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ARTICLE INFO ABSTRACT
Keywords: A novel, rapid, and efficient method for bonding Piezoceramic transducers (PCTs) to high-performance ther-
Piezoceramic transducers moplastic composites using thermoplastic adhesive films (TPAFs) and induction heating is presented. The current

Thermoplastic adhesive films

: ) state-of-the-art techniques to bond PCTs to composites using epoxy adhesives can take hours. This innovative
Induction heating

; . out-of-oven or autoclave procedure drastically reduces bonding time to mere minutes, thereby significantly
Thermoplastic composites i . ) | .
Mechanical testing enhancing the process efficiency. Five different TPAFs were used to bond PCTs to carbon fiber polyether-ether-
SHM ketone (CF-PEEK) coupons. After determining the process window and analyzing the effects of power, coupling
distance, and time on temperature, it was found that power has the greatest influence. A 20% increase in power
can result in 50.9% increase in temperature as compared to time. Controlled heating and cooling ramps were
developed based on the power-temperature correlation, and their effects were analyzed through differential
scanning calorimetry tests. In the controlled case, the melting enthalpy of semi-crystalline TPAF increased by
4.2%, while the glass transition temperature of amorphous TPAF increased by 2.4% compared to non-controlled
case. Following successful PCT bonding, mechanical performance was evaluated through static flexural and
fatigue tests. TPAFs exhibited critical strains of 0.33%-0.71%, with some exceeding the critical strains of co-
bonded or epoxy-bonded PCTs in previous studies by 0.13%. Microscopic analyses revealed the dominant fail-
ure mode at the composite-adhesive interface. During fatigue testing, three out of five TPAFs performed suc-
cessfully, with the highest change in electro-mechanical susceptance spectra observed in amorphous TPAF
equivalent to 1.87%. Overall, an efficient methodology is proposed, particularly beneficial for applications in
structural health monitoring.
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1. Introduction

Despite the excellent performance and growing demand for carbon
fiber reinforced plastic (CFRP) composites do not have an exceptional
impact resistance. During operation and maintenance, CFRP composites
are susceptible to various forms of damage, including impact, fatigue,
and environmental degradation. Compliance with industry regulations
concerning safety along with the challenging detection of damages,
particularly barely visible impact damages and the complexity of
accurately predicting fracture mechanics in composites, thorough non-
destructive inspections (NDI) are conducted on such structures period-
ically. The NDI maintenance approach, driven by predetermined
schedules, incurs significant costs and renders the assets unavailable
during the inspection period [1]. To overcome the drawbacks faced in
the case of scheduled maintenance, a new maintenance strategy known
as condition-based maintenance (CBM) is gaining attention. In CBM,
maintenance timing is ascertained through the continuous monitoring of
the asset, a practice referred to as structural health monitoring (SHM).
SHM is defined as the systematic process of gathering and analyzing data
obtained from a distributed network of sensors bonded to or embedded
within a structure to obtain information about the health of the structure
[2,3].

One of the promising technologies that can be used for SHM is pie-
zoceramic transducers (PCTs) based guided wave (GW) SHM. It has
emerged as a relatively mature technology and is being widely used for
SHM of composite structures [2,4]. However, there are still many
challenges to bring this technology to maturity for its widespread use to
monitor real structures. One such challenge where research is needed is
the easy, fast, and cost-efficient integration of PCTs with the composite
structure, as pointed out in a report [5] by the Sandia National Labs
involving different stakeholders within the aeronautical sector,
including original equipment manufacturers, owners, and operators.
Approximately 63% of the participants acknowledged the need for
research focused on integrating SHM systems with the structures, while
about 50% emphasized the significance of researching SHM electronics,
with a focus on aspects such as size, weight, cost, durability, and reli-
ability, among others. This viewpoint remains valid given the current
state-of-the-art, where integrating PCTs with the composite structures
involves secondary bonding using epoxy adhesives, primarily through
manual methods. This approach results in challenging repair procedures
for malfunctioning PCTs and an overall process that is not cost-effective
and demands considerable time and labor.

The integration of sensors with composite structures primarily fol-
lows two strategies, namely secondary bonding and co-bonding [6].
Secondary bonding entails bonding PCTs to the surface of the composite
host structure in a separate step after manufacturing the part. It is a
reliable and extensively used method for PCT installation. However, it
adds an extra step, resulting in higher installation costs. On the other
hand, in co-bonding, PCTs are placed either on the surface or embedded
within the uncured composite structure. Co-bonding significantly re-
duces the sensor installation time; however, this process exposes the

Table 1
TPAFs used to bond the AUCTs [8].

TPAF Material Supplier Molecular Average SLS
structure [MPa]

P22100 Polyolefin (POF) Pontacol Semi- 4.22 +£0.31
(TPF1) crystalline

P22110 Low-density 3.95 +0.32
(TPF2) polyethylene

P45200 POF/Copolyamide 4.80 +0.56
(TPF3) (Multi-layer)

P22400 High-density 4.48 £0.26
(TPF4) polyethylene

T-Link Epoxy TP L&L Amorphous 9.20 £ 0.71
(TPF5) products
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sensors to elevated pressure and temperature levels, typical of proced-
ures like autoclave curing which can lead to pre-stresses in them. The
integration of PCTs with high-performance thermoplastic (TP) carbon
fiber (CF) composites, such as polyether-ether-ketone, is more chal-
lenging in comparison to thermoset-based composites. Co-bonding PCTs
to these types of composites is either extremely difficult or in some cases,
unachievable. This is primarily due to the potential damage of the PCT,
which can occur from the elevated temperatures and shear forces
induced by the high viscosity of these polymers. Conversely, secondary
bonding also poses difficulties because of the low surface energy
exhibited by such polymers. TP composite (TPC) structures have
garnered increased attention in the aeronautical industry [7]. Conse-
quently, there exists a pressing need to devise efficient and cost-effective
solutions for the integration of sensors with TPC structures.

One such approach involves the utilization of TP adhesive films
(TPAFs) instead of epoxy adhesives, offering distinct advantages such as
indefinite shelf life, simplified reparability, easier processing, and suit-
ability for room-temperature storage. In a previous study [8], PCTs were
bonded to CF PEEK (CF-PEEK) composite specimens by TPAFs through
oven vacuum bagging. The subsequent evaluation of these bonded PCTs
under standard aeronautical operational environmental conditions
demonstrated better performance when compared to an epoxy adhesive
film. However, the conventional method of heating TPAFs in an oven is
costly, requires long heating cycles, requires significant consumable
usage, and the need to put the entire structure in the oven can prove
expensive and cause potential thermal degradation of the structure. To
address these limitations, this study proposes a novel, more efficient,
and rapid bonding technique. The basic concept involves providing the
necessary heat for melting the TPAF through the Joule effect, achieved
by applying an induction field to the CF composite, as opposed to relying
on an oven or alternative heating methods. This bonding approach
proves cost-effective, easier, and significantly faster, reducing bonding
time from hours to just a few minutes compared to epoxy or TPAF
bonding conducted in an oven or using heat blankets. Moreover, it
minimizes consumable usage and applies heat locally, thus mitigating
the adverse effects of thermal degradation on the structure.

Induction heating (IH) is primarily used in composite applications
for welding of TPC parts due to their ability to be remelted and reformed
[9-12]. In this study, the aim is to use heat generated by IH to melt
TPAFs for bonding PCTs. In literature, only a few studies that used IH to
bond sensors to metallic parts. For instance, in [13],
micro-electromechanical system-based strain sensors were bonded to
steel through IH, achieved by inserting a tin-silver eutectic solder layer
between the sensor and the steel surface. The study showed that the
sensors can be bonded in a few seconds with very good bond properties.
In [14], silicon chips were bonded to different metallic surfaces such as
silver, copper, etc. using IH. Similarly, in [15], semiconductor compo-
nents were bonded to direct bonded copper using a silver-sintering paste
layer in a relatively short time. The bonding of high-temperature sensors
using a TPAF to metallic surfaces has been proposed in a patent by Lu
et al. [16]. The invention describes methods of using TPAFs as bonding
layers for bonding high-temperature sensors to metallic structures. In all
of these studies or inventions mentioned above, the bonding of the
sensors or electronic components was carried on metallic surfaces.
However, challenges arise when bonding sensors to TPCs. Firstly, metals
are good conductors of electricity, and consequently IH is particularly
effective with them. However, this is not the case with TPCs as they are
not good conductors. Therefore, achieving a certain temperature and
controlling it to properly melt the TPAFs for bonding is relatively
difficult. Secondly, the choice of the adhesive film used for bonding is
more restricted in the case of TPCs because of the temperature limit,
which is generally higher in case of metals used for aircraft. Thirdly,
sensor bonding with metals is relatively easier because of their higher
surface energy. Whereas, bonding sensors to TPCs presents distinct
challenges due to their lower surface energy exhibited by these
materials.
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Fig. 1. Induction heating setup for bonding the AUCTSs to a composite structure.

IR-Field

Fig. 2. Setup for monitoring temperature during induction heating: (a) IR-
camera and IH setup, (b) recorded IR-field and, (c) data logger for measuring
temperature with thermocouples.

Table 2
Process study parameter levels.
Study Power [Amp] Coupling distance Time [s]
[mm]
Process window 120, 130, 140, 3,57 25, 30, 35,

determination 150 40
Sensitivity analysis 78, 130, 182 3,57 18, 30, 42

A few previous studies [8,17] have demonstrated the usage of TPAFs
to bond sensors to composite surfaces, however the TPAFs were either
melted in an oven or heat blankets, offering easier process control
compared to IH. However, these methods are inefficient in terms of cost
and labor. To the best of knowledge of the authors there is a lack of
existing studies concerning the bonding of transducers or sensors to
composite structures utilizing [H. This is the first study demonstrating
the application of IH to bond transducers and sensors to composite parts.
The objectives of this study are:

o Investigating a rapid bonding method for PCTs to high-performance
TP parts using TPAFs.
e Studying and developing a controlled process for processing TPAFs.

Table 3
Thermal analysis cases with different heating and cooling rates.

Case Heating rate [ Cooling rate [ Isothermal condition
°C/min] °C/min] maintained at T,, for 2-3
minutes?

Case 200 43 No

1A

Case 200 43 Yes

1B

Case 2 11 43 No

Case 200 12 No

3A

Case 200 12 Yes

3B

o Exploring the influence of heating and cooling phases on the TPAF
properties.

o Evaluating the mechanical performance of PCTs bonded with IH
through static and cyclic mechanical tests.

2. Materials and methods
2.1. Materials

The test specimens were prepared with CF-PEEK composite material.
Two different types of CF reinforcement, commonly employed in the
aeronautical industry, were used in this study. These reinforcement
materials were the APC2-AS4 unidirectional CF-PEEK tape supplied by
Solvay, and the HTA-40 woven CF-PEEK prepreg supplied by Tejin™.
The APC2-AS4 coupons were manufactured through oven vacuum
bagging, while the HTA-40 coupons were fabricated utilizing a hot-
press. Following which the PCTs were bonded onto these coupons.

The PCTs were supplied from PI Ceramic®, Lederhose, Germany.
These are special PCTs embedded in a ductile polymer and provided
with a mechanical precompression to form an “acoustic-ultrasonic
composite transducer (AUCT)” [18]. The selection of the TPAFs for
bonding the AUCTs to TPC was governed by specific criteria. Primarily,
their melting temperature (T;,) needed to be below 150 °C to align with
the temperature limitation of the AUCTs. Additionally, these TPAFs
were required to have a deflection temperature exceeding 70 °C to
comply with aeronautical environmental condition standards (DO-160)
while also ensuring good bonding strength. Thermal and mechanical
tests namely differential scanning calorimetry (DSC) test and single lap
shear tests were conducted to ensure that the TPAFs meet the set criteria
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Fig. 3. Mechanical tests (a) Four-point quasi-static flexural test setup, (b) Tensile-Tensile fatigue test setup and, (c) Flexural test coupon (top) and fatigue test

coupon (bottom).

Table 4

Material and test specifications of flexural and fatigue tests.

Material and testing
specifications

Flexural test

Fatigue test

Material and coupon
dimensions

Adhesive used

Strain ramp (flexural
test) or Number of
fatigue cycles
(fatigue test)

Measurements

CF-PEEK composite
woven HTA-40 with di-
mensions 150%30%2.17
mm?,

CF-PEEK composite
unidirectional APC2-
AS4. 150%30%2.16 mm>.
TPF3, TPF4, TPF5 and two-
part epoxy adhesive
namely Loctite EA-9466,
layout Fig. 3(c)top.

0.1% strain and
incrementing in 0.1% steps
up to 0.8%.

e Strain on the coupon and
AUCT

e EMS spectra after every
0.1% strain ramp with
C60 impedance analyzer
from Cypher instruments
over a range of 1 kHz to
1 MHz with a resolution
of 1000 Hz.

CF-PEEK composite woven
HTA-40 with dimensions
300%55*2.17 mm>,

Five TPAFs (Table 1),
layout Fig. 3(c) bottom.

200k cycles at a frequency

of 10 Hz and r-ratio of 0.1,

with the maximum load

applied was 10 kN.

e EMS spectra after
specific number of
cycles.

e GW measurements after
a specific number of
cycles with each AUCT
acting as a transducer in
a sequential manner,
while other AUCTSs
functioned as sensors.

[8]. Five different TP films (TPF) meeting the criteria were identified

and are shown in Table 1.

2.2. Bonding by induction heating

The fundamental principle underlying the IH bonding process in-
volves the generation of heat through the Joule effect when an inductive
field is applied to a conductive material. To achieve this, a TPAF is
positioned between the host composite and the AUCT, maintaining
pressure through vacuum bagging. Following this, a local induction field
is applied specifically at the AUCT location. Given the conductivity
nature of the carbon fiber, heat is generated through the Joule effect.
This resultant heat melts the TPAF through conduction, establishing a
bond between the composite part and the AUCT upon cooling. An
Ambrell EasyHeat IH system, equipped with a solenoid-shaped coil
operating at a coil frequency of 240-280 kHz, was employed to generate

the induction field. Fig. 1 shows the schematic of the complete setup for
bonding the AUCT using the IH method.

2.3. Process study and control

A detailed investigation was conducted to determine the required
process parameters essential for achieving proper melting of the TPAFs.
This included determining the proper process window, an analysis of the
influence of different process parameters on the generated temperature,
and the development of a controlled cycle for processing the TPAFs. The
temperature was recorded at the center of the AUCT bonding region on a
CF-PEEK (HTA-40) composite coupon with dimensions of 80 x 80 x
2.17 mm?® with an E-type thermocouple and data logger provided by
Omega™, at a sampling rate of 10 samples/sec. Additionally, an IR
camera from FLIR was employed to capture the temperature field within
the bonding and adjacent areas shown in Fig. 2. In an IH process, the
three primary process parameters are the supplied power to the coil, the
coupling distance (Cg) which is the distance between the coil and the
host structure, and the duration for which the field is applied. The
process window determination involved a study of power at four
different levels, coupling distance at three levels, and time across four
levels, as shown in Table 2.

Following the establishment of the suitable process conditions, a
sensitivity analysis was performed by investigating the impact of indi-
vidual process parameters across three different levels using a full-
factorial design and three repetitions for each experiment, outlined in
Table 2. The objective was to understand the influence of individual
parameters on the generated temperature and identify the most influ-
ential factor. This understanding would be important for implementing
an effective heating ramp for the TPAF, enabling control over both the
heating and cooling phases. The heating and cooling phases of the TPAF
can be applied in three distinct manners. In the first approach, an in-
duction field is applied using predetermined process parameters,
concluding the heating ramp around the T, of the TPAF, followed by
natural cooling to room temperature. This procedure results in a very
high heating rate (HR) and cooling rate (CR). In the second approach, a
slower HR is utilized to ensure that the maximum temperature gener-
ated reaches a saturation point around the Tj, of the TPAF. The process
parameters, such as power or Cg, are carefully chosen to ensure the
temperature saturates around the Ty, of the TPAF, irrespective of the
duration the induction field is applied. Consequently, this method yields
a slower HR, ensuring proper TPAF melting before transitioning to the
cooling phase. In both these approaches, the CR remains high,
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Fig. 5. EMS spectra for TPF3 and TPF4 with oven and induction heating processed as well for a free AUCT.

potentially impacting the crystallinity of the TPAF and therefore the
mechanical properties of the adhesive bond [19]. A third method was
developed to better control the CR as well. In this third approach, pre-
determined process parameters are used to rapidly reach the Tj,. Sub-
sequently, by dynamically adjusting these parameters, the T, is
maintained for a brief duration, followed by gradual cooling of the TPAF
to its T,. This controlled cooling process aims to enhance the crystallinity
of the semi-crystalline TPAFs to achieve better mechanical properties of
the adhesive bond.

2.4. Thermal analysis

Two primary distinctions arise when comparing the heating of TPAFs
using an oven versus IH. Firstly, the melting of TPAFs in an oven pre-
dominantly occurs through convection, while in IH, it primarily occurs
through conduction. Secondly, the rate of heating and cooling in an oven
is considerably slower compared to IH. Although the HR is not a critical
factor, the CR holds significance due to its impact on crystallinity and,
consequently, the mechanical properties of the adhesive bond. As

discussed in the preceding section, three different methods can be
employed to melt and cool the TPAFs with varying HR and CR ramps. To
simulate these three methods, five distinct test cases were examined
through a DSC test as described in Table 3. Cases 1A and 1B, Case 2 and
Cases 3A and 3B represent the first, second, and third method respec-
tively. The DSC tests were conducted using a DSC Q200 TA Instruments
apparatus in accordance with the ISO 11,357-3 standard. Two different
TPAFs, representing both semi-crystalline (TPF4) and amorphous
(TPF5) polymer structures, were subjected to these tests. In the DSC
tests, the heating and cooling ramps applied during IH were replicated in
the first cycle. Subsequently, a second cycle followed, adhering to the
mentioned standard heating and cooling ramps (heating from 30 °C to
180 °C at 20 °C/min and cooling to 30 °C at 20 °C/min). The objective
was to measure the T, and melting enthalpy or T, in the standard
heating ramp to evaluate the influence of these different cases on the
performance of the TPAFs.
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2.5. Mechanical testing

Mechanical tests were conducted to investigate the performance of
the AUCTs bonded using IH in static and cyclic loading. A four-point
quasi-static flexural test setup was to characterize the strain at which
the transducer fails, known as the critical strain (CS). The test setup is
depicted in Fig. 3(a) and the material and test specifications are given in
Table 4. A minimum of three samples were tested for each adhesive.
Strain gauges (3/120 LY11), supplied by HBM, Germany, were used to
measure the strain with a sampling rate of 10 samples/sec on the coupon
(serving as the control strain) and the transducer. During the loading
and unloading ramps, strain was measured with a sampling rate of 10 Hz
and the generated voltage was monitored and recorded using an Oscil-
loscope namely PicoScope® 4000A from Pico technology at a sampling
rate of 20 div/s. Substantial alterations in strain and voltage values
indicate AUCT failure [20]. The electro-mechanical susceptance (EMS)
which is the imaginary part of the electro-mechanical admittance, is a
well-known indicator of the health and bonding condition of an AUCT
[17,20-22] that can be used to determine the CS of an AUCT. A mi-
croscope placed behind the test setup allowed for capturing images after

130 182 18 30 42

. Maximum temperature generated as a function of coupling distance, power, and time.
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Fig. 8. Thermal analysis cases with different heating and cooling rates for
processing of TPAFs.

each ramp to detect if any cracks developed in the AUCT. The CS of the
AUCT was determined by combining the results from all the afore-
mentioned measurements and observations. Additionally, post-testing, a
microscopic analysis was conducted on a few tested coupons to observe
any cracks in the adhesive bond layer and/or on the AUCT during the
flexural tests, revealing the various failure modes. For comparison
microscopic analysis was carried on a few untested coupons as well. The
flexural tests were conducted for both AUCTs bonded with controlled
and uncontrolled cooling ramps.

A preliminary study was conducted to evaluate the long-term func-
tional performance of the AUCTs through fatigue testing under tensile-
tensile loading conditions. The tensile-tensile fatigue test was selected
because the coupon specimen represents a segment of an aircraft fuse-
lage structure, where cyclic tensile stresses play a significant role. This
test simulates the repetitive tensile forces experienced during pressuri-
zation cycles and operational conditions. These fatigue tests were con-
ducted on a 100 kN Zwick universal testing machine as shown in Fig. 3
(b) and the material and test specifications are given in Table 4. The
AUCTs bonded with TPF1 to TPF5 will be denoted by S1 to S5 respec-
tively. The GWs were actuated and received using a National
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Instruments PXIe-1082. A three-pulse sine wave, employing a Hanning
window and having an amplitude of 3 Volts, was used as the actuation
signal. The frequency sweep spanned from 40 kHz to 350 kHz, with
intervals of 10 kHz. Each signal underwent ten recordings, which were
subsequently averaged, and the measurements were conducted over a
600 ps duration. To determine AUCT damage or debonding, the GW
signals acquired after a certain number of fatigue cycles were compared
against the baseline (first measurement) at two distinct frequencies: 50
kHz and 250 kHz which represent a low and high frequency case where
two fundamental modes namely A0 and SO generally emerge for similar
material, layup and thickness [23-25]. For this comparison, only the
first segment of the signal was taken into account. This particular
segment holds significance in the context of damage detection and aids
in mitigating the influence of boundary reflections [26].

The two primary damage indicators utilized in this study were the
root mean square deviation (RMSD) of the EMS spectra and the
maximum of the fitted envelope of the GW signal. The RMSD was
calculated between the baseline and after a certain number of fatigue
cycles to evaluate the health of the AUCTs. In case of the EMS mea-
surements, the RMSD was calculated for the entire spectra and the fre-
quency of the first resonance. While, in the case of the GWs, the RMSD
was calculated for the maximum of the fitted envelope by Hilbert’s
transform at two different frequencies namely 50 kHz and 250 kHz.

3. Results and discussion
3.1. Process study and transducer bonding

The temperature profiles corresponding to each combination of
process parameters are shown in Fig. 4(a). The process window are all
the values enclosed in red color. It is evident that this process window is
rather limited. Only specific combinations of process parameters
generate the required temperatures for proper melting of the TPAFs.
Temperatures resulting from other combinations of process parameters
are either inadequate, leading to partial melting of the TPAF or too high,
potentially causing thermal degradation to both the AUCT and/or the
host structure. This is illustrated in Fig. 4(b) in which three different
cases of low, adequate and high generated temperature profiles have
been compared to illustrate the significant effects of parameter varia-
tion. These findings suggest a delicate balance between process pa-
rameters and temperature generated, where deviations can result in
detrimental effects on the integrity of the material. It is important to
mention here that the temperatures generated are also space-dependent
i.e., using the same set of process parameters will result in different
temperatures at different locations on the coupon. This spatial hetero-
geneity could be a critical factor influencing the uniformity of the
melting process and, subsequently, the quality of the bond.



T. Sofi et al.

Composites Part C: Open Access 17 (2025) 100568

|—-AUCT strain —— Coupon strain

0.794

0.62 ofe
078
09F 6
—_— o ° o2
R o7fose 5
c
g o 3050 3060\
a 0.5
0.3
0.1 \c
0 1000 2000 3000 4000 5000 6000
Time [s]
(a) Strain for complete bending test.
300 07
|—Vo\lage ——AUCT Strain = = Coupon Strain]
/ﬂ {os
. {os
>
E fou
(1
()]
‘(E 10.3
g R
10.2
{01
82 84 86 88 90

-500

40 50 90

Time [s]

60 70 80

(c) Voltage and strain plots for 0.1%
to 0.6% strain ramp.

Strain [%]

07
0.8 Fo.65 /
: / y
—08F 06 / A9
=) -
S~.0.7toss e 0.78
£ — f
g 06F 0.5 5 0.6 /// 0.66 0.67 0.687
w
— 05F —0.2%]
O —0.3%
S 04F —0.4%|
< sk 0.5%|]
‘ —0.6%
0.2F —0.7%|4
—0.8%
0.1 . . . - . . . :
01 02 03 04 05 06 07 08 09
Coupon strain [%]
(b) Coupon strain vs AUCT strain.
—, 0.03F oo1 1
(2]
% 0.008
£ 0025}
% 0.006
= 0.02 ]
8 230 240 250 26 —0.1%
c —0.2%
£ 0.015 —0.3%
53 ——0.4%
n // —0.7%
0.005 f —0.8%| ]
200 300 400 500 600 700 800

Frequency [kHz]

(d) EMS spectra for all strain ramps at 0.1%.

Fig. 11. AUCT bonded with TPF3 with controlled heating and cooling ramps.

After establishing the process window, the AUCTs were bonded using
IH. The bonding process was completed within 1-2 min, demonstrating
significantly faster bonding compared to epoxy adhesives or TPAFs
melted in an oven. Fig. 5, presents a comparative EMS spectra analysis of
AUCTs bonded with TPF3 and TPF4 which were processed in an oven
and through IH as well as that of a free AUCT. It can be observed that the
EMS spectra of the oven-bonded AUCT and the AUCT bonded using IH
using TPF3 are nearly identical and with TPF4 closely resemble each
other. This demonstrates that the AUCTs processed with IH are well
bonded. However, it is important to note that this resemblance in the
EMS spectra was not consistently observed for all TPAFs. For instance, in
the case of TPF1, notable variations were noticed between the EMS
spectra of AUCTSs bonded in the oven and those bonded using IH. The
exact cause of this disparity is not fully understood, but it could be
attributed to the different heating and cooling ramps experienced by the
TPAFs in the oven versus IH. This different processing can influence
bond properties and subsequently impact EMS spectra, given that it
depends on the bond stiffness of the bond [27]. Nevertheless, analyzing
the shift in the resonance frequencies and amplitudes in comparison to a
free AUCT, it can be concluded that the AUCTs are well bonded. This
suggests that the IH method can produce bonds with comparable me-
chanical integrity to those formed in an oven, with significantly faster
processing times.

3.2. Sensitivity analysis and process control

From the sensitivity analysis, it is observed that both power and time
positively affects the generated temperature, whereas Cy has a negative
influence on the temperature produced as shown in Fig. 6. Among these
factors, power exhibits the most significant influence, followed by C4

and time. An increase in power by 20% correlates with a 67.8% increase
in temperature. Whereas, a 20% increase in time and a 20% decrease in
Cq yield temperature increments of 16.9% and 20.40%, respectively. A
similar pattern is observed when power and time are reduced by 20%,
and Cq is increased by 20%. It was also observed that regardless of the
duration the induction field is applied, the temperature stabilizes around
a certain value for any given combination of power and Cy. This analysis
was performed at the center of the coupon. Nevertheless, choosing a
different location results in different temperature yet a similar sensi-
tivity pattern is observed. Therefore, it can be concluded that power is
the dominant factor in temperature generation while C4 and time show
significant effects as well. These results and observations provide valu-
able insights to have a better temperature control during the induction

Table 5
Critical strains for AUCTs bonded with different TPAFs with different process
conditions.

IH bonding Adhesive Material Mean Standard
method critical deviation
strain critical
[%] strain
Uncontrolled TPF3 CF-woven PEEK 0.56 0.065
TPF4 HTA-40 0.38 0.008
TPF5 0.33 0.039
Controlled TPF3 0.59 0.02
TPF4 0.57 0.096
TPF5 0.51 0.03
TPF3 CF- 0.71 0.04
None Reference unidirectional 0.64 0.06
epoxy PEEK APC2-AS4
adhesive
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Fig. 12. AUCT bonded with TPF3 with uncontrolled heating and cooling ramps.
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Fig. 13. AUCT bonded with TPF5 with controlled heating and cooling ramps.

cycle by dynamically adjusting the power and/or Cq while the process is
in progress. This can be achieved by rapidly heating the TPAF to its Tp,
maintaining it at that temperature for a desired duration, and then
gradually cooling it to its T. These findings are presented in Fig. 7. In the
first method (shown in solid red line), a power of 150 Amp, C4 of 7 mm,
and a time of 35 seconds were utilized. This configuration results in a
very high HR (200°C/min), quickly reaching the required temperature
of 150°C. The T, is achieved before the process concludes, and the
material is allowed to cool at room temperature, leading to a very high
CR (43°C/min). In the second method (shown in solid green), a pre-
defined combination of power (70 Amp) and Cd (3 mm) was employed,
leading to a low HR and ensuring the temperature stabilizes around the
Ty, of the TPAF i.e., 150°C. The T;, is maintained for a desired amount of
time (approximately 2-3 minutes) before ending the process. Subse-
quently, the material is allowed to cool at room temperature, resulting in
a rapid cooling, similar to the first method. In this scenario, the time
taken to attain the T, increases significantly by around eight minutes
compared to the first case, leading to an inefficient process. In both of

these cases, the CR remains high, potentially impacting crystallinity and
consequently affecting the mechanical properties of the adhesive bond.
In the third method (shown in solid blue line), a power of 150 Amp and a
Cd of 3 mm are initially applied to rapidly reach the Ty, of the TPAF.
Following this, the power is adjusted to 130 Amp, stabilizing the tem-
perature around the Ty, (i.e., 150°C) for a few minutes to ensure thor-
ough melting of the TPAF. Subsequently, the power is gradually reduced
in incremental steps, leading to a slow cooling of the material until it
reaches the T, of around 45°C. The observed average CR is 12°C/min.
The heating and cooling rates achieved during the different processing
methods can have a significant influence on the crystallinity and me-
chanical properties of the TPAF. Consequently, enhanced control of both
heating and cooling profiles is essential for optimizing the final adhesive
bond. This study indicates that dynamic adjustment of power and/or Cy4
during the induction process can enhance temperature control, thereby
allowing for more effective control of the heating and cooling ramps.
Both power and distance were utilized as controlling parameters to
govern the heating and cooling ramps. However, for the matter of



T. Sofi et al.

“Crack forted during -~

P|ezoc¢ram|.c .-~ coupon cutting .

Debonding

(C)AUCT bonded on HTA-40 with TPF5 after test.

Composites Part C: Open Access 17 (2025) 100568

(d) AUCT bonded on APC2-AS4 with TPF3 after test.

Fig. 14. Micrographs before and after the bending test for AUCTs bonded on different materials with different TPAFs.

discussion, the focus is placed on the power as a controlling parameter.
These different processing methods influence the properties of the
TPAFs, which are discussed in section 3.4.1.

3.3. Thermal analysis

The results obtained from the investigation of five distinct test cases
with different HRs and CRs shown in Fig. 8, simulating three processing
methods for the TPF4 and TPF5 are depicted in Figs. 9 and 10 respec-
tively. Fig. 9(a) shows the DSC plots, while Fig. 9(b) shows the values of
the Tpps and melting enthalpies obtained during the five distinct test
cases for the TPF4. In the case of the TPF4, no considerable variation in
the T, was observed across the five cases. The highest T, values were
observed for cases 1B and 3B, in which isothermal conditions were
maintained at the T, to ensure complete melting of the TPAFs.
Conversely, the lowest Ty, was observed in the case 1A in which the
TPAFs underwent rapid heating and slow cooling. Although there is not
a major difference which suggests that the HR and CR do not exert a
significant influence on the melting characteristics of the semi-
crystalline TPAFs. Analyzing the enthalpy of fusion (melting enthalpy)
values, which is a direct indicator of the crystallinity, reveals that cases
3A and 3B which involved slow cooling exhibit the highest crystallinity.
The crystallinity itself was not calculated because the theoretical
melting enthalpies with 100% crystallinity was not available for the
polymers constituting the TPAFs. Thus, it is evident that slow cooling
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contributes to enhanced crystallinity and, consequently, improved me-
chanical properties of the adhesive bond. The difference between the
melting enthalpy of cases 1B and 3B is not substantial (3.4 J/g), it is
crucial to note that processing time for case 3B are 8-10 minutes longer
than the case 1B. Therefore, a careful consideration is needed to deter-
mine whether the effort justifies the benefits. If the priority is on
enhancing the mechanical properties of the adhesive bond, cases 3A or
3B may be preferable for TPAF processing. Conversely, if the focus is on
processing efficiency without significant compromise in the mechanical
properties, case 1B stands out as a viable option for TPAF processing.
Fig. 10(a) and Fig. 10(b) displays the DSC curves and Tgs obtained for
the five test cases of TPF5 respectively. For TPF5, characterized by an
amorphous structure, the absence of a Ty, is noted, and instead, it ex-
hibits a Tg. The results demonstrate almost same T, values across all five
test cases. Therefore, it can be said that the HR and CR do not have a
significant influence on the properties of the amorphous TPAF (TPF5).

3.4. Mechanical performance

3.4.1. Static tests

As discussed in Section 2.5, the CS of the AUCTs bonded with three
different TPAFs using IH was obtained through a four-point quasi static
flexural test. Two different CF reinforcement types were used and AUCTs
were bonded with controlled and uncontrolled heating and cooling
ramps. The discussion will specifically focus on the AUCTs bonded on
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Fig. 16. GWs for different sensor paths at baseline and after the end of the fatigue test. (a) S1-S3 and (b) S1-S5.

Table 6
The %RMSD in the GWs for different sensor paths before and after the fatigue
tests.

Sensor path  Mean %RMSD for the maximum of the GW envelope amplitude

between baseline and at the end of the fatigue tests.

50 kHz 250 kHz
$3-S1 4.84 4.67
S4-S2 7.88 6.40
S1-S3 6.96 3.66
S1-S4 27.25 9.78
S1-S5 14.49 33.46

HTA-40 with a semi-crystalline and the amorphous TPAFs namely TPF3
and TPFS5 respectively. For TPF3 both controlled and uncontrolled cases
will be discussed, while as for TPF5 only controlled case will be dis-
cussed. Similar, approach was used for the others TPAFs bonded on two
different CF reinforcements with uncontrolled and controlled heating
and cooling ramps to obtain the CS.

3.4.1.1. Controlled case. In this scenario, the heating and cooling ramps
were controlled during the IH bonding process of the AUCTSs, according
to the third method described in the Section 2.3. For the purpose of this
discussion, we will focus on one coupon on which the AUCT was bonded
with the TPF3. Similar analyses were conducted for various coupons,
both for the other samples of this particular TPAF and others. The strain
recorded on both the coupon and the AUCT throughout the complete
bending test of the coupon under consideration is plotted in Fig. 11(a).
When examining the strain measurements, two distinct observations
emerge: First, there is a noticeable abrupt rise in the AUCT strain slope,
while the strain slope on the coupon may or may not exhibit a significant
alteration (shown by red dots). Second, there is an abrupt decline in the
AUCT strain slope (shown by magenta stars), however, the strain slope
on the coupon remains relatively unchanged. When the crack on the
AUCT occurs beneath the strain gauge placed on the AUCT, the strain
gauge experiences a sudden increase in the tensile strain and the slope of
the tensile strain. This abrupt elevation in the AUCT strain slope is
speculated to be associated with this particular crack type. Conversely,
when the crack on the AUCT occurs outside the strain gauge placed on
the AUCT, the strain gauge experiences a relatively compressive strain
despite the overall strain on the AUCT being tensile, this results in a
sudden decrease in the strain and the slope of tensile strain. Similar
effects arise in scenarios involving debonding between the AUCT and the
host surface, leading to a strain relaxation and decline in the tensile
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strain slope. Therefore, the distinction between the location of the crack
relative to the gauge influences whether the strain slope change is
perceived as tensile or compressive. These abrupt changes in the strain
serve as a valuable indicator for assessing the health of the AUCT. Both
of these fluctuations are accompanied by spikes in the voltage signal.

Fig. 11(b) shows a plot of strain recorded on the coupon against the
strain observed on the AUCT for each strain ramp. Up to the 0.5% strain
ramp, a nearly linear correlation is evident, indicating close similarity in
strain between the coupon and the AUCT, without any noticeable fluc-
tuations until the AUCT break. This indicates a consistent load-sharing
behavior and strong adhesive integrity, as strain is uniformly trans-
ferred without fluctuations. However, for the 0.6% and 0.7% strain
ramps, a sudden increase in AUCT strain is observed which corresponds
to a crack occurring beneath the strain gauge on the AUCT. Additionally,
the fluctuation in the slope of the AUCT strain during the 0.8%, corre-
sponds to a crack occurring outside the strain gauge on the AUCT, or
debonding between the AUCT and the composite surface. Fig. 11(c)
shows a time plot featuring multiple y-axes that depict voltage measured
on the AUCT and strain values for the coupon and the AUCT during a
strain ramp of 0.1% to 0.6% on the coupon under discussion. This
particular ramp was selected because it was the initial strain ramp where
a spike in both strain and voltage signals was detected, as indicated in
Fig. 11(a) and (b). As the strain increases from 0.1% to 0.6%, the voltage
response remains relatively steady until the AUCT breakage, is marked
by a sudden spike in the voltage signal. This spike in voltage is a result of
the piezoelectric effect triggered by an abrupt change in the strain
experienced by the AUCT. To determine the CS, the strain for this ramp
is plotted together with the voltage signal as shown in Fig. 11(c). The
strain on the coupon where this first voltage spike is accompanied with a
decrease in the voltage signal is considered as the CS. The CS is encircled
in magenta in Fig. 11(a) and highlighted by a black dot in Fig. 11(c). This
effect, where sudden changes in the strain and voltage occur, marks the
critical point of AUCT failure and indicates the fracture point and hence
the CS of the AUCT. A few fluctuations in the strain data are also
observed at some points of the voltage signal which are caused due to
the machine and not attributed to any changes in the AUCT character-
istics, as also confirmed by corresponding strain values. The breaking of
the AUCT was clearly audible during the test.

The EMS spectra measured at 0.1% strain following each loading and
unloading strain ramps are shown in Fig. 11(d). An observable shift in
the EMS spectra occurs notably after the application of 0.6% strain,
consistent with earlier findings obtained from the voltage and strain
data. This shift suggests an onset of damage within the AUCT or
debonding from the host surface, which manifests as detectable
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alterations in the EMS response. Following the 0.6% strain, reductions
are observed in both the frequency and the amplitude of the first reso-
nance, which continue to diminish further during the 0.7% and 0.8%
strain ramps. These continuous reductions in resonance parameters
beyond 0.6% strain imply progressive material degradation, likely
associated with cumulative cracking or debonding effects. From these
analyses the average CS for all coupons for this TPAF bonded under
controlled conditions was found to be 0.59% as shown in Table 5. This
CS value provides a quantifiable threshold for assessing AUCT’s health
and bond integrity.

3.4.1.2. Uncontrolled case. This section discusses the results for an
AUCT bonded on a HTA-40 coupon with TPF3 under uncontrolled
cooling ramps. This allows for comparison with the controlled condi-
tions of the same TPAF, which is helpful for understanding how tem-
perature control can influence the bond properties. The CS was
determined following the same methodology as that of uncontrolled
case discussed previously. Similar trends were observed in the
controlled case, characterized by sudden fluctuations in the strain data
during specific strain ramps. Specifically, in this case, the initial fluc-
tuation is observed during the 0.5% strain ramp. The strain recorded on
the coupon vs the strain measured on the AUCT for each strain ramp is
shown in Fig. 12(a). A sudden increase in AUCT strain is observed during
the 0.5% strain ramp. Additionally, a sudden decrease in the strain was
observed during the 0.6% strain ramp, and for the 0.7% and 0.8% strain
ramp, both sudden increase and decrease in the strain were observed.
The coupon strain, the AUCT strain, and the corresponding voltage
measured on the AUCT are plotted for the strain ramp of 0.1% to 0.5% in
Fig. 12(b). In the case of uncontrolled cooling ramps, small deviations
between the AUCT and coupon strain are observed even before AUCT
damage, a behavior absent in the controlled cooling scenario. These
findings reinforce the idea that controlled cooling ramps stabilize strain
behavior, as uncontrolled conditions result in early strain fluctuations
prior to cracking and an increase in overall strain variability. The
average CS for all coupons of TPF3 was found to be 0.56% as shown in
Table 5.

In Fig. 13(a) and Fig. 13(b), similar plots are presented for the
amorphous TPAF namely TPF5. While examining TPF3, it was noticed
that the strains on the coupon and the AUCT were quite similar until the
breakpoint. However, in the case of TPF5, the AUCT showed higher
strains than the coupon even before reaching the breakpoint. Moreover,
the slope of the voltage curve for TPF5 was notably steeper compared to
TPF3 in both controlled and uncontrolled cases. This disparity is
attributed to higher Shear modulus of the TPF5 (2.81+0.11 MPa as
compared to 1.52+0.31 MPa for TPF3), resulting in increased strain
transmission from the coupon to the AUCT, consequently leading to a
steeper voltage curve slope. This characteristic is advantageous in the
transmission and reception of GWs. However, it also can cause the AUCT
to fail at lower strains, as can be seen in Table 5 that TPF5 exhibits lower
CS values for both controlled and uncontrolled cases as compared to
TPF3 which has comparatively lower Shear modulus. The CS of all the
AUCTs bonded with controlled and uncontrolled on different materials
with various TPFs is shown in Table 5.

It can be seen that the AUCTs bonded with a controlled induction
cycle have higher CS. This is expected as slower cooling can increase the
crystallinity and therefore the mechanical properties. However, the in-
duction time also increases around by a factor of 10 (from 1-2 min to
10-11 min). Based on the application if higher CS is desired then the
controlled induction ramp can be used, otherwise, if the required CS
strain is lower, then the uncontrolled induction ramp can be applied.
The average CS of the AUCTs bonded with TPF3 on the APC2-AS4
coupons through controlled IH ramps was found to be 0.71%,
exceeding the controlled case of AUCTs bonded with TPF3 on the HTA-
40 material by more than 0.1%. This higher CS in the APC2-AS4 com-
posite can be attributed to two primary factors. Firstly, the higher
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surface roughness of the APC2-AS4 material may contribute to improved
bonding. Secondly, the unidirectional nature of APC2-AS4, character-
ized by a continuous surface and consistent fiber alignment, facilitates
enhanced contact and creates more uniform bonding. For reference,
previous studies have reported the CS for similar AUCTs which were
either co-bonded or bonded with epoxy adhesives on the composite
coupons to be 0.58% [20], 0.5% [21], and 0.58% [28]. The average CS
of AUCTSs bonded with the reference epoxy film in this study was 0.64%.
Therefore, it can be inferred that the AUCTs bonded using the proposed
method with TPAFs exhibit comparable if not superior, mechanical
performance in terms of the ultimate strain.

The micrographs of certain coupons before and after undergoing the
bending tests are shown in Fig. 14(a-d). These images reveal various
failure modes, including debonding between the AUCT and the adhe-
sive, debonding between the composite and the adhesive, and cracks
within the AUCT. Notably, there is an absence of delamination in the
AUCT, which itself is a composite composed of an encapsulation layer,
electrode layer (Copper mesh), and the piezoceramic, indicating a
robust transducer structure. The separation occurs predominantly at the
interface between the composite and the adhesive, rather than at the
interface between the AUCT and the adhesive as observed in most of the
micrographs. This indicates that the bonding affinity at the composite
and adhesive interface is weaker compared to the AUCT and adhesive
interface. This could be because PEEK is a high-performance polymer
with low surface energy and does not bond easily. This insight un-
derlines the necessity of surface treatments or alternative adhesives to
enhance bond strength with PEEK substrates. Additionally, a delami-
nation and/or crack running along the length of the AUCT is visible on
the upper side of the piezoceramic in both tested and untested cases.
Since this crack or delamination is also present in the untested case, it is
suspected to have formed during the cutting and polishing process of the
coupon rather than during the bending tests.

3.4.2. Cyclic tests. The preliminary assessment of the long-term per-
formance of the AUCTs bonded with different TPAFs (S1-S5) was carried
out through tensile-tensile fatigue tests. However, this evaluation rep-
resents only an initial study, and further in-depth research is needed to
draw conclusive results. The EMS spectra of different AUCTs measured
at the baseline and after a specified number of fatigue cycles are shown
in Fig. 15(a-e). The results show a minimal change in the EMS spectra of
the AUCTs S1, S2, and S3, suggesting good fatigue resistance and
structural integrity, particularly for S1 and S3. However, a notable
change was observed in the EMS spectra of the S4 and S5. This was
observed in both of the two coupons tested. The change in EMS was
analyzed across two parameters: the RMSD in the entire EMS spectrum
and the frequency of the first resonance. The mean %RMSD change
between the baseline (first measurement) and the post-test frequencies
and amplitudes for the first resonance for S1 to S5 is plotted in Fig. 15(f).
A minor change in the EMS spectra was observed across all the AUCTs,
with the biggest mean RMSD of 1.9% occurring in case of S5, followed
by S4 with a deviation of 1.2%. Regarding the change in the first reso-
nance frequency, no change was observed in the case of S1 and S2,
whereas in the other AUCTs, a minor change in the frequencies was
observed. The biggest change occurred in S5 with a total mean RMSD of
3.7%, followed by S4 with a mean change of 2.1%. Hence, S1 and S3
demonstrated exceptional performance, with minimal changes observed
in both the EMS spectrum and the resonant frequency, indicating min-
imal AUCT damage or debonding. Conversely, in the case of S4 and S5,
some changes were observed, although they were not significant, indi-
cating moderate durability in cyclic loading.

In addition to examining the EMS spectra, GW signal measurements
served as an additional indicator for assessing the performance of the
AUCT in the fatigue tests and offer a more comprehensive understanding
of AUCT behavior under cyclic loading. For the sake of the discussion,
two cases are presented showing results for S3 and S5, which represent
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minor to significant change in the EMS spectra as shown in the previous
section. Fig. 16(a) depicts GWs actuated at S1 and received at S3 at 50
KHz and 250 kHz, with a fitted envelope using the Hilbert transform,
both at baseline and after the completion of the fatigue test for the initial
segment of the signal. Similarly, Fig. 16(b) shows the same for the sensor
path S1-S5. The comparison reveals a minor change in the amplitude of
the GWs after the fatigue test for the S1-S3 sensor path with a mean
RMSD of less than 10%. However, in the case of the sensor path S1-S5,
some significant changes are observed in the amplitude of the wave with
a mean RMSD of 33.4%, alongside an observable shift in the 250 kHz
frequency wave. These findings align with the observations made in the
EMS results. Specifically, the AUCT S3 showed minor changes in its EMS
spectra, thereby reflecting minor alterations in the GW signals.
Conversely, AUCT S5 exhibited significant changes in the EMS spectra,
which were also observable in the GWs. These observations underline
the utility of combining EMS spectra and GW measurements as more
comprehensive measurements for assessing AUCT performance in fa-
tigue tests, allowing for more informed diagnosis of AUCTs in practical
applications. The RMSD in the GW amplitude for different sensor paths
is presented in Table 6. It is important to note that only two coupons
were tested in the fatigue assessment, and the relatively high standard
deviation observed in the results indicates that additional testing is
necessary to draw definitive conclusions. Conducting a larger number of
tests will provide a more robust statistical analysis, allowing for a clearer
understanding of the performance variability across different TPAFs.

4. Conclusion

A novel, rapid, and economical method of bonding PZTs to com-
posites using IH is proposed in this study. The study demonstrated a
significant reduction in bonding time from hours to minutes for
attaching AUCTSs to composite parts using TPAFS. Therefore, signifi-
cantly enhancing the process efficiency. An extensive study was carried
out to understand the fundamentals of the process and examine the in-
fluence of different process parameters. The main findings are summa-
rized below:

Process insights:
e Among the process parameters, power has the highest influence on
the temperatures generated.
Dynamic adjustments of power and/or Cg enable controlled heating/
cooling ramps to process semi-crystalline TPAFs for bonding the
PCTs.

Material findings:

Semi-crystalline TPAFs showed minor crystallinity increases; the Ty
of the amorphous TPAF did not show significant change.

PCTs bonded with semi-crystalline as well as the amorphous TPAF
exhibited good CS, with some outperforming conventional epoxy-
bonded or oven-bonded counterparts.

Fatigue performance was excellent for TPF1-TPF3; TPF4 and TPF5
showed significant changes during the fatigue test.

Conclusions:

The proposed novel method is an efficient bonding procedure for

PCTs to composite structures, demonstrating its rapidity, cost-

effectiveness, and capability for industrial bonding.

Processing of TPAFs does not adversely affect their properties.

e PCTs bonded with some TPFs particularly TPF3, demonstrated the
capability to endure high strains and exhibited good performance
under sustained loads over extended durations.
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In this study, only two fatigue tests were conducted, which is
insufficient to draw definitive conclusions regarding the long-term
performance of AUCTs bonded with the proposed TPAFs. Therefore,
further testing is necessary to determine the performance of the AUCTSs
bonded with the proposed TPAFs over extended fatigue tests and cycles.
Additionally, it is essential to assess the potential of this proposed
technique in terms of signal quality and accurate damage detection
when compared to a conventional bonding method.

Hence, expanding upon this study would involve performing addi-
tional fatigue testing with an increased number of fatigue cycles as well
as additional environmental condition assessments. Moreover, the aim
would involve measuring the signal quality acquired from the AUCTs
bonded through the proposed approach and evaluating their efficiency
in accurately detecting damage within composite structures. Exploring
the potential extension of this method to attach other sensors like strain
gauges, fiber Bragg grating sensors, etc., presents an intriguing topic for
investigation. Additionally, investigating the feasibility of an automated
bonding process for PCTs onto composite structures using this inventive
method would be an exciting area for further exploration.
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