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Abstract: A high-frequency ultrasonic approach for testing and evaluating sprayed coating thickness
is proposed in this paper. This technique is based on the maximum frequency interval method of
the magnitude spectrum of the acoustic pressure reflection coefficient that adopts Welch spectrum
estimation. The acoustic propagation model was set up at normal incidence, and the relationship
between the maximum frequency interval by the Welch power spectrum and the coating thickness
was established to provide the principle for determining coating thickness. According to this principle,
the thickness of a series of stainless steel coatings and ZrO,-Y,0Oj3 (yttria-stabilized zirconia (YSZ))
coatings were detected by scanning acoustic microscopy. The relative error was less than 4% with the
microscope method, indicating that the proposed ultrasonic method provides a reliable nondestructive
way to measure sprayed coating thickness. The uniformity of the sprayed coating thickness could be
intuitively observed from C-scan images by programming.

Keywords: ultrasonic microscopy; sprayed coating thickness; C-scan images

1. Introduction

Thin layers and coatings have been widely applied in the aerospace, petrochemical, automobile
manufacturing, and large-scale thermal power generation industries. The coating thickness is a key technical
index used to characterize the quality of the coating, which is related to the evaluation and calculation of
the service life, bonding strength, nonuniform internal stress, and manufacturing cost of the coating [1,2].
There are many methods available for thickness detection of coatings, including metallographic analysis [3],
the eddy current method [4], the ultrasonic method [5], and the infrared method [6]. Among these methods,
ultrasonic testing is widely used in the nondestructive testing and evaluation of coating structures due to its
advantages of wide application range, high detection sensitivity, low cost, and suitability for field testing.

Many researchers have conducted abundant studies on coating thickness measurements by
ultrasonic approaches. Based on the theory of acoustic pressure reflection of a multilayered medium
proposed by Brekhovskikh, the magnitude spectrum and phase spectrum curves of the acoustic
pressure reflection coefficient of a multilayered medium under vertical incidence conditions were
deduced in [7,8]. The thickness of various layers of media was confirmed by acquiring the various
peaks in three inverse spectrum diagrams of a multilayered medium in [9]. An inverse algorithm was
proposed to obtain a group of dimensionless parameters through two groups of reflection spectrum
data, and the coating thickness was calculated with an analytical expression in [10]. The methods
summarized above are based on the pulse echo principle. The key to this method lies in the fact
that it can measure the time difference between the bottom and top surface echoes of the material.
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However, if the material thickness is too thin, the waves will be mixed and the bottom and top surface
echoes cannot be accurately distinguished; thus, this method loses its efficiency. To avoid the mixing of
echoes, the frequency of the detection probe should be improved so that the pulse width is lessened
and two echoes can be distinguished. As the frequency of the detection probe increases, its depth of
penetration is greatly reduced, especially for coatings with a large attenuation coefficient. In view
of this problem and the limitations in using acoustic time differences to measure material thickness,
many researchers have turned to signal processing methods, such as the acoustic pressure reflection
coefficient method [11], ultrasonic reflection coefficient phase spectrum method [12], and ultrasonic
reflection coefficient amplitude spectrum method [5], in which the coating thickness is acquired by
extracting useful characteristic parameters.

In this study, a high-frequency ultrasonic method was developed to measure sprayed coating
thickness and evaluate its homogeneity. The ultrasonic wave propagation model in the coatings were
analyzed. The overlapping and interference of echoes forming the top and bottom surfaces were
improved using Welch’s power spectrum. In order to evaluate the proposed method as fully as possible,
ultrasonic experiments were performed on stainless steel coatings and ZrO,-Y,0O3 (yttria-stabilized
zirconia (YSZ)) coatings with various thicknesses. Then, the experimental results were compared with
those from the microscope method, and the relative errors of measurement for coating thickness were
found to be less than 4%. The homogeneity of sprayed coating thickness was observed from C-scan
images by programming.

2. Experimental Equipment, Materials, and Measuring Method

2.1. Architecture of Scanning Ultrasonic Microscopy System

The scanning ultrasonic microscopy system was used as a high-frequency ultrasonic method
to evaluate the homogeneity and measurement of sprayed coating thickness. As shown in Figure 1,
a reflective scanning ultrasonic microscopy system consists of an acoustic lens, a pulser/receiver
apparatus, an ultra-high-speed card, a mechanical scanning system, etc.
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Figure 1. Block diagram of the scanning ultrasonic microscopy system.

Scanning ultrasonic microscopy employs high-frequency ultrasound, which is of high resolution
and can easily detect micro- and nanophysical defects in the surface layer and the interior of components.
Scanning ultrasonic microscopy uses a reflective ultrasonic microscope. As shown in Figure 2a,b, by using
the same focused transducer both as the pulser and the receiver, ultrasonic data containing both
the amplitude and the phase at each point in the scan plane at a certain depth (z) are collected and
displayed in C-scan mode. A two-dimensional (area) acoustic image can be obtained by processing the
data collected in C-scan mode.



Coatings 2020, 10, 676 3of 14

Transducer

A Initial Pulse
—

Scanning Direction .
Focus Plane Top Surface  Testing Area

Top Surface
—>

Gate

415 419 423 027 41 Bottom Surface

(us)
(a) (b)

Figure 2. Block diagram of the ultrasonic microscopy system. (a) The movement track of the focused

YN
Y

transducer; (b) the image of the testing area, which can be obtained by processing the data collected in
C-scan mode.

2.2. Experimental Spray Coating Materials

Two types of coating were used for the ultrasonic measurement of thickness in this study.
The first was stainless steel coating, which used stainless feeler gauges of existing thicknesses (200, 300,
and 400 um) that adhered to the coating with good uniformity on polymethyl methacrylate. The second
was YSZ thermal barrier coating, which was prepared on #45 steel (545C/c45) (50 mm X 50 mm x 8 mm)
with plasma spray. The stainless steel coatings were denoted as specimens #1-#3 and the YSZ coatings
as specimens #4—#6. The cross section perpendicular to the YSZ coating specimen surface was first
ground with sandpaper to obtain a smooth interface, then the cross-sectional image was obtained with
a digital microscope, and finally the thickness was measured with the Matrox Inspector 9.0 image
processing software. The microscopic images and measured values of specimens #4, #5, and #6 were
329.5,248.2, and 176.3 pum, respectively, as shown in Figure 3.

Figure 3. Microscopic images of the cross section of YSZ coating specimens: (a) #4; (b) #5; (c) #6.
2.3. Scanning Ultrasonic Microscopy System

To realize coating thickness measurement, a corresponding ultrasonic testing system needed to be
established. Ultrasonic microscopy consists of a computer, a high-frequency ultrasonic transducer,
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a wide-band pulse transceiver, a high-speed data acquisition card, and a precise motion control
system. The motion control system is responsible for controlling the position and speed of the probe to
realize precise scanning. The computer completes user interaction, parameter calculation, data storage,
data processing, image processing, and measurement calculation functions. The ultrasonic transducer
is responsible for the conversion of the electric pulse signal and sound signal. In this study, the scanning
ultrasonic microscopy system was assembled by our laboratory. Its scanning range was X X Y X Z =
200 mm x 200 mm X 15 mm. The ultrasonic transducers selected were the water immersion focusing
probes V373 and V311 by Panametrics-NDT (Waltham, MA, USA) with the center frequency of 20
and 10 MHz, respectively. The high-speed data acquisition card is responsible for digital-to-analogue
conversion. The pulse transceiver excites the transducer to transmit ultrasonic waves and receives and
processes the electrical signal output by the transducer’s converted reflection echo. The actual system
structure and prototype are shown in Figure 4. Considering the n-time reflection echo signal at the
coating and substrate interface is relatively weak, to extract the signal more efficiently, the immersion
focus pulse echo method was applied.

i1

High Frequency Ultrasonic Transducer

Galil DMC
Motion Control Card

ALSxGT
Data Acquisition Card

5900PR Pulse Transceiver

Figure 4. The scanning ultrasonic microscopy system.

3. Principle of Measurement

3.1. The Minimum Frequency Interval Method of the Magnitude Spectrum of the Acoustic Pressure Reflection Coefficient

A propagation model of ultrasonic waves in a three-layer medium system formed by water/
coating/substrate is shown in Figure 5. Because the coating is thin (micrometer level), the multiple
echoes reflected from the coating/substrate interface will mix together with the reflection echo of the
coating upper surface, and the characteristic parameters relevant to the coating thickness are included
in the mixed signals. Therefore, the acoustic propagation of the model should be analyzed.
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Figure 5. Acoustic propagation model of water/coating/substrate.
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In 1978, based on the acoustic pressure reflection coefficient formula of the multilayered medium
of the former Soviet Union scientist Brekhovskikh, Haines, Bell, and other researchers [7,10] derived
the magnitude spectrum formula (1) of the acoustic pressure reflection coefficient of a multilayered
medium under vertical incidence conditions.

2 1/2
r13 + 123(7280)" — 4y a7p5e720d gin? (2nfd/c3)

Irl =
1+ 1’131’23@(—2“‘1)2 — dry3rose~20d sin® (2 fd / c3)

)

where lower angles 1, 2, and 3 represent probe delay block, base material, and thin layer, respectively;
r13 and rp3 are the sound pressure reflection coefficients of the interface of heterogeneous materials; d is
the thickness of the thin layer; and c3 f are the sound velocity and sound attenuation coefficients of the
thin layer, respectively.

It can be found from the above formula that when sin?(2rfd/c3) = 1 i.e. 2nfd/c; = nn +
2/n(n=0,12---),|r| gains the minimal value, and thus the thickness of the interlayer can be obtained
from the following formula:

c3
1= 2A fmtin @
The coating thickness can be calculated through the minimum frequency interval of the magnitude
spectrum of the acoustic pressure reflection coefficient. However, when testing the coatings with
this method, it was found that the minimum corresponding frequency was not easily obtained.
Therefore, this method should be improved.

3.2. The Maximum Frequency Interval Method of the Magnitude Spectrum of the Acoustic Pressure Reflection Coefficient

When the ultrasonic wave enters the coating through vertical incidence, a series of reflection
echoes will be generated. The method used by Haines analyzed the upper surface reflection echo and
the reflection echoes of all coating/substrate surfaces. It can be seen from the analysis of the model in
Figure 5 that the reflection coefficient of the water/coating interface is large and acoustic attenuation
in the coating is large. Therefore, the amplitude of the upper surface echo is notably larger than the
amplitude of the n-time reflection echo of the coating/substrate interface, thus inevitably influencing
its signal. Additionally, as the coating thickness information is included in the n-time reflection echo
but not in the upper surface echo, we excluded the upper surface reflection echo and only analyzed the
multiple-reflection echoes at the coating/substrate interface.

Suppose u(L, t) is the signal after ultrasonic propagation of distance L, its Fourier transform is
as follows [13]:

Flu(L,t)] = F[u(0,t)] exp(—aL) exp(—ikL) 3)

where u#(0,t) is the initial ultrasonic signal, k is the ultrasonic wavenumber, and « is the
attenuation coefficient.
Suppose the number of multiple reflection echoes is 7, then the reflection echoes can be denoted
(o)
as Y, u(2dn,t), in which d is the coating thickness (as shown in Figure 5).

n=0
It can be learned from Equation (3) that the Fourier transform of the n-time reflection echo is

as follows:

FIY u(2dn, )] = ¥ Flu(2nd, )]
n=0 - n=0 (4)
= F[u(0,t)] Y. exp(—2and) exp(—2iknd)

n=0

By making x = exp(—2ad) exp(—2ikd) (in which x < 1), the last term in Equation (4) can be
represented as follows:

[Se] [Se) (1 _ xn

nz_'aexp(—Zand) exp(—2iknd) = r;)x" =1

) =(1-2)" 5)
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Substituting Equation (5) into (4) obtains the following:
F[Z u(2dn, t)] = Fu(0,t)][1 — exp(—2ad) exp(—Zikd)]_1 6)
n=0

where k = 271tf/c;, and ¢y represents the longitudinal wave velocity of the coating.
By taking the square to the two sides of Equation (6), the following is obtained:

2 2
0 [Flu(0,1)]|
F[Y u(2dn,t)]| = @)
nZ:‘) 1+ exp(—4and) — 2 exp(—2ad) cos(4m fd/cL)
It is learned from the analysis of the above equation that when cos(4infd/c;) = 1, i.e,,
y q

dnfd/c; = 2mmn(m =0,1,2---), Equation (5) assumes the maximum value. At this time, its thickness
can be calculated from the following formula when the coating acoustic velocity is known:

‘L
B 2AfMax ®)
where Afyx represents the frequency interval between two adjacent maximum values in
the spectrogram.
Formulas (8) and (2) are similar in form because their principles are both interference
effects. The experiments show that the improved method can help improve the maximum value
corresponding frequency.

3.3. The Maximum Frequency Interval Method by Adopting Welch Spectrum Estimation

To accurately extract the maximum value frequency corresponding to each examination point,
the analysis method of power spectrum estimation was introduced for further improvement. The classic
spectrum analysis methods can be divided into autocorrelation methods used to acquire spectrum
with random sequences and direct methods used to acquire spectrum with fast Fourier transforms.
In a direct method, i.e., a period gram method, the N-point data of ultrasonic testing signal x(t)
are considered finite energy signals, and their Fourier transforms are taken. Then, the period gram
spectrum estimation expression is as follows [14]:
|2

Pper(f) = (1/N)|Xn(f) )

where N represents the data number of the signal and Xy(f) represents the Fourier transform
corresponding to data point xy.

By making a simultaneous equation between (7) and (9), the period gram spectrum estimation of
the n-time reflection echo signal can be obtained:
2 2
[Flu(0, )]

- N[1 + exp(—4and) — 2exp(—2ad) cos(4m fd/cy)] (10)

Pper(f) = I\l]

FY_ u(2dn,t)]
n=0

It can be found from the above analysis that the period gram spectrum estimation Py, ( f) is directly
obtained with the Fourier transform, and its variance performance is poor. Additionally, when the
processing data are long, the spectrum curve fluctuation is large; however, when the data are short,
its resolution ratio is low. In these cases, the extreme value points in the power spectrum chart are not
obvious, so the improved spectrum estimation method needs to be applied.

Therefore, the Welch spectrum estimation method was adopted to process the signal. The Welch
method [15] is an improved method used to estimate the period gram. It is also called the weighted
overlapped segment averaging method. Adopting the ideas of segmental averaging and time window
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function, Welch method spectrum estimation can improve the variance of data and obtain better power
spectrum estimation.
In this method, the datum xy(n) with a length of N is first divided into L sections in partial
overlapping, namely,
dy(n) =x(n+iM-N),0<n<M-11<i<L (11)

where M represents the data length of each section, L = N/M.
Then, the window function is applied to each section of data truncation to select the Hamming
window. Then, L amended period gram spectrum estimations can be calculated:

M-1 2
Ji(f) = MLU Y i (myda(m)e |, i =12, L (12)
n=0

where d;(n) is the Hamming window, and U is the normalizing factor. The expression of U is denoted
as follows:

1 M-1
U=+ Z‘a B (n) (13)

Finally, we average Equation (12), and then the power spectrum estimation obtained by the Welch
method is as follows:

1 1 Lluer P
Prer(f) = le Pher(f) = M_ULzl Zg)x&(")dz(”)e_]wn (14)

Therefore, the overlapping signal of the n-time reflection echo can be selected to make the Welch
method spectrum estimation. It can be found from the above analysis that the Welch power spectrum
will have a periodic maximum, and the coating thickness can be calculated from Formula (8) by
acquiring the frequency interval between two adjacent maximum values.

The proposed method was used to measure the two kinds of coatings (as shown in Figure 6).
The maximum corresponding frequency was clearly obtained, so the improved method was more
suitable for coating testing.
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Figure 6. Welch method spectrum estimation: (a) stainless steel coating; (b) YSZ coating.

4. Results and Discussion

This section is divided into subheadings to provide a concise and precise description of the
experimental results, their interpretations, and the experimental conclusions that can be drawn.
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4.1. Stainless Steel Coating Detection

The method described in Section 3.3 was used to detect the stainless steel coating system. Figure 7
shows a schematic diagram of the pulse duration Atr of the 20 MHz immersion probe.
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Figure 7. Schematic diagram of the pulse duration of the 20 MHz probe.
Figure 8a, Figure 9a, and Figure 10a show the time domain figures of specimens #1, #2, and #3,

respectively, including the upper surface echo of the coating. Figure 8b, Figure 9b, and Figure 10b show

the time domain signals of n-time echo signals obtained after the corresponding specimen removed the
upper surface echo through pulse duration.
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Figure 8. Time domain figure of echo signal of
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Figure 9. Time domain figure of echo signal of specimen #2: (a) top surface echo signal; (b) n-time
echo signal.
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Figure 10. Time domain figure of echo signal of specimen #3: (a) top surface echo signal; (b) n-time
echo signal.

Then, the signals were processed with the Welch method to obtain the corresponding Welch
power spectrum figure (Figure 11). The stainless steel velocity c;, was 5820 m/s.
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Figure 11. Welch power spectrum of specimens #1, #2, and #3.

We made 10 measurements of specimens #1, #2, and #3 and took the average intervals, which were
14.8,9.8, and 7.3 MHz, respectively. The ultrasonic measurement values were 196.6,296.9, and 398.6 um,
respectively, and the errors were 1.7%, 1.0%, and 0.4%, respectively, as shown in Table 1.

Table 1. The measurement values of specimens #1, #2, and #3.

A fytax Ultrasonic Method True Value Error

Sample Number (MHz) d (um) d (um) (%)
1 14.8 196.6 200 1.7

9.8 296.9 300 1.0

3 7.4 398.6 400 0.4

4.2. YSZ Coating Detection

To verify whether the method applies to thermal sprayed coating, the same measurement steps
were adopted for specimens #4, #5, and #6. Figure 12 shows a schematic diagram of the pulse duration
At, of the 10 MHz immersion probe.
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Figure 12. Schematic diagram of the pulse duration of the 10 MHz probe.

The time domain figures of specimens #4, #5, and #6, including the upper surface echo of the
coating, are shown in Figure 13a, Figure 14a, and Figure 15a, respectively. The time domain signals
of n-time echo signals obtained after the corresponding specimen removed the upper surface echo
through pulse duration are shown in Figure 13b, Figure 14b, and Figure 15b.
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Figure 13. Time domain figure of echo signal of specimen #4: (a) top surface echo signal; (b) n-time
echo signal.
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Figure 14. Time domain figure of echo signal of specimen #5: (a) top surface echo signal; (b) n-time
echo signal.
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Figure 15. Time domain figure of echo signal of specimen #6: (a) top surface echo signal; (b) n-time
echo signal.

Then, the signals were processed with the Welch method to obtain the corresponding Welch
power spectrum figure (Figure 16). The YSZ velocity c; was 3250 m/s.
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Figure 16. Welch power spectrum of specimens #4, #5, and #6.

The same procedure was applied to specimens #4, #5, and #6, and the ultrasonic measurement
values were 345.7, 235.5, and 165.8 pum, respectively, and the errors were 2.7%, 3.7%, and 3.9%,
respectively, as shown in Table 2. Comparing the errors of the two kinds of specimens, the measurement
error of the YSZ coating was obviously larger than that of the uniform stainless steel coating, which can
be attributed to the nonuniform coating caused by the thermal spraying preparation technology.

Table 2. The measurement values of specimens #4, #5, and #6.

Sample Number A fuax Ultrasonic Method Electron Microscope Method Error

(MHz) d (um) d (um) (%)
1 4.8 345.7 329.5 2.7
2 6.8 235.5 248.2 3.7
3 9.6 165.8 176.3 3.9

4.3. Evaluation of Homogeneity of Sprayed Coating Thickness

A scanning method for measuring the coating thickness distribution was developed using an
ultrasonic scanning microscopy system. Based on the basic reflection C-scan mode and the Welch
power spectrum, a thickness measurement method was proposed to form a C-scan image of the
coating thickness distribution. The uniform coating specimens #1, #2, and #3 were scanned to obtain



Coatings 2020, 10, 676 12 of 14

the C-scan image of their thickness distribution, as shown in Figure 17. The orange dotted box in the
figure displays the maximum and minimum values of thickness in the image (the minimum value
of thickness in the image was 192.2, and the maximum value was 397.3), and each thickness value
range corresponds to a specific color range. The image of thickness distribution on the right-hand
side is clearly divided into three areas: the blue area is the thickness distribution of specimen #1
(the minimum thickness area of the figure), the green area is the thickness distribution of specimen #2,
and the red area is the thickness distribution of specimen #3 (the maximum thickness area of the figure).
By comparing the thickness value represented by the color value of each region with the measured
results in Table 1, it was verified that the imaging method could accurately map the thickness value
to the color value. The thickness distribution diagram on the right-hand side of Figure 17 shows the
three specimens had fewer colors and concentrated colors, that is, the thickness distribution was more
uniform, and only some points had different colors from the surrounding areas, which might have
been caused by the binding interface or surface bubbles.

0. 00D RSB
RN

#1

-

Min:192.2  Thickness (um )

Figure 17. C-scan images of the testing area of specimens #1, #2, and #3.

Through the actual test of the above coating, it was verified that this program could realize
the C-scan imaging of coating thickness distribution, and on this basis, the uniformity detection
requirements could be achieved through the analysis of its thickness variation range and color
dispersion. Figure 18a—c shows that there are many colors, indicating that the thickness varied
widely and the uniformity was poor, which might have been caused by the plasma spraying method.
Thus, this method can be used to visually evaluate the uniformity of coating thicknesses.

Cursor Position: ~ X: 7.50 Y: 7.50 Cursor Position: ~ X: 6.20 Y: 2.10

Min: 298.3 Thickness (um> Max: 384 Min: 172.8 Thickness (um> Max: 2561.3

000 150 3.00 450 6.00 7.50 9.00 10.5012.0013501 0.00 1.50 3.00 450 6.00 7.50 9.00 10.5012.0013.5015.

Figure 18. Cont.
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Cursor Position: ~ X: 7.50 Y: 7.50

Min: 152.3 Thickness (um? Max: 192

Figure 18. C-scan images of the testing area of specimens: (a) #4; (b) #5; (c) #6.

5. Conclusions

In conclusion, to realize coating thickness measurement, a corresponding ultrasonic testing system
was established. The ultrasonic microscopy system supports a series of high-frequency probes for
the detection of thinner spray coating thicknesses. Based on the principle that the ultrasonic wave
propagates in the coatings, echoes from the top and bottom interfaces that overlap and interfere were
transformed by the Welch power spectrum. The interference phenomena were observed accurately in
the amplitude spectra of the echoes. It was experimentally verified that the coating thickness properties
could be evaluated by scanning acoustic microscopy. The contrast error was less than 4% with the
microscope method. The uniformity of the sprayed coating thickness could be intuitively observed
from C-scan images by programming. This experimental system will have wide application prospects
in coating measurement and uniformity analysis.
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