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In recent years, many new material configurations have emerged from which hybrid materials
such as microcomposites have shown promising applications. In the current study, the
microencapsulated-based epoxy composites were simulated in micro and macro-scales using
numerical modeling. A single-microcapsule was simulated by finite element method (FEM) to
estimate the effect of compression on a representative equivalent volume (REV). FEM sensitivity
analysis was conducted for different conditions of encapsulation efficiencys, i.e., full, half-full and
empty, varied diameter (50, 100, 200 um) and thickness (2, 6, 10 um) of capsules to study the
influence of each governing parameter on the load-deformation behavior of the composite. The
composites containing microcapsules with full content showed an improvement in the elastic
modulus in comparison with the neat epoxy, while half-full and empty composites exhibited
lower elastic moduli. Moreover, the results showed that the diameter of the capsules significantly
influences the stiffness of the composite. Indeed, the overall elastic modulus of the 50 um
microcapsules was slightly affected by the encapsulation efficiency while the 200 pm
microcapsules showed a drop of 28% in their elastic modulus from the full to the empty capsule
condition. Finally, the load-deformation behavior of the composite was studied in macro-scale
based on the elastic moduli calculated from micro-scale modeling of an REV.
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1. Introduction

biologically inspired technologies by nature [3]. The

potential benefits of self-healing materials have

Recently, self-healing smart material developments
have been under extensive attention as an cutting-edge
approach [1, 2]. They are defined as the materials that
can heal damages automatically to restore the
functionality of materials. The ability to self-heal would
result in prolonged material service life, less
maintenance, and therefore cost reductions. This

phenomenon was conceived by biomimetics or
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provided the motivation for a major research effort on
self-healing materials, which has been reported in an
ever-expanding body of literature [4-7]. These materials
have ranged from polymer matrix composites to ceramic
matrix composites or even metals [8]. Microcapsules
that are incorporated in the polymer composite material
contain the self-healing agents that can polymerize or

crosslink upon rupture of the capsules as a result of
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mechanical damage [9, 10]. In fact, the encapsulated self-
healing agent is self-triggered or externally triggered after
the crack occurrence at the surface. Although, the
autonomous systems may have many advantages, some
difficulties limit their applicability. Using oxidative
healing gents, which do not require any catalyst, can
solve this problem. In the following, unsaturated drying
oils as the core materials showed the self-healing ability
without any catalyst [11]. Selection of the most suitable
encapsulation method depends on the type of core and
shell, application and size of microcapsules, physical
and chemical properties of core and shell, release
mechanism, production scale and cost [12].

Barbero and Ford [13] conducted experimental
studies in the field of continuum damage mechanics and
investigated damage and self-healing by capsules. Rue
et al. [14] discussed the volume of the healing agent that
reaches the crack and concluded that it is linearly
dependent on the microcapsule size as well as volume
fraction. Zhang et al. [15] reviewed many analytical
studies developed for the self-healing polymers based on
different approaches. Moreover, as the spherical
capsules can release the healing agent from a limited
distance to the crack, other stretched shapes were
analyzed to investigate the efficiency of the self-healing
composites [16]. In addition, Mookheok [17] extended
the concept of elongated capsules and illustrated that the
efficiency of healing can be doubled when the length of
the capsules is increased. A simplified case in which an
infinite crack hits a number of capsules in the matrix of
a self-healing composite has been investigated by many
researchers [18, 19]. On the other hand, analysis of the
healing-efficiency of a limited size crack that randomly
occurred in the matrix of a self-healing composite is still
an open issue [20]. Moreover, Zemskov [21] analyzed the
healing probability in a very simplified two dimensional
model using elementary formulas of probability.

To the best of our knowledge, despite the expanded
experimental research conducted in investigating the
effect of different parameters and mechanisms of self-
healing behavior and limiting the domain of knowledge
to the experimental studies restricts the applicability of

these materials. Additionally, making and testing these

IJMF, Iranian Journal of Materials Forming, Volume 9, Number 2

materials is costly and time and energy consuming. To
overcome this problem, numerical methods such as finite
element method (FEM) and finite difference method
(FDM) have been widely used [22, 23]. In fact, there are
a limited number of studies which proposed analytical
and numerical modeling on the characterization of
encapsulation-based self-healing composites. Hence, it
is believed that the numerical study on the mechanical
behaviors of the microcapsules-based composites can be
considered as a major literature gap which is going to be
extensively used in self-healing materials. In this regard,
the authors investigated the mechanical properties of
epoxy composites containing oil-filled microcapsules
and indicated their softening effect [24]. The effect of
the capsule size and shell thickness on the mechanical
behavior of microencapsulated-based composites is still
unclear. The numerical modeling, performed in micro
and macro scale, helped discover the limitations of the
experimental studies while the flexibility of the
geometry and input parameters for the models helped
analyze and interpret a wide range of conditions that
were too hard or impossible to investigate experimentally.

In the current study, potential conditions and major
governing parameters on the mechanical behavior of the
microencapsulated-based epoxy composites were
simulated and analyzed in micro and macro-scales using
numerical modeling. At different conditions of
encapsulation efficiency (i.e., full, half-full and empty),
a single-microcapsule was simulated by 2D finite
element method (FEM) to estimate the effect of
compression on a representative equivalent volume
(REV). FEM sensitivity analysis was conducted for
different conditions of encapsulation efficiency, varied
diameter and thickness of capsules to study the load-
deformation behavior of the composite in these potential
conditions. Lastly, the load-deformation behavior of the
composite was simulated in macro-scale using the elastic

moduli calculated from micro-scale modeling of an REV.

2. Modeling

The modeling studies are devoted to the input

parameters required for the simulation. For this reason,
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results of research studies conducted by Katoueizadeh et
al. [19, 25, 26] on the self-healing materials were
analyzed. Urea formaldehyde (UF) microcapsules
containing linseed oil were prepared by in situ
polymerization and optimized by the design of
experiments (DOE) methods [25]. The following
approach is generally based on the outcome of
experimental results directly taken into account and is
simplified to be comprehensible for practical

applications.

2.1. Analytical modeling

A schematic representation of a microcapsule and its
elements has been illustrated in Fig. 1, and Eq. (1). It is
undeniable that accepting a totally uniform distribution
of the capsules with identical diameters is idealistic but
this simplification can provide a better understanding
about the composite, its components and the parameters
that govern the total number of microcapsules, their
average diameter and shell thickness. As shown in Fig.
1, a typical microcapsule is consisted of a core from a
healing agent, covered by a shell in a round shape. On
the other hand, the average diameter of the
microcapsules can be engineered and determined by
following appropriate mechanisms of production [27,
28].

According to Eq. (2), the average mass of the capsule
can be derived based on the density and volume of each
element (i.e., shell and core), assuming a volumetric
average diameter for the capsules. Hence, the total mass
of the capsules would be “n” times of the single capsule
mass, which gives the number of the capsules, “n”, Eq.
(3). Therefore, the average spacing of the microcapsules

can be estimated as Eq. (4).

Fig. 1. Schematic illustration of a capsule including shell and
core elements.
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Accepting an average spacing between the
microcapsules gives a uniform average arrangement in
which a capsule is located at the center of an equivalent

cubic cell of dimension S, as shown in Fig. 2.
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Fig. 2. A single microcapsule at the center of an equivalent
cubic cell of dimension S.
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The healing process mainly depends on the volume
of the encapsulated healing agent. In addition, the
number of capsules multiplies the effect of an individual,
and therefore, healing depends on both the volume of the
capsules and their number. On the other hand, the
capsules do not have a uniform size distribution and an
inhomogeneous dispersion in the matrix, which makes it
impractical to obtain an average spacing between the
capsules and evaluate the healing efficiency. Therefore,
an average diameter, as well as an average spacing, is
assumed to provide a simple, comprehensible, and
practical evaluation of the encapsulated polymer
composite and its healing efficiency for different

conditions [19].

2.2. Numerical modeling

The schematic volume illustrated in Fig. 2 can be
considered as the basis of introducing a representative
equivalent volume (REV) to further investigate the
composite on a micro-scale using finite element method
(FEM).

Prior to commencing the specific modeling for the
current study, and in order to verify the accuracy of the
simulations, a simple model including a single point load
on an elastic material was analyzed and the results were
compared to the available closed-form solution for this
problem. The results showed a less than 0.5% difference
which verifies the accuracy of the modeling.

As multiplication of the REV produces the
composite in macro-scale, the boundary conditions
should also be defined correctly. In this regard, the upper
surface of the REV is only subjected to the prescribed
displacement and does not have any supports. On the
other hand, side surfaces of the REV have roller supports
which give them freedom for vertical displacement but
limits lateral horizontal displacement which is in
compliance with the confinement of the REV by the
surrounding material in the composite. Lastly, the
bottom of the REV has fixed support to bring vertical
force equilibrium and horizontal confinement.

The material properties used for modeling the epoxy
composite are tabulated in Table 1 and are selected based

on the experimental results from the literature [29, 30].
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Elastic material model was applied to the model due to
its simplicity and coverage of the goals of this study. Oil
as the core of microcapsules was supposed to be an
extremely weak material with very low elastic modulus
0f 0.001 MPa to simplify the fluid phase while Poisson’s
ratio of about 0.5 guarantees the incompressible
behavior of the oil [31].

Table 1. Material properties used for FEM modeling [29, 30]

Material v (kN/m%)  E (MPa) v
Neat Epoxy 11 3350 032
UF (Shell) 12 800 0.3
Drying Oil" (Core) 9.3 0.001 0.5

* Linseed oil properties were selected for this study.

In order to model the micro-scale REV, a 2D axi-
symmetric model was analyzed based on the material
properties presented in Table 1 and in compliance with
the geometry previously shown in Fig. 2. Specifications

of the numerical models are as presented in Table 2.

Table 2. Specifications of the numerical models

Item Details
Analysis Methods FEM
Mesh Type 15 noded Triangular Graded Mesh

Model Geometry Axi-symmetric

The diameter of the capsules (D), their spacing (S)
and the thickness of the shell (t) were considered as the
major micro-scale geometrical specifications of the
capsules to conduct a sensitivity analysis to investigate
the influence of variations of each parameter on the
mechanical properties of the composite. Ranges of
variation and values of the geometrical parameters in
FEM models are shown in Table 3. According to the
studies conducted on self-healing microcapsules-based
composites, the size of microcapsules plays an important
role in the healing efficiency [32]. Although the bigger
capsules will contain more healing agents and
correspondingly the crack incidence probability is
higher, but the mechanical strength of the composite
would drastically decrease [32]. Hence, the optimum
size of the capsules was considered to be less than 200
um [33-36]. Meanwhile, as different diameters (50, 100,
200 um) with varied thicknesses (2, 6, 10 pm) are being

considered for this investigation, the selected spacing
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gives different D/S values which are reasonable for this
study. Moreover, it should be mentioned that the content
of microcapsules, known as encapsulation efficiency, is
not always fully perfect [37, 38]. It can be caused due to
their production method, as well as the manufacturing
technique which may diminish the microcapsules yield
over time. Accordingly, the encapsulation efficiency is

defined in three stages, i.e., full, half-full and empty.

Table 3. Range of parameter variations in sensitivity analysis
Item Range
50
D (um) 100
200
2
t (um) 6
10
Full, Half-Full, Empty

Encapsulation Efficiency

In order to evaluate the load-deformation behavior of
the neat epoxy and composite the compressive behavior
of the composite was simulated in macro-scale. An
illustrative cylindrical sample has been modeled with the
dimension of 12.7 mm in diameter and 25.4 mm in
height to evaluate the stress distribution pattern and
uniformity in the bulk material. Similar to micro-scale
studies, FEM was used for numerical modeling.
Regarding the cylindrical shape of the sample, axi-
symmetric modeling was selected.

It should be noted and emphasized that while the
generalization of the REV (in micro-scale) to the macro-
scale behavior does not bring ultimate accuracy, it is an
efficient method to investigate different cases and obtain
illustrative results that show the trend of composite

material behavior.

3. Results and Discussion

Figs. 3(a) to 3(c) show that the FEM model and its
mesh distribution for the 50 um, 100 um, and 200 pm
diameters, respectively. The REV is subjected to a
uniform load on top and its boundaries are defined to be
free for vertical deformation and fixed for lateral
deformation. It should be noted that the shells of the

capsules are modeled using the plate element [39].
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Triangular graded FEM mesh is selected for this model
and the mesh size is finer near the capsules to obtain
higher accuracies in this zone [40].

This sensitivity analysis was initiated with the stress
and displacement distribution studies in the REV. Fig. 4
shows illustrative vertical stress distribution in the REV
for full, half-full and empty microcapsules. In this
regard, Figs. 4(a) to 4(c) show the vertical stress
distribution in the REV for 2 um shell thickness in full,
half-full and empty microcapsule conditions for 50 pum,
100 pm and 200 pm diameters, respectively. The results
in general show that the trend of stress distribution is
almost the same for all conditions. Meanwhile, for full
microcapsules with higher diameters, the inner capsule
stress (i.e., oil pressure) highly amplifies. Moreover, for
the half-full condition, the oil pressure dramatically falls.
Furthermore, the stress distribution in the REV for
empty microcapsules shows much lower maximum
stress in the matrix which can be interpreted as a result
of omitting the incompressible element (i.e., oil) from
the load bearing elements. It should be also added that
the stress distribution of the oil (in the microcapsules)

presented in the shapes is not realistic because the liquid

| 1| lal la| IN|

G O (i s i (O (0 A A

Fig. 3. FEM model and its mesh distribution for the REV:
(a,a’) 50 pum, (b, b’) 100 pm and (c, ¢’) 200 um diameters.
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oil shows hydrostatic pressure distribution in half-full
condition and an almost uniform pressure distribution in
full capsule conditions.

Additionally, Fig. 5 shows illustrative vertical
displacement results in the REV. More specifically, Figs.

5(a) to 5(c) show the vertical displacement distribution

63

in the REV obtained for 2 um shell thickness in full, half-
full and empty microcapsule conditions for 50 pm, 100
um and 200 um diameters, respectively. Like the stress
distribution in the REV, vertical displacement in the
REV follows a general pattern which can be seen for all

conditions. Meanwhile, for larger diameters the influence
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Fig. 4. Vertical stress distribution in the REV for full, half-full and empty microcapsule conditions: (a, a’,a’”) 50 pm,
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of the microcapsules becomes more significant. In that the results for the displacement distribution in the oil
specific, as the emptiness of the capsule increases, the for half-full condition is not dependable due to the non-
vertical displacement around it and mostly on top of it modeled nature of the liquid phase that causes flow
increases accordingly, which is much more recognizable under deformations.
for higher microcapsule diameters. It should be added Presence of microcapsules in the REV changed the
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Fig. 5. Vertical displacement distribution in the REV for full, half-full and empty microcapsule conditions: (a, a’, a’’) 50 pum,
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overall elastic modulus which was investigated for all
different conditions. In this regard, the stress on the top
of the REV due to the 0.005 strain was extracted from
the outputs. The results showed that in general, for small
microcapsules, the stress distribution is almost
rectangular while for the large microcapsule, this
distribution is rather trapezoid with lower stress on the
sides and higher above the microcapsules. By dividing
the average stress on top of the REV due to the imposed
stress, the constrained elastic modulus was determined.
The constrained condition is the result of horizontal
fixities in the lateral exteriors of the REV. The general
elastic modulus can be derived from the constrained
elastic modulus by following basics of solid mechanics
[41], as presented in Eq. (5).

1-29)1+9)
E = Econstrained 57— v (5)

1-9)

Fig. 6 shows the elastic moduli under different
conditions including different sizes of the capsules, shell
thickness and encapsulation efficiency. The results show
the elastic modulus of the full capsule case with
diameters of 100 and 200 um, is higher than the neat
epoxy (3.35 GPa). It can be inferred as a result of non-
compressible oil in the microcapsules which reduces
their vertical displacement and increases the vertical
stress around the microcapsules. Moreover, it can be
seen that this effect is much more significant for the 200
um microcapsules (3.43 GPa). This is because larger
microcapsules occupy higher volume portions of the
REV in comparison with the smaller microcapsules.

Furthermore, it can be seen that the influence of
encapsulation efficiency on the elastic moduli is much
more significant for the larger capsules. Indeed, for 50
um microcapsules, the effect of core content on the
results is almost negligible while for the 200 pm
microcapsules, the elastic modulus drops more than 28%
for the empty condition in comparison with the full
condition. In addition, it can be seen that the difference
between full and half-full condition is considerable (i.e.,
plummet from 3.43 to 2.51 GPa), while small differences
can be identified between the half-full and empty

microcapsule conditions. While the experimental results
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Fig. 6. Elastic moduli variation for different modeled
conditions.

from the literature [24, 42], show a decrease in the elastic
modulus of encapsulated composites, the drop in the
elastic modulus for half-full and empty conditions (Fig.
6) demonstrates that the majority of the microcapsules in
the reported experimental results from the literature are
not full. This issue has been considered and reported as
the encapsulation efficiency or microcapsules yield
which is measured by thermal analysis or extraction
methods [38, 43]. Additionally, it is clear that the shell
thickness has little influence on the results while in
general, higher thicknesses provide higher elastic moduli
due to the increased strength of the microcapsules.

The axial force in the shell was also investigated. As
shown in Fig. 7, the axial force in the capsules is directly
dependent on the emptiness of the microcapsules,
diameter of the microcapsules, and much more
importantly, the shell thickness. Specifically, the most
important parameter is shell thickness which shows an
increase from 30 to 70 mN at a diameter of 100 um, and
generally the highest axial force results from the empty
microcapsule conditions. This effect becomes much
more recognizable for higher shell thicknesses at full,
half-full and empty conditions. In addition, the
emptiness of the microcapsules generally increases the
axial force in the shell. Clearly, for the full microcapsule
condition, the incompressibility of the inner oil provides
support for the shell which leads to a decrease in the axial
force in the shell. Furthermore, it can be seen that for
higher microcapsule diameters, the axial force is slightly

higher.
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Fig. 7. Axial force variation for different modeled
conditions.

The results also show that in practice where there is
a considerable portion of non-full (i.e., empty and half-
full) microcapsules, the elastic modulus of the composite
will be lower than the neat epoxy. This interpretation
from the current numerical modeling is in compliance
with the previous studies of the authors [24] and shows
that the modeling outputs are in compliance with the
literature results.

The maximum vertical displacement in the shell was
also investigated and shown in Fig. 8. The results show
that the maximum vertical displacement is highly
dependent upon the diameter of the microcapsules.
Moreover, it can be seen that the half-full and empty
conditions bring almost identical maximum vertical
displacement, while comparing full and half-full
conditions shows a surge from 1.46 to 1.91 pum at
diameter of 200 pum. This is because the maximum
vertical displacement occurs at the top of the
microcapsules shell which has no support beneath itself
both in the half-full and empty conditions. Furthermore,
it can be seen that higher shell thicknesses result in lower
maximum vertical displacements while this effect is
almost negligible in comparison with the influence of
other governing parameters.

In order to evaluate the load-deformation behavior of
the composite in macro-scale, three illustrative material
conditions have been selected for this macro-scale
investigation, namely, neat epoxy, epoxy composites
containing full and empty microcapsules with 200 um

and 2 um, diameter and shell thickness, respectively. The
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Fig. 8. Variations of the maximum vertical displacement for
different modeled conditions.

elastic moduli were inserted from the extracted values in
micro-scale modeling of an REV, presented in Fig. 6.

The load deformation behaviors of the samples were
investigated by modeling the discussed cylindrical
shaped sample subjected to a 17 MPa uniform load on
the top. Figs. 9(a) to 9(c) show the horizontal
deformation vectors (scaled up 100 times) for the neat
epoxy, empty and full capsule conditions, respectively.
A barrel-shaped form can be seen in all conditions which
is generally recognized for similar compression tests
with frictional jaws [44]. It can be also seen that the
lateral displacement is dependent on the elastic modulus
previously shown in Fig. 6.

Moreover, the vertical stress distribution shown in
Fig. 9(d), revealed that except the limited zones adjacent

to the end supports, the other regions experience an almost
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Fig. 9. Horizontal displacement vectors (100x scaled up) for:
(a) neat epoxy, (b) empty microcapsule, (c¢) full microcapsule
with 200 um diameter and 2 pm shell thickness and (d)
vertical stress distribution for (c).
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constant vertical stress distribution. This shows that it
was reasonable to choose a representative equivalent
volume (REV) for analyzing the behavior of the material
in micro-scale, as a great portion of the sample
experiences an almost similar stress state. It should be
noted that the stress distribution was almost identical in
all three model conditions and therefore, this single

illustrative figure was presented for these cases.

4. Conclusion

In the current study, the load-deformation behavior
of the microencapsulated-based epoxy composites was
modeled in micro and macro-scales. Accepting a
uniform distribution with an average spacing, a
representative equivalent volume (REV) was introduced
to study the composite in micro-scale. Considering
different conditions of encapsulation efficiencys, i.e., full,
half-full and empty, varied diameter (50, 100, 200 pm)
and thickness (2, 6, 10 um) of capsules, FEM sensitivity
analysis was conducted to study the influence of each
governing parameter on the load-deformation behavior
of the composite.

The results showed that the composite containing
microcapsules with full content, exhibit slightly higher
elastic modulus in comparison with the neat epoxy,
while half-full and empty composites showed lower
elastic modulus. Moreover, the results showed that the
diameter of the capsules highly affects the overall
stiffness of the composite. Indeed, the overall elastic
modulus of the composite with 50 pm microcapsules
was slightly affected by the encapsulation efficiency
while the composite with 200 pm microcapsules
experience more than 28% drop in its elastic modulus
while going from the full to the empty capsule condition.

Furthermore, it was demonstrated that the shell
thickness has a negligible effect on the overall elastic
modulus of the composite. The axial force in the shell of
the microcapsules was also studied which showed that
the shell thickness was the most important parameter
while the diameter has the least influence between the
studied parameters. In addition, it was demonstrated that
the emptiness of the microcapsules increases the

maximum axial force in the shell.
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Additionally, the vertical displacement distribution
showed that the diameter and encapsulation efficiency
were the most influential parameter on the maximum
vertical displacement of the microcapsules. Indeed, for
higher diameters of the microcapsules, higher values of
maximum vertical displacement of the microcapsules
were obtained. In addition, the half-full and empty
conditions revealed almost the same results which were
reasonable because the maximum vertical displacement
of the microcapsule occurs in its crown that was
unsupported both in half-full and empty conditions.

Finally, an illustrative cylindrical sample was
simulated at macro-scale using the calculated elastic
moduli to study the compressive behavior of the
composites. The results were in compliance with the
typical Dbarrel-shaped deformation in the samples.
Moreover, the results indicated that the stress
distribution in the cylindrical sample was almost
uniform in most zones of the sample. This confirmed that
considering an equivalent volume to represent the
composite (REV) was reasonable and confirms the

validity of the procedure followed in this study.
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