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Abstract

Polymer-matrix composites are utilized in several engineering applications, since they have high stiffness and specific strength.
However, bubbles may be formed in the matrix due to gases or water entrapment during fiber reinforcement impregnation with resin
or during laying process. Voids or air bubbles are generally undesirable because they diminish strength and create gaps in the
polymeric matrix. The finite element method (FEM) was utilized in this research in order to study static and dynamic analysis of
void-containing micropolar polymers. The Euler—Lagrangian formalism is utilized based on formulations of kinetic energy, potential
energy, and mechanical work formulations. As a result, the static and dynamic responses of such system can be studied. The matrix
coefficients for each scenario are determined by the shape functions used. The reported results are illustrated via an application.

1. Introduction

Polymeric materials have gotten a lot of attention in the industrial and scientific sectors. These materials serve as the foundation for
a variety of engineering applications, including photolithography in micro-electro-mechanical systems (MEMS), as well as adhesive
bonding in both civil infrastructures and aerospace industry. Polymeric materials are becoming increasingly popular because they
offer cheaper devices and manufacture, and most importantly, their extraordinary physical qualities give them many advantages for
their use in many products [1]. However, voids in these materials may form during the production process [2-4] or as a result of
events that occur during their use [2]. Voids are matter's empty spaces. In most circumstances [3, 4], voids are undesirable in
polymer-matrix composites because they can have a negative impact on mechanical characteristics [3-5] by changing the structure's
stress field [5].

Void defects formation in polymer-matrix composites can be attributable to a variety of factors, including the formation of air
bubbles during the manufacturing process as well as moisture that dissolves in the thermosetting resin during the manufacturing and
storage processes. This suggests that voids are unavoidable in polymer-matrix composite systems [5]. The intrinsic gaps (voids)
constitute free volume, and increasing free volume allows polymer molecules to move more freely [6]. The study of voids in
composites began roughly a half-century ago and is currently an active research subject in the composites field. This is due to the
persistent lack of knowledge and uncertainty about void as well as the challenges of suppressing them in modern production
procedures such as processing outside of autoclaves and high complexity parts, which are made more difficult by the increased
modified resins viscosity. In additions due to the rising interest in achieving more accurate limits of void rejection that would allow
some void age to be maintained [7].

The detection and analysis of composites-contains void defects can made by using some techniques like visual inspection of cross-
sections, density method, and ultrasonic C-scan [8]. VVoid content of the sample measured in the ASTM method [9] according to its
mass per unit volume. Despite, voids have no mass and can be neglected; they participated in increasing the sample size. However,
is difficult to determine the void-free density of the composite and is generally measured from the measured values of the fiber and
resin density and the weight fraction of fiber. The matrix may be dissolved in acid or burned-off [10] in order to eliminate fibers
from it and calculate its weight; however, acids maybe destroy the fibers and eliminate the mass, resulting in erroneous results. The
accuracy of this method is questioned especially when small void contents are presented [3].

Despite the efforts of various researchers [11-16] to optimize the polymer manufacturing process, the formation of voids cannot be
fully avoided. As a result, it's crucial to comprehend and predict how void defects will affect the properties of these composites.

The linear theory of elasticity is commonly used with steel, wood, coal, and concrete to study their mechanical behavior, but this
theory cannot be used with polymers or elastomers to study or analyze their properties [17].

The properties of materials with voids were first studied by Goodman [18]. The main point made was that an additional kinematic
freedom degree to be considered. According to this novel parameter, the theory created to characterize the flowing granular materials
behavior.
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Several papers have employed FEM to study the impact of void defects on the mechanical properties of fiber reinforced polymer
(FRP) composites under the assumption of uniform void and fiber distribution.

When void content is between 1-3%, the transverse shear modulus of unidirectional fiber reinforced plastics (UD-FRPs) with void
defects drops by as much as 15%, according to Tai and Kaw [13]. Hyde et al. [14] devised two-dimensional (2D) micromechanics
FEM for predicting the mechanical characteristics of void-filled composites. In comparison to the in-plane tensile modulus,
Mekonnen et al. [15] discovered that void defects produce a higher drop in the shear and tensile modulus of the out of plane. A two-
scale integrated methodology for simulating the cracking of matrix in sections with voids has been suggested by Mehdikhani et al.
[16]. Wang et al. [19] used an image-based FEM to investigate the effect of voids on the mechanical properties of plain weave
carbon fiber reinforced polymer (CFRP) composites and discovered that void flaws have a substantial effect on the Young's modulus.
The influence of void content on the thermoplastic composites' flexural fracture behavior investigated by Hayashi et al. [20], they
discovered that as porosity increased, the flexural strength decreased dramatically. In these representative volume elements (RVE)-
based FEMs, however, the voids and fibers are considered to be mostly distributed in the 2D plane, and they neglected the
longitudinal direction. Furthermore, these models are unable to use for the purpose of engineering constants prediction in the
longitudinal direction. To examine the impact of void distribution on the UD-FRPs' stiffness properties, three dimensional (3D)
RVE models with randomly sizes and contents voids and fiber are required. Based on some test results, Dong [21] suggested a
mathematical fitting model to easily anticipate the stiffness parameters of unidirectional FRPs.

Shen [22], Summer scales [23], and Wu [24] studied the behavior of polymers with voids using theoretical models in order to
determine their physical properties. The FEM was employed less to polymers with void, due to the intricacy of the required processes
[25]. Experimental methods have been used in more studies to investigate the voids polymers properties. Various elastic constants
required for the systems design based on polymeric materials can be determined in this way [25-29].

The FEM has recently undergone significant development, allowing it to analyze mechanical structures of various materials, such
as sandwich types, composites, anisotropic, isotropic, transversely isotropic, or under special conditions, such as the temperature
field [30-32].

For the analysis of mechanical systems, a variety of computation approaches are used, all of which produce essentially comparable
findings. Generally, analytical mechanics is the finest analysis tool for complex systems. Analytical approaches continue to be the
greatest alternative for studying an elastic solid by using FEM, providing for an orderly and systematic approach. Analytical
mechanics is a useful numerical technique that allows for the generation of an adequate mathematical description via a set of
alternative mathematical formulas. Because of the limitations that appear in the FEM model as a result of element correlation, the
number of degrees of freedom (DOF) is significantly reduced; thus, analytical mechanics is the most common method used to
describe such system. By analytic mechanics, the obtained formalism has a significant advantage because it provides a simple
equations representation and providing easy application of classic FEM algorithms [2].

Voids are a type of manufacturing defect. It has been discovered that voids reduce the mechanical properties of the material. It is
necessary to understand the impact of such voids on material mechanical properties, as well as to determine the acceptable range of
the presence of this void in a polymeric material [2].

Only elastic states of the void micropolar bodies have been studied [33-34], but the dynamic response of this system studied in only
one article [2], which only investigates the dynamic analysis of the polymer with void by using the FEM. In our study we will study
both static and dynamic analysis of micropolar polymers with voids.

The organization of the rest of this article is as follows: the formulation of the problem and some basic notion in the FEM introduced
in Sections 2. Sections 3 contains the kinematics, kinetic energy, potential energy, and work of different types of applied forces for
a FRP with void defects. A section 3 includes the application of the Lagrange equations to get the 2nd-order differential equations
for a 3D FE. Section 5 and 6 includes the results and conclusion about our study, respectively.

2. Formulation of the Problem
To perform the analysis, a polymer material with voids in an undistorted state has been used in this study.
The content of voids in FRP can be evaluated by using the following equation:
V, = 1=V =V ¢))
where V,, Vsand Vp, are the content or volume fractions of void, matrix, and fiber in FRP, respectively.
The stiffness (E,) formula for a solid material with spherical holes can be expressed as follows:
E; = E,(1-V,)? )

where the p and v referred to non-porous and porous material, respectively and Vv refers the void content in composite.

The elastic modulus of unidirectional FRP composite with voids can be given by the following formula:
Eiy = Ei(1-V,)? 3)
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where E; is the elastic constant of composite without voids .
The elastic modulus for matrix with voids as well as the theoretical value of elastic constant can be expressed by the following Eq.

(4).
En = m(l_Vm—v)z 4)

where E,,,_,, is the elastic modulus of the matrix containing voids, and V,,_,, is the void content presented in the matrix, which can
be given as follows:

V
Vm—v - K (5)

The mass density of a matrix

=

ith voids can be determined according to Eg. 6:

v(x,y,2) = p(x,y,2) y(x,y,2) (6)
Where, v(x, y, z) is the mass density of the material with voids, p(x, y, z) refers to the mass density of the material without voids;

y(X, Y, z) refers to the volume fraction of material, where 0 < v <1 and it is a scale of change of volume in original material caused
by compaction or distension of voids.

When the reference configuration is taken into account, the mass density can be estimated by Eq. 7.

v, (x,,2) = po(x,¥,2)¥,(x,y,2) ™

where (x,y,z) indicates to the arbitrary point M in the domain B, while (Xo,Yo,20) refers to B, domain. Time is represented by the
variable r, where r € [0, t,]. The range of Latin indices is the integers (1, 2, 3) while, (1, 2) is the range of Greek indices.

FEM is a classic, very well-developed method, with well-developed computer software, and it a powerful tool for determining the
most engineering constants [35].

Euler-Lagrange equation method is commonly used for various types of materials in several engineering applications in the purpose
of obtain their motion equations. Initially, a response to single finite element must be obtained. At this level, an arbitrarily chosen
shape function was considered in this study. Relationships will be obtained in the local coordinate system, but using an appropriate
transformation matrix, they can be transferred to a global frame of reference. The following step is to put together the obtained
systems of equations to estimate the dynamic response of the model structure. By using the external applied loads on the elastic
system and its boundary conditions, the solution of the differential equations can be obtained. It has been assumed that the
deformations are small enough they have no effect on the mechanical system's general motion of the rigid body [2].

Another significant advantage is that the final form of the equations of motion does not include correlation forces. This is especially
important in FEM, where typical system has a large DOFs value. It becomes useful to users when the application of this method
results in a significant reduction in the number of unknowns, and thus the number of arithmetic operations [2,36].

3. Kinematics, kinetic energy, potential energy and work of a finite element
3.1. Kinematics

In this section, the 3D FE modeled as an elastic solid will be examined. The displacement of a given point of the studied solid is
uniquely determined by a set of independent coordinates via the interpolation function in the FEM approximation. These coordinates
might be nodal coordinates or its derivatives, or other kinematic sizes. The element will be linked to a movable coordinate frame.
Finally, all FEs will be linked to the global coordinate system. A movement of the mobile reference system can be defined by angular
velocity (@ (wy, wy, w,)), angular acceleration (£(e,, &y, €,)), velocity 7, (X,, Y,, Z,) and acceleration a,(X,, Y,, Z,) of the origin
of the local reference system. All of these vectors are thought to be known. Two L and G indices will be used to demonstrate this
because two reference systems (local and global) have been used in this study. Non-indexed sizes will be treated as if they were
written in L (mobile reference) frame. Orthonormal operator [P] is used in rigid kinematics to change the components of a vector (r)
from L (mobile) to G (fixed) reference frame [36]:

{r}e = [Plr} ®)

When [P] is differentiated, the angular velocity and operator to vector ratio, as well as the angular acceleration operator to vector,
are obtained [37].

Point M was considered to be belong to the elastic FE which will be M' after deformation which have a position vector {t,,/}G:
{tu}e = [tols + [PI1({t}, + {u}L) 9

where, {t)}G refers to the position vector of the point M, {t,}G is the position vector of the origin point O, and {u}, is the
displacement vector. The continuous vector field of displacements is approximated in FEA by a linear relation of the type based on
the independent coordinates of the FE [36]:

{u}, = [SHN}, (10)
where {N}_ refers to the independent coordinates vector (shape function matrix). The velocity vector of M' can be expressed as
follow:
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{vmte = {tmle = o) + [ ]{t}L+ [P] 1N}, + [P] 5]{N} (10)

, and acceleration vector:

{amle = {tode + [Pt} + [P]ISHN}, + 2[PI[SI{N}, + [PIISI{N}, (11)
When this vector becomes the local coordinate system they will be:

{vmh = [PV {vme = (o} + [P17[PL{e} + [PI7[P]ISTN}, + [ST{N}, (12)
{awde = [P {am}s = {Eoh + [PIP[PJ{t}, + [PIP[B]ISHNY, + 2[P)7[P]IS){N}, +
[SH{N}, (13)

3.2. Kinetic energy

Because of its role as a prime integral, kKinetic energy is an essential component in all formulations. Kinetic energy is expressed as
follows in the investigated case:

Ec = [,5p{om s vm}GY (14)

Kinetic energy can be defined in terms of global coordinates (G) as well. As a result, the transition of the independent coordinate
vector {N}L to the G system is known, and when it is done through [P] matrix, it will become {N}; [37]:

{N}G = [P]{N}L (15)
We have too:
{N}L = [P]P{N}G (16)

Using equations (15) and (16), a new form of kinetic energy can be simply obtained. Clearly, the two kinetic energy expressions are
equal. The following will make use of some notation:

ECv = {s} < j [N]P[Y] [N]podV)>{S} (17)

where [Y] is the matrix containing the coefficients of inertia.
3.3. Potential energy
Potential energy or internal work takes the following form:
1
E, = EfV{G}P{s}dV (18)

Where {c} contains the distinct component of the stress tensor and {€} contains the distinct component of the strain’s tensor. The
relationship between strain and stress is obtained from Hooke law:

o = [H]{e} (19)
The differential relations linking finite deformations and strains are as follow [37]:
{e} = [bI[SI{N} (20)
Using (19) and (20) the internal work (18) becomes:
E, = S (N} (J, [H]? [b1?[S)P [BI[S]dV ){N}, 21)
Simply, the traditional form of the potential energy can be as follow:
E, = ([ INY [K]{N}dV) (22)
Where

k= j [H? [BI° [S1? [Bl[S]dV @3)
14

3.4. Work

External mechanical work can be caused by two types of loads: volume forces g = q(x,y,z) and concentrated forces acting in
knots f; . The concentrated forces f; produce mechanical work as follows:

we ={f}7{N}, (24)
, and the volume forces vector:
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W = {f}L{N}, (25)
W = [, {p}{ghdv = (DI [S1aV )N}, = {f I} (N}, (26)
3.5. Lagrangian
The typical form of Lagrangian (L) can be written as follow [38]:
L=E+E,+W°+W
Using Eq. (14), (22), (24), (26) it obtains:
L =11, p({Eo}iliods + 2Lio} IPIP{PI (), + 20t0}, [PIP{PISHNY, + 200} [SHNY,)av + 1 f, p ({030 [P] [P] (e}, +
2063} [P]" [PIISHNY, + 26} [P]"[BIISI{NY, ) av +3 f, p (N [B] ISP IPISI{NY, + 2{N}; [s1°[B] ISI[PI{N}, +
(VY [SIPISHNY, ) av — 2 [N, [KINY v + (F 3 INY, + (3 OV, @7)
4. Lagrange’s equations

Lagrange equations applied for a FE is:

alo, 5, =0 (28)

The following equation is the final form of the equations of motion [2]:
(Im] + [ + [mvD{N}, + [c}{N}, + (K] + [k] + [k()]+ k(0)]{S},
= {q} + Y + (B} — [mblEo} - (1 ()} - {Fi (0™}

5. Results

A bar of FRP with diameter of 16 mm and 300 mm in length was fixed at one of its ends and moved at its other end with a shear
force and an axial force equal to 1 KN in order to demonstrate our method. It was assumed that the material contained 2% voids.
FEM was used to study the static and dynamic analysis of FRP containing void defects. The results of stresses and displacements of
FRP withiout and with void defects obtained in Fig. 1 and Fig. 2, respectively.
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Figure 1. Material without void defects: (a) Stress (MPa); (b) Displacement (mm)
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Figure 2. Material with void defects: (a) Stress (MPa); (b) Displacement (mm)

The mechanical properties of the matrix reduced due to the presence of voids, stress between adjacent fibres cannot be optimally
transferred to the matrix. As a result, when the matrix contains voids, the maximum stress reduction is observed under each loading.
Furthermore, we can see that stress concentrations are primarily influenced by the direction of loading, not only in the void condition
but also in the non-void condition. In the case of a void-free composite, the stress is primarily distributed throughout the matrix. The
stress is primarily distributed on one side of a composite containing voids.

6. Conclusions
According to our study, the following conclusions are as follow:

The writing of equations of motion is the most important step in approaching a multibody system (MBS) with elastic void materials.
This stage necessitates a thorough understanding of the elastic properties of these materials as well as the constitutive laws. The
other steps which so-called the assembly of the equations of motion. It will be calculated using the normal procedures used in
common software of FEM after the equations of motion have been obtained.

The Euler-Lagrange equation method has several advantages, including: homogeneous writing, the ability to automate intermediate
stages, and the formal use of potential energy, kinetic energy, and mechanical work.

When a high viscosity resin is used in manufacturing, void defects are likely to appear in the material. This is due to the difficulty
of a high viscosity resin penetrating and clogging all of the voids between fibres. When the fibre concentration is extremely high,
these voids becomes extremely difficult and can't be avoided. It is clear that the presence of such voids has become inevitable, As a
result, voids must be considered when performing calculations, because the presence of such voids can have a significant impact on
the material's mechanical properties.
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