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Abstract

This comprehensive study evaluates the performance of advanced thermoplastic composites’ adhesively bonded
joints (ABIJs), focusing on fracture toughness and dynamic-mechanical analysis (DMA) across a wide range of
environmental conditions: room temperature (RT), low temperature (LT), high temperature (HT), and cyclic
hygrothermal (CHT). Fracture toughness of ABJs are assessed using double cantilever beam (DCB) and end-
notched flexure (ENF) tests. Moreover, extensive efforts to bridge the gap in understanding fracture failure
behavior, using acoustic emission (AE) monitoring, detailed stereo microscopy, and scanning electron microscopy
(SEM), achieve a comprehensive understanding of the effects of various environmental conditions. Results
indicate that HT and CHT conditions significantly reduce both mode-I and mode-II fracture toughness compared
to RT, whereas LT conditions enhance mode-II toughness despite decreasing mode-I toughness. ENF and DMA
results consistently demonstrate that LT-conditioned specimens exhibit the highest performance, whereas HT-
conditioned specimens demonstrate the lowest. The combined effects of thermal cycling and moisture in CHT
conditions lead to intermediate storage modulus and a reduced glass transition temperature (Tg) of adhesive film.
The novel findings exhibit the critical role of environmental factors in designing ABJs for acrospace applications,

aiming to optimize performance and reliability under varying operational conditions.
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Abbreviations and nomenclature

ABJ Adhesively bonded joint HDT Hit definition time
ADH Adhesive failure HPTPC High-performance thermoplastic
composites

AE Acoustic emission HT High temperature

AF Adhesive film KFF Knitted fiber failure

APA Atmospheric plasma activation LAFP Laser-assisted automated fiber placement

CF Carbon fiber LFT Light fiber tear failure

CFF Carbon fiber failure LT Low temperature

CFRP Carbon fiber reinforced plastic MC Matrix cracking

CHT Cyclic hygrothermal NDT Nondestructive testing

COH Cobhesive failure PEKK polyether-ether-ketone-ketone

CTE Coefficients of thermal expansion RH Relative humidity

DCB Double cantilever beam RT Room temperature

DMA Dynamics mechanical analysis SEM Scanning electron microscopy

ENF End-notched flexure SFE Surface free energy

EHT Electron high tension SHM Structural health monitoring

Gic Mode-I interlaminar fracture Ty Glass transition temperature
toughness

Gic-init Mode-I interlaminar fracture TLC Thin-layer cohesive failure
toughness of the initiation region

Gicprop  Mode-I interlaminar fracture WB Wideband

toughness of the propagation region
HLT Hit lockout time

1. Introduction

High-performance thermoplastic composites (HPTPCs) have gained significant attention in aerospace
applications owing to their superior advantages including high damage tolerance, chemical stability, impact
resistance. Adhesively bonded joints (ABJs) have emerged as a critical technique for assembling HPTPC
structures, offering advantages such as weight reduction, improved fatigue resistance, enhanced structural
integrity, compared to traditional methods like mechanical fastening or fusion bonding [1-3]. However, surface
treatment plays a significant role in achieving high bonding quality by establish appropriate surface conditions
characterized by the desired levels of roughness, surface free energy (SFE), and wettability [4]. In comparison to
traditional treatment methods such as solvent cleaning, peel-ply treatment, sanding, chemical etching, and blasting
techniques, atmospheric plasma activation (APA) offers several notable advantages. With APA, the surface is
treated by forming polar groups such as carbonyl, carboxyl, and hydroxyl on the surface of the adherend, leading
to an augmentation in SFE and roughness. Consequently, APA has become increasingly favored as a surface
treatment method, largely due to its numerous advantages, including cost-effectiveness, shortened processing

time, wide field application, environmentally and healthily friendly, and uniform adhesion properties [5,6]. While



the potential advantages of ABJs have sparked growing interest in the industry, concerns arise regarding their
durability and long-term performance under operating conditions [7].

The aerospace industry presents exceptionally challenging operational conditions, where composite materials
used for aircraft structural components encounter a variety of demanding chemical and physical environmental
factors during service [8—10]. These factors include extreme temperatures, humidity, UV radiation, chemical
exposure, and mechanical stresses, all of which can impact the performance and longevity of the materials. Among
these, temperature changes significantly impact the strength and fracture behavior of ABJs due to alterations in
adhesive performance and residual stresses at the interface, resulting from differences in the coefficients of
thermal expansion (CTE) of their components [11]. Elevated temperatures reduce adhesive strength, while lower
temperatures induce high thermal stresses and increase adhesive brittleness. At higher temperatures, softening of
the resin matrix and adhesives leads to an increased viscoelastic response, primarily impacting the properties of
the resin matrix. Conversely, at lower temperatures, which simulate cryogenic conditions, the matrix exhibits
increased brittleness, resulting in reduced mechanical performance, particularly in Mode-I fracture toughness.

Additionally, cycling hygrothermal loading simulates real-world conditions encountered in aerospace
operations, such as those experienced during the takeoff and landing phases of aircraft. This loading regime has
the potential to significantly degrade the performance of ABJs due to the combined disruptive effects of
temperature and moisture [12,13]. Moisture initiates plasticization and swelling in both the adhesive matrix and
the matrix phase of composite laminates [14]. This leads to a weakened interface both adhesive-adherend and
adhesive-supporting carrier of adhesive. Additionally, combination of moisture absorption, CTE and thermal
shock can create residual stresses within the ABJs [15]. Therefore, the influence of temperature and moisture on
the strength and fracture toughness of ABJs is a crucial factor that must be considered for optimizing design and
material selection for specific applications.

Adhesively bonded composite joints in service often face a range of loading conditions, including opening
(mode-I) and sliding (mode-II) forces, which are critical for assessing the fracture toughness of these joints.
Failure to adequately address these stresses can inflict severe damage on the primary structure, potentially leading
to catastrophic failure [16,17]. Thereby, the literature includes studies that provide experimental results
particularly on the fracture toughness of ABJs under various environmental conditions. Banea et al. [18,19] have
studied the effects of temperature on the fracture toughness of ABJs under mode-I and mode-II loading conditions.
They have found that the fracture-strength, -stress, and -toughness of ABJs are temperature-dependent. Their

results indicate that fracture toughness increases up to the Tg, but decreases abruptly and significantly at



temperatures above Tg. Ashcroft et al. [20] have investigated the effect of temperature on epoxy-bonded carbon
fiber reinforced plastic (CFRP) joints at -50°C, 22°C and 90°C. The highest (1500 J/m?) and lowest (250 J/m?)
opening mode-I interlaminar fracture toughness (Gic) are obtained at 90°C and -50°C, respectively. Fractures in
the composite observed at LT become cohesive failure as the temperature increases, thereby increasing the fracture
energy. Yoshimura et al. [21] have also emphasized a significant reduction in mode-I fracture toughness of
adhesively bonded CFRP joints characterized by DCB tests at LT, attributed to a shift in fracture behavior from
cohesive to adhesive failure. In contrast, ENF test results have revealed that mode-II fracture toughness increases
at LT compared to RT. Similarly, Melcher et al. [22] have reported an approximately 58% reduction in mode-I
fracture toughness for ABJs with thermoset-based adherends at LT compared to those at RT. Monsef et al. [23]
have assessed the effect of temperature on the fracture toughness of secondary bonded CFRP joints using two
types of adhesive films. The DCB test results, conducted at —55°C, RT, and 80°C, have showed that the adhesive
films become more brittle at LT, leading to unstable crack propagation and reduced fracture toughness.
Additionally, both adhesive films have demonstrated that high temperature (80°C) also affects the fracture
toughness of the joints. Brito et al. [24] have conducted experimental characterization of the mode-I of ABJs
manufactured through co-cured and co-bonded processes under various environmental conditions, including
temperatures of 25°C and -55°C. Specimens tested at RT (25°C) and LT (-55°C) show consistent outcomes across
both manufacturing methods. Load-opening displacement curves indicates a reduction in maximum load as
temperature decreased, with a noticeable abrupt crack propagation observes at LT. Additionally, Gic declines with
decreasing temperature under both productions due to the presence of temperature and moisture which affect the
joint performance. Katsiropoulos et al. [25] have characterized the effect of thermal aging (as a cyclic thermal
conditioning between -55°C and 80°C) and, wet aging with different adhesive type and thickness on the fracture
toughness (mode-I and mode-II) experimentally. In addition to the observed strong dependence on adhesive
thickness, the thermal aging and wet aging process significantly alters the Gic performance of ABJs. Nevertheless,
the literature lacks information on the examination of fracture toughness under a broader range of environmental
conditions that more accurately represent real-life operational scenarios, particularly for thermoplastic adherends.

Moreover, nondestructive testing (NDT) methods, particularly acoustic emission (AE), are effectively used
for ABJs to monitor structural integrity, identify dominant damage types and failure modes, and correlate these
factors with joint performance. Specifically, during double cantilever beam (DCB) tests, AE inspection has been
widely applied in research. For example, Freitas et al. [26] have used AE methods to obtain distinct AE signals

associated with different characteristics of crack propagation at the interface and within the adhesive layer. Droubi



et al. [27] have employed AE technique to examine the impact of bond quality on the failure process of ABJs.
Lima et al. [28] have investigated the effect of different stacking sequences of composite adherends using the AE
approach to identify fracture mechanisms in ABJs. More recently, Yildirim et al. [5] and Liu et al. [29] have
demonstrated the successful application of AE inspection for damage assessment in ABJs with both thermoplastic
and thermoset adherends, respectively, during mode-I and mode-II tests. These studies comprehensively analyze
the passive and dynamic characteristics of stress waves generated by crack movement, offering real-time
monitoring of damage occurrence and propagation in ABJs. However, there remains a gap in the literature
regarding the understanding of fracture toughness behavior, damage progression, and the identification of damage
types in ABJs under various environmental conditions using AE inspection.

Despite extensive research on thermoset-based composite materials and adhesive bonding techniques, there
remains a need to comprehensively investigate the fracture toughness behavior of adhesively bonded
thermoplastic composite joints under diverse service conditions. This study aims to fill this gap by investigating
the fracture toughness behavior and sophisticated failure characterization of thermoplastic-based ABJs under
different environmental conditions, including room temperature (RT), low temperature (LT), high temperature
(HT), and cycling hygrothermal (CHT). By systematically evaluating the influence of these environmental factors
on joint integrity, this research seeks to provide valuable insights into the performance and reliability of bonded

composite structures in diverse operating environments.

2. Materials and Experimental Methods
2.1 Materials

For the manufacturing of the thermoplastic composite laminates as the adherend, Toray Cetex® TC1320
unidirectional carbon-fiber (CF) reinforced polyether-ether-ketone-ketone (PEKK) semi-preg slitted tape,
featuring a nominal thickness of 0.15 mm and a width of 6.35 mm, is procured from Toray Advanced Composites,
USA. The constituents of the slit tape are unidirectional CF (AS4D 12K) and semi-crystalline PEKK. The fiber
areal weight measures 300 g/m?, accompanied by a resin content of 34 weight percentage (wt%). The Scotch-
Weld AF 163-2K structural adhesive film (3M Company), a thermoset-based adhesive in film form with a knit
supporting carrier and a nominal thickness of 0.241 mm, is used to prepare the ABJs. Extra pure isopropyl alcohol
(>99.5% purity, Tekkim Chemistry, Ltd) is used as solvents to clean the adherend surfaces. The non-perforated
teflon film (commercial code WL52000B, Airtech), with a thickness of 20 um, is used as a crack tip insert to

facilitate controlled crack initiation and propagation in fracture toughness testing.



2.2 Experimental Procedure
2.2.1  Specimen preparation

The CF/PEKK composite laminates with a [0°]6 stacking sequence are manufactured using the laser-
assisted automated fiber placement (LAFP) system (Coriolis C1), ensuring precise fiber placement. This is
followed by autoclave consolidation to achieve optimal mechanical properties and minimal void content. The
interested reader may refer to the references for a detailed account of CF/PEKK laminate manufacturing [30]. In
previous study conducted by the authors, the average fiber volume fraction and void content of CF/PEKK
adherends are found to be 57.47% and 0.46%, respectively, based on tests performed according to ASTM D792
standard, Method B [30].

The APA treatment is conducted using the OpenAir® FG 5001 atmospheric plasma equipment
(Plasmatreat GmbH, Steinhagen, Germany) with a 25 mm nozzle diameter. Optimal parameters from our previous
studies [5,6] are applied, including a nozzle distance of 15 mm, a scan speed of 40 mm/s, and a total of three
scans. Before applying the APA, the adherend surfaces are cleaned with isopropyl alcohol (IPA) to remove
contaminants and are air-dried in a controlled environment. After subjecting the specimens to APA treatment, the
pre-conditioned adhesive films (AFs) are affixed onto the adherends and cured (at 120°C for 2h), following the
procedure described in our previous study [6]. This process prepares the specimens for fracture toughness tests
and dynamic mechanical analyses. The preparation of the double cantilever beam (DCB) specimen for mode-I
tests (Figure 1a) and the end notched flexural (ENF) specimen for mode-II tests (Figure 1b) follows ASTM
D5528 [31] and ASTM D7905 [32] standards, respectively. The specimens for dynamic mechanical analysis
(DMA) tests are prepared as illustrated in Figure 1c. In these specimens, the adherend dimensions specified in
the lap-shear test (ASTM D1002 [33]) are reduced by half to ensure the specimen is aligned parallel to the

horizontal plane of the testing machine, with tabs included.
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Figure 1 Schematic representation of ABJs specimens for (a) DCB, (b) ENF, and (c) DMA tests.

2.2.2  Artificial environmental conditions

Four distinct thermal condition scenarios are designed to mimic service circumstances for adhesively
bonded CF/PEKK composite joints, as outlined in Table 1. These scenarios aim to evaluate the joints' performance
under the following conditions: i. room temperature (RT), ii. high temperature (HT), iii. low temperature (LT),
and iv. cycling thermal conditions. The first set, which is allowed to rest at RT (approximately 25°C) for 1 hour
after the curing process, is tested under ambient conditions. The second and third sets are exposed to low (-40 °C)
and high (70°C) temperatures for 1 hour in the climatic chamber of INSTRON 5982 universal testing machine
(Supplementary Figure S1) and Mettler Toledo DMA/SDTAS861¢ instrument [34]. The fourth set is subjected to
the D4 cycle in a climatic chamber (Vo6tsch, VC3 7150) in accordance with EN ISO 9142 [35]. The D4 cycle
involves a sequence of humid-heat and cold phases, designed to simulate thermal shock and humidity effects on
the ABIJs, providing insights into their long-term performance under fluctuating environmental conditions.
According to the ISO 9142 D4 cycle [35], the specimens are heated to 70°C and held for 5 hours at 90% relative
humidity (RH). Subsequently, they are cooled to -40°C and held for 5 hours without RH control. This sequence
constitutes one cycle, with each cycle taking approximately 12 hours. The total number of cycles is around 120
(see in Table 1). The mass gain has been measured an increase of 0.2% at the end of the 60-day CHT conditioning
period. This finding is consistent with the results of Sukur et al. [36], which shows that AFP-manufactured and

autoclave-consolidated CF/PEKK laminates reaches saturation within one month of hygrothermal aging.

Table 1. Thermal conditioning scenarios of adhesively bonded CF/PEKK joints.

Room High Low .
Cycling Hygrothermal
Temperature Temperature Temperature (CHT)
(RT) (HT) (LT)
Environmental 25°C 70 °C 40 °C 70 °C (90% RH) <> -40 °C (0% RH)
Condition
Duration 1 hour 1 hour 1 hour 60 days (~120 cycles)




2.2.3  Fracture toughness tests and dynamic mechanical analyses

To identify the effect of service condition on the delamination resistance of the ABJs, mode-I and mode-
II fracture toughness are investigated followed by ASTM D5528 and ASTM D7905 standards of INSTRON 5982
universal testing machine with a 100 kN load cell. Tensile force is applied to aluminum loading blocks affixed to
the ends of the DCB specimens to initiate crack propagation. Crack propagation in DCB specimens, whose side
surfaces are marked with straight lines to aid in monitoring crack propagation, is visually monitored using a 10X
LED magnifier and real-time of results is recorded by integrated button on the testing apparatus. To determine the
characteristics of defects in stress waves caused by sudden crack movement during mode-I test, real-time
comprehensive monitoring of damage accuracy and propagation in ABJs is conducted using the Mistras PCI-2
AE system with two wideband (WB) sensors attached to the specimen surface. Signal quality is enhanced using
two preamplifiers with 20 dB gain and analog filters operating between 1 kHz and 3 MHz, with a 45 dB threshold
value applied to eliminate ambient noise. The AE parameters are configured as follows: peak definition time
(PDT) = 50 ps, hit definition time (HDT) = 150 ps, hit lockout time (HLT) = 300 ps, and maximum duration =
100 ps. The sample rate, trigger value, and hit length value are determined to be 2 MSPS, 100 ps, and 2 K,
respectively.

Dynamics mechanical analysis (DMA) is performed on joint specimens (Figure 1c¢) exposed to four
different thermal conditions to reveal the dynamic-mechanical behavior of ABJs. The DMA tests are conducted
using a Mettler Toledo DMA/SDTAS861°¢ instrument in 3-point bending mode (to be able to correlate with finding
of ENF tests [37]), at a frequency of 1.00 Hz and a heating rate of 3°C/min. The RT specimens and CHT specimens
(conditioned in the climatic chamber) are tested within the temperature range of 25°C to 250°C. The LT and HT
specimens, which are conditioned in the DMA instrument at -40°C and 70°C respectively, are tested up to 250°C.
These specimens are allowed to equilibrate at their respective temperatures for 1 hour each before testing begins,
with the tests starting at these temperatures.

2.2.4.  Fracture surface examination

Two distinct microscopy techniques are employed to assess the impact of service conditions on the
fracture surface, damage classification, and interfacial morphology of ABJs. Macro images are captured using a
Nikon SMZ800N Stereo microscope. Detailed surface morphologies are conducted utilizing a Zeiss Leo Supra
VP35 scanning electron microscopy (SEM), operated at an electron high tension (EHT) voltage of 5 kV and a

working distance of 12-16 mm range. The secondary electron detector is selected for generating SEM images.



3. Results and Discussion

3.1 Opening Mode (mode-I) Results

Representative load versus crack opening displacement curves for DCB samples conditioned under different
environmental conditions are presented in Figure 2a and photographic images showing the failure behaviors are
provided in Figure 3. The load-displacement curves for RT, HT, and CHT conditioned specimens show minimal
sharp peaks, indicating a transition from unstable to stable crack propagation compared to LT specimens’ curve.
This is characterized by slower and more controlled crack propagation with frequent load drops. This behavior
can be attributed to the inherent viscoelastic properties of the adhesive, which cause thermal stresses to dissipate
rapidly [15]. Specifically, under HT conditions, the adhesive film (AF) exhibits increased ductility [12], promoting
easier crack propagation and smoother load drop-offs. These findings, which show higher load values in the load-
displacement curves during the initial stage of critical crack propagation compared to LT, are supported by
photographic images of specimens conditioned at RT, HT, and CHT (Figure 3a,b,d). The images indicate fiber
debonding and bridging under load. However, the increased ductility of the adhesive matrix at HT facilitates easier
debonding of the knitted supporting carrier, as shown in Figure 3b, suggesting that this AF may not be effective
for load-bearing at elevated temperatures.

In LT-conditioned specimens, a notable difference among the other specimens is the distinct peak load
observed at the beginning of delamination propagation. These cold-exposed specimens frequently exhibit
adhesive stick-slip behavior, characterized by a load increase without crack growth, followed by a sudden and
sharp load drop due to unstable crack propagation (see Figure 3c¢) [5]. This delay in crack propagation is caused
by the absorption of elastic energy within the system. Once the absorbed energy exceeds the threshold required
for crack propagation, the delamination process resumes until the energy is depleted, resulting in an unstable crack
propagation pattern. Unlike thermoset-based ABJs, which exhibit stable and brittle fractures at LT and
discontinuous crack growth with stick-slip behavior at RT, thermoplastic-based ABJs show stable crack
propagation at RT and stick-slip crack growth at LT [20].

The load-displacement curve of CHT-conditioned specimens exhibits a trend akin to those of RT and HT-
conditioned counterparts, yet with a notable distinction: its maximum load value falls between that of RT and HT-
conditioned ones. This suggests a nuanced response to the combined thermal and humidity conditions. Thermal
cycling and humidity at 70°C can prompt several effects on the adhesive layer including both adhesive polymer
and knitted fibers. For example, humidity is prone to infiltrate existing voids in the adhesive, causing internal

expansion and the formation of micro-cracks due to thermal shock [14]. These cracks may then coalesce,



impacting the structural integrity of the joint. Additionally, the absorbed moisture may cause weakening of the
interface between the knitted fiber-adhesive polymer, resulting in segregation and/or knitted fiber failure (KFF),
including bridging and breakage tendencies (Figure 3d). As a result of these factors, CHT-conditioned specimens
exhibit lower delamination resistance than the RT-conditioned ones, but higher than the HT-conditioned
specimens. The presence of ambient humidity may induce swelling of the adhesive, typically resulting in
negligible residual stresses within the ABJs as a consequence of its plasticizing influence, but it can also contribute
to the mitigation of thermal stresses [15]. Therefore, CHT samples group demonstrate reduced strength in contrast
to those held at RT, yet display heightened strength relative to specimens exposed to HT conditioning. Average
maximum load values are 283.09+1.20 N (RT), 202.18+5.45 N (HT), 160.03+£10.05 N (LT) and 216.99+£2.0 N
(CHT). The results show that thermoplastic-based ABJs exhibit higher delamination resistance compared to
thermoset-based ABJs in different environmental conditions [25,38].

Additionally, representative Gic versus crack growth curves of different conditioned joints are shown in
Figure 2b. Following the modified beam theory specified in ASTM D5528, the average Gic fracture toughness
values for RT, HT, LT, and CHT-conditioned joints are calculated and presented as initiation and propagation
region as shown in the inset bar chart (Figure 2b). However, propagation region of the LT specimen presents an
unstable crack growth, meaning the real curve at equilibrium exhibits snap-back instability (Figure 2b).
Moreover, for LT specimens, a reliable data set is available for Gic-init values, while Gic-prop is not considered due
to a lack of data points. The results in Figure 2b show that the fracture toughness of ABJs is strongly influenced
by environmental conditions, with both Gic-init and Gicprop values highlighting this, even in the LT case where
propagation data are not considered. Specifically, it is observed that the mode-I toughness significantly decreases
at LT, consistent with literature findings [22]. Contrary to assertions in the literature [20], however, it is noted that
the fracture toughness can also diminish with rising temperatures. This can be explained by the peel-off behavior
of knitted supporting carriers from the adhesive matrix, which becomes more ductile at HT (Figure 3b). In
addition, it is presumed that the load-carrying capability of the knitted supporting carriers decreases due to the

temperature, causing crack growth before reaching high load values.
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Figure 2 Mode-I fracture toughness test results: (a) Load-displacement curves and (b) fracture resistance curve
with an inset bar chart for initiation and propagation regions.
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Figure 3 (a-d) Photographic images depicting fracture behaviors of DCB specimens tested under RT, HT, LT,
and CHT conditions, respectively.

3.1.1  Acoustic emission inspection

The application of the K-means clustering technique yields classification results for representative joints,
as illustrated in Figure 4, which also includes inset pie charts showing the percentage distributions of failure
modes under different environmental conditions. The outcomes reveal five distinct damage clusters characterized
by different frequency ranges, namely 0-100 kHz, 100-180 kHz, 180-400 kHz, 400-550 kHz, and 550-750 kHz
[5]. The initial cluster (C1), encompassing the lowest frequency range (0-100 kHz), is associated with adhesive

failure (ADH) and/or matrix cracking (MC). Cluster two (C2) and cluster four (C4) are linked to adhesive peeling

11



and/or light fiber tear failure (LFT). Specifically, C2 (100-180 kHz) pertains to thin-layer cohesive failure (TLC),
while C4 (400-550 kHz) is affiliated with cohesive failure (COH) and/or LFT. Furthermore, the third cluster (C3)
within the range of 180-500 kHz is correlated with the debonding of the supporting carrier (knitted fiber), while
the fifth cluster (C5) falls under the category of carbon fiber failure (CFF) and/or knitted fiber failure (KFF) in
the form of bridging and breakage.

ABJs consist of different materials, namely AF and adherend, each with various coefficients of thermal
expansion (CTE). Given the high strength and modulus of CF, CF-reinforced composites exhibit a very low CTE
[39]. As the temperature rises, the adhesive, having a higher CTE, expands more than the adherend, exerting
tensile stresses on the adhesive layer. If the adhesive cannot withstand these stresses, COH within the adhesive
itself may occur. Additionally, there can be a mismatch in thermal expansion between the adhesive matrix and
knitted fiber, resulting in the development of misfit strain at the knitted fiber-adhesive resin interface, leading to
debonding [40]. These thermal effects contribute to the observed differences in acoustic emission (AE) inspection
findings. Comparing the AE inspection findings for RT and HT, at elevated temperatures, this debonding is
anticipated to occur more readily, thereby promoting delamination or cracking from the central region of the film
as shown in Figure 3 and later to be confirmed with SEM analysis. As the adhesive matrix becomes more ductile,
the delamination progression can occur easily. Thus, the proportion of C1 and C2 failures decreases, while C4
failures increase with heat application to ABJs. Consequently, it is expected that there will be an augmentation in
the proportion of COH. Moreover, due to this easy separation, the crack propagates before the knitted fibers reach
the load-bearing point, hence reducing the damage from 0.79% to 0.57% (refer to Figure 4a,b).

Nonetheless, materials tend to contract upon decreased thermal energy in cryogenic conditions. When
ABJs are cooled to low temperatures (-40 °C), the adhesive and adherends undergo contraction at different rates
due to their distinct CTE values [41]. Hence, when cooling ABJs down from ambient temperature to LT, different
amounts of thermal contractions are occurred for AF and composite laminates. These differential contractions
result in the development of compressive stresses within the AF, as it tries to shrink more than the adherends can
accommodate. This can apply tensile stress to the adherend surface. At LT, the AF, prone to greater shrinkage
which can induce partial detachment from the matrix due to microcracking effect, particularly as the matrix
becomes brittle under stress. This phenomenon, known as light fiber-tear failure (LFT), is exacerbated by
weakened adhesion at the fiber-matrix interface, a consequence of cryogenic-induced matrix brittleness, which
further triggers mechanisms such as fiber-matrix debonding or interfacial failure [24,34]. For these reasons, the

dominant failure modes are COH and/or LFT. Triggered interfacial failure can lead to fractures in the composite
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fibers, resulting in an increased percentage in C5 compared to RT and HT-conditioned specimens. Also, the total
AE hits decrease for LT conditioned specimens due to the sudden crack, as expected (see in Figure 4c).
Thermal cycling may induce material degradation and alterations in constituent material properties,
potentially compounded by additional hygroscopic effects. These changes can influence the overall macroscopic
properties of ABJs [42]. The cumulative impact of thermal effects may have notable long-term consequences on
the material behavior, leading to different failure types and percentages compared to other conditions. For
example, thermal cycling affects both the matrix of the composite and the adhesive polymer, potentially increasing
MC in both polymer types. This is supported by the observation that thermal cycling results in both ductile and
brittle fracture mechanisms [42]. Moreover, the interaction between the AF and the adherend can weaken due to
the presence of humidity and differences in the CTE. As a result, the percentage of C1 failure attributed to MC
and/or ADH is higher than under all other condition types. Knitted fibers can also be affected by thermal cycling
in terms of mechanical strength, leading to changes in the associated damage mechanisms. Evidence of this is
seen in the increased percentage distribution of C5 failures when subjected to thermal cycling, which results in a
corresponding decrease in debonding failure (C3) percentage due to prematurely degraded fibers compared to RT
and HT conditions (see Figure 4d). Material degradation and CTE differences can cause interfacial failure in the
adherend itself and COH in the AF, increasing AE activities associated with C4 failures under thermal cycling

conditions.
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Figure 4 Variations of amplitude versus peak frequency of DCB specimens during mode-I tests with inset pie
chart showing the percentage distribution of damages at RT, HT, LT and CHT conditions.

3.1.2  Failure surfaces examination

Fractographic failure analysis of ABJs exposed to different environmental conditions using stereo
microscopy is given in Figure 5-6. The sharpest distinction between specimens exposed to various environmental
conditions is that the LT-conditioned specimens stand out with unique fracture characteristics. However, upon
individual evaluation of microscopy images of RT, HT and CHT, distinct differences become apparent among
them as well. The stereo microscope analysis of RT-conditioned ABJs shows that dominant failure is COH with
partial TLC, which means that the crack propagation occurs within the AF (see in Figure Sa). This is also
supported by the observation of knitted fiber imprints and knitted fibers on the fracture surfaces. Also, KFFs are
seen on the fractured surface, besides knitted fiber debonding. This microscopic observation of the RT specimen's
fracture surface aligns with the AE findings, showing maximum percentage distributions of COH (C4) and TLC
(C2) at 34.09% and 29.82% (Figure 4a), respectively.

The fracture surface analysis of HT-conditioned ABJs in Figure Sb reveals behavior similar to that of
RT-conditioned ABJs with dominant COH and TLC, as supported by AE findings in Figure 4b. However, a

noticeable difference in the surface appearance of HT-conditioned specimens is observed, particularly in the color
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of the AF, due to the effects of temperature. It is clearly seen that the AF conditioned at HT displays a distinct
color difference compared to the RT-conditioned specimen, emphasizing the presence of a yielded adhesive
matrix and indicating a ductile fracture morphology (Supplementary Figure S2). Additionally, damaged knitted
fibers are slumped down on the surface, indicating that the fibers have also been ductilized by the temperature.
This can be observed from the decrease in the percentage distribution in MC (C1) from AE findings to 12.37%

compared to corresponding RT findings.
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Figure 5 Fractographic failure analysis of conditioned ABJs using stereo microscopy (a) RT, (b) HT.
Nevertheless, the fracture surface analysis of LT specimens leads to the conclusion that the failure type

is predominantly ADH with partial cohesive damage in the forms of both thick-layer adhesive peeling and thin-
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layer adhesive peeling (Figure 6a). It is clearly seen that there are two arrest lines on the fracture surface of LT-
conditioned specimens, and these lines are attributed to load drops as shown in Figure 2a. Additionally, brittle
adhesive cracking is observed, attributed to the cryogenic temperatures that increase the brittleness of both the
adhesive and the matrix polymers. Thereby, contrary to RT- and HT-conditioned specimens, there is almost no
KFFs as seen in Figure 6a. However, complementary observations between stereo microscopy images and AE
findings could not be established for LT specimens. Specifically, the identification of C4 failure, with a 60.06%
distribution from AE inspection, differs from the COH failures observed in RT and HT specimens. This lack of
correlation is further addressed and resolved through detailed SEM analysis in the upcoming section, which
corroborates the AE findings.

For the CHT-conditioned specimen, the fracture surface microscopy addresses similar behavior with the
RT and HT samples. However, the fracture surface analysis of CHT specimens highlights the dominance of COH,
characterized by knitted fiber imprints, as shown in Figure 6b. Additionally, it is clear that there is partial brittle
MC in AF. Adhesive residue fragments are also observed inside the damaged knitted fibers due to the brittleness
caused by CHT conditioning introducing thermal residual stress. Thereby, CHT conditioning may produces COH
and MC failures, but MC can become dominant due to cyclic thermal exposure including moisture [38]. These
conclusions from microscopy images are supported with the AE inspection with maximum percentage

distributions of COH (C4) and MC (C1) at 53.82% and 34.81% (Figure 4d).
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Figure 6 Fractographic failure analysis of conditioned ABJs using stereo microscopy (a) LT and (b) CHT.

Finally, the comprehensive understanding of mode-I fracture behavior is enhanced by SEM analyses of
all specimen sets. A detailed examination of the fractured surface of ABJs tested under RT conditions is provided
in Figure 7 and Supplementary Figure S3. It is evident that, although not observable in stereo microscope images
(Figure 5a), there are locally smooth surfaces attributed to ADH in RT-conditioned specimens, as shown in
Figure 7a. Notably, debonding and knitted fiber imprints are also present on the surface. Despite the presence of
ADH in localized areas, COH is prevalent across the fracture surface (see Figure 7b). During the mode-I fracture
toughness tests, the crack progressed within the AF due to the strong adhesion between the adhesive and adherend.

As seen in Figure 7c, knitted fiber imprints are visible on the fractured surfaces, indicating the fibers’ good
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bridging capabilities. This allows them to separate from one side without breaking while remaining attached to
the other surface. On the other hand, when knitted fibers exceed their load-bearing capacity, they may break due
to increasing deformation. Following this rupture, the fibers may accumulate on top of one another as seen in

Figure 7d. It is apparent that knitted fibers undergo low plastic deformation and rupture, carrying adhesive debris

with them during the debonding.

Figure 7 Dominant failures of the fractured surface of RT-conditioned ABJs; (a) ADH, (b) COH, (c) knitted
fiber debonding and COH, and (d) KFFs

SEM images of the fractured surface of HT-conditioned ABJs are given in Figure 8. Similar to RT-
conditioned specimens, the dominant failure is COH in HT-conditioned ones as shown in Figure 8a. However,
debonding between the adhesive matrix and knitted fibers is more pronounced in HT-conditioned specimens
compared to RT-conditioned ones. Additionally, HT causes structural deformation in the knitted fibers, resulting
in damage characterized by layer splitting. In contrast to RT-conditioned specimens, the knitted fibers become
ductile and thus undergo high plastic deformation (see in Figure 8b). This high plastic deformation changes the
shape of damaged knitted fibers compared to RT-conditioned specimens, displaying characteristics of ductile

breakage, such as stacking more on top of each other. It is obviously seen in Figure 8c knitted fiber imprints occur
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on the fractured surface like RT-specimens. However, the toughening agents, which are commonly used in
aerospace grade AF [43], yield with the HT effect or debond from the adhesive polymer due to the CTE difference

(Supplementary Figure S4).

==

Figure 8 Dominant failures of the fractured surface of HT-conditioned ABJs; (a) COH, (b) KFFs, (c) knitted
fiber debonding

Figure 9 shows the SEM images of the fractured surface of conditioned under LT. The key finding is
that the dominant failure type is not COH unlike the RT- and HT-conditioned specimens. The fractured surface
has partial COH region, but, there are ADH region on the surface as seen in Figure 9a. Moreover, due to the
brittleness of adhesive matrix, adhesive debris are visible on the surface of knitted fibers. Unlike the HT-
conditioned specimens, toughening agents are not highly affected by the LT exposure; yielding does not occur,
and instead, brittle fracture of the toughening agents is observed. There is a discrepancy between the AE findings
and the stereo microscope images for LT specimens, as the anticipated damage detected by AE cannot be visually
confirmed through the stereo microscope. In this context, the SEM image in Figure 9b reveals the LFT on the
fractured surface, which results from the residual stresses [15], thereby confirming the AE findings. Moreover,
knitted fibers exhibit brittle breakage at LT, in contrast to the high plastic deformation observed at HT. As a

consequence of weakened adhesion at the fiber-matrix interface caused by cryogenic-induced matrix brittleness
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(Supplementary Figure S5), mechanisms such as fiber-matrix delamination triggering LFT [24,42]. This results
in the top ply of CF/PEKK composite delamination, leading to peeled CF region and CF imprints on the fractured
surface. Also, during this splitting, the CF ruptures are observed (see in Figure 9c).

Fiber-tear
failure

Adblesive
. tonghening

Figure 9 Dominant failures of the fractured surface of LT-conditioned ABJs; (a) ADH & COH (b) LFT, (c¢) CF
failure.

A detailed SEM examination of conditioned under CHT is given in Figure 10. It is evident that the
predominant failure under this condition is COH. As seen in Figure 10a, adhesive toughening agents are less
affected by thermal cycling as much as RT- and HT-conditioned samples. The moisture exposure at HT affects
the raptured knitted fiber morphology resulting in extreme deformation, as seen in Figure 10b. Additionally,
moisture triggers the plasticization and swelling in both adhesive matrix and composite laminates matrix,
weakening the interface between the adhesive and the knitted fibers. This leads to the formation of LFT and
debonding of knitted fibers, as detailed in Figure 10c. Due to the plasticization effect of moisture, the adhesive
matrix is also severely deformed (Supplementary Figure S6), resulting in shear cusps formation. Also, by reason
of the weakened interface, CFs are separated from the composite laminate surface, while polymer yielding occurs
simultaneously in the plasticized matrix. However, degradation of the interface between the adhesive and the

adherends leads to ADH, as seen in Figure 10d.
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3.2 Sliding Mode (mode-II) Results

The load—displacement curves of ABJs under sliding mode for different environmental conditions are shown
in Figure 11a. As expected, the conditioned samples at cryogenic environment reveal improved mode-II
delamination resistance than other conditioned counterparts. The higher mode-II (shear mode) fracture toughness
observed at LT for composite joints, compared to mode-I (tensile opening) fracture toughness, can be attributed
to the distinct mechanisms of crack propagation and the influence of material and interfacial properties under
these conditions. Opening mode (mode-I) involves the separation of layers or fibers perpendicular to the plane of
the joint [31]. At LT, the resin matrix often becomes more brittle due to reduced ductility and increased stiffness
[9,42,44]. This brittleness results in a decreased ability to absorb energy, lowering the mode-I fracture toughness.
On the other hand, sliding mode (mode-II) involves shear deformation and interfacial sliding [32]. Energy
dissipation mechanisms (crack paths) such as microcracking, interfacial debonding, fiber bridging, and frictional
sliding are pronounced in mode-II fractures [45]. These mechanisms enhance energy absorption, contributing to
higher fracture toughness by improving resistance to crack growth under shear loading. At LT, the brittle resin

may increase interfacial friction and energy dissipation during crack propagation in Mode-II, leading to higher
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resistance. Consequently, the load required to propagate a crack in Mode-II testing is likely higher for LT-
conditioned specimens. Conversely, HT-conditioned specimens exhibit stable ductile-like behavior at higher
temperatures, allowing pre-cracks to propagate more easily within the adhesive film without deflecting into the
interface region. This results in lower load-carrying capacities compared to other conditioned samples [20]. For
the CHT sample, the findings from the mode-I investigation, which highlight the weakening of interfacial bonding
strength due to moisture exposure, are believed to also contribute to a decrease in mode-II test performance
[42,46]. The mean values of the mode-II fracture toughness for the all-test sets are compared in Figure 11b. It is
clear that the LT-conditioned group has higher mode-II values than other counterparts. As expected, CHT leads

to a decrease in the fracture toughness of the ABJs, but exhibits lower behavior than RT but higher than HT.
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Figure 11 Mode-II fracture toughness properties of ABJs for different environmental conditions a) load-flexure
extension and b) Comparison of mean Giic.

3.3 Dynamic-mechanical Analysis of ABJs

The dynamic-mechanical behavior under three-point bending mode of ABJs under different environmental
conditions is illustrated in Figure 12. The average values of storage modulus data with standard deviation for
ABJs under different conditions at various temperature are provided in Figure 12a, with inset bar charts. It is
observed that the storage modulus values are generally at highest levels when conditioned at LT, due to the
increased rigidity of the ABJ caused by the tight packing arrangement of the molecules. In the HT-conditioned
specimens, the loose packing of the structure leads to easier polymer chain mobility, a higher degree of the
relaxation of the thermal stresses and lower intermolecular bond strengths, reducing the storage modulus [47].
Since CHT conditions involve a combination of LT, HT, and moisture effects, the impact on dynamic-mechanical
behavior is more intricate. The moisture to which ABJs are exposed weakens the strength of the adhesive layer
with plasticization and also causes localized adhesion deficiencies at the adhesive-adherend interface with

blistering [48]. Simultaneously, cyclic temperature induces residual stresses in the ABJ. Thus, the combination of
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these effects results in storage modulus values for CHT that fall between those of LT and HT, as seen in Figure
12a. Furthermore, as shown in the inset bar chart in Figure 12a, all specimens exhibit a consistent order of storage
modulus values as the temperature changes. The first and second peaks observed in the tan delta-temperature
curves, given in Figure 12b, represent the T, of the AF [49] and CF/PEKK composite [30], respectively. It is
observed that temperature exposures during environmental conditioning (HT and LT) do not significantly affect
the Tg of either the adhesive or the adherend, likely due to the short exposure time of the specimens. However,
specimens conditioned with CHT show a decrease in T, for the AF due to both prolonged exposure time to
temperature conditioning and presence of high humidity in the environment. The results indicate that the

combination of temperature and relative humidity directly influences the AF’s Tg, as highlighted in the literature

[48].
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Figure 12 Storage modulus-temperature and b) tan-d versus temperature curves of ABJs for different
conditioned.

The slope of the linear part of the load-displacement curves in Figure 11a recorded of mode-II fracture tests
is related to the bending stiffness of the bonded parts. On the other hand, the storage modulus values obtained in
dynamic mechanical analyses provide information about the elastic character and rigidity of the material [37]. It
is worth noting here that the effect of different environmental condition exposures on the stiffness behavior of the

samples exhibited a similar trend in both analyses.

4. Conclusion

This novel study is one of the first to comprehensively and comparatively investigate the performance of
CF/PEKK thermoplastic composite joints under various environmental conditions. It provides valuable insights
into the fundamental interactions influencing the mechanical and fracture behavior of thermoset-based adhesive

bonds. Key findings are given as follows.
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Mode-I fracture test results indicate that specimens conditioned at RT, HT, and CHT exhibit more stable
crack propagation compared to those conditioned at LT, which show sharp peaks indicative of unstable crack
growth. HT conditioning enhances adhesive ductility, leading to smoother crack propagation but reduced
delamination resistance. CHT specimens present intermediate load values and reduced delamination resistance
compared to RT specimens, yet still outperform HT specimens.

AE analyses and fractographic evaluations reveal that environmental conditions significantly impact failure
modes and AE activity in ABJs. High temperatures promote cohesive failure (COH) due to the polymer's increased
ductility. Conversely, LT conditions lead to lower AE activity and higher rates of light fiber tear failure (LFT).
Thermal cycling intensifies material degradation and hygroscopic effects, increasing COH and LFT due to
weakened fibers and interfaces.

Interestingly, LT conditions notably improve mode-II delamination resistance due to increased bending
stiffness and matrix brittleness, requiring higher loads to propagate the crack. In contrast, HT conditions result in
reduced mode-II delamination resistance due to ductile behavior within the adhesive film. CHT-conditioned
specimen, influenced by moisture exposure, exhibit weakened interfacial bonding and further reduced mode-II
performance.

Dynamic mechanical analysis (DMA) reveals the highest storage modulus values under LT conditions,
attributed to increased rigidity. HT conditions result in lower modulus values due to looser molecular packing,
which enhances polymer chain mobility but weakens intermolecular bonds. CHT conditions, which combine
effects of temperature cyclic and moisture, result in intermediate storage modulus values and decreased glass
transition temperature (Tg) of adhesive film, highlighting the complex interplay of temperature and humidity on

ABJ mechanical properties.

Overall, this study highlights the critical impact of environmental conditions on the fracture and dynamic
mechanical performance of CF/PEKK adhesively bonded joints (ABJs). The combined effects of environmental
conditioning and loading configuration significantly alter ABJ performance. Thus, these key findings will
establish a framework for understanding and optimizing the performance of adhesive bonded joints (ABJs) in
aerospace applications, contributing to design criteria that ensure reliability and effectiveness under diverse and
harsh environmental conditions. Future studies may incorporate fatigue loading under harsh environmental

conditions to simulate repetitive loading scenarios in aerospace applications.
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