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Abstract. This research aims to examine the tensile strength of a hybrid composite laminate reinforced by thin-plies when used as
an adherend in bonded single lap joints subjected to high-rate and impact loading. Two different composites, namely Texipreg HS
160 T700 and NTPT-TP415, are employed as the conventional and thin-ply composites, respectively. The study considers three
configurations: a conventional composite, a thin-ply, and a hybrid single lap joint. Numerical models of the configurations are
developed to provide insight into failure mechanisms and the initiation of damage. The results indicate a significant increase in
tensile strength for the hybrid joints over the conventional and thin-ply joints, due to the mitigation of stress concentrations.
Overall, this study demonstrates the potential of hybrid laminates for improving the performance of composite joints under high-
rate loading and impact conditions.
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1. Introduction

In composites, two primary components are involved: the matrix and the reinforcement. The matrix offers the material
cohesion, while the reinforcement, usually in fibre form, provides strength and stiffness [1]. The utilization of carbon fibre-
reinforced polymer (CFRP) materials is experiencing continuous growth [2-6] in various industries, including those manufacturing
vehicle structures, sporting goods, etc [7]. However, despite their numerous benefits, bonding composites faces a critical issue,
arising from the likelihood of the presence of defects in the adhesive layer, taking the form of voids or debonding [8, 9]. Generally,
studies have shown that the presence of an imperfection such as a void or a debond in the overlap region will cause an increase in
the value of interfacial shear stress in the regions close to the imperfection. This increase depends on the length and, especially,
location of the defect [10, 11]. On the other hand, the significant disparity between the strength of the reinforcement and the matrix
means that the loads applied perpendicularly to the reinforcement are predominantly borne solely by the low-strength matrix,
resulting in the development of matrix cracks and subsequent delamination. Delamination can cause rapid degradation in the
mechanical performance of the structure and lead to premature failure [12-16]. Several research studies have explored methods to
modify joints in order to mitigate delamination in adhesively bonded composite joints [17-29]. However, the implementation of
these methods usually necessitates at least one extra production step, which, in turn, leads to increased production costs. Moreover,
the intricate nature of these techniques often constrains their practical application [30, 31].

The spread-tow technique has emerged as a result of recent advances in composite manufacturing technology [32] which results
in plies with a more homogeneous fibre distribution and smaller resin-rich regions [33], allowing achieve a dry ply thickness as low
as 0.02 mm. Typically, plies with a thickness of less than 100 pm are referred to as thin-plies [34]. Reducing the thickness of an
individual layer expands the number of feasible layers, increasing the degrees of freedom in design [35], while it also results in a
larger number of interfaces in thin-ply laminates, lowering the shear stresses [35, 36]. Furthermore, thin-ply laminates are
recognized for their capacity to postpone the initiation of matrix damage mechanisms, suppress transverse microcracking [32] and
free edge delamination [35, 37] for static, fatigue, and impact loadings. Due to their exceptional resistance to damage and
delamination, thin-ply laminates could potentially display elevated interlaminar shear properties [38] and strain energy [39]
compared to conventional plies. Consequently, thinner composite plies are recognized to possess superior in situ transverse
strength [36]. Use of thin-plies is currently regarded as a promising strategy to enhance the performance of adhesively bonded CFRP
structures, primarily because of the capability to improve the off-axis properties of composites and delay the onset of delamination
[39]. Additionally, research has indicated that the incorporation of thin-plies in a structural joint results in a shift of the damage
location in the composite from the adhesive interface towards the mid-thickness of the adherends [39], mainly due to the in-situ
effect [40].
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In a previous study conducted by the authors [41], it was demonstrated that substituting conventional composite layers with
thin-ply layers in the adherends of a single lap joint can significantly enhance the strength of the composite joint, as well as improve
the failure mode (by reducing delamination) under static loads. The authors attribute this change to the improved ductility of the
laminate, which can delay delamination [42]. Moreover, experimental observation clearly demonstrated that the presence of thin-
plies acts as a barrier against crack propagation.

In summary, the study aims to investigate the performance of a hybrid (25% thin-ply) composite single lap joint reinforced with
thin-ply layers under high-rate and impact loads. Two types of materials were considered to create the hybrid (25% thin-ply) joint:
a conventional composite (HS 160 T700) and a thin-ply material (NTPT-TP415). Numerical models were also created using cohesive
zone modelling to accurately replicate the experimentally determined failure processes.

2. Experimental Details
2.1. Adhesive

The adhesive used in this work was an epoxy structural adhesive, supplied in film form, with the commercial reference Scotch
Weld AF 163-2k (3M, Saint Paul, Minnesota, USA) and the following properties: Young’s modulus (E)=1.5 GPa, shear modulus (G)=0.6
GPa, tensile strength (0)=46.9 MPa, shear strength (7)=46.8 MPa, fracture energy (Gic= 4.05and Guc=9.77 N/mm) [43]. Morgado et al.
[43] characterized the mechanical properties of AF 163-2k is under quasi-static (1 mm/min) and impact loading conditions (3 m/s).
The mechanical properties at high-rate (0.1 m/s) and impact loading (2 m/sec) were calculated using a linear extrapolation.The
adhesive was cured following the manufacturer's recommendations, at 130°C for 2 hours.

2.2. Adherend
2.2.1. Conventional Composite

The materials used in the studied configurations were selected in order to be representative of a possible application within the
aerospace sector. Accordingly, a unidirectional prepreg carbon-epoxy composite with a ply thickness of 0.15 mm was selected, with
the commercial reference "Texipreg HS 160 T700" (Seal Spa, Legnano, Italy) and the following properties: Young’s modulus (E1=109.0
and E»=8.8 GPa), shear modulus (Gi12=4.3 and Gi13=3.2 GPa), fracture energy (Gic= 0.6 and Guc=1.2 N/mm) [44, 45]. Morgado et al. [46]
presented the mechanical properties of the cured prepreg under static (Imm/min) and impact loading conditions (3 m/s). The
mechanical properties at high-rate (0.1 m/s) and impact loading (2 m/sec) were calculated using a linear extrapolation.

2.2.2. Thin-Ply

A unidirectional 0° oriented carbon-epoxy prepreg composite with a ply thickness of 0.075mm was selected for use in this work,
serving as the thin-ply material. This material has the commercial reference "NTPT-TP415" (North thin-ply technology, Poland) and
the following properties: Young’s modulus (Ei=101.7 and E»>=5.7 GPa), shear modulus (G12=3.0 and G13=3.0 GPa),fracture energy (Gic=
0.7 and Guc=0.8 N/mm) [47]. The mechanical properties at high-rate (0.1 m/s) and impact loading (2 m/sec) were calculated using
a linear extrapolation.

2.3. Single Lap Joint Manufacturing

The manufacturing process for the single lap joints involved layer-by-layer stacking of conventional composite and thin-ply
prepregs to achieve the desired adherend thickness of 3.6mm. The reference conventional composite adherends consisted of 24
layers, while the thin-ply adherends consisted of 48 layers. For the hybrid adherends (25% thin-ply), 6 plies of conventional
composite were replaced by 12 plies of thin-ply on the adherend tops (6 layers of thin-ply on each adherend top), resulting in a 25%
thin-ply composition. An additional layer of adhesive was then applied between the adherends. A mould was used to ensure the
thickness of the adherends and adhesive. To facilitate easy detachment of the specimens from the mould after curing, a release
agent was applied. The effect of curing sequence on the mechanical properties of the joint was investigated by comparing the
performance of joints were the composite and the adhesive were cured together (co-cured) with the joints were curing occurred
separately. It was found that, for the AF163-2k adhesive used in this study, the curing sequence had no significant impact on the
mechanical properties of the joint. As a result, a one-step curing process was selected as the preferred method of manufacturing,
allowing for a reduction in both the manufacturing time and energy consumption. The joint was cured at 130°C for 2 hours following
the manufacturer’s recommended procedure. Single lap joints (SLJs) were manufactured with the geometry shown in Fig. 1.
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Fig. 1. Schematic design of single lap joint with (a) conventional composite, (b) thin-ply and, (c) hybrid (25% thin-ply) adherends.
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Fig. 2. (a) Intact, (b) failed specimen in servo hydraulic testing machine.
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Fig. 3. Drop wight machine.

2.4. Testing Condition

The SLJs were tested at two different constant crosshead speeds of 0.1 and 2 m/sec known as the high-rate and impact loading
condition. An Instron 8801 servo hydraulic testing machine with a load cell of 100 kN for the high-rate loading. Figure 2 provides
an image of the intact and damaged specimen in the servo hydraulic testing machine. An in-house developed drop-weight testing
machine was used to carry out impact tests on the specimens [48]. This machine grips the upper part adherend, leaving the lower
portion free. A mass is then dropped from a specific height, causing an impact on the lower part of the grip and loading the
specimen in tension-shear. The impact velocity is determined by the drop height, which follows the principle of energy
conservation. For the impact tests in this study, a 50 kg mass and an impact velocity of 2 m/s were chosen, resulting in an impact
energy of 100 J. Figure 3 presents an image of an intact specimen in the drop weight testing machine. It has to be mentioned that
the rising time of the impactor from the stationary station was about three seconds, considering the speed, mass, and stationary
state mentioned above. All tests were performed under laboratory ambient conditions (room temperature of 24°C, relative humidity
of 55%). Four repetitions were performed for each configuration under analysis.

3. Experimental Result
3.1. High-Rate Loading

Figure 4 illustrates representative experimentally obtained load-displacement curves for the studied configurations under high-
rate loading. The hybrid (25% thin-ply) joint presented the highest failure load, with around an 25% increase in joint strength
compared to the reference conventional composite configuration. Figure 5 provides representative images of the failure surface for
all configurations. As seen, delamination is the dominant failure mode observed in all tested composite single lap joint
configurations.
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Fig. 4. Representative load-displacement curves for reference conventional composite, thin-ply and hybrid (25% thin-ply) joint under high-rate loading.

Delamination

(@)
Cohesive failure
Delamination
(b)
Cobhesive failure
Cohesive failure
(©

Delamination

Fig. 5. Representative images of failure surface of (a) reference conventional composite, (b) thin-ply and, (c) hybrid (25% thin-ply) joint under high-
rate loading.

9 Conventional composite
=——Thin-ply
——Hybrid (25% thin-ply)

0 0.5 1 15 2
Displacement (mm)

Fig. 6. Representative load-displacement curves for reference conventional composite, thin-ply and hybrid (25% thin-ply) joint under impact loading.
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Fig. 7. Representative images of failure surface of (a) reference conventional composite, (b) thin-ply and, (c) hybrid (25% thin-ply) joint under impact
loading.
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Fig. 8. Boundary condition of simulated conventional composite single lap joint.

3.2. Impact Loading

Figure 6 provides representative load-displacement curves for the configurations tested experimentally under impact loading.
The hybrid (25% thin-ply) joint presented the highest failure load, with around an 50% increase in joint strength compared to the
reference conventional composite configuration. Figure 7 provides representative images of the failure surface for all configurations.
For the reference joints with conventional composite full delamination was observed. In contrast, for reference joints with thin-ply
and the hybrid (25% thin-ply) joints, partial cohesive failure was also observed in addition to the most dominant delamination
failure mode.

4. Numerical Study

For high-rate and impact loading, a 2D explicit and 3D implicit dynamically loaded model was employed, using the Abaqus/CAE
6.14-2 commercial finite element package respectively. The boundary conditions were established as depicted in Fig. 8, where the
left end of the joint was fixed and an amplitude of displacement was applied to the right end to mimic the dynamic loading
conditions. A displacement of 1 and 2 mm was applied to the numerical models as described above for high-rate and impact loading
respectively. The mention displacement was chosen based on experimental results in order to make sure the failure occurred. In
order to simulate the high-rate and impact loading an amplitude of 0.01 and 0.001 was applied to the numerical models, respectively.

To model the behaviour of the adhesive and simulate damage evolution, a cohesive zone model (CZM) was employed, using
four node cohesive quadrilateral elements. Non-linear geometrical effects were considered, and solid cohesive elements were used
to represent damage evolution (damage initiation and propagation), following a traction-separation law. CZM was also introduced
into the composite material to model delamination, and the interlaminar cohesive element layers (conventional composite or thin-
ply) were placed between elastic homogeneous sections [49].

The mechanical properties assigned to these numerical models are shown in Fig. 9, with CZM layers placed at different distances
for high-rate loading and impact loading. The distance from the interface of the adherend and adhesive layer varied depending on
the joint configuration and loading type. The CZM layers were placed at a distance of 0.17, 0.15, and 0.28 mm from the interface of
the adherend and adhesive layer for the conventional composite, thin-ply, and hybrid (25% thin-ply) joints under high-rate loading,
respectively. Similarly, for impact loading, CZM layers were placed at a distance of 0.20, 0.30, and 0.45 mm from the interface of the
adherend and adhesive layer for the mentioned configurations. This distance roughly corresponded to the experimentally
measured distance of the delamination plane from the adhesive layer. The thickness of the cohesive layer matched the thickness
of one equivalent composite ply (0.075 mm for thin-ply and 0.15 mm for the conventional composite).
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Fig. 9. Assigned mechanical properties for (a) conventional composite, (b) thin-ply, and (c) hybrid (25% thin-ply) joints for high-rate loading.

Fig. 10. Mesh distributions for single-lap joint.
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Fig. 11. Mesh distributions for single-lap joints with minimum and maximum mesh size of (a) 0.1 and 0.2 mm, (b) 0.2 and 0.5 mm,
(c) 0.5 and 1 mm and (d) 1 mm, respectively.
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Additionally, a mesh convergency study was performed for the reference conventional composite single lap joint under high-
rate loading in order to study the effect of mesh size on the numerically obtained failure load. The mesh size in the thickness
direction (y direction-see Fig. 10) is restricted to the thickness of the cohesive layer. This is because a cohesive model zone analysis
allows the use of only a row of cohesive elements in the cohesive layer. Therefore, elements size of 0.2 mm (thickness of the cohesive
layer was considered for the thickness direction. However, the effect of mesh size in the x direction was studied. Double and single
biased mesh distributions were considered in the x direction (see Fig. 10) for the bondline and the adherends, respectively.
Accordingly, the minimum mesh size of 0.1, 0.2, 0.5 and 1 mm was considered to study the effect of mesh size on the numerical
result. The detailed mesh size was presented in Fig. 11. According to the results presented in Fig. 12, the minimum mesh size of 0.2
could validate the finite element findings for the purpose of comparison with the experimental results additional to minimizing
the computational cost of the numerical models. Consequently, the minimum and maximum sizes for the mesh were considered
0.2 and 0.5 mm respectively for the bondline and the adherends. End tabs were meshed uniformly with a size of 0.5 mm in the x
direction, and the mesh was uniform through the thickness (y direction) with a size of 0.2 mm for all components. The same mesh

size was used for all numerical models. The resulting mesh consisted of approximately 15,000 elements for 2D models and 75,000
elements for 3D models.

-------- Experiment

— Numerical

Failure load (kN)

0 0.5 1 1.5
Mesh size (mm)

Fig. 12. Effect of mesh size on the numerically obtained failure load in comparison with the experimentally obtained result for the reference
conventional composite single lap joint under high-rate loading.
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Fig. 13. Comparison of numerically obtained load-displacement curves for (a) conventional composite, (b) thin-ply and, (c) hybrid (25% thin-ply) joint
with the representative experimental results under high-rate loading.
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Fig. 14. SDEG at damage initiation for (a) conventional composite, (b) thin-ply and (c) hybrid (25% thin-ply) joint under high-rate loading (equivalent
load for each configuration is 6.8, 6.9, and 7.0 kN, respectively).
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Fig. 15. SDEG at corresponding failure load for (a) conventional composite, (b) thin-ply and (c) hybrid (25% thin-ply) joint under high-rate loading.

4.1. High-Rate Loading

The load-displacement curves obtained numerically for all configurations under high-rate loading are presented in Fig. 13. As
seen, there is a good match between the numerical and the experimentally obtained load-displacement curves. Figure 14 illustrates
the damage initiation for each configuration. The presented area is shown within by the black square in single lap joint. The
equivalent load for damage initiation (load in which damage initiation occurs) for the reference conventional composite, reference
thin-ply and the hybrid (25% thin-ply) single lap joints was 6.8, 6.9, and 7.0 kN respectively. It should be mentioned that the damage
initiation occurs at a higher level of load for the hybrid (25% thin-ply) compared to the both conventional composite and thin-ply
reference single lap joint. Additionally, as seen in Fig. 14, the stiffness degradation was more objective in the both conventional
composite and thin-ply reference single lap joint compared to the hybrid (25% thin-ply). However, damage initiation was shown to
occur in the adhesive layer for all configurations. Figure 15 illustrates the damage state for all configurations at their corresponding
failure load. As seen, the final failure mode is known to be delamination for all configurations which is in line with the
experimentally obtained result.

4.2. Impact-Loading

The numerical load-displacement curves, obtained for all configurations under impact loading, are presented in Fig. 16 and
compared with the equivalent experimentally obtained load-displacement for each configuration. Figure 17 illustrates the damage
initiation for each configuration. The presented area is shown within the black square in the single lap joint. The equivalent load
of damage initiation for the reference conventional composite, reference thin-ply and the hybrid (25% thin-ply) single lap joints
were 6.7, 5.3, and 5.6 kN respectively which was cited in the adhesive layer. However, the final failure was illustrated as delamination
as seen in Fig. 18.
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Fig. 16. Comparison of numerically obtained load-displacement curves for (a) conventional composite, (b) thin-ply and, (c) hybrid (25% thin-ply) joint
with the representative experimental results under impact loading.
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Fig. 17. SDEG at damage initiation for (a) conventional composite, (b) thin-ply and (c) hybrid (25% thin-ply) joint under impact loading (equivalent
load for each configuration is 6.7, 5.3 and 5.6 kN, respectively).
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Fig. 18. SDEG at corresponding failure load for (a) conventional composite, (b) thin-ply and (c) hybrid (25% thin-ply) joint under impact loading.

Journal of Applied and Computational Mechanics, Vol. 10, No. 2, (2024), 260-271 AVA



Study of Hybrid Composite Joints with Thin-ply-reinforced Adherends under High-rate and Impact Loadings 269

20
~ 16
2
- 12 I Conventional composite
<
2 B Thin-ply
Es I ® Hybrid joint (25% thin-ply)
= .
=y

O L

\ )\ ]\ )
! | !
Static High-rate Impact

Fig. 19. Comparison of the experimentally obtained failure load for conventional composite, thin-ply and hybrid (25% thin-ply) single lap joint under
high-rate and impact loading with ones obtained statically loaded.

—— Conventional composite

—Thin-ply
——Hybrid (25% thin-ply) Path
800 1600
g 5
5600 S 1200
P p
%400 % 800
2200 % 400
g 1S
> >
0 0
0 1 2 3 0 1 2 3
Distance through adherend (mm) Distance through adherend (mm)
(@) (®)

Fig. 20. von Mises stress distribution through the adherend thickness (a) under high-rate loading at 5 kN and (b) under impact loading at 11.5 kN.

5. Discussion

The use of hybrid (25% thin-ply) composite joints reinforcement with thin-plies has demonstrated a remarkable enhancement
in the tensile strength of up to 90%, compared to conventional composite joints under static loading conditions. This study
conducted an investigation of the performance of hybrid joints incorporating 25% thin-plies under high-rate and impact loading.
Figure 19, illustrate the average failure load of conventional composite joints, thin-ply joints, and hybrid (25% thin-ply) single lap
joints under static, high-rate, and impact loading conditions. These findings suggest that hybrid (25% thin-ply) single lap joints
exhibit superior tensile strength not only under static loading but also under high-rate and impact loading conditions compared to
conventional composite joints. This is mainly due to higher ductility conferred to the material by the presence of thin-plies
[42]. Thin-ply materials are also known to have higher resistance to crack propagation which is mainly know to be due to the more
uniform fibre distribution and less resin-rich and fibre-rich area in the thin-pies [42]. In the previous study [41], it was shown that
for hybrid (25% thin-ply) single lap joints more limited amount of delamination was obtained compared to the reference ones under
static loading. As seen in Fig 19 the thin-ply and hybrid (25% thin-ply) display almost the same strength under both static and high-
rate loading (about 10 kN). This is while a considerable increase was observed in the joint strength for the reference thin-ply when
increasing the cross-head speed up to 2 m/sec. It could be concluded that thin-ply materials preform even better under impact
loading. Therefor when combining thin-ply with the conventional composite which is known to have more brittle behavior
compared to the thin-ply (higher strength but premature failure is expected for the conventional composite), tensile resistance of
the hybrid composite joint could be increased compared to both reference conventional composite and thin-ply single lap joints.
However, it should be noted that the manufacturing process for the former is less expensive and time-consuming. In addition, all
configurations have shown delamination to be the dominant failure mode, both under high-rate and impact loads. The numerical
analysis and study revealed that damage initiation takes place in the adhesive layer and propagates through the adherend as
delamination, which aligns with the experimental observations.

Since delamination is the predominant failure mode across all configurations, the equivalent von Mises stress was analysed
through the adherend thickness at 5 and 11.5 kN for the high-rate and impact models respectively in order to gain a deeper
understanding of the mechanism responsible for the increased tensile strength of hybrid (25% thin-ply) single lap joints. The path
for which the von Mises stress was obtained was shown in Fig. 20. As depicted in Fig. 20, the composite adherends of thin-ply and
hybrid (25% thin-ply) joints were found to experience lower levels of equivalent von Mises stress at a constant load level during
high-rate and impact loading compared to the reference conventional composite single-lap joint. This could be explained by the
ductile behavior of the thin-ply composite compared to the conventional one [42] which induces a lower level of stress to the
adherends. This study highlights that hybrid (25% thin-ply) composite joints have the potential to be an effective solution for
increasing structural integrity under different loading conditions.
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6. Conclusion

The performance of hybrid (25% thin-ply) composite single lap joints under high-rate and impact loading was studied and
compared to the static response. Overall, hybrid (25% thin-ply) composite joints were found to be a promising solution for enhancing
the structural strength. In conclusion, it was observed that:

¢ Theuse of hybrid (25% thin-ply) composite joints reinforced with thin-plies exhibit higher tensile strength than conventional

composite joints under all loading conditions.

e Delamination is the dominant failure mode across all configurations for high-rate and impact loads.

e The developed numerical models, using cohesive zone modelling, were found to be in a good agreement with the

experimental results for both high-rate and impact conditions.

e Numerical analysis revealed that the damage initiates in the adhesive layer and propagates in the composite adherends as

delamination which is in line with the experimental observation.

¢ The analysis of equivalent von Mises stress through the adherend thickness at a constant load revealed that hybrid (25%

thin-ply) joints experience lower stress levels during high-rate and impact loading.
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