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ARTICLE INFO ABSTRACT

The accuracy of measuring inclusion size in direct C-scan image of immersion ultrasonic testing is restricted by
the lateral resolution of the focused transducer, even if a high frequency is used, and the blurred edge due to
scattering of sound waves at inclusions. In this work, an improved image restoration method that is based on the
Richardson-Lucy (RL) iterative algorithm is proposed, which is used to restore the C-scan image and improve the
accuracy of inclusion size measurement in immersion ultrasonic testing. For the improved RL iterative algo-
rithm, the point spread function (PSF) is derived based on the multi-Gaussian beam model and Kirchhoff ap-
proximation, which considers the propagation properties of sound waves at water-steel interface and the spectral
characteristics of the transducer with high frequency. In order to determine the final iteration number, the
relationship between final iteration number and size of the inclusion in the image is established by restoring the
simulated C-scan image and further calibrated with size correction factor. The size correction factor considers
the effect of sound attenuation and electro-mechanical transformation encountered in practical testing equip-
ment. Experimental results show that the inclusion sizes measured in restored C-scan images agree well with the
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optical micrograph results, which prove the effectiveness of the proposed method.

1. Introduction

Non-metallic inclusions are formed during steel production pro-
cesses and inevitably left in steel due to insufficient elimination before
solidification [1]. They are the sources of different negative steel
properties, such as low fatigue strength, toughness and ductility [2].
Measuring inclusion size, especially for large inclusions provides im-
portant reference for steel producing process, such as de-oxidation re-
fining and continuous casting [3], which helps to improve the quality of
steel products. In addition, inclusion size is one of the most important
factors that influences the crack initiation and fatigue life of structural
components [4,5]. If the maximum size of inclusions can be measured
directly, rather than estimated by statistics, the fatigue limits of steel
will be predicted more accurately.

In order to measure inclusion size, some methods that are based on
inclusion extraction, surface analysis, fractural experiments and im-
mersion ultrasonic testing have been proposed [6-8]. Among these
methods, immersion ultrasonic C-scan imaging is the most suitable
methods for determining large inclusions with a large test volume
under high detection efficiency. The C-scan imaging is a top view
imaging mode, which uses the amplitudes of time-series signals at one
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position to form the image through a 2D plane scan. However, a po-
tential problem associated is that the C-scan image is blurred heavily,
which makes it difficult to measure inclusion size accurately [9,10].
Similar problem has also been found for detecting defects in seal region
of flexible food packages using normal-incidence BAI-mode imaging, in
which the 95-um water-filled channel defect exhibited a much larger
size of about 200pm [11]. Song et al. have proposed a dynamic
threshold method to improve the performance of flaw sizing by ultra-
sonic C-scan imaging [12]. The phenomenon of C-scan image blurring is
not only related to the lateral resolution of transducer, but also related
to the length of focal zone in material [13]. For a body defect, only it is
totally covered by the focal zone the clarity of C-scan image can reaches
the highest level. However, the lateral resolution and the length of focal
zone of a spherically focused transducer are inversely proportional to
the center frequency [14]. The increase of frequency can improves the
lateral resolution, but also reduces the length of focal zone. Moreover,
the high frequency sound waves exhibit significant scattering and at-
tenuation in steel, which leads to a poor signal-to-noise ratio (SNR). In
summary, the clarity of C-scan image is inherently limited to the defects
with sizes similar to or less than the wavelength.

In order to improve the clarity of C-scan image, many image
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restoration techniques have been proposed, which are based on the
digital signal processing or image processing. Deconvolution is one of
the most important algorithms, which had been widely used in as-
tronomy [15,16], medicine [17,18] and microscopy [19-22]. The
commonly used deconvolution algorithms are Regularized inverse fil-
tering, Tikhonov regularization, Landweber, Tikhonov Miller and Ri-
chardson-Lucy [23]. The Richardson-Lucy algorithm also known as the
expectation maximization method, is an iterative scheme that computes
the reflectivity function of objects from original C-scan images using a
specific point spread function [24]. It has advantages of good robust-
ness against small errors in point spread function, which can make the
iteration results converge to the maximum likelihood solution. The
Richardson-Lucy iterative algorithm is applicable to images that obey a
Poisson distribution, especially to optical or acoustical images that
contain Poisson noise. For this reason, the Richardson-Lucy algorithm
has been widely used in the astronomy and microscopy [25].The point
spread function (PSF) represents the response of system to a point and
determines the imaging quality [26]. Assuming that ultrasonic imaging
system is a linear shift-invariant system, the formation process of C-scan
images is described as convolution of the reflectivity function of the
object and the PSF of the imaging system. By reversing the reflectivity
function of the object from an original C-scan image using an accurate
PSF, the clarity of C-scan image can be improved essentially.

The PSF is one of the most important factors that determining the
performance of Richardson-Lucy algorithm and significant efforts have
been expended on the PSF calculation. In general, the PSF of immersion
ultrasonic imaging system is either measured from a reflector that is
approximately represented as a point source [27], or reconstructed via
inverse filtering to a micro-sphere which has a smooth surface and a
smaller diameter than the spot size of the transducer [28], or theore-
tically computed from the imaging models [29]. However, the experi-
mental methods only performed in the single-phase medium like water,
which lack accuracy for inclusion imaging in steel. Rangarajan et al.
applied the patch element model (PEM) to compute the sound field
distribution of a planar transducer and the response of a point-like re-
flector, the PSF in single-phase medium and liquid-solid medium was
evaluated in near field and far field [29]. Dalitz et al. presented an
analytical expression of PSF that is based on the far field approxima-
tion, and using the calculated PSF to restore C-scan images [26].
However, the PSF calculated by the analytical methods do not consider
the spectral characteristics of transducers and the propagation proper-
ties of sound waves at water-steel interface.

In this work, an improved Richardson-Lucy iterative algorithm is
proposed to restore the C-scan images measured from immersion ul-
trasonic imaging system using spherically focused transducer, and to
improve the accuracy of inclusion sizing. The PSF is derived based on
the multi-Gaussian beam model and Kirchhoff approximation that
considers the refraction of sound waves at water-steel interface and the
broadband characteristics of the transducer with high frequency. The
relationship between final iteration number and the size of inclusion in
the image is established by restored the simulated C-scan image and
further calibrated with the size correction factor. Using the calculated
PSF and final iteration number, the experimental C-scan images are
restored using the improved RL iterative algorithm and its effectiveness
has also been verified.

2. Improved Richardson-Lucy algorithm

The improved Richardson-Lucy algorithm is shown in Fig. 1, which
includes the following two parts. Firstly, the PSF is calculated by a
mathematical model that using the multi-Gaussian beam model [30] to
compute the sound field distribution in water-steel medium and using
the Kirchhoff approximation [31] to derive the expression of PSF.
Secondly, the relationship between final iteration number and inclusion
size in the image is established by restoring the simulated C-scan
images that contain different sizes of inclusions. For the multi-Gaussian
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Fig. 1. The principle of the improved Richardson-Lucy iterative algorithm.

beam model, the spectral characteristics of transducer and the propa-
gation properties of sound waves in the media of liquid and solid are
considered to improve the accuracy of the PSF. The relationship be-
tween final iteration number and inclusion size in the C-scan image is
further calibrated by a size correction factor, which considers the effect
of sound attenuation and the electro-mechanical transformation en-
countered in practical ultrasonic system.

Assuming that ultrasonic C-scan imaging system is a linear shift-
invariant (LSI) system, the output image I can be expressed as [32]
I={(f® g (€]
where f is the object needs to be retrieved and it is represented as a
reflectivity function mathematically, g is the PSF of the imaging system,
® is the two-dimensional convolution operator, ¢ represents the back-
ground noise that follows the Poisson distribution. The Eq. (1) is the
commonly used ultrasonic imaging model.

The Richardson-Lucy (RL) iterative algorithm [33,34], also known
as the expectation maximization method, is a Bayesian-based iterative
algorithm developed for the Poisson distributed background and con-
verged to the maximum likelihood solution. The probability density
function of a pixel s in output image I, knowing (f*g)(s) can be ex-
pressed as [32]

[(F8)($)]' exp(=(fg)(5))

pUG)I(f+g)()} = I(s)!

(2)

Considering all N pixels in output image I, the probability density
function is a likelihood function L given by [32]

{

The maximum likelihood solution occurred where all partial deri-
vatives of L with respect to f are zeros, which leads to the RL iterative
algorithm [33,34]

N

L=pl(re)} = I T

s=1

[(F*2) ()] @exp(—(fxg)(s))
I(s)!

3

1
h [g*fn_l *g]f;"l )
where g is the complex conjugate of g and n is the final iteration
number. Eq. (4) shows that the restoration performance of RL algorithm
mainly depends on the accuracy of PSF and the final iteration number n.
In the following sections, the process of PSF calculation and the de-
termination of final iteration number n are described in detail. The PSFs
of the transducers with center frequency of 50 MHz and 100 MHz are
calculated, respectively, and the relationships between final iteration
number and size of inclusion in the simulated C-scan image are estab-
lished.
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Fig. 2. Signals of interface wave reflected by the top surface of a bearing steel ball using different spherically focused transducers (a) 50 MHz nominal center
frequency and 10 mm focal length (b) 100 MHz nominal center frequency and 8 mm focal length.

2.1. Calculation of PSF

The PSF is derived based on the Multi-Gaussian beam model and
Kirchhoff approximation, which considers the refraction of sound
waves at water-steel interface, as well as the spectral characteristics of
broadband transducer. The relationship between PSF g and sound field
distribution H is established by using the Kirchhoff approximation and
expressed as [26]

iwpvg
472

a
glx,y) = H (2, x, y)aH (2 X, Y)lp=zg

6))
where v, is the velocity amplitude of transducer oscillating with fre-
quency f= w/2m, p is the density of medium. Eq. (5) shows that g is
directly related to the sound field distribution H at the focal plane
(z = 20). It should be noted that the C-scan image is the maximum-
intensity projection of the volumetric data. Assuming that the sound
field distribution H along the z-axis is uniform within the focal area,
using the PSF at focal plane is reasonable. For broadband transducer, @
is the center frequency and the sound field distribution H is a linear
superposition of the sound field distribution of different frequency
components.

The Multi-Gaussian beam (MGB) model, which uses Gaussian beams
as their fundamental basis set and combining with a proper set of
weighting factors is used to calculate the sound field distribution H of a
spherically focused transducer in two media of water and steel. In this
work, the spectral coefficients of transducers with broadband are con-
sidered in the MGB model, which eliminates the effect of spectral
characteristics on the sound field distribution H.

According to the MGB model, the sound field distribution H; of a
single frequency component w; can be calculated by the equation [35]

15
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where a is the radius of piezoelectric elements, vJ? is the particle ve-
locity in medium 2, T/3* is the transmission coefficient expressed
asTI3* = 2p,cf/(p,cf + pycf?), A, and B, are the Gaussian coefficients
that given by literature [36], D, = kja?/2 is the Rayleigh distance that
refers to the distance from focus position to where the beam cross-
section increases to two times the focal spot diameter [37].
ki, ¢f and k, czy2 are the wavenumber and velocity of the sound waves
in medium 1 and medium 2, respectively (y=p, s), and their

relationship with circular frequency w is k = w/c.

From a discrete viewpoint, the broadband transducer has different
continuously components as «j, j = 1, 2, ... According to the sound
field superposition principle, the sound field distribution H of a
broadband transducer can be calculated by summing up the sound field
distribution H; at different frequency components w;
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where ¢; are the spectral coefficients that describe the spectrum char-
acteristics of the sound waves radiated from transducer and transmitted
through the water medium. It is the normalized amplitude-frequency

characteristics and calculated by the equation
Aj(@)

ei(w) = ———

TS T AW
J

®

where Aj(w) is the amplitude of the jth frequency component that is
measured from experiment. The frequency increment is determined by
the sampling frequency. To calculate the spectral coefficients ¢; of the
broadband transducer, the interface wave reflected from a ball target is
collected and the Fourier transformation is used to obtain the ampli-
tude-frequency characteristics. The specific measurement procedures
refer to the standard ASTM E1065. Substituting Eq. (7) into Eq. (5), the
PSF is expressed explicitly as

i B, (x} + y?)D
_ lwpv0H2 ik, + (0 +35) _2
47'[2 R2C2 C (9)
where
C:1+i‘lzl+zzczyz’ :l‘li
D, cf D, ¢f

Fig. 2 shows the interface wave of two spherically focused trans-
ducers with nominal center frequencies of 50 MHz and 100 MHz, re-
spectively. The standard reflector is a bearing steel ball, which has a
smooth surface and a diameter of 12mm. The distance between
transducer and the top surface of the reflector is adjusted to maximize
the amplitude of interface wave. According to the ASTM E1065, the
durations of the interface wave measured by —20dB threshold are
82 ns and 65 ns. The focal lengths of the two transducers are 10 mm and
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Fig. 3. The spectral coefficients of the two transducers.

8 mm in water, respectively. When the focal depths of both transducers
are 0.8 mm in steel, the water paths are 6.8 mm and 4.8 mm, and the
interface wave appears at 14ps and 11.3 s, respectively, with the
longitudinal velocity in water of 1480 m/s.

The corresponding spectral coefficients ¢; are shown in Fig. 3. It can
be seen that both of the two transducers have a wide spectrum, the peak
frequency are fp; = 17 MHz and fp, = 20 MHz, respectively. The lower
frequency f; and upper frequency fy are measured by the —6dB
threshold and the actual center frequency fc1, fco of the two transducers
calculated by fo=(fy + f1)/2 are only 29.5MHz and 34.5MHz, re-
spectively, which are far less than their nominal center frequency
(50 MHz and 100 MHz). The decrease of f¢;, fco are mainly contribute
to the severely attenuation of high frequency components in water [38].

Fig. 4 shows the on-axis pressure profile of the two transducers with
broadband and mono-frequency. The horizontal axis is the vertical
distance that starts from the top surface of the transducer and the
vertical axis is the normalized sound pressure with respect to the
maximum value of the on-axis pressure. For the two transducers the
water paths are z = 6.8 mm and z = 4.8 mm, respectively. The on-axis
pressure increases sharply at water-steel interface (as marked in Fig. 4).
When the sound waves transmit into steel, the acoustic impedance
changes from 1.5 x 106kg/m?s to 45 x 10°kg/m?s, which leads to
the on-axis pressure rising abruptly. The steep rising of the on-axis
pressure profile at water-steel interface is also described in literature
[391.

The maximum pressure appears at z = 7.6mm and z = 5.6 mm,
respectively, which means the refocused depths d, inside the specimen
are both 0.8 mm. The positions of the maximum pressure agree well
with the theoretical refocused depths calculated by d; = (F—z)ci/cf.
The on-axis pressure profiles of the two transducers with mono-
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frequency and broadband are almost same near the focus, but for the
mono-frequency, several nulls exist on both sides of the focus.

Fig. 5 shows the cross-axis pressure profiles of the two transducers
with broadband and mono-frequency at focal plane of z = 7.6 mm and
z = 5.6 mm, respectively. The horizontal axis represents the horizontal
distance that is perpendicular to the axis of the transducer and it is a
dimensionless distance with respect to the radius of piezoelectric ele-
ments a. It can be seen that the cross-axis pressure profiles of the two
transducers with broadband and mono-frequency have a large mis-
match on both sides of the focus (x/a = 0). For the mono-frequency,
several nulls exist in the cross-axis pressure profile, but for the broad-
band, the cross-axis pressure profile changes smoothly. According to the
additive principle of sound waves, these nulls in cross-axis pressure
profile of a given mono-frequency will be filled up by the nonzero va-
lues of other frequency components, and the superposition effect leads
to the nulls no longer being observed. Therefore, if the spectrum
characteristics are ignored, the calculation of sound field distribution
will lose some accuracy.

According to the cross-axis pressure profile, the radial profiles of
PSFs for the two different transducers with broadband and mono-fre-
quency are shown in Fig. 6. It can be seen that the radial profiles of PSFs
with mono-frequency are not smooth, and two nulls exist at x/
a= = 0.2and x/a = * 0.075, respectively. But for the radial profiles
of PSFs with broadband, no nulls exist and it can be represented as a
Gaussian function with appropriate variance, as is described in litera-
tures [40,41].

2.2. Determination of the final iteration number

In order to restore C-scan images using the improved RL algorithm,
an appropriate final iteration number n should be chosen. The final
iteration number n needs to be large enough to reach the desired so-
lution for convergence. The convergence criterion is defined as [26]

2 2 G ) ~fmy (x, p)I
x Y

2 21 G )

x y

<A
(10)

where A is the relative error of two adjacent images, which depends on
the specific images. However, the final iteration number n should not be
too large to make the noise dominate. In this study the final iteration
number n is chosen to guarantee the restored image as closer as to the
projection of the defect. The relationship between final iteration
number n and inclusion size b in simulated C-scan image is established
through the following steps shown in Fig. 7.

Assuming that all inclusions have a circular projection and the C-
scan images of inclusions with different size are simulated by the
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Fig. 4. The on-axis pressure profiles of two different transducers with broadband and mono-frequency (a) 50 MHz nominal center frequency and 10 mm focal length

(b) 100 MHz nominal center frequency and 8 mm focal length.
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Fig. 5. The cross-axis pressure profiles of two different transducers with broadband and mono-frequency (a) 50 MHz nominal center frequency and 10 mm focal

length (b) 100 MHz nominal center frequency and 8 mm focal length.

ultrasonic imaging model and the Poisson noise is added. The improved
RL iterative algorithm is used to restore the simulated C-scan images,
and the final iteration number n that makes inclusion size measured in
restored image is equal to its true size is defined as the final iteration
number. Using this method, the relationship between final iteration
number n and the inclusion size b in simulated C-scan image is estab-
lished.

For the above mentioned two transducers with center frequency of
50 MHz and 100 MHz, the simulated and further restored C-scan images
of an inclusion with true size of 50 um are shown in Fig. 8. Each column
from left side to right side represents the PSFs of two transducers, the
simulated C-scan images and the restored C-scan images. The final
iteration number of the two restored C-scan images is n = 64 and
n = 16, respectively. In the middle column it can be seen that the in-
clusion sizes b in the simulated C-scan images are much larger than
their true size (50 um). After restoration the inclusion sizes measured in
restored C-scan images using 6 dB-drop threshold are 49 um and 48 pm,
respectively, which are close to their true sizes.

Fig. 9 shows the convergence of the inclusion size measured in re-
stored C-scan images as a function of iteration numbers for different
size of inclusions. The vertical axis is the inclusion size that is measured
in the restored image. The true sizes of the inclusions range from 40 um
to 195 um, which almost cover the scope of large inclusions in steel. The
left figure is for the transducer of 50 MHz and the right figure is for the
transducer of 100 MHz. It can be seen from Fig. 9(a) and (b), as the
iteration numbers increases, the inclusion sizes measured in restored C-
scan image are gradually approaching their true sizes even if the
Poisson noise exists. In addition, as the iteration numbers increases, the
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differences between different sizes of inclusions in restored C-scan
images increase, which illustrate the improvement of image clarity. As
mentioned before, the RL algorithm has the problem of noise amplifi-
cation with the increase of iteration number, especially for the struc-
tural noise that is aroused by the grain scattering in actual C-scan
images. In order to avoid noise amplification and its effect on the
measurement reliability, the final iteration number n is determined as
the minimum iteration number that guarantees the inclusion size
measured in restored C-scan image has the smallest error with respect
to the true size, instead of the iteration number that converge. For in-
clusions with different sizes, the final iteration numbers n are marked in
the Fig. 9(a) and (b). It should be noted that the imaging system should
have sufficient measurement sensitivity and signal-to-noise ratio to
make the image of inclusion clearly distinguished from the background
noise and guarantee the applicable of the proposed method.

Fig. 10 shows the relationship between final iteration number n and
dimensionless inclusion size b/4, using transducers of center frequency
of 50 MHz and 100 MHz, where 4, is the wavelength that is corre-
sponding to the center frequency. The dimensionless inclusion sizes b/4,
measured in the original blurred images obtained by simulation range
from 1.773 to 1.998 for the transducer of 50 MHz and range from 1.819
to 3.119 for the transducer of 100 MHz. According to the simulated
results in Fig. 10, the relationship between final iteration number n and
the dimensionless inclusion size b/, is approximately fitted to a ra-
tional function. For the transducers of 50 MHz and 100 MHz, the fitting
functions are

0.824

nso(b/:) = [bm 1.755
b—1.

(1)
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Fig. 6. The radial profiles of the PSF for different transducers with broadband and mono-frequency (a) 50 MHz nominal center frequency and 10 mm focal length (b)

100 MHz nominal center frequency and 8 mm focal length.
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where [ ] is the operator of round up to an integer. Egs. (11) and (12)
show that the dimensionless inclusion size b/4, has a limiting size of
1.755 and 1.737 for the transducers of 50 MHz and 100 MHz. The
limiting size represents the image size of an infinitely small object, i.e.,
the size of the PSF itself.

It should be noted that the simulated C-scan images do not consider
any sound attenuation and experimental system effect. In practice, the
strong attenuation and scattering of the sound waves are existed, and
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the electrical and electromechanical parts in ultrasonic system also
influence the measured results. Therefore, a size correction factor x is
introduced and the relationship of inclusion sizes between simulated C-
scan image and experimental C-scan image is expressed as

~b

x 13)

where b’ is the inclusion size measured in experimental C-scan image.
x < 1 indicates the inclusion size b’ measured in experimental C-scan
image is smaller than that of the simulated C-scan image. The size
correction factor x is a function of system impact factor A, sound
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Fig. 8. The simulated results of an inclusion with true size of 50 um. The left column are the PSFs of transducers with center frequency of 50 MHz and 100 MHz; the
middle column are the simulated C-scan images using the corresponding PSFs; the right column are the restored C-scan images with final iteration number n = 64

and n = 16, respectively.
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Fig. 9. The convergence of the inclusion size measured in restored C-scan images as a function of iteration numbers for different size of inclusions (a) 50 MHz (b)

100 MHz.

attenuation coefficient a and inclusion depth h, which is expressed as

x = Ae™" a4

The system impact factor A reflects the effect of all electrical and
electromechanical parts on the results of ultrasonic imaging system.
The attenuation coefficient « in Eq. (14) is determined by the equation
[42]

a=—lln
d

P as)
where d is the thickness of specimen, P; and P, are the maximum ab-
solute peaks of the first bottom echo wave and the second bottom echo
wave. The attenuation coefficient a calculated by Eq. (15) is a com-
prehensive attenuation coefficient that contains the effects of different
frequency components, which is determined using the maximum ab-
solute peaks of the time-domain signals. Although the attenuation
coefficient a and the size correction factor x can be also calculated in
the frequency-domain, they are proposed in this work to account for the
effects of comprehensive attenuation and scattering of the waves en-
countered in practical experimental system on the finial iteration
number n. Therefore, the attenuation coefficient o is not measured in
the frequency-domain to illustrate the effects of frequency component
on the attenuation coefficient «, as well as the size correction factor x
and finial iteration number n. It is a constant value for the experimental
system with a certain transducer and testing material. Substituting Eq.
(14) into Eq. (13), the relationship of inclusion sizes between simulated
and experimental C-scan image can be expressed as

T T T T T

o0 o 50MHz

50

— 50MHz fitting |

1.9 1.95
blA,

(@)

1.8 1.85

(16)

In Eq. (16), the system impact factor A is a constant for the same
transducer, which can be measured from the calibration experiments.
For a specific calibration experiment, the attenuation coefficient a, in-
clusion depth h and inclusion size b’ are measured directly. Once the
true size of the inclusion is measured by other means, such as Optical
Microscope, the inclusion size b in the image can be obtained from the
simulated C-scan image, and the system impact factor A is calculated. In
addition, the system impact factor A is independent of the inclusion
depth h. For the inclusion with greater depth, the transducer should be
lowered to make it focus on the inclusion, so the true size of the in-
clusion can be also measured. Substituting Eq. (16) into Egs. (11) and
(12), the relationship between final iteration number n and di-
mensionless inclusion size b’/4, in experimental C-scan image is ex-
pressed as

0.824
it = | —
o (b'/%) [e“hb’/A/lz—ljssl a7
1.466
bv/A)=|—M——m
Fuoo (B'/%:) [e“”b'/A/lz—l.BJ (18)

Egs. (17) and (18) show that in order to determine the finial
iteration number, it is need to measure the system impact factor A and
attenuation coefficient a.

T T T

O 100MHz
— 100MHz fitting

2071

15 ¢

10

b/A,

(b)

Fig. 10. The relationship between final iteration numbers n and dimensionless inclusion size b/A, measured in simulated C-scan images for different transducers (a)

50 MHz (b) 100 MH.
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Fig. 11. Experimental setup of the immersion ultrasonic testing system.

3. Experimental measurement and verification

In order to determine the system impact factor A and prove the
effectiveness of the improved RL iterative algorithm, the experiments of
inclusions detection using immersion ultrasonic equipment PVA
SAM300 are performed. The specimen is GCrl5 bearing steel that is
expected to contain Al,Os; inclusions internally. The acoustic im-
pedance of the Al,O3 is 41.49MRayl, which is smaller than that of the
steel matrix (45.39MRayl) [43]. The dimension of the specimen is
35mm X 20 mm X 20 mm and its top surface is machined by a grinder.
As is shown in Fig. 11, the specimen is immersed in a water tank and a
spherically focused transducer is raster scanned from the top left to the
bottom right of the specimen with a rough step of 20 um, and then the
local area that contains only one inclusion is imaged with a finer step of
2um. Two commercial spherically focused transducers PVA AS PT50
and PVA AS PT100 with nominal specifications of 50 MHz center fre-
quency, 10 mm focal length and 100 MHz center frequency, 8 mm focal
length are used to transmit and receive the longitudinal wave. The
nominal apertures of both transducers are 3 mm. In the following sec-
tions, the system impact factor is calculated for the focused transducers
of 50 MHz and 100 MHz, and four C-scan images that contain one in-
clusion for each are restored using the improved RL iterative algorithm
and the accuracy of the inclusion size measured in restored C-scan
images are also compared.

Ultrasonics 91 (2019) 103-113

3.1. Calculation of system impact factor

Fig. 12 shows the C-scan image of the specimen using transducer
PT100 and four inclusions can be detected within a depth of 1.0 mm.
Based on this result, the local areas of 1 mm X 1 mm that contain in-
clusions 1# and 2#, respectively, are zoomed in using transducer PT50
and the local areas of 1 mm X 1 mm that contain inclusions 3# and 4#
are zoomed in using transducer PT100.

In order to calculate the system impact factor A, the sound at-
tenuation coefficient a of the two transducers are measured for the
specimen. A sheet sample with dimension of 10 mm X 10 mm is cut
from the specimen. The thickness of the sample is 0.92 mm, so that the
second bottom echo wave can be received for both transducers. Fig. 13
shows the A-scan signals received by the transducer PT50 and PT100,
respectively. Twenty A-scan signals of different positions are averaged
to eliminate fluctuation of the 1st bottom echo wave (P1) and the 2nd
bottom echo wave (P2). For the transducer PT50, P; = 0.87,
P, = 0.191 and for the transducer PT100 P; = 0.683, P, = 0.072. The
sound attenuation coefficients a for the two transducers are
a = 0.824 Np/mm and a = 1.223 Np/mm, respectively.

The inclusion 1# and 3# are used to calculate the system impact
factors A of transducer PT50 and PT100, respectively. Fig. 14 shows the
A-scan signal of inclusion 1# and 3#, which includes the interface wave
and defect echo wave. According to the time difference between in-
terface wave and defect echo wave, the depths of inclusion 1# and 3#
are h = 0.823 mm and h = 0.745 mm, with the longitudinal velocity in
steel of 5988 m/s. Because the waveform of the interface wave has been
over ranged, the zero-crossing point is used to represents the position of
the wave packet and the time difference between the two wave packets
is the time difference between the interface wave and the defect echo
wave.

For the inclusion 1# and 3#, their sizes measured in experimental
C-scan images are b’ = 109 ym and b’ = 107 um, respectively. By cut-
ting, grinding and polishing, the maximum cross sections of the inclu-
sions are exposed to the Optical Microscope and their equivalent dia-
meters are 50 um and 71 pm, respectively. Accordingly, the system
impact factors of the two transducers calculated using Eq. (16) are
A =1.01 and A = 2.39. The relevant parameters about the calculation
of the system impact factors A are listed in Table 1.

3.2. Model verification and comparison with experiments

The improved RL iterative algorithm is applied to restore the C-scan
images that contain inclusion 1# ~ 4#. According to the inclusion sizes

Fig. 12. C-scan image of the entire specimen with dimension of 35 mm x 20 mm X 20 mm.
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Fig. 13. The A-scan signals collected using different transducers (a) PT50 (b) PT100.

measured from the original C-scan images, the final iteration numbers n
are determined using Eqgs. (17) and (18). Fig. 15 shows the images of
inclusion 1# ~4#. The first column is the optical micrographs of the
four inclusions that show the maximum cross section, the second and
third columns are the corresponding C-scan images before and after
restoration. The aspect ratios of the four inclusions are almost the same,
which can be approximated as spheres and the simulation of the C-scan
image using circular inclusions is reasonable. The equivalent diameters
of the four inclusions are calculated according to their area in optical
micrographs. The second column indicates that the grains scattering is
very strong, which produces noise in C-scan images. However, after
restoration most noise has been reduced obviously, except for some
with high level, as is shown in the third column. This result confirms
that the final iteration number n determined by Egs. (17) and (18) do
not amplify the noise to the extent of affecting inclusion size mea-
surement.

The inclusion sizes measured in second column and third column of
the Fig. 15 are listed in Table 2. Table 2 shows that the inclusion sizes
measured in restored images are much closer to their true sizes, which
prove the effectiveness of the proposed method. However, it should be
noted that the system impact factors A measured from inclusion 1# and
3# are also affected by the inclusion type. If the inclusions have dif-
ferent acoustic impedances or large aspect ratios, the error in measuring
the size of inclusion will increase. For the specimen of GCrl5 bearing
steel, the type of inclusion 1# ~4# is mainly Al,O3, which guarantee
the reliability of the measurement results.

= 1# inclusion

Interface wave

05f

Amplitude(V)

8.2 8.4

1(ps)

(a)

7.8 8 8.6

4. Conclusions

In this work, an improved Richardson-Lucy iterative algorithm is
proposed, which can be used to measure the inclusion size more ac-
curately. The analytical expression of the PSF for the immersion ul-
trasonic imaging system is presented based on the MGB model and
Kirchhoff approximation. The propagation properties of sound waves at
water-steel interface and the spectral characteristics of the focused
transducers with high frequency are considered, which helps to im-
prove the accuracy of PSF. By restoring the simulated C-scan images
using the improved RL iterative algorithm, the relationship between
final iteration number and inclusion size in C-scan image is established.
The size correction factor is introduced in the fitting function, which
refers to the system impact factor, sound attenuation and inclusion
depth and makes the fitting function applicable to different transducers
and inclusions with different depth. Although the inclusion sizes mea-
sured in restored C-scan images are more accurate, determining the
system impact factor by the calibration experiment still requires a lot of
effort, which needs to measure the true size of a tested inclusion by
other methods.
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Table 1
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Relevant parameters for calculating the system impact factor A.

Inclusion no.

Frequency/MHz  Inclusion depth h/mm  attenuation coefficient @ Np/mm  true size of inclusion/um  Inclusion size b’ in experimental C-scan image/um

1#
3#

50

100

0.823 0.824 50 109
0.745 1.223 71 107

200um

200um

200pum

200pm 200pm

Fig. 15. Images of four different inclusions. The first column is optical micrographs. The second column is the original C-scan images. The third column is restored C-
scan images. Each row represents one inclusion.
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