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Diffuse ultrasonic backscatter measurements have been shown to enhance the detection capability of sub-wa-
velength flaws when combined with extreme value statistics. However, for a normal-incidence immersion
measurement, a “dead zone” created by the ring-down of the front-wall echo will hide near-surface flaws. In this
article, a pulse-echo transverse wave backscatter measurement is used to detect near-surface flaws under high
gain. The approach is validated using a magnesium specimen with side-drilled holes. The confidence bounds of
the grain noise from this specimen are given by a transverse-to-transverse scattering model, which takes the

grain size distribution and the hexagonal crystal symmetry into account. The upper bound is then treated as a
time-dependent threshold for the C-scan. Experiments show that the developed method has good performance
for detecting sub-wavelength, near-surface flaws, and can suppress both missed detections and false positives.

1. Introduction

Near-surface flaws, such as forging cracks, fatigue cracks and stress
corrosion cracks, are very harmful to component structural health [1].
When these flaws reach a critical size, they can lead to structural failure
[1]. Ultrasonic detection techniques are used widely to detect flaws in
materials [2]. However, in normal-incidence immersion measurements
the flaw echoes can be hidden in the dead zone caused by the front-wall
echoes [3]. During the past two decades, researchers have tried some
digital signal processing techniques to separate flaw echoes from front-
wall echoes, such as cepstrum analysis [4], Hilbert transform [5], de-
convolution algorithms [6,7], pulse compression techniques [8] and
time-domain phase analysis method [3]. However, these methods re-
quire a strict linearity of the signals and can only detect flaws larger
than the wavelength. Surface or Rayleigh wave methods can be used to
interrogate flaws near surfaces. However, most of the energy of a sur-
face wave propagates at a depth equal to the wavelength (~0.6 mm at
5 MHz in magnesium alloy) [9]. When flaws are located deeper than the
penetration depth, surface wave methods will break down. Otherwise,
lower frequencies are necessary to inspect any substantial depth, which
adversely affects detectability of small defects [10].

Due to an oblique-incidence transducer configuration using mode-
converted transverse waves can eliminate front-wall echoes in the

measured signal, which would allow inspection depths closer to the
surface [11]. However, if the flaw size is smaller than the wavelength of
the ultrasound applied in the detection, flaw echoes are often masked
by the ultrasonic scattering (or grain noise) from the heterogeneous
background [12]. Therefore, detecting sub-wavelength near-surface
flaws in materials is still a challenge in current ultrasonic non-de-
structive evaluation. Recently, Song et al. [13,14] proposed an ultra-
high gain detection method based on ultrasonic backscatter [12] and
extreme value statistical theory [15]. Instead of using a fixed threshold,
a time-dependent threshold is used to detect sub-wavelength flaws in a
304 stainless steel specimen [13]. Their method can significantly re-
duce the false detection and missed detection rates of sub-wavelength
flaws. However, because their method uses a normal-incidence im-
mersion configuration, it cannot be adopted for the detection of near-
surface flaws.

In this article, the aim is to detect near-surface, sub-wavelength,
side-drilled holes in a magnesium alloy specimen. First, the transverse-
to-transverse (T-T) scattering model [16] is modified to include the
grain size distribution and hexagonal crystal symmetry appropriate for
the magnesium alloy of interest. Secondly, the modified model is em-
ployed with extreme value statistics to extend Song’s method [13] from
the normal-incidence case to the oblique-incidence case. Finally, we use
the present method to explore the detection of sub-wavelength flaws
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Fig. 1. Schematic diagram of the T-T mode-converted ultrasonic scattering model (a) the pulse-echo transducer configuration, (b) The geometrical coordinate
transformation.
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2. Theory where the coefficients A, A4;, and A, are combinations of single crystal
elastic constants c;3, €12, €13, C33, Ca4. The coefficients of the inner pro-
Hu et al. [16] derived a T-T scattering model for the ultrasonic ducts are found to be
transducer configuration shown in Fig. 1(a). The spatial variance of the
T-T response can be written as Ay = 55¢f + 315¢h + 220c + 20cE + 460cZ, — 210ci1¢15
A + 60c;1013 — 420c;;5¢015 + 40c77 033 — 80C13C33 — 300C77 Cag
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where the subscript TT in ®[L(t) is used to denote transverse-to-trans- ' " 2 by " e 12
i . 1 + 40C11C33 - 120C12C33 + 80013C33 + 40011044 + 200C12C44
verse (T-T) scattering, and the super script PE represents the pulse-echo 160¢:c 80Cc
. . . . - 13C44 — 33C44
transducer configuration, which assumes the sound fields of the source o = 702 + 35¢2 4 28¢2 + 1202 + 126 + 30 28
and receiver are the same. The parameter ®J; is a constant related to 2 = 7cin + 3500 + 28015 + 12035 + 1203 + 30cn 612 — 28Cn 613
. P : : - PR . : — 60c12c13 — 16¢11633 — 40c15633 + 32¢13€C33 + 4C11Ca4
the experiment calibration, and ¥, is the field distribution function
describing the transducer beam and the input pulse. As shown in + 2012Cas = BC13Cag — 16C53Ca4 - )

Fig. 1(b), 6; and 6, represent the angle of incidence and the angle of
refraction, respectively. x defines the global coordinate, and X defines
the local coordinate. The local coordinate can be converted into the
global coordinate using the coordinate transformations [16]

Here, 7 is the spatial Fourier transform of the corresponding two-
point correlation function 7(lr — ¥'l), which describes the probability
that two randomly chosen points r and r’ lie within the same grain
[20,21]. Considering the grain size distribution present in the magne-

X = xcos6, + zsin6, — dcos6, , sium alloy, the spatial correlation function # must be modified ac-
Y=y, cordingly. A log-normal distribution of a variable L is defined so that
Z = —xsin6, + zcos6, + dsin6, , @ the variable x = InL follows a normal distribution with mean ¢ and
standard deviation o;. The log-normal grain volume distribution can
where d is the offset distance. Note that the material path of the source then be written as [22]
Zs equals the material path of the receiver zz. N
The quantity 7, (ﬂ)E::::gigggggi (7r) in Eq. (1) is known as the trans- P(L) = 1 e [_ an(L/L)] ,
verse-to-transverse diffuse backscatter coefficient, which is used to Log2m 207 6)
characterize the microstructural properties. It includes a correlation
function 7 and a covariance function =. In this work, we will focus on where T is the median of the distribution given by I = expu, which is
the modification of the scattering coefficient for magnesium alloys related to the mean by L = T exp(c?/2). Hence, for a continuous dis-
containing equiaxed single-phase grains with hexagonal crystal sym- tribution of grain size, the spatial correlation function can be written as
metry and grain size distribution. [22]
The term E:::%gggggi () is the inner product on the eighth-rank -
covariance tensor defined as n(r) = ‘/O‘ P(L) exp(—r/L)dL . %)

=PLPoSosL NN N N . L. o s
..., Po 8081 (6ps) = Epji Dry D1 51551 Dos Pom SoaSot » 3) Then the correlation function in transform space for a distribution of

grain size is written as [22]
where Ef‘yif{ = (CijitCapys) — (Cijir){Cugys)- Cyja is the fourth-rank elastic
modulus tensor (the angular brackets ( ) indicate an ensemble average) T, Bps) =H (s — p) = % j(;w dr (r) exp[—i(s — p)-r]
and 6, is the angle between the incident and scattered waves in the
material. It can be reduced for the case of hexagonal crystal symmetry. s
Assuming Voigt averaging of the elastic moduli and using the trans- =7 PD) TR H; T —— eps)]dL ,
ducer configuration given in Fig. 1(a) gives [17,18,19]
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Fig. 2. Effect of grain size distributions on theoretical variance curves. (a) Different distributions o; with the same mean L = 13.5 pum, (b) different mean grain size L

with the same o; = 0.75.
Frr (Bps) = 7 (s = P) = 55 fo~ drf) (1) exp[—i(s — p)-r]

o 3
_-/0, P(L) n2[1+2k%LZ(l+cos6ps)]dL ’

©)

where k;, = wy/cy, is the longitudinal wave number in the specimen, and
kr = wo/cr is the transverse wave number in the specimen, and
wy = 27f, is the angular center frequency. The modified backscatter
coefficient is substituted into Eq. (1). The transverse attenuation coef-
ficient oy of the ultrasonic wave in the material is also related to the %
and E. The expression for ar is included in the Appendix A. It should be
noted that the Voigt average is used to estimate the wave velocity of the
solid. Thus, with the Voigt average, the longitudinal velocity c¢; and
transverse wave velocity ¢y can be also derived from Cy [23,24]

L = \/(CHH)/P s
Cr = \/<C2323>/P s

where P is density of
(Cr111) = (8cyy + 4e13 + 3c3z + 8cag)/15,
<C’2323> = (7C11 - 5012 ’4013 + 2C33 + 12C44)/30

Finally, based on the time-dependent threshold for the L-L model
developed by Song et al. [13,14] we can establish the time-dependent
threshold for the T-T model with a similar formalism. The maximum
possible grain noise amplitude obeys the Gumbel extreme value dis-
tribution [15]. Thus, the mathematical expectation of maximum am-
plitude can be estimated as [13,15]

Jou) n [ N4exp(2y) ]
24/2InN 7ln N ’

where y ~ 0.5772 is the Euler-Mascheroni constant, and N is the
number of waveforms. According to the quantile function of the
Gumbel distribution, the upper and lower confidence bounds associated
with Apa () can be defined as [13,15]

(10)

the material, and

Amax (t) =

an

e N4 1+a

u@) = m ln(n'lnN) - Zln[—ln( 5 )] , and a2
e N* ) [_ 1-«a ]

L= N ln(nlnN) 2 ln( 2 ) ’ 3)

where «a is the confidence level. In practice, the upper bound U™ (¢)
can be treated as an amplitude threshold to be triggered by an echo
caused by a flaw. Consequently, the C-scan image can be segmented
with a time-dependent threshold as

I 3 eyt < t
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where I*N denote the C-scan images of the amplitude before and after

segmentation, respectively; i and j denote the row number and column
number of a pixel in the C-scan image; t, and t.,4 are the beginning and
end of the time gate, respectively. In the image IN(?XP, the non-zero
values represent the flaws inside the test specimen.

In order to investigate the effect of grain size distribution on the T-T
model, numerical calculations are made assuming a magnesium alloy
specimen with density of p = 1800 kg/m?, and single crystal elastic
constants c¢;; = 64GPa, c; =26GPa, c;3=22GPa, c33=67GPa,
cyy = 18 GPa [25,26]. Based on Eq. (3), the longitudinal and transverse
wave velocities can be estimated as ¢; = 5984.7 m/s (0.78\% different
from the measured value of 5938.5 m/s), and cr = 3277.3 m/s
(1.31\% different from the measured value of 3234.8 m/s), respectively.
Water is used as the couplant, and its density and velocity are assumed
as p; = 998kg/m’ and ¢; = 1486 m/s. The transducers are assumed to
have center frequency f, = 5MHz, pulse width o = 0.57 ps, nominal
focal length F = 76.2mm, element radius a = 12.7 mm. The attenua-
tion coefficients of water and magnesium alloys are a; = 1.23 Np/m and
ar = 12.36 Np/m at 5MHz, respectively [27,23]. These parameters
correspond with the specimen utilized for the experiments in the next
section.

For the following two examples, the angle of incidence of the
transducer is 6; = 20° (According to Snell's law, the first and second
critical angles are 6; = 14.376" and O; = 26.963", respectively), and the
water path is z; = 30.6 mm. Fig. 2(a) shows the T-T scattering response
calculated assuming a constant volumetric mean value of grain size
which is kept constant at L = 13.5 um for all distributions. Note that the
peak amplitudes increase with wider grain size distributions. Wider
distributions include larger grains which have higher scattering.
Fig. 2(b) shows the T-T scattering calculated by keeping the distribution
width constant at g; = 0.75 for different mean grain size L. Note that
peaks increase with the increase of L. Similarly, larger L causes higher
backscatter. The results demonstrate that when estimating the grain
noise and establishing the time-dependent threshold for sub-wave-
length flaws detection, it is necessary to take grain size distribution into
account. In the next section, the metallographic testing and ultrasonic
experiments are described for the AZ80 magnesium alloy specimen.

3. Experiments
3.1. Specimen preparation

An AZ80 magnesium alloy was used in the experiment to verify the
present method. The chemical composition of AZ80 magnesium alloy is
shown in Table 1. Two specimens free of flaws were cut from the same
original blank. One 10 mm cube specimen (specimen A) was used for
metallographic testing, while the other (specimen B, size:
40 mmx40 mm X 15 mm) was used for ultrasonic experi-
ments. Specimen A was ground by silicon carbide paper down to 2000
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Table 1
The chemical composition of AZ80 magnesium alloy.
Element Al Zn Mn Si Fe Cu Ni Mg
wt% 8.0-9.0 0.2-0.8 0.1-0.4 <0.1 < 0.01 < 0.05 < 0.005 Balance
40 15
8 16
| e com—— , )
! | (5] 8 ]
D C CcC D
=
B A A B
8 16 |8

(b)

Fig. 3. Schematic diagram of the specimen B (a) specifics of the referenced region and the SDH region, (b) schematic of the artificial SDH specimen.

Table 2
The specifications of artificial SDHs.

SDH Diameters (mm) Length (mm) Buried depth (mm)
A 0.2 10.0 1.0 (in dead zone)
B 0.2 10.0 9.0

C 0.2 10.0 5.0

D 0.2 10.0 13.0

grit, and then fine polished with diamond slurries (particle size 6 and
3um) and aluminium oxide slurries (particle size 0.3 and 0.04 pm).
Specimen B was ground by sandpapers of 400, 600, and 800 grit. Three
regions, i.e. a microstructure reference region and two side-drilled holes
(SDH) regions, were designed for specimen B as shown in Fig. 3. Four
SDHs with diameter of 0.2 mm were manufactured in the SDH region as
specified in Table 2. Compared with the transverse wavelength
Ar = 0.655mm (a transducer of 5MHz), the size of the SDHs is only
0.305Ar; Hence, they can be treated as sub-wavelength flaws.

3.2. Metallographic analysis

Metallography was conducted to obtain the grain size distribution of
the specimen. Specimen A was etched for five seconds. using a solution
of 55g CeH,OH(NO,); + 2ml CH;COOH + 90ml C,H¢O + 10ml
H-0. The metallographic images of the specimen were obtained using
an Olympus BX53M microscope system. A total of 50 images were used
to obtain the grain size distribution and a representative result is shown
in Fig. 4(a). It is noted that L = 1.5 I, where L is the mean three-di-
mensional grain radius and [ is the mean two-dimensional grain radius
according to Eq. (A2.9) of ASTM standard E112. Fig. 4(b) shows the
grain size distribution and the fit based on a log-normal distribution.
From the analysis, we find L = 134 + 02um and gy = 0.73 + 0.2.

3.3. Model verification

Oblique incidence pulse-echo measurements were conducted using
a JSR DPR-300 pulser-receiver, an Olympus f, = 5MHz focused
transducer (3 - inch focal length, 0. 25 - inch element diameter), an
ADLink PCIe-9852 DAQ card and a computer-controlled micro-
positioning system. The sampling rate for the digitizer was 200MHz.

23

The measurements were conducted in a water tank. In order to increase
sensitivity to sub-wavelength flaws, a high gain of 55 dB was used (in
which case, grain noise cannot be avoided.). A total of 800 (40 X 20)
waveforms were recorded by scanning the microstructure reference
region over a rectangular grid of 39 mm X 19mm with a resolution
of 1mm. The separation between any two consecutive positions is
sufficient to keep all signals uncorrelated [28].

The extracted mean grain radius and distribution width (L = 13.6
um, oy = 0.74)) obtained from the microscopic analysis are used in
modified theoretical T-T model to generate ®1°°Y. The result is com-
pared with the experimental spatial variance in Fig. 5. The results show
good agreement, which suggests the parameters obtain through mi-
croscopic evaluation can be used to determine the upper bound U (¢).
There is a deviation between the theoretical and experimental curves
before the peak (~42s). This deviation may be caused by the side-
lobes of the sound field, which are ignored in the single Gaussian beam
model used here. The surface roughness may also be a contributing
factor, as there are still some small scratches on specimen B (see
Fig. 3(a)). The deviation from the model after the peak (after 45 ps)
may be caused by the assumptions of single scattering, which neglects
higher-order scattering effects. The ®TY curve is generated using
L =13.6um without a distribution, resulting in large deviation be-
tween the theoretical and experimental curves. This result further de-
monstrates the importance of including the grain size distribution.

The theoretical maximum amplitudes of grain noise, the bounds and
the experimental result from the microstructure reference region are
shown in Fig. 6. The experimental spatial correlation coefficient (SCC)
[28] is 0.28 + 0.13 using a time gate from 42.08 to 52.01 ps, such that
the data satisfy the independent and identically distributed (IID) con-
dition. From Fig. 6, it can be observed that a higher confidence means
more grain noise can be included within the upper bound. However,
there are crossings of the threshold for all lower bounds. The experi-
mental spatial variance curve deviates from the theoretical curve at the
peak near 44 ps, where a local valley occurs (also seen in Fig. 5). The
valley is part of the measured variance curve, such that AgE (¢) is
crossing below the lower bounds in this region. The reason might be
imperfect alignment of the waveforms. Because there are no front-wall
or back-wall echoes available for reference, it is difficult to align the
waveforms accurately. Another potential cause for this valley may be
that the specimen does not completely satisfy the assumption of
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Fig. 4. Microstructure and grain size distribution of AZ80 magnesium alloy (a) metallographic result, (b) grain size distribution with fit shown (L = 13.4 + 0.2 um ,

0g = 0.73 + 0.2).
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Fig. 5. Experimental variance curve for tests conducted on the AZ80 magne-
sium alloy using a 5 MHz focused transducer. The theoretical variance curves
with distribution and without distribution are also shown.
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Fig. 6. The maximum amplitudes of grain noise and the effects of confidence
level on the bounds (a) with grain size distribution; (b) without grain size
distribution.

statistical homogeneity. Fortunately, the effect of this anomaly on flaw
detection measurements is negligible.

In short, when the microstructure is known, the theoretical max-
imum possible grain noise amplitude and the corresponding bounds can
be estimated. Then, the present method can be used to inspect sub-
wavelength near-surface flaws with a conventional ultrasonic C-scan
approach at common frequencies. This topic is described in the next
section.
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3.4. Ultrasound C-Scan experiment

To highlight the advantage of the proposed method, C-scan ex-
periments were conducted using a normal incidence longitudinal wave
method and the oblique incidence transverse wave method proposed in
this paper. The experimental parameters are the same as those in the
verification experiment. The C-scan images using the longitudinal wave
method proposed by Song [13] et al. are shown in Fig. 7(a), which is
segmented using a time dependent threshold with 99.9% confidence
level. One can see missed detections of SDH A in this case. Note that the
background of Fig. 7(a) is clean, showing that false positives can be
avoided using a time dependent threshold. However, this method
cannot differentiate the flaw echo of SDH A from the dead zone using
the effective time gate shown in Fig. 7(b).

The C-scan images based on the transverse wave method are shown
in Fig. 8, which are segmented using (a) a fixed threshold of 3.0 V, and
(b-c) time dependent threshold without and with consideration of the
grain size distribution at 99.9% confidence level, respectively. All four
SDHs are clear in the C-scan images, but several false positives exist in
Fig. 8(a) and (b). To further illustrate the present method, Fig. 8(d)
shows the relationship between the waveforms, the theoretical upper
bounds and the time gate. For example, a high grain noise waveform of
No.1 region in Fig. 8(a) and (b) will generally treated it as a flaw echo,
while the time dependent threshold considering the grain size dis-
tribution has better performance for differentiating them and limiting
false positives. As the time dependent threshold is concerned, a higher
confidence level will lead to lower false positive rate. Additionally, the
gain of the pulser-receiver should not be set too high, as the one used
for the diffuse ultrasonic backscatter measurement (55dB was used
here). Although a high gain can be beneficial for detection, when the
gain is too high, the grain noise will saturate and no longer satisfy the
normal distribution.

4. Conclusion

In this article, a new time-dependent threshold method based on a
transverse-to-transverse (T-T) scattering model has been applied to
detect sub-wavelength near-surface flaws and was shown to have sev-
eral advantages: (1) After the grain size distribution is introduced to
modify T-T model, the near-surface grain noise in ultrasonic transverse
wave and its corresponding bounds can be accurately estimated with
extreme value theory; (2) The upper bound of grain noise can be treated
as a time dependent threshold for C-scan image segmentation of sub-
wavelength flaws near the specimen surface; (3) Experimental results
show that the present method has good performance for detection of
small flaws (0.3054r) and it can suppress both the missed detections and
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Fig. 7. Ultrasonic testing results using the normal incidence longitudinal wave method (a) the time-dependent threshold with 99.9% confidence level; (b) the
relationship between the waveforms, the theoretical upper bound and the time gate;

the false positives. In the future, this work can be extended to strong
scattering materials and higher-order scattering, in order to determine
when this approach breaks down. The manufacturing and testing of
smaller artificial flaws by unconventional machining technology may
be needed, but it is still a challenging mission.
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Appendix A
A.1. The transverse attenuation coefficient

The transverse attenuation coefficient of specimen discussed in Section 2 can be expressed as [18]:

2wt

oy = 0 [ 5 (Bps)(M (8ps) — L(Bps))d cos B

4c£ch2

2,4 1~
I S i (G (N (6) = 2M (8) + L(Bpe))d cos s, @D

where N (8,5), N> (6p), N3(8y) are given as

_ —=..PPSS _ —afyda Anon AT
L(6ps) = B 806 = Eijki P PiSgSjPy Py S5 S1
1

=5 @o + Lycos? By + Lycos* By)

— = PPST _ g8 _ maBydas Ao o o
M (6ps) = E7 551 = 1855 = B B.DiSs5D, Dy Oar

1 2
1575 Mo + Micos? 6,)
—_ e qPST _ B Ao oA A
N () = “----Igﬁ = Bl DuDiS3SiD, Di O
B A ANNA A AR L AN ANAA A A A OO
= g7 (. D;SgSiD, i S551 + 2D, D; Sg 8P, i SisSu + 2D, P;355;D, Dy S255>

D101 SSiPy Py 16511 + Do D2 SpSjPy Dy S25521 + 2Dy D1 585;

= é(NO + Nicos? 6p)

AAaA A

, Dy $25521)

(A2)

For crystallites with hexagonal crystallographic symmetry, the constants are [18]:

Lo = 8¢} — 40cyic12 + 8ci1¢13 + 16011¢33 — 64cyCay + 140c — 20015013 — 40c15Ca3
+ 16012044 + 92¢5; + 8C13C33 — 32C13Cas + 8¢5 — 64cazcay + 128¢%
Ly = 112cf + 240cy1¢1, — 248¢11¢13 — 216011633 — 16€11¢44 — 280c5 + 360c15¢13 — 40c15C33
— 4001544 — 92¢ + 72¢13C33 + 352C13C44 + 92¢E + 64c33Cay — 48CH
Ly = 72¢ — 200cy; €15 + 112¢1¢13 — 56¢11¢33 — 176¢11C44 + 140c, — 160c15¢15 + 80¢15¢33
+ 240c1Caq + 48c — 48c13¢33 — 128¢13C44 + 1203 + 64cszcay + 112¢,
My = 53¢ — 70ciyc1; — 22¢11¢13 — 14cy1c33 — 184cy1c44 4 245¢3 — 350c15¢13 — 70¢15C33
+ 280c15¢44 + 182¢3 + 8c13C33 + 28¢13C44 + 38¢E — 12433044 + 308c2,
M, = 219¢? + 70ci1¢12 — 18611013 — 322¢11 €33 — 232¢11Caq — 245¢5 + 350¢15¢13 + 70¢15C33
— 280C1Caq — 84cS + 4C13C33 + 364C13Cas + 124k + 148c33C44 + 84ch,
Ny = 679¢fi/4 — 525¢c11¢12/2 — 14cpyc13 — 63c11C33 — 553¢11Cas + 1855¢5/4 — 630c15013
— 35¢15633 + 595C15Cay + 364c — 84ci3c33 + 196¢13¢44 + 91ck — 238¢33¢44 + 791cE,
N; = 1043cf/4 — 238c11¢12 — 371c1613 — 301e11Caq + 175¢15¢1 — 11205 — 2813633 + 532¢13Ca8
+ 49015613 + 147¢ + 154c33¢44 + 105¢15¢13 + 147¢, — 385¢15¢44 — 1365¢55/4 (A3)

Appendix B. Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ultras.2019.05.010.
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