement than standard frequency analysis.   

STFTs can be thought of as simply an extension of traditional FFTs; the time-frequency 
space is effectively divided into a number of equal blocks and then a windowed Fourier trans-
form is performed on each block.  Blocks are overlapped slightly to overcome errors caused by 
applying the window function.  Results are typically displayed on a contour plot, called a spec-
trogram, or a 3-D x-y-z (time-frequency-amplitude) plot.   Unfortunately, ultimate resolution is 
limited by the uncertainty principal (∆t∆ω ≥ 0.5 ) so the only way to increase temporal resolu-
tion is to decrease frequency resolution and vice versa. 

Continuous-time wavelet transforms (CWT) on the other hand, are special mathematical 
functions that split a signal into non-uniform sections (windows), localised in time and scale 
[12].  Scale is related to, but not synonymous with, frequency.  The relationship between a 
block’s central frequency and its bandwidth is always constant and decreases exponentially.   

 
To determine values for each block, wavelet transformation dilates and translates a basis 

function (called a mother wavelet).  The CWT is simply the cross correlation of the time signal 
x(t) with this dilated and translated wavelet: w (( t − b a ) / a )  or in layman’s terms: how well the 
dilated, translated wavelet matches the original signal.  The results of this process are then dis-
played as a spectrogram or xyz plot, very similar in appearance to the STFT.   

 
CWT generally has superior resolution over STFT because of this non-uniform division of 

time and scale: at higher scales, signals are divided into very short blocks of time, allowing iden-
tification of very quick, impulsive events, whilst at lower scales they are highly localised in 
scale, facilitating identification of specific frequencies.  This makes them incredibly useful for 
identifying sharp (i.e. high frequency) bursts and discontinuities that may be masked by larger 
stationary signals or noise (low frequency).  Unfortunately a CWT generally takes more time to 
compute than an STFT. 
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One commonly used wavelet in AE analysis is the Gabor (otherwise known as Morlet) func-

tion [8], also used by the AGU-Vallen freeware.  Its function is defined by the following: 
  (1)   w(t ) = exp(−t 2 / 2)cos(5t )
The relationship between scale, a, and centre frequency, fc, for the Morlet wavelet is given by the 
following [13]: 

 

  

f c =
f s where a=0

5 f s

2πa
a>0






 (2) 

where fs is the sampling rate in Hertz.  The relationship between centre frequency and bandwidth 
therefore becomes: 

 
  

centre frequency
bandwidth

=
5 f s / 2πa

1/ a
=

5 f s

2π
≈ 0.8  (3) 

Similarly, the translated position on the x-axis, b, is determined by: 

 xb =
b × N x

f s

 where b=0,1,2...,N/N x  (4) 

where Nx is the number of time samples per time division and N is the total number of samples.  
For efficient computation, these should both be integral powers of 2 (eg. 64, 1024, 8192 etc).   
 
1.4 Modal AE 

It is assumed that specific faults propagate by a defined set of one or more dispersive modes, 
the characteristics of which are a function of material properties and dimensions [1].  Modal AE 
involves acquiring and digitizing AE time signals, from which individual propagation modes are 
then identified and extracted.  Information about particular modes can then be quantified in an 
attempt to identify and/or source the underlying faults.   

 
2. Experimental Method 
 

A variety of short waveguides were tested to illustrate the effects of material properties, 
length, diameter, face angle and source point on the transmission and reception of pulsed AE 
bursts. Details of samples tested and experimental method was described at length in Part 1.  
 
2.1 Additional post-processing  

After capturing burst data using AEWin (Physical Acoustics software for PCI-2 board), 32 
sequential bursts of 8192 samples each (digitised at 10 or 40 MHz) were synchronously time-
averaged and post-processed using programs written in National Instrument’s graphical pro-
gramming language, LabVIEWTM (Version 6.1).  Due to the highly transient nature of the AE 
data, no window or overlapping was applied prior to performing an FFT; as bursts were always 
captured completely within each dataset, spectral leakage was considered highly unlikely.   

 
To exclude the effect of sensor-pulser response, cross-spectra were performed against the 

face-to-face averaged signal and results determined in terms of the magnitude and phase output.  
Coherence was checked, but always found to be equal to one.  Paradoxically, the effect of the 
sensor-pulser was easier to appreciate by superimposing its FFT over waveguide amplitude spec-
tra, so this is the selected presentation method implemented here. 
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 (a) 10 MHz (b) 40 MHz 
 

Fig. 1  Wavelet transforms at different sampling rates (Face-to-face signals). 

STFT and CWT analysis was performed using programs written in LabVIEW, using stan-
dard modules from the LabVIEW Signal Processing Toolset (Version 7)[6].  Wavelet results 
were also compared with the output from AGU-Vallen freeware and found to be comparable 
(see Fig. 3).  Improved resolution obtained by increasing sampling rate from 10 MHz to 40 MHz 
can be seen in Fig. 1. Unless otherwise indicated, wavelet spectrograms in this paper were digi-
tized at 40 MHz. 

 

 

 
 

Fig. 2 Difference in resolution between (a) STFT in dBAE and (b) CWT, log scale (Delrin 51-mm 
sample). Computing times were 594ms and 15141ms respectively. 

 
Wavelet processing used a Mortlet wavelet as the mother wavelet and for this work computa-

tion was based on 600 scales and 100 samples per time window. 
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Fig. 3 Comparison of results obtained from the custom written programs in LabVIEW and 
the AGU-Vallen wavelet tool. LabVIEW parameters: 600 scales, 100 samples per time in-
crement, ~30 seconds processing time. AGU-Vallen parameters: frequency resolution of 
5kHz, 1000 wavelet samples, ~60 seconds processing time. 
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STFTs were undertaken using 1024 frequency increments and a Hanning window.  As the 

simultaneous time-frequency resolution of the STFT has functional limitations, two sets of 
graphs with time increments of 128 or 512 samples per time window to extract improve temporal 
and spatial resolution respectively, were created for each sample.  

 
As expected, CWT provided better simultaneous time-frequency resolution (see Fig. 2) than 

any one STFT but took significantly longer to compute; the respective STFT and CWT functions 
behind the spectrograms shown in Fig. 2 took 594 and 15141 ms to calculate respectively (i.e. 
wavelets took almost 30 times longer).  Nevertheless, wavelets offer a visually more economic 
display of time-frequency information and therefore are predominantly shown herein.  It should 
be noted however, that computing multiple STFTs, with different time and frequency intervals 
provides the same information in a much shorter time (albeit in two graphs), and therefore would 
be more appropriate for real-time feature extraction. 
 
2.2 Modal analysis 

A commercially available software package called DISPERSE (Version 2.0.16c) was used to 
generate individual modes for the materials being analysed.  These were then superimposed over 
the signals using a standard drawing package; frequency and time scales were matched appropri-
ately.   

Unfortunately, exact material properties for the various materials (particularly Delrin and 
mild steel) were not known and due to limited access to DISPERSE, examining slightly different 
values to obtain better modal matching was not possible.  Therefore some discrepancies can be 
expected, particularly for Delrin and mild steel. 

3. Frequency Results  

3.1 Flat waveguides 
Resulting averaged amplitude spectra for all flat 43-mm waveguides are given in Fig. 4. The 

face-to-face spectrum is also plotted to show the effect of its non-uniform frequency response on 
other results.  (Wavelet plots are given in Fig. 11.) Spectra of metallic waveguides are dominated 
by harmonics of longitudinal rod frequencies.  The first of these peaks (~60 kHz) matches the 
results listed in Table 1.  This is confirmed by observing the changing location of these peaks for 
different rod lengths (see Fig. 5); modal frequencies are independent of length. 
 

Alumina is also affected by rod resonance, but due to its much higher wave speed, there are 
fewer harmonics permeating the bandwidth of interest.  Additionally, the material’s frequency-
dependant damping seems to reduce the effect of rod resonance above 600 kHz. Similarly, Del-
rin’s high damping [1] is probably the reason no resonant effects can be seen in its amplitude 
spectra. 
 
3.2 Pointed Waveguides 

The effects of points at the source of the waveguide are depicted in Figs. 6 and 7. This shows 
that all points reduced low and high frequency content and amplified rod resonances, contrary to 
other reported results [15].  The magnitude of these effects depended on the type of point, with 
smaller, sharper points being most deleterious. 
 
3.3 Angled waveguides  

Changes in spectral content resulting from different sensor face angles can be seen in Figs. 8 
and 9. (Results from 43 mm x 8 mm SS316 samples are shown, but similar findings were found 
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Fig. 4 Amplitude (in dB) – frequency (kHz) spectra of averaged time signals. (Face-to-face spec-
trum shown as a shadow on each graph.) 

 
Fig. 5  Increasing rod length decreases frequency  of resonant peaks (aluminium samples). 

 
for other materials).  As angle increases, overall amplitudes decrease and resonant peaks become 
more pronounced.  For metallic guides new spectral components become noticeable, particularly 
above 45˚.  These were not obvious in narrow (5-mm diameter) mild steel rods, alumina or Del-
rin guides. In the latter case, virtually no changes to spectral content were observed as angles in-
creased.  Narrow MS rods in fact showed patterns very similar to alumina waveguides, implying 
that these additional spectral artefacts are indeed due to higher order modes below their cut-off 
frequencies. 
 

It was difficult to relate mild steel and Delrin theoretical modes with experimental results, 
implying that the actual material properties differed to those given (Table 1 in Part 1). (Mild 
steel’s spectrogram is not shown, but the analysis of the 43-mm samples showed it was almost 
identical to that of SS316.) 
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Fig. 6 Effects of different types of points on the resulting frequency spectrum (43-mm long, 8-
mm diameter aluminium samples). 
 

 
Fig. 7 Effect of points on wavelet spectrograms. 

 
Although no correlation with theoretical results was obtained for Delrin, it is deduced that its 

CWT spectral peaks are nevertheless most likely from transmission of the originating burst via 
two different dispersive modes, because samples clearly demonstrated mode separation (see Fig. 
10) and no discernible change in frequency. 
 

Early arrival of high frequency information (~700 kHz), which cannot be matched to any 
modes, is most obvious in the SS316 spectrogram, but can also be seen in plots for other materi-
als.  This is also present in the face-to-face spectrogram (Fig. 1), indicating that these are proba-
bly frequencies from the pulser or resonance in the sensor (neither being truly broadband).  Simi-
lar peaks can sometimes be seen at approximately 110 kHz, 350 kHz and 580 kHz, depending on 
the amplitudes of neighbouring spectral highlights.  
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Fig. 8 Changes in wavelet spectrograms for changing face angles (30-mm aluminium samples). 

 
Fig. 9  Effect of face angles of FFT spectra (43-mm long SS316 samples). 
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Fig. 10  Mode separation is clearly evident in Delrin waveguides. 

 
Fig. 11  Wavelet spectrograms with longitudinal mode frequencies. 43 mm x 8 mm waveguides 

(Phase modes are shown as dotted lines, group modes as solid lines). 
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Fig. 12  CWT from 43-mm long, 60˚ waveguides (Data sampled at 10 MHz) 

 
As already discussed, face angles caused significant mode conversion and energy redistribu-

tion from the first longitudinal group mode.  Interestingly, no appreciable energy can be ob-
served in flexural modes at non-zero face angles, contrary to the authors’ expectations.  Instead 
most energy is contained in the first few rod resonances, whilst in the case of metallic 
waveguides, new spectral artefacts are also visible (Fig. 13).  These are much more prevalent in 
wider guides, at face angles of 45˚ and 60˚ and may be due to the excitation of radial waveguide 
resonances.  For 8-mm diameter SS316 rods, theory predicts this to be around 400 kHz, which 
corresponds with frequencies seen in Fig. 13d).   

 
The actual frequency of the second longitudinal rod resonance peak also reduces slightly as 

angle increases, probably because the absolute waveguide length increases (centre-centre dis-
tances are kept constant). 

4. Discussion 

4.1 Effect of material 
In all metallic and alumina waveguides, the first longitudinal group mode was the mechanism 

by which bursts were transmitted through the waveguides.   Modal identification in Delrin sam-
ples was inconclusive.   

Of all materials tested, alumina ceramic best retained the shape and frequency characteristics 
of the originating (face-to-face) waveform, albeit with significantly reduced amplitude (dis-
cussed in Part 1).  Although some reflections could be seen in its CWT spectrogram, these were 
easily separated from the original pulse.   Some excitation of the waveguide’s first and second 
resonant frequencies was also observed.  Narrow (5mm) steel waveguides were almost as effec-
tive in retaining original waveform shape, without the attenuation.    

Lower damping and slower wave speeds caused larger diameter metallic waveguides to lose 
all waveform fidelity; late arriving components of the first longitudinal group mode merged with 
subsequent reflections and numerous harmonics of the waveguide’s natural frequency.  The re-
sult was a protracted and irregular waveform, with a highly resonant spectrum.    
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Fig. 13  Changes due to different face angles for 30-mm SS316 waveguides do not correspond 
with flexural modes (only one shown for clarity).  Standard amplitude spectrum showing 
changes in location of 2nd resonance peak is shown in (e). 
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Delrin waveguides showed little or no resonant effects due to the material’s high damping, 

although waveforms had little resemblance to the originating pulses in either temporal appear-
ance or frequency content.    

4.2 Effect of length and diameter 
Longer rods accentuated mode separation and decreased the frequency of resonant modes.   

Unfortunately, harmonics of fundamental resonant frequencies permeated the entire bandwidth, 
affected only by the material’s inherent damping, implying that lengthening rods to reduce these 
frequencies, in unlikely to be successful.  Conversely, shortening rods so that fundamental fre-
quencies are above the frequency range of interest is impractical in all but the fastest acoustic 
materials (even a 10-mm alumina waveguide would still have a fundamental frequency at around 
530 kHz).  Modal content was otherwise unaffected by length. 

 
Reducing diameter had a significant effect of the frequency and modal content of resulting 

waveforms by limiting the number of modes by which signals could be transmitted.  Although 
individual modes (above the first longitudinal group mode) could not be identified in CWT spec-
trograms, narrower waveguides had significantly fewer spectral artefacts than their wider coun-
terparts.  

 
4.3 Effect of face angle 

Face angles of 45˚ or 60˚ caused energy to be transferred from the first longitudinal velocity 
to longitudinal and/or radial resonant modes.  Only waveforms being transmitted through Delrin 
waveguides remained unaffected by face angle, although amplitudes did decrease as shown in 
Part 1.  

 
4.4 Effect of a pointed source end 

Contrary to results published by others, pointed waveguides affected waveform profiles and 
frequency content significantly.  Not only were amplitudes and energies attenuated, resonant ef-
fects were amplified and certain high and low frequency regions were filtered.  Steels and alu-
minium were affected similarly.  The severity of changes depended on the shape of the wave-
form tip, with sharper points being most detrimental.    

  
5. Conclusions 
 

This work indicates that waveform integrity is affected by the number of modes available for 
signal propagation.  This in turn is directly related to acoustic wave speed and inversely propor-
tional to waveguide diameter.  Therefore, narrow waveguides fabricated from materials with 
very high acoustic velocities (ceramics) should best retain waveform properties.  

 
In commonly used materials such as aluminium, mild steel and stainless steel, longitudinal 

resonance artefacts dominate frequency responses in all but very narrow guides.  These effects 
are magnified by application of a point on the end of a waveguide, or by angling the sensor face, 
which also excites radial resonances.  Consequently, both should be avoided if trying to maintain 
waveform integrity. 

 
Although use of waveguides in AE testing cannot be avoided, their implementation must be 

properly considered; dispersion, attenuation, mode conversion and/or waveguide reflections oc-
curring within the waveguide will affect the signals being detected by the sensor.  If possible, 
ends should be square and parallel and materials should be selected depending on the transmis-
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sion characteristics required for a particular monitoring task.  If possible, specific designs should 
be tested prior to installation so that transmission characteristics can be verified.   
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