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Abstract: The paper establishes the mechanical properties of a viscoelastic composite material
reinforced with fibers, where the fiber is transverse isotropic and the matrix is isotropic (a common
case met in engineering practice). A computation method using the Mori-Tanaka mean field
method has been developed in order to apply on viscoelastic materials. Using this procedure,
the time-dependent response of a viscoelastic composite material can be determined. Schapery’s
nonlinear constitutive equation is also used in the compliance matrix determination of the composite
material under investigation. Nonlinearity factors were determined by creep tests at different values
of stresses and temperatures and for different materials, based on the least squares method. The results
obtained experimentally and their comparison with the theoretically obtained values show a good
agreement between experiment and calculation.

Keywords: fibrous composite; homogenization method; Mori-Tanaka theory; Schapery’s equation;
constitutive law

1. Introduction

The viscoelastic response of a composite material, consisting of two or more components,
is determined by the elastic/viscoelastic properties of the components. The calculation of these
properties, based on various mathematical models, using fundamental theorems from the theory of
elasticity, variational methods, averaging methods, homogenization theory, etc., was made in a series
of papers for biphasic materials [1-6]. However, we must mention that there is little work in the
literature dedicated to the study of viscoelastic materials subjected to high temperatures. In most of
these works, the basic hypothesis considered was that, the constituent materials of the composite are
isotropic. In practice, however, there are many cases in which one of the materials has anisotropic
properties. In this case, the classical model established for predicting the property of the composite no
longer works. However, there are few works in the literature when the reinforcement material has
anisotropic or transverse isotropic properties. The problem is, therefore, to establish new relations
valid for determining the global properties in these new circumstances. As an example, treated in the
paper, a composite will be considered that is reinforced with graphite/epoxy fibers, where the fibers
represent a material with anisotropic properties. The reinforcing parallel fibers are considered long
enough that the end effects can be neglected.

The calculation method will consider a representative cylindrical element volume (RVE), having
the fibers arranged along the axis of the cylinder. The cross section of this cylinder is large enough in
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relation to the dimensions of the fibers, so that averaging operations can be performed unaffected by
the small non-homogeneities in the structure and by the arrangement of the fibers. The fibers will be
considered continuous along the entire length RVE [7,8]. It will be hypothesized that the composite is
considered transversely isotropic and homogeneous.

In these hypotheses, we use a mathematical model by which the elastic/viscoelastic properties
of the material, will be determined by upper and lower bounds of the properties of the components,
which are considered to be known.

Using Hill’s theory [9-11], one may obtain the bounds on bulk modulus, the longitudinal Young’s
modulus and the Poisson’s ratio. These bounds are determined in terms of the volume ratios of fiber vy
and matrix vy,.

For a reinforced composite with cylindrical fibers, the upper and lower bounds on the effective
elastic moduli have been calculated for a geometry of hexagonal fibers array by Hashin [12-15].

A new direction of research represents the gradual change of the fiber orientation and the study of
material at high stress level and temperature. A better model is presented in the following, where exact
estimations for some engineering constants are determined.

In the last few years a series of papers studied the viscoelastic creep response of different material
subjected to different loads and temperatures.

The creep behavior of linear viscoelastic materials subjected to a combined tension and torsion
loading is presented in [16]. The creep response is expressed using fractional-exponential functions.
Experimental tests have validated the model for HDPE and organic glass.

All the phases of creep, primary, secondary, tertiary and rupture, are analyzed in [17], based on
a nonlinear viscoelastic creep constitutive formula. The parameters of this model are analyzed and
evaluated. Other papers studied different aspects of the creep response of different materials [18-24].

2. Mathematical Model

To obtain the elastic/viscoelastic coefficients of the biphasic composite, reinforced with long,
anisotropic fibers, the Mori-Tanaka theory will be used [25]. For this, RVE as defined in the Introduction
section of this paper, will be used, consisting of an epoxy matrix with viscoelastic behavior, reinforced
with monotonously aligned and parallel fibers, uniformly distributed within the matrix. Considering
the above, the composite obtained will be regarded as orthotropic. If, however, the elliptical cylinders
fibers are randomly oriented, the composite body under consideration will be viewed as transverse
isotropic. The elliptical fibers are defined by the ratio a = t/w (see Figure 1). If the fibers are circular,
this ratio is 1.
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Figure 1. Reinforced composite with aligned elliptic fibers.
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Eshelby’s [26] approach is used by Zhao and Weng [27] for a cylindrical fiber with an elliptic
section in conjunction with Mori-Tanaka’s [25] mean-field theory.

We mention that in the paper [28], the two phases are considered to be isotropic materials.
In our work it is considered that the fibers have an anisotropic behavior. This approach represents
the contribution of the current investigation to the study of these materials for determining the
elastic/viscoelastic constants for this type of composite. Obtaining engineering constants as close as
possible to reality is of particular importance in practical applications. Applying the Mori-Tanaka
method, it is possible to calculate all the necessary modules for characterizing an orthotropic material,
in particular for characterizing the transversely isotropic materials. The compliance matrix can be
obtained and allows an experimental verification of the results, by obtaining the creep curves.

Let us now consider a two-phase composite reinforced with fibers uniformly dispersed in the
matrix material. We denote a comparison material with (CM). Consider both of the RVE, the real
composite and the CM, subjected to the same boundary traction 6. Boundary traction represents a
traction applied at the end (boundary surface) of the RVE. The loading condition for both, the RVE and
the real composite is the same, a traction noted o. In the following, we will denote by C,, the elastic
coefficients matrix and by C Y the elastic coefficients of the fiber. It is obvious that under the traction o,
the average strain field in the matrix differs from the average strain in (CM), where the mean stress is c.
Let € represent the difference between the average values of the strain. The same thing happens with
the stress field. Between the two kinds of material exists a different mean stress 6. We can conclude:

In CM, the relation between the mean strain field ¢° and the mean stress field 7 is:

G = Cpé’ 1)

The mean strain fields in the RVE of the composite are ¢” = " +  and the mean stress field is
o™ =0 + 0. Consequently, it results

" =G +0=Cu(e® +7) 2

The mean strain field in the fiber differs from that in the matrix through an additional term &' and
hence ef = & + &Pt = €0 + €+ P!, A similar mean stress field differs by the term o?' and therefore,
of =G+ 05 + o The stress—strain relation becomes:

of =G+ + 0" =Cp(" + T+ &) ®)
or:
of:5+5+opt:Cf(£0+?+ eP") = Cu(¥ + 4 e - &%) 4)

where the following relation holds:
et = pe* (5)
In Appendix A, the Eshelby’s transformation tensor P for our case is presented, where the
symmetry property Pikjl = Pjikl = Pijtk is valid.
To compute the average stress in the whole RVE, the well-known relation as shown below is used:

G = 0p0f + Umom = 0f(G+0 + o) 4+ 0w (0 +7)

= (vf +m)0 + (0f + Vm)0 + vpo?" =G +G +vso? (©)

which, in our case, reduces to:
G = —vgpol @)

For the strain, using a similar procedure, it results in:

€= —vf(e”t —¢&') = —v(Pe" = ¢") = —vp(P - I)e" 8)
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Hereby I is denoted as the unit tensor.
Introducing (7) into (4) yields:

Cf[é —vf(P-1I)e" +Pe*] = Cm[é‘o —vf(P—I)e"+ Pe" - 6*] ©)

which after preliminary calculation reduces to:

[Co(=vp(P=1) + P) + Cu(0p(P—1) = P+ 1) |e" +(Cy = Cu)e® = 0 (10)
or:
[CH(omP +vfI) = Cotm (P = T)|e" + (C = C)e® = 0 (11)
and:
[Um(Cf - Cm)P + Uf(Cf - Cm) + Cm]S* + (Cf - Cm)EO =0 (12)

Finally, it reduces to:
[(Cf = Con)(omP +04I) + Cuu e + (Cf = C)e® = 0 (13)

from where:

&) = %( e}y +Aned, +Anel;)
(A21 el +Anel, + Az3egs) ; (14)
(A31 Egl + A32832 + A338‘;3)

1
—A
1
—A

The coefficients A;; can be found in Appendix A [11]. Using the definitions for the shear strain,
we have [11]:

e = (Gu/f _ Gm) Y (15)
2 (G12,f - Gm)(zvmplzu + Uf) 4Gy
(G23,f - Gm) 0
S ~ 16
“23 (G23,f - Gm)(zvmpz323 + Uf) + Gy "2 16)
€31 = (GBLf _ Gm) 9 (17)

(G31,f - Gm)<20mp3131 + Uf) +Gp

Equations (13)-(17) shown above will be utilized to determine the elastic/viscoelastic coefficients
of an RVE considered as an orthotropic body. The results will be applied to a composite reinforced
with graphite/epoxy fibers, while this material is considered as transversely isotropic.

To determine the longitudinal Young’s modulus E,; of an orthotropic body, we subject to a pure
traction 011 the studied composite and the comparison material. Then, it follows that 611 = E11€11 for
the composite and 011 = EmE(l)l; Egz = 5(3)3 = —va(l)l if the comparison material is considered.

Using rel. (13) we have:

A =0 A0 A1320
&1 =8 +u5Eyy = & + Uf( gt A ént 7533)
-0 -0 -0
=1+ Uflln) — Vf12UmEy — UfA130mEy (18)

= 5(1)1[1 +vflan — om(a12 +013)]]

where: a,, = A,./A, Al.]. and A are defined in Appendix A; see rel. (A6).

It follows that: 0
E;p = U, = L
= —FE, =
11 1+Uf[a11 _Um(312+a13)]

(19)
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Similarly, the Young moduli are obtained for the other directions:

—0
_&»n Em
Ep ==—Ey=
€2 1+ vf[ax —vm(an + a3)]
and "
€33 Em

E = - =
P 1+ vflass — om(as1 + as)]

To determine the shear moduli, the following relations are used:
— - — -0
012 = 2Gyp¢€1; 012 = 2Gpéy,

Recall that:
Gia,f — Gm
(G12,f — Gm)(Zz;umz + ?Jf) + Gy

0
€12

E]z = E(1)2 + vﬁ]z = ‘(';2 - ‘Uf
Comparing rel. (22) with rel. (23) it is obtained for G;:

G =Gy 1+

of
—Gm
GrpGn +20mP1212

The other shear moduli are obtained using similar procedures:

vf
Goz =Gy 1+ C
GG T 20mP2323
and
of
Ga1 = Gu|1+ —¢
G31,fTGm + 201 P3131

To obtain the Poisson’s ratio, the following relations are used:
- - -0 -0 -0
€20 = —Um€11, Eyp = &33 = _Umé'll

Note that:

- =0 — -0 =0 -0 -0 _ =0 =0 -0
€11 = &1 T Uf€yy = €y T UpA11E) + Upl1n€x + Vpd13E33 = 811(1 + Z’fﬂn) + U125, + VpA13E33

Also
€ = €% + V(e = VAN + 5(2]2(1 + vfazz) + 03380

or:

&1 = [(1 + vfan) — VfA120m — vfalgvm]E(ljl = [vfa21 - vm(l + vfazz) — vmvfazg]z(l)l

Now, substitution of (29) and (30) offers:

oy — (Ep  Upn - vm(l + vfazz) — UpUfa23
€11 1+ Va1 — VfA120m — VfA130m

50f16

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)
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which can be rearranged to:
_ Um—Uf 22 — U (a21 + a23)] (32)
1+ v¢larn — vm (a2 + a13)]

012
Similarly, it can be shown that:

, _Um—vf[ﬂzz—vm(ﬂm +a3)] (33)
i 1+vf[a33—vm(u7+a8)]

and
Um — vf[aag - vm(ﬂ31 + 5132)]

U3 = 34
T T oflan - om(ary + )] G4

The method presented in this paper offers the elastic/viscoelastic constants of the composite
through uniquely determined values. This is in contrast to methods mostly used for determining
these values, which are the bounded methods, the current approach provides the lower and the
upper bounds of those values. The originality of the method is dependent on the fact that the fibers
are not isotropic but have an anisotropic or transverse isotropic behavior, a situation that can often
occur in technique and applications. The time response of the material is evaluated using Schapery’s
constitutive equation [28]. In this way, nonlinear viscoelastic materials can be studied. So, experimental
creep curves can be determined and, in this way, the relations obtained in the paper can be verified.

3. Testing Facilities and Results

Within the testing program designed to verify the results obtained in the paper, we aimed to
design an experimental system that would allow the simultaneous testing of a large number of samples,
in different loading conditions and different temperatures.

Most tests have been realized at 23 °C considering the ambient temperature. The relative humidity
was controlled in the room where the measurements were performed.

The test period in which the significant results were obtained was 10 h. As a result, tests were
performed for all samples for this interval. The experimental setup for creep testing consists of fifteen
“single lever” arrangement traction test stations and seven “double lever” arrangement stations with a
10:1 and 25:1 multiplication ratio, respectively [29]. The system is computer controlled and tests on all
existing test stations can be performed simultaneously.

The load level for each station is electronically controlled. The creep stress that occurs in the tested
specimen is also measured electronically. The system is based on measurements with foreign gages.
The installation makes up for the temperature variations that can appear and distort the results.

The disadvantages of this method consist in the high costs of gages taking into account the great
number of tests. A strain gage can be used only once. Other disadvantages consist in the great number
of fix-up operations, difficulties in adhering the gages, calibration of gages, etc. An alternative is to
use extensometers.

Figures 2-12 show creep curves for the investigated two-phase composite with an isotropic
viscoelastic matrix and transversally isotropic fibers. It is easily seen that fair to good prediction
of the experimental data is possible with the theoretical procedure introduced in this section.
Further discussion of the results in terms of accuracy and comparison with experimental data
is presented in the Conclusion section. The nonlinear viscoelastic characterization was established by
testing composites at different applied stresses and test temperature. Five stress levels ranging between
10 and 70% were applied. Each of these stresses was tested at four temperatures, while lowering the
level of applied stress with increasing temperature. Some of the obtained results are presented in the
following figures. The creep behavior of polyether-ether-ketone (PEEK) and epoxy resin laminates are
presented. In these cases, the time response obtained with the proposed relations agrees very well with
the experimental results. A study of the diagram of the transverse strain €2, shows a very accurate
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prediction of mechanical constants obtained at a relatively high temperature of 120 °C. Figure 5 shows

that the deviation between the theoretical and experimental results is less than 8%.
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Figure 2. Creep strain (neat polyether-ether-ketone (PEEK) resin subjected to 022 = 26 MPa at 23 °C).
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Figure 3. Creep strain (neat epoxy resin loaded with o, = 9 MPa at 80 °C).
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The creep curves of the epoxy resin; more values of load at 80 °C are presented in Figure 4 and at
120 °C in Figure 5.
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Figure 12. Creep distortion y1, (carbon/epoxy subjected to 71, = 12 MPa at 120 °C).
4. Conclusions

In the first part of our study we have established theoretical values of some mechanical
characteristics of a composite material with two components. In this paper it was considered
that the reinforcing fibers are homogeneous and transversely isotropic. The matrix is isotropic.
With these hypotheses, a prediction was made of the values of elastic/viscoelastic constants of a biphasic
composite material depending on the values of elastic constants of the constituent materials [30].
The method applied in the paper used the field method of Mori-Tanaka, extended into the visco-elastic
domain to determine the time response of the composite and creep curves [31-40]. Thus, experimental
results can be obtained to validate the theoretical results obtained. A good agreement was obtained
between experimental and predicted results for pure resin and 90 degree test specimens.

The same result was not obtained for the 45 degree specimen, where the differences are slightly
larger, although they are also very close to the theoretical results. In order to increase the precision, it is
proposed to use more precise models, which should take into account the change of the orientation of
the fibers, especially at high values of applied tension and temperature.

Creep tests were performed in the current study to determine the nonlinear behavior of neat
and carbon fiber-reinforced polyether-ether-ketone (PEEK) and epoxy resin, on {90}]45 and {+45}44
laminates. The same laminates were used to study the transverse properties and shear properties.

The number of experiments in which the temperature, the applied stress and the combination of
materials varied was large enough, after comparing the experimental results with the theoretical ones,
to provide confidence in the calculation formulas obtained [4].

Author Contributions: Conceptualization, M.K. and S.V.; methodology, M.K. and S.V.; validation, M.K. and S.V,;
investigation, M.K. and S.V.; writing—original draft preparation, M.K. and S.V.; writing—review and editing, M.K.
and S.V,; supervision, M.K. and S.V.; project administration, M.K. and S.V. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors thank the Technical University Munich for the administrative and technical
support concerning the experiments.

Conflicts of Interest: The authors declare no conflict of interest.



Polymers 2020, 12, 2481 13 of 16

Appendix A

Eshelby’s Tensor for an Elliptic Cylinder
The Eshelby’s P;jy tensor written for fibers with an elliptical cross section has the components [28]

poo_ 1 [1+20  1-20,
22720 -vm)| (14 | 1ta
p _ a a+2 1-2v,
BB T2 -vm) | (14 1+a
Um 1
Pyopy = —2—
2211 l-vy1+a
S | 120,
P33 = +
21-om)|(14+a)* 1+a |
Om a
P = _a (A1)
B =T Tha
p _ a [ 1—va“
RERICEr] IFESCRRE T
Piopp = ———
227 51 +a)
04
Piais = —0—
BB T 21 +a)
1 14 a?
P = 1-2
T (1+a)2+( Um)
and
Pi1111 =0; P1122=0; P1i33=0 (A2)

where all other P;j; = 0. Relation (9) offers the liaison between s?j and s;.‘].. For this it is necessary to
know that: (see Reference [25]).

Ml M2 M3 &

11 11
My Ms M |{ &, ¢+ 1 Ni 1 €, ¢t=0 (A3)
M7 Mg M9 €§3 1 1 N1 €g3

where
My = vgN1 + N2 + v (Po211 + P3311)

My = v§ + N3 + 0 (P2222 + P33);
Mjs = vs + N3 + vm(Pa233 + P3333);
My = v¢ + N3 + 0m(P2211 + P3311) ;
Ms = v¢Ny + N + 0 (N1P2222 + P3322) (A4)

Mg = v + N3 + 0 (P2233 + P3333);

Mz = v¢ + N3 + 0m(N1P3311 + Poo11);

Mg = vf 4 N3 + 0y (N1P3322 + Po2);

My = v¢N1 + N2 + vy (P33as + P2233)
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with the following expressions for Nj:
Ni =1+ Z(Gf - Gm)/(Af - /\m)}
N2 = (Aw +2Gu)/(As = Au) (A5)
N3 = Aw/(Af = Am)

where A ¢ and A, are the Lame’s constants, respectively, for the fiber matrix.
From (A3) it results:

eh 1| An A A Egl
& (= 7| A An Axn ) & (A6)

€ A1 Am Az || €

A1 = A-ay; = N1 (MgMs — MsMo
A1y = A-a;p = N1 (MaMy — M3Ms
Az = A-ay3 = N1 (M3zMs — MoMs) + Mg(Mg —
Ag1 = A-ay1 = N1 (MgMy — MgMy7) + M1 (Mg —

) + M3(Ms — Ms) M
Ap = A-ayp = Ni(M3My — MiMy) + My (Mg — M3) + Mg(M; — My); (A7)
) )

+ Mg (Mg —

Ay = A- a3 = N1 (M1Mg — M3My) + Mg (My —
Az = A-a31 = N1 (MsMy7 — MyMs) + Mp(My —
Az = A-az = Ni(M1Mg — MoMy) + Ms(M7 —
Asz = A - a3z = N1 (MaMy — MiMs) + M7 (Ms — My
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