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Abstract: Accurate detection of the preload force of tower crane bolts is of great significance for the
stable and safe operation of the equipment. The method of contact ultrasonic detection of bolt preload
has always been the focus of attention, which can realize rapid in situ detection without damaging the
parts. In order to improve the accuracy and convenience of ultrasonic measurement of bolt preload
and meet the urgent needs of the actual industrial site for high-precision measurement of bolt preload,
we propose to prepare ZnO piezoelectric coatings as functional layers for ultrasonic transducers using
magnetron sputtering and deposit them directly on bolts. The growth behavior of the ZnO coatings is
investigated by varying the sputtering power, sputtering gas pressure and target substrate distance,
and the morphology, structure, and properties are characterized and analyzed. The ZnO piezoelectric
coatings with high c-axis optimal growth orientation and excitation of ultrasonic longitudinal waves
were finally obtained and verified to be effective and stable when applied to the bolts.

Keywords: ZnO piezoelectric coatings; sputtering power; sputtering pressure; bolt preload

1. Introduction

High-strength bolts are widely used in engineering machinery, railroads and bridges,
automotive industry and other fields. With the development of modern construction
towards large span and higher buildings, tower cranes are widely used, which is a kind
of large equipment with high danger and high accident rate [1,2]. The tower frame, as
a supporting component of the crane, consists of several standard sections, which are
connected and fixed by bolt [3,4]. The bolts connecting the standard sections in the tower
crane will vibrate in the process of use along with the variable working environment, and
the bolts will loosen and overload in the process of vibration. Among them, bolt loosening
and overloading are the most important influencing factors of bolt fracture failure. Both
bolt loosening and overloading are closely related to the bolt preload. In the long run, the
change in the preload force of the bolts of the tower crane will lead to the change in the
stiffness of the tower crane, which will cause serious consequences. Therefore, it is of great
significance to detect and monitor the bolt preload of tower crane.

The current methods of controlling and measuring the bolt preload mainly include
the corner method, torque method, strain measurement method, elongation method and
ultrasonic method [5]. Among them, ultrasonic preload measurement technology has
been used to detect the axial stress of bolts since the 1980s, and it is the development
direction that researchers and scholars are focusing on. This technology has the advantages
of high accuracy, good real-time performance and strong penetration [6,7]. Ultrasonic
stress measurement is mainly based on the theory of acoustic elasticity, and the stress
value is calculated and solved by combining the measured sound velocity and sound time.
However, very little research has been conducted on bolts that are integrated with the part
to be inspected, those with structural functions. The use of directly deposited conversion
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coatings enables ultrasound to be transmitted directly into the part to be measured, which
improves the problems of poor coupling, low stability, and high ultrasound loss. Currently
commonly used piezoelectric coating materials are AIN [8-10], ZnO [11-13], LiNbOs3 [14,15],
etc., which have strong piezoelectric effect as well as can be grown on a variety of substrates
with good characteristics. Therefore, researchers choose to prepare piezoelectric sensing
coatings to achieve the conversion of acoustic—electrical signals in recent years. Jing
et al. [16] investigated the relationship between longitudinal wave time of flight (TOF) and
axial load under different clamping lengths.

Zinc oxide (ZnO) film is a multifunctional wide bandgap semiconductor thin-film
material with a piezoelectric effect, and the coating has the characteristics of high stability,
wide applicability, and low preparation cost, which is an excellent material for the prepara-
tion of integrated ultrasonic sensors. In this paper, ZnO piezoelectric coating is prepared
by RF sputtering method, and the trial preparation test is carried out on bolts to study the
feasibility of coating application on bolts. Detecting the stress state of bolt fasteners rapidly
and accurately is of great significance to improve the stability and safety of the tower crane
and other large-scale equipment operation.

2. Experimental
2.1. ZnO Coatings Deposition

ZnO piezoelectric coatings were prepared on a single crystal Si(100) substrate using
Radio Frequency (RF) magnetron sputtering technique. The sputtering target was a 99.99%
pure ZnO ceramic target with a target diameter of 150 mm and a thickness of 5 mm. Before
the experiment, the silicon substrate was ultrasonically cleaned and dried and loaded into
a clean vacuum chamber. When the temperature of the vacuum chamber reaches 200 °C
and the vacuum is less than 7 x 1073 Pa, argon gas (purity 99.99%) was introduced, the
gas pressure was maintained at 0.5 Pa, and the substrates were Ar* etched for 10 min at
—150 V bias and 70 A arc current. After the end of etching, the vacuum was evacuated to
6 x 10° Pa, a gas mixture of argon (99.99%) and oxygen (99.99%) with an argon-oxygen
ratio of 1:1 was introduced, and then the RF power supply was turned on to prepare the
ZnO piezoelectric coating. The process parameters in the coating preparation process
mainly include: power, gas pressure, target substrate distance (TSD). The experimental
parameters such as gas pressure, power and target-substrate distance will have an effect
on the growth behavior of ZnO. Therefore, in order to better study the actual influence of
each factor, the above three items are set as the variables of this experiment. The substrates
were placed directly against the target. The specific experimental parameters are detailed
in Table 1.

Table 1. Preparation parameters of the ZnO coatings.

Target Vacuum TSD Power Gas Pressure

Material ~ Substrate (Pa) (mm) W) (Pa) Hour (h)

120 100 15 7

120 150 15 3

120 200 15 25

120 250 15 45

120 350 20 3

140 150 1.0 5

, 140 150 15 35

ZnO Si 6 %107 140 150 20 35
140 150 25 3

120 350 15 3

130 350 15 3

140 350 15 3

150 350 15 3

160 350 15 3
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2.2. Structure and Morphology Characterization on Si Substrate

A field emission scanning electron microscope (MIRA3,TESCAN, Brno, Czech Re-
public) was used to observe and test the surface and cross-section of the coatings, and the
deposition rate of the layers was calculated. The crystalline state of the coatings was tested
by XRD (Tongda TDM-10, Dandong, China) using a Cu Ko radiation source in the 2 theta
range from 20° to 80°, A = 0.15405 A. In order to further investigate the coating orientation,
the orientation coefficient R of the coating was calculated as follows in Equation (1):

»
R = Ihkl/ Ik, 1)
i=1

where I represent the intensity of the diffraction peaks, hkl is the index of the different
crystal planes, 7 is the number of diffraction peaks measured in the XRD pattern, and R is
the orientation coefficient.

2.3. Ultrasonic Transducer Characterization on Bolts

The ultrasonic instrumentation consisted of a data acquisition card (PCI-5114, NI,
Austin, TX, USA), pulse generator/receiver (DPR300, Imaginant, New York, NY, USA),
and a control computer (Dell, TX, USA). An electric field can be applied between the poles
of the membrane layer sample and the feedback signal can be collected using ultrasonic
signal detection equipment.

3. Results and Discussion
3.1. The Effect of Sputtering Power on the Growth Behavior of ZnO Coatings

Figure 1 shows the X-ray diffraction measurements of ZnO coatings at different
sputtering powers. The coatings deposited at 350 W have only one (002) diffraction peak,
indicating that the coatings have a good C-axis optimum orientation. The diffraction peak
coefficients for different orientations of the coatings at different powers were calculated
using Equation (1), and the results shown in Figure 1b were obtained. With the increase
in power, the orientation coefficient of (002) diffraction peak increases gradually. This is
because when the power is low, the sputtered particles do not have enough energy to
migrate laterally after being deposited onto the substrate, so that the growth of coating
(002) orientation is inhibited, whereas the trend of (002) oriented growth is gradually
strengthened with the increase in sputtering power, the results of this study are in agreement
with those of Sin [17]. This is due to the higher energy obtained by argon ions, the increased
bombardment rate of the target, the increased energy of the sputtered target particles, and
the sufficient energy to migrate to the (002) crystalline plane with lower surface energy for
growth when deposited on the substrate.

Figure 2 shows the surface and cross-section micro-morphology of the ZnO coatings
under different sputtering powers, and it can be seen from Figure 2a—e that there is a great
difference in the surface characteristics of the coatings under different power conditions.
This is directly related to the growth orientation of the coatings. In Figure 2a, it can be
observed that the grain size is not uniform, with both rounded small-sized grains and
irregularly shaped large-sized grains. The small-sized grains are (002) oriented and the
large-sized grains are grains of other orientations that appear in the diffraction pattern.
With the increase in sputtering power, the change in the number of small-sized grains
was observed to be consistent with the change rule of the orientation coefficient. When
the power reaches 350 W, it can be observed abnormally oriented grains (AOG), which
indicates that although the XRD pattern shows a pure c-axis orientation, its crystallization
quality in this direction is not very good. It can be observed from Figure 2aii-ei that the
coating surface is clean and tidy at different sputtering powers, with no obvious large-size
defects such as holes, indicating good densification of the prepared coatings. From the
results given in cross-section Figure 2aii—eii, it can be observed that the columnar crystal
structure growing perpendicular to the interface can be seen in the cross-section at powers
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of 100, 150, and 350 W. However, the columnar structures shown in aii and bii are irregular,
indicating that there are different growth orientations of the grains in the whole columnar
structure, whereas the columnar crystals shown by eii are regular and uniform, indicating
that the grains within the columnar structure basically grow towards the (002) orientation.
The coating deposition rate at different powers is given in Figure 2f, and it is found that
with the increase in sputtering power, the coating deposition rate also increases.
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Figure 1. Structure of ZnO coatings deposited at 1.5 Pa and 120 m with different sputtering powers
(a) XRD patterns; (b) change in orientation coefficient of (002) and (110) diffraction peaks.
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Figure 2. Morphologies of ZnO coatings under different sputtering powers (a—aii) 100 W; (b-bii)
150 W; (c—cii) 200 W; (d—dii) 250 W; (e—eii) 350 W; (f) deposition rate.
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3.2. The Effect of Sputtering Gas Pressure on the Growth Behavior of ZnO Coatings

The sputtering gas pressure has a crucial role in the growth behavior of ZnO coatings.
Figure 3 shows the XRD diffraction patterns of ZnO coatings prepared at different depo-
sition gas pressures. From Figure 3a, it can be seen that when the gas pressure is 1.0 Pa,
(100), (101), and (110) diffraction peaks appear in the pattern. When the gas pressure is
higher than 1.0 Pa, (100), (002), (101) and (110) diffraction peaks appear in the pattern, and
the intensities of the different diffraction peaks change with the increase in sputtering gas
pressure. This indicates that the increase in sputtering gas pressure is favorable for the
coating to show c-axis orientation growth.

0.8
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Figure 3. Structure of ZnO coatings deposited at 150 W and 140 mm with different sputtering gas
pressure (a) XRD patterns; (b) orientation coefficient of peaks.

In order to further investigate the effect of gas pressure on the coating orientation, the
orientation coefficients of each diffraction peak were calculated, and the results are shown
in Figure 3b. It is found that the overall orientation coefficient of (002) shows a gradual
increase with the increase in gas pressure, and the orientation coefficient of (101) shows
a gradual decrease, whereas the (100) and (110) orientation coefficients show opposite
trends to each other. When the gas pressure is lower, the sputtering atoms have a large
free path and a strong bombardment ability to the substrate, and the deposition rate of the
film is accelerated, which is favorable to the (100) orientation formation [18]. When the
gas pressure is higher than 1.5 Pa, the oxygen partial pressure ratio increases, the coating
has a clear tendency to grow in multiple orientations, and the (100) orientation coefficients
decrease. Therefore, the increase in the gas pressure is favorable to the growth of the (002)
crystal planes.

Figure 4 shows the surface and cross-section morphology of ZnO coatings prepared
with different sputtering gas pressures. When the sputtering gas pressure is low, the
concentration of sputtered atoms is low, and only small stabilized nuclei can be formed on
the substrate surface. As sputtering proceeds, the stabilized nuclei tend to merge with each
other (due to lattice distortions that produce higher grain boundary energies), and clusters
form between the small-sized stabilized nuclei (Figure 4a). As the gas pressure increases,
the concentration of sputtered atoms increases, and the stabilized nuclei merge to make
the grains grow (Figure 4b,c); when the sputtering gas pressure continues to increase, the
ZnO coatings surface is saturated with sputtered atoms, and an excess of atoms prevents
the stabilized nuclei from merging on the growth surface, so the growth of the grain size is
limited, and tends to become smaller. Cross-sectional Figure 4aii—dii morphology difference
is highly consistent with the morphology difference between surfaces, and the grain size is
small and dense at low gas pressure. As the gas pressure increases to 2.0 Pa, the grain size
gradually increases and the coating density decreases. When the gas pressure is increased
to 2.5 Pa, the grain size decreases again and the coating becomes dense. Calculation of
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the coating growth rate under different sputtering gas pressures shows that the coating
deposition rate increases and then decreases with the increase in sputtering gas pressure.
This is due to the fact that at low sputtering gas pressure, the density of the sputtered
particles is low and the deposition rate is also low. As the sputtering gas pressure increases
and the particle concentration increases, the deposition rate increases. However, when the
sputtering gas pressure is too large (more than 1.5 Pa), although the particle concentration
will increase, but the free path of the sputtered particles is reduced, the concentration of
particles that can reach the substrate is reduced; that is, the particle energy attenuation
effect is greater than the effect of the increase in the concentration of the particles, so the
deposition rate is reduced.

1.0 15 2.0 25
Pressure (Pa)

Figure 4. Morphologies of ZnO coatings with different sputtering gas pressures: (a—aii) 1.0 Pa; (b-bii)
1.5 Pa; (c—cii) 2.0 Pa; (d—dii) 2.5 Pa; (e) deposition rate.

3.3. The Effect of TSD on the Growth Behavior of ZnO Coatings

The XRD diffraction patterns of ZnO coatings under different TSD conditions are given
in Figure 5. From Figure 5a, it can be seen that the TSD has no effect on the crystallographic
orientation of the coatings, and only one diffraction peak (002) appears in the spectrum,
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indicating that the coatings are all highly c-axis oriented. Figure 5b shows the intensity
of the (002) diffraction peak, from which it can be seen that with the increase in the TSD,
the intensity of the (002) diffraction peak first increases and then decreases, and reaches
the maximum at 140 mm. In order to further investigate the effect of the TSD on the
crystalline quality of the coating, the grain size of the coating was calculated by using
Scherrer equation [19], and the results were obtained as shown in Figure 5c. From the
figure, it can be seen that the grain size inside the ZnO piezoelectric coating increases and
then decreases with the increase in the TSD, and the grains have a maximum value of
29.1 nm when the TSD is 140 mm, which indicates that the ZnO coating deposited here
has the largest grain growth and the best crystalline quality in consistency with the XRD
analysis results. The reason for the differentiation of coating performance at different TSD
is mainly due to the fact that the plasma has a spatial variability of the energy, the closer to
the target surface the higher the energy of the particles, but the relative time to reach the
substrate is shorter.
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Figure 5. Structure of ZnO coatings deposited at 350 W and 1.5 Pa with different TSDs: (a) XRD
patterns; (b) (002) diffraction peak intensity; (c) grain size and (d) deposition rate.

Figure 6 shows the surface and cross-section micro-morphology of ZnO coatings under
different TSDs. From Figure 6a—c, it can be found that the overall grain size of the coating
increases and then decreases, and when the TSD is 140 mm, the size is the largest and
the clearest, but it can also be observed that the grain size of the surface of the coating
is inhomogeneous. When the TSD is increased to 160 mm, it is found that the coating
surface is cluster stacked, the grain boundaries are blurred, and the cluster stacking is not
dense enough. This is because the farther away from the target surface, the particles lack
migration energy after deposition and are deposited in the form of cluster stacking. As more
atoms are deposited, the gullies between clusters and clusters are filled, and voids may still
exist in some areas, resulting in a non-dense coating. As can be seen from Figure 6aii—eii,
when the TSD is less than 150 mm, a clear columnar crystal structure can be observed
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in all the coating cross sections. When the TSD is 160 mm, there is no obvious columnar
crystal structure in the coating cross-section, which is related to the cluster growth mode of
the coating.

Figure 6. Morphology of ZnO coatings with different TSDs: (a—aii) 120 mm; (b-bii) 130 mm; (c—cii)
140 mm; (d—dii) 150 mm; (e—eii) 160 mm.

3.4. Ultrasonic Signal Performance and Application

The optimal process parameters for the preparation of highly c-axis optimally oriented
ZnO piezoelectric coatings are obtained through a systematic study of the preparation of
ZnO piezoelectric coatings by RF sputtering. On this basis, ZnO coatings were deposited
on the head of bolts with a length of L = 109 mm by RF sputtering. After the preparation of
ZnO piezoelectric coating, the protective layer of SiO, was prepared by an RF magnetron
sputtering method (the diameter is 150 mm polycrystalline silicon target, RF power of
200 W, argon—oxygen pressure of 2.0 Pa, TSD of 140 mm, deposition time of 3 h). After
the preparation of SiO; protective layer, the Ti electrode layer is prepared by arc discharge
method (the diameter is 150 mm Ti target, arc current of 50 A, bias voltage of —50 V, argon
pressure of 0.5 Pa, TSD of 300 mm, deposition time of 0.5 h). The experimental parameters
are shown in Table 2.

Table 2. Preparation parameters of smart bolt by RF sputtering.

J::fg:l Va(cPual)lm Bias (V) TSD (mm) Power/Current Gas Pressure (Pa) Hour (h)
ZnO 6x1073 0 140 350 W 2.5 10
Si 6x1073 0 140 200 W 2.0 3
Ti 6 x 1073 —50 300 50 A 0.5 0.5

Figure 7a shows the structure of the sputtered smart bolt, in which piezoelectric,
protective and electrode layers are deposited sequentially on the head of the bolt, and a
single-sided double-electrode structure is prepared by using a mask plate in the preparation
of the electrode layer. Figure 7b shows a cross-section of the head of bolt in which a clear
three-layer structure can be observed: a ZnO piezoelectric layer (13.79 um); a SiO, protective
layer (2.24 um) and a Ti electrode layer (0.54 um). The inset in the figure shows the surface
and cross-section topography of the ZnO piezoelectric coating on a silicon wafer after 4 h
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of preparation. From the topography of the surface, it is obvious that the ZnO grains are
uniform in size, and from the cross-section topography;, it is obvious that the ZnO coating’s
well-defined columnar crystalline structure grows perpendicularly to the substrate. The
ultrasonic signal of the bolt is characterized using a probe that applies a voltage across
the two electrodes of the bolt. Figure 7c gives the primary echo signal of the bolt at room
temperature and without loading conditions, and the signal was amplified to obtain the
signal map and frequency spectrum shown in Figure 7d. The pulse-echo response of
the thin film sensor was concentrated at 24 MHz. In order to minimize the influence of
interference phenomena (occurring between the reflected and divergent echoes generated
by the diffraction of elastic waves in bolts of finite geometry) on the measurements, the
first zero-crossing point of the echoes (circled position in Figure 7d) was taken as the value
of the propagation time [20], and the propagation time TOF = 36.414 us was obtained.
The propagation distance 1 was twice the length of the bolt, 1 = 2L = 218 mm. After the
calculation, the ultrasonic propagation velocity V = 5986.7 m/s was obtained, and the
signal was determined to be an ultrasonic longitudinal wave signal.

Ti electrode layer

Si0, protective layer

Zno D3=1379vm

ZnO piezoelectric layer

Electrodes

Bolt
"=~ Mask-covered area SEM HV: 20.0 kV WD: 14.92 mm
SEM MAG: 10.0 kx Det: SE 5 pm
View field: 27.7 ym  Date(m/dly): 12/26/19 Performance in nanospace
Frequency (Hz)
(d) 0.0 2. 0x107 4. 0x107 6. 0x107
L 1

1.5
1.0 -
0.54
0.0

36.414

-0.54
1.0

-1.54

10

20 30 40 50 60 3.2 363 364 365 36.6 367

Time/ps Time/us

Figure 7. Bolts by RF sputtering: (a) structure schematic; (b) cross-section morphology of the bolt
(the inset images show the surface and cross-section morphology on Si); (c) ultrasonic signal at room
temperature under no-load condition; (d) pulse-echo waveform and frequency spectrum.

To further investigate the suitability of the coating sensors for bolt applications, the
bolts were load tested at room temperature. Real-time pressure testing was performed
using a pressure sensor, and the test schematic is shown in Figure 8a. The pressure sensor
was placed between the head and the tail of the bolt to measure the axial force of the bolt.
The bolt was loaded using a torque wrench, and the measurement probe was connected



Coatings 2024, 14, 718

10 of 12

(©)

Torque/Nm

[ ]

directly to the coating sensor at the top of the bolt for ultrasonic signal measurement. Ten
loading tests with different forces were carried out on the bolt studs to obtain the ultrasonic
signal variation graph of the bolt under different tension conditions in Figure 8b. From
Figure 8b, it can be seen that with the increase in loading force, the ultrasonic echo signal is
constantly delayed, indicating that the ultrasonic propagation time inside the bolt increases.
This is mainly caused by two reasons: one is the overall length of the bolt in the loading
situation changes, resulting in an increase in the ultrasonic propagation distance; the second
is according to the theory of acoustic elasticity, ultrasonic longitudinal wave is sensitive
to the force parallel to the direction of propagation, so the ultrasonic propagation speed
decreases under axial tensile stress conditions. Ten sets of values are given in Figure 8c
for the real-time output pressure values of the pressure sensor in pounds (Ib), and the
conversion relationship with the tension force was 11b = 4.4492 N. We controlled the loading
by setting the torque value of the torque wrench from 40 Nm to 130 Nm, and the gradient
of change was 10 Nm. The results show that the output tension value and the setting
value do not have a perfect linear relationship, as shown in Figure 8c. shows. Therefore,
the experiment only used the torque setting value as a reference, and the actual tension
output value as the exact data value. The propagation time of ultrasonic signal of bolts with
different loading forces was taken as the value, and the method of value was consistent
with the above principle of taking the value of the first zero point. A plot of different
loading forces versus time of flight is obtained as shown in Figure 8d below. Fitting of the
data found that with the increase in loading force, the echo signal fetch value increased,
and basically had a linear relationship, in agreement with the theoretical analysis results
and the results of the studies of Y.P. Shen [20] and Xinxin Zhao [21]. It indicates that the
prepared coatings are stable and practical under loading conditions when applied to bolts.

(b)

le fwrs— — -

=
[ a— o000 S
7700Ib
Torque wrench JW.‘W« g
i
>
Pressure Tester 15300

4090Ib

Ultrasonic Tester 2670lb

— Room Temperature 36.0 364 36.8 372 376 380
Time of flight (s)
36.60
Loxi0' 4 —®—Raw data (d) —B— Raw data
Linear fitting Linear fitting
36.56
8.0x10°
]
=
R = 36.52 -
6.0x10° o
=
4.0x10° 36.48
2.0x10° T T T r T 36.44 T T T T
40 60 80 100 120 140 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10*
Force/lb Force/lb

Figure 8. Ultrasonic signal performance: (a) schematic diagram; (b) variation in ultrasonic signal of
bolts with different loading forces; (c) relationship between actual tension value and torque value;
(d) relationship between different loading forces and TOF.
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4. Conclusions

ZnO piezoelectric coatings were prepared by RF sputtering, and the growth behavior of
the ZnO coatings was investigated by varying the variables of sputtering power, sputtering
gas pressure, and TSD, and the morphology, structure, and properties were characterized
and analyzed. It was found that with the increase in sputtering power, the crystallization
quality of the (002) orientation of the coating was improved, and the best crystallization
was achieved at 350 W. The sputtering gas pressure can strongly affect the growth trend
of the coating along the (002) orientation, and the higher the air pressure (2.5 Pa), the
more obvious the (002) orientation growth; the TSD has a small effect on the crystallization
orientation of the coating, and the crystallization quality is optimal at 140 mm. The optimal
parameters for the preparation of ZnO piezoelectric coatings with high c-axis optimal
orientation by RF sputtering were synthesized and applied to the bolts. The results show
that the smart bolts prepared by RF sputtering not only have detection effectiveness, but
also the stress change was found to be positively proportional to the flight time by the
detection of the flight time. This also provides a new idea for the preload force detection
of tower crane bolts, which is good for improving the operational stability and safety of
large-scale equipment such as tower cranes.
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