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Abstract: The welding crack acoustic emission (AE) signal process is analyzed
by the S transform. Combining with welding crack AE signal test experiment,
the time domain AE signals is converted to be the time frequency distribution
diagram by the S transforms. The time frequency characteristic of the S transform
applied for welding crack AE signal is analyzed by comparing the results of the
short-time Fourier transform (STFT) and continuous wavelet transform (CWT).
The results indicate that the time-frequency diagram of the AE signal obtained
by S transform has the characteristics of adaptive multi-resolution and
aggregation of time frequency. The extracted feature quantity obtained by S
transform is not sensitive to noise, which provides an effective way to realize the
AE detection of welding crack.
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1 Introduction

In welding process, deformation, solidification, dislocation motion and crack
propagation of the metallic materials release an elastic wave, which is AE signals. In
fact, the AE signal is interfered by the noise generated by test machine and friction
between sample and clamp in the AE test process, the collected AE signals contain a
lot of noise components and present weak characteristic under the complex noise back-
ground, which is a typical non-stationary signal [1-3]. Time frequency analysis method
is currently the powerful tool to analyze non-stationary signals. The common time fre-
quency analysis methods have short time Fourier transform (STFT) [4], continuous
wavelet transform (CWT) [5, 6], Wigner-Ville distribution[7,8] and so on [9-11]. How-
ever, there are some shortcomings in the above time frequency analysis methods. For
examples, STFT has the fixed resolution once the window function is selected, which
is not suitable for non-stationary signals with changing of the large frequency range.
Due to there is no direct relationship between the scale factor and the frequency, so the

* Corresponding author (jetson_sbs@2163.com)
ISSN 2572-4975 (Print), 2572-4991 (Online) 279



International Journal of Smart Engineering, Volume 2, Issue 4, 2018

result of wavelet transform is not a real time frequency spectrum, of which the fre-
quency is not obviously shown in the wavelet transform. The Wigner-Ville distribution
has cross item interference for multi-component signals, which brings difficulty to the
processing and interpretation of the AE signal.

In view of the defects of the above time frequency analysis method, American
geophysicist proposed Stockwell transform in 199621, Stockwell transformation is a
time frequency analysis method based on STFT and wavelet. Stockwell transform
adopts the Gauss window function with the width is proportional to the reciprocal of
the frequency, which eliminates the selection of the window function and improves the
fixed defects of the window width. The phase spectrum of each frequency component
in the time frequency diagram is directly related to the original AE signal. Meanwhile,
the inverse transformation of the Stockwell transform is Fourier transform, which is the
lossless reversibility like that of the Fourier transform. Furthermore, Stockwell trans-
form is a linear transformation to multicomponent signals, which does not exist the
cross term of the time frequency distribution of Wigner-Ville, and has a good time-
frequency resolution. Stockwell transform is widely used in many fields, such as signal
processing, image processing, medical imaging, atmospheric science and so on[*3-15],
Therefore, this paper performs the Stockwell transform to the time frequency analysis
of AE signals in the welding process, which convert the time domain AE signals into
the time frequency distribution diagram. The time frequency characteristic of the S
transform applied for welding crack AE signal is analyzed by comparing the results of
the STFT and CWT.

1 S Transform Algorithm

S transform is a kind of signal analysis method that can transform one-dimen-
sional time domain signal into two-dimensional time-frequency one. The S transform
of the signal h(t) can be defined as follows[13].

oo I T ”
S(z, f)=| h(t)-—==xe g"dt -
(. f)=]" h(t) o

S is the S transform of h(t), f is the frequency, t is the time respectively, = is the
position of the Gauss window on the time axis.

The continuous inverse transform of (1) is as follows.

h(t) = jf;[ [ st f)dr}e‘z”“df | )

The difference between S transform and STFT is that the height and width of the
Gaussian window can be adjusted as the frequency. The S transformation does not have
the problem that the height and width of the Gauss window is fixed. The S transform
of the signal h(t) can be also obtained by a CWT of the special mother wavelet multi-
plying a phase factor.

S(r, f)=e*"W(z,d) . A3)
Where W (7, d) is expressed as follows.
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W(r,d) =" heyw(t—7,d)dt @)
The mother wavelet in (4) is defined as follows.
t2f£2
w(t, f) = %eZemﬁft ©)
T

In (4), W (7, d) is basic wavelet. €"°"" is a phase factor that is the correction to

wavelet transform, which owns a characteristic that conventional wavelet transform
does not have. 1/ f is equivalent to scale factor, and the 7 is equivalent to the shift

factor of the wavelet transform.

The basic wavelet shape of standard S transform is fixed, which is limited in prac-
tical application. Therefore, many scholars have made improvements of the standard S
transform. Two adjustable parameters are introduced to adjust the speed of the window
function size as changing of frequency, which has better flexibility and adaptability in
the practical application. The expression of the improved S transform is as follows.

(L PR B 8 o P
GST(z, )= ) — —_ 7 — 27 ft)dt.
(z, ) ix()mexp{ > exp(—j2r ft) (6)

13
In(®6), 1>0, Pe (E,E) . The changing speed of Gaussian window size becomes
inversely proportional faster as frequency when p is constant and |l| >1 itis contrary

when |/1| <1 Equation (6) is the standard S transform when 4 =1, p =1. Therefore,

the reasonable values of A and p are chosen to adjust and improve the time frequency

resolution of the S transform, which make it more flexible in practical applications.

The transient signal composed by three sinusoidal signals with the amplitude mod-
ulated by Gaussian function is adopted to be calculated and analyzed, which is ex-
pressed as follows.

X(t) = 2[exp(-27((t -t) / or)*)]sin(27 f,(t - 1,))
+2[exp(-27((t—t,) / @,)?)]sin(27 f, (t -t,)) ™
+2[exp(—2z((t—t,) / a;)*)]sin(27 f,(t -t.))
The AE simulation signal consists of three pulse signals. f1, f2 and f3 are the
frequencies of the three harmonic signals respectively. The values of the parameter are

f,=70kHz , f,=80kHz , f,=90kHz , t, =0.2ms , t,=0.4ms ,
t, =0.6ms, «,=0.0001, @, =0.00015 and &,=0.0002. The sampling frequency is

500kHz , the waveform of the AE simulation signal and the time-frequency diagram
are shown in Fig.2.
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(a) AE simulation signal waveform (b) the time-frequency diagram
Fig.1. The AE simulation signal waveform and the time-frequency diagram

Figure 1 is the time frequency diagrams with different parameters. It can be seen
that the AE simulation signals are mainly distributed at the time points of 0.7ms, 0.8ms,
and 0.9ms in the time domain. The frequency is mainly distributed at the 70 kHz, 80
kHz and 90 kHz. The time-frequency aggregation of the simulation signal is strong.

2 Application of S transform to test welding crack signal

2.1 experimental condition

The welding AE signal testing experiment platform is shown in Fig.2. The welding
method of the experiment is manual electric arc welding, the welding wire brand is
J422, wire diameter is 2.5mm, welding current is 100~130A, welding voltage is 380V,
the base material is HT200 with plate thickness of 7mm. The parameters set of the
acoustic emission acquisition system are shown in Table 1. The specific size of the
weldments and AE sensor layout is shown in Fig.2(b). The specific size of the weld-
ments and AE sensor layout is shown in Fig.2(b). The weldment is fixed on the re-
strictable testing device. The effect of restraint device makes the weldment produce
elastic, plastic deformation and cold cracking. The corresponding AE signals are col-
lected by the sensors and the acquisition system, which are transmitted to the computer
for analysis and processing.
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Fig.2. The physical map of welding AE signal test platform and the AE sensor layout in weld-
ment: (a) The physical map of welding AE signal test platform: @ Weldment installation fixture
@ Main platform of testing experiment 3 AE sensor @) Manual arc welding machine & Pre-
amplifier ® PC machine @ Acquisition system (b) The structure diagram of the weldments and

AE sensor layout
TABLE 1. The parameters of acoustic emission system

Pa- Sampling Sam- Hit demen- Parameter Hit lock-
rameter  frequency /kHz pling tion time /us threshold /db  ing time /us
term length
Set- 2500 2048 1000 45 2000
ting
value

2.2 Test results and analysis

Fig.3 is the welding crack AE signal waveform and the amplitude frequency dia-
gram. The welding crack AE signal is a kind of instantaneous, abrupt and non repro-
ducible signal, which is a kind of non stationary signal. As can be seen from Fig.3 (b),
the frequency distribution of the AE signal is mainly concentrated in the 100~300 kHz.
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(a) Acoustic emission time domain waveform (b) Amplitude spectrum

Fig.3 Welding crack AE signal waveform and amplitude frequency diagram
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Fig.4 Time-frequency diagram of welding crack AE signal by S transform
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Fig. 5 Time-frequency diagram of welding crack AE signal by STFT
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Fig.6 Time-frequency diagram of welding crack AE signal by CWT

Fig. 4 is the time frequency diagram of welding crack AE signal by S transform,
which shows that the resolution distribution of the AE signal in the time frequency
domain is different at each frequency segment. In the region A, the frequency rang
above 350kHz has a certain resolution, of which the time characteristics is more obvi-
ous. In region the B, the frequency range between the 250~300 kHz is another resolu-
tion, which has not so obvious feature over time. The resolution of the frequency range
between the 100~200 kHz is different from the resolution of the AE signal in the regions
A and B, of which the frequency characteristic in region C is more obvious. The result
of the AE signal fully indicates the adaptive characteristic of S transform, which has
good time resolution at high frequency and a good frequency resolution at the low fre-
guency.

In order to further validate the S transform that is applicable to analyze the AE
signal of welding crack, the STFT and CWT are adopted to perform time frequency
calculation to the welding crack AE signal, of which the results are shown in Fig.5 and
Fig.6. As can be seen form Fig. 5, the three marked regions of A, B and C show only a
frequency resolution without no changing of the time resolution, STFT is a single res-
olution time frequency analysis method that is difficult to describe and depict the details
of the AE signal.

As can be seen form Fig. 6, the time resolution displayed in the region A is not
very good, and AE signal in regions B and C present a strong frequency resolution, but
the time resolution is not very obvious. CWT is also a multi-resolution time frequency
analysis method, which can be used to describe the details of the AE signal, however,
the high time resolution and frequency resolution of the AE signal analysis results are
difficult to be considered at the same time, the adaptability of CWT is not very obvious
for AE signal.

In addition, the characteristics of the signal in the region C can be observed from
the time frequency diagram of welding crack AE signal in Fig.4. There is a signal en-
ergy accumulation in the 100~200 kHz frequency range at the time of 0.1~0.12ms, and
a small amount of energy is released that may be caused by a micro crack. At the time
of 0.12 ms~0.15ms, it results in crack fracture when the size of the crack is greater than
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the critical length as the crack growth, the time frequency aggregation is the strongest
and the energy released is the most. A small amount of energy is released at the time
points of 0.18ms, 0.25ms and 0.3ms, which may be the formation of a small amount of
micro cracks at the process of crack formation. According to the time frequency dia-
gram of AE signal by STFT, there is energy accumulation in region C, but the time
frequency clustering is relatively poor, and it is difficult to see the crack initiation and
propagation to the fracture process by the energy distribution of the AE signal in Fig.
5. It can be seen from Fig. 6, time-frequency of welding crack AE signal by CWT has
the same results with STFT. The time-frequency aggregation by CWT is better than
that of STFT in the region C, which is impossible to be clearly distinguished in the
process of crack initiation and propagation to fracture.

Fig.7 is a welding crack AE signal waveform and its amplitude frequency diagram.
Itis a typical burst type AE signal. The frequency of the AE signal is mainly distributed
between 20~250kHz. Because the frequency of AE signals of the metal fatigue crack
is distributed between 100~400kHz!*¢l, the AE signal components below the frequency
100kHz is the interference or noise signal.
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(a) Time domain waveform of the welding crack AE signal (b) Amplitude spectrum
Fig. 7 Welding crack AE signal waveform and amplitude frequency diagram

Fig.8 is the frequency diagram of the welding crack AE signal by S transform,
which exists the high and low frequency distribution in the diagram. Although the entire
time-frequency diagram distributes along with a lot of noise, it is not a great impact on
the accurate expression of the signal characteristics. The AE signal energy is mainly
concentrated between 100 kHz and 200 kHz, and there exist a large energy distribution
released by the welding crack. It indicates that the S transform has a certain anti-noise
performance. Fig.9 and Fig.10 are time-frequency diagrams of the welding crack AE
signal by STFT and CWT respectively, the noise signal is eliminated, and the charac-
teristic of the welding crack AE signal is also disappeared. The reasons for this situation
may be the improper selection of the window function, it leads to the frequency or time
resolution is the best, which result in the characteristic of the welding crack AE signal
is eliminated. This indicates that the time frequency diagram by the S transform is not
sensitive to noise, and has good noise immunity, while STFT and CWT do not have
this characteristic.
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Fig. 8 Time-frequency diagram of welding crack AE signal by S transform
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Fig. 9 Time-frequency diagram of welding crack AE signal by STFT
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Fig.10 Time-frequency diagram of welding crack AE signal by CWT
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As a result of the above analyses, S transform is a time-frequency analysis method of multi-
resolution and high time frequency aggregation, which is suitable for the welding crack AE sig-
nals. The time frequency diagram obtained from AE signals can directly show the dynamic evo-
lution process of the structural crack formation and expansion in welding process. Furthermore,
the detection of the structural crack in the welding process can be realized according to the time
frequency diagram of the acquired AE signal.

3 Conclusions

(1) The S transform has been adopted to describe and extract the energy time fre-
quency distribution characteristics of AE signal in the welding process. Combining with
welding crack AE signal test experiment, the time domain AE signals is converted to
be the time frequency distribution diagram by the S transforms. The time frequency
characteristic of the S transform applied for welding crack AE signal is analyzed by
comparing the results by STFT and CWT. The results indicate that the time-frequency
diagram of the AE signal obtained by S transform has the characteristics of adaptive
multi-resolution, aggregation of time frequency, noise resistance and obvious charac-
teristic information.

(2) Application of the S transform to welding crack AE signal can obtain more pre-
cise, higher resolution and more centralized frequency diagram of energy distribution,
which greatly improve the readability of the time frequency. S transform is a time-
frequency analysis method of multi-resolution and high time frequency aggregation,
which is suitable for the welding crack AE signals. The time frequency diagram ob-
tained from AE signals can directly show the dynamic evolution process of the struc-
tural crack formation and expansion in welding process. The detection of the structural
crack in the welding process can be realized according to the time frequency diagram
of the acquired AE signal.
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