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Abstract: Knowledge of the material properties is important at machine design from
composite materials. This information cannot be found in related literature and is not
standard, therefore, it was necessary to determine, by measurements and by basic
experiments of the mechanics of materials. This paper presents a new 3D finite element
(FE) model-cell for the modeling of the material properties of a roving. By this numerical
modeling method, one can determine the orthotropic and macroscopic material properties
of a roving. This model-cell, models numerically, a roving, which consists of multiples of
thousands of fibers that are embedded in a matrix material, as a homogenized orthotropic
material. The numerical results of the material properties of the roving, can be applied to
the definition of the macroscopic material properties of fiber reinforced composite
laminates.
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1 Introduction

Fiber reinforced composite is a plastic material which is reinforced by glass, car-
bon, aramid, etc., fibers or roving’s. Textile composite plates are layer structured
and each layer contains a textile which is impregnated by some sort of plastic. The
fibers in the textile are ordered usually in roving’s. In a roving there are many
thousand straight fibers laying parallel to each other or running in a twisted form
and also between the fibers there is plastic material [2]. The diameter of the fibers
can be measured in um-, the thickness of a textile and a composite layer can be
measured in tenth of mm-s. The plastic in the composite, the so called matrix, is
the carrier or embedding material for the fibers, which can be e.g. a thermo-
softening or thermosetting polymer.
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For dimensioning or stress checking of a composite structure one needs the mate-
rial properties of the composite plate. This can be defined by measurements and
this is the usual way nowadays [1]. By knowing the textile and the matrix, which
was chosen based on an earlier experience, test specimens are produced and the
material properties are determined by measurement. There are numerical methods
as well for the calculation of material properties of the composite plate, assuming
that we know the material properties of the layers [3]. However, the material
properties of the layers are unknown in general either. For their definition there is
a finite element computation method for building up the material properties of
composite layer from the material properties of the textile and the matrix. These
numerical methods deliver an approach for the properties of layers, but these cal-
culations are not accurate enough [7, 11, 12]. Failures and uncertainties occur at
requirements of the boundary conditions.

The ultimate goal of this research is to determine or at least to estimate numerical-
ly, the macroscopic material properties of a textile composite layer with a known
geometry and material with a finite element (FE) model-cell. Then, this numerical
result is compared to the results of the measurement. But before we would be able
to solve this problem, which will be presented in another following article, first we
need to understand the behavior of the materials building up the composite layer.
The matrix can be described as a homogenous isotropic material, therefore its
material properties can be determined safely, by measurement, regardless of the
actual composite. The orthotropic material properties resulting from the material
structures of the fibers that build up the roving can be assumed known from facto-
ry catalogues or literature. These are not modeled separately but we consider the
roving itself as a “fiber” in the layer model-cell. The roving can be very multifari-
ous and, as we mentioned earlier, impregnated by matrix material. This means that
one roving should be considered as a structure and on a macroscopic level its
linear elastic orthotropic material properties should be determined by a computa-
tional method. This is our aim with the present paper.

The constitutive equation of linear elastic orthotropic material can be described by
[2] to (1) relationship:
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The matrix of material properties in (1) is symmetric, therefore the relationships
between Young’s modulus and Poisson’s ratio look as follows [2]:
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Considering formula (2) the matrix of material properties in equation (1) has nine
independent material constants:

E. B Eisy Vias Viszs Vs Grzy Grgy Grg

For the roving model-cell with Volume V, the average strain and stress can be
introduced and defined as follows [7], [8], [11]:
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2 The Roving Model-Cell

The aim of creation of the roving model-cell is to be able to model the roving as a
homogeneous material. This can be reached by considering average strains and
stresses according to (3) and (4). The complete roving can be modeled as homo-
geneous population of such model-cells.

2.1 The Geometry and Finite Element Mesh of the Roving
Model-Cell

The reinforcing fibers in the roving are not regularly positioned in the matrix. In
Figure 1 we can see the microscopic structure of a carbon/epoxy composite rov-
ing, where the diameter of a fiber is 7 pym [9].

ok

Figure 1
The real position of the fibers in the roving, in the matrix
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It is also necessary to model the position of the fibers in the matrix [6]. At the
modeling is assumed that the reinforcing fibers are positioned in the model-cell in
a regular hexagonal shape (Figure 2). This is a good geometrical approach (Figure
3) to the real case illustrated in Figure 1.

In order to have more simple boundary conditions we configure the side surfaces
of the model-cell parallel to the planes of the principal material-directions [5]. At
a hexagonal shape there are two possible roving model-cell configurations (Figure
3). For our further examination, we chose the geometry on the right side. The ratio
of two sides of these model-cells is:
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Figure 2 Figure 3
Regular hexagonal shape Geometry of possible roving model-cells

The usual ideal cross-section of an untwisted, straight roving is a rectangle ending
up in a semicircle, an ellipse or a lens shape (Figure 4) [11]. The cross-section
area of the roving is A, , where n, number of fiber is located with diameter d, .

This area is provided by the geometry of the roving.

a & @&

a) Rectangular shape ending up in a

o b) Ellipse shape c) Lens shape
semicircle

Figure 4
The usual cross-sections of an untwisted straight roving

The volume ratio of the fibers in the roving can be calculated from the cross-
section area of the fibers and from the whole area of the roving:

A, diz
A 4A
It is necessary to determine this in order to have the same ratio in the roving mod-
el-cell.

Py = n. (6)
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The dimensions of the roving model-cell are 10° times larger that of the dimen-
sions of the real roving. The units used at the real roving and the roving model-
cell are summarized in Table 1. In order to have stresses in the model-cell that are
identical to the stresses in the real roving it is necessary to apply force on the
model-cell which is 10° times higher that of the real force (Table 1).

Table 1
Units in reality and in the roving model-cell
Real roving Roving model-cell
Length: | pm mm=pm - 10>
Area: A pm? mm? = pm?-10°
Force: F uN N=uN-10°
6
Stresses: o, 7, “Nz :% — MPa N _—MPa
pm® 107 mm mm

The roving model-cell (Figure 3) includes altogether two fibers. Considering the
volume ratio (6) and the side ratio (5) the a and b side length of the roving model-
cell can be calculated for the creation of the model-cell of the given roving:

dix
a= , b=+3a. @)
Zﬁ(pfr

Figure 5 shows also the identification signs of the six side-surfaces of the cell. The
dimension of the side-areas is clear.
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Figure 5

Dimensions of the roving model-cell used for the numerical modeling

A next paper will show a textile layer composite model-cell as well. The results of
this model-cell will be checked by experiments. Roving with cross section shown
in Figure 6 are applied in this model-cell of the textile layer (see also: Section
2.5).
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Figure 6
The cross section of the applied roving in the textile layer model-cell

The dimensions of the applied roving in the examined textile material:
d; =7 um, n, =3000db, ¢, =0.7667 .

The dimensions of the examined roving model-cell according to the Table 1:

d, =7mm, a=7.613mm, b=13.186 mm, ¢, =0.7667,
A=A, =A, =A, =100.385mm?, A, =A._ =57.958mm’.

The finite element computations were carried out with the NX I-deas 6.1 program

system. The material coordinate system of the roving is x,,X.,X,,, where x,, isthe

direction parallel to the single fibers (Figure 5). Due to the periodicity we need to
apply the so called periodical boundary conditions for the roving model-cell.
Therefore we need to generate the finite element mesh in the way that, on the
opposite surfaces there should be nodes at the same coordinates and so node-pairs
shall be created in the model-cell. A mesh consisting of quadratic hexahedron
elements was generated for the examined roving model-cell (Figure 8). The ge-
ometry of the model-cell was split into, consisting of five larger volume sections
(Figure 8), into further 80 sections in order to be able to create a regular net (Fig-
ure 7). In Figure 8 the finite element mesh of the roving model-cell is seen, which
consists of 34 994 hexahedron elements and 149 521 nodes.

Figure 7 Figure 8
Volume sections of the roving model-cell Finite element mesh of the roving model-cell

Due to the regular hexagonal order of the reinforcing fibers the material properties
are identical in x,,, X,, directionandin x,X.,, XX, planes:

E,=Es Vi =Vis, G =G5 (8)
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2.2 The Loading of the Roving Model-Cell

In consideration of the relationships (8) it is enough to model two axial tensions
and two plane shears with the roving model-cell.

To ensure the periodicity we prescribed a kinematic loading is prescribed, i.e. a
node displacement field for the roving model cell. The nodes at the vertex points
of the model-cell and at the center points of the side surfaces are identified with
node numbers (Figure 9).
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Figure 9

Notation of the nodes at the eight vertexes and at the six center points of the sides of the model-cell

The node displacement vector for the roving model-cell in the x,x,,X,, coordinate
system:

U=U&, +VE,+WE,. 9)

For the roving model-cell (Figures 7 and 8) the following general boundary condi-
tions can be applied [7]:

u’ (vaz ’Xs)_uiji (Xl’x2 ’Xs) = AX & = c. (10)

On the surface pair perpendicular to x; axis ul*, ul” are displacements in x,
direction the X X,x, global coordinate system. The j+ index indicates the posi-
tive direction of x axis whereas the j— indicates the negative direction of x,
(Figure 5). Ax, is the side length of the roving model-cell. c) (i=j=123)is
the change in x,; directions of distance (displacement difference) of the side sur-
face pairs of the model cell, whereas ¢/ =c‘j (i=j=1,2,3) is the displacement

difference resulting from the shear of the side surfaces. The (10) boundary condi-
tions ensure the periodicity and the continuity of the displacement field in the
roving of composite material. Equation (10) provides the displacement differences
between the proper nodes on both opposite surfaces. u/*, u'~ displacements are
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the functions of X, X,, X, coordinates, therefore these surfaces not necessarily
stay in plane during the deformation. ¢/ are prescribed displacement differences
or computed by the finite element method.

Figure 10
XX, %, Mmaterial coordinate system of the roving model-cell and x,x,,X,, material coordinate

system of the reinforcing fibers

In Figure 10 the x,X,,X,; material coordinate system of the roving model cell and
the x,;,X;,X;, material coordinate system of the reinforcing fibers are seen. At the
fibers x(,X;, and XX, are planes of symmetry. Due to the fact that the side
surfaces of the roving model cell are identical to the surfaces of X, X;,, X;,X{5
and X,,x,, of the fibers, at the tensile-test, illustrated below, the side surfaces of

the model cell remain plane and displace parallel with the surfaces of the main
material directions. On the other hand there is no deformation at the shear test in
the x,x,; surface, on the side surfaces perpendicular to X, axis in x; direction

and on the side surfaces perpendicular to x; axis in x; direction.

As mentioned earlier, with the introduction of the roving model-cell, we can mod-
el the roving as a homogenous material, and we can also determine, by basic ex-
periments of strength of materials (by tensile-compression tests and shear tests),
the material properties. With the instruction of kinematic loading, we will give the
displacement for whole side surfaces of model-cell instead of certain selected
nodes. From these kinematic loadings reaction forces occur on the side surfaces.
We reduced the side surface reaction force to the center node of the side in a way
that we prescribed the displacement to the central node and coupled all the nodes
on the surface in the given direction. This prescription ensures that the side sur-
face can displace as a rigid plane in the prescribed direction. Due to the fact that
the side surfaces of the roving model-cell coincide to the surfaces of the material
main directions of the fibers, the average of the model-cell appears on the side
surfaces. The average stress is determined by the fraction of the reaction force
appearing on the side surface and the area of the side surface:

-170-



Acta Polytechnica Hungarica Vol. 13, No. 6, 2016

_ 1 F.

Gy =— | oydA==". (11)
A (i) A,

F. isareaction force in x,; direction and it is appearing on a side surface A; area

that is perpendicular to x,; axis.

2.3 Tensile-Compression Test Simulation with the Roving
Model-Cell

For computation of E_, Young’s modulus and v,,,, v,,; Poisson’s ratios of the
roving and for determination of E_,, v,,, v,,, We need to simulate a pure ten-
sion-compression on the roving model-cell in x,, direction and X, direction
respectively. For the calculation of E,;, v, , v,5, We need to simulate a tension
in x,, direction. Since the reinforcing fibers are in a regular hexagonal order, the
material properties are the same in x., and x_, directions. Because of the numeri-
cal verification we also simulated a tension in x_, direction but we will not give
the details of that here, we will only show the test simulation in X, and x., direc-
tions.

In the strain matrix in (1) only three tensile strains are different from zero, the
three coordinates of the axial tensions. (&,,, &,,, & #0). At tension (10) formula
looks as follows:

¢/ o
= AX,&,, g =——, (i=j=12,3). (12)
] ] AX”‘

The condition of parallelism at the tensile loading is ensured by coupling all the
nodes on the side surface in direction perpendicular to the surface. These require-
ments are summarized by the (13) — (15) relationships. According to (13) equation
we couple all nodes on A+ surface in x,, direction. The independent node is N2
and that means the displacements of all nodes on A+ surface are identical with the
displacement of N2 node in x, direction.

Up =U(05 %23 X,5) = Uy, =U(@5 X3 X5 ) = Uy, (13)
VB—_V(Xrl’O'er) Vs = ( ’ ! r3) Vng » (14)
We_ = W(Xrl;xrz ;O) = Wy We., W(Xr].’XrZ 1b) Wy - (15)

In (13) — (15) relationships:

0<x,<a, 0<x,<a, 0<x,<b. (16)
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At the x, and x,, directional tensions we clamped the A—, B— and C- side sur-
faces at their central node in direction perpendicular to the surface:

Uy =Uyy =0, Ve =Vyp, =0, Wo_ =Wy, =0. 17)

The kinematic loading belonging to both axial tension tests of the roving model-
cell is defined as follows: at the x; directional, axial tension we gave the &,

tensile strain of the model-cell, and we simulate by FEM the normal displacement
of the side surface with x,; normal direction to (12). We did not give the transver-

sal contraction of the surface, we computed it numerically.

At x, directional tension &, is given, from which the displacement of the A+
side surface is:

Uy, =Uyo =8E; . (18)
At x,, directional tension &,, is given, from which:
Vg, =V = 8&; - (19)

At tension, in both loading case, we still need to ensure that the opposite nodes
displace in same way in the plane on the side surface. The node pairs should be
coupled on the opposite side surfaces, except the edges of the model-cell, as fol-
lows:

A—TA+: V(0;X,i%5) =V(ai X2 Xs), W(0; X, X5)=W(a;X,i%5),  (20)
B—/B+: U(X;0:%;)=U(X1;8;%5), W(X.;0i%3)=W(Xg;a;%;),  (21)
C—/C+: U(X:%2:0)=U(X1i%25D),  V(X1i%,30)=V(X1i%5D) . (22)
In (20) — (22) and (24) — (26) relationships:

O<x,<a, 0O<x,<a, 0<x,<b. (23)

We need to couple the node pairs at the opposite edges, except the corner points of
the model-cell, according to (24) — (26) relationships:

For edges in x,, direction:
u(x1;0;0)=u(x,;a;0)=u(x,;a;b)=u(x,;0;b), (24)
For edges in X, direction:
v(0;%,;0)=V(0;%,,;b) =v(a;x,,;b) =v(a;x,,;0), (25)
For edges in Xx,, direction:

w(0;0;%;) =w(a;0; %) =w(a;a; ;) =w(0;a;,;) (26)
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Figure 11 shows the coupling of the nodes between the opposite side surfaces and
the edges. It is necessary to skip the edges at the opposite sides and the corners at
the opposite edges so that the model-cell will not be overdetermined.

Xk Xk

Figure 11
Coupling between the nodes

Table 2 summarizes the numerically determined reaction forces with the roving
model-cell for both axial tensions as well as the displacement field (cross contrac-
tion) perpendicular to the direction of the tension.

Table 2
Properties defined by the finite element model-cell in case of both load-cases

Reaction force on the side surfaces Cross contraction

Tension in x,, direction F.=—F, F, =F. =0 Vg, We,
Tension in x,, direction Fo,=—Fg , F, =F. =0 Uy, s We,

At x, directional tension we calculate the average &,, normal stress from the

reaction force created on A+ side surface and from the area of the side surface
according to (11), from which we can determine the Young’s modulus in the usual
way. Poisson’s ratio can also be calculated in the usual way from the relevant data
received from the calculated displacement field. We can also follow these meth-
ods for the cross directions of the roving model-cell.

Material properties determined above of a single roving cannot be measured di-
rectly. Therefore the validity of the proposed model-cell can only be verified di-
rectly by measurement on a composite specimen. For this we need to create the
model-cell for a textile composite layer which we will discuss in our next paper.
Applying this layer model-cell, using the results generated by the roving model-
cell we can verify only together the validity and accuracy of both model-cells. We
have given the geometrical and material properties of the composite specimen,
used for the verification of model-cells in Section 2.5. Table 3 summarizes the
results (for the two axial tensions) generated by numerical methods with these
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data. The table consists of the kinematic loading, the reaction forces determined
numerically, the cross contractions (displacements) and the average stresses and
the material properties computed from those for both tensions. We publish these
as application of the roving model-cell and use them at the evaluation of the
measurements.

Table 3, Part 1
The given data and determined material properties for the applied roving model-cell

Tension in x,, direction

Kinematic loading £,=25-10", u,, =uy, =19.0325-10"° mm
Numerically determined Fa. =(44479.26 )N, F, =(-44479.26,)N
Guantities vy, =-3.854-10° mm, w,, =—6.675-10° mm
Average stress G,, =443.09 MPa

Material properties E,, =177236 MPa, v, =0.202, v, , =0.202

Table 3, Part 2
The given data and determined material properties for the applied roving model-cell

Tension in x,, direction

Kinematic loading £,=25-10", v, =V,,, =19.0325-10° mm
Numerically determined Fe. = (2597-9§r2) N, Fg = (_2597-9§rz) N
quantities u,, =-2251.10“ mm, w., =-14.189-10° mm
Average stress o,, = 25.88 MPa

Material properties E,, =10352 MPa , v,, =0.012, v,,, =0.430

2.4 Shear Test Simulation with the Roving Model-Cell

According to (8): G,,, =G,,;. Because of numerical verification we modeled the

shear test on both surfaces of roving model-cell, however, we will not discuss the
details here. At the shear on x,x, surface y,; =0 and the other strain coordinates
are zeroes in the strain tensor. Also at the shear we prescribed the kinematic load-
ing and here y,; is the average shearing strain. We simulated pure shear with the

roving model-cell. From (10) follows for the pure shear:

o = ax, % 7 ¢, = Ax, % 7, (i+j=123). @7)
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For determination of the shear modulus G,,, of roving material we need to model
pure shear on the x,x., surface. The given shearing strain is:
1 1

_ _ _ 1_ 1_
E}/rlZ:E}/rZil’ 7r12:§7r12+57r21' (28)

The pure shear is simulated by a given displacement in x_, direction on the side
surfaces perpendicular to the x, axis and by a given displacement in x, direc-
tion on the side surfaces perpendicular to the X, axis of the roving model-cell. At
the shear on XX, plane the C+ and C- side surfaces remain planes and do not
displace in x,, direction. We have given the above kinematic requirements (27)

by using the given values for the nodes at the center points of the side surfaces, as
follows:

1_
Va- =V =0, Var = Vo :a§7r21’ (29)
1_
Ug_ =Uyp, =0, Ug, =Uyy = a57r12 , (30)
We_ =Wy, =0, We, =Wy =0. (31)

At the shear modeling we need to couple the nodes on the side surfaces as follows:

Va- :V(O;XrZ;Xr3):VNl’ Var :V(a;XrZ;XrS):VNZ’ (32)
uB—:u(Xrl;O;Xr3):uN57 Ug, :u(Xrl;a;XrS):uNal (33)
We_ = W(Xrl;xrz ;O) = Wy We, = W(Xrl;XrZ ;b) =Wy7- (34)

In relation (32) — (34):
0<x,<a, 0<x,<a, 0<x,<b. (35)

The node pairs should be coupled at the opposite side surfaces, with exception of
the edges of the model cell, according to (36) — (38):

A=TA+: (0%, %s)=U(@;X,%s), W(0;X,%s)=W(a;X,:%3),  (36)
B—/B+: V(X4:0i%;)=V(X438:%3),  W(Xq:0i%5)=W(X;8;%5),  (37)
C—/C+: U(X%:%,:0)=U(Xs;X25b),  V(X1:X,30)=V(X;X,;b). (38)
In relations (36) — (38) and (40) — (42):

O<x,<a, 0O<x,<a, 0<x,<b. (39)
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At the opposite edges, with exception of the corner points of the model cell, we
need to couple the node pairs as follows:

For edges in x,, direction:
V(X1;0;0) =Vv(x,;a;0) =Vv(X,;a;h) =v(x,:0;b), (40)
For edges in x,, direction:

u(0;%,;0)=u(0;x,;b)=u(a;x,;b)=u(a;x,;0), (41)
For edges in x,, direction:
w(0;0;%.5) =w(a;0;%,; ) =w(a;a;X;) =w(0;a;X,). (42)

With the help of the roving model cell, the reaction forces for the x,x,, surface
shear are numerically determined:

Fp =—F,, Fg, =—Fg4, Fo, =F._=0.

Ar —  Fra-r Tee = g
The average shear stresses on the side surfaces are:

= I:rlB = I:rZA

T = b+ y T = oAt . 43
ri2 AB+ r21 AA+ ( )

Numerical verification opportunity of results is to check that the shear stresses

should be the same on the side surfaces perpendicular to x,, X,, axes (due to the

duality of 7 stresses):

rl?

T2 = T (44)

ri2

The shear stress distribution is never homogenous on the roving model-cell. Fig-
ure 12 shows the r,,, stress distribution on the roving model-cell. The defor-

mation is illustrated in a zoom of hundred times. The XYZ coordinate system in
figure is identical to the x,x.,X., coordinate system.

11.16,
[MPa]

9.37]
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7.59,
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Figure 12
stress distribution on the roving model-cell
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The shear modulus on the x,X,, surface is:

G, = @ (45)
7/r12

In order to determine the shear modulus G,,, of the roving material we need to

model pure shear on the x,X , surface:

1 1

_ _ _ 1_ 1_
Eyr23257r32' }/r23:§}/r23+§7r32' (46)

At the shear on X,,x,, plane the A+ and A- side surfaces remain planes and do not
displace in x,, direction. For simulation of pure shear with the roving model-cell

we have given values for the nodes at the center points of the side surfaces, as
follows:

1_
W =Wy, =0, Wy, =Wy = a57/r32 ’ (47)
1_
Voo =Vyy, =0, Ver =V = bEyrzs! (48)
Up =Uyy =0, Uy, =Uy =0. (49)

The nodes are coupled at the side surfaces with (50) — (52) relations.

Wa_ :W(Xrl;O;Xr3):WN5’ We., :W(Xrl;a;xrs):WNSv (50)
Voo =V(X3%50) =V, Ve, =V(X13X53D) =Vyr, (51)
Un :u(O;sz;er):um’ Up, :u(a;XrZ;Xr3):uN2' (52)

In (50) — (52) relations:
0<x,<a, 0<x,<a, 0<x,<b. (53)

According to the (54) — (56) requirements the nodes have equal displacements on
the opposite side surfaces, with exception to the edges of the model-cell:

B—/B+: U(X3;0;%:)=U(X1;8:X3), V(X1:0;X5)=V(X158;X5), (54)
C—/C+: U(Xy:X,:0)=u(XyiX5b),  W(X1i%,;0)=wW(X,;X,5b),  (55)
A—TA+: V(0;X,i %) =V(a; X2 Xs) s W(0;X 51 %s) =W(a;% 55 %5).  (56)
In relations (54) — (56) and (58) — (60):

O<x,<a, 0O<x,<a, 0<x,<b. (57)
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For the node pairs at the opposite edges, except the corner points of the model-
cell, we prescribe the relations as follows:

For edges in x,, direction:
u(%,:0;0)=u(x,;a;0) =u(x,;a;b)=u(x,;0;b), (58)
For edges in X, direction:
w(0;%,,;0)=w(0;x,;b) =w(a;x,;b)=w(a;x,;0), (59)
For edges in x,, direction:
v(0;0;x.5)=V(a;0; X5 ) =Vv(a;a;%,3) =V(0;a;X3). (60)

With FE computation we got at the x, X, surface shear the following reaction
forces:

Fo =—F, , Fc, =—-F

B+ rB-1 rC+ = rc—1
The average shear stresses on the side surfaces:

F F

= — r2C+ = _ " r3B+ . (61)

Tr23 1 Z-r32
Ab*— A3+

The duality of z stresses should be valid on the side surfaces perpendicular to
X5 1 X5 QXS

T = Trap (62)

Shear modulus on x,,X,, surface:

T,
G, =—2. (63)

77rz3
Table 4 summarizes a numerical example for comparison with the further experi-
ments, the results of computations received as results of simulation of the roving
model-cell. The table contains the given kinematic loadings for both, shear cases,
the computed reaction forces, the calculated average shear stresses and the shear
moduli.
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Table 4

The prescribed and defined properties at the examined roving model cell

Pure shear on x,,x, surface

Kinematic loading

_ L 1_ 1_ .
7r12:2'103v E7r12257rz1:10 ’

V,, =V =7.613-10° mm, u,, =Uy,, =7.613-10° mm

Reaction forces

A+ T (8259ér2) N ’ IEA, = (_8259ér2) N

I

Fs. =(825.96,)N, F, =(-825.9¢,)N

Average stresses

7,=823MPa, 7., =8.23 MPa

Shear modulus

G,,, = 4115 MPa

Pure shear on x,,X., surface

Kinematic loading

_ . 1_ 1_ .
Vs =210 ?, E?’rzs:E?’raz =10

Wy, =Wy, = 7.613-10° mm, v,, =V,,, =13.186-10° mm

Reaction forces

Fe.=(726.456,)N, F,_ =(-726.456 ;)N

Fe, =(419.419,,)N, F._ =(-419.41%,)N

Average stresses

7, =724 MPa, 7., =7.24 MPa

Shear modulus

G,,; =3620 MPa

2.5 Characteristic Data of the Textile Composite Layer used in

the Experiment

The composite plate is reinforced with a SIGRATEX KDL 8003 type plain weave

carbon fabric and the matrix is a polyester resin.

Vo2
1 X,
@d, | N
Y,

i

/xﬁ

Figure 13 Figure 14

Plain weave fabric

In Figure 13 the plain weave fabric before impregnation is seen. The fibers are
ordered into flat, untwisted roving. The type of the roving is Torayca T300-3K.
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3K means that the number of fibers is n, =3000 pieces and the diameter of a
carbon fiber is d, =7 um in the roving.

Material properties of the carbon fiber originate from literature [4], [10], in the
X;1X¢,X;5 Material coordinate system (Figure 14):

E,, = 230000 MPa Vi =Vyps =0.166 G,,, =Gy, = 6432 MPa
E,, = E,, =15000 MPa V, s =0.400 G,,, =5357 MPa

The matrix is an AROPOL M105TB type polyester resin which is a linear-elastic,
isotropic material. The Young’s modulus E, and the Poisson’s ratio v, were

measured according to standard [1], the shear modulus G, was defined by the
(64) relationship, valid for the isotropic materials:

E,=3677 MPa, v,6=0346, G =i =1365.9 MPa . (64)

"2(1+v,)

2.6 Material Properties Determined by the Roving Model-Cell

For the investigated roving material, considering the relationships (8), we deter-
mined the material properties with the finite element roving model-cell as follows:
E,, =177236 MPa,, Vi, =V,q3 =0.202, G,,, =G,; =4115 MPa,
E,, =E,; =10352 MPa , V., =0.430, G,,; =3620 MPa..

If the reinforcing fiber in the roving is transversely isotropic, the roving has the
same material behavior because the fibers are ordered hexagonally in that. Trans-
versely isotropic materials have a plane with isotropic behavior. The given carbon
fibers are isotropic in the plane of their cross sections because G;,, shear modu-

lus can be determined with formula (65) which is valid for the isotropic materials:

G = B, _ 15000
e 2(1+Vf23) 2(1+0'4)

=5357 MPa. (65)

The roving model-cell is also transversely isotropic because one can calculate the
shear modulus G,,, =3620 MPa determined with the model-cell, by (66) rela-

tionship:

__Be 10392 a0 Mpa. (66)

G. = =
% 2(14v,,) 2(1+0.43)

The roving model-cell delivers transversely isotropic results, so the material has
only five independent material constants: E,, E.,, V,;,, V5, Gy
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Conclusions

This work presents a FE roving model-cell, for determination of macroscopic,
orthotropic material properties of the reinforcing roving impregnated by the ma-
trix material. It defines the structure of the finite element roving model-cell and
gives the boundary conditions applied to the finite element computations. Using
this roving model-cell, we determine the material properties for a roving, where
the shape of the cross sections of the roving, the number of reinforcing fibers in
the roving and the material properties of the fiber and the matrix are known. It
computes the macroscopic material properties of an actual roving by numerical
simulation for two axial tensile tests and for two pure shear tests.

Future work will summarize the numerical determination of the material proper-
ties of a textile composite layer. The macroscopic material properties of a textile
composite layer will be determined by a finite element model-cell and we will
compare them with experimental results. The applied roving of the textile compo-
site layer is the same as dealt with in this current work. Here we have carried out a
numerical verification with the roving model-cell. The experimental verification
will take place, by the measurement data of the layer, in the future work.
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