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A B S T R A C T

This paper analyses the mechanical and damage behaviour of epoxy composites incorporating magne
sium–aluminium layered double hydroxides (LDH), which have potential applications as corrosion protective 
coatings. The analysis of these composites was carried out by developing a computational model based on nu
merical homogenisation approach, employing the micromechanical finite element method. The influence of the 
elastic modulus, aspect ratio and weight fractions of the LDH particles on the mechanical and damage behaviour 
of epoxy/LDH composites was investigated. Damage modelling was performed, capturing both crack formation 
and evolution. Damage mechanisms such as crack pinning and crack deflection due to the LDH particles were 
observed. The modelling demonstrated that with an increase in the weight fraction of LDH, the composite 
became stiffer and more brittle. Adding up to 5 wt% LDH particles to epoxy increased the elastic modulus of the 
composite by nearly 20%. The strain at break was reduced to 2 %. The model was validated against experimental 
data, demonstrating its ability to predict the behaviour of epoxy/LDH composites. The findings indicate that 
epoxy/LDH composites exhibit enhanced stiffness, making them suitable for practical applications as corrosion- 
protective coatings.

1. Introduction

Corrosion can be defined as a destructive attack on a material that is 
caused by reactions with the surrounding environment [1,2]. This 
phenomenon causes an impairment in the mechanical properties of 
structures. Various properties such as strength, ductility, or impact 
strength are affected by corrosion resulting in material degradation. In 
extreme cases, corrosion leads to ultimate failures of structures [1].

There are several methods to protect structures from corrosion, and 
one of the most widely used is the employment of protective coatings 
[3,4]. Coatings serve as a barrier between the material and corrosive 
environment, thus the penetration of corrosive agent to the material 
surface can be significantly slowed. Organic coating methods based on 
epoxy resins have been gaining attention due to their eco-friendliness, 
low cost, effectiveness, and ease of application [5–7]. Corrosion pro
tection of epoxy-based coatings can be improved by adding anticorro
sion pigments [8,9], various nanoparticles [10,11], or corrosion 
inhibitors [12–14].

Various materials have been developed and researched for use as 

corrosion inhibitors in protective coatings. Among these, layered double 
hydroxides (LDH) have emerged as a promising option for corrosion 
protection. LDH materials are known for their unique structure, which 
allows them to act as ion-exchangers, making them highly effective at 
inhibiting the progression of corrosion [15–18]. Epoxies can serve as 
matrixes, effectively hosting LDH particles, thereby enhancing the pro
tective properties of the coating by providing a synergistic barrier 
against corrosion [19].

Another important factor is the structural integrity of such a coating. 
If the coating is easily damaged, the protective effect is impaired, and 
the structure becomes susceptible to environmental factors. Therefore, it 
is important to assess the mechanical properties and damage behaviour 
of coatings during their development. Theoretical and experimental 
methods are applied to investigate materials composed of various con
stituents. Theoretical methods provide several advantages such as pre
dicting material behaviour under a very wide range of conditions, 
optimizing design parameters, and reducing the need for expensive 
experimentation. Analytical and numerical methods can be applied for 
research on the mechanical properties of composite materials. 
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Analytical methods include such as the bounds by Hashin and Shtrikman 
[20], the self-consistent mechanics model by Hill [21], the Mori-Tanaka 
model [22], etc. However, analytical methods are restricted to certain 
geometrical shapes of constituents of composite materials, and they are 
very limited when it comes to capturing detailed microstructural fea
tures, nonlinear behaviours, etc. To address these limitations, numerical 
methods are used. Finite element-based micromechanical modelling has 
been shown as a very effective instrument for the research and devel
opment of materials composed of various constituents. This approach 
has been extensively used in a wide range of topics, starting with studies 
on the elastic properties of composite materials [23–27] and extending 
to more complex nonlinear behaviour research and damage modelling 
[28–31].

Various methodologies have been used for computational analyses of 
epoxy-based composites. Two-dimensional damage models based on the 
finite element method can be applied to study damage propagation in 
composite laminates [32]. A two-dimensional micromechanical model 
was proposed to study the nanoparticle debonding and matrix crack 
propagation of epoxy reinforced with silica nanoparticles [33]. How
ever, some certain parameters, such as the out-of-plane stress distribu
tion, interlaminar shear effects, spatial crack propagation or the 
influence of the geometrical orientation of the particles, cannot be 
accurately determined with two-dimensional models. Three- 
dimensional models, despite their computational time requirements, 
can provide more valuable insights. A tree-dimensional damage model 
of epoxy reinforced with graphene-based nanoparticles has shown that 
the predominance between the brittle matrix cracking and debonding 
damage mechanisms of the interface is determined by the orientation of 
the nanoparticles as well as volume fractions, elastic properties of the 
materials, and the interface properties [34]. In work [35], three- 
dimensional crack propagation in an epoxy matrix reinforced with 
MXene nanoparticles was captured by computational models based on 
the finite element method, which were solved using explicit dynamic 
solvers. In work [36], the three-dimensional temperature-dependent 
damage evolution mechanism of carbon fibre reinforced composites. It 
was demonstrated that the overall damage morphology and the local 
fibre/matrix damage behaviour can be captured by micromechanical 
models based on the finite element method. Micromechanical ap
proaches have also been used recently to address the problematics of 
fatigue crack growth in epoxy-based composites [37]. In general, recent 
research demonstrated that the incorporation of additives, even in small 
fractions, significantly influences the mechanical and damage behaviour 
of such composites.

Previous studies on epoxy/LDH composite coatings were primarily 
focused on corrosion protection effectiveness and were largely based on 
experimental techniques [5,7,19]. However, there remains a lack of 
computational models to further advance the understanding of epoxy/ 
LDH systems, particularly regarding their mechanical and damage 
behaviour. The objective of this research is to carry out a computational 
analysis of the mechanical and damage behaviour of epoxy/LDH com
posites by developing a computational model based on the micro
mechanical finite element method that would allow initial insights into 
the mechanical and damage behaviour of such composites. The pro
posed model uniquely evaluates the influence of the elastic modulus, 
aspect ratio, and weight fraction of LDH particles on the mechanical and 
damage behaviour of epoxy/LDH composites, providing valuable in
sights for advanced coating design.

2. Materials and methods

A computational model of the mechanical and damage behaviour of 
epoxy/MgAl-LDH composites was developed using ABAQUS finite 
element analysis software along with Digimat-FE homogenisation soft
ware. The model was based on the micromechanical approach imple
mented through the finite element method in conjunction with damage 
mechanics.

For this model, a series of three dimensional computational micro
structural geometrical entities that are called representative volume 
elements (RVEs), were created using Digimat-FE. These geometrical 
entities of RVEs were imported into ABAQUS. Typical models of RVEs 
are presented in Fig. 1. The size of the RVEs was 5 times larger than the 
diameter of the particles, as proposed by the Digimat-FE homogenisa
tion software. As research shows [34,38], this size is sufficient to capture 
the mechanical and damage behaviour of composites.

Fig. 1(a) shows an RVE measuring 25 µm, containing randomly 
oriented LDH particles constituting 5 wt%, with a diameter of 5 µm and 
an aspect ratio (AR, the diameter-to-thickness ratio) of 50. Fig. 1(b) 
shows an RVE measuring 25 µm, containing randomly oriented LDH 
particles constituting 2 wt%, with a diameter of 5 µm and an aspect ratio 
of 20.

The RVEs were restrained by boundary conditions that simulate an 
infinite material domain under uniaxial tensile loading along the x-axis 
direction. The RVEs were meshed using the three-dimensional 4-node 
linear tetrahedron element (C3D4) type. A minimum size of 0.5 µm 
was applied for the mesh, resulting in a total number of 1–1.5 million, 
depending on the RVE’s configuration (Fig. 2).

The multilinear hardening model was applied in the model to define 
the behaviour of epoxy subjected to mechanical loading. The material 
model for the epoxy matrix was calibrated using the experimental 
stress–strain curve of an epoxy material with an elastic modulus of Em =

2.5 GPa, Poisson’s ratio ν = 0.35 and a mass density of 1.08 g/cm3 

(Fig. 3). The experimental stress–strain curve of epoxy was inserted into 
ABAQUS. Due to the complex geometries with randomly distributed 
particles and the presence of some plasticity in the analysed materials, a 
continuum damage model that captures progressive damage based on 
material degradation was considered. It is suitable for studying bulk 
material behaviour, including particle–matrix interactions and damage 
mechanisms, and it is not limited to pre-defined paths. The stresses were 
calculated using the generalized Hooke’s law taking into account dam
age and plastic deformation [39]: 

σij = (1 − d)Cijkl

(
εij − εpl

ij

)
= Cijklεij + σin

ij , (1) 

where σin
ij is the inelastic stress taking into account both the plastic and 

damage dissipative mechanisms, Cijkl is the fourth order stiffness tensor, 
d is the damage indicator expressing the stiffness degradation, εij is the 
total strain, and εpl

ij is the plastic strain.
In this study, the damage model was calibrated to match the exper

imental data for the epoxy material (Fig. 3). A good correlation between 
the experimental results and the model was observed when the fracture 
strain was 0.03. The root mean square error between the experimental 
curve and the model was 0.233 MPa.

Numerous studies have shown that the elastic modulus of Mg-Al LDH 

Fig. 1. Typical models of RVEs: (a) 5 wt%, AR = 50; (b) 2 wt%, AR = 20.
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typically falls within the range of 1 to 35 GPa [40–42]. On the other 
hand, molecular dynamics simulations provided a different estimation, 
indicating that the average in-plane elastic modulus of the entire Mg-Al 
LDH material was approximately 40 GPa, while a single layer exhibited 
a much higher modulus of around 135 GPa [43]. Therefore, the elastic 
modulus of such LDH particles is still the subject of research. Based on 
the previously mentioned papers, the range between 5 and 20 for the 
ratio of the elastic modulus of LDH to that of epoxy was investigated in 
this study on the behaviour of epoxy/Mg-Al LDH composites. The mass 
density of the LDH particles was set to 1.8 g/cm3 (as provided by the 
manufacturer), and Poisson’s ratio was set to 0.23, based on the values 
reported in the literature.

To save computational time, the mass scaling technique was used 
that modifies the densities of the materials in the model and improves 
the computational efficiency [44]. The dynamic and inertial effects were 

not significant as the modelling was carried out as a low kinetic energy 
process. Moreover, a sensitivity analysis was carried out to evaluate the 
accuracy of the results. The results at stable time increments greater than 
2•10-5 were very close, while a stable time increment of less than 10-4 

led to more significant deviations and wavy stress–strain curves. 
Therefore, the modelling was performed obtaining a stable time incre
ment of at least 10− 5 s step time.

The developed computational model was solved numerically using 
the explicit dynamic solver of ABAQUS.

3. Results

Fig. 4 shows the influence of the ratio of the elastic modulus of LDH 
to that of epoxy on the normalised effective elastic modulus of the 
composite containing 2 wt% LDH particles. It implies that an increase in 
the elastic modulus of LDH results in a slight increase in the effective 
elastic modulus of the epoxy/LDH composite. This trend was slightly 
more pronounced at the higher aspect ratio.

The obtained results have shown that the addition of LDH particles 
increases the brittleness of the epoxy/LDH composite. After adding 2 wt 
% of LDH particles, the strain at break decreased from 4.5 % to 
approximately 2–2.3 %, depending on the aspect ratio of the particles 
and the ratio of the elastic modulus of LDH to that of epoxy (Fig. 5). A 
decrease in the strain at break of the composite was observed with an 
increase in the ratio of the elastic modulus of LDH to that of epoxy 
(Fig. 5).

Accordingly, after incorporating 2 wt% of LDH particles, the ultimate 
tensile stress decreased. This decrease was more significant at a higher 
aspect ratio. At an aspect ratio of 50, the normalised ultimate tensile 
stress did not change significantly when the ratio of the elastic modulus 
of LDH to that of epoxy was between 5 and 20 (Fig. 6). In the same range 
of the ratio of the elastic modulus of LDH to that of epoxy, the nor
malised ultimate tensile stress decreased approximately from 0.95 to 0.8 
at an aspect ratio of 20.

The stress–strain curves that demonstrate the influence of LDH 
loading and the aspect ratio on the behaviour of epoxy/LDH composites 
are presented in Fig. 7. These results showed that with an increase in the 
weight fraction of LDH, the composite became stiffer and more brittle. 
This behaviour was more expressed under higher aspect ratios.

This behaviour is reflected by the dependence of the LDH weight 
fraction on the normalized effective elastic modulus E/Em (Fig. 8). An 
increase in the elastic modulus was observed with an increase in the 
weight fraction. With a higher aspect ratio, this trend was more 
expressed. Adding up to 5 wt% LDH particles to epoxy increased the 
elastic modulus of the composite by nearly 20 %.

Fig. 9 shows the dependence of the LDH loading on the strain at 

Fig. 2. Finite element mesh of the RVE containing 5 wt% LDH, AR = 50.

Fig. 3. Calibration of the constitutive material model: comparison of experi
mental and predicted stress–strain curves for the epoxy material.

Fig. 4. Normalised effective elastic modulus of the epoxy/LDH composite 
depending on the ratio of the elastic modulus of LDH to that of epoxy.

S. Kilikevičius et al.                                                                                                                                                                                                                             Computational Materials Science 252 (2025) 113816 

3 



break. If the weight fraction of the particles increases, the composite 
tends to break at a lower strain. This behaviour was more expressed 
under a higher aspect ratio. At an aspect ratio of 50, the strain at break 
decreased from 4.5 % to approximately 2 % after the addition of LDH 
particles, corresponding to a reduction by approximately 2.25 times. 
The increased brittleness of the composite could be a limitation in 

applications requiring flexibility or those subjected to impacts or other 
dynamic mechanical loads.

Fig. 10 shows the influence of the LDH loading on the normalised 
ultimate tensile strength. The tensile strength of the composite was 
lower than that of pure epoxy. At an aspect ratio of 20, the tensile 
strength decreased by 10–20 % compared to pure epoxy after adding 
1–5 % LDH particles by weight. At a higher aspect ratio, the tensile 

Fig. 5. Influence of the ratio of the elastic modulus of LDH to that of epoxy on 
the strain at break of the composite.

Fig. 6. Influence of the ratio of the elastic modulus of LDH to that of epoxy on 
the normalised ultimate tensile stress of the composite.

Fig. 7. Normalised stress–strain curves obtained under various weight fractions 
and aspect ratios of LDH particles, when the ratio of the elastic modulus of LDH 
to that of epoxy ELDH/Em = 20.

Fig. 8. Normalised effective elastic modulus depending on the LDH loading 
under different aspect ratios of randomly distributed LDH particles, when the 
ratio of the elastic modulus of LDH to that of epoxy ELDH/Em = 20.

Fig. 9. Strain at break depending on the LDH loading, when the ratio of the 
elastic modulus of LDH to that of epoxy ELDH/Em = 20.

Fig. 10. Normalised ultimate tensile stress depending on the LDH loading, 
when the ratio of the elastic modulus of LDH to that of epoxy ELDH/Em = 20.
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strength decreased by almost 30 % after adding 2 wt% of LDH. A further 
increase in the LDH weight fraction resulted in a slight increase in the 
ultimate tensile strength, observed at 5 wt% of the LDH loading. This 
phenomenon might be caused by improved load transfer efficiency at 
higher aspect ratios, along with enhanced crack pinning and deflection, 
leading to localized stress redistribution.

Fig. 11 demonstrates crack evolution at increasing strain levels in an 
RVE with LDH particles constituting 5 wt%, with an aspect ratio of 50, 
and the ratio of the elastic modulus of LDH to that of epoxy ELDH/Em =

20. Damage evolution in this RVE is shown in Fig. 12.
Since the LDH particles exhibited significantly higher stiffness and 

strength, they were not damaged.
Initially, local strain concentrations began to form in the matrix at 

the edges of the LDH particles (Fig. 11(a)), followed by the formation of 

cracks in the matrix at the edges of the LDH particles (Fig. 12(a)). The 
stress and strain concentrations arise due to differences in stiffness be
tween the LDH and the matrix since the LDH particles act as re
inforcements. With a further increase in strain, cracks within the matrix 
structure began to intersect and coalesce, resulting in the formation of 
the main crack (Fig. 11(b) and Fig. 12(b)). The crack propagated further 
as the strain increased (Fig. 11(c)-(d) and Fig. 12(c)-(d)).

Damage mechanisms such as crack pinning and crack deflection due 
to the LDH particles were observed (Fig. 13).

To validate the model, a preliminary experimental study was con
ducted in accordance with ISO 527 standards. Epoxy/LDH composites 
were prepared and moulded into dog-bone shaped specimens using sil
icone moulds. The specimens had a gauge section cross-sectional area of 
3 × 1 mm. Tensile tests of developed epoxy/LDH nanocomposites were 

Fig. 11. Equivalent plastic strain contours illustrating crack evolution at increasing strain levels: (a) 1.85%; (b) 1.86 %; (c) 1.87 %; (d) 1.88 %.
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carried out on an H10 KT universal column testing machine (Tinius 
Olsen, Salfords, UK) at a strain rate of 2 mm/min. Five specimens were 
tested for each fraction. The variability observed in ultimate tensile 
strength and strain at break is represented by the error bars shown in the 

experimental results plots (Fig. 14 and Fig. 15).
The experimental data were compared with the model results from a 

representative volume element (RVE) containing LDH particles with an 
aspect ratio of 20, and the ratio of the elastic modulus of LDH to that of 

Fig. 12. Damage evolution in the RVE, with damage highlighted in red at increasing strain levels: (a) 1.85 %; (b) 1.86 %; (c) 1.87 %; (d) 1.88 %.
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epoxy ELDH/Em = 20. Fig. 14 shows the strain at break predicted by the 
model compared to the experimental data. A good correlation was 
observed between the predicted and experimental strain at break of the 
epoxy/LDH composite.

Fig. 15 shows the ultimate tensile stress as predicted by the model 
compared to the experimental data. While a similar overall behaviour 
was captured, notable deviations were observed at certain LDH frac
tions. The experimental values of the ultimate tensile strength were 
higher than the model predictions at 1 wt% and 2 wt% LDH, while the 
opposite was observed at 5 wt%. The discrepancy between experimental 
and numerical trends can likely be attributed to several factors such as 
variations in the dispersion of LDH particles within the epoxy matrix 
during sample preparation, agglomerates, variation in LDH particle 
sizes, or the perfect particle–matrix bonding of the model.

The presence of agglomerates or clustering of LDH particles could 
lead to localized stress concentrations, altering the effective reinforce
ment contribution of the filler and thereby affecting the experimental 
results. Additionally, variations in LDH particle sizes that are usually 
present in manufactured composites could introduce inconsistencies in 
stress transfer, further contributing to deviations from the predicted 
values. At 5 wt% LDH loading, the experimental tensile strength is lower 
than predicted. This may be attributed to excessive particle clustering 
and agglomeration, which can introduce stress concentration sites and 
weaken the composite structure. The numerical model assumes a uni
form dispersion of LDH particles, which could contribute to the differ
ences in the observed strength trends. Furthermore, a higher filler 
content could negatively impact matrix continuity, reducing load- 
bearing efficiency and overall strength. Another possible source of de
viation is the assumption of perfect particle–matrix bonding in the nu
merical model. In reality, interfacial adhesion may vary due to 
processing conditions, leading to imperfect load transfer between the 
epoxy and LDH particles. This effect is particularly relevant at lower 
weight fractions, where slight variations in interfacial bonding effi
ciency can impact mechanical performance. The higher experimental 
strength observed at lower LDH fractions suggests that LDH particles 
may act as effective reinforcement due to improved dispersion at lower 
fractions, leading to changes in stress transfer that are not fully captured 
in the numerical model. In general, despite the observed deviations, the 
model provides a reasonable approximation of the experimental results, 
especially given the inherent complexities of three-dimensional damage 
modelling in particle-reinforced composites [45,46].

4. Conclusions

A methodology for the modelling of the mechanical and damage 
behaviour of epoxy/Mg-Al LDH composites has been proposed. It is 
based on numerical homogenisation approach with the micro
mechanical finite element method.

The influence of the elastic modulus, aspect ratio and weight frac
tions of the LDH particles on the mechanical and damage behaviour of 
epoxy/LDH composites was investigated. The modelling demonstrated 
that with an increase in the weight fraction of LDH, the effective elastic 
modulus increased and the strain at break decreased, indicating that the 
composite became stiffer and more brittle. This behaviour was more 
expressed under a higher aspect ratio. Adding up to 5 wt% LDH particles 
to epoxy increased the elastic modulus of the composite by nearly 20 %. 
However, the tensile strength of the composite was lower than that of 
pure epoxy.

Damage modelling was carried out and the crack formation and 
evolution was captured. Initially, local plastic strain concentrations at 
the edges of the LDH particles started to occur, and the formation of 
cracks was observed locally at the edges of the LDH particles. With a 
further increase in strain, cracks within the matrix structure began to 
intersect and coalesce, resulting in the formation of the main crack. As 
the strain increased, the crack propagated further, eventually leading to 
final failure. Damage mechanisms such as crack pinning and crack 

Fig. 13. Crack morphology in the RVE containing 5 wt% LDH, AR = 50.

Fig. 14. Strain at break as a function of weight fraction compared with the 
experimental data.

Fig. 15. Ultimate tensile stress as a function of weight fraction compared with 
the experimental data.
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deflection due to the LDH particles were observed.
The model was validated against experimental data, demonstrating 

its ability to predict the behaviour of epoxy/LDH composites.
The findings indicate that epoxy/LDH composites exhibit enhanced 

stiffness, making them suitable for practical applications as corrosion- 
protective coatings. An increased stiffness suggests that such compos
ites can be advantageous in applications requiring structural rigidity and 
durability, particularly for static structural components exposed to 
corrosive environments such as pipelines, storage tanks, marine struc
tures or similar infrastructure components. The increased brittleness of 
the composite could be a limitation in applications requiring flexibility 
or those subjected to dynamic loads, such as aerodynamic surfaces or 
turbine blades.

This study is limited to the mechanical and damage behaviour of the 
composite under monotonic tension loading. Also, the numerical model 
assumes a uniform dispersion of LDH particles and perfect parti
cle–matrix bonding. Future work will explore the influence of interfacial 
bonding effects and agglomeration on the composite’s behaviour, as 
well as its response to cyclic loading. Additionally, it will assess the 
corrosion protection properties of coatings derived from this composite.
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