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A B S T R A C T

Carbon Fiber Reinforced Polymer (CFRP) laminates are widely used in aerospace structures. However, under
standing their damage mechanisms under Mode II loading and establishing reliable non-destructive testing 
(NDT) techniques remain critical challenges for structural health monitoring. This study investigates the fracture 
behavior and damage evolution of thin CFRP laminates with two stacking sequences, [0◦/+45◦/− 45◦]2S and 
[+45◦/− 45◦/0◦]2S, using End-Notched Flexure (ENF) testing combined with Acoustic Emission (AE) and Ul
trasonic Longitudinal Wave (ULW) evaluation. The results show that the [0◦/+45◦/− 45◦]2S laminates exhibit 
higher flexural stiffness and delayed crack initiation with sudden catastrophic crack propagation, whereas the 
[+45◦/− 45◦/0◦]2S laminates demonstrate earlier crack initiation and more progressive crack growth during 
loading. The average Mode II interlaminar fracture toughness values were approximately 1.70 kJ/m² for [0◦/ 
+45◦/− 45◦]2S, and 1.78 kJ/m² for [+45◦/− 45◦/0◦]2S, indicating that stacking sequence significantly influences 
delamination resistance and energy dissipation. AE signal parameters, including absolute energy, duration, and 
average frequency, reveal distinct damage evolution stages, while ultrasonic scanning confirms different damage 
distributions where [0◦/+45◦/− 45◦]2S laminates show broader delamination zones and [+45◦/− 45◦/0◦]2S 
laminates exhibit more localized defects. This study provides valuable insights into the structural health moni
toring of aerospace composite structures and demonstrates the potential of integrated NDT systems for devel
oping damage-detection methods for advanced lightweight composite components.

1. Introduction

Recent studies on Carbon Fiber Reinforced Polymer (CFRP) lami
nates have increasingly focused on enhancing mechanical performance 
through targeted material and interface engineering strategies, as well 
as advancing experimental and analytical approaches to better under
stand failure mechanisms [1–3]. Advanced strategies primarily involve 
matrix and interface engineering, including hierarchical reinforcement 
and nano-modification approaches. For example, hierarchical CFRP 
composites have demonstrated significant improvements in interlam
inar fracture toughness (Mode I: +168 %, Mode +155 %) through 
tailored microstructural design and controlled damage mechanisms [4,
5]. In addition, hybrid nanoparticle systems such as graphene–TiO₂ have 
been shown to enhance tensile and flexural performance by improving 

interfacial load transfer and energy dissipation [6]. Complementarily, 
surface treatment techniques such as atmospheric plasma activation 
(APA) effectively enhance fiber–matrix adhesion by increasing surface 
roughness and introducing oxygen-containing functional groups, lead
ing to notable improvements in tensile strength and fracture toughness, 
as well as shifts in the dominant failure mechanisms [7]. Collectively, 
these approaches highlight that optimizing interfacial interactions and 
microstructural design is critical for controlling damage initiation and 
propagation in CFRP laminates.

Acoustic emission (AE) has been evaluated in CFRP under Mode-I 
loading, demonstrating that AE signals can effectively monitor delami
nation onset and progression. The study employs wavelet analysis to 
correlate AE frequency content with damage evolution, providing 
valuable insights into the fracture process [8–10]. Another study 
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enhances CFRP composites by improving toughness, impact resistance, 
and defect detection. MWCNT-doped PES films boost electrical con
ductivity and fracture toughness [11], while MWCNTs and CSR particles 
synergistically increase toughness by 149 % (Mode I) and 80 % (Mode 
II), improving impact resistance [12]. Advanced NDT techniques refine 
defect visualization for better structural assessment [13].

Further investigations into Mode-II fracture behaviour of CFRP 
laminates reveal complex micromechanical failure mechanisms, 
including plastic deformation, fiber/matrix debonding, and microcrack 
formation [14–16]. High-resolution in situ optical and X-ray computed 
tomography (CT) imaging capture progressive damage, enabling precise 
correlations between microscopic failure and macroscopic fracture 
toughness [14,17]. Building on this, recent research integrates acoustic 
emission (AE) with Digital Image Correlation (DIC) to classify CFRP 
damage mechanisms under different loading conditions using machine 
learning techniques. By combining AE clustering with DIC strain anal
ysis, this study effectively distinguishes intra- and inter-laminar damage 
modes, aiding structural health monitoring and predictive damage 
modeling [18]. Recent advances in AE signal processing further high
light AE's capability for damage classification in composite structures 
through signal decomposition and time–frequency analysis. However, 
challenges remain in separating overlapping multi-mode damage signals 
[19].

Recent studies of ultrasonic-based techniques, particularly guided 
Lamb waves, have demonstrated strong potential for detecting delami
nation and internal defects in composite laminates due to their high 
sensitivity and large-area inspection capability. However, their effec
tiveness can be affected by signal dispersion and mode complexity [20]. 
Comprehensive reviews on ultrasonic NDT methods also emphasize 
their reliability and widespread application in composite structures, 
while highlighting key limitations such as anisotropy effects and diffi
culties in subsurface defect characterization [21]. Beyond Mode-II 
fracture, studies have also explored the broader mechanical behav
iour, damage mechanisms, and degradation of CFRP composites under 
various conditions. For instance, one investigation examines Mode-I and 
Mode-II fracture toughness using multi-instrument structural health 
monitoring methods, integrating AE and infrared thermography (IRT) to 
classify failure types such as fiber breakage and matrix cracking. The 
findings suggest that twill-woven laminates are more prone to delami
nation failures than other configurations [22,23].

Furthermore, recent studies have demonstrated that AE-based 
monitoring can effectively identify fracture mechanisms and capture 
the influence of stacking sequence on damage evolution in composite 
laminates, providing deeper insight into the relationship between AE 
signal characteristics and physical failure processes [24]. In parallel, a 
semi-analytical model has been developed to predict Mode-II fracture 
toughness in multidirectional laminates, demonstrating that interfacial 
angles and intra-ply damage strongly influence fracture energy. Exper
imental validation confirms the model’s predictive accuracy, high
lighting its potential for structural design optimization [25]. Damage 
detection techniques have also been a focus of research, particularly in 
the context of CFRP-strengthened concrete structures. A review of 
non-destructive testing (NDT) methods underscores the importance of 
advanced techniques such as ground-penetrating radar and impact-echo 
testing for assessing delamination, debonding, and overall structural 
integrity [26]. Furthermore, a study on the thermal aging degradation of 
CFRP composites highlights reductions in mechanical properties, with 
Young’s modulus decreasing by 21 % and strength by 34 % after pro
longed high-temperature exposure, indicating the need to assess thermal 
resistance for long-term applications [27].

Numerous studies have explored various aspects of CFRP and GFRP 
composites, including fracture mechanics, fatigue behaviour, damage 
detection, and structural applications [28]. Research on fatigue crack 
growth in composite-to-steel bonded interfaces using ENF highlights the 
importance of shear-strain-based monitoring and numerical modeling 
for predicting crack propagation [29]. Additionally, the influence of 

geometric and material parameters on Mode-II fatigue behavior has 
been investigated using cohesive zone modeling, revealing key factors 
that affect delamination resistance [30]. Advancements in 
non-destructive testing (NDT) methods have significantly contributed to 
damage detection in CFRP composites. Electromagnetic wave-based 
NDT (EMW-NDT) has been proposed for identifying delaminations and 
cracks via electromagnetic interference shielding [31]. Similarly, 
high-speed eddy current testing (ECT) has been successfully applied to 
detect delaminations with rapid, accurate results [32–34]. Thermal NDT 
techniques, coupled with neural networks, have also demonstrated high 
precision in characterizing defect depth, enhancing the reliability of 
hidden defect detection in CFRP structures [35].

Efforts to enhance CFRP’s mechanical performance have led to 
innovative material designs. A bio-inspired CFRP laminate, mimicking 
nacre’s “brick-and-mortar” structure, exhibits significant improvements 
in interlaminar and translaminar fracture toughness [36]. Additionally, 
hybrid CFRP composites reinforced with graphene oxide and carbon 
nanotubes show substantial toughness enhancements under Mode-I and 
Mode-II fracture tests [37]. Investigations into the effects of 
low-temperature exposure on CFRP-steel hybrid laminates emphasize 
the importance of accounting for thermal residual stresses in fracture 
mechanics [38]. Beyond material improvements, CFRP’s role in struc
tural applications has been widely explored. Studies on 
CFRP-strengthened steel beams show that laminates with end-chorage 
plates significantly enhance flexural strength while reducing deflec
tion [39,40]. Moreover, a systematic failure analysis of fractured CFRP 
specimens subjected to various mechanical tests highlights the effec
tiveness of SEM and optical microscopy in understanding fracture 
behavior under different loading conditions [41]. Further research fo
cuses on mechanical properties, damage mechanisms, and structural 
health monitoring (SHM) using experimental and numerical ap
proaches. Crack propagation in adhesively bonded CFRP joints has been 
analyzed using high-resolution optical fiber sensing during ENF and DCB 
tests, thereby improving the accuracy of fracture toughness assessment 
[42,43]. Finite element modelling of interlaminar delamination con
firms that fiber orientation significantly influences fracture toughness, 
emphasizing the role of ply angle in laminate performance [44].

In situ microscopic observations of CFRP adhesive joints under 
Mode-I and Mode-II loading provide deeper insights into strain con
centration and crack growth behaviours [45]. Studies on Mode-II 
interlaminar fracture toughness in GFRP laminates using ENF tests 
validate the effectiveness of the cohesive-zone method for delamination 
modelling [46]. Meanwhile, interleaving CFRP laminates with PA66 
electrospun nanofibers has been shown to enhance fracture toughness 
by mitigating fiber breakage and matrix cracking [47]. Recent in
vestigations also explore the influence of stacking sequences and cur
vature on fracture behaviour. Asymmetrical stacking sequences in 
filament-wound CFRP specimens exhibit distinct delamination pat
terns under DCB, ENF, and MMB tests [48]. Similarly, ENF testing of 
curved CFRP beams provides validated data reduction methods for 
Mode-II fracture toughness evaluation [49]. Advances in damage 
detection techniques continue to improve SHM strategies. A novel 
electromagnetic NDT method based on power loss effectively detects 
cracks and fiber distribution in CFRP laminates [50]. A comprehensive 
review of SHM techniques that add natural fiber reinforcement to 
polymer joints categorizes intrinsic and extrinsic sensing methods and 
emphasizes their applications in real-world structures [51,52]. Lastly, a 
waveform-based clustering and machine learning approach integrates 
acoustic emission data for real-time damage classification, enhancing 
predictive capabilities for CFRP component failures [53].

The basic evaluation previously introduced by researchers to eval
uate CFRP laminates often did not include NDT methods, especially AE 
and ultrasound analysis, for Mode II (GIIC) fracture toughness. Only a 
few studies reported by compiling several papers and discussing them in 
a review style [54–56]. Moreover, the combination of NDT and theo
retical analysis with residual stress correction has not been reported 
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previously, especially in terms of Mode II with CFRP laminates. Despite 
extensive investigations on CFRP laminates, a comprehensive under
standing of Mode II damage evolution in thin laminates using integrated 
NDT approaches remains limited, particularly in correlating real-time 
signals with fracture mechanisms. The novelty of this study lies in 
integrating AE and ULW monitoring with theoretical fracture analysis 
and stress considerations within a unified experimental framework, 
specifically applied to Mode II fracture behavior of thin CFRP laminates. 
Therefore, this study aims to systematically investigate the influence of 
stacking sequence on the interlaminar fracture behaviour of thin CFRP 
laminates under ENF loading, incorporating AE and ULW. The primary 
objective is to quantify the damage initiation, propagation, and 
energy-release characteristics using a combination of acoustic emission 
and ULW techniques. Secondary objectives include establishing direct 
correlations between NDT signal features (energy, duration, and fre
quency) and underlying damage mechanisms, and validating these 
findings using destructive characterization methods, such as SEM and 
Shore D hardness measurements. Furthermore, this work introduces a 
unified experimental framework that integrates real-time monitoring 
with post-mortem validation to enhance the reliability of damage 
interpretation in composite laminates. The study further provides a 
comparative assessment of stacking-sequence-dependent damage evo
lution, highlighting the role of ply orientation in governing delamina
tion resistance and crack propagation stability. The outcomes of this 
research offer valuable insights for developing robust structural health 
monitoring strategies for advanced thin composite structures, particu
larly in aerospace and space applications where inspection accessibility 
is limited and early damage detection is critical.

2. Materials and methods

2.1. Laminates materials and manufacturing

In this study, a unidirectional carbon fiber prepreg from Hexcel, 
specifically HexPly M21/34 %/UD194/T800S–24K/600HLU, was uti
lized. This prepreg consists of a 34 % resin matrix reinforced with 194 
gsm unidirectional T800S-24 K fibers. The detailed material properties 
of the prepreg are presented in Table 1. The composite laminates were 
fabricated using the autoclave method, following two different stacking 
sequences: [+45◦/− 45◦/0◦]2S and [0◦/+45◦/− 45◦]2S. These sequences 

correspond to the layer arrangements of [+45◦/− 45◦/0◦/0◦/− 45◦/ 
+45◦/+45◦/− 45◦/0◦/0◦/− 45◦/+45◦] and [0◦/+45◦/− 45◦/− 45◦/ 
+45◦/0◦/0◦/+45◦/− 45◦/− 45◦/+45◦/0◦], respectively. The autoclave 
curing process was carried out at 180 ◦C for 4 h under 7 Bar, while the 
ambient temperature remained at 25 ◦C. The samples were precisely cut 
using an ATM Brillant 220 machine in accordance with ASTM D-7905. 
Mechanical testing was conducted to evaluate the material properties. 
Tensile tests revealed that the laminate with the [0◦/+45◦/− 45◦]2S 
layup exhibited an elastic modulus of 61.49 GPa, while the [+45◦/ 
− 45◦/0◦]2S configuration demonstrated a slightly lower modulus of 
60.47 GPa. In terms of ultimate tensile strength, the [0◦/+45◦/− 45◦]2S 
laminate achieved 1123.97 MPa, whereas the [+45◦/− 45◦/0◦]2S lami
nate performed slightly better, reaching 1227.95 MPa. Fig. 1(a) showed 
the manufacturing process, Fig. 1(b) showed the ENF test setup, and the 
sample after the test was shown in Fig. 1(c). A total of 8 samples were 
tested, 4 from each combination. The details of all specimens tested in 
the present study are shown in Table 2.

Specimens were manufactured and cut according to ASTM D-7905, 
as shown in Fig. 2(a), where 2b is the width of the specimen, l is the total 
sample length. The stacking sequences of the samples are illustrated in 
Fig. 2(b). The side part of the specimen was marked using spray paint, 
while the black markings were made with a sharp pencil at specified 
distances in accordance with the standard of ASTM D-7905. Detailed 
information on the dimensions of the specimen and the laminate se
quences can be seen in Table 1. The detailed sample setup during the 
ENF test is shown in Fig. 3, based on the ASTM D-7905 schematic. It is 
shown that 2 h is total thickness, r1 is the radius of upper indenter, r2 is 
the radius of lower indenter, a is the crack length, aI is the length be
tween crack tip and the edge of sample (30 mm), L is distance of half 
upper and lower indenter (50 mm), c is the distance of the sample edge 
with the center of lower indenter, and Lu is the distance of the sample 
end edge with the center of lower indenter. The present

2.2. AE and ULW evaluation

NDT evaluation was additionally performed in this study following 
specimen failure. Ultrasonic inspection was conducted using a USPC 
3040 DAC system (Ingenieurbüro, Hillger NDT GmbH, Germany) oper
ating in an immersion-based pulse–echo configuration. The measure
ments were carried out in a deionized water bath, with both the 
ultrasonic probe and the specimen fully immersed to ensure stable, 
consistent acoustic coupling. A piezoelectric ultrasonic transducer, 
acting as both transmitter and receiver, was employed to generate and 
detect longitudinal ultrasonic waves. The excitation was provided by a 
short electrical pulse, producing high-frequency acoustic waves that 
propagate through the laminate and reflect at material interfaces and 
internal discontinuities.

A calibrated acoustic velocity, corrected for specimen thickness, was 
used to accurately interpret time-of-flight signals. The inspection was 
performed using an automated raster-scanning approach in the x–y di
rection, providing full-area coverage of the specimen surface. Gate set
tings were defined within the acquisition software to isolate entry 
signals, internal defect reflections, and backwall echoes, allowing depth- 
resolved analysis of the laminate structure. The resulting C-scan images 
map variations in signal amplitude and time-of-flight across the plate, 
providing an indirect assessment of thickness variations and fiber dis
tribution. In addition, these images enable identification of regions with 
defect concentration, such as delamination zones and fiber agglomera
tion, based on localized changes in ultrasonic response.

AE monitoring was conducted using a Micro-II Digital AE System 
(Physical Acoustics Corporation, Mistras, NJ, USA). Wideband differ
ential AE sensors (WD type, frequency range 100–900 kHz) were 
employed, coupled with a 40 dB preamplifier. Data acquisition was 
performed at a sampling rate of 5 MSPS with a pre-trigger length of 256 
samples. A 20 kHz analog high-pass filter was applied to reduce low- 
frequency noise. The AE signal timing parameters were defined as 

Table 1 
The Properties of materials used in the present study [57–60].

Properties Value Units

Manufacturing Process Parameter Autoclave temperature 180 ◦C
Autoclave time 4 h
Autoclave press. 7 bar
Fiber volume fraction 59.2 %
Prepreg mass (cured) 294 g/m2

Glass Transition Temp. 195 ◦C
Mechanical Properties UTS (ASTM D3039) 2860 MPa

Tension Modulus 
(ASTM D3039)

160 GPa

Longitudinal modulus 
(E1)

130.7 GPa

Transverse modulus 
(E2)

8.01 GPa

ILSS (ASTM D2344) 110 MPa
Transverse tensile 
strength (ΥT)

40.5 MPa

Shear strength (SL) 69.6 MPa
Compression Strength 
(ASTM D695)

1790 MPa

Compression Modulus 
(ASTM D695)

148 GPa

Poisson’s ratio (ϵ12) 0.35 -
Shear modulus (G12) 5.31 GPa

Thermal Properties Longitudinal CTE α − 5.02E-07 ◦C− 1

Transverse CTE α 6.10E-06 ◦C− 1
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follows: Peak Definition Time (PDT) = 50 µs, Hit Definition Time (HDT) 
= 200 µs, and Hit Lockout Time (HLT) = 300 µs. The detection threshold 
was set to approximately 45–50 dB, based on the measured background 
noise level, to ensure reliable discrimination of valid AE events.

Sensor placement was defined according to the ENF test configura
tion shown in Fig. 1(b), with sensors positioned near the load intro
duction and support regions to enhance sensitivity to interlaminar 
damage and crack-propagation events. In this study, AE analysis focuses 
on global signal trends (e.g., cumulative hits, energy, duration, and 
frequency evolution) to characterize damage progression. Advanced 
clustering or feature-based classification techniques were intentionally 
not employed, as the objective is to establish a direct correlation be
tween AE activity and macroscopic damage evolution rather than to 
perform discrete damage mode separation. This approach avoids over
interpretation of overlapping AE signatures and is consistent with the 
scope of the present experimental framework. Each specimen was 
evaluated using both AE and ultrasonic methods, and the measurement 
settings were defined according to the standard operating procedures of 
the respective systems. To avoid overinterpretation of AE signals, 
damage mechanisms in this study are not directly classified using clus
tering or machine learning techniques. Instead, AE parameters are 
interpreted in conjunction with macroscopic observations (crack prop
agation), surface roughness analysis, and SEM fracture morphology.

2.3. Fracture toughness Mode II calculations

The basic calculation of interlaminar fracture toughness in mode II 
using NPC (Non-Pre-crack) initiation value of GIIC is determined from 
the maximum force (PMax). The C as compliance can be determined in 
Eq. (1). 

C = A + ma3 (1) 

Where A is the intercept and m is the slope obtained from regression 
analysis. Here, the GIIC can be determined by using Eq. (2). 

GIIC =
3mP2

MAXa2

4b
(2) 

Where m is the CC coefficient, PMAX is the maximum force, a is the 
crack length, and 2b is the specimen width.

For the series of tests, the average of the GIIC can be further analyzed 
using the statistical method described in ASTM D7905, using Eqs. (3), 4, 
and 5. 

x =
1
n
∑n

i=1
xi (3) 

Sn− 1 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1x2
i − nx2

n − 1

√

(4) 

CV = 100 x
Sn− 1

x
(5) 

Where: x
ˉ 

is the sample mean (average), Sn− 1 is the sample standard 
deviation, CV is the coefficient of variation (%), n is the number of 
specimens, and xi is a measured or derived value.

3. Results and discussion

3.1. ENF Test

The load-displacement relationship for ENF is shown in Fig. 4. The 

Fig. 1. (a) Schematic study, (b) ENF testing condition, (c) Sample after testing.

Table 2 
The specimen dimension.

Sample l (mm) 2b (mm) 2 h (mm) al 
(mm)

C 
(mm)

lu 
(mm)

0452S 01 288 19.82 2.25 68 38 146.5
0452S 02 288 20.51 2.29 68 38 146.5
0452S 03 288 20.40 2.29 68 38 146.5
0452S 04 288 20.10 2.29 68 38 146.5
4502S 01 292 20.38 2.26 71.5 41.5 150.5
4502S 02 292 20.55 2.28 71.5 41.5 150.5
4502S 03 292 20.34 2.22 71.5 41.5 150.5
4502S 04 292 20.12 2.27 71.5 41.5 150.5
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full series of tested samples is illustrated in Fig. 4(a). It is shown that the 
[0◦/+45◦/− 45◦]2S layup has a higher load than the [+45◦/− 45◦/0◦]2S 
layup, by >2x. For the ENF 3 model loaded with the dedicated distance 
based on the NPC (Non-Pre Crack) model, the results are shown in Fig. 4 
(b). It is shown that from 20 mm, 40 mm, and 30 mm distances, the [0◦/ 
+45◦/− 45◦]2S layup surpasses the [+45◦/− 45◦/0◦]2S layup for all 
combinations. These results show that the sequences and thicknesses of 
the laminates play crucial roles in composite laminates. It is also indi
cated that thicker laminates reveal more predefects. This trend is shown 
in the 0◦ layer of both laminates ([0◦/+45◦/− 45◦]2S layup and [+45◦/ 
− 45◦/0◦]2S layup).

An additional observation from Fig. 4(a) concerns the laminate's 
stiffness behavior. It is indicated by the slope of the load–displacement 
curves. The specimens with the [0◦/+45◦/− 45◦]2S layup show a steeper 
initial slope compared with the [+45◦/− 45◦/0◦]2S layup, indicating a 
higher flexural stiffness during the initial loading stage. This behavior is 
associated with the presence of 0◦ plies near the outer layers, which 
significantly contribute to resisting bending loads and delaying crack 

propagation during the ENF test. Consequently, the laminates with this 
configuration can sustain higher loads before a sudden drop, indicating 
the onset of delamination or crack growth. In contrast, the [+45◦/− 45◦/ 
0◦]2S layup laminates exhibit lower stiffness and earlier load drops, 
suggesting that the ply orientation sequence influences not only the 
maximum load capacity but also the stability of crack propagation 
during loading.

Fig. 5 presents the relationship between compliance (C) and crack 
length (a) used for determining the Mode II interlaminar fracture 
toughness (GIIc) of the CFRP laminates during the ENF test. The plots 
show a linear increase in compliance with increasing crack length for 
both stacking sequences, which confirms the validity of the compliance 
calibration method used for GIIcevaluation. For the [0◦/+45◦/− 45◦]2S 
laminates (Fig. 5 lower), the compliance values increase gradually from 
approximately 0.015–0.016 mm/N at a = 20mm to about 0.021–0.022 
mm/N at a = 40mm, indicating a moderate increase in structural flex
ibility as the crack propagates. The fitted linear relations for each 
specimen show slopes around 0.0029, suggesting relatively consistent 

Fig. 2. (a) ENF Sample dimension, (b) Sample stacking sequences.

Fig. 3. Schematic Testing of ENF.
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crack-growth behavior across the samples. The trend is shifted when the 
[+45◦/− 45◦/0◦]2S laminate (Fig. 5 upper) exhibits higher compliance 
values overall, increasing from approximately 0.016–0.027 mm/N at a 
= 20mm to nearly 0.059–0.061 mm/N at a = 40mm.

The linear-fitting slopes range from 0.016 to 0.017, which are 
significantly higher than those of the [0◦/+45◦/− 45◦]2S laminate. This 
indicates that the [+45◦/− 45◦/0◦]2S laminate experiences a faster in
crease in flexibility as the crack length grows, reflecting lower resistance 
to interlaminar crack propagation. The higher compliance and steeper 
slopes suggest that the stacking sequence strongly influences the struc
tural stiffness and fracture response of the laminates during Mode II 
loading.

Fig. 6 presents the Mode II interlaminar fracture toughness (GIIc) 
obtained from the ENF tests for the two laminate stacking sequences. For 
the [0◦/+45◦/− 45◦]2S layups (Fig. 5(a)), the measured GIIcvalues range 
between approximately 1.52 kJ/m² and 1.89 kJ/m², with the average 
value recorded at 1.7 kJ/m², indicating a phenomenon of interlaminar 
shear crack propagation. For the [+45◦/− 45◦/0◦]2S layup, the GIIc 
values are around 1.69 kJ/m² to 1.82 kJ/m² with the average is 1.78 kJ/ 

m², which remain higher compared with [0◦/+45◦/− 45◦]2S layups.
The overall fracture toughness of this laminate is slightly lower and 

shows a narrower distribution. This difference indicates that the stack
ing sequence plays a critical role in governing the interlaminar fracture 
behavior under Mode II loading. The slightly higher GIIcobserved in the 
[+45◦/− 45◦/0◦]2S laminates can be attributed to the presence of ±45◦

plies near the outer layers, which promote crack deflection, fiber–matrix 
debonding, and local fiber bridging. These mechanisms increase energy 
dissipation during crack propagation, leading to a more stable and 
progressive delamination process. In contrast, the [0◦/+45◦/− 45◦]2S 
laminates tend to exhibit a more direct crack path along the interface, 
leading to lower resistance to crack growth and more unstable propa
gation behavior.

Further statistical analysis was performed in accordance with ASTM 
D7905 to evaluate the reliability of the obtained results (Based on Eq 
(3)–5). The [0◦/+45◦/− 45◦]2S laminates show an average GIIcof 1.70 
kJ/m² with a standard deviation of 0.16 kJ/m² and a coefficient of 
variation (CV) of 9.49 %, indicating a relatively higher data scatter. 
Meanwhile, the [+45◦/− 45◦/0◦]2S laminates exhibit an average GIIcof 

Fig. 4. (a) Final load of all samples, (b) Representative sample of 2 combinations.
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1.78 kJ/m² with a lower standard deviation of 0.06 kJ/m² and a CV of 
3.33 %, reflecting more consistent and repeatable behavior. These sta
tistical results confirm that although the difference in mean fracture 
toughness is relatively small, the [+45◦/− 45◦/0◦]2S configuration pro
vides more stable and reliable fracture performance under Mode II 
loading.

Time-to-time analysis of the specimen [0◦/+45◦/− 45◦]2S layup is 
shown in Fig. 7. It is shown that the laminates can withstand without any 
visual crack detected until the final catastrophic crack. From the 
beginning of the test until approximately 17:54, the laminate exhibits 
gradual flexural deformation without any visible crack initiation along 
the mid-plane interface. The specimen continues to bend under 
increasing load while maintaining structural integrity, indicating that 
the laminate stacking sequence can sustain significant deformation 
before damage onset.

A more detailed observation between 17:54 and 17:55 reveals the 
sudden onset of crack propagation. Just before the crack occurs (17:54), 
the laminate still appears intact with only noticeable bending defor
mation beneath the loading nose. However, within one second (17:55), a 
clear interlaminar crack rapidly propagates along the interface region, 
as highlighted in Fig. 7. This abrupt transition from a visually intact 
condition to catastrophic crack growth indicates a brittle-like delami
nation event typical in interlaminar fracture under ENF loading. The 
crack propagation occurs almost instantaneously once the critical strain 
energy release rate is reached, confirming that the laminate stores elastic 
energy during deformation and releases it suddenly at the moment of 
failure.

The step-by-step crack propagation during the ENF test of the [+45◦/ 
− 45◦/0◦]2S layup is shown in Fig. 8. The sequential images show the 
deformation process as the loading progresses, where the numbers 

Fig. 5. C vs a3 in GIIc of the study. [0◦/+45◦/− 45◦]2S layups (Lower), [+45◦/− 45◦/0◦]2S layups (Upper).

Fig. 6. GIIc of the study. (a) [0◦/+45◦/− 45◦]2S layup, (b) [+45◦/− 45◦/0◦]2S layup.
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represent the testing time in minutes and seconds. Unlike the [0◦/+45◦/ 
− 45◦]2S layup, which maintained structural integrity until a sudden 
catastrophic crack occurred, the [+45◦/− 45◦/0◦]2S layup configuration 
shows an earlier indication of crack initiation. The first visible crack 
appears around minute 13, suggesting that the interlaminar (debonding 
between 45◦ layers) region begins to experience localized damage 
earlier in the loading process. The presence of ±45◦ plies near the outer 
layer likely influences the stress distribution and shear deformation, 
which contributes to the earlier onset of crack initiation. As the loading 

continues, the crack propagates gradually along the mid-plane interface, 
as highlighted in the red-marked regions between 16:05 and 16:40. The 
images clearly demonstrate that the crack length increases progressively 
with increasing displacement and bending deformation. This progres
sive crack growth indicates a more stable delamination propagation 
compared with the sudden failure observed in the previous layup 
configuration. The laminate undergoes continuous energy release dur
ing crack extension, allowing the crack to propagate step by step rather 
than occurring instantaneously. Such behavior suggests that the stacking 

Fig. 7. Crack propagation of [0◦/+45◦/− 45◦]2S layup. Number is in Min.:Sec.
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Fig. 8. Crack propagation of [+45◦/− 45◦/0◦]2S layup. Number is in Min.:Sec.

M.A. Muflikhun and B. Fiedler                                                                                                                                                                                                              Results in Engineering 30 (2026) 110850 

9 



sequence significantly affects the fracture mechanism and the laminates’ 
energy-dissipation capability, with the [+45◦/− 45◦/0◦]2S layup exhib
iting a more gradual crack-propagation pattern before reaching final 
failure.

3.2. Roughness

Roughness evaluation of the delaminated layer after the ENF test is 
illustrated in Fig. 9 for the [0◦/+45◦/− 45◦]2S layup and in Fig. 10 for 
the [+45◦/− 45◦/0◦]2S layup. Since the layer interface was different, the 
0◦ layers after delamination formed a straight crack perpendicular to the 
crack growth. The optical observation shows that the delaminated 
interface is relatively smooth and aligned with the fiber orientation, 
particularly in the region where the 0∘ply is exposed, which is clearly 
shown in Fig. 9. The crack propagation direction is perpendicular to the 
0∘ direction. The fracture surface appears straighter, with limited fiber 
bridging or pull-out features in fiber-oriented samples. This condition 
indicates that the crack propagated primarily along the matrix- 
dominated interface, producing a relatively uniform delamination sur
face. The quantitative roughness profile extracted from the marked re
gions in Fig. 9 further confirms this observation. The surface profile 
shows gradual height variations along the measured line, indicating 
moderate surface irregularity.

The measured roughness parameters reveal that the delaminated 
interface exhibits relatively lower roughness values with Ra = 8–12 µm, 
and Rz = 37–44 µm. This suggests that the crack propagated in a more 
brittle, direct manner, with limited resistance from the fiber orientation. 
This behavior is consistent with the previously observed sudden cata
strophic crack, in which the stored elastic energy was released rapidly 
once the critical fracture condition was reached.

In the other laminates, the roughness characteristics of the [+45◦/ 
− 45◦/0◦]2S layup shown in Fig. 10 exhibit a more complex surface 
morphology. The fracture surface displays more pronounced texture and 
waviness due to the presence of ±45◦ fiber orientations near the 
delamination interface. These angled fiber layers introduce additional 
shear interaction and crack deflection during propagation, resulting in a 
rougher delaminated surface. The corresponding roughness profiles 
show larger amplitude variations along the measurement path with Ra 

and Rz equal to 25–31 µm and 90–100 µm, respectively. This indicates 
increased surface irregularities. This suggests that the crack propagation 
experienced greater resistance and dissipated more energy through 
mechanisms such as fiber-matrix debonding, fiber bridging, and crack 
path deviation.

The surface profile of the [0◦/+45◦/− 45◦]2S laminates shows a 
smoother, more gradual trend, with the roughness curve increasing 
steadily over the measured length. This indicates a relatively uniform 
fracture surface with limited height variation, consistent with crack 
propagation along the interface dominated by the 0∘ply orientation with 
the delaminated surface appears more continuous and stable. On the 
other hand, the [+45◦/− 45◦/0◦]2S laminates exhibit a pronounced 
up–down roughness profile with clear peaks and valleys. This irregular 
morphology is attributed to the ±45◦ fiber orientations near the 
delamination interface, which induce crack deflection and additional 
resistance during propagation, resulting in a rougher fracture surface.

3.3. Acoustic emission (AE) test

Fig. 11 presents the AE response of the [0◦/+45◦/− 45◦]2S laminate 
under ENF testing with different loading lengths of 20 mm, 30 mm, and 
40 mm. The left plots illustrate the cumulative AE hits as a function of 
time, while the right plots show the amplitude distribution of the 
detected AE signals. For the 20 mm loading condition, only a small 
number of AE hits are detected, and the cumulative curve shows a 
minimal step increase. This indicates that only limited microdamage 
occurred during loading.

The corresponding amplitude distribution also shows only a few 
scattered signals, suggesting that the laminate remained relatively sta
ble, with no significant crack propagation. For the 40 mm loading 
condition, the cumulative AE hits increase gradually as loading pro
gresses. Several step-like increments appear in the cumulative hit curve, 
indicating intermittent micro-damage events such as matrix cracking or 
minor interfacial debonding within the laminate. The amplitude distri
bution shows a moderate number of AE events with amplitudes 
distributed around the mid-range values.

This behavior suggests that the laminate begins to accumulate in
ternal damage before reaching the final fracture stage, indicating 

Fig. 9. Roughness of the sample [0◦/+45◦/− 45◦]2S.
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progressive damage development during loading. The 30 mm loading 
condition shows significantly different behavior, with cumulative AE 
hits increasing rapidly near the end of the loading period. The sharp rise 
in the cumulative hit curve indicates the occurrence of intense damage 
activity associated with crack propagation and delamination growth. 
This observation is supported by the amplitude distribution, where a 
dense cluster of AE signals with higher amplitudes appears near the final 
loading stage. The concentration of these signals suggests that a large 
amount of elastic energy was released during the sudden crack propa
gation, consistent with the catastrophic failure behavior observed in the 
visual crack propagation results.

AE response of the [+45◦/− 45◦/0◦]2S laminates under ENF loading 
with different loading lengths of 20 mm, 30 mm, and 40 mm are shown 
in Fig. 12. For the 20 mm loading condition, only a small number of AE 
hits are detected. The cumulative curve remains relatively low, indi
cating limited internal damage during loading. The corresponding 
amplitude distribution also shows only a few scattered signals, sug
gesting that the laminate remains structurally stable with minimal crack 
development. At the 40 mm loading condition, the cumulative AE hits 
increase more noticeably, forming several step-like increments that 
indicate intermittent micro-damage events such as matrix cracking or 
local interfacial debonding. The amplitude distribution becomes slightly 
denser compared to the 20 mm case, reflecting increased internal ac
tivity as the load progresses.

This behavior suggests the initiation of progressive damage within 
the laminate structure before reaching the final fracture stage. A 
significantly different response is observed at the 30 mm loading con
dition, where the cumulative AE hits increase sharply near the end of the 
loading period. The rapid rise of AE activity corresponds to intensive 
damage processes, including crack propagation and delamination 
growth. The amplitude plot also shows a dense cluster of signals with 
wider amplitude distribution, indicating a high release of elastic energy 
during fracture. This result confirms that the [+45◦/− 45◦/0◦]2S lami
nates experience strong acoustic activity associated with progressive 
damage accumulation and final crack propagation during the ENF test.

Fig. 13 compares the AE characteristics of the [+45◦/− 45◦/0◦]2S and 
[0◦/+45◦/− 45◦]2S laminates using several AE parameters, including 
absolute energy, signal duration, and average frequency. The absolute 
energy vs. time plots (Fig. 13a) show that both laminates experience low 
energy release during the early loading stage, followed by a sharp spike 

near failure, indicating rapid crack propagation and final delamination.
A similar trend is observed in the duration vs. time plots (Fig. 13b), 

where [0◦/+45◦/− 45◦]2S laminates have less crack duration with the 
peak around 26000µs compared with [+45◦/− 45◦/0◦]2S laminates with 
35000µs. This indication is consistent with the visual observations pre
sented in Fig. 7 and Fig. 8. The average frequency vs. time plots 
(Fig. 13c) further support this observation. The [0◦/+45◦/− 45◦]2S 
laminates exhibit longer tests but narrower AE signals prior to failure. 
The [+45◦/− 45◦/0◦]2S laminate shows a denser cluster of signals, with 
the average frequency sprayed more evenly up to near the final loading 
stage. This indicates that the [+45◦/− 45◦/0◦]2S laminate shows a more 
pronounced accumulation of AE events before the final energy burst, 
suggesting a buildup of microcracks prior to catastrophic failure. In 
contrast, the [0◦/+45◦/− 45◦]2S laminate exhibits fewer precursor 
events before failure.

The AE parameters in the present study are correlated with observed 
damage evolution, as determined by visual inspection, roughness mea
surements, and SEM analysis, to provide a more systematic interpreta
tion. The gradual increase in cumulative hits and moderate energy levels 
observed in the [+45◦/− 45◦/0◦]2S laminates is associated with pro
gressive micro-damage accumulation, including interfacial sliding and 
crack deflection along ±45◦ plies. This interpretation is supported by 
the higher surface roughness (Ra ≈ 25–31 µm) and the more tortuous 
fracture morphology observed in SEM images, both of which indicate 
enhanced energy dissipation mechanisms. In contrast, the [0◦/+45◦/ 
− 45◦]2S laminates exhibit relatively low AE activity before failure, fol
lowed by a sudden high-energy burst. This behavior corresponds to 
delayed crack initiation and unstable crack propagation, as confirmed 
by visual observation and smoother fracture surfaces (Ra ≈ 8–12 µm). 
Therefore, the AE response in this configuration reflects a dominant 
energy storage–release mechanism rather than progressive damage 
accumulation. It should be noted that specific failure behaviors need to 
be validated using other methods and are not assigned solely based on 
AE signal features. This approach ensures a physically consistent inter
pretation while avoiding overclassification of overlapping AE signals.

3.4. Ultrasonic Lamb wave scanning (ULW) test

The ULW results that detect internal damage in the laminates after 
testing are shown in Fig. 14. The scans compare the failed specimens of 

Fig. 10. Roughness of the sample [+45◦/− 45◦/0◦]2S.
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(a) [0◦/+45◦/− 45◦]2S laminates, and (b) [+45◦/− 45◦/0◦]2S laminates. 
The color variation represents the signal response, where changes in the 
color distribution indicate internal defects or delamination zones within 
the laminate. In the original specimens, the signal distribution appears 
relatively uniform, suggesting that the laminates were initially free from 
significant internal damage. For the [0◦/+45◦/− 45◦]2S laminates shown 
in Fig. 14(a), the failed samples exhibit a wider area of signal variation 

in the central region of the specimen. The presence of yellow and green 
zones indicates a larger delaminated area or internal damage caused by 
crack propagation during the ENF test. This distribution suggests that 
damage spreads along the interface and affects a broader region around 
the crack path. In the other sample, [+45◦/− 45◦/0◦]2S laminates shown 
in Fig. 14(b) exhibit a more localized damage pattern. The damage is 
concentrated near the mid-section, where the crack initiates and 

Fig. 11. AE results from [0◦/+45◦/− 45◦]2S layup with different length of load.
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propagates, while the surrounding areas remain relatively uniform. This 
indicates that delamination growth is more confined than the broader 
damage zone observed in the [0◦/+45◦/− 45◦]2S laminates. The ULW 
results support previous observations from crack propagation and AE 
analysis, showing that the stacking sequence significantly influences the 
damage distribution and delamination behavior of the laminate.

4. Discussion with destructive validation

NDT analysis conducted in the present study showed that the lami
nates exhibit a failure mechanism at different points. [0◦/+45◦/− 45◦]2S 
layups have more silent crack propagation during loading performance 
but have intense cracking and longer failure length detected, where 
[+45◦/− 45◦/0◦]2S layups exhibited more equal spreading crack along 

Fig. 12. AE results from [+45◦/− 45◦/0◦]2S laminates with different length of load.
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the crack propagation with shorter length, and more intense before final 
failure. These observations are consistent with previous fracture char
acterization studies on composite laminates subjected to mode II loading 
using ENF configurations, where unstable crack propagation and sudden 
crack growth may occur once the critical fracture resistance is reached 
[61]. In addition, analytical and numerical investigations on ENF-based 
fracture tests show that the stacking configuration and stiffness 

distribution strongly influence the energy release rate and crack-tip 
stress field, which ultimately control the crack propagation pattern in 
laminated composites [62]. A similar damage evolution behavior has 
also been reported in studies investigating the static and fatigue loading 
of CFRP laminates using non-destructive testing techniques. Ultrasonic 
inspection combined with Micro-CT analysis shows that fatigue loading 
leads to the progressive accumulation of internal defects, such as matrix 

Fig. 13. AE results from [+45◦/− 45◦/0◦]2S and [0◦/+45◦/− 45◦]2S layup with different parameters. (a) Absolute energy (aJ) vs Time (sec), (b) Duration (µs) vs Time 
(sec), (c) Average Frequency (kHz) vs Time (sec).
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cracking, porosity, and interlaminar delamination, which gradually 
grow and interact until final failure [63]. Other NDT techniques, 
including optical methods such as shearography, have also demon
strated high sensitivity in detecting defect-induced deformation and 
strain anomalies in composite laminates, providing effective full-field 
monitoring of internal damage [64]. The NDT evaluation obtained in 

the present study is consistent with previous studies and can effectively 
identify crack initiation, damage accumulation, and crack propagation 
behavior in laminated composite structures.

Validation of the study was further analyzed using SEM–EDS and 
Shore D hardness measurements, as presented in Fig. 15. The SEM–EDS 
analysis of the [0◦/+45◦/− 45◦]₂S laminate in Fig. 15(a) reveals the 

Fig. 14. Ultrasound test on the sample. (a) [0◦/+45◦/− 45◦]2S, (b) [+45◦/− 45◦/0◦]2S.
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elemental composition dominated by carbon (C), nitrogen (N) and ox
ygen (O), indicating the presence of polymer matrix and interfacial re
gions within the composite structure. The SEM micrographs of the 
[+45◦/− 45◦/0◦]₂S laminate shown in Fig. 15(b) and Fig. 15(c) illustrate 
the fracture surface morphology at magnifications of 420× and 1500×, 
respectively, where aligned fiber traces and matrix deformation along 
the fiber direction can be clearly observed, suggesting that the crack 
propagation tends to follow the fiber–matrix interface and local shear 
paths under loading. In addition, the indentation trace obtained from 
Shore D hardness testing in Fig. 15(d) indicates the localized deforma
tion behavior of the composite surface during hardness measurement. 
The quantitative comparison shown in Fig. 15(e) demonstrates that the 
Shore D hardness values of both stacking configurations are relatively 
similar, with 70.43 for [0◦/+45◦/− 45◦]₂S and 69.86 for [+45◦/− 45◦/ 
0◦]₂S laminates, suggesting that the difference in crack propagation 
behavior observed in the previous sections is primarily influenced by the 
stacking sequence and stress distribution rather than by significant dif
ferences in surface hardness or matrix properties.

The correlation between surface roughness, fracture morphology, 
and measured GIIC values provides deeper insight into the underlying 
energy-dissipation mechanisms governing Mode II delamination. The 
smoother fracture surface observed in the [0◦/+45◦/− 45◦]₂S laminates 
(Ra ≈ 8–12 µm) indicates a relatively straight crack path dominated by 
matrix shear failure with minimal crack deflection, which limits energy 
absorption during propagation. This is consistent with the sudden and 
unstable crack growth observed in the ENF and AE results, where elastic 
energy is rapidly released once the critical condition is reached. In 
contrast, the significantly higher roughness in the [+45◦/− 45◦/0◦]₂S 
laminates (Ra ≈ 25–31 µm) reflects a more tortuous crack path induced 
by the ±45◦ fiber orientations, promoting mechanisms such as fiber
–matrix debonding, crack branching, and local fiber bridging. These 
mechanisms increase the fracture surface area and enhance frictional 
sliding at the interface, thereby increasing energy dissipation during 
crack propagation. Consequently, although the GIIC values of both 
laminates are relatively close, the slightly higher GIIC in the [+45◦/ 

− 45◦/0◦]2S laminates configuration can be physically attributed to these 
additional micro-mechanisms, which stabilize crack growth and delay 
catastrophic failure. This relationship highlights that matrix properties 
do not solely govern fracture toughness in CFRP laminates but are 
strongly influenced by crack path complexity and interfacial in
teractions, as dictated by the stacking sequence.

5. Conclusion

The present study investigated the Mode II fracture (GIIC) and dam
age evolution of CFRP laminates using ENF testing combined with NDT. 
The findings of this study can be summarized as follows: 

• Stacking sequence strongly affects ENF response. [0◦/+45◦/− 45◦]2S 
laminates exhibit higher flexural stiffness and load-carrying capa
bility, with more than two times higher load capacity compared with 
the [+45◦/− 45◦/0◦]2S laminates.

• The GIIC values indicate that both laminates exhibit comparable 
resistance to delamination. The [0◦/+45◦/− 45◦]2S laminates present 
an average GIIC of 1.70 kJ/m², while the [+45◦/− 45◦/0◦]2S lami
nates show a slightly higher average value of 1.78 kJ/m².

• Visual crack-propagation analysis reveals distinct fracture mecha
nisms. The [0◦/+45◦/− 45◦]2S laminates delay crack initiation but 
fail catastrophically, while the [+45◦/− 45◦/0◦]2S laminates initiate 
cracks earlier, with more stable propagation before final failure.

• Surface roughness analysis confirms that the laminates differ ac
cording to the ply orientation. The [0◦/+45◦/− 45◦]2S laminates are 
smoother (Ra ~8–12 µm; Rz ~37–44 µm, more brittle), while the 
[+45◦/− 45◦/0◦]2S laminates are rougher (Ra ~25–31 µm; Rz 
~90–100 µm) due to crack deflection and fiber–matrix debonding.

• AE monitoring shows distinct damage evolution. The [0◦/+45◦/ 
− 45◦]2S laminates show minimal precursor signals followed by a 
sudden high-energy burst (catastrophic failure), while the [+45◦/ 
− 45◦/0◦]2S laminates exhibit gradual AE accumulation, indicating 
progressive micro-damage.

Fig. 15. (a) SEM-EDS of [0◦/+45◦/− 45◦]2S layups with the different elements, (b) SEM image from [+45◦/− 45◦/0◦]2S layups with 420 magnification, (c) with 1500 
magnification, (d) Indentation trace from Shore D hardness, (e) Comparison results from Shore D hardness.
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• ULW effectively maps post-ENF delamination. The [0◦/+45◦/ 
− 45◦]2S laminates display a wider delamination zone, while the 
[+45◦/− 45◦/0◦]2S laminates exhibit a more localized damage near 
the crack path.

• SEM–EDS confirms that a carbon-based matrix with aligned fibers 
and matrix deformation dominates the fracture.

• Shore D hardness values are nearly identical for both laminates 
(70.43 for [0◦/+45◦/− 45◦]2S and 69.86 for [+45◦/− 45◦/0◦]2S), 
indicating that fracture differences are governed by stacking 
sequence and stress distribution, not matrix hardness.

From an engineering perspective, the integration of AE and ULW 
enables reliable differentiation between catastrophic and progressive 
failure modes, supporting SHM development for aerospace composites; 
however, this study is limited to quasi-static ENF loading, room tem
perature, and two stacking sequences, and future work should address 
fatigue and impact loading, environmental effects, broader stacking 
configurations, and real-time evaluation for predictive maintenance.
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