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Abstract

The detection of bolt preload force is of vital importance for ensuring the structural reliabil-
ity of equipment under extreme operating conditions. Traditional ultrasonic transducers
based on bulk piezoelectric materials suffer from poor long-term coupling stability and
high brittleness of the material, which limits their practical applications. In this work, AIN
piezoelectric thin films were fabricated by RF magnetron sputtering, and the effects of RF
power and target-to-substrate distance on film morphology, crystal structure, and ultrasonic
response were investigated. The results show that increasing RF power increased the film
thickness and deposition rate, reduced the detected O content on the film surface, and
changed the XRD response. The film deposited at 900 W generated ultrasonic longitudinal
wave echoes with a relatively high signal amplitude among the tested RF powers. Among
the tested target-to-substrate distances, the film deposited at 60 mm showed a relatively
higher deposition rate and generated an ultrasonic longitudinal wave echo with a relatively
higher amplitude. The measured d33 value of this film was approximately 4.8 pC/N. The
AIN thin-film ultrasonic transducers prepared under the selected deposition conditions
were directly deposited on bolts, and the effects of temperature and axial load were cal-
ibrated using the ultrasonic TOF measurement method. There was a linear correlation
between the TOF and the temperature (R? > 99.99%), as well as between the TOF and the
axial load. These results indicate that the deposited AIN thin-film transducer has potential
for bolt preload measurement in wind turbine bolts.

Keywords: AIN thin film; RF powers; target-to-substrate distances; ultrasonic longitudinal
wave; bolt preload

1. Introduction

Wind power generation relies on high-strength bolted connections to maintain the
structural integrity of wind power units under complex mechanical loads and dynamic
environmental conditions. The preload of these bolts directly influences vibration stability,
fatigue life, and overall operational safety. Insufficient or uneven preload can lead to bolt
loosening, stress concentration, and potential failure of critical structural components,
posing significant risks to the reliability and maintenance of wind power systems [1,2].
Therefore, accurate and real-time monitoring of bolt preload is essential for ensuring the
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safe and stable operation of wind power units [3]. Conventional techniques, including
torque-based methods, strain gauges, and optical fiber sensors, often suffer from indirect
measurement, limited durability, or complex installation requirements, restricting their
widespread adoption in practical wind power applications [4,5]. Ultrasonic time-of-flight
(TOF) methods have emerged as a promising alternative due to their non-destructive nature,
high sensitivity, and capability for in situ monitoring of bolt preload [6,7].

Piezoelectric materials are key to ultrasonic transducers. Lead zirconate titanate (PZT)
is widely used for its high piezoelectric coefficient and strong electromechanical coupling.
However, PZT is brittle, prone to mechanical failure under high stress, and often incom-
patible with direct integration onto metallic bolts, which limits its practical use for wind
power bolt monitoring [8,9]. Zinc oxide (ZnO) thin films offer good piezoelectric response
and process compatibility, yet their mechanical strength and acoustic velocity are lower
than those of metallic substrates, reducing their efficiency in high-load, high-frequency bolt
applications [10]. Aluminum nitride (AIN) thin films, in contrast, provide a unique combi-
nation of properties ideal for wind power bolts. AIN exhibits high mechanical strength,
excellent acoustic longitudinal wave velocity, and chemical inertness, ensuring robust ultra-
sonic signal generation and propagation under mechanical stress [11,12]. Furthermore, AIN
is compatible with thin-film deposition processes and metallic substrates, enabling direct
deposition on bolts without additional coupling agents. Although the intrinsic piezoelectric
coefficient of AIN is lower than that of PZT or ZnO, its mechanical robustness, acoustic
properties, and integration capability make it a candidate material for bolt preload sensing
in wind power units [13].

The properties of AIN thin films are affected by deposition conditions during radio
frequency (RF) magnetron sputtering [14,15]. Parameters such as RF power and target-
to-substrate distance can influence the transport behavior of sputtered species, thereby
affecting film morphology, elemental composition, thickness, and crystallographic texture.
These film characteristics may further influence the piezoelectric and ultrasonic responses
of AIN thin-film transducers [16]. In this work, AIN piezoelectric thin films were fabricated
by RF magnetron sputtering, and the effects of RF power and target-to-substrate distance
on film morphology, composition, crystal structure, piezoelectric response, and ultrasonic
response were investigated. Based on the selected deposition conditions, AIN thin-film
transducers were directly deposited onto wind power bolts, and their preload measurement
response was evaluated using the ultrasonic TOF method. This study explores the potential
of directly deposited AIN thin-film transducers for bolt preload measurement in wind
power applications.

2. Experiment Details

AIN piezoelectric thin films were deposited on silicon (100) substrates (0.5 mm thick),
3 X 4 am 304 stainless steel substrates (0.8 mm thick) and M64 x 270 mm wind turbine
bolts via radio frequency (RF) magnetron sputtering. A high-purity aluminum target
(99.9999%) with a thickness of 8 mm and a diameter of 150 mm was employed. Prior to
film deposition, all substrates underwent sequential ultrasonic cleaning in acetone, ethanol,
and deionized water, each for 10 min, to remove organic contaminants and particulate
residues. Following cleaning, the substrates were thoroughly dried under a stream of
nitrogen and mounted onto the sample holder inside the vacuum chamber. The chamber
was then heated to 250 °C, and the base pressure was reduced to 5 x 10~2 Pa. High-purity
argon gas (99.99%) was introduced, after which a negative bias voltage (—150 V) and arc
power were applied. Substrate surface cleaning was performed via plasma etching for
30 min under the following conditions: duty cycle of 50%, working pressure of 1.0 Pa,
and discharge current of 90 A. This step effectively removed native oxides and adsorbed
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impurities from the substrate surfaces. Subsequently, a reactive sputtering atmosphere
was established by introducing a mixture of argon (90 sccm) and nitrogen (90 sccm), both
of 99.99% purity, while maintaining the chamber pressure at 2.0 Pa. RF power was then
initiated to commence AIN film growth. Deposition was sustained for 8 h; upon completion,
the RF power was switched off, and the sample was allowed to cool to room tempera-
ture inside the chamber before removal—thereby minimizing thermal stress and prevent-
ing film delamination or cracking. The detailed deposition parameters are summarized
in Table 1.

Table 1. Preparation parameters of AIN thin films and AgCr electrode.

Experimental Parameters AIN Thin Films AgCr Electrode
Chamber temperature/°C 250 100
Gas pressure/Pa 2.0 1.0
Ar to N ratio 1:1 1:0
Sputtering time/h 8 1
RF power/W 700, 800, 900 700
Target-to-substrate distance/mm 55, 60, 65, 70, 75 70

X-ray diffraction (XRD) was conducted using a Tongda TDM-10 diffractometer with
Cu Ko« radiation in continuous scanning mode from 20° to 80° (20). Film surface and cross-
sectional morphologies were observed by field emission scanning electron microscopy
(SEM, TESCAN MIRA 3, TESCAN ORSAY HOLDING, a.s., Brno, Czech Republic), while
microregion composition was analyzed via energy dispersive spectroscopy (EDS) at
20 kV. The film thickness was determined from the average value measured at three
different positions on the same substrate. The deposition rate was calculated by dividing
the average film thickness by the deposition time. AgCr electrode films were fabricated
on the surface of AIN films by means of magnetron sputtering. The specific deposition
parameters are shown in Table 1. The room-temperature piezoelectric constant ds; was
measured using the SA1303A tester, (Wuxi ShiAo Technology Co. Ltd., WuXi, China)
and the piezoelectric constant dzs of the film was determined by averaging the results of
five tests on different positions of the film on the same substrate. The ultrasonic signal
generated by the AIN piezoelectric film was captured using a custom-assembled ultrasonic
pulse receiver. A voltage spike of 200 V was applied to the transducer to excite ultrasonic
waves; the sampling accuracy of the equipment’s sound is 0.1 ns. These waves propagated
through the substrate material, reflected from its bottom surface, and were subsequently
detected by the same transducer and converted back into electrical signals. The received
pulse—echo signal was recorded with a gain of dB, using a 12.5 MHz low-pass filter and
a 60 MHz high-pass filter. The amplitude of the ultrasonic signal generated by the AIN
film is calculated by averaging the maximum amplitudes of the three excitation signals
at different positions on the same substrate. In the ultrasonic signal analysis, the first
reflected echo signal was selected as the characteristic signal for TOF extraction. The TOF
was determined by the time corresponding to the peak position of the first echo signal, and
the ultrasonic amplitude was defined as the voltage value of this first echo peak. During
the temperature and axial-load calibration tests, the time difference was calculated by
subtracting the reference TOF under the initial condition from the TOF measured at each
temperature or stress level. This method ensured that the temperature- and load-induced
variations were evaluated using the same echo feature throughout the calibration process.
It should be noted that all reported statistical variations were obtained from repeated
measurements at different positions on the same deposited sample. Systematic sample-to-
sample or batch-to-batch reproducibility tests were not fully conducted in the present study.
A temperature cycling box was used to calibrate the wind turbine bolts. The temperature
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range of this temperature cycling box was 10 to 70 °C, with a heating rate of 1 °C per
minute. Sampling points were set at each 10 °C interval. The axial force calibration of
the bolts was accomplished by applying axial loads using a universal testing machine
(WAW-300, Shanghai Precision Instrument and Metering Co. Ltd., Shanghai, China). When
the preset force value was reached, the round-trip ultrasonic propagation time within the
bolt and the bolt temperature were simultaneously recorded. For the M64 x 270 mm bolts,
the calibration range was 0 kN to 1000 kN, and TOF measurements were conducted at
intervals of 100 kN.

3. Results and Discussion

3.1. AIN Thin Films Deposited at Different RF Power
3.1.1. Surface Morphology and Chemical Composition

Figure 1 presents the surface and cross-sectional SEM images of AIN films deposited
at varying RF sputtering powers (700-900 W). Regarding surface morphology evolution,
an increase in RF power induces a clear transition from fine, dispersed particles to densely
packed, regularly shaped “pebble-like” grains. At higher RF powers, sputtered atoms
impinging on the substrate acquire greater surface migration energy, facilitating atomic
rearrangement, coalescence of neighboring nanoscale grains, and subsequent grain growth.
Consequently, film porosity decreases markedly, and surface flatness improves significantly.
As further evidenced in Figure 1, the average grain size increases progressively with rising
RF power, a trend directly attributable to the enhanced kinetic energy of the sputtered
species [17]. In the cross-sectional morphology, all samples exhibit a columnar grain
structure extending throughout the film thickness. Notably, increasing RF power leads to
a substantial increase in film thickness. This behavior can be attributed to the enhanced
sputtering rate under higher RF power. In addition, the columnar morphology becomes
more apparent at higher RF powers, accompanied by a denser cross-sectional structure.

Figure 1. The morphology of AIN thin films under different RF powers: (a) 700 W; (b) 800 W; (c) 900 W.

https://doi.org/10.3390/ coatings16070750


https://doi.org/10.3390/coatings16070750

Coatings 2026, 16, 750

50f 14

(@)

Figure 2 presents the variation in deposition rate and the corresponding surface ele-
mental composition ratio of AIN films fabricated under different RF powers. As shown
in Figure 2a, both film thickness and deposition rate exhibit a clear positive correlation
with RF power. This trend is consistent with the fundamental principles of physical vapor
deposition (PVD): increasing RF power enhances plasma density and the kinetic energy of
argon ions, thereby elevating the sputtering yield from the target surface. Figure 2b shows
the EDS spectra of the surface elemental composition of the AIN film under different RF
powers. The AIN films consist predominantly of aluminum (Al) and nitrogen (N); however,
trace oxygen (O) contamination is inevitably incorporated during deposition. At 700 W,
the films contain a relatively high O content (11 at.%) and a low N content (38 at.%), result-
ing in an Al-rich, N-deficient composition (AL:N > 1). Upon increasing the RF power to
900 W, the oxygen content decreases markedly to 7 at.%, while the nitrogen content rises
to 41 at.%; concurrently, the Al content remains stable at approximately 52 at.%, yielding
an AL:N ratio approaching the ideal stoichiometric value of 1:1. This compositional evolu-
tion can be attributed to the increased ionization rate of the reactive gas (N;) under higher
sputtering power, which promotes the formation of Al-N bonds. Meanwhile, the enhanced
bombardment effect of energetic particles facilitates the removal of oxygen-containing
species from the growing film surface. It is well known that in the AIN lattice, oxygen
atoms are easily substituted for nitrogen atoms to form lattice defects, which seriously
weakens the piezoelectric constant and insulation performance of the film [18]. Therefore,
the film deposited at 900 W shows relatively lower O content and an AL:N ratio closer
to stoichiometry among the tested samples, which may be beneficial for the subsequent
electromechanical response.

(b)
I 1 Thickness Al
[ 1 Deposition rate 1 P . . T o
I [Cx
x
3
; 800 41% 8% 51%
3
)
="
700 38% 11% 51%
700 800 900 0 20 40 60 80 100
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Figure 2. (a) Thickness and deposition rate of AIN films under different RF powers; (b) surface
elemental composition.

3.1.2. Crystal Structure

Figure 3a shows the XRD patterns of AIN films prepared under different RF powers.
As can be seen from the figure, all samples exhibit an AIN (002) diffraction peak, and the
two smaller diffraction peaks within the 40-50° range can be assigned to the stainless steel
substrate. The presence of the AIN (002) peak indicates that textured wurtzite AIN films
were formed under the RF power range of 700-900 W. With the increase in sputtering power,
the (002) diffraction peak of the AIN film shifts slightly to the left, indicating that the residual
compressive stress within the plane of the material slightly decreases. The (002) diffraction
peak moves to a lower 20 value direction, which can be used as an indication of the presence
of compressive stress in the film [19,20]. Figure 3b summarizes the relative intensity
and full width at half maximum (FWHM) of the AIN (002) diffraction peak extracted
from the XRD patterns. With the increase in sputtering power from 700 W to 900 W,
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the relative intensity of the AIN (002) diffraction peak gradually increases, while the
FWHM gradually decreases. According to the periodic bond chain theory and the crystal
structure characteristics of AIN, the formation of different crystal planes is affected by the
energy of sputtered species during film growth [21]. As the sputtering power increases, the
energy of sputtered particles arriving at the substrate also increases, which may promote
atomic migration and rearrangement during film growth. This can enhance the diffraction
response from the AIN (002) plane, resulting in the increased relative intensity of the
AIN (002) diffraction peak. In conclusion, with the increase in power, the intensity of the
(002) diffraction peak of the piezoelectric film continuously increases, and the half-width
continuously decreases. This indicates that a high sputtering power is conducive to the
preparation of high-quality AIN piezoelectric sensing films. Therefore, using a power of
900 W is the most suitable for preparing high-quality piezoelectric films.

(a) —d (b) o Intensiy 58
— 700 W

002)

Intensity (a.u.)
>
Intensity (a.u.)
FWI:M (

20 30 40 50 60 70 80 700 800 900
20 (°) Power (W)

Figure 3. Structure of AIN thin films with different RF powers: (a) XRD patterns; (b) intensity and
FWHM of (002) diffraction peak.

3.1.3. Ultrasonic Response

Figure 4 shows the ultrasonic response performance of the AIN film under different
RF powers and the situation of its piezoelectric constant ds3. The ultrasonic signals excited
by the AIN films prepared under different RF powers are shown in Figure 4a. As shown in
the figure, all samples are able to generate detectable ultrasonic echo signals. Based on the
substrate thickness and the measured round-trip propagation time, the calculated wave
velocity corresponds to the longitudinal wave (LW) mode. Among the tested RF powers,
the film deposited at 900 W exhibits a higher echo amplitude than those deposited at lower
RF powers [22]. Figure 4b shows the piezoelectric constant ds3 of the AIN films under
different RF powers. The measured d3z3 value increases with increasing RF power under
the investigated conditions. For the sample deposited at 900 W, the relatively larger film
thickness, lower oxygen content, and more compact morphology may contribute to the
higher measured ds3 value and ultrasonic echo amplitude. The variation in ultrasonic echo
amplitude is generally consistent with the measured ds; values, indicating that the elec-
tromechanical response of the films contributes to the observed ultrasonic output. Under
the tested RF power range, the film deposited at 900 W showed a dense and continuous
columnar structure, reduced oxygen incorporation, stronger AIN (002) diffraction response,
and higher ultrasonic output, without obvious cracking or peeling after deposition.
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Figure 4. (a) Ultrasonic pulse-echo response of AIN film deposited on SS wafers at different deposition
pressures; (b) das.

3.2. AIN Thin Films Deposited at Different Deposition Distances
3.2.1. Surface Morphology and Chemical Composition

Figure 5 shows the SEM images of AIN piezoelectric thin films deposited at different
target-to-substrate distances under an RF power of 900 W, further revealing the influence of
deposition distance on film morphology. At the 55 mm condition, the surface morphology
of the coating is significantly different from that of the other two coatings. The film surface
presents rough and irregular wedge-shaped or elongated grains. This morphology may
be related to the shorter transport distance between the target and the substrate, where
sputtered species can reach the substrate with relatively higher kinetic energy, leading to
stronger particle bombardment and changes in surface nucleation behavior [23]. When the
distance increases to 60 mm, as shown in Figure 5b, the surface becomes more compact,
and the grains exhibit relatively uniform and rounded “pebble-like” features. Further
increasing the distance to 65-75 mm (Figure 5c—e), the surface grains still maintain the
“pebble-like” shape, but the grain size decreases as the distance increases. This is because
the longer distance increases the probability of gas-phase collisions during the particle
transmission, resulting in the attenuation of the kinetic energy of the adsorbed atoms
reaching the substrate and a decrease in surface migration ability. Combined with the
enlarged cross-sectional view, the cross-section of the AIN film shows a clear columnar
crystal growth structure. At a deposition distance of 55 mm, the cross-sectional morphology
appears less regular than that of the films deposited at 60—70 mm. This may be associated
with stronger bombardment effects at the shorter target-to-substrate distance. When the
deposition distance is 60-70 mm, the cross-section of the prepared sample presents clear
columnar crystal outlines with uniform sizes. It can be observed that at 60 mm, the grain
diameter is the largest, and the columnar crystals extend from the matrix to the surface of
the film. When the deposition distance further increases to 75 mm, the grains of the film
become smaller, resulting in an indistinct columnar crystal structure of the film.

Figure 6 shows the thickness of the AIN film, the deposition rate (Figure 6a), and
the distribution of surface element atomic percentages (Figure 6b) at different deposition
distances. As the target-to-substrate distance increases from 55 mm to 75 mm, the film
thickness and deposition rate show a trend of first increasing and then decreasing, reaching
a peak at 60 mm. When the distance is shortened to 55 mm, the resputtering effect of
the film is enhanced, resulting in a decrease in the deposition rate. As the deposition
distance increases to 60 mm, the resputtering effect of the thin film weakens, resulting in
an increase in the deposition rate of the film. As the distance further increases to 65-75 mm,
gas-phase scattering during particle transport becomes more likely, which can reduce the
effective flux and kinetic energy of sputtered species arriving at the substrate. As shown
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in Figure 6b, AIN films are mainly composed of Al and N, with a small amount of O. At
55 mm, although the oxygen content is low (4%), the nitrogen content decreases (42%),
which may be caused by the high-energy particles bombarding at a short distance, resulting
in the preferential desorption of lighter nitrogen atoms from the film surface. At a distance
of 60 mm, the N content of the film reaches the highest (46%), the Al content is 49%, and
both are closest to the ideal stoichiometric ratio; the oxygen content remains at a relatively
low level (5%). As the deposition distance increases, the oxygen impurity content in the
film rises. This indicates that a larger target-base distance will result in a decrease in the
effective nitrogen active particles reaching the substrate surface. At the same time, due
to the reduced deposition flux and the extended particle transmission path, the influence
of residual oxygen or water vapor and other oxygen-containing impurities on the surface
composition of the film becomes stronger.

Figure 5. The morphology of AIN thin films deposited on Si wafers under different distances: (a) 55 mm;
(b) 60 mm; (c) 65 mm; (d) 70 mm; (e) 75 mm.
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Figure 6. (a) Thickness and deposition rate of AIN films under different distances; (b) surface
elemental composition.

3.2.2. Crystal Structure

Figure 7a shows the XRD patterns of AIN films deposited at different target-to-
substrate distances. All films exhibit a diffraction peak at approximately 36°, which can be
assigned to the AIN (002) plane, indicating the formation of textured wurtzite AIN films
under the investigated conditions. At 55 mm, a weak diffraction feature corresponding to
AIN (103) is also observed. This weak AIN (103) feature may be associated with the altered
incidence and transport behavior of sputtered species at the shorter target-to-substrate
distance [23,24]. As the distance increases, the (002) diffraction peak of the AIN film shifts
slightly to the right, indicating that the residual compressive stress within the material
plane has been released. Figure 7b summarizes the relative intensity and FWHM of the
AIN (002) peak as a function of target-to-substrate distance. The film deposited at 60 mm
exhibits a relatively intense AIN (002) diffraction peak compared with the other tested
distances. When the target-to-substrate distance is further increased to 65-75 mm, the
relative intensity of the AIN (002) peak decreases. This variation may be related to increased
gas-phase scattering during particle transport, which can reduce the effective flux and
kinetic energy of sputtered species arriving at the substrate. Such changes may affect the
film growth behavior and the resulting diffraction response. In addition, the decrease in
film thickness at larger distances, as shown in Figure 6a, may also contribute to the reduced
XRD peak intensity. The FWHM shows a non-monotonic variation with target-to-substrate
distance, increasing from 55 mm to 65 mm and then decreasing at larger distances, with
a lower value observed at 75 mm. The FWHM value can be influenced by multiple factors,
including film thickness, microstructural evolution, defects, and instrumental broadening.

0.50
& (b) —=— Intensity
=¥ —=—FWHM ~
= L0.45
A
o
_
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—55mm 7
———60 mm s . E
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j oy A
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20 (°) Distance (mm)

Figure 7. Structure of AIN thin films with different distances (a) XRD patterns; (b) intensity and
FWHM of (002) diffraction peak.
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3.2.3. Ultrasonic Response

Figure 8a shows the stimulated ultrasonic time-domain echo signals of AIN films
prepared under different target substrate distances. From the type of the excitation ultra-
sonic signal, samples prepared under different target substrate distances can all generate
ultrasonic longitudinal wave signals. However, when the target substrate distance is
55 mm, the preparation of the piezoelectric coating not only generates ultrasonic longitudi-
nal waves but also ultrasonic transverse waves. This is related to the fact that the columnar
crystal structure of the film under this condition is not completely perpendicular to the
substrate but grows at an inclined angle [25]. Figure 8b is the spectrum of the AIN film at
a distance of 55 mm. This waveform presents a wide-band narrow-pulse echo signal, with
a center frequency of approximately 26 MHz, still showing the characteristics of a high-
frequency ultrasonic transducer. The maximum signal amplitude and center frequency of
the ultrasonic echo of the AIN film at different distances are shown in Figure 8c. As the
distance increases, the amplitude of the ultrasonic signal excited by the film first increases
and then decreases, reaching the maximum relative amplitude at a deposition distance of
60 mm. All films at different distances show a high-frequency center frequency greater than
10 MHz. Figure 8d shows the piezoelectric constant ds3 of the AIN film at different dis-
tances. With increasing target-to-substrate distance, the measured d33 value first increases
and then decreases, with a higher value observed at 60 mm among the tested samples. This
variation may be influenced by multiple factors, including film thickness, composition,
morphology, and crystallographic texture [26]. The d33 piezoelectric constant of the AIN
film prepared at 60 mm is close to the theoretical piezoelectric constant value of AIN.

Frequency (Hz)
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Figure 8. (a) Ultrasonic pulse—echo response of AIN film deposited on SS wafers at different distances;
(b) spectral diagram at 60 mm; (c) relative amplitude and frequency; (d) ds3.
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3.3. Application of AIN Thin-Film Transducer for Bolt

To evaluate the applicability of the AIN thin-film transducer for bolt preload mea-
surement, an AIN thin-film transducer was deposited on an M64 x 270 mm bolt using the
selected deposition conditions of 900 W RF power and a target-to-substrate distance of
60 mm. Compared with the other tested conditions, the film prepared at 900 W and 60 mm
showed a denser columnar morphology, a stronger AIN (002) diffraction peak intensity,
a higher ds3 value, and a higher longitudinal ultrasonic echo amplitude. In practical bolt
preload detection, especially for large wind turbine bolts, the ultrasonic wave needs to
propagate over a relatively long distance and experience reflection attenuation inside the
bolt. A higher initial echo amplitude is therefore important for maintaining a sufficient
signal-to-noise ratio and ensuring reliable TOF extraction under industrial testing condi-
tions. Since the length of the bolt is much longer than the thickness of the stainless steel
sheet, to reduce the attenuation of the ultrasonic signal, the deposition time of the AIN film
on the bolt was extended to 10 h. To calibrate the temperature, acoustic time sampling was
conducted on bolts of different temperatures under no-load conditions, with the sampling
temperature range being 10-70 °C, and sampling was carried out approximately every
10 °C. The results are shown in Figure 9a. By calculating the echo time of the ultrasonic
wave, its sound speed is 5876 m /s, which is consistent with the sound speed of the ultra-
sonic longitudinal wave. As the temperature increases, the measured TOF increases, which
is generally associated with thermal expansion of the bolt and the temperature dependence
of ultrasonic velocity. Linear fitting of the temperature-TOF data shows a strong linear
relationship, with R? > 99.99%. To evaluate the relationship between ultrasonic TOF and
axial load, TOF measurements were conducted under different axial loads at 11.5 °C, as
shown in Figure 9b. As the axial load increases, the TOF of the ultrasonic echo will be
delayed. This is mainly caused by two factors: one is that the overall length of the bolt
will change under the force condition, thereby causing an increase in the propagation
distance of the ultrasonic wave; the other is that according to the acoustic elasticity theory,
the ultrasonic longitudinal wave is more sensitive to forces parallel to the propagation
direction, so in the axial tensile stress condition, the ultrasonic propagation speed will
decrease [27-29]. Through the linear fitting of axial load and TOF, a strong correlation was
shown, with an R? value greater than 99.99%. To verify the accuracy of this ultrasonic
method for axial stress in bolts, the absolute and relative error values of the bolts under
different loads were calculated. The results are shown in Figure 9c. The results indicate
that as the load increases, the absolute load error remains within the +7 kN range. These
results demonstrate the potential of the deposited AIN thin-film transducer for bolt preload
measurement under the tested conditions. Further work is needed to evaluate deposition
reproducibility and long-term performance under practical service conditions. The directly
deposited AIN thin-film transducer is expected to provide improved coupling stability
because it avoids the adhesive layer and coupling agent used in conventional bonded piezo-
electric patches. The high mechanical strength, chemical stability, and acoustic velocity of
AIN are also favorable for ultrasonic sensing under mechanical and thermal loading. In this
study, clear ultrasonic echoes were maintained during temperature calibration from 10 to
70 °C and axial-load calibration from 0 to 1000 kN, suggesting functional stability under the
tested conditions.
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Figure 9. AIN thin-film transducers deposited on bolts. (a) Relationship between temperatures and

TOF at 0 kN; (b) relationship between loads and TOF at 11.5 °C; (c) relative error and absolute error
of load.

4. Conclusions

In this study, AIN thin films were prepared by radio frequency magnetron sputtering,
and the effects of RF power and target-to-substrate distance on film growth behavior,
morphology, crystal structure, piezoelectric response, and ultrasonic response were inves-
tigated. Within the tested RF power range, increasing the RF power increased the film
thickness and deposition rate, reduced the O content on the film surface, and increased the
intensity of the AIN (002) diffraction peak. The film deposited at an RF power of 900 W
was able to generate ultrasonic longitudinal wave echoes with a higher signal amplitude.
The target-to-substrate distance also had an evident influence on the deposition behavior
and ultrasonic response of the AIN films. As the target-to-substrate distance increased, the
deposition rate first increased and then decreased. Among the investigated distances, the
film deposited at 60 mm showed a relatively intense AIN (002) diffraction peak intensity,
a higher ultrasonic echo amplitude, and a higher measured piezoelectric coefficient ds3. To
evaluate the applicability of the AIN thin-film transducer for bolt preload measurement,
an AIN thin-film transducer was deposited on an M64 x 270 mm bolt. The temperature
calibration results showed a linear relationship between temperature and TOF under the
no-load condition. Based on acoustoelastic theory, the axial load calibration results also
showed a strong linear relationship between TOF and axial load, with R? > 99.99% under
the tested conditions. The preload measurement error remained relatively small within the
tested load range, indicating the potential of the deposited AIN thin-film transducer for
bolt preload measurement. Further work is needed to evaluate deposition reproducibility
and long-term performance under practical service conditions.
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