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a b s t r a c t

Short time Fourier transform (STFT) has been used to study the distribution of ultrasonic energy as a

function of the frequency of the wave in the backscatter and the back-wall echoes obtained from

austenitic stainless steel specimens with different grain sizes in a range of 30–210 mm. A 25 MHz

nominal frequency immersion transducer was used in pulse-echo mode for data acquisition. In

specimens with larger grain sizes (4100 mm), the frequency content of the first back-wall echo was

4.5–7.0 MHz only whereas the predominant frequency of the backscatter was in a range of 15–25 MHz

up to the third/fourth back-wall echo. The amplitude and the frequency content of the back-wall echoes

decreased rapidly with the propagation distance, however those of the backscatter decreased very

slowly indicating high scattering and low absorption rates in the austenitic stainless steel specimens.

The decrease in the center frequency of the first, second and third back-wall echoes has been correlated

with the average grain size. The study demonstrates the usefulness of STFT in analyzing the frequency

content of the backscatter and back-wall echoes simultaneously and thus understanding the frequency

dependent attenuation in high scattering materials for microstructural characterization applications.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Ultrasonic wave traveling through solids is subjected to
scattering and mode conversion as the wave advances through
the material and encounters the grain boundaries. The received
ultrasonic signal is a non-explicit function of the average grain
diameter, ultrasonic wavelength, inherent anisotropic character
of individual grains and random orientation of crystallites. There-
fore, it has been possible to estimate the average grain size by
analyzing the received ultrasonic signal [1]. The propagation of an
ultrasonic wave in an anisotropic material depends on the
frequency of the ultrasonic waves. The attenuation experienced
at higher frequencies is generally larger than at lower frequencies.
An ultrasonic wave propagating through such a medium will
suffer spectral distortion due to high rate of attenuation of its
high frequency components. This results in a change in the center
frequency of its power spectrum [2,3]. Ultrasonic spectral analysis
was used in both nondestructive testing [2–7] and medical
imaging [8–10]. Often in testing materials nondestructively,
spectral analysis is used for characterizing the microstructure,
flaw detection and sizing [4–7]; whereas, in medical imaging,
ll rights reserved.
spectral analysis of scattered echoes had been useful in charac-
terizing the tissues [8–10].

Fourier transform based methods have been applied to estimate
the effect of grain size on frequency dependent attenuation [2,3].
The spectral shifts were correlated with grain size of anisotropic
materials such as stainless steel [2,3,11]. Special signal processing
methods such as homomorphic processing has been applied for
characterization of backscattered grain noise. The homomorphic
processing is capable of smoothening the power spectrum of back-
scatter signal, and can be used for estimating the frequency shift
resulting from grain scattering [11,12]. The homomorphic proces-
sing operations are done with backscatter signals, however, only
Fourier methods are applied to evaluate frequency content of the
back-surface echo. The estimation of back-surface echo frequency
using Fourier transform is valid when the analysis is done on the
signal with good signal to noise ratio (SNR). As the grain size
increases, SNR decreases due to higher grain scattering, and the
back-wall echo frequency shifts toward lower side but the frequency
content of the backscatter noise may still be higher [11,12]. This can
cause serious errors in estimating frequency content at the region of
interest in the ultrasonic signal e.g. for a back-wall echo. The
complete understanding of such system (frequency dependent
attenuation) can be enhanced by using Joint time frequency analysis
(JTFA) methods due to non-stationary nature of the signal [13–15].
JTFA methods can provide comprehensive information about the
signal features simultaneously in both time and frequency domain

www.elsevier.com/locate/ndteint
www.elsevier.com/locate/ndteint
dx.doi.org/10.1016/j.ndteint.2012.09.001
dx.doi.org/10.1016/j.ndteint.2012.09.001
dx.doi.org/10.1016/j.ndteint.2012.09.001
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and hence can provide in depth understanding of such a system.
Time frequency analysis has been used primarily to enhance the
sensibility of flaw detection, to measure thin materials thickness and
to characterize defects in nature (planar or volumetric) [16]. It has
also been used for the determination of phase velocity in the
plexiglass material [14]. Recently, STFT has been used for the
material property characterization regarding the individual effects
of steel bar corrosion in concrete, hydration and moisture content
distribution of construction materials [17].

The short-time Fourier transform (STFT) is one of the earliest
and the most basic method used for time-frequency analysis.
Another commonly used time-frequency distribution (TFD) meth-
odology is the Wigner–Ville distribution (WVD). Theoretically, the
WVD has an infinite resolution in time due to absence of averaging
over any finite time interval. Moreover for infinite lag length, it has
an infinite frequency resolution. The WVD being quadratic in nature
introduces cross terms for a multicomponent signal. The cross
terms can have significant amplitudes and they can corrupt the
transform space [18–20]. The Wigner distribution gives better auto
term localization compared to the smeared out STFT. However,
when applied to a signal with multi frequency components the
presence of cross terms may lead to an ambiguous analysis. Hence,
in the present study we have used STFT for determination of
spectral contents of backscatter and back-wall echoes.

The STFT is one of the most widely used algorithms in JTFA
based on detail Fourier transform centered at each time point. In
STFT, the signal is compared with window functions that are
concentrated in both time and frequency domains. The spectra at
any particular time are then stacked to reflect the lateral variation
of signal behavior in both time and frequency in JFTA. The STFT
algorithm and the window function can be mathematically
represented as Eq. (1):

STFT½sðtÞ� ¼ Sðt,oÞ ¼
Z þ1
�1

sðtÞwðt�tÞe�jotdt ð1Þ

where, w(t) is the window function which has a user defined time
duration; and s(t) is the waveform signal in time domain. This
operation (Eq. 1) differs from the Fourier transform only by the
presence of window function w(t). As the name implies, the STFT
is generated by taking the Fourier transform of smaller durations of
the original waveform. Alternatively, we can interpret the STFT as
the projection of the function s(t) onto a set of bases wðt�tÞe�jot

with parameters t and o. Since the bases are no longer of infinite
extent in time, it is possible to monitor how the signal frequency
spectrum varies as a function of time. This is accomplished by the
translation of the window as a function of time t, resulting in a 2D
joint time–frequency representation STFT(t,o) of the original time
Fig. 1. Schematic of the experimental s
signal. The magnitude display 9STFT (t,o)92 is called the spectro-
gram of the signal. The result of analysis depends on the choice of
the window function leading to a trade off between time localiza-
tion and frequency resolution. If the window length is too small,
spectral leakage of low frequency component appear and when it is
too long, the target of interest would be blurred [21].

In one of our previous studies [2,3] the peak frequency in the
autopower spectrum of the first back-wall echo was linearly
correlated with inverse of the square root of grain size in an
austenitic stainless steel. This methodology for grain size measure-
ment has special practical advantage due to its independence on
the coupling conditions and requirement of only one back-wall
echo [3]. Even though the peak frequency could be correlated with
the grain size effectively for smaller grain sizes, unambiguous
determination of the peak frequency could not be possible in
specimens with larger grain sizes (4140 mm) due to the poor SNR.

A signal processed with the classical Fourier transform illus-
trates the frequency distribution over the entire signal window. It
is compared to sinusoidal functions that spread over the entire
signal and are not connected in any particular ultrasonic pulse
timings. As a result, the classical Fourier transform does not
explicitly evaluate the evolution of frequency contents with time
in non-stationary signal such as in high ultrasonic scattering
materials. In the present study, STFT based JTFA is adopted to
understand the frequency dependent attenuation in 316 stainless
steel, a high scattering material. It is also explored if the limit of
the spectral analysis based approach for grain size measurement
can be extended for larger grain size specimens by using STFT
analysis. This has a beneficial implication on the potential for
inspection of coarser grain and higher thickness materials for
defect detection with higher sensitivity.
2. Experimental

Several specimens of AISI type 316 stainless steel (50 mm
diameter and 12 mm thickness) were obtained from bar stock. The
chemical composition of the material used is as follows: C-0.06,
Mn-1.80, Si-1.00, Cr-16.36, Ni-12.1, Mo-2.2 and Fe- balance. The
specimens were heat treated at different temperatures varying
from 1373 K to 1623 K for different time durations (15–180 min)
in order to obtain the specimens with varied grain sizes. Subse-
quently, all the specimens were given a common treatment at
1323 K for 30 min followed by water quench in order to obtain a
uniform structure with same substructural features except for the
variations in the grain size [22]. Specimens of size 40 mm�30 mm
with 10 mm thickness were prepared from these heat treated
samples. Subsequently, surface grinding of the specimens was
et-up for ultrasonic measurements.
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carried out to obtain plane parallelism to an accuracy of better than
3 mm. Metallographic examinations were carried out to reveal the
grain structure in different specimens. The linear intercept method
as per ASTM standard E112-96 [23] was used to measure the
average grain size for correlation with the ultrasonic parameters.

The experimental setup used for the ultrasonic immersion
measurements is shown in Fig. 1. A 6 mm diameter, 25 MHz
unfocused (16 MHz center frequency), immersion transducer
(supplied by M/s. Panametrics, USA) and 35 MHz broadband
ultrasonic pulser receiver (M/s. Panametrics, USA) were used.
The gated waveforms of 15 ms length, including the water speci-
men reflection and time scale corresponding to three back-wall
echoes, were digitized at 500 MS/s using a digitizer (M/s. Acquiris,
500 MHz) and were stored in ASCII format using a LabVIEW
program. All the waveforms were averaged for 100 times to
eliminate random noise from electronic equipments. The speci-
mens were kept in the far field of the transducer. The center
frequency of the transducer is measured as the peak frequency in
the front surface reflection keeping it at 80% of full scale height
(FSH). Back-wall echo frequency was determined by keeping the
first back wall (FBW) height to 80% of FSH.

The optimization of window length is crucial for STFT as it
governs the resolutions in both time and frequency. As the window
length decreases, the time resolution increases and the frequency
resolution in STFT decreases. The frequency resolution can be
maintained by zero padding, however, a shorter window length
leads to spectral leakage. A methodology has been devised to
determine the optimum window length automatically. The top
surface echo of specimen P0, for which the central frequency and
�3 dB bandwidth were measured to be 15.9 MHz and 4.1 MHz,
respectively by FFT, was chosen for the standardization of the
window length. An algorithm was developed in LabVIEW for
transforming A-scan signals to 2D time–frequency plots (spectro-
gram) and to measure the peak frequency and the �3 dB
bandwidth at the back-wall echo locations automatically. The
window length was increased in a step of 0.128 ms (64 data points)
and the peak frequency corresponding to the maximum in time
domain and �3 dB bandwidth for each window length were
determined automatically by STFT, after making the total window
length to 4.096 ms (2048 data points) by suitable zero padding.

Fig. 2 shows the variations in the peak frequency and the �3 dB
bandwidth with the data length. It can be seen in Fig. 2 that with
increase in the window size from 0.2 to 2.5 ms, the peak frequency
Fig. 2. Effect of the time window size for generating spectrogram on the measured

peak frequency and �3 dB bandwidth. Dotted lines show peak frequency and

�3 dB bandwidth obtained by FFT. (The results are shown for the top surface echo

of the specimen with 30 mm grain size, for which the center frequency and �3 dB

bandwidth were measured to be 15.9 MHz and 4.13 MHz, respectively.)
decreases from 16.8 MHz to 15.8 MHz and the �3 dB bandwidth
decreases from 5.8 MHz to 4.2 MHz. For the window lengths of
more than 1.024 ms (512 data points), the peak frequencies and the
�3 dB bandwidth obtained from STFT are comparable to those
obtained from the FFT of the selected echo (Fig. 2). Hence, a window
length of 1.024 ms has been selected for STFT analysis in the present
study. This is an objective measure independent of manual selection
of the time window, which alleviates and reconciles the trade-offs
regarding the spectral leakage (due to too small time window), and
unclear target of interest (due to too large time window) in STFT
spectrogram. The A-scan (one dimensional) signals corresponding
to different grain size specimens were normalized with respect to
the peak amplitudes of the first back-wall signal and windowed
with a continuously moving Hamming window of 1.024 ms (512
discrete data points) length. The maximum and minimum fre-
quency corresponding to backscatter is calculated by analyzing
the spectrograms. Average of five readings for the peak frequency
is given for each specimen. The maximum scatter in the measure-
ment of peak frequency was 70.20 MHz for all the specimens at
the region of interest.

3. Results

Table 1 provides the details of the heat treatments given to the
samples. Typical micrographs showing the variations in the grain
size with different heat treatment conditions are shown in Fig. 3
and the corresponding average grain sizes obtained are given in
Table 1. Fig. 4(a) shows a typical rf ultrasonic signal and its
spectrogram obtained for a specimen with an intermediate grain
size (121 mm). The backscatter amplitude during the water path
(before the front surface reflection) is negligible. However, as the
beam enters into the material, a sudden increase in the back-
scatter amplitude can be observed clearly after the water–
specimen interface echo. Fig. 5 shows change in the frequency
content of the first three back-wall echoes for the intermediate
grain size (121 mm) specimen. The amplitude of the back-wall
echoes decreased and the spectrum shifted marginally towards
lower frequency with increasing propagation distance.

The spectrogram show that the frequency content of the back-
scatter noise is in a range of 14–24 MHz for all the specimens
(Figs. 4, 6 and 7). However, the peak frequency of the first back-wall
echo is much lower as compared to the peak frequency of the front
surface reflection (�16 MHz) and decreases with increasing grain
size (Figs. 6 and 7). With increasing grain size, the amplitude of the
backscatter increased and the amplitude of the back-wall echoes
decreased (Figs. 6 and 7). The frequency content of the backscatter
signal obtained even after the first and the second back-wall echoes
is much higher than that of the first back-wall echo.

The effect of grain size on the peak frequencies of the first
three back-wall echoes, as obtained from the spectrogram, are
shown in Fig. 8 and Table 1. As multiple peaks were observed in
the spectra of the backscatter, providing a single peak frequency
would be misleading, hence a range of frequency is shown for the
frequency content of the backscatter signal.

4. Discussion

The observed effect of the grain size on the frequency content
of the back-wall echoes and the backscatter signal can be
explained on the basis of the ultrasonic scattering theory. The
scattering and absorption are responsible for change in the
spectral parameters of ultrasonic signal. The total attenuation
co-efficient a may be expressed as a¼aaþas, where aa stands for
the losses due to internal friction, i.e. ultrasonic absorption, and as

takes into account losses due to the scattering of the ultrasonic
waves. Ultrasonic absorption consists of the thermoelastic losses,



Table 1
Details of the heat treatments given to AISI Type 316 stainless steel specimens, corresponding average grain sizes and the peak frequencies in the front surface (FS) echo,

first back-wall echo (FBW), second-wall echo (FBW) and third back-wall echo (TBW).

Specimen

ref. no.

Heat treatment Grain size

(mm)n
Peak frequency, FS

(MHz)

Peak frequency, FBW

(MHz)

Peak frequency, SBW

(MHz)

Peak frequency, TBW

(MHz)

P0 As received 30 15.6 15.2 14.8 14.7

P1 1373 K/1 h/WQ 63 15.9 8.56 7.88 7.23

P2 1373 K/1.25 h/WQ 78 16.1 8.33 7.61 6.9

P3 1573 K/1.5 h/WQ 106 16.1 7.08 6.23 5.71

P4 1623 K/0.5 h/WQ 121 15.6 6.51 5.45 4.61

P5 1623 K/1 h/WQ 138 16.1 6.12 4.93 4.59

P6 1623 K/3 h/WQ 210 16.1 4.46 3.63 –

Note: WQ—Water Quench.
n From optical metallography (ASTM standard E12-88).

Fig. 3. Photomicrographs of the stainless steel specimens with (a) 30 mm, (b) 78 mm and (c) 210 mm grain size.

Fig. 4. (a) Time domain signal from specimen of 121 mm grain size specimen and (b) its specgram (c) frequency content of first back-wall.
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magnetic losses and losses due to dislocation damping. For a non-
ferromagnetic material, like austenitic stainless steel, absorption is
due to the thermoelastic losses and losses due to dislocation damping
only. The absorption co-efficient aa can be expressed as [24],
aa¼a1f0.5
þa2f2, where a1 and a2 are the constants and f is the

frequency. The first and second terms in right hand side of the
equation take into account the thermoelastic losses and losses due to
dislocation damping respectively.
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The scattering in polycrystalline materials is dominated by Ray-
leigh scattering when the wavelength of the ultrasonic waves (l) is
greater than the grain size (d). In the present study, the ratio of grain
size to wavelength lies in a range of 0.08–0.55 (V¼5750 m/s,
l¼360 mm for 16 MHz center frequency and values of d are from
30 to 210 mm, indicating Rayleigh scattering is predominant. The
ultrasonic scattering coefficient due to the Rayleigh scattering (as) in
polycrystalline materials [25,26] can be expressed as

as ¼ Sd3f 4
ð2Þ

where S is a scattering factor that depends on the elastic anisotropy of
the crystallites, d is the average grain size in the specimen and f is the
frequency.

At the water–steel interface, a high frequency ultrasonic beam
(�16 MHz center frequency) enters into the material. As scattering
Fig. 5. The frequency content of the first three back wall echoes using STFT for

121 mm grain size specimen.

Fig. 6. (a–c) A-scan, specgram and frequency transform of the first back-wall for 30 mm

the cursors.
is a function of the fourth power of the frequency (Eq. (2)), the
higher frequency components of the signal get preferentially scat-
tered in all directions. The high frequency backscattered energy is
received by the transducer and comparatively lower frequency
beam continues to propagate deeper into the material and return
to the transducer as a low frequency back-wall echo. This explains
the higher frequency content of the backscatter and lower frequency
content in the back-wall echo. The high frequency scattered energy
keeps returning to the transducer due to multiple scattering and
reflections of the originally scattered energy from the grains and the
specimen boundaries in the direction of the transducer, until they
are totally lost in the material due to absorption phenomena. As the
absorption phenomena are weak functions of the frequency (as
compared to the Rayleigh scattering), the decrease in the frequency
content of the backscatter signal is much smaller. This explains the
high frequency content (15–25 MHz) of the backscatter noise even
up to the time path of the third back-wall echo. Further, as all the
specimens were given a similar final heat treatment, the dislocation
substructure is expected to be similar, hence almost similar decay
rate of the backscattered signal is observed in all the specimens [22].

The effect of the grain size on the frequency content of the back-
wall echoes can also be understood by the spectral analysis of the
attenuating ultrasonic wave. It can be assumed that the oscillatory
amplitude decays exponentially as the propagation length of the
ultrasonic wave increases. If we consider the spectral distribution of
the ultrasonic wave, which has an oscillatory pulse of one or two
cycles with an exponential decay envelope, the amplitude of the
ultrasonic wave g(t) is expressed as

gðtÞ ¼ Ae�atsinð2pf 0t�fÞ f=f 0oto2þf=f 0 ð3Þ

where a is the attenuation coefficient, t is time, f0 is the carrier
frequency, f is phase and A is maximum amplitude of the pulse
wave. The spectrum power distribution 9G(f)92 is derived by Fourier
transform [27]:

Gðf Þ
�� ��2a1þexpð�2a=f 0Þ�2expð�a=f 0Þcos 2pðf�f 0Þ=f 0

a2þ4p2ðf�f 0Þ
2

ð4Þ
grain size specimens. The location of the first back-wall echo is shown by cross of



Fig. 7. (a–c). A-scan, specgram and frequency transform of the first back-wall for 210 mm grain size specimens. The location of the first back-wall echo is shown by cross of

the cursors.

Fig. 8. Variation in the peak frequencies of front surface (FS) reflection, first

(FBW), second (SBW) and third (TBW) back-wall echoes. The range of spectral

content of the backscatter is also shown.

Fig. 9. Correlation between peak frequencies of first, second and third back-wall

echoes with the grain size.
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In an austenitic stainless steel, more than 95% of the total
attenuation is caused by the scattering [28], hence a in Eq. (6) can
be replaced by aS of Eq. (4). As the grain size increases, aS

increases as a function of its third power (Eq. (4)). With increase
in aS, the peak frequency of the autopower spectrum shifts to
lower values due to the fourth power dependence of aS on
frequency. Because of this, the peak frequency shifts towards
lower values with increase in the grain size.

In one of our previous studies [2,3], the peak frequency in the
autopower spectrum of the first back-wall echo was linearly
correlated with inverse of the square root of grain size for the same
specimens as investigated in the present study. The ultrasonic
signals were acquired using a 25 MHz contact transducer and the
peak frequency of the first back-wall echo was determined using
Fourier transform. Even though the peak frequency could be
correlated with the grain size effectively for smaller grain sizes,
unambiguous determination of the peak frequency could not be
possible in specimens with larger grain sizes (4140 mm) due to
poor SNR [3]. This can be seen in Fig. 6a and c. The back-wall echo is
submerged in the backscatter noise due to high scattering in the
large grain size (210 mm) specimen. The back-wall echo can neither
be distinguished in the time domain nor in the frequency spectrum.
However, the back-wall echo with even such a poor SNR also stands
out clearly in the spectrogram (Fig. 7b). Using spectrogram, it can be
clearly understood that the lower frequency peak in the frequency
spectrum (Fig. 7c) is from the back-wall echo, while the higher
frequency peaks are from backscatter noise. This demonstrates the
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advantage of the JTFA based approach over conventional fre-
quency spectrum based analysis for microstructural characterization
applications.

The peak frequency of the second and the third back-wall
echoes could also be determined unambiguously using STFT
analysis. The variations in the peak frequency of the first three
back-wall echoes exhibited linear relationships with d�1/2 as
follows (Fig. 9):

PFFBW ¼�2:0þ2:89d�1=2
ðR¼ 0:97Þ ð5Þ

PFSBW ¼�3:7þ3:14d�1=2
ðR¼ 0:97Þ ð6Þ

PFTBW ¼�5:3þ3:39d�1=2
ðR¼ 0:96Þ ð7Þ

where, PFFBW, PFSBW, and PFTBW are the peak frequencies in the
first, second and third back-wall echoes respectively, and d is the
average grain size measured by optical microscopy. The slope of
the above correlation increases from the first to the third back-
wall echo continuously, indicating that the sensitivity of the
spectral peak frequency based methodology for grain size mea-
surement improves with increasing wave–material interaction
distance.

The present study reports a systematic study on the applica-
tion of STFT for studying frequency dependent attenuation in
specimens with different extent of scattering i.e. stainless steel
specimens with different grain sizes. Even though, the time-
frequency analysis has been a popular choice for many authors
in the area of flaw characterization or signal to noise ratio (SNR)
enhancements in high scattering materials, to the best of our
knowledge, the present study is a first of its kind attempt for
materials characterization using time frequency analysis. The
simultaneous spectral content information of the back-wall and
the backscatter signals is available in a spectrogram. This provides
clear visualization of the distribution of the input frequency in the
backscatter and back wall echoes. This has been effectively
utilized to analyze the absorption and the scattering phenomenon
simultaneously. Further, the time frequency analysis could also
extract back-wall echoes from noisy ultrasonic signals without
any ambiguity. Using the STFT analysis, it was also possible to
extend the limit of the grain size measurement using the spectral
analysis approach. Further, a detailed methodology for optimiza-
tion of window length for STFT has also been devised in the
present study. Even though the present study is confined to the
effect of the grain size, the analysis described in the present study
will be equally useful for defect detection and characterization in
highly attenuating thick materials.
5. Conclusions

The short term Fourier transform (STFT) time–frequency
analysis is established as a useful tool for material characteriza-
tion applications. It has led to a better understanding of the
distribution of spectral content in an ultrasonic signal obtained
from high scattering material i.e. austenitic stainless steels. The
STFT analysis also helps in understanding the contribution of the
scattering and the absorption to the total attenuation. The present
study demonstrates that the STFT analysis can be used to
effectively bring out the reflections submerged in the backscatter
noise. Hence, it is easy to estimate the frequency content of
the back-wall echoes and it eliminates the uncertainty in the
View publication stats
frequency estimation in highly scattering and thick materials.
The limits on the attenuation measurements on large grain size
stainless steel material can be extended by using the discussed
methodology. This methodology will be further extended for detec-
tion and characterization of defects in stainless steel weldments.
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