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Abstract

The paper presents the results obtained in modeling the creep phenomenon of unidirectional composites reinforced
with fibers. Thus, several models that have proven their validity and results obtained with their help are discussed. Ana-
lyzing a multitude of models described in the paper presented in references the authors describe the most used by the
researchers. The micromechanical model, the homogenization method, the finite element method and the Mori-Tanaka
formalism are described. These methods are most used in engineering applications studies in the last time. Following
the analysis of each method, the advantages and disadvantages are presented and discussed. The results obtained are
compared with experimental determinations. The application of the methods is done to composite materials reinforced
with aligned carbon fiber. The methods are, sure, valid for every type of composite reinforced with fibers. Since the creep
of materials is a frequently encountered phenomenon in practice, the knowledge of material properties and the exist-
ence of convenient calculation models become important for designers, which is why the paper presents the most used
calculation methods to model this behavior.

Keywords Fiber reinforced composite - Viscoelastic model - Mechanical constants - Creep behavior - Constitutive low -
Carbon fiber

1 Introduction

The technology of advanced composites has developed to the stage where these materials are more and more in the
attention of engineers in different and varied industrial fields. Viscoelastic materials manifest the phenomenon of creep,
very important in practice through the consequences it can have on the behavior of structures or machines. This phe-
nomenon is defined/utilized in commercial, military, aerospace and several other industries. Composite are ideal for
structural applications where high strength-to-weight and stiffness-to-weight ratios, improved fatique resistance and
improved dimensional stability are required. Despite the numerous advantages of fiber reinforced plastics over their
metallic counterparts, there is a great concern regarding their long term durability due to their time-dependent behav-
ior. That is, composite materials which contain one or more polymeric constituents, show a significant amount of time-
dependent mechanical behavior in many service conditions. This effect known as “viscoelasticity”is reflected for instance,
in composite materials with resin matrices for which moduli and strength properties are time dependent. In the recent
years the subject of viscoelasticity has received considerable attention from both analytical as well as experimental
points of view. Viscoelastic behavior must be accounted for in service environments if an efficiently design structure is
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to be achieved. Although most fiber reinforcements have been shown to be essentially time independent, i.e. they show
minimal viscoelastic behavior, the currently used polymeric matrix exhibits significant viscoelastic response. It is indeed
an oversimplification to visualize composites as anisotropic homogeneous materials and thereby ignore the role of the
individual constituents—the matrix and the fibers. There are of course some properties which are predominantly con-
trolled by only one constituent, but on the other hand, other properties may very well rely on the interaction between
the resin and fibers.

Viscoelastic materials manifest the phenomenon of creep, very important in practice through the consequences it can
have on the behavior of structures or machines. This phenomenon is defined as the time-dependent deformation of the
studied material, if subjected to a force [1]. Usually the phenomenon manifests itself at high temperatures in relation to
the temperature of the environment in which the structure or machine is currently located [2]. However, there are cases
in which this phenomenon can occur even at room temperature for certain materials (such as, for example, stainless
steel). Obviously this elongation of the material, which can occur after a long time of operation of a structure or machine,
can lead to the destruction of the structural member. There are three intervals of creep manifestation, i.e., primary, sec-
ondary and tertiary creep [2], defined by the appearance of the creep curve. Engineering applications generally refer to
the first two stages of creep. The third stage of creep is characterized by the rapid increase of the deformation rate and
results in a geometric instability, i.e., it leads to the destruction of the material. The strain rate increases significantly in
tertiary creep. Of course it is avoidable to reach this region so a study in this area becomes uninteresting. For practical
applications, designers must know the deformation rate over time for the first two creep zones. This can be done theo-
retically, using creep models or by experimental investigations and corresponding measurements. Such models, useful
for design activities, are presented in [2, 3]. The study of creep has been conducted in numerous papers (i.e. [4-6]) due
to the practical importance of this phenomenon.

At the moment the engineering field is characterized by an unprecedented diversity of materials used, which cor-
respond to certain special requirements determined by the application that is made. As a result, the properties of these
materials are extremely diverse. The creep diagrams of these materials can differ greatly, if the same loading and tem-
perature conditions are maintained. The most commonly used method of obtaining a creep diagram is the experimental
method, making measurements for the material and obtaining the diagram. But this procedure, absolutely correct and
established for a long time, is obviously expensive and time consuming. Numerous determinations are required, at dif-
ferent loads and at different temperatures. As a result, the researchers focused on obtaining these diagrams using less
expensive methods. Thus in [7] is presented a scheme that proposes to perform accelerated tests to study the creep
behavior of laminated composites. Obviously, this type of approach allows to decrease the time to obtain a creep diagram.
The measurements aimed at short-term testing of a material at high temperature, to predict the long-term behavior
of the material using the principle of time-temperature overlap (TTSP) [8-10]. Obviously, the development of models
and calculation methods that allow the determination of creep properties would be much more advantageous. This has
been done by many researchers. For example, paper [11] studies the nonlinear viscoelastic behavior of a unidirectional
fiber composite. The method applied to obtain the results is the finite element method (FEM). In the paper is studied a
composite that has symmetries at the geometric level but the method can be applied to a material with a more complex
topology. To achieve this goal in [12-14] a set of nonlinear constitutive equations for viscoelastic materials is developed.
One can thus obtain the possibility to study the stress field if one considers a diversity of conditions (i.e. thermal effects
or humidity).. The paper [15] develops the results obtained for unidirectional composites reinforced with graphite and
glass. In this way it obtained a good correlation with micromechanical models [11].

These models are improved in [16-18] for the study of the nonlinear creep behavior in a wide variety of materials.
This was done with the help of an empirical model, obtaining a method that is very suitable for numerical approaches.

The previously presented works [16-18] allowed the development of a nonlinear viscoelastic model [19, 20] which
was used in the analysis of graphite/epoxy composites. The model can be successfully applied to the study of orthotropic
materials.

In [21] specific aspects of the viscoelastic behavior of composites were studied. Thus, it was found that a mois-
ture concentration of about 1% is a critical limit for carbon epoxy laminates. If the limit is exceeded, the viscoelastic
deformation of the material is much faster. Shear stresses exceeding 50% of the final tensile strength can lead to
irreversible deformation during creep. The viscous behavior of epoxy resin matrix composites reinforced with uni-
directional aramid fibers was studied in [22]. An adequate mathematical model usable in both linear and nonlinear
fields was verified. The originality of the paper consists in the introduction of nonlinear viscoelastic coefficients,
dependent on stress and temperature. The method of analysis proved its validity in the study of the nonlinear
model presented in [12]. In [23-26] variational principles are used to improve the time-dependent elastic model
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with a relatively simple mathematical description. The analysis is made on composites with randomly distributed
fibers, of different diameters, but with a constant average volume ratio of the fiber everywhere. In this description
a fiber, geometrically perfectly circular, is surrounded by a circular matrix. The condition that allows to obtain the
equivalent engineering coefficients of the material is that the stored deformation energy is equal to the one existing
in the equivalent homogeneous material. In [27] the influence of temperature on a polymeric composite but at low
temperatures is studied (the analyzed application is for a spacecraft). It is found that the geometry of the composite
microstructure becomes a very important element. In [28] it is synthesized the results obtained by other researchers
and determined the elastic constants for an orthotropic and a transverse isotropic composite. Another approach for
a transverse isotropic material is the one developed by Hill [29-32], which gives us upper and lower limits of elastic
constants, which are extremely useful for designers.

An extension of the well-known Mori-Tanaka method [33] for the study of the viscoelastic response of a biphasic
composite is made in [34]. In [35] the nonlinear viscoelastic/viscoplastic response of graphite/bismaleimide IM6 /5260
is studied. Another micromechanical analysis of a fiber-reinforced composite is presented in [36, 37] which proved to be
in good agreement with the results obtained in [11]. Biphasic composites represent the most used composite in engi-
neering applications. As a consequence their mechanical properties have been addressed by many researchers due to
the practical applications required by industry [38-49], considering different type of pair of materials used and different
properties necessary to be studied. New aspects concerning of the new type of composite material are studied in [50-52].

The main objective of the work is to present of the most used methods for determining the behavior of fiber-reinforced
composite materials. Due to the frequency with which these methods are used in engineering practice, they have proven
to be extremely useful and easy to apply to obtain results in a short time and with minimal costs. The main models used
by researchers are described. Experimental procedures prove the theoretical results obtained. The material presented in
our review paper is strongly supported by the results obtained in [53-57]. Other useful results are presented in papers
[58-67].

2 Micromechanical models
2.1 Micromechanical approach

In a micromechanical analysis of the composite material it is desired to obtain the elastic constants based on models
that use the values of these constants for each component of the composite. It is considered that the properties of the
composite members, their placement and their dimensions are known. For example, if it is considered a unidirectional
composite, the reinforcing fibers can be randomly placed in the matrix material or can be placed in a regular network
with known geometric parameters. In the case of the models we use, symmetry can help us to considerably simplify
the calculations.

A model of a reinforced fiber composite is presented in Fig. 1. In a micromechanical analysis the following hypothesis
are made:

The fibers are continuous and circular. These fibers, oriented in the X;-direction, are distributed regularly in a rectan-
gular array in the transversal X,—X; plane.

The materials of fibers are considered to be linearly elastic and anisotropic. The material of the matrix is isotropic but
being nonlinear viscoelastic.

No crack or holes may appear and develop and the contact between fibers and matrix is merely mechanical.

The periodicity of the structure of a one-dimensional composite material with fibers makes it possible to study a
single representative unit cell (RUC) and, therefore, the size and complexity of the problem can be significantly reduced.
Figure 2a shows a RUC of the previous periodic pattern (see Fig. 2). For analysis, the RUC used for the study consists of
two sub-cell that together shape only a quarter of a fiber, as in Fig. 2b. The hypothesis is that the RUC is small compared
to the dimensions of material.

The RUC s referred to a local frame (X;, x
via the linear relations [27, 28]:

(D)

5 ,x;’n) (Fig. 2b). We consider that the displacement in each sub-cell is obtained

» 2 2 g(4) D).
uf =u?()+x(2)§f +x(3 Cl.(), i=1,2,3. (1)
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Fig. 1 Model of a one-dimen-
sional fibers composite

Fig.2 aThe repeating unit cell. b The representative unit cell for a symmetric material.

Here uf are the displacement components of the origin. We note that“1" represents both, i.e., fiber (when 1 = f)
and matrix (when A = m).
For a linear elastic material we have the well known relation for the engineering strain:

1( oy auj ..
=5\ 5 T o5 )} i,j=1,2,3. (2)
i i

Equation (2) becomes, in an unified form, considering both fiber and matrix:

ou? ou?
ew N T 103, 3)

y 2| ox; ox;

Ifi # j the following relation can be written:
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The notation yi(j’l) = 255.;1); i,j =1,2,3;i#], for the engineering shear strain is used.
Using Eqg. (1) in Eq. (2) and considering Egs. (3) and (4) it obtains:
ou’?
e P (5)
€1 X,
ou’?
4 _ i (6)
1T ox
2
= o
) (4) 4
Y3 = [53 +6 ]’ (8)
ou’™ 1
A 3 (A)
Y = | = +¢ ) 9)
31 [ aXI 1 ]
ou’? 1
A 2 (A)
Yo = | =— t+¢ (10)
12 l ()Xl 1 ]
The constitutive equation for a linear and transversely isotropic composite is:
- N (A) _ ) - 3
€11 Sy S8, 0 0 0 o1
$305) S1282 83 0 0 0 O11
€33 | Si2838, 0 0 0 o1 L w
) 723 (Tl o 0 o0 S4e 0 0 < 723 i av
ylz i 0 0 0 0 0 S66 1 T2
or, using the engineering constants E,-j, Viir Gii:
_ v v _(
TR L o9 0 0 @ o)
Ell E22 E22
& w10 v o0 0 011
622 Ey Ey Ey, 0'22
e v Lo g 0
J €33 G Ey Ey Ey . P 033 > (12)
V23 0 0 0O — 0 O T3
23
731 0 0 0 0 L o 731
Y12 On 1 T2
L 0 0 0O 0 0 — L J
| G,

E,,and E,, = E; are the Young’s moduli, G,; and G, = G5 are the shear moduli and v,; and v,, = v,5 are the Pois-
son’s ratio. X, is the direction of anisotropy and the X,-X; plane is the plane of isotropy. From (12) it can be obtained:
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O _ 20 ( N
011 C 1 CprCyp 0 0 O €11
02 Ch Gy C3 0 0 O €
033 | C2C3C, 0 0 0 €33
You[ =] 0 0 0Ce 0 0| V([ (13)
T3, 0 0 0 0 Cy O 731
1'12 | 0 0 0 0 0 C44_ }/12
where:
C,, —C
Coo = 2 5 23 (14)
Equation (13) can be written in a compact form as:
o = cheh). (15)

In the case of a polymeric fiber reinforced composite the overall behavior should be considered as viscoelastic. This
viscoelastic material, loaded with an applied constant stress, has a behavior described using the Boltzmann's superposi-
tion principle described by Schapery’s equation [12], in the modified form:

et)=D,o,, (16)

where:

m

Dn=g0D0+gZDj(l_e_t/ri)' (17)

j=1
Using [12] the constitutive equations can be written as:
™ =D, [1 +v(t)]e™ — D, v(t)c""5; (18)
i n i n Kk O

In Eq. (18), D, is offered by Eq. (17), v(?) is the Poisson’s ratio (time-dependent), and §; is the Kronecker’s delta. In the
present study, Poisson’s ratio is considered to be time-independent.

To determine the overall behavior of the composite, the next steps are taken. First, determine the average stress based
by the stress calculated in each subcell if a constant load is applied to the RUC. Then, the average strain in the representa-
tive cell are calculated based on the strain that occur in each subcell. All these stresses and strains are mediated for the
whole studied section. Thus the general behavior of the material is obtained based on the average stresses and average
strains evaluated by the method described above.

2.2 Average stress

The composite material element considered is a rectangular parallelepiped having parallel edges with coordinate axes
(X;, X5 X3) of volume V. The element considered is structurally representative for the whole material. We can have the
problem of determining the average stress ¢ ; in the considered volume cell. The volume average of the stress is:

_ 1
oy = V/Si/dV (19)

14

For a one-quarter of a fiber and matrix, it can be written:

— 1
o=

= —(m)
' Z(Si]. Ar+5,74,,), (20)
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=D . .
where S~ are the average stresses in the subcells “f”and “m’, and A and A are the areas of the representative cell and
of the subcells “f” and “m”, respectively. A unit depth of the representative volume has been considered, i.e.,, V=AXx1.

Considering the notation from Fig. 2b. it results:

= (R+1/27 A, = 2R [4;A,, = (R+h/2)" — zR* [4

— 1 7rR2 —(f) h 2 zR*|—<m
(r+2)
2
In a similar way, the average stress can be obtained with the relations:

< 1 @ a1 o)
S, _A_V/U"" dA—A—V//aij dxydoxs.
A

It is appropriate to use polar coordinates for integration. In this case the Jacobian must be calculated:

cosf siné
—rsiné rcosé@

_r’

_ 0(x,, x3) B
A, 0)

and Eq. (23) for the fiber (sub-cell “f’) becomes:

_ z/2 rR
Sq) = 4 / aq)rdrde,
ij R2 o

where a 'has the components introduced in Eq. (15). Substitution of Egs. (5)-( 11) into Eq. (25) leads to:

Cne )+ C12<e + e(f)

C12£ 0 + Cpel) + Cpyel)
E(f) -y Cue + C238(f + C22£(3f3 9
Css}’z(?

C44J’%fl

L Curyy J

()

or:

- 3

ui” ", P
Ciiox < + &5 )
0(/)

C12 + szf "+ C23C(f)

r) )
_h C12 ~ T C23§2 + G5 g
Sij =< C66 C -

ou 0(/)

Coy| 55—+ C

6140(/) )
Cuy ox, + &

L J

(21)

Similarly, the average stresses in the matrix (sub-cell "m") are determined. For this one can calculate the total
stress in the unit cell made up only of matrix material and then the stress in subcell "m" is obtained by subtracting
that in sub-cell "' from the total stress of the unit cell, previously determined. The following relationship is obtained:
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—m) 1 R+h/2 R+h/2 /2 R
S = o-?”)dxzd)@ - "™ rdrdd ) .
ij 0 0 ij 0 o ¥ (28)

2
h 7R?
(R + 5) -

Equation (28) together with Eq. (5)-(11) and (18) yields:

1 —(m) —(m)
—L =D,[1+v(IS,, - D,[v(DIS,; : (29)
0xX,
m —m) —(m)
" =D,[1+v(D]S,, —D,[V(D]S,, ; (30)
(m) —(m) —(m)
&G =D,[1+v(®)]S;; — D,[v(DIS,, ; (31
m m —(m)
" g = 2D, [1 4+ WD),y ; (32)
au;(m) o _(m). .
ox, + ¢ =2D,[1 +v(@)]S,, ; (33)
au(z)(m) w —m) "
a—Xl+§1 —2Dn[l+V(t)]S12 . (34)
2.3 Average Strain
The average of the internal strain over volume is defines by:
- 1 av
&= ‘_/ y g;av, (35)
and for RVE (35) is particularized by:
— 1 =)
sij = K Z £ij A/l’ (36)
A=f.m
where A=A, +A,and Ef;) are the strain offered by Egs. (5)-(11) (A = f, m).
Using Eq. (1) and (3) it results (consideringi = j = 1)
ou’
- _ "
ST ox, (37)
From Eqg. (37) and Eq. (36) one obtains:
_ 1 xR? ouf h\?> xR O0u
fym L[ [y AR 2
2L 40X, 2 4 |oX, (38)
<R + E)

or:
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0
6u1

Ell = 07
1

The procedure by which the unknowns can be determined is incremental. The unknowns are:

. . =) =) —=(4)
the six values of the stress in the two sub-cells: S11185, and Sai

the four micro-variables in the two sub-cells: éé’l) and Z_,’(’l);

the three strains in the composite €, £,,, and €35,

The goal is to obtain a liaison between the stress in the matrix and the stress in the fiber of a RUC. The assumptions
made by Aboudi in [36, 37] can be considered an oversimplification compared to the real case. If we are in the case of a
biaxial state of stress in the plane (X,, X;), the relation that can be applied in the X, direction is:

= —
S22 = afazz, (40)
for the fiber and a similar relation for the matrix:
—(m) —
Szr;l = (Xm0'22, (41)
It results:
< % —m)
Sp = 7o (42)
m
In the X; direction it results the equation:
- Br=mm
S35 = ﬂ_S33 : (43)
m
The concentration factors a, and g, should satisfy the relations:
apvy +a,v, =1, (44)
and
Byv + By = 1. (45)

When the composite is loaded in only one of the directions, X, or X;, the relation related to the other direction (unloaded),
becomes:

E(f) _ Y, =(m)
3= 7 00 (46)
f
and:
= V, —=(m)
Sy = _7522 : (47)
f

In the case of a uniaxial load one obtains 13 equations with 13 unknowns:

Si :C11511+C12(5g)+é'§f))2 (48)
= _
Sy, = CppEq + Cpél + €y (49)
= _
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e =D,[1+ V(l)]g(lrf) - Dn[v(t)]g(m)-

Kk > G

. —m) —m)
" =D,[1+v(D]S,, —D,[V0]S,, ; (52)
C(m) =D [1 + < _ —(m)‘ 53
. =D, v(D1S;; — D, [v(1S,, ; (53)
En =y &+ AL (54)
o= L4 e 4 a4 fm].
€33 = 7|63 S| (55)
=N U —om)
Sp = PR (56)
<0 _ Br—om
Sy = 13—533 ; (57)
— 17, =0 —(m)]
511 = 7| A Ay | (58)
— 17, =0 —(m)7]
52 = 7 |ArSn + Ay, | (59)
— 17, = —(m)]

The made presentation shows that a micromechanical model for the analysis of a composite material (in our case
unidirectional) is a good method of study and the result can be easily obtained. The results offer us the analytical rela-
tionships that provide the engineering constants of such a composite. Schapery’s nonlinear constitutive equation in
the case of a uniaxial isothermal load is the model used in the analysis. This approach allows the nonlinear viscoelastic
response of the material to be taken into account. Papers with numerous experimental results [53-57] demonstrate the
potential of applying this method.

3 Homogenization methods
3.1 Introduction

A homogenization theory is a mathematical method of mediating physical properties, a method used since about seven
decades to study differential equations with periodic coefficients, which have a rapid variation. This method proves to
be very suitable for studying the properties of composite materials, characterized essentially by repetitive structures.
The experimental results obtained in papers indicated in the references give a good concordance with the theoretical
predictions [53-571.

In the numerous studies of the bi- and multiphasic materials made in the last decades [33, 34, 36, 37, 39-41, 57] the
researches lead to the subject of the homogenization method to obtain the mechanical material properties of such
composites.
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In the design process of a composite material, an important step is the estimation of the mechanical properties. Several
calculation methods are applied to determine them. It has been found that the homogenization method has proven to
be a very suitable method to be applied to the study of composite materials.

In other works, a theoretical study of the method is made, which involves the transition from a periodic structure, by
homogenization, to a composite material considered homogeneous throughout its structure [44]. Various analytical and
numerical methods have been proposed to obtain the properties of the homogeneous material. The obtained results
were verified by experimental tests that proved a good concordance between the theoretical results obtained and the
experimental ones, for a composite material reinforced with fibers [45]. The use of Euler’s integration algorithm allows
the development of a new method for homogenizing elasto-viscoplastic composites [68]. Three methods are used for
this approach: direct, secant and tangent. A method that describes the interaction between the phases of the composite
is based on the introduction of a second-order tensor. The main advantage is the unification of homogenization prob-
lems regarding heterogeneous elasto-plastic and elasto-viscoplastic materials [69, 70]. An example calculation predicts
results that match values obtained by other methods. Experimental tests increase the confidence in the results obtained.
Methods of improving the proposed methods and presenting practical applications are treated in [69-77]. Other related
methods are considered in [78, 79]. The development of reliable models that can be easily applied by designers is a goal
for researchers in the field. This section presents the homogenization theory to calculate the engineering constants of
a composite material. The application is made for the case of a unidirectional composite reinforced with carbon fibers.
Differential equations are obtained which, when solved, will provide the desired values. In order to obtain them, numeri-
cal procedures are used.

3.2 Homogenized model

After the appearance of the homogenization approach, during the development of the method, it was found to be a
useful way to study the equations with partial differences with coefficients with rapid variations. The application of the
homogenization theory has proved useful in the study of composite materials with periodic geometric structure allow-
ing the determination of engineering constants useful in applications, which result from averaging operations. From a
practical and design point of view, it is much more useful that such a material, with its periodic structure, can be treated
as a homogeneous material, despite the fact that the material has a certain microstructure. Thus, this method replaces
an equation with periodic coefficients with large variations, with an equation with constant coefficients. In this way the
concept of continuum is extended to a new class of materials: microstructured materials. The basics of the method are
presented in [80-85].

In this section the theory is applied to the study of the creep behavior of a carbon fiber one-directional composite.

The stress field ¢° for a repeating unit cells having the dimension § must respect the equations:

9o’ ot 6 8

11 12 3
it T
ox, de X, fi(0),
675 do ) )
21 22 T3
=t = 61
ox, 6x2 X, =f(x), (61)

ot 01’5 065

31 33
— 4+ =+ =
ox, 0x, =500,

whereo _a Jfori,j=1,2,3.
The contour condltlons for the displacements are:

0,Q

The boundary conditions can be written:
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5 5 8, —
oy + thn, +7hny =T (),
5 8 8, —
5,1y + 051y + Th3n3 = TH(x), (63)

s s 5
T30+ Ty + o503 = T5(x)

on the contour 9,€,(0, Q2 U 0,Q = 0Q). The Hook’s law reads:

N\ 6 B ( N\ 6
o1 Ciini Criz Cuss €11
022 Coii Coopp Coozz 0 (205)
o C C C I3
1033 L _| “3311 L3322 L3333 Jen L (64)
3 Cons Y23
731 0 Cyi31 731
T2 | Con || 7
J .
or using a compact notation:
o® = Ce°. (65)

The elasticity matrix C is semi-positive definite:
CiinXiiXin = & XXy » (66)

fora > 0 and Vx;, x;, € R. Cy,,(x) are periodical functions of x with the period equal with the dimension ¢ of the

unit cell. Introduced a new function y, y = x/4, it obtains:
Cijkh(x) = Cijkh(y‘s) = Cijkh(y)' (67)
The stress in the unit cell can be expressed as:
o) = 07X, Y) + 06, )6 + -+ (68)

The dependence of stress on y is “quasi-periodical”. Introducing Eq. (74) in the equilibrium Eq. (67) it results:

1 663 06; 60'1.} 00'1.}. 66; |
6~ a—y‘i' E‘l‘g 8% + Eﬁ'g o +"'=f;-(x). (69)
J J J J J

We have used the relation:

%(f) = %dx + %dy, (70)
but since y = x/6 and thus dy = dx/§; therefore:
SO =T+ 2. 71)
The coefficients of ~'in Eq. (75) must be 0, so:
% =0. (72)
9y;

Equation (58) is called the “local equation” The first term of stress, a; is theoretical, a function in two variables, y

and x. But the dependence of this term on x is weak and so we can consider x being a constant in the domainT". The
stresses alf]’. are periodic functions on y, so (72) is defined only in the domain of a cell T.

In a similar way, identifying the terms of %, one obtaines:
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00'; 00;
— +—=fix) i=1,2,3. (73)
0x; 9y;

By applying the average operator to Eq. (73), it follows:

o(a?) /!
< ’> +<i> =f(x) i=123. (74)
ox dy;

J J

But:

(36; 1 1 1 1
ay,- 14 /V % 14 /av %" 72)

The stresses ‘71'}' due to the property of periodicity, take equal values on the corresponding points of the boundary
of the cell T". At the same points, n; takes opposite values, so:

(o)

ox;

7

=fx) i=123. (76)

Integrating Eq. (76), it is possible to obtain the homogenized displacement field u° in the domain Q.
We denote:

v 2\ ox;  ox
£ (w)=l %+% s, =1,2,3. (78)
by 2 ayj ayi

The displacement field can be expressed by the series:
u(x,y) = u’(x) + u' (x,y) 6 + u*(x,y) 6* + - (79)

Here u°(x) is a function only on x and the others terms u! (x, y) 6 and u?(x, y) are considered as quasi-periodical. With
these new notations, using (77-79) one may write:

1/ 0u, Ou,
= — 4+ —
Eana(10) 2 <0xh 0x;,
0 0 1 1 2 2
_ L[ o a0 m ) a0 9\, (80)
2\ 0x, Ox; 2\ ox, ox 2\ dy, Iy
= £, (U0) + €40, (") + 8[Eg, () + £, D] + 5[]+ 1 koh=1,2,3,

which can be simplified to:

) = €9, + 86, + 3 k,h=1,2,3 (81)
where:

€0y = e U) + £ (') koh=1,2,3 (82)
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4y = |Ernn") + £, ()]s ko h = 1,2,3. (83)

The infinitesimal term u!(x,y) 6 represents a finite component of ¢;,,, that should be considered when applying
the linear Hooke's law:

o’ = Cijkhezh , Lj,kh=1,273. (84)

i
From the Eq. (84), it follows:
0(Cn€?
M:o . gk h=1,2,3, (85)
dyj

or:

J [Cijkh <‘91<h,x(”0) + ekh,y(ul))]

=0 , ijkh=123. (86)
0yj

The terms e, (u”) depend only on x. Equation (86) can be written in the alternative form:

a[cn e (ul)]
ijkh < kh,y i
R (" 2 kh= 1,23 (87)
ayj y./
Introducing:
u' = we, () + k(x). (88)

Considering the Egs. (87) si (88) with k(x) being an arbitrary function on x, it results:

1 oy 1 ow" owi 0 kh
elm,y(u ) =€y, (U )E o, + a—yl = £, (U )glm’y(w ). (89)
Equation (89) becomes:
0|Ciine (W) ;
—ekh’x(u”)% = £t D) Cii . ik h=1,2,3. (90)
yj yj

The Eq. (90) should remain valid for any strain field £, (u?). Thus, Eq. (90) becomes:

_O[C[jlmelm’y(wkh)] _ 0Cyy,
ay; ooy,

J J

ij.koh=1,2,3. 91)

We have the relations (using the Green’s theorem):

0|CiipmEim (W)
/ledv-i-/ ljlmelmy(wkh)_dv
r ayj

(92)
:/ U,me,m(w "yv,dS = 0,i,j,k,h = 1,2,3.
olpm
0| Ciippn€ s W) ov;
M\)d‘/-k C £ (th)_‘]dv
F} J ijlm<Im,y 0

r Vi r Vi (93)

=/ l]lmelmy(w )V dsS =0, l],k h=1,2,3.
dlptl’

@ Springer



Discover Mechanical Engineering (2022) 1:3 | https://doi.org/10.1007/544245-022-00003-2 Review

In Eqg. (93), the indices j and j have been interchanged and the property C,.,. = C;;,. has been used. From (92) and (93) it

ijlm jilm
results:
0| Ciipm€ iy W) 0[Cipn€ s (W)
/[Jl Im.y ]v,-dV+/[ﬂ lm,y ]vjdV
r 9y; r 9y;
(94)
—2/0 € (th)1 %+% dV—2/C e, .(We, WAV, i.jk,h=1,2,3
- - ijlm©Im,y 2 ayj 0)’, - - ijlm<ijy Im,y s LK, N=1,2,5.
Multiplying both sides of Eq. (94) by v and considering the property C;;,, = Cjy,,, it follows that:
0[Cipu€ s (W) oC;;
[ ijlm©Im.y ]Vi _ ijkh . (95)
9y 9y,
Interchanging the indices i and j one obtains:
0| Cippn€ iy (W) oC;;
[ ijim*= Im.y ] v = ']kh\/». (96)
9y; ! ay; 7
Integration and addition Egs. (95) and (96) while making use of the Eq. (94) leads to:
9Ciup
/ Cim iy (VE py, WAV = / a—{vidv. (97)
r r 0y;
The problem is to find w* in V, such that Vv € V,, Eq. (97) holds. If w* is obtained, then:
0'; = Cyj [ekh’x(u") + skh,y(ul)]
.\ (98)
= Cin [gkh,x(uo) €4 ) €y (W )]
By applying the average operator, it follows:
<"3’> = (Ciuninc”)) + { CipnErna U, (") ) (99)
= <Cijkh>5kh,x(”0) + <Cijkhezm,y(”kh)>5k}u(”0)
It results:
(o5 = [(Co) + (Coins ) eyt 100
A comparison of Eq. (100) with:
(00} = o), (101)
and using the notation g, (u°) = £;,(4°), one obtains the homogenized coefficients:
Chn = (Cipn) + (CipnEum, ™). (102)

As a consequence, it can be considered that there are two ways to determine the homogenized coefficients:

using the local equations, it is determined the strain and stress field. Then using the averages, the coefficients
can be calculated;

using the variational formulation is possible to determine the function w*" which allows calculus of the coefficients.

In the case of a fiber reinforced composite, there exists a class of solution w*, with k,h = 1,2,3 which satisfies the
differential equations:
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_ a[Cijlm'glm,y(w)] — aCijkh

9y 9y;

’ i:132’3’

with the boundary conditions:

whh | =0,
or

and the supplementary conditions:

(W) = 0.

If (x;,x,,x3) are the principal material axis, we denote, in the case of a transversely isotropic material:

Ciin = G5 Cyapp = Gy Chypp = Chyz3 = Cpps Gy = Gz = G
Ci3op = Czz = Co33 Caz33 = i35 Cuguy = (sz - C23)/ 2; Cssss = Cus; Coppp = Cay-

The other components of C;, are identically zero. The stress-strain relations become:

C22 C23 0

L)) €2

O33 ¢ = C23 C33 0 €33 ¢
0 0 Cy—Cx

723 =5 ] 723

or:
{o} =[CHl{e}".

The equilibrium conditions of Eq. (61) are:
) P
2 0 = 02
la.vz 9 053] o33 ¢ =0.
0o 2 92
9y s

Equation (109) can be expressed in compact form:
[0]{c} = [0][Cl{e}’ = 0.
Furthermore, Eq. (82) becomes:
(e} = (e} + (e}

and (100) becomes:

(D) ~(D)
9 0 2 Cz% ng 0
2, |G 0 ey
—_— — cH_ch R
dy; 9y, 0O (0 =2
2

ay ady (4) u’
’ 5[ G Gz 0 ey,

0 0 222 23

o
o

(A (D)
li 0 i] G sz 0
_ cW
s o

In the situation of plane strain loading conditions it results:

@ Springer

(103)

(104)

(105)

(106)

(107)

(108)

(109)

(110)

(111)

(112)



Discover Mechanical Engineering (2022) 1:3 | https://doi.org/10.1007/544245-022-00003-2 Review

, ) (A A u
e | K e I (P U (113)

(A A~

2 0 2 G, Gy 0
92 9
dy; 0y, 0 0 22 23

If the functions w*” are determined, one can write:
. 822 (W22) 522 <W33) 522 (W23) )
ledy =| eas (W) e53(w?) £33 (w?) e}, (114)

£23(W2) £33 (W) £ (W

w
~

or, in an alternative form:

ery = [{e(w)} {e(w?)} {e(w?)} o)y (115)
Additionally:
09 0% G0
[(’52 o |GG 0 e} (et} e tens =o. 116
day; 9y 0o 0 2%

2

[{e(w?)} {e(w?)} {e(w?)} (e} =0 (117)
Equation (107) should remain valid for all {¢ }".. Equation (103) becomes:

C 9 (whhy

ijlm™~ " Im,y

_ =0 , i=1,23. (118)
0yj
For the case of plane straini = 2,3 and j = 2, 3, therefore:
kh kh kh
cw dex (W) P dez3 (W) + 1 [C(’” _ C(’”] dex3 (W) —0 (119)
22 ay2 23 ayz 2 22 23 ay3

and:

ch o€y, (wkh) e 0€33 (wkh

=0. 120
23 ay3 22 ay3 ( )

Oex; (W)
23 ] T ov.

) L[
+=|C5 -C
2[ 2 oy,
It should be noted that the above equations do not depend on k and j. This means that if one determines for example
w22, the remaining functions w3 = w?® = w32 = w are immediately obtained. The solution to these equations is:

ki (f)
w or eV
wh = ki (m) for yeV; (121)
wh for yev,,
and must satisfy the boundary conditions:
k()| — ki,
WD = Wik ]
and:
e"n =c"n.. (122)

i [/
Let the repeating periodic cell be subjected to the boundary condition:u; = a;y;. The average strain in the materials can
be shown to be: (5,_-,-) = g; = a;. Furthermore, let us denote the displacement field by w* with the property w*|,r- = u |,

and g,,,(w*) = a;;. Due to the existing symmetry in the distribution of the unit cell it can be concluded that (w*) = 0. Let
the field w also be introduced as:
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w=w"—u, (123)
corresponding to the boundary conditions:
Wlor =0, (124)
and:
(W) =(W" —u) =(w") = (u) =0. (125)

This function (w) verifies the condition of zero average and has the value zero on the contour and it is also a verifica-
tion of Eq. (120). For the “quasi-periodical fields"u , it follows that:

Wi 0
== .
u1:0‘22{ o }+‘133{W_§z_ } (126)
0 5] 2

The strain becomes:

€5, (W)
ezz(wzz) = 22— -1; 833(W22) =0, (127)
22
33y _ E2(WY) . 33\ _
522(W )—a——1’533(W )—0’ (128)
33
and:
522(“1) = e (W) — ay; £33 (ul) = e33(W") — as, (129)
or:
— £y, (W") _ £33(W")
£ (W?) = ZZT —1=0;85(w?) = 3;7 -1=0. (130)

If we consider a composite with unidirectional parallel fibers, the homogenized coefficients can be calculated via
the relations:

Coin = {Cin) + { Cin€rmy ("))

B ‘l/ /C’jkhdv " % /rcijkhfzm(W*)dV -
= (v €va) + y (Challony, + v
where
@), (W) = £ OF) =ty () = 80007 = i (132)
One obtains:

For the plane strain loading conditions, we have:
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—() m)
o _ . D m o £ (W %) (m) 522 (w *)
G, =vCyy +v, G5 + fozzl o -1 +v,C) [ — -1

2 (134)
Dw #) e (w )
- (f) 22 y m) €22
22 a22 m=22 (122 ’
and:
=) —(m)
e (W %) Ea, (W )
€3y = v, CY) + 9, 0 + v, 00 | E—— — 1| 4y, C0 | 22— 1
a33 33
(135)

(m)
=, ) 33(W )+v cm €33 (W*)
23 m&)

33 3 33

From the considerations presented above it results that in order to determine the sought coefficients ij itis nec-

essary first to obtain the real field of deformations of the material and then to calculate the average values of the
deformation in the two considered phases.

4 Mori-Tanaka method

4.1 Model

The theory developed by Mori-Tanaka can be used successfully to obtain the mechanical constants used in the calculation
of a material or structures in the viscoelastic zone, particularly in the case of composites reinforced with one-dimensional
fibers [34]. The analyzed material consists of an epoxy matrix with viscoelastic behavior, reinforced with parallel carbon
fibers, distributed inside the matrix (Fig. 3). In this situation the resulting material is generally orthotropic. But if the
fibers formed by the elliptical cylinders are distributed randomly, then the resulting composite will have a transverse
isotropic behavior.

The Mori-Tanaka's [34] mean-field theory is applied using Eshelby’s approach [8] used in [28] for a reinforced mate-
rial with continuous cylindrical fiber having an elliptic section. In [86] the two phases of the composite are considered
isotropic but in this presentation it is considered that the fibers have an anisotropic behavior.

We consider a comparison material (CM). Consider two identical representative volume elements (RVE), one represent-
ing the real composite and the other representing the CM. C,, represents the elastic coefficients matrix and C; the elastic

m

coefficients fiber. Under a traction &, the average strain field in the matrix and in the fiber are different in the considered

Fig. 3 Reinforced composite
with elliptical fibers
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material and in the CM. Let £ represent the difference between the average values of the strain. The same thing happens
with the stress field where the difference is 6.
In the CM, we have:

c=C,é, (136)

a linear relation between the mean strain field €° and the mean stress field o
The average strain field in the RVE is ¢” = €% + £ and the mean stress field is 6 = & + 6. So, it results

c"=5+6=C, (" +%¥). (137)

The mean strain field in the fiber and in the matrix are different through an additional term £” and hence
g = &" + " = ¥ + & + €. In a similar way the average stress field differs by the term ¢”' and therefore, ¢/ = 5 + & + o7
The generalized Hooke law becomes:

af=5+6+o"’t=Cf(£0+§+ep’), (138)
or:
o/ =5+6+0" =Ci’ +E+ ") =C (" +E+ " —£%). (139)
We introduce £ in Eq. (138).
e’ = Pe*, (140)

The Eshelby’s transformation tensor P from Eq. (129) is presented in [56].
The average stress in the whole RVE, is:

G =viop +v,0, =vf(6+6'+ap’)+vm(c'r+6') 4
= (v +,)8 + (v +v,)6 + v, =G + & + v, (141)

reduced to:
& =—vo’. (142)
With a similar procedure, it results:
£= —vf(sp’ —€") = —v(Pe" — ") = —v(P — De", (143)
where [ is the unit tensor.
Using Egs. (142) and (139) it results:
Ci[e® = vi(P = De* + Pe*] = C,, [” —v;(P — De* + Pe* — €7, (144)
or:
[C(=vyP =D+ P) +C,(v(P-=D)—P+I)|e* + (C; - C,)e’ =0, (145)
or:
[Cf(va + vfI) -C,v,,(P— I)]e’k + (Cf - Cm)eo =0, (146)
and:
[vm(Cf -C,)P+ vf(C“f - Cm) + Cm]s* + (Cf - Cm)eo =0. (147)

The final form results:

@ Springer



Discover Mechanical Engineering (2022) 1:3 | https://doi.org/10.1007/544245-022-00003-2 Review

[(C; = C) (vuP + V) + C,|e* + (C; - C,, )€’ = 0. (148)

Now it is possible to obtain:

*
—_—

£y = Z(“‘nf?l +Aped, +AES )
* 1 o o o

£y = Z(Azlfn +Aped, +Anel ) (149)
* 1 o o o

El] = Z(A3]£” +A32522 +A33633).

The coefficients Alj are presented in [56]. The shear strains are [30]:

G - Gm
£, = ( E ) 5(1)2’ (150)
(Giag = Gu) (2vuProi + V) + G,

o (G23,f - Gm) £ (157)
» (G23,f - Gm) (2va2323 + Vf) + Gm »
) (G - Gm)

€ = = €3, - (152)

(G315 = G,) (2vP3131 + V) + G,

To obtain the longitudinal Young’s modulus E,, of the considered orthotropic body, the composite specimen is sub-

jected to a pure traction ¢,;. It follows that o, = E|,£,, for the composite and 7, = EmE(l)l; 5(2]2 = 2(3’3 = —va(l)l if the

comparison material is considered.
Using Eq. (148) one obtains:

- _ =0 — =0 Ao Ao | Az
€l =& Vg =€ Ty AT T s
—0 -0 —0 153
=811(1 +vfa“) — Ve V€ — Ved 3VpE (153)
-0
=& [1 + "f[all ~Va(ap, +a13)]] )
where: a; = Al.j/A, Aii and A are presented in [56].
One obtains:
—0
£ E
Ell = —_HEm = - . (1 54)
611 1 +Vf[a11 _Vm(a12+a13)]
In the same way, it results:
—0
£ E
Ey = 2E, = L : (155)
€2 Ly [ay = v, (ay +ay)]
and
-0
£ E
Ey=2E, = : (156)
533 1 + Vf [a33 - Vm (a31 + a32)]
For the shear moduli, we have:
— - — —0
O1p = 2G12612; O1p = 2Gm612 (157)
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Considering:
512 = EO + Vfg* = 5* - Vf GlzJ _ Gm 80 (1 58)
¢ 2~ % 12
(GIZJ -G,) (2v,Piain + Vf) +G,
Comparing Eqg. (22) and Eq. (23) G,, is obtained as:
V,
f
G,=G,|1+ e ; (159)
—wacm +2v,,P1o1,
V.
f
Gy =G,|1+ 2 , (160)
Gyt 29, P33
and
_ Vr
Gy, =G,|1+ z . (161)
—ijGm + 2v,,P3131
The Poisson’s ratio is determined with the relations:
— - -0 -0
€20 = V€11 €5 T E33 = TVpéyye (162)
Note that:
£y = &), + V), = &), +vpan €Y, +vpanEy, +vyapss (163)
=0 =0 =0
= 611 (1 + Vfall) + Vfalzezz + Vfa13833,
and:
— -0 — -0 , =0 -0
E2) = Eyy + VyEy, = Vil By +Exy (1 + V) + vyt (164)
or:
_ -0 -0
£ = [(1 + vfall) — VpliV,, — vfa13vm]e” = [vfa21 - vm(l + vfazz) - vmvfa23]£” . (165)
Introducing Eq. (164) in Eq. (165) one obtains:
i £ Vedy) — Vm(l + Vfazz) — Vi Vo3 (166)
R="=—" == >
€1 L+ vpay, = vpayn, = veaisv,
or:
Vi = V¢ [022 - Vm(az1 + a23)]
Vip = . (167)
L+ vfay = v, (ap +ag)]
In a similar way one obtains:
V. -V [azz -V (a21 + (123)]
V3 = — ! = , (168)

1+ Ve [a33 -V, (a7 + ag)]

and
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Fig.4 RUC with a circular fiber
fiber
matrix
Table 1 A"e’a,ge values of c Fiber Matrix RUC € Fiber Matrix RUC
stress and strain (Case 1)
MPa %
G, 0.146x103 0.122x10° 0.138x10° &, 0.16x10° 0.263x10"  0.106x 10"
Gy 071x10° -0.906x10° 0.118x10° &g, -0445x107"  -0.137x10" -0.529%10°
G, 0324x102 0.413x10% 0357x10> &, 0.0x10° 0.0x10° 0.0x10°
G,y 0.194x107 0.412x10% 0.359x107™* &, 0.539x107  0447x107° 0.167x107°
Tablg 2 Computed values of Modulus [MPa] Matrix Fiber Average
elastic moduli (Case 1)
E, 4140.0 86,900.0 56,278.0
Ey =E; 4140.0 86,899.0 12,741.0
v 0.34 0.22 0.259
Vas 0.34 0.22 0.475
G»; 1544.0 35,614.7 4318.2
Ky 4827.4 63,597.7 12,886.2
Table 3 Average values of 5 Fiber Matrix RUC Z  Fiber Matrix RUC
stress and strain (Case 2)
MPa %
G,  0.147x10°  0.122x10° 0.138x10° &, 0.134x10°  0.183x10 0.757x10°
Gy, 0.857x102  0702x10*>  0.801x10° &, 0485x107"  0.157x10°  0.881x10™"
o, 0512x10°  0653x10>  0564x10> g, 0.0x10° 0.0x10° 0.0x10°
Gy 0992x107°  0322x107%  0.181x10™* &, 0306x107  0.190x10™  0.717x107°
Tablg 4 C°mP”ted values of Modulus (in MPa) Matrix Fiber Average
elastic moduli (Case 2)
o 4140.0 86,900.0 56,278.0
Ey =E3 4140.0 86,900.0 12,741.0
Vi 0.34 0.22 0.259
Vas 0.34 0.22 0.475
Gy 1544.0 35,614.8 4318.2
Ky 4827.4 63,597.8 12,886.2
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Table 5 Average values of

: c Fiber Matrix RUC £ Fiber Matrix RUC
stress and strain (Case 3) P %
Gy 0.147x10° 0.123x10° 0.138x10° &y, 0.160x 10° 0.263x10" 0.106x 107"
Gy 0.644x10° -0.983x10° 0.049x 107" &5, -0.446x107"  —0.137x10" 0.530x10°
G, 0.324x10? 0.414 %102 0.357x10% g, 0.0x10° 0.0x10° 0.0x10°
G,y 0.899x107° -0.979x10™*  -0301x107%%,, 0.258x107 -0.638x107°0.232x107°
Tablg 6 Computed values of Modulus (in MPa) Matrix Fiber Average
elastic moduli (Case 3)
E,, 4140.0 86,900.0 56,279.0
Eyy =E3 4140.0 86,899.0 12,754.0
v, 0.34 0.22 0.259
Vas 0.34 0.22 0.475
Gy 1544.0 35,614.7 43222
Ky 4827.4 63,597.7 12,900.8
Table7 Finite element Case Model B.C.(x, Direction) B.C.(x; Direction)
models and associated
boundary conditions (BC) 1 Model 1-a p,=137.90 (MPa) p,=0.00 (MPa)
2 Model 1-b p,=137.90 (MPa) p,=80.0 (MPa)
3 Model 2-a py=137.90 (MPa) p,=0.00 (MPa)
4 Model 2-b u,=0.01 (mm) u,=0.01 (mm)
5 Model 2-c u,=0.01 (mm) u,=0.01 (mm)

Vi = V¢ [a33 - Vm(a31 + a32)]

1 + Vf [all - Vm (a12 + 6113)]

Vi = (169)

The method presented is a convenient way for designers to quickly obtain the elastic / viscoelastic constants of a
multiphase composite material. Within this method the determined values are unique, unlike most of the methods
used, which are methods of boundedness, obtaining lower and upper limits of those values [87-94]. The behavior of
the material over time is determined using Schapery’s constitutive equation [12]. Thus, nonlinear viscoelastic materials
can be studied.

5 Finite element method

The finite element method (FEM) is a useful method to study a mechanical system with elastic elements, it can also be
a composite material [79]. The influence of temperature was studied using FEM in [80]. In [81], a unidirectional silicon
carbide fiber composite was studied. In [82] a similar model is used. In the works [11, 83] using the FEM a transverse
isotropic composite is analyzed. The symmetry of the model allows, in most cases, the analysis to be performed only on
a quarter or half of the unit cell, the so-called "representative unit cell" (RUC). The finite element unit cell model is shown
in Fig. 4 (model 1 and 2).

The time independent material properties for the constituents of the studied composite are:

E,,=4.14 GPa;v,,=0.22; E;=86.90 GPa; v,=0.34.

The results are presented in Tables 1, 2, 3, 4, 5, 6 (o is the average stress, € is the average strain and RUC is the representa-
tive unit cell).

Finally, a three-dimensional model was used to determine the shear modulus and Poisson’s ratios in a plane perpendicular
to x,x;. A few of the foregoing models are listed in Table 7.
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If the boundary conditions for the FE model are linear u; = a;X; (where a; = aji), the average strain is Eij = alj.We will

show this:
_ 1 1 al’tj ou;
L= AV =— — 4+ — )dV.
Ty /F 2V <ax,. ox, (170)

Applying Green’s theorem it results:

/n, ]kxkds+/ nja,-,xlds> (171)
or or

or:
gy= /axde+ /axldV
T oy \ % frax TN [ oy,
1 1
= ﬁ<ajk/rékidV+ a,.,/rsljdv> = ﬁ(aﬁ + aij) = a;.

Ifi # jit results that £; = 0.The results obtained are completely in accordance with the theoretical results. A discrep-
ancy identified with the result of [49] can be assigned to the different type of finite elements used.

The average strains and stresses are 65y, 633,611, 023 = T23, €225 €33, €115 E23 = 1/2¥53. Using these determined values,
it is possible to obtain the mechanical constants [51]. For the longitudinal elastic modulus E|, it is proposed the rule of
mixture [94]:

(172)

E\ =Ev, +E,v,. (173)
The ratios of fiber and matrix are:
A A
v = Kf; v= (174)

andwe have A = A, + A,, where A, is the cross section of the fiber and A,, the cross section of the matrix.
We have:

0y = Cpépy + C3333
033 = Cy38p + Cp€ss;
oy = C12(522 + 533)'

Ty3 = Co V235
£y €33 Cy } _ {522 }
s =4 _ , 176
[533 522] { Cy 033 (176)
{ Cy } _ 1 [ 532 —_533 ] { Ezz } 177)
Cys 2 e & 033

(175)

from where it results:

and:

SO:
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Cor = 0€2) — 033633 Con = 03360 — 022633
22 — ) __2 ’ 23 — ) __2 . (1 78)
€n T3 €n T3
It results to C, and Cgg:
oy T3
Cop==—"=3 Co==. (179)
€p t €33 723

The fibers are parallel with the “1” direction and randomly distributed in the “2-3" plane which is referred to as the
plane of isotropy. The bulk modulus K, is:

_ Cy, + C53 _ 0y + 033 (180)
23 2 22y +233)

The longitudinal Poisson’s ratio is determined with:

1/2 —
1 Cll_E11> Cp o
V1=V21=V31=‘<— = == — 5 (181)
2 Ky Cp+GCy (oy+033)
and the shear modulus:
G Cyp — C53 0y — 033 (182)
23 — — — ’
2 2(exn —&33)
or:
013
Gy = Cop = = (183)
253
Using the parameter,
42K
17223
v=1+ R (184)
Ell
it results the transverse moduli and Poisson’s ratio:
4G5;3K5;
E,, =FEy; = - (185)
2P T Ky +wGy
and:
Ky, —ywG
vy = 2, (186)
Ky +wGy
Soitis possible to determine E, |, E,, = E33, Vi3 = V3, Va3, Ga3, Kp3
Using the relation:
Cyy + C33 = 2K53; Cpp — C33 = 2G5 (187)
it results:
Cp =Ky3+ Go3; Cy3 = Kz — Gys. (188)
Considering the well known notations from elasticity one obtains:
Cu=6,=G6G,=G6G3Cp=v, (sz +Cy3) =2v,Ky;3, (189)

and the relation:
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C,=E —2% E, + 47K E (190)
= + = +4v =y . 1
11 11 11 1823 11
Cp + Cy3
A similar way can be used to determine the average stresses and strains in a 3D elastic solid,
3117522’533’512 = ?12’523 = ?237531 = ?315117522’533’512 = 1/27’12’523 = 1/27237531 = 1/27’31-
The general Hooke's law can be written:
o1 = Cpi€p; + Cppggy + Cppes3,
0y = Cp€y + Cpéyy + Cps833,
033 = Cp€; + O35y + O35,

_ (191)
(Cn - C23)?’23’

M=

03 = T3 = (Cn - C23)523 =
031 =T33 = 2C4€3 = CeeY31 »

01y =T1p =2C4€1, = CeeY 12 -

The last of Egs. (191) offers:

O _ T _ _ _
€ 72
From Eq. (191) it is possible to write:
Gy =033 = (Cop — C33) (Exp — E33) - (193)
Using the law of mixture:
Ey=Ev,+E,v,, (194)

the redundant fourth relation from Eq. (191) becomes:

2
E,=Cy - —2C12 . (195)
Cy + Cys
Summarizing the second and third equation in Eq. (191) one obtains:
— — 2C ey, _
optop———— =Cp+Cxu (196)
£y t+ €33
Equation (191) offers:
o, —Cpr(€y + €
C, = 11 12_( 2 33) . (197)
11
Introducing Eq. (197) into that of E;, one obtains:
_ _ _ 2 (= _
o1 Exn + €33 2C7, (e + £33)
Ey=—+C,p,—= e —- (198)
£y £y (0'22+533—2C12511)

and it is possible to determine C,.

This presentation proves that FEM is a method that can be successfully applied in determining the overall mechanical
properties of multiphase composites. The engineering constants required in the design process are obtained by averaging
the values of stresses and strains obtained with FEM. These results were experimentally verified by different researchers
resulting in a good concordance between the theoretical results obtained and the experimental verifications. Thus the
method proves to be a useful and relatively simple method of identifying the constituent laws of a composite material.
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The obtained results were also applied to the study of the creep behavior of a composite material. In this case, relations
become more complicated because in the case of creep phenomena, the influences of temperature prove to be nonlinear.

6 Discussions

In the paper experimental and analytical models are used to study the temperature dependence of the nonlinear viscoe-
lastic response of biphasic composites. Termoset and the thermoplastic matrix system are considered. Some conclusion
can be drawn:

An excellent modeling of the experiments is possible using Schapery’s approach for nonlinear viscoelastic charac-
terization. For the materials investigated the influence of temperature on both, the nonlinear instantaneous response
and the nonlinear transient response was assured. It is shown that the former is significantly less sensitive to tempera-
ture than the latter. For the temperature range investigated, it can be assumed that the instantaneous response is
linear and temperature- independent over the range of stress levels relevant in practical applications. This observation
is very useful because it simplifies thermoviscoelastic characterization of composite materials.

Micromecanichal model presented in the paper is capable to model a unidirectional composite subjected to lon-
gitudinal and/or transverse normal loading. Scapery’s nonlinear constitutive equation for isothermal uniaxial loading
condition is incorporated into the analysis to take into account the nonlinear viscoelastic behavior.

Usually most fibers show minimal viscoelastic behavior and as a consequence one needs only to determine the
time dependent properties of the matrix. This will immensely reduce the time and also the cost for the evaluation of
the viscoelastic response of different types of composite materials.

An alternative analytical procedure is used in the current study to determine creep response of the composite and
the neat resin specimens. The method is based on Mori-Tanaka approach but is extended into viscoelastic domain
to account for the time dependent overall response of the composite body.

The analysis and methods presented in this review are effective tools for determining the time dependent overall
response of any unidirectional composite under various loading conditions with reasonable accuracy. However the cur-
rent analysis in the present form does not claim to characterize composite for all thermomechanical histories, such as
physical and thermal aging or hygrothermal loadings.

7 Conclusions and further development

The main theoretical models used to determine the mechanical properties of composite materials with fibers were pre-
sented in the paper, with examples taken from the field of composite materials reinforced with carbon fibers.

A micromechanical model, which represents a classical approach to the problem, the homogenization method which
is a mathematized method that requires knowledge of the stress and strain field for certain loading situations, the Mori-
Tanaka method widely used by engineers and the finite element method were analyzed.

Each of the methods presents its advantages and disadvantages. The micromechanical models are relatively compli-
cated and the simplifications introduced make the values obtained for the mechanical properties somewhat imprecise.
The homogenization method has obvious advantages in terms of precision, but it is not easy to apply, researchers having
to have special skills for manipulating equations and a deep understanding of the phenomena that occur in the mate-
rial. The Mori-Tanaka method stands out for its simplicity and ease of application, and countless applications and results
published by researchers are behind it. Finally, the FEM is a method that benefits from high-performance software and an
extremely rich experience. The work time in this case is high, but the results can model the studied system extremely well.

The decision to apply a certain method belongs to the researchers, depending on their expertise, the complexity of the
problem, the time available for the design, the costs involved and the precision with which we want to obtain the results.
Since the homogenization method implies the knowledge of the stress and strain field, which implies the use of a numerical
calculation method to determine this field, it seems that the application of the finite element method has some advantages in
such calculations. Until now, it has been relatively little used, especially because of the complexity of modeling these materials,
but we assume an accelerated development of the use of FEM in the design and development of new composite materials.
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