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ARTICLE INFO ABSTRACT

Keywords: Despite the growing interest in carbon fiber-reinforced polyetherketoneketone (CF/PEKK) composites, the
CF/PEKK composites ) combined effects of temperature and geometric configuration on Mode II apparent fracture toughness (G;¥)
Ig"ed: }112 {g acture behaviour remain insufficiently understood. This study investigates the influence of open-hole (OH) and bolted joint (BJ)
Bflted joints configurations on the G},'ﬁp and failure mechanisms of CF/PEKK composites. Unidirectional laminates were tested

using the end-notched flexure method, with variables including width-to-hole diameter ratios (W/D = 3.3, 6.6),
crack-hole distance (L = 5, 10, 15, 20 mm), and temperature (25 °C, 110 °C, 150 °C).

According to the results, geometry (W/D, L) and temperature jointly govern the Mode II fracture behavior of
CF/PEKK, with OH reducing the apparent toughness while BJ compensates for a substantial portion of this loss.
In high-temperature environments, viscoelastic behavior-induced matrix softening influences crack initiation,
propagation and the transition of failure modes. For W/D = 3.3, crack initiation is locally triggered as L de-
creases, and rising temperature can accelerate initiation due to PEKK softening. As the temperature approaches
Ty, local bending deformation induced by the OH configuration precedes crack growth and then transitions to
mixed-mode (Mode I + II), leading to a change in the failure mechanism. BJ are limited in their ability to
constrain the crack; however, compressive stresses within the BJ zone increase interfacial friction, restoring
effective crack initiation and propagation behavior. These results highlight the importance of considering both

geometric and thermal conditions for the reliable joint design of CF/PEKK structures.

1. Introduction

Thermoplastic composites offer recyclability, ease of repair, and high
impact resistance, making them attractive alternatives to thermosets in
aerospace and automotive sectors [1]. Among them, carbon fiber rein-
forced polyetherketoneketone (CF/PEKK) composites exhibits
outstanding mechanical performance [2], high-temperature stability
[3], and chemical resistance, positioning it for next-generation struc-
tural applications [4,5].

In composite structures, assembly methods such as bolted joints (BJ),
rivets, and open holes (OH) introduce geometric discontinuities that
alter local stress fields and create stress concentrations, which can
initiate delamination and accelerate crack growth [6]. In addition to
serving as local initiation sites, such discontinuities may also accelerate
the propagation of cracks originating from external sources once they
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extend into these regions, thereby amplifying structural vulnerability.
This progressive damage mechanism reduces structural stiffness, in-
terrupts load transfer paths, and shortens service life, ultimately posing
significant challenges to structural integrity in safety-critical fields such
as aerospace and automotive engineering [7-10].

The effect of geometric discontinuities on composite structural
behavior has been extensively studied, with a focus on stress concen-
tration, delamination onset, and load-bearing degradation. Eksi et al.
[11]evaluated the reductions in tensile strength and elastic modulus of
CFRP laminates as functions of hole diameter, count, and fiber orien-
tation, and confirmed local damage initiation around holes. Numerous
studies [12-15] similarly report that OH frequently acts as a delami-
nation origin, with load redistribution promoting interfacial failure.
Prior work is biased toward tensile and compressive loading and tends to
focus on hole-initiated damage. However, when externally originated
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cracks interact with OH and notches, the Mode 1/1I interfacial delami-
nation behavior—and the associated fracture toughness—remains
insufficiently understood.

BJ serves not only as a mechanical fastener but also as a critical
structural element that influences load transfer, stress distribution, and
failure behavior in composite assemblies. Optimizing design variables
and understanding their effects on failure mechanisms are essential for
durability and reliability [10].

In CF/PEKK composite structures, geometric parameters of BJ—such
as the width-to-diameter ratio (W/D)—govern load-bearing perfor-
mance and changes in failure mode (from net-tension to bearing-
dominated failure) [16,17]. These geometric factors can, during crack
initiation and propagation, promote interlaminar delamination through
crack-BJ/OH interaction, leading to structural failure in laminated
thermoplastic composites. However, under these conditions, their
behavior under fracture-driven conditions—particularly interlaminar
delamination resistance in Mode I and Mode II—has received limited
attention.

Cheung et al. [18-20] found that under Mode I loading, mechanical
fasteners can suppress crack propagation by closing the crack tip or
applying clamping pressure. Under Mode II, crack-arrest capacity is
more limited, as crack-face friction and local stiffness mainly delay,
rather than suppress, interfacial crack growth. Hole diameter and
location also significantly affect Mode I and II energy release rates,
underscoring the sensitivity of delamination behavior to joint design
[21,22]. These studies have focused on brittle thermoset composites;
therefore, research on comparatively ductile CF/PEKK thermoplastic
composites is important. In this context, this study provides a novel
contribution by systematically investigating Mode II delamination
resistance in thermoplastic CF/PEKK laminates featuring BJ and OH
configurations.

Temperature significantly affects the mechanical behavior and fail-
ure modes of thermoplastic composites and is essential for ensuring
structural reliability.

In CF/PEKK composites, temperature-dependent changes in me-
chanical performance—such as tensile strength, bearing capacity, and
failure mode—have been reported under BJ configurations across
—60 °C, 25 °C, and 200 °C [16,17]. These studies showed that high
temperatures induced matrix softening, resulting in reduced strength
but enhanced deformability due to increased ductility. In contrast, low
temperatures caused matrix embrittlement, leading to early failure and
diminished fracture resistance.

Temperature also influences fracture resistance, influencing energy
dissipation and crack growth. Studies show fracture toughness remains
relatively stable below the glass transition temperature (Tg), but is
reduced above it due to matrix softening or interfacial weakening [23,
24]. Thermoplastics such as GF/PP show notable reductions in Mode I
toughness and bridging capacity under moderate thermal conditions
[25], whereas slightly elevated temperatures may enhance ductility and
energy absorption in some epoxy-based systems [26]. Most
temperature-related studies focus on thermoset composites and
defect-free specimens.

The interactive effects of temperature and geometric discontinuities
remain largely unexplored. From these findings, W/D and hole
location—by modifying the load-transfer mechanism at or around the
hole through OH/BJ—govern Mode-II behavior. At temperatures near
Tg, the matrix’s viscoelastic response is amplified, leading to property
degradation; accordingly, thermal degradation effects, as conditioned
by the OH geometry, are expected to influence the crack-tip FPZ and its
interaction with the hole, as well as the stability of crack initiation/
propagation and the resulting crack path. These opinions highlight the
complexity and material dependency of temperature effects on fracture
behavior, underscoring the need for further investigation under Mode II
in high-performance thermoplastics.

To the best of our knowledge, prior work shows limitations: (i) OH
studies have focused predominantly on tensile/compressive loading; (ii)
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delamination research has emphasized hole-initiated damage or omitted
OH entirely; and (iii) the coupling between temperature and OH has
rarely been examined.

Accordingly, this study is the first to systematically examine G,
Mode II delamination behavior, and failure mechanisms in CF/PEKK
laminates with BJ and OH configurations under elevated temperatures
(25 °C, 110 °C, 150 °C), providing new insights into fracture mecha-
nisms in thermoplastic composite structures and expected to promote
further innovation in high-performance engineering applications.

2. Experimental
2.1. Materials and specimens

For the Mode II test, unidirectional CF/PEKK prepreg was stacked in
a [0]24 configuration, and panels were manufactured using a vacuum
bag-only process. Details of the fabrication information procedure are
shown in Fig. 1a. To evaluate the internal quality of the manufactured
panels, void content was measured following ASTM D2734 and optical
microscopy (OM) analysis. The average void volume fraction was 1.14
+ 0.3 % by ASTM D2734 and approximately 0.9 + 0.2 % by OM
observation, confirming high consolidation quality. Specimen fabrica-
tion followed ASTM D7905. A schematic of the no-hole, OH, and BJ
geometries, as well as Mode II test specimens, is shown in Fig. 1a, b.
Variables included W/D ratios of 6.6 and 3.3 (hole diameters 3 and 6
mm), crack-hole distances (L) of 5, 10, 15, and 20 mm, and test tem-
peratures of 25 °C, 110 °C, and 150 °C (close to Tg = 158 °C). The hole
machining, fastening methods, and quality control measures were
consistent with previous studies [27].

2.2. Test setup

Mode II behavior was evaluated by end-notched flexure (ENF) tests
(ASTM D7905) in a three-point bending configuration on a universal
testing machine (Instron, USA) at 0.5 mm/min. Environmental tests
were conducted after the specimens were stabilized at the target tem-
perature, followed by testing in the Instron chamber. A series of 5
specimens was tested in each configuration in order to obtain a statis-
tically representative average of the mode II behavior. All tests were
recorded on video for digital image correlation (DIC, GOM ARAMIS,
Germany) and crack propagation analysis. Morphological analyses of
the fracture surface were conducted with high-resolution 3D optical
microscopy (VHX-7000, Keyence, Osaka, Japan) and scanning electron
microscope (SEM, CLARA, Tescan Co., Ltd., Czech). Dynamic Mechan-
ical Analysis (DMA) was performed to evaluate the viscoelastic behavior
of CF/PEKK (HR 30 Discovery Hybrid Rheometer, Waters Corporation,
USA). The test was conducted at a constant strain of 0.1 % and frequency
of 1Hz, with the temperature increased from 25 °C to 160 °C at a heating
rate of 1 °C/min.

2.3. Data-reduced method and calculation

It should be noted that the fracture toughness reported in this study
represents apparent fracture toughness (Gj?), reflecting the influences
of OH, BJ, and temperature, rather than intrinsic fracture toughness. The
Mode II fracture toughness is determined by the fracture energy (G) for a
crack growth and can be derived from Irwin-Kies equation:

_pdc (1)

2B da
where P is the applied load, B is the specimen width. However, in ENF
tests, accurate measurement of the actual crack length (a) is difficult due
to the fracture processing zone (FPZ) and micro-damage near the crack
tip. Therefore, this study employs the CBBM [28,29], which relies on the
equivalent crack length (a.) approach and represents crack growth
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Fig. 1. (a) Schematic illustration of the geometries for the no-hole, open-hole, and bolted-joint specimens, and (b) Mode II test configuration.

solely through specimen compliance. The load-point compliance C can
be given by:
5 3a+2r°

€= P~ 8EBR
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(2)

Where 6§ is the displacement, h is the half-thickness of the laminate, I is
the second moment of area, L is the half-span length, E; and G;3 are the
flexural and shear modulus. To account for the FPZ effect on compli-
ance, E; was used. It can be estimated for each specimen from the initial
compliance (Cp) and initial crack (ao):
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And, The FPZ is a region near the crack tip where various damage
mechanisms, such as micro-cracking, fiber-matrix interfacial debonding,
and fiber bridging, occur. In this zone, nonlinear material behavior be-
comes prominent, serving as a major factor in resisting crack propaga-
tion. Therefore, the size and characteristics of the FPZ have a direct
influence on the fracture toughness. To account for this FPZ effect in the
compliance formulation, a, is introduced to replace a. The a, is given by:

1
C 2/ C 3
_ FPZ — corr 3 “ corr 1 L3 (4)
de at |:C0_corra0 3 ( 0_corr ) ]
where Ceorr, Co_corr is given by Eq. (4), (5) respectively
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Finally, the Mode II fracture energy is calculated from Egs. (1) and
(2) as:

9P%q?

Gic = 16B7E, 19

(8)

The CBBM method allows for the determination of Gy using only the
L-D curve, eliminating the need to measure crack length during prop-
agation. Additionally, the equivalent crack length, a., accounts for FPZ
effects, unlike when the actual crack length is used. The G;3 was taken
from the manufacturer’s datasheet (5.2A GPa at 25 °C, 3.9 GPa at
110 °C; 3.9 GPa was assumed at 150 °C). Since Gi3 is only a secondary
parameter in the CBBM equation, these variations have a negligible
influence on the calculated G [30]. Additionally, the absorbed energy
(Eabs, up to crack initiation) was calculated by integrating the area under
the load-displacement curve.

3. Results and discussion
3.1. Effect of temperature on mode II properties of CF/PEKK

The Mode II Behavior of CF/PEKK specimens without OH is pre-
sented in Fig. 2, showing exposure temperature-dependent trends in the
load-displacement (L-D) curves, maximum load, E¢, and G}’ﬁp . At 25 °C,
the L-D curves exhibited a linear increase in load to the maximum value
(Fig. 2a), followed by a sudden drop, indicating brittle failure behavior.
At elevated temperatures (110 °C and 150 °C), nonlinear deformation
initiated earlier (arrows in Fig. 2a), and compliance increased near the
maximum load, after which the load decreased more gradually. This
transition is attributed to matrix softening, as evidenced by the
temperature-dependent decrease in storage modulus (G') and the rise in
loss modulus (G") observed in the DMA results (Fig. 3) [31,32]. These
viscoelastic changes reduce the interlaminar shear strength [3]—a
critical factor governing Mode II delamination [33-35]—thereby facil-
itating crack initiation and propagation [36-39], and shifting the failure
mechanism from brittle to quasi-brittle or progressive interlaminar
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Fig. 3. Temperature-dependent Dynamic Mechanical Analysis (DMA) results of
CF/PEKK composites showing transition from elastic to viscoelastic response
starting at 80 °C, with a primary G’ peak at 110 °C.

shear failure. This transition is further supported by SEM observations
(Figs. 6, 9 and 10), where elevated temperatures led to ductile matrix
deformation and more pronounced fiber imprints at the crack tip.

This interpretation is supported by the quantitative results shown in
Fig. 2b. At 25 °C, the CF/PEKK demonstrated the highest performance,
with a maximum load of 1207 N and a E¢ of 130 GPa. As the temperature
approached Ty, both values declined to 1124 N and 124 GPa at 110 °C,
and to 1035 N and 121 GPa at 150 °C (ref. Table 1).

In addition, Temperature affected crack propagation, progressively

suppressing the sudden drop observed at 25 °C. This behavior is
attributed to the development of a more extensive FPZ, which re-
distributes stress and spreads damage, thereby enabling gradual energy
dissipation instead of sudden interlaminar fracture.

Fig. 2c—e presents DIC analyses of the strain distributions near the
crack tip at representative points (ll-* in Fig. 2a) on the L5 L-D curve
under each temperature condition. At 25 °C (Fig. 2¢), the DIC strain
maps, corresponding to the FPZ, reveal a sharply confined shear-
dominated region just ahead of the crack tip, followed by a rapid slip
event that propagates toward the load point. In contrast, at 110 °C
(Fig. 2d), the DIC strain maps reveal a wider FPZ ahead of the crack tip
compared with 25 °C. The enlarged FPZ promotes more stable crack
initiation and progressive propagation, during which the extended crack
growth allows greater energy dissipation within the FPZ. Consequently,
slip occurs at a later stage, resulting in a smaller load drop in L-D curve.

At 150 °C (Fig. 2e), the FPZ and overall crack propagation behavior
are similar to those at 110 °C. However, during propagation, localized
plastic deformation—particularly bending fracture—occurred near the
pre-crack tip, producing interlaminar shear and opening failure. This
mixed-mode damage dissipated energy at the crack tip, further moder-
ating the load reduction.

The temperature-dependent fracture behavior—characterized by
matrix softening and mixed-mode propagation—significantly influ-
enced the GI¥ of CF/PEKK composites. At 110 °C, G;¥ decreased to
2.96 kJ/m?, which is 10.8 % lower than 25 °C (3.32 kJ/m?), while at
150 °C it further declined to 2.82 kJ/m? (15.1 % reduction), yet both
remained relatively high considering the proximity to Ty (158 °C).
Compared with literature values for thermoset and thermoplastic com-
posites, which often drop >30 % near Ty [34,38,40-42], these results
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Table 1
Experimental results for each condition.
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Conditions Test temperature
25°C 110°C 150 °C
Name OH/ W/ L Max Load Ef (GPa) G;‘;';P kJ/ Max Load Ef (GPa) G;‘;';P kJ/ Max Load Ef (GPa) G}‘;‘f kJ/
BJ D ) m?) N) m?) N) m?)
No- - - - 1208 + 38 130.5 + 3.32+0.1 1124 + 33 124.5 + 2.96 +£0.13 1035 + 34 121.2 + 2.82+£0.1
Hole 3.6 1.5 2.1
L5H3 OH 6.6 5 1142 + 36 126.1 + 2.99 £0.2 994 + 29 129.8 + 2.28 £ 0.1 879 + 43 116.7 + 2.24 £0.2
1.3 2.5 1.7
L10H3 10 1152 + 31 125.2 + 3.22 £0.12 - -
2.1
L15H3 15 1217 + 45 124.1 + 3.58 £0.21 1121 + 47 129.2 + 3.04 £ 0.2 795 + 41 116.3 + -
0.3 1.8 31
L20H3 20 1170 + 30 124.1 + 3.4+0.1 - -
1.1
L5H6 3.3 5 977 + 53 123.4 + 2.25 +0.34 818 + 32 1209 + 1.66 + 0.12 722 + 26 110.7 + 1.67 £ 0.12
3.4 3.6 1.7
L10H6 10 1145 + 27 122.1 + 3.11 + 0.25 - -
1.5
L15H6 15 1166 + 17 1219 + 3.53+£0.1 1085 + 17 1219 + 3.28 £ 0.07 677 £ 9 108.7 + -
2.7 2.8 2.1
L20H6 20 1150 + 58 117.3 + 3.47 £ 0.2 - -
0.7
L5H3 BJ 6.6 5 1169 + 22 125.2 + 3.43 +0.17 1060 + 38 129.3 + 2.8 +0.28 944 + 33 119.7 + 2.57 +0.21
1.2 2.7 0.5
L15H3 15 1204 + 28 1289 + 3.44 +0.17 1082 + 35 128.3 +3 3.01 + 0.09 914 + 33 119.5 +
1.9 0.3
L5H6 3.3 5 1157 + 14 127.2 + 3.12 £ 0.09 908 + 14 124.1 + 2.16 £0.12 840 + 16 113.6 + 2.27 £0.15
2.1 1.8 1.5
L15H6 15 1168 + 30 122.3 + 3.85+0.2 1103 + 74 122.8 + 3.25 £ 0.25 775 + 42 110.6 + -
0.8 2.7 1.5

highlight the superior thermal stability of CF/PEKK. This performance is
attributed to matrix softening and stiffness reduction at elevated tem-
peratures, which facilitate out-of-plane deformation under bending and
induce local tensile stresses that contribute to partial Mode I behavior
(Fig. 2€).

The relatively high G;}” at 150 °C reflects increased energy absorp-
tion from this fracture mode transition and matrix compliance, not
overestimation. Since CBBM derives G?I‘Z" from the L-D response, it
inherently captures such nonlinear effects, making it well-suited for
thermoplastics exhibiting mixed-mode behavior under different tem-
peratures. Overall, temperature-induced matrix softening alters crack
initiation and propagation, yet CF/PEKK retains high fracture tough-
ness, indicating robust interlaminar resistance. These findings under-
score the need to account for temperature effects when designing CF/
PEKK structures for thermal service environments.

3.2. Mode II properties of open hole CF/PEKK

3.2.1. Influence of geometry on mode II behavior at room temperature

The Mode II test results for different geometric configurations are
shown in Fig. 4, including L-D curves, maximum load, and E¢. In Fig. 4a
and b, OH specimens exhibited L-D behavior similar to no-hole speci-
mens, with a linear increase up to the maximum load followed by slip.
Despite this similarity, the presence of a hole significantly affected both
the maximum load and E¢. Specifically, for L5 W/D = 6.6 condition, the
maximum load and Ef were 1141 N and 127 GPa, representing re-
ductions of 5.4 % and 2.1 %, respectively, compared to the no-hole
condition (Fig. 4c and d). These reductions at W/D = 3.3 became
more pronounced, reaching 19.1 % and 6.4 %, respectively. Increasing L
significantly influenced the mechanical response; it caused the
maximum load to gradually approach the no-hole value, indicating
reduced sensitivity to the hole.

The reduction in maximum load is attributed to the interaction be-
tween the hole’s stress field and the FPZ at the crack tip. When L is small,

these fields overlap, intensifying local stress concentration and causing
unstable crack growth and early failure before the critical load [43,44].
Similarly, Konieczny et al. [45] reported that stress field interference
between multiple holes increases the stress concentration factor
compared to a single-hole configuration. Conversely, when the hole is
sufficiently distant from the FPZ, the interaction becomes negligible,
allowing stable crack initiation and contributing to partial recovery of
the Mode II behavior. However, when the hole is closer to the loading
point, L20, compliance near the L-D curve peak increases. This behavior
indicates deformation before crack initiation, which leads to a lower
maximum load. Consistent with this interpretation, Section 3.3.2
(Fig. 7b) shows that, at W/D = 3.3, the L15 and L20 specimens exhibit
off-axis damage around the hole. This behavior indicates that the hole
vicinity can accommodate deformation while still bearing load—prior to
crack initiation—thereby increasing compliance and altering the
near-peak portion of the L-D response.

However, Ef was mainly governed by W/D, and variations in L had no
notable effect on the overall flexural modulus. However, when the hole
was positioned close to the loading point (L20), a distinct bending
response was observed, accompanied by a slight decrease in E¢

This E¢ reduction is further compounded by geometric effects; spe-
cifically, W/D decreasing raises the stress concentration factor [46]and
fiber discontinuity, causing fiber breakage or distortion that increases
local anisotropy [47]. Under Mode II loading, where tensile stresses and
compressive stresses are applied simultaneously around the hole, these
geometric and microstructural effects combine to intensify local stress
concentration, leading to a substantial reduction in overall flexural
performance even when the crack-tip position remains constant [48].

To analyze crack tip-hole interaction, Fig. 5 presents FPZ behavior
near the crack tip on the L-D curve, a schematic illustrating FPZ-hole
interference, and the FPZ length for each OH configuration (using Eq.
(3)). In Fig. 5a, all specimens showed similar FPZ initiation, but L5 with
W/D = 3.3 exhibited an earlier onset of nonlinearity and accelerated
FPZ growth, suggesting strong crack tip - hole interaction. The W/D =
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6.6 showed a response similar to the no-hole condition, indicating
limited interaction. These trends match the maximum load reduction in
Fig. 4. This interaction is further illustrated in Fig. 5b. The FPZ of no-
hole is approximately 2.3 mm. In the L5 configuration, the hole lies in
close proximity to this FPZ, allowing interference between their stress
fields, which intensifies local stress and accelerates crack initiation. For
L10 and L15, the holes are located beyond the FPZ, reducing stress field
overlap and allowing stable crack growth. This is consistent with the
fracture surface presented in Section 3.2.2. Beyond L5, the FPZ length

—S
2

Flat surface

Unstable(slip) area
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increased relative to the no-hole condition, and for W/D = 3.3, it
continued to increase. The FPZ is influenced by compliance, and that
estimated from the CBBM model reflects both crack-tip fracture pro-
cesses and local deformation. This enlargement suggests that holes
positioned closer to the loading point exhibit greater sensitivity to
bending-induced deformation.

3.2.2. Influence of geometry on fracture behavior at room temperature
Fig. 6 illustrates crack propagation behavior and fracture surface at

Stable in:

Stable area

Insert area

1)
8

latrix smearing

\li

Stable prop:

Ductile drawing
S —

x500

(b) LS, W/D=6.6

“Stableinit.

Imm

SHp init.
7

=
Matrix smearing «

7

(¢) LS, W/D=3.3

Fig. 6. Fracture surfaces of CF/PEKK specimens with different open-hole geometries at 25 °C, observed by OM and SEM: (a) no-hole, (b) L5, W/D = 6.6, (c) L5, W/D

= 3.3; accelerated localized crack growth around the hole.
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25 °C for various W/D ratios. FPZ of approximately 2-3 mm formed at
the crack tip and promotes stable behavior in the no-hole specimen
(Fig. 6a OM). This is consistent with the FPZ development shown in
Fig. 5a. The FPZ fracture surface was dominated by ductile drawing from
shear, while the slip region exhibited matrix smearing with a relatively
brittle fracture morphology. In L5 (Fig. 6b and ¢, OM), the FPZ extends
toward the adjacent hole, where interaction between the crack tip and
the hole leads to overlapping stress fields and concentrated deformation,
thereby promoting localized crack initiation. In L5 with W/D = 6.6
(Fig. 6b—OM), stable crack growth occurred near the crack tip with slight
irregular damage toward the hole, indicating reduced stress field over-
lap. In contrast, W/D = 3.3 (Fig. 6¢) showed the FPZ extending toward
the hole, while the edge region exhibited limited stable growth and
smearing fracture of slip surface. These results show that crack tip - hole
interaction concentrated the stress field, forming a highly localized FPZ
that accelerated failure. As L increases, the crack tip - hole interaction
progressively decreases, altering the crack propagation pattern (Fig. 7).
For W/D = 3.3 at L10 (Fig. 7b), OM images show the FPZ still forms at
the crack tip, but its extension toward the hole—prominent in L5—is
suppressed, producing a more balanced stable-growth distribution
across the width. At L15 and L20, the FPZ-hole overlap becomes
negligible, and crack behavior approaches the no-hole case with the
maximum load nearly recovered. For W/D = 6.6, the FPZ forms in a
stable, uniform manner regardless of L, resulting in predictable crack
initiation and propagation. In contrast, for W/D = 3.3, FPZ formation is
unstable, leading to irregular crack paths and greater variability in slip
locations. In L15, L20, off-axis damage occurred around the hole before
crack propagation, and, as noted in Section 3.2.1, this deformation
affected material properties.

Regardless of the OH configuration, once the crack passes through
the hole, its path deflects markedly toward the upper (compressive) side,
producing a pronounced bump on the fracture surface (Figs. 6, 7 and 3D
OM). this deflection results mainly from stress field redistribution and
local concentration around the hole, which interrupt load transfer and
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distort the local shear field. In this study, the large property difference
between tensile and compressive directions in unidirectional laminates
further intensified stress concentration at the hole ends, making slip-
induced fracture more likely to curve the compressive side. Similar
behavior has been reported in previous tensile and compressive tests on
open-hole composites [12,16].

3.2.3. Influence of geometry and temperature on mode II behavior

The Mode II behavior of OH specimens at 110 °C and 150 °C (Fig. 8)
indicates that increasing temperature promotes the crack initiation load
and shifts the fracture mode from slip to stable growth, with this change
depending on both W/D and L. At 110 °C, the L5 specimen (Fig. 8a)
exhibited extended stable crack propagation, unlike the no-hole speci-
mens, which were slip-dominated at 25 °C and only briefly stable at
110 °C (Section 3.1). In L5 W/D = 6.6, the crack propagated stably along
the ligament (ll— 4 in Fig. 8a DIC), followed by a short slip. In W/D =
3.3, the load temporarily recovered during propagation (after a), due to
increased path resistance by bump formation (ref. Fig. 9). As the prop-
agating crack approached the loading point, additional bending failure
occurred around the hole, resulting in a rapid load drop. In contrast, the
L15 displayed an extended slip region, similar to the 110 °C no-hole
specimen, suggesting lower sensitivity to the hole.

This slip behavior generally occurs when the crack rapidly reaches
the FPZ with high strain energy, leading to interfacial failure [49]. For
L5, the short ligament and irregular FPZ formation caused intermittent
energy release, which contributed to maintaining stable crack growth.
Overall, crack tip-hole interaction accelerates initiation. However,
elevated temperatures also promote stable crack propagation, thereby
mitigating the risk of catastrophic failure. W/D = 6.6 and 3.3 exhibited
crack initiation loads 11.6 % and 27.1 % lower than the no-hole con-
dition (Fig. 8c), showing a more pronounced reduction compared to
25 °C (—5.4 % and —19.1 %). This enhanced sensitivity to the OH
configuration at elevated temperature is attributed to matrix softening,
which diminishes load transfer efficiency and interfacial resistance,
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Fig. 7. Fracture surfaces of open-hole CF/PEKK specimens with increasing crack-hole distances at 25 °C, observed by optical microscopy: (a) W/D = 6.6, (b) W/D

= 3.3.
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thereby promoting earlier crack initiation even under comparable geo-
metric stress conditions.

At 150 °C, L-D curves (Fig. 8b) exhibited a different pattern
compared to 25 °C and 110 °C. The load decreased more gradually and
maintained a high residual load capacity, indicating a stable fracture
behavior. In the L5 specimen (DIC result), crack initiation was accom-
panied by localized bending near both the crack tip and the hole. This
bending failure resulted from stress redistribution around OH, where
elevated temperature lowered local stiffness and induced out-of-plane
deformation under shear. As a result, delamination progressed in a
mixed-mode manner (Mode I + II). L15 failed at lower load, dominated
by bending fracture near the hole without crack initiation. As shown in
Fig. 8d, the Ef generally decreased with increasing temperature and
decreasing W/D ratio. However, an exception was observed at 110 °C for
W/D = 6.6, where E¢ increased. This indicates that E¢ depends not only
on thermal degradation but also on the extent and location of load

transfer and distribution [16,50-52]. At 110 °C, partial matrix softening
promoted stress redistribution near the tip and the hole, suppressing
crack deflection and post-hole bump formation (Fig. 9b and c). Conse-
quently, a more uniform stress field developed around the tip and the
hole, local energy absorption/redistribution increased [53], and the
reduction in Ef was mitigated. At 150 °C, full softening near T caused
localized failure near the hole, preventing stress redistribution and
blocking load transfer. This effect was more pronounced with smaller
W/D or larger L, sharply reducing Ey.

3.2.4. Temperature and geometry-dependent failure behavior

This section builds on the temperature-dependent behavior discussed
in Section 3.2.3, focusing on geometry-specific fracture features and
damage mechanisms in OH configurations under elevated temperatures
(Figs. 9 and 10). With increasing temperature, stable crack propagation
after initiation became predominant across all conditions, consistent
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Fig. 9. Fracture surfaces of CF/PEKK specimens with different open-hole geometries at 110 °C, observed by OM and SEM: (a) no-hole, (b) W/D = 6.6, (c) W/D = 3.3
(b, c: OM results only); elevated temperature promotes stable propagation with ductile drawing in the FPZ; bump formation varies with crack-propagation mode.

with the L-D curve trends shown in Fig. 8a. In the initial FPZ region, the
matrix showed more ductile drawing than at 25 °C, highlighting
enhanced ductility and promoting stable crack growth (Fig. 9a). After
passing through the hole, differences in slip behavior and bending fail-
ure were observed depending on W/D. For W/D = 3.3, bending failure
around the hole gradually developed and led to abrupt failure, whereas
for W/D = 6.6, only minor bending failure occurred, accompanied by a
short slip. This is attributed to reduced ligament integrity at high tem-
perature, facilitating failure initiation under local stress concentration.

In the crack path, the W/D = 3.3 exhibited diffraction toward the
hole’s upper edge—similar to 25 °C—forming a bump. In contrast, W/D
= 6.6 showed neither diffraction nor bump formation when passing
through the hole; however, in L15, slip occurred just before reaching the
hole, causing the crack deflection and bump. Elevated temperature
relaxed the stress field around the hole and broadened the shear
deformation distribution, suppressing localized deformation. As W/D
increased, the wider ligament redistributed stress from a localized zone

10

to a larger area, reducing geometric stress concentration effects [12,14].
The stress field did not disappear, and fracture patterns still depended on
crack propagation behavior: under stable propagation, the crack passed
slowly, allowing the stress field to be further alleviated and redistributed
over a wider region.; under slip-induced rapid propagation (e.g., L15),
redistribution was limited, and the crack followed the pre-existing
concentrated stress path at the hole’s upper edge, forming a bump.

At 150 °C, fracture was predominantly mixed-mode (Mode I + II)
with a bending-dominated response (Fig. 10), consistent with the
temperature-dependent trends described in Section 3.2.3. In L5 (Fig. 10b
and c), bending failure develops ahead of the crack tip and the hole, but
no bending damage appeared along the hole line at the crack tip. This
localized failure divides two regions: region A (off-axis from the hole
line) and region B (between the crack tip and hole). Visual and SEM
inspections reveal clear differences in matrix morphology between these
zones: In region B, the matrix exhibited sharp vertical Mode I-like
fracture features, resembling mixed-mode delamination [54], while in
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Fig. 10. Fracture surfaces of CF/PEKK specimens with different open-hole geometries at 150 °C, observed by OM and SEM: (a) no-hole, (b) L5, W/D = 6.6, (c) L5, W/

D = 3.3; mixed-mode (I + II), bending-dominated response.

region A, a shear-dominated fracture similar to lower temperatures
appeared.

For L15, where the hole is positioned farther from the crack tip, stress
field interactions are negligible, and only localized bending failure is
observed near the hole without delamination. These results show that at
elevated temperature, CF/PEKK fracture behavior is governed by the
combined influence of thermal softening, geometric configurations (W/
D, L), and slip occurrence. This interplay produces a mixed-mode frac-
ture response that cannot be attributed to a single local mechanism.
Thus, for high-performance CF/PEKK at high temperature, durability
predictions and designs must consider both thermal sensitivity and
geometry-induced effects.

3.2.5. Geometry and temperature-dependent fracture toughness
Fig. 11 summarizes the G;¥ and E,ps results for all geometric and

IIc
temperature conditions: (a) G;¥ variation with W/D and L at 25 °C, (b)

Iic

11

temperature effects for each configuration, and (¢) Egps. Gj¥ was
calculated using the CBBM, which incorporates changes in specimen
compliance during crack growth, thereby capturing the combined ef-
fects of geometry and temperature directly from experimental data. Eyps
was quantified as the area under the L-D curve up to crack initiation,
correlating fracture resistance with pre-initiation energy dissipation
[27,55].

At 25 °C (Fig. 11a), the influence of the OH geometry is most pro-
nounced in the L5 configuration. For W/D = 3.3, Gj¥’ drops to 2.25 kJ/
m? (68 % of the no-hole, 25 °C No-hole G¥* = 3.32 kJ/m?), while
increasing W/D to 6.6 recovers G (2.99 kJ /m?) to approximately 90 %
of the no-hole. The influence of L is also clear from the results, as the
crack-hole distance increases from L5 to L20, Gi¥ for W/D = 3.3 pro-
gressively recovers to 93 % (L10, 3.22 kJ/m?), 106 % (L15, 3.58 kJ/m?),
and 104 % (L20, 3.4 kJ/m?) of the no-hole. The increase at 115 aligns
with reduced Mode II flexural modulus (Section 3.2.1) and higher
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accumulated energy (Fig. 11c), enhancing fracture resistance.

Temperature effects (Fig. 11b) showed that at 110 °C, L5 with W/D
= 6.6 retained ~77 % of no-hole (110 °C No-hole G = 2.96 kJ/m?),
while W/D = 3.3 retained 56 % of no-hole. These retentions, being lower
than at 25 °C, indicate greater sensitivity to OH as temperature rises. For
L15, Gf}ip recovery with temperature was more pronounced. At 110 °C,
W/D = 6.6 and 3.3 reached 102 % and 111 % of the no-hole, respec-
tively, which is similar to the results at 25 °C. At 150 °C, which is close to
T, interfacial shear performance generally degrades [3] and viscoelastic
losses increase, so the effective energy accumulated up to crack initia-
tion (Eaps) is unlikely to exceed that at 110 °C. Even so, in some con-
figurations Ef was comparable to 110 °C (Fig. 11c). For L5, W/D = 6.6
and 3.3 specimens retained 79 % and 59 % of no-hole (150 °C No-hole
GP = 2.28 kJ/m?), respectively, showing a trend similar to 110 °C
(Fig. 11b). These results suggest that, at 150 °C, a substantial fraction of
the accumulated energy is expended in sustaining and initiating local
bending rather than directly contributing to interfacial shear for crack
initiation; a mechanism in which local bending precedes crack growth
and subsequently transitions to mixed-mode (Mode I -+ II) propagation is
consistent with this interpretation. By contrast, for L15 at 150 °C,
bending failure occurred without crack initiation, precluding the
calculation of GI¥. This suggests that at high temperature, deformation
at the stress concentration around the hole precedes crack initiation,
leading to global bending-dominated failure. Collectively, increasing
W/D and ensuring sufficient crack-hole distance is key to limiting Gj¥
reduction from open holes and minimizing temperature sensitivity in
CF/PEKK composites.

3.3. Mode II properties of bolt jointed CF/PEKK

3.3.1. Influence of geometry and temperature on mode II behavior

As discussed in Section 3.2, the OH configuration generally had an
adverse effect on Mode II fracture behavior. This section examines how
bolt insertion alters this influence, focusing on differences between BJ

12

and OH specimens under identical geometric configurations. At 25 °C,
BJ specimens exhibited L-D behavior similar to that of the OH speci-
mens; however, most of the lost capacity was recovered (Fig. 12a-d,
black line). For L5, the maximum load of BJ specimens reached values
nearly identical to the no-hole condition for both W/D ratios, with W/D
= 3.3 recovering up to 95 % of the no-hole value. This recovery is
attributed to the compressive preload by BJ, enhancing interfacial fric-
tion and delaying shear crack growth [56-58].

For Eg, a slight recovery was observed for W/D = 3.3 at L5, as the bolt
clamping zone directly contacted the crack tip; however, no improve-
ment was found at L15 due to the dominant effect of the narrow liga-
ment. For W/D = 6.6, the wider ligament reduced the influence of net-
section loss. Consequently, Ef changes at L5 were limited by crack-hole
interference, whereas at L15, the wider ligament led to an increasing
trend. These results indicate that, at room temperature, the BJ config-
uration can effectively mitigate the mechanical disadvantages of the OH
structure, particularly when the crack-hole distance is short and the
ligament width is sufficient.

The effects of BJ configurations under 110 °C and 150 °C are illus-
trated in Fig. 12 by the red and blue lines, respectively. BJ specimens
exhibited L-D curves similar to those of OH specimens but with varying
reinforcement effectiveness. At 110 °C, L5 with W/D = 3.3 recovered
~80 % of the no-hole maximum load, whereas W/D = 6.6 retained 94 %
and showed an extended post-yield plateau, indicating delayed crack
propagation despite partial matrix softening (ref. Fig. 12d). At 150 °C,
the maximum load of BJ specimens increased all conditions, but
bending-induced delamination dominated, similar to OH specimens. For
L15, local bending failure around the hole was predominant, and the BJ
compressive stress delayed fiber damage onset, increasing the load-
bearing capacity [59].

For Ef (Fig. 12f), geometric trends were similar at both temperatures.
For W/D = 6.6, E¢ remained high across L5 and L15, while W/D = 3.3
generally showed lower values, especially when the ligament was nar-
row or the hole was close to the loading point. At 110 °C, Efof W/D = 3.3
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Fig. 12. Mode II test results of CF/PEKK specimens with open-hole and bolted-joint

each condition, (¢) maximum load, and (f) flexural modulus.

nearly matched the no-hole condition at L5 due to direct bolt—crack tip
interaction. At 150 °C, E¢ recovery diminished as matrix softening and
bending failure dominated. These findings indicate that while BJ con-
figurations consistently improve load-bearing capacity over OH speci-
mens at elevated temperatures, the magnitude of improvement depends
strongly on W/D, L, and the dominant fracture mode. Partial matrix
softening at 110 °C allows the bolt to effectively stabilize crack growth,
whereas at 150 °C, the prevalence of bending failure reduces the bolt’s
influence on Mode II resistance.

3.3.2. Geometry and temperature on fracture behavior

Under Mode-II loading, the mode II characteristic is governed by
shear deformation and interfacial sliding. Energy-dissipation mecha-
nisms—microcracking, fiber-matrix debonding, fiber bridging, and
frictional sliding—delay crack growth and increase Gj¥ [60,61]. Within
the bolt-joint zone (BJZ), through-thickness compressive constraint
suppresses local opening and slip around the hole and, together with
frictional clamping, strengthens the interfacial-shear property, thereby
partly offsetting OH-induced losses in Mode-II performance [62,63].

Fig. 13 presents the fracture surfaces of BJ specimens at 25 °C for
different geometric configurations. Across all conditions, similar to OH
specimens, a stable crack-propagation region developed near the crack
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tip due to FPZ formation, followed by slip. And, BJ specimens exhibited
a distinct morphological zone around the hole—the BJZ—formed by
local compressive stresses. Fractographic analysis further showed that,
as the crack traversed the BJZ, ductile drawing—typical of OH spec-
imens—was suppressed. instead, plastic deformation and matrix
smearing dominated, and fiber exposure was frequently observed. These
observations align with Catalanotti et al. [62]. Under Mode II loading,
the compressive constraint within the BJZ that enhances load-bearing
capacity and interfacial shear response may also promote fiber frac-
ture, indicating a common underlying mechanism.

For L15, W/D = 6.6 specimens maintained a uniform BJZ shape,
whereas W/D = 3.3 specimens exhibited a comparatively irregular cir-
cular pattern. This difference is attributed to non-uniform bending
deformation induced by the OH configuration, suggesting that W/D
plays a significant role in Mode II behavior. Within the BJZ, slip
occurred before crack arrival, resulting in smearing as the predominant
failure mode and thereby limiting the crack-arresting effect against slip.
Additionally, in all conditions, the BJ configuration suppressed the
formation of the bump observed in OH specimens. This suppression is
attributed to the effective restriction of tensile damage around the hole
by local compressive stress, which reduced crack deflection and pro-
moted the formation of a flatter, shear-dominated, and more stable
fracture surface [64].
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Fig. 13. Fracture surfaces of CF/PEKK specimens with different bolted-joint configurations at 25 °C, observed by OM and SEM at selected points (blue, red, yellow
points); BJZ formation enhances interfacial properties, suppresses crack initiation and OH-type bump formation, with limited crack-arrest capability.

Fig. 14 and Fig. 15 present the differences in fracture surfaces of BJ
specimens with different geometric configurations as the temperature
increases. At 110 °C under the L5 condition, a greater amount of fiber
fracture was observed within the BJZ compared with that at 25 °C,
which is attributed to thermal degradation. This is associated with a
limitation in the reinforcement effect on load-bearing capacity. In
addition, for both W/D = 6.6 and 3.3, the off-axis bending failure
around the hole observed in OH specimens was significantly delayed.

14

This delay is attributed to the suppression of slip behavior for W/D = 6.6
and the mitigation of load drop for W/D = 3.3. For L15, the crack still
propagated through the BJZ with slip, resulting in a limited crack-
arresting effect. At 150 °C, similar to OH specimens, a mixed failure
mode dominated by bending failure was dominant, and ductile drawing
was frequently observed within the BJZ. Nevertheless, local bending
fracture around the hole—commonly observed in OH specimens—was
suppressed by the compressive forces in the BJZ, which, in some cases,
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Fig. 14. Fracture surfaces of CF/PEKK specimens with different bolted-joint configurations at 110 °C, observed by OM and SEM at selected points (blue, red, yellow
points); Thermal degradation increases fiber damage, while the stable propagation regime expands relative to 25 °C.

contributed to load retention and the formation of a stable crack path.

3.3.3. Effect of temperature and geometry-dependent fracture toughness
G and Eqps according to the BJ configuration are shown in Fig. 16.
At 150 °C and L15, similar to the OH conditions, no crack initiation was
observed, making it impossible to determine a valid G* .
At 25 °C, the BJ specimen with L5 and W/D = 3.3 exhibited an
approximately 39 % increase in Gj? compared to the OH specimen

(OH-BJ, 2.25-3.12 kJ/mz), along with a 29 % recovery in Egpg
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(2.83-3.64 J). For W/D = 6.6, the increases were 15 % (2.99-3.43 kJ/
m?) and 12 % (3.59-4.01 J ), respectively. In both cases, the performance
was similar to that of the no-hole specimens, indicating the most sig-
nificant reinforcement effect. In contrast, as L increased, the influence of
BJ intervention on behavior other than stiffness became limited,
resulting in Eupg values similar to those of OH and no-hole specimens,
while Gj? showed partial improvement.

With increasing temperature, for the L5, W/D = 6.6 condition, the

G¥P and Egp relative to OH were 22 % (2.28-2.8 kJ/

recovery rates of G
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Fig. 15. Fracture surfaces of CF/PEKK specimens with different bolted-joint configurations at 150 °C, observed by OM and SEM at selected points (blue, red, yellow

points); Transition to a mixed, bending-dominated failure mode.
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Fig. 16. Fracture characteristics of Bolted joint CF/PEKK specimens: (a) apparent fracture toughness and (b) absorbed energy up to crack initiation, both as functions

of geometric configuration and temperature.

m?) and 21 % (2.66-3.24 J) at 110 °C, and 14 % (2.24-2.57 kJ/m?) and
5 % (2.67-2.82 J) at 150 °C, respectively. For W/D = 3.3, the recovery
rates of both G and Eps were 30 % (1.66-2.16 kJ/m?, 1.89-2.46 J) at
110 °C and 35 % (1.67-2.27 kJ/mZ, 1.80-2.43 J) at 150 °C, showing a
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similar decreasing trend with temperature. As the temperature
increased, the increments in Eaps and Gpi¥ became predominantly gov-
erned by the suppression of bending behavior. At 150 °C, bending
became the dominant failure mode, and the reinforcement effect was
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more pronounced when W/D was smaller or L was larger. In contrast,
cases where the reinforcement effect decreased were attributed to crack
initiation being relatively dominant in specimens with a wide ligament.
Overall, the BJ structure generally improves fracture resistance; how-
ever, its effectiveness decreases under high temperature and small W/D
conditions. This indicates that in CF/PEKK composites exposed to
elevated temperatures, fracture behavior is highly sensitive to W/D, and
that the interaction between W/D and failure mode near Ty is a key
consideration in structural design.

4. Conclusion

This study investigated the effects of geometric configurations (W/D,
L) and temperature (25 °C, 110 °C, 150 °C) on the Mode II and failure
behavior of CF/PEKK composites with OH and BJ structures. The main
findings are summarized as follows.

@ The OH configuration directly affects the Mode II crack initiation,
propagation path, and failure mode. Under W/D = 3.3, when the
crack tip approaches the hole, the FPZ develops early and crack-
tip-hole interaction (stress-field superposition) intensifies, promot-
ing localized propagation; consequently, G¥ decreases by up to 32
% relative to the no-hole specimen, indicating reduced damage
resistance. Increasing L. and W/D attenuates the interference with the
crack tip, stabilizes crack initiation, and enables Gj¥ and the
maximum load to recover to 93-106 % of the no-hole reference.
During propagation, stress-field imbalance around the OH induces
deflection toward the compressive side, producing a bump-type
morphology in the post-hole region.

@ Rising temperature accentuates the viscoelastic response of CF/
PEKK, thereby weakening Mode II crack-resistance. At 110 °C, the
W/D = 3.3 configuration retains only ~56 % of the no-hole Gjf¥ at
the same temperature, indicating lower retention than at 25 °C and
highlighting temperature-hole interaction. Temperature also pro-
motes stress redistribution around the hole. For W/D = 6.6,
increased temperature suppresses post-hole crack deflection, leading
to a partial recovery of E¢. At 150 °C (near Tg), matrix softening
renders bending-assisted mixed-mode (Mode I + II) damage domi-
nant, and crack-propagation behaviour becomes correspondingly
more complex.

@ The BJ configuration is effective in suppressing early failure and
stabilising crack propagation under Mode II loading. Clamping in-
troduces compressive confinement (preload and friction) at the
interface, raising the crack-initiation threshold and suppressing post-
hole deflection/slip-assisted propagation. Consequently, even for
adverse geometry such as W/D = 3.3, the load-bearing capacity, Gj¥
, and Egps recover to >95 % of the no-hole reference, and the sensi-
tivity to crack-tip-hole interaction is alleviated even at short L. With
increasing temperature, the recovery diminishes somewhat; for
example, at 110 °C Gj¥ remains at ~80 % of the no-hole specimen,
indicating that damage-mitigation persists at elevated temperature.
Clamping also promotes load-path dispersion and stress redistribu-
tion, leading to more stable load transfer and suppressing the in-
crease in compliance during propagation. Near 150 °C, mixed-mode
and bending contributions become more pronounced, further
limiting the recovery; nevertheless, the BJ configuration continues to
inhibit crack growth/deflection and stabilize the fracture surface.
Overall, BJ design provides a practical means to offset geometric
vulnerabilities across W/D, L, and temperature, thereby enhancing
mechanical performance, structural integrity, and high-temperature
durability of CF/PEKK composite structures.

@ This study quantified the Mode II behaviour of CF/PEKK laminates
using an experiment-first approach, and we will verify and extend
these findings through 3D simulation in subsequent work. Employing
same-temperature, no-hole normalisation, we systematically
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reported G}I};p , failure behaviour, and mechanical characteristics
(Load, Ey, compliance). These data can support future models by (i)
calibrating temperature-dependent material parameters, (ii) speci-
fying boundary conditions (clamping, ligament length, hole size),
and (iii) defining validation targets (initial slope, maximum load,
GiPP-temperature trends, and crack paths). As a first step, results at
25 °C with systematic variation of W/D and L enable geometry-only
verification. Next, the compressive constraint introduced by bolted
clamping (preload and friction) can be quantified to test whether the
observed partial recovery of E¢ and G} is reproduced. With geom-

etry fixed, a material-only analysis will then calibrate temperature-
dependent PEKK laws at 25/110/150 °C and cross-validate model
predictions against the present experiments, thereby separating and
quantifying geometric and material contributions and their
interaction.

@ Through this utilisation, mechanisms of stress-field superposition,
FPZ enlargement, and mixed-mode transition—driven by holes, lig-
ament length, and bolt confinement—can be visualised, yielding
quantitative metrics and maps that translate into geometric-tem-
perature-BJ clamping design guidelines for practice.
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