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A B S T R A C T

Joints for laminated composite structures using mechanical fasteners or adhesives often face issues such as 
reduced strength from fiber breakage in mechanically fastened joints and complex preparation for adhesive 
joints. Additionally, adhesive joints require compatibility between the adhesive and the composite matrix, 
limiting their suitability for many thermoplastics. To address these challenges, this study explores a technique 
that uses metal inserts embedded during the consolidation of laminated thermoplastic composites. It investigates 
how the geometry of metal inserts and their adhesion to the fiber-reinforced thermoplastic composite affect the 
joint’s performance under out-of-plane loads. Results indicate that while mechanical locking assists in load 
transfer, the adhesion between the metal insert and the composite is crucial for the joint’s failure mechanism and 
overall performance. Strong adhesion delays final failure by requiring fiber breakage through the composite’s 
entire thickness, while weak adhesion leads to failure through fiber breakage on the bearing side.

1. Introduction

Large and complex structures made of fiber reinforced composite 
materials often consist of smaller components joined together using 
mechanical fasteners like bolts or rivets, or alternatively, layers of film 
adhesive. Mechanical fasteners are preferred for their simplicity in 
preparation, assembly/disassembly, and inspection [1]; however, 
joining composite materials with mechanical fasteners is more chal
lenging compared to metallic materials. Laminated composites have 
shear and bearing strength properties sensitive to fibre orientation, and 
these properties significantly decrease when defects, such as unwanted 
delamination and fiber discontinuity around the drilled holes, are pre
sent. The mechanical joint strength is also highly dependent on the 
laminate design. To enhance bolted joint strength in fiber reinforced 
composite plates, techniques such as adding additional ± 45◦ plies, 
incorporating metallic inserts, or introducing metal layers into the 
composite have been explored [2].

Alternatively, using adhesives for joining composite materials re
quires more complex preparations and processes, including machining 

and surface treatments for bonding preparation, and heat and pressure 
application to the joint section to facilitate chemical reactions. 
Inspecting and repairing damage in adhesive joints is also challenging. 
Furthermore, the performance of adhesive joints depends not only on 
the adhesive properties, but also on their compatibility with the 
adherent material. Thermoplastic resin systems are generally incom
patible with thermoset adhesives, such as epoxies, due to differences in 
reactivity, surface energy and polarity [3]. This means that commonly 
used epoxy film adhesives approved for joining of high-performance 
aircraft structures are not suitable for fiber reinforced thermoplastic 
composites.

Another method of joining laminated fiber reinforced composites 
involves inserting metallic components during the lamination process 
and attaching these metallic inserts to other parts using bolts. Several 
researchers [4–7] have studied the use of metal inserts embedded during 
the curing or consolidation of laminated composites. This approach 
utilizes both direct adhesion and mechanical locking between the 
composite and the metal insert to transfer loads. Unlike bolt/rivet joints, 
this method does not require post-curing drilling, which can potentially 
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damage the laminated composite. Fiber continuity can also be main
tained by steering the fibers around the insert before curing. This 
method does not rely only on the bonding between the insert and the 
matrix because mechanical locking also plays a significant role in load 
transfer. This is especially important when joining thermoplastic com
posites with metals because the quality of adhesion between the ther
moplastic and the metals is not as good as between thermoset composite 
or adhesive and the metals. The adhesion strength may also degrade 
during the service life of the joints due to cyclic loading.

Daynes et al. [8] conducted optimization studies on the geometry of 
metallic inserts in carbon fiber-reinforced polycarbonate composite 
plies to improve the transfer of out-of-plane (pull-out) loads. They 
employed static analysis using a first ply failure criterion to assess the 
load-bearing capacity of the joints. Mechanical properties of the com
posites were determined from pull-out tests on metallic-insert joints 
with various geometries, leading to the proposal of optimal geometries 
for steel and titanium inserts. Although the quasi-static finite element 
analysis by Daynes et al. [8] provides a quick estimation of the strength 
of composite-metal insert joints using the first ply failure approach, it 
fails to capture the progression of damage due to the absence of algo
rithms for modelling damage propagation or material degradation post- 
initial failure. The analysis did not account for disbonding between the 
insert and the composite, a phenomenon observed during experiments. 
As a result, this method cannot be used to analyse the performance of 
imperfect joint, such as those arising from imperfect bonding during 
manufacturing or cyclic loading during operation. Furthermore, the 
static analysis overlooked compressive failure in the composite, despite 
compressive damage being observed on the underside of the metal insert 
joint.

Computational progressive damage simulations provide a detailed 
analysis of composite structures by accounting for evolving damage 
under various loads, including mechanisms such as fiber breakage, 
matrix damage, and delamination. These simulations have been effec
tive in elucidating performance and damage mechanisms at both the 
coupon level, such as open hole tension (OHT) [9–11], open hole 
compression (OHC) [11–13], impact tests [14,15], compression after 
impact [16–18] and bearing tests [19], as well as at the part level, 
including impact and bending tests for aircraft composite frames [20]. 
This progressive damage simulation approach can also be applied to 
composite-metal insert joints. For instance, Cheng et al. [21] utilized 
progressive damage simulation to analyse composite joints with metal 
inserts under in-plane loads. Their models included not only the failure 
in the composite plies but also the failure of the resin between the 
composite plies and the insert.

This study investigates the influence of geometry and adhesion 
quality in composite-metal joints under out-of-plane loads using 
detailed progressive damage finite element simulation. By employing 
progressive damage simulation, various damage mechanisms can be 
considered, including:

• Separation or loss of adhesion between the metal insert and the 
composite material (composite-to-metal disbond).

• Failure modes in the composite plies, such as matrix cracking, fiber 
failure, compressive failure, and shear deformation.

• Separation or debonding between individual layers of the composite 
material (delamination within composite plies).

This approach allows for the analysis of the impact of each damage 
mechanism on the ultimate failure of the joint and explores the in
teractions between different damage mechanisms. Moreover, para
metric studies can be conducted to assess the effect of varying insert 
geometry and adhesion parameters between the composite and the 
metal insert. This analysis is particularly important for thermoplastics 
like nylon, which may exhibit weak adhesion with metals such as steel, 
or when adhesion is degraded by cyclic loading.

2. Experimental Methodology

2.1. Composite-metal insert joint design

Fig. 1 illustrates a cut view of the composite-metal insert joint. The 
joint utilizes a conical-shaped insert to transfer out-of-plane loads 
through mechanical locking between the insert’s top side and the 
composite plate’s bearing side, as well as adhesion between the insert 
and the composite at both the top and bottom surfaces. The composite 
plate, measuring 150 mm by 150 mm and 4 mm thick, comprises 16 
carbon fiber (CF) woven plies. The insert is positioned 1 mm below the 
top surface of the composite, specifically between the 4th and 5th CF 
layers from the top, with all fibers aligned in the 0/90 direction.

The laminated fiber-reinforced thermoplastic composite is con
structed using a plain weave dry CF fabric (Torayca® CO6343 3 K) with 
a fabric areal weight of 198 g/m2 and polycarbonate (PC) film (100 μm 
thick) supplied by Glastic CCL+ (Korea). The composite lay-up was 
created by placing PC films both outside and between the carbon fiber 
fabrics, requiring two plies of PC film for each ply of carbon fiber to 
ensure adequate wetting of the CF, resulting in a fiber volume fraction of 
55 %. During manufacturing, the steel insert was embedded into the 
unconsolidated composite by cutting a hole in the PC film and shearing 
the carbon fibers to accommodate the metal pin, ensuring no fibers were 
cut. A specialized compression mold ensured the insert was placed at the 
intended layer position, and the mold pressure formed the final shape of 
the joint. The composite was then consolidated using a hot-press ma
chine at a maximum pressure of 20 bar and a temperature of 260 ◦C. No 
adhesive was applied between the PC film and the metal insert, so the 
bonding relies entirely on the direct adhesion between the PC matrix and 
the metal surface. Further details of the manufacturing process can be 
found in [8].

2.2. Material properties

Material characterization was performed to obtain properties needed 
in the progressive damage numerical simulation. Fiber direction tensile, 
fiber direction compression, and 45◦

/45◦ tension tests were performed 
following ASTM D3039, ASTM D6641, and ASTM D3518, to obtain the 
tensile, compression and shear properties of the woven fabric composite 
plies; the results of these tests are summarized in Table 1. In addition, 
double cantilever beam (DCB), edge notched flexure (ENF), and climb
ing drum peel tests were also performed to obtain the interlaminar 
fracture toughness between the composite plies and the adhesion 
toughness between the steel and the composite plies shown in Table 2. 
The properties mark in asterisk symbol * are not obtained from exper
iments but are assumed properties needed in the numerical simulation 
which are obtained based on other properties or references as shown in 
the tables.

The assumption is made that the out-of-plane shear behavior mirrors 
the behavior observed in-plane. It is important to highlight that, prop
erties pertaining to out-of-plane behavior, such as E33, G13, G23, ν13, ν23, 
along with related plasticity behavior, do not significantly impact the 
behavior of laminated composites. This is because deformation mecha
nisms are primarily governed by in-plane stress and strains. Addition
ally, the study will address inter-laminar delamination by employing 
cohesive elements inserted between the composite ply elements.

Fig. 2 shows that the delamination propagation observed in DCB 
(Double Cantilever Beam) and ENF (End-Notched Flexure) test speci
mens used to measure interlaminar fracture toughness is accompanied 
by additional damage modes. In the DCB specimens, delamination is 
dispersed, whereas the ENF specimens display compressive failure. As a 
result, the interlaminar fracture toughness values presented in Table 2
are regarded as conservative estimates.

The base value for the adhesion normal toughness of the composite- 
insert interface was established using climbing drum peel tests, while 
the shear toughness was assumed to be 50 % higher than the normal 
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toughness. The cohesive strength between composite plies and the 
adhesion strength between the composite and the insert did not signif
icantly influence the simulation results of the composite-metal insert 
joint. This observation is consistent with the findings of Lu et al. [22], 
who noted that delamination behavior modeled using cohesive elements 
is insensitive to their strength parameters when potential delamination 
sites have pre-existing high stress concentrators or stress singularities. In 
the composite-metal insert joint, the edge of the metal insert serves as a 
stress concentrator.

3. Numerical Methodology

3.1. Elements and material model for composite plies

The composite-metal insert joint is vulnerable to various failure 

mechanisms, including in-plane fiber or matrix failure and delamination 
between composite plies and between the composite material and the 
metal insert. This study utilized the finite element software Abaqus [25]
due to its comprehensive element and material libraries necessary for 
progressive damage simulation and its capability to incorporate user- 
defined material models.

Abaqus offers several element types for modeling laminated com
posites, such as 3-dimensional (3D) continuum shell elements (SC6R or 
SC8R) and 3D solid shell elements (CSS8). These elements can be 
coupled with Abaqus’ material models or user-defined materials to 
simulate the in-plane behavior of fiber-reinforced composite plies. Both 
element types can be easily integrated with cohesive elements or in
teractions to model delamination. The primary distinction between 
these two types of elements is the number of integration points per 
plane, with 3D solid shell elements having more (four versus one). 
Additionally, the 3D solid shell elements use a 3D material model, 
whereas the 3D continuum shell elements utilize a 2-dimensional (2D) 
material model.

Abaqus includes a built-in 2D material model specifically designed 
for modeling woven fabric composites. This material model can simulate 
in-plane tensile, compressive, and shear damage in composite plies. 
However, due to its 2D nature and compatibility issues, the model can 
only be used with Abaqus/Explicit for shell elements or continuum shell 
elements.

Several problems were encountered while implementing this built-in 
material model. Firstly, the continuum shell elements tended to distort 
easily once compressive failure occurred, leading to premature termi
nation of the simulation. Secondly, discrepancies were observed be
tween the simulation results and experimental data when applying the 
material model to simulate three-point bending (3 PB) tests. These tests 
were performed on a 3.77 mm thick and 12.55 mm wide plate made of 
16 plies of the same material used in the metal-composite joint study, 
using a 100 mm 3 PB jig. In the simulations, the load-bearing capacity of 
the model significantly diminished as soon as compressive damage 
emerged on the compressive side of the plate, just below the middle 
loading bar. In contrast, experimental 3 PB tests, as shown in Fig. 3, 
indicated that the composite plies continued to exhibit residual load- 
carrying capability following damage initiation on the compressed 
side of the specimen, resulting in a plateau in the load curve. This 
experimental evidence suggests that the composite plies can withstand a 
certain amount of compressive stress following the initiation of 
compressive damage.

Similar plateauing of stress–strain curves was observed by Kyriakides 
et al. [26] when testing fiber-reinforced plastic composite rods under 
compression while restricting radial displacement. Successive kinking of 
fibers in the rod specimens was observed following initial damage, 
which caused the plateauing of the measured stress–strain curve.

Due to issues with element distortion and the inadequate material 
models available in Abaqus for modeling the thermoplastic composite, a 
custom material model was developed using the UMAT subroutine in 
Abaqus. It was found that 3D solid shell elements exhibited greater 
stability compared to continuum shell elements when experiencing 
compressive failure. Therefore, a 3D material subroutine was developed 
for modeling the thermoplastic composite in this study.

Fig. 1. Composite-metal insert joint.

Table 1 
Mechanical properties of composite plies.

Property name Values

Tensile Young’ s modulus E11t 49600 MPa
Compressive Young’ s modulus E11c 44400 MPa
Tensile Young’ s modulus E22t 49600 MPa
Compressive Young’ s modulus E22c 44400 MPa
*Young’ s modulus E33 5000 MPa
Shear modulus G12 2300 MPa
*Shear modulus G13 2300 MPa
*Shear modulus G23 2300 MPa
Poisson’s ratio ν12 0.1
*Poisson’s ratio ν13 0.3
*Poisson’s ratio ν23 0.3
Tensile strength S11t 472 MPa
Compressive strength S11c 221 MPa
Tensile strength S22t 472 MPa
Compressive strength S22c 221 MPa
Shear strength S12 84.5 MPa
*Shear strength S13 84.5 MPa
*Shear strength S23 84.5 MPa
*Tensile fracture toughness G11st 50 kJ/m2 [23]
*Tensile fracture toughness G22st 50 kJ/m2 [23]
*Residual compressive strength S11rc 110.5 MPa
*Residual compressive strength S22rc 110.5 MPa
*Thermal expansion coefficient α 20× 10− 6/◦C [24]

Table 2 
Cohesive properties for interlaminar delamination and metal-composite 
adhesion.

Interlaminar Composite-Insert

Base Weak Strong

*Mode I (normal) strength 
N

63 MPa 60 MPa 6 MPa 120 MPa

*Mode II (shear) strength S 72 MPa 60 MPa 6 MPa 120 MPa
Mode I (normal) fracture 

toughness GNc

3.15 kJ/m2 1.33 kJ/ 
m2

0.133 kJ/ 
m2

2.66 kJ/ 
m2

Mode II (shear) fracture 
toughness GSc

1.57 kJ/m2 *2 kJ/ 
m2

0.2 kJ/m2 4 kJ/m2
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Fig. 4 illustrates the stress–strain curve of the material model, which 
exhibits different responses under various loading conditions as outlined 
below:

• Under in-plane tensile load, the material demonstrates linear elastic 
behavior with brittle failure. This failure is modeled using linear 
softening, defined by the fracture energy required for material fail
ure. Here we assume that the critical fracture energy for this material 
is similar to the material tested by Laffan et al. [23] When subjected 
to compressive load, the stress reduces to a certain stress value (a 
plateau) after the onset of damage to mimic the residual load-bearing 
capacity post-damage. As shown in Fig. 3, we found that setting the 
residual stress to half of the maximum compression strength 
adequately replicates the response of the composite plate in 3 PB 
tests. This model is in line with the stress–strain plateauing observed 
by Kyriakides et al. [26] in their compression tests of fiber reinforced 
composite rods. It is important to note that the tensile and 
compressive stiffness can be defined independently in general.

• Under in-plane shear load, the material undergoes a linear elastic 
response followed by plasticity and failure. The plastic response is 
defined using a tabulated plastic-strain–stress format, while the 
elastic stiffness is assumed to be retained prior to the onset of failure.

• The same model is employed for out-of-plane shear loading; how
ever, in the current model, plasticity and failure are not defined for 
this case due to the lack of available data. Out-of-plane shear failure 
is captured by the cohesive elements between the plies.

• Out-of-plane tensile and compressive responses are assumed to be 
linear elastic. This simplification is sufficient since any out-of-plane 

Fig. 2. Damage modes in double cantilever beam (DCB), edge notched flexure (ENF) test specimens.
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Fig. 4. Material model for woven fabric reinforced composites.
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tensile failure will be modeled by the cohesive elements between the 
plies.

3.2. Model setup

Fig. 5 illustrates the geometry of the finite element model employed 
in this study. Following the experiment, the composite plate was clam
ped between two 10 mm thick steel plate with 100 mm diameter hole at 
the top. The steel insert was pulled upwards while the bottom plate was 
held by a circular pin. A quarter model was created by leveraging the 
symmetry of both the test specimen and the test jig. The inclusion of the 
test jig in the model was found to be essential as early simulations 
demonstrated an underprediction of displacement when the jig was 
replaced by idealized boundary conditions. Notably, the jig itself, 
particularly the top plate, undergoes bending when subjected to the 
load. The simulation incorporated thermal shrinkage effects during 
manufacturing by conducting a thermo-mechanical procedure before 
applying the pull-out loading. It was assumed that the PC matrix be
comes completely solid at the glass transition temperature (Tg), neces
sitating thermo-mechanical analysis from Tg at 150 ◦C [27] down to 
room temperature at 25 ◦C.

The composite plate is modelled layer by layer using solid shell el
ements (CSS8) while the steel inserts and jigs/plates were modelled 
using solid elements (C3D8R). The mechanical properties of the lami
nated composite are assumed to remain uniform, even though local fiber 
distortions occur due to the insertion of the steel insert. Contact in
teractions were implemented between the composite plate and the jig, as 
well as between the bolts and the top plate of the jig. To account for the 
possible adhesion disbond between the plate and the insert, a surface-to- 
surface cohesive interaction model was employed. Additionally, cohe
sive elements were introduced between the plies above and below the 
insert to simulate the anticipated delamination at this interface, as 
shown in Fig. 5. The characteristics of the composite layers, including 
adhesion cohesive interactions and cohesive elements, are detailed in 
Table 1 and Table 2. The steels are modelled as elastic material with a 
Young’s modulus of 210000 MPa, a Poisson’s ratio of 0.33, and a ther
mal expansion coefficient of 17× 10− 6/◦C [28], while the resin rich 
zone is represented as elastic–plastic material, characterized by a 
Young’s modulus of 2100 MPa and a Poisson’s ratio of 0.37, and a yield 
strength of 60 MPa [29,30].

4. Results and discussions

4.1. Simulation results for base design

The metallic insert’s base design features a 30 mm diameter cone 

with a 3 mm height, as illustrated in Fig. 6. In the experiment, the final 
failure of the joint is characterized by a combination of fiber failure 
around the outer edge of the insert (circumferential) and emanating 
from the center of the insert towards its edge (radial). The measured 
strength is 14153 N with a standard deviation of 335 N.

The progressive damage simulation predicts a strength of 12842 N, 
around 9 % lower than average experimental values. The simulation 
results in the form of postmortem fiber damage and composite-metal 
disbond are depicted in Fig. 6. In these figures, the colors in the simu
lation results represent degrees of damage/degradation in the adhesion 
and composite plies; dark blue (0) represents pristine condition while 
red (1) represents total damage. The simulation results reveal that the 
thermal shrinkage mismatch between the steel insert and composite 
plies during consolidation leads to stress concentration at the interface 
and the outer edge of the composite plies. However, this stress is 
insufficient to induce disbonding. The model suggests that disbonding 
remains minimal, and no delamination between composite plies is 
observed until the final failure, even though the conservative inter
laminar fracture toughness values in Table 2 were used. The final failure 
is primarily marked by circumferential fracture of fibers in the com
posite plies above and surrounding the insert, along with some radial 
fracture of fibers emanating from the center of the insert, similar to the 
experiments. Compressive damages, characterized by fiber kinks at the 
bottom of the specimens, are experimentally observed and accurately 
predicted by the simulation. These compressive damages occur well 
before the final failure of the joint in the simulation, yet they do not 
result in a significant drop in the load.

To gain deeper insights into the impact of various parameters on the 
failure mechanism and overall strength of the joint, a parametric study 
was conducted on both the insert geometry and adhesion parameters. 
The findings are detailed in the subsequent subsections.

4.2. Effect of insert geometry

Similar to the experiments by Daynes et al [8], insert geometry was 
varied in the progressive damage simulation. I addition to the base 
design (30 mm diameter insert with 3 mm cone height), other variations 
featuring 20 mm and 40 mm diameter insert with various cone height 
and angle, as presented in Table 3, were examined. Note that the name 
suffix FA refers to the fixed angle, i.e. the angle of the cone is the same as 
the one in the base insert design (12.6 ◦ ), while the name suffix FH refers 
to fixed height, i.e. the height of the cone is the same as the one in the 
base insert design (3 mm).

The load displacement curve obtained from both the simulation and 
experiments of the insert joint with varying insert geometry is depicted 
in Fig. 7. It is evident that the joint with a larger diameter insert exhibits 

Fig. 5. Finite element model.
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a higher pull-out strength. Interestingly, unlike the experimental results, 
the simulation results show that the cone height angle does not appear to 
have a significant impact on the pull-out strength. The strengths of the 
D20_FH and D20_FA models are almost identical, while the D40_FA 
model only slightly surpasses the strength of the D40_FH model. The 
reason for the higher strength and stiffness of the D40_FA can be 
attributed to its slightly thicker and stiffer insert due to the higher cone 
angle, resulting in also a slightly larger adhesion area. However, these 

Fig. 6. Postmortem observation of 30 mm diameter composite-metal insert joint.

Table 3 
Variation of insert geometry.

Sample name Diameter (mm) Cone height (mm) Cone angle ( ◦ )

D20_FA 20 1.9 12.6
D20_FH 20 3 22.6
D30 30 3 12.6
D40_FH 40 3 8.7
D40_FA 40 4.1 12.6
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geometric differences alone are not able to explain the 30 % disparity in 
strength observed between the two joints in the experiments. This 
observation suggests other variations like adhesion strength may play a 
role, which will be further explored in the subsequent section focusing 
on the adhesion parametric study.

4.3. Effect of adhesion between the insert and the composite plies

Because the observed significant difference in strength between the 
FA and FH specimens in the experiments cannot be explained by the 
geometric variations alone, a more extensive numerical investigation 
was conducted into a parameter that is challenging to control in ex
periments: the adhesion between the steel insert and the composite 
plies. As shown in Table 2, we varied the adhesion properties ranging 
from base adhesion, which was obtain from experiments to weak 
adhesion (10 % of base toughness) and strong adhesion (200 % of base 
toughness). This study of adhesion parameters is also important because 
the performance of the adhesion may be degraded during the service life 
of the joints due to environmental or cyclic load.

The load displacement curves presented in Fig. 7 for the 30 mm 
diameter joint and Fig. 8 for the 20 mm and 40 mm diameter joints 
clearly demonstrate the critical role of adhesion in determining the load 
carrying capacity of the joint. While some load transfer occurs through 
mechanical locking, the effectiveness of the joint is influenced by 
adhesion strength. To gain further insight, we conducted a detailed 
analysis of the damage progression to elucidate how adhesion interacts 
with other damage mechanisms and ultimately leads to final failure. It’s 
worth noting that the initial stiffness of the experimental 
load–displacement curves is lower due to imperfect contact among the 
various components in the testing jig.

The failure patterns observed in the 30 mm diameter insert joint 
models with different adhesion parameters are depicted in Fig. 9. For 
this 30 mm diameter insert joint models, higher adhesion does not lead 
to an increase in pull-out strength, while low adhesion significantly 
decreases the pull-out strength (Fig. 8). This can be attributed to the fact 
that, in the 30 mm diameter joint, the fibers in the composite plies in the 
model with base adhesion already starts to fail when disbond occurs. 
Consequently, as shown in Fig. 7, increasing the adhesion strength only 

Fig. 7. Load displacement curve for various diameter geometry.
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delays the final joint failure, marked by the major load drop, without 
significantly enhancing the peak pull-out strength, which is controlled 
by the breakage of the fibers in the composite plies. In the case of the 
strong adhesion model, the delayed disbond forces the damage to extend 
not only to the plies above the insert but also to the plies below it before 
reaching final breakage.

On the other hand, early disbonding in the weak adhesion model 
results in the load being fully transferred through mechanical locking. 
The early disbond at the top side of the insert in the weak adhesion 
model allows the insert to stretch the top composite plies outwards, 
generating radial damages. Limited radial damage is also observed in the 
base adhesion case; however, this fracture mode competes with the 
circumferential fracture surrounding the insert. These findings align 
well with the experimental observations, where the 30 mm diameter 
joint specimens exhibited both the circumferential and radial damage. It 
is important to mention that in both base and strong adhesion scenarios, 
the composite plies located at the bottom of the metal insert experience 
compressive damage before the top plies undergo radial tensile damage. 
Nevertheless, this compressive damage does not result in a significant 

reduction in load since the material model is designed to be able to 
withstand a 50 % of the maximum compressive strength after it fails 
under compression, as described in section 3.1 and Fig. 4 in the form of 
plateau of the stress–strain curve under compression. These compressive 
damages in the form of fiber kinks at the bottom plies are also found in 
the experiments (Fig. 6).

The FA 40 mm metal insert joint, shown in Fig. 10, with base 
adhesion fails mainly by simultaneous disbond and composite damage at 
the circumference of the insert. Only limited radial fracture occurred at 
the middle of the top composite plies because of the limited disbond at 
the top side of the insert. Similar to the 30 mm diameter joint with weak 
adhesion, the load in the 40 mm diameter joint with weak adhesion is 
carried by mechanical locking after the early disbond and the final 
failure is mainly by the radial damage of the top plies. In the FA 40 mm 
metal insert model with strong adhesion, minimal disbonding was 
observed, and complete joint failure necessitated full through-thickness 
circumferential damage to the composite plies.

Fig. 11 shows the failure pattern in the FA 20 mm diameter joint. It is 
noted that insert-composite adhesion area, which comprises of the top 

Fig. 8. Load-displacement curves of insert joint with different adhesion parameters.
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and bottom surface of the cone, increases quadratically with the insert 
diameter while the potential circumferential fracture surface of the 
composite plies above the insert (i.e. circumference of the insert multi
plied by the ply thickness) increases linearly with the insert diameter. 
Therefore, the adhesion fails much earlier than the composite plies when 
the diameter of joint is reduced to 20 mm, leaving only mechanical 
locking to bear the load, even when the base adhesion parameters are 
used. The fibers in the composite plies then fractures radially because of 
the outward stretching by the insert. The damage pattern in the strong 
adhesion model shows extensive disbond at the bottom side of the insert 
and limited delamination at the top side, and therefore, the final failure 
tends to be circumferential type, surrounding the insert instead of the 
radial damage. The pull-out test conducted on the 20 mm FA specimen 
predominantly exhibits circumferential failure, indicating a stronger 
adhesion compared to the model with base adhesion parameters. This 
finding helps explain why the FA type demonstrates significantly higher 
strength than the FH type observed in the experiment.

Fig. 12 provides an overview of how insert diameter and the 
toughness of metal-composite adhesion influence the failure mode and 
pull-out strength of FA joints in the simulations. In the figure, distinct 
colors of bullets denote varying insert diameters, while different bullet 
shapes indicate distinct failure mechanisms—triangular and round 
symbols represent radial and circumferential fractures, respectively. As 
both diameter and adhesion toughness increase, the strength also rises. 
Instances of higher strength are characterized by minimal disbonding 
between the insert and the composite lamina, leading to eventual failure 
in the form of circumferential fiber fractures in the composite plies 
surrounding the insert. The dashed line signifies the transition from 
radial to circumferential failure. This transition occurs at lower adhesion 
toughness when a larger insert diameter is employed, and conversely 
when a smaller diameter is used.

5. Conclusion

The composite-metal insert joint offers an alternative for connecting 
composite structures with metallic or other composite parts, particularly 
for thermoplastic composites. This method involves embedding a 
metallic insert within the carbon fiber thermoplastic plies during the 
manufacturing process, enabling the insert to transfer loads through a 
combination of mechanical interlocking and adhesion. Experimental 
studies provide direct measurements of the joint’s strength, while pro
gressive damage modeling delivers deeper insights into the joint’s 

failure mechanisms and the impact of various variables on its perfor
mance. This understanding is crucial for optimizing design, given the 
variability of parameters that are difficult to control and may degrade 
over time. In this study, the influence of geometry and adhesion on the 
performance of a composite-metal insert joint was investigated. It was 
discovered that while the final failure involves the breakage of fibers in 
the composite plies, the adhesion strength determines the location and 
manner of fiber breakage, ultimately affecting the joint’s overall 
performance.

For the joint to be effective, it is desirable for damage to primarily 
occur at the circumference of the metal insert, with minimal disbonding. 
This ensures that the ultimate failure of the joint takes place by cutting 
through the entire thickness of the composite plies, including both the 
plies above and below the insert. Achieving this outcome relies on 
having a strong adhesion between the insert and the composite material 
and/or using a larger insert diameter. In cases where adhesion is not 
optimal, the following issues may arise:

• If disbonding occurs early between the bottom part of the insert and 
the bottom composite plies, the load will only be transferred through 
the top layer. Consequently, the strength of the joint becomes limited 
by the strength of the top plies.

• After the adhesion between the top plies and the metal insert fails 
near the metal pin, the conical shape of the insert begins to stretch 
the composite plies outward. This leads to the development of radial 
damage, which subsequently triggers premature joint failure.

In summary, our study highlights the critical role of adhesion in the 
performance of composite-metal insert joints. Strong adhesion between 
the composite plies and the insert is essential to ensure that the failure 
mechanism primarily involves cutting through the composite plies sur
rounding the insert, rather than premature disbonding followed by 
radial damages of the composite plies. The consideration of adhesion 
strength becomes more pronounced if the adhesion is degraded by cyclic 
thermal or mechanical load that may occur during the service life of the 
joint. A combination of using larger insert diameter, plastic matrix 
which is compatible with the metal insert, and surface treatment on the 
insert may be used to delay the disbond and therefore increases the pull- 
out strength of the joint.

Fig. 9. Failure pattern in 30 mm diameter composite-metal insert joint.
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Fig. 10. Failure pattern in 40 mm diameter metal insert joint, FA.
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